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ABSTRACT

inténcelIUlaf communicafion Between normal chick
gmbryo,fibroblasts‘;nd be tween fibroblasts_transformed
with Rous sarcomé virué in culture'was studiéd with |
intracéllglar microelectrodes. The results of thi;
studf'show that coupling is pfesent between normal chiék
fibroblasts (including cells iﬁ_mitosis) in proliferating
cultures and between cells in 'density dependent inhibited'
cultures. In the case of canceroué (R&us transformed)
fibfoblasts, the results further show that coupling is
present'when the transformation appears iﬁvthe Rous in-
fected cells and remains present.thereafter in these cells.

Cbupling between cells in culture is not an artifact
oflthe.microelectrode technique but is shown to be due
to ¢edl's ability to form low-resistance junctions. In
favorable cases, the specific resistance of the junctional
membranes - was approximated using a simple electrical equiva-
lent pircﬁit of a coupled cell bair. This specific.re-
sistance was found to be several orders of magnitude
smaller than that of the non-junctional membranes

(0.1211 -cm2 as compared to 400 Lk —cmz). Possible effects



of low-resistance junctioné'on the behavior of cells in
culfure éré‘discussed. The lability of the low-resistance
jimetions between'fibroblasté in culture has been demon-
stratgd‘by showing that iﬁjured fibroblasts fea&iiy uﬁ-
couple‘frbm neighboring'cells without interrupting coupling
between healthy uninjured cells. |

A method is presented to allow a study of the cellu-
lar morpholoéy of previously electrically tested coupled
cells with the scanning electron microscope.'.With this
technique, it was possible to show that cellular processes
whiéh evéntuallylreach neighboring cells; underlap them
and form low-resistance junctionms. In addition, during
the course of Rous sgrcoma'vifus transformation the cyfo—
plasmic processes of the infected cells shfink, the number

of processes decreases and become filamentous and eventually

‘ disappear. The surface of the completely transformed cancer

cells exhibits invaginations not seen in normal cells. A
transmission electron microscopic study on the contact
area between tissue cﬁlture célls previously tested for
coupling now appears feasible with this techniQue.
Preliminary studies on cellular membrane potentials

of normal fibroblasts in culture as measured with intra-



:,éeliular microélectrodes s?oW'that the pétentialsgbf -
»isolated‘cells.iﬁ prolifefating éﬁltures are signifi-
'-céntly ioWer than.those of célls within a confluent
_monolayer;whére'cell di&ision is inhibited. Possibléi
pe;meabiiity chaﬁges to specific ions are discussed as
causes for the obserQed changés in the membrane éotenQ
tial valdes. |

-Finally, it is conéluded that electrophysiological
tools} co@bined with tissue culture techniques, auto-

radiography and electron microscopy offer new ways of -

~attacking the problems of animal cell interactions.
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INTRODUCTION °

Cells of multicellular organisms interact in special

‘and rather complex ways which distinguish 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 regulated

‘separately. This is often accomplished by means of chemical

factofs,'Such as hormones and specific growth substances.
These faetors operating over large distances to modify cell
behavior are often classified within a humoral system of
cellular interactions. Otﬁer interactions involve chemical
faeeers which act only over short distances,vperhaps a few
cell diameters away. These types of short range interactiomns
are exempiified in the induction of eytodifferentiation and
morphogehesis in embryonic organ rudiments, as sfudied by
Grobstein (1964), Auerbach (1964), Lash (1963) and others.
In thie-case, one tissue tybe induces differentiation in
anothey tissue type growing in close proximity bup without
cytoplasmic contaei Betweeﬁ the tw04tissuee. o

Cell - cell contact also acts as a regulating mechanism

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



Curtis, 1964).. The effects of contact appafently are in-
hibitory in nature, acting on cell movement (Aberqroﬁbie

and Ambrose, 1958; Abercrombie‘and Heaysman, 1963; Abercrombie
and Ambfdsé, 1962;'Barski and Belehraderk, 1965) and on cell-
ular division (Abercrombie and Ambrose, 1958; Stoker, 1967).
Over the lasf'six years it has been established, mainly
thnouéhithe usc of electrbbhysiological methods, that a wide
 variety‘of cellé both in ﬁigg and iﬁ giggg.form intercellular
contacts so structured as to allow direct flow of substances
from one cell interiof to the next (Loewenstein, 1966;
FurShpan‘énd'Potter, 1968)}' The role played by this type of
cellular communication, as yelL undetermined, may be of im-
poftance in mediating these regulatory effects on'pellular
movement and growth.

One major objective of this thesis hae becn to investi-
gate electrophysiologically ionic cellular communication he-
tweén normal chicken embryo fibroblasts and between virus
transf§rmed fibroblasts, growing under tissue culture condi-
Lions and t6 attempl to draw some conclusions about the
correlétion between the electrophysiological fiﬁdiﬁgs and the
Abﬁhaviér of these cells in tissue culture. |

As general background, a review of theiliterature on
ionic communication or electrical coupling between a variety

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



. descriﬁtion of various contaét specializations; this is
‘then followed by a'brief consideration of the evidence for
transfer of subséances other than ions betweenléells in
contact§ and finaily a brief description is given of some‘
phenomena of cell intefaction in.cﬁlture which closély re-

lates to the material in this thesis.

ELECTRICAL COUPLING

1. Excitable Cells
Lo& resistance junctions were first discovered between

excitable_cellsgand are referred to as electrical synapses
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 wvariety of
excitable cells, both nerve and muscle. The most familiar
is perhaps thewvertebrate heart, where most muscle cells

have extensive low-resistance connections with their neigh-
. v .

A
K

B

bors. Electrical coupling also exists in Several typesiiof
\l;“‘[‘ T

smooth muscles. o
e & —:bq ®

, A,

Electrotonic junctions have beeén studied in the nervous

systems of annelids, molluscs, arthropods, fishes, amphibians

and birds (Benmett et.al., 1967). On an anatomical basis,
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much evidence has accumulated from electron micrographs which
strongly suggests that tight jﬁnctions, i.e., contact areas
between cells where the extracellular space has been occluded,
are the structural basis for low resistance coupling between
gxcitable cells»(however, see later). For a more detéiled'
account on both the anatomical and electrophysiological basis
for elgctrical éoupling between excitable cells the reader is
referred to excellent reviews by Bennett et.a11(1967) and

Furshpan and Potter (1968).

2. Non-excitable Cells

Befdre electrophysiological coupling measurements had
been appliéd to non-excitable cells, electron microscopists
were discovering tight junctions, strongly implicated as sites
of électrical transmission between excitable cells, in a
'variéty'of non-excitable cells, Farquhar and Palade's ndw
classical survey of junctional complexes in mammalian epithe-
lia in 1963 showed that tight junctions (or éonula'occludente
as fhey defined thew) are a uunstaﬁt feature of these com-
plexes (Farguhar and-Palade, 1963). Shortly after, investi-
gatore began accumulating evidencé for low-resistance junctiuvns

between a.variety of non-excitable cells.



Tﬁe low-resistance juﬁctioﬁs of non-excitable cells,.
like thoée of éXCitéﬁle'cells, are sites at which potential
changes spread passively and directly -from one celi_to the
next. The mechanism of this electrical transmission can'Best
be uﬁdersfood by first'considering the case where two cells
are closely opposed and where electrical transmission does
not occur as in the case of the chemicai synapse.. It is
experimentally kno&n that the spread 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 though the two cells are separated by less than SOQX
(del Castillo and Katz, 1954; Hagiwara and Tasaki, 1958).

TW& important factors contribute to this as can be
~seen with reference to the circuit diagram in Figure la.

The first 1s that the two opposed cell membrane resistances
Rcl, R02 act as a strong barrier to the flow of ionic éurfent
from Qne'cell interior to the next. The second is that the
ioﬁic'resistance (Figure la, Rg) of the synaptic cleft be-
tween the cells is low compared to the cell membranes border-
ing it. Iomic curren£ passing through the presynaptic termin-
als leaves by way ef the low~resistance'bathway between the

cells and essentially none travels through the parallel



FIGURE 1

Electricél circuit diagrams illustrating th? steady
state béhavior of uncoupled (a) and coupledA(b) cells.
The microelectrodes (ME) are uéed either to inject'intra-
cellular pqlses of ionié current or to measure the potential
differeﬁde Vi and V, across thc membranes of cells 1 audlz.
In'(a) an electrical equivaleht circuif is Shown of‘
" two cellé séparated by a low-resistance (Ry) extracellular
space of ZOO—SOOX as 1s the case at a chemiéal synapse. The
electgical circuit for two coupied cells is shown in (b).
In thié case coupling ariscs because the junctional mem=
branes have fused, .occluding the extracellular space and
hence eliminacing che low-resistancce pathway Rg (§hown in
(a) ). as a current pathway. The junctional membrane resis-
taﬁcé Rc 1s several orders of magnitude smaller than the
non;junctional'cell membrane resistances R, and R, . Furtﬁer

1
details are described in the text.






patﬁway (Req and'Rl)g twice Ehrbugh.the high resistance
membrane of the-posf synaptic cell. o , o
Bdth of the above tﬁo factors which preventkglectrical

transmiséion at a chemical synapse are altered in cells which
ére electrically coupled. This can be éeén with referencé

to the circuit diagram in Figure 1b. The low ionic resis-

tanée pathway'(Rs in Figure la)lhas been eiiminated with tﬁe
formation.of a specialized conﬁact between the cell membraves
which'occludes the extracellular'space'bétween them. The

opposéd'cell mémbrane resistances Rc', Rc'

2

region become several orders of magnitude smaller than either

in the junction

Rq or Ry (sec Re in-Figure 1b); for iﬁstance; Rc may be as
small as 1Il-cm2 as compared éo IOOO—BOOOIl-cm2 for Ry and
R, (Payton et.al., 1969). Now when curfent is suﬁplied to
CeilﬂZL'the potential change in Cell 1 depends only on the
resistances Rc and Rj. 'Fpr example, if Re = Ry, the voltage-
in Cell 1 would differ from that in Gell 2 by a factor of |
only two.  |

This mechanism of electrical transmission or{eléctrical
éoupling as déscribedlabove has been found to‘opefate between
non-excitable cells in a variety of tissues, including adult

and embryonic and in tissue. culture.



A. Adult Tissues

- Kuffler and Potter in 1964-repofted electrical coupling
betweén glia cells(in‘thé leech. These cells are known to
- be electriéally inexcitabie (Kufflef and Potter, 1964).
: Loewenstein and.&mnoAat about the same time demonstrated

tight coupling between salivary gland cells of Drosophila

(Loewenstein and Kanno, 1964). .

A variety of cells in adult vertebrate tissues are now
known to be electrically coupled. These have been foﬁnd in
toad urinary blédder (Loewenstein e&.al., 1965) mammalian
liver (Penn, 1966) énd»amphibian skin (Loewenstein and Penn,
1967).. Electrical junctions exist betwgen amphibian glia
cells (Kuffler et.al., 1966), between cells in rabbit gall
bladder, amphibian meningial membranes and between cells in
the epithelium of the small intestine of the mouse (Furshpan
and Potter, 1968). Tight junctions have been observed in
most of these cases and although other junctions are present
in eéithélia, evidence on coupling in exéitéblé cells.suggests
that‘here also, coupling is a rosult of tight. junctioms
(however, seé Revel and Sheridan, 1968, for a possible excep-
tion). -''Septate desmqsomes” which may be responsible for

coupling in some invertebrates such as Drosophila and the
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midge Chironomus Thummi (Bullivant and Loewenstein, 1968)

have not been observed:iin vertebrates. For excel%ént re-
views Qn.the morphology of junétional confacts beéween non-
excitaﬂle cells the reader is referred to Fawcett (1961,
1966), FarquharAénd Palade (1963) and Furshpan and Potter

(1968).

B. Embryonic Tissﬁes

Low resistance junctions are now known to have wide
distribution during development, as well as widesbread
océurrence in adult tissues. Coupling measﬁrements have
been made in variousiembryos including squid, chick and |
amphibian.

‘In the squid embryo where cleavage is meroblastic
Pottef et.al. (1966) found that from stage 10, thé earliest
~ studied, through stages 25-26 (numbering system after Arnoid,
see Potter et.al., 1966), all ceélls tested (450) are eléc*
trically coupled to the yolk cell. These include.cells in
the epidermis of tentacle, mantle, fin, funnel, gills, outer
yolk-séé membfané and anal papillia; deep, presumably medo-
dermallcélls in the tentacle, gill and fin; developing re-

ceptor cells of the retina; cells in the otocyst, in visceral
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~-and oPtié ganglia, bi&od~vessels; and in twé layers of the
‘BeatingAheart. They‘conclude that "...the cytoplasm of the
embryo is é continuous compartment for the current - carrying ..
ioﬁs, a compartment isolated from extracellﬁlar space by the
high resisfance of'the(non—junétional cell membrane...."

This statement appears to be true up to stage‘ZS, since’
during stage'25-26 coupling between the yolk cell and all
the_tiséues_tested is lost. However, there is evidence that
like cells of some tiSSQes remain céupled to one another as
is the case in gill‘epitheliumh(Potter et.al, 1966).

Sheridan (1966, 1968) has likewise demonstrated the
‘presencé of widespread coupling in the early chick émbryo.
Low-resistance connections found in the same tissue are
ectoderm, notochord, neural plate, mesoderm and Hensen's
ﬁode; in different tissues, coupling exists between notochord
and neural plate, between notochord and neural tube, betweéﬁ
notochord and mésoderm. Parallel studies with the electrom
microécope carried out by Trelstad et.al., (196i) on the
- chick defected only two morphological spec;alizaﬁions,_close
junctions (apposéd plasma membranes closer than IOOX) and
tight junctions,-

ZIto and Hori (1966) and Ito and Loewenstein (1969) have

shown that cells of Triturus embryos are tightly coupled
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from early Cleavage through mofula stages. .Thé latter in--
'vesfigators have demonétratéd quite strikingly thgt éveﬁ
cells (macrbmereS) isolated from the morula and from each
.

other, when manipulated'intd contact rapidly form.a'coupled
system in which the plasma membranes in contact differenti-
ate‘into‘a low-resistance junction.

Cells of cleavage stages and blastulae (Slack_and

Palmer,11969) and cells in later (neurula) stages (Sheridanm,

unpubliShéd obsersation) of the amphibian Xenopus Laevis are

known to be electricaliy cdupled, as are the.blastomeres
of _Iﬂ)_g_'gi:p,j._egs_ eggs (Woodwar_d, 1968).  And, finally,
extensi&e coupling has been demonstrated in a few lobster
embryoé at'about the 100-cell stége (Furshpan and Potter,
1968).

It éppears from the above findings that low-resistance
junctioﬁs‘are not exclusively a property of‘adult tissues,
for eVideqFly a large proportion, if not all; of the cells
in early embryos bf the invertebrate 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



t-r first féported by Pétter et.al (1966). <Cells of fhe same
,4linés trans formed by,polyoma and SV40 viruses were<a1sov
shown .to be efféqtively coupled by”these workers. Since
_Atheir»firét report, Furéhpan and Potter (1968)'ha6e éer-
formed coupli?g'experiménts on cells in tissué culturé to
- include among'”normal" cells; (1) primary cells from4the
spleen,Akidney; and heart of newborn mice aﬁd from spleen
and kidney of newbofn rags; (2) two serially propagated
lines of diploid human lung fibroblasts (WI-26 and a line
obtaiﬁed from Baltimore Biological Labs); (3) a line df
diploid minnow fibroblasts also obtained from BBL;
(4) serially p;opagatea fibroblasts from bab} hamster
kidney BHK 21/13. In all cases the résults wére the samé,_
whenever two cells appeared to be in contact they were |
effehtively coupled, whether or not the cells weré sparsely
or densely packed. It is know that tight junctions fre-
quently occur betweén fibroblasts in culture (Devis and
James, 1964; Martinez-Palomo et.al., 1969). This suggests
that iﬁ tissue culture cells, as well as those in vivo,
cqupling is probably a result of tight junctions.

Among the cells transformed with carcinogenic viruses
that these workers tested were baby hamster kidney cells
(BHK) transformed by polyoma'yirus (Dulbeccds Py cells;
Stoker's PyY) and mouse embryo cells (3T3) transformed

7/
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either by Polyoma or SV40 viruses, or both.” Electrical

coupling in these cells was indistinguishable from that of
the untraﬁsformea parent. Coupling was also found between
BHK éells{énd‘their.polyoma-transformed derivative (P§19),
between normal mouse embryo'cells (3T3) and transformed

hamster-.cells (Pyl9); and between BHK and Py3T3.
Two cell lines (5-1801, S—lSOfII) derived from the

Crocker mouse sarcoma (S-180), a transplantable sarcoma
adapted to grow in culture were also tested for electrical
coupling. In both cell lines nearly all cells remaining in

the same medium for more than 4 or 5 days were well coupled.

However, replacing the 0ld medium by fresh medium caused a
large decrease in coupling between cells. This loss of
coupling'Was first detected at about 15 hours after the
medium change and was maximal between about 24 and 28 hours.
Coupling recovered progressively over a few days, depending

on cell density (Furshpan and Potter, 1968).

1t LS of interest to note that in vivo cancerous cells
which'héve been tested by Loewenstein and his colleagues' lack
coupling. Loewenstein and Kanno (1967) tested both pfimary
and transplatable hepatomas in which the tumor was excised
and ‘impaled with microelectroges in vitro. Coupling was not
detectable between cells in ;ﬁy of the tumor'nodules, where-

as normal liver cells were wéil coupled. (However, coupling
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between cells in liver tumors in vivo has been found by
vSheridén, 1968a). These results have been extended to can-
cerous thyroid épithelium (Jamakosmanovié and Loewenstein,
1968) and cancerous human étomach.epithelium (kanno and
Matsﬁi, 1968); as well as two lines of liver ééncer cells
and ceftainAx-ray transformed embryonic epithelioid cells
in tissue culture (LdeWenstein, 1968). In no case was
coupling detected in the cancerous célls; whereas their
normal counterparts were tightly coupled. Recently,
Higashino, Borek and Loewenstein (unpublished) have found
coupling between cultﬁred fibroblasts transfofmed Ey X-
radiation.

'Tﬁus, electrical coupling between cancer cells has
beén oBSefved in some cases and not in others. These re-
~sults suggest that even with the supposition that low-
resistance junctions play a role in growth regulation,
there 1s no reason to assume that fhere exists a simple
relationship between the lack of coupling and the defec-
tive growth control generally fdﬁnd among cancer cells.

(Furshpan and Potter, 1968).
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THE ROLE OF CALCIUM AND MAGNESIUM
IN THE FORMATION OF LOW-RESISTANCE JUNCTIONS

1
I

Tﬁe‘availabie information on the formation of low-
resistance junctions between various types of cells is scant.
The'only'systemétic'study on this problem 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 after two dissociated sponge cells were brought into
mechanical contact, a low-resistance junction was formed be-

++ ++ o '
Ca™, Mg and an organic factor, the same-

‘tween- them.
‘elements'which are fequired for cellular adhesion (Galtsoff,
1925; Humphreys, 1963; Moséona, 1963) were found to be
necessary in this junction formation. In the absénce of
éither catt (and Mg++) or the organic factor, coupling failed
to be eStablished;'and upon withdrawal of the former, estab-
lished coupling was broAken..

Loewenstein has proposed the following hypothesis to
accounflfor the permeability differentiation during;junctional
formation between cellsb(Loewenstein, 19673): ca™ and Mg++
are detached from the juﬁctional membranés onée these are

incorporated into the intracellular compartment wherein ca’™t
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énd‘Mg+f‘activities are below 10#5.(seé Hodgkins and Keynes,
1957). The driving force maiﬂtaining_the.lﬁw intracellular
Cd++ and Mg++ aétivitiés is some form bf:qontinuéus énergy _
aependént gctivé transpoft of these ions, out of the cyto-
iplasm acrdss fhe non-junctional membrane surfaces; and the
starter of the differentiation processes is the formation
of perijunctional insulation, i.e., the sealing arouhd théA
low-resisténce junction.

Support for this hypothesis has been reported in ome
cell system‘(Politoff et.al., 19673 Loewenstein et.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
ﬁemperature or to various chemical metabolic inhibitoré,Aéth
as dinitrophenol, cyanide, oligomycin and N-ethylmaleimide
causes uncoupling, whereas ouabain, the specific inhibitor
oleé+ and K+ -activated ATPase does not. Mofeover, 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 Loewenstein (1966) and Loewensteinvet.al. (1967)
that raisiﬁg the cytoplasmic Ca2+ concentration by injecting

+ , . : .
Ca2 lons into salivary gland cells of Chironomus with a fine

‘micropipette causes sealing of the junctional membréﬁes (equi-

valent injections éf othef ions such as K+.prodgcé no sealing).
Howe&er, in anothér cell system evidence for an'enefgy

dependent junctional permeability wés nét Qbsérved. At the

electrical éynapses located ‘at the septum of the lateral giant

axon of cfayfish (Procambarus) Péytoﬁ et.al. (1969) have shown
that lowering the temperature from 20° to 5°C. rapidly causes
a four-fold increase in junctiondl membrane resistance. This

effect differs from that observed in Chironomus salivary

gland céilé, where uncoupling has a slow onset and is associ-
ated with considerable depolarization of the cells (Pdlitoff
et.al., 1967). Payton el.al. (1969) state that the relatively
rapid time c;urse in the éeptaée axbn suggests that there is

a dirgdt-gffect on‘the'junctions themselves, (i:e., such as
membrané Stfﬁcture at the junction being affected by tempera-
tufe) réther 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.
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CELL - CELﬁ TRANSFER OF MOLECULES |

That substances other than inorganic ions might also
diffuse between cells by way of low-resistance junctiomns

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

. Loewenstein and. Kanno.

i |
Physiological tests for cell-to-cell transfer in a

number of cell systems héve been made by injecting fluor-
escent substances intracellularly through micropipettes.
Fluorescein (mol.wt. 332) has frequently been used as a
tracer for these tests because it can be detected at wvery

low concentrations by fluorescenthmicroscopy. At these

low concentrations this water soluble dye does not appear

to be highly toxic to the cells tested, though this dye may
binab\to some extent, to components of cytoplasm (Gurr,
1966). Cases in which cbupled cells exchange flgorescein
rather rapidly are those in the salivary giaﬁd of Qgggg;
phila (Kanno and Loewenstein, 1964); at the elcctricall
synapse of the crayfish (Pappas 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 dye include BHK 21/13, -the

transformed cells PyY and the sarcoma cells (S-180I1I)

(Furshpan and Potter, 1968).
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One exception to the spread of fluorescein between
coupled.cells has recently been reported by Slack and
Palmer (1969). 1In cleavage stages and blastulae up to

stage 7 in Xenopus Laevis eggs, fluorescein injected into

a cell spread to the margins'of the injected cell but no
further? Coupling Qas present and was unaffected by the
presence of fluorescein. The possibility that flﬁores-
cein may.bind strongly to some cytoplésmic component
in this case must, as the authors themselves suggest,
be cohsidéred as one explanation for the‘dye's inabili-
ty to'diffuse across the junctions. Another péssibility,
however, is that only very small amounts of fluorescein
diffused through the junction and was not detected.
Whatever the explanation, this case is the only'exception
among those cells tested with fluorescein to date. In
the above-cases in which transfer of the dye occﬁrs it
is not kﬁow if 'the dye passes from ome cell to the.next
through low-resistance junctions or by other routes.

The experiments demonstrating rapid cell-to-cell
transfer of fluorescein complement recent experiments on
intercellular transfer of molecules using a genetié method.

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

\
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demoﬁstratéd metabolic cooperation between cellé in éulture.
' Metabolic cééperétion is definéd‘as the-proceés whéreby the
metaboiism of cells in contact is modified by exdhange.of
materials (SuBak—Shérpé‘et;al., 1969).

Subak-Sharpe et.al. (1969) have demonstfated that
cells of'a_genetiC'variant of the hamster fibrdblast line
BHK 21 WHich lack inosinic pYrophosphoryiaselactivity
(termed IPP  cells) and, therefore, cannot normally in-
corporate 34 - . hypoxanthine in culture, do in fict in-
corporate this substance when these deficiént cells are
in direcﬁ or indirect contact with cells of BHK 21 sub-
lines which have inosinic pyrophosphorylase activity
- (1PPt cells) and do incorporate SH- hypoxaﬁthine in cul-
ture. Cell-to-cell contact éppears to.be‘essential for
this gain of a metabolic function by IPP~ cells, for IPP~
cells not in contact with 1ppt célls but in the same dish:
do nof gain this function. The transferred molecules
~participating in this are not known but may ha&e been
. nucleotide, nucleic ad¢id, the enzyme or substances in-
'vol;ed in its synthesis (Subak-Sharpe et.al., 1969)

Sﬁoker (1967a) has now shown that the defective

- hamster cells (IPP”) also incorporate label when they are
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in contact with normal mouse embryo cells. " Again, .in-
creased incorporation does not occur in IPP~ cells in the
same dish'Which are not in contact with normal mouée cells.

Both of the above results suggest direct trénsfer
of substanées (possibly including grdwth regulating mole-
cules) betﬁcen cells in contact. However cells add and
remove a va;iety of ﬁolecules'in their_immediate environ-
ment and there'must'exist a series of concentration gradi-
ehfs which‘extend outwards from the cell membfanes} If
these gradients fall off rather abruptly then another .
explanation of what appears’fo be direct transfer between
_contacted cells in culture may be the release and'absorp-‘
tion of substances between cells whose cell membranes are
closely dpposed bﬁt not in contact (Stoker and Rubin, 1967).
Further experiments are needed to determine what role each
mechanish plays In:the::transfer of substances bétween cells.
Also, if direct transfer of metabolic substances does occur
it still remains to be shown whether these substances pass
through the low~resistance junctions studied by the elec-

trophysiologists.



" COMMENTS ON CELL INTERACTION IN CULTURE

‘Mammalian cells in culture affect their neighbors
in various ways. ~The phenomenén of inhibition of move-
ment associated with cell contact in culture has been well
docﬁmehtéd'(AbercromBie and Ambrose, 1958)Aand that of éell
.divisién SOmewhat.less (Stoker, 1967). The sensitivities
of normal cells and‘tumor cells to both of these phenomenai
differ.

A. Contact Inhibition of Movement

Abercrombie and Heaysman (1953, 1954) and Abercrombie
and Ambrose (1958) studied contact inhibition of movement
of cells in culture a number of years ago. These workers
demonstrated that in the case of.normal fibroblasts their
movement is regulated by cell contact. ‘lhese cbntacts‘
occur when ruffled membrane of one cell meets a neighboring
cell. Iime-lapse cinematography has shown that actual
”éontact" between the cells is reqﬁired for inhibition
of movement (Abercrombie and Ambrose, 1958). 'The films
show that at points of contact the active ruffled border
of cells is immobilized and the cells then cease to move

‘toward, or over, each other. Contacts between the cells

23
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usuallj break after a period of time. However, these
iﬁtercellular adhesions appear to be'very.stable since
they do not break rapidly. Cells appear to be only able
to rupture them‘as a result of a very active membrane
fovement on the solid‘sﬁbstrate in a region of the cell
which is not attached to another cell.'-ansiderablé
distortion'in the shape of the cell occurs in the region
of contact before rupture takes place (Ambrose and Forréster;
1968) .

The making and Breaking,of cell contécts and regu-
lation of movement -between cells as described above was
obéerveﬁ in many isolated ségondary fibroblasts whiqh were
tested for low-resistance junctions(this thesis). As will
be shown in the results, coupling was found betﬁeen these
‘cells at all stages of contaét which were tested.

In contrast to the contact Behavior between normal
cells, it was shown that certain mouse.tumof cells are
nﬁt inhibited by contact.but‘movelover one another and
also over normal cells (Abercrombie et.al., 1957). 1Imn
general; cells derived from tumors or transformed by
carcinogenic viruses are contact-inhibited to a lesser

or undetectable degree. However, some tumor cells appear



- 25

to be subject to contact inhibition of movement when in
' contact with normal cells, but not with one another

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

B. Density Dependent Inhibition of Cell Diviéion

It is known that.normal celis are commoﬁly limited :in
their multiplication in surféce cultures to a saturation
density which is characteristié of the cell type. When
fibrobiasts that are senéifive to contact inhibition of
~movement approach saturationﬁdensity, their proliferation
rate decreases and eventually approaches zero, provided
they remain in the same medium (Green and'Todaro, 1967).
This appéars not to be caused by any limitation of ordinary
nutriénts, as transfer of the population by trypsinizatiqn
(Leviné et.al., 1965) into the same medium (Todaro and
Martin,A1967), will fesult in the.rcsumptioﬁ of cell
division of ﬁdensity dependent inhibition" (Stoker and
Rubin,‘1967)-and appears to be énother coﬁtéct—promoted
regulétion brocess.

A permanent decrease in senSitivity to this type
of inhibition occurs in manyAtypes of tumor cells

(Stoker, 1967). Rous ‘and polyoma-transformed fibroblasts,

unlike their parent cells, are known to grow into multi-
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layers of cells, iﬁdicating the absence of inhibition

in completely surrounded cells (Temin and Rubin, 1958;
Vogt aﬁdeulbec;o, 1960; Stoker”and Macpherson, 1961).
Release from density dependent inhibition has been re-
cently demonstrated on chick embryo fibroblasts infected
with Rous sarcoma virus (Rﬁbin and"Colby, 1968).

In light of the differences between Rous sarcbmavqeils
and normal chick embryo fibroblasts with relafion to the
regulation processes described above, the study presented
in this thesis.was undértaken to determine if ionic com-
'municétion in some way reflects these differences. More-
over, the only electrical measurements on coupling between
normal and transformed fibroblast cells in culture were
done on cells many generations removed from the cells
originally transformed (Potter et.al., 1966; Furshpan
and Potter, 1968). The phyéiologicallmeasureﬁents on
,celiulaf éoupliné during the early phaée of fibroblast
transformation are presented in thié thesis.

In addition, this thesis includes a study at the

scanning electron microscopic level of the contact
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morphology between pairs of cells in tissue culture which
have previously been checked for junctional coupliﬁg with

standafd electrophysiological techniqueé;
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MATERTIALS AND METHODS

‘1. Cell Culture

Falcon plastic tissue culture dishes of 60mm outside

diameter (approximately 21 cm?

bottom surfacé area) were
used in all experiments unless otherwise indicated.

The basic medium used throughout the experiments was
medium 199 obtained from Grand Island Biological Company.
This medium WAS supplemented with 2% trybﬁose phosphate
” broth_(Difco), 1%, calf serum and 1% chicken serum (Miéro-_

biological Associates), and was designated medium 2-1-1.
Medium 2-1-1 was augmentedtwith 10 units/ml of Penicillin G
(Lily), 5 mg/ml dihydrostreptomycin sulfate (Pfizer) and
0.5 & /ml fungizone (Squibb).
| Ihe balanced salt solution used fof all cell washes
and reSﬁébensions was tris-saline with'the-following com-
positioﬁ per liter: 3.0 g Sigma Tfizma Base; 8.0 g NaCl,
0.38 g KCl;_O;lOg NéZHP04: 1.0 g glucuué; 104 units
pencillih; 5.0 mg dihydrostreptomycin. The pH was ad-
‘justed with 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-
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saline was used to:'detach cells from the bottom of the dish
for counting (see below).

"secondary"

. Chicken cells designated as 'primary" and
cells were‘used ip all experiments. Primary cells are
obtained directly from the emﬁryo and are plated once,
whereés'sgcondary'cells are once replated primary cells;

Primary cells were prepared as follows: tén day old
White Léghorn Strain 813 chicken embryos were used. The
’embryo was carefully removed from'the shell, its head and
viscera removed and discarded, the remainder of the embfyé’
was then rinsed with tris-saline, miﬁcéd 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 to the bottom Qf
the flask and the remaining trypsin cell suspension was
| poured'in;o a 40 ml centrifuge tube containing 16 ml of
cold 199, plus 4 ml calf serum. Six ml of 0.25% trypsin
was addéd'to the flask and stirrédAcontinﬁally for a fivé
minute pefiod. The resulting clumps were again permitted
Ato settle out and the remaining solution was added to the;

centrifuge tube. The cell suspension was then centrifuged

for five to ten minutes at 200x g and -the cell pellet re-
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suspended'inAZOhl of warm 2-1-1 medium. Thié solution was
‘allowed to stand for five minutes or so to permit ény large
clumps to settle out and the top fluid was then pipétted
‘into a s;érile test tuBe. This suspension was counted in
a hemﬁcytometer and aﬁpfbximately 8 X 106 cells in 1.5ml
or less were seeded intolIOml of 2-1-i in-a 100mm diameter
plastic dish. These dishes were incubated in a 5%-10% CO,
air atmosphere (pH 7.4-7.6) at a temperature of 37°C.
After three to four days the medium was removed and the
~dishes overlayed with 2-1-1 medium containing 0.36% agar
(Difco).

Thésc priméry culturecs were then proqessed in'the
following manner ﬁo‘obtain what are called secondary
cells: primary cultures with initial seeding of 8 x i06
cells per plate were used after four to five days of
incubation. ‘'he medium was removéed fromm the primary
cells which were then twice washed with warm tris-saline.
Five ml 6fl0.5% trypsin was added and the dishes incubated
at 39°¢ fér from eight to ten minutes. The cells were then.
geﬁtly égitated with a rubber policeman, pipette-rinsed
once or twice and then pipetted into a 12ml centrifuge

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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medium 2:1—17 A 1:100 dilution of this suspension was
counted on the Model B Coulter Céunter (Coulter Electronics,
Inc.) and appropriate‘dilution Qas made”to seed 2 x 107°
céll; into 60ﬁm;diameter tissue culture plates'containing 
Sml of 241-1.f All experiments were done with.secondary
cells unless otherwise indicated. Nearly ailAcells apbeared
to be Eibroblasts. Rous sarcoma transformed cells were
obtaiped by adding 5 x 106 focus forming units of the‘BrYan
strain of Rous sarcoma virus (RSV) per‘60mm plate to fresh-
ly plated normal'secondary cells in 2-1-1 (Temin and Rubin,
1958; Rubin, 1960). |

. The number of cells on aApléte was determined by the
following.procedure: the medium was removed and the blate
was washed with 5 ml tris-saline. This saline was then
removed and 0.5 ml of 0.25% trypsin was added and agita-
tedlto assure complete coverage of the bottom of the
dish by the trypsin solution. The dishes were then in-
cubated for 15 minutes at 39°C and 2ml of tris-saline
was then added aﬁd agitation waé continuedlby repeatedly
pipetting the cell suspension ovef the bottom of the dish
with a hand pipette. 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 and then counted with a Model B Coulter Counter

(Coulter Electronics, Inc.).

2. Mechanical Setup

! To‘insure minimum'vibrat£0n of the microelectrpdés
in these experimenté,‘a largé'heavy wooden table was
mounted on specially designed shock ‘mounts (Barry Iso-
lators Y94-AB-150, Barfy Controls, Inc.). A heavy metal
plate ﬁhich was mounted on four shock absorpent pads at
each corner (Kinetics Corporation)‘wasﬁplaced on the
table top. Next, a léyér of ordinary'packaging insula-
tion wire mesh padding was placéd on the large metal plate.
Another metal>plate on whichtwas mounted the micromanipu-
lators, Tiyoda microscope plus both cameras (see below)
and lead bricks (150 1lbs.) were placed on the padding.

A shelf near the bottom of the table was loaded with
apprbximately 500 1bs. of lead. bricks.

The electrodes were held and positioned at an angle éf
45° with single and double Narishigo Manipulators -MM3 and
MMD4, tespeétively (Eric Sobotka, Inc.) which were bolted to
the upper metal plate. All positioning of the microelectrodes

near the cell membranes was accomplished by a transmission

4
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éableiatﬁéchment fo the fine horizontal adjust of the
Narishigi Manipulators and turned manually at the front
of ﬁhe table. 'Wifh this arrangement, movements as precise
‘as éimicron or so appeared possible. All joints on the
_structure carrying the manipulatérs were covered with
duxseal (JohnsﬁManville Co.):which aided in reducing
the vibration.

The above mechanical arrangement reduced vibrations
of the Aicroelectrodes satisfactorily as determined with

a gravity accelerometer. A pulse vibration on the floor

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

3. Optical Setup:

A bésic Tiyoda Microscope #20200 was used thrpugh-
out these experiments. Zeiss Phase Optics (cqndenser,
x40 .and XlO'objectives)lwere added to the microscope to
~improve the optical image. Two of the three photographic
ports contained cameras, a Polaroid in the leffvport and
a 35mm Leitz camera in the right. The optical image
could be switched from one port to another by moving the
internal priéms of the micréscope. All photographs of the
cells wereataken within a few minufgs after microelectorde

penetration.
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4. Electrical Setup

It was necesséry to take great care in the produc-
tion éfuhigh resistance glass microelectrodes which had
low:tip. potentials and which did not exhibit erratic
behavior when current was passed through them. (Therefore,
the steps:.in the miéroelectrodé production Qill be de-
scribedt in detail.)

Long pieces éf Kimble Glass #46485 of 0.7-1:0mm
inside diameter were cut into approximateiy'llcm;segmeﬁts
and were washed thoroughly in a 1% solution of 7X deter-
gent (Limbro Chemical Co.). The pieces of glass were
then“rinéed well in distilled water. They were boiled
in distilled water for 10 minutes, and then Boiled in
0.12 N HCl for an additional 10 minutes. The capillary‘
glass segments were then rinsed once again in distilled
water, boiled in 'triple distilled water for the same
period éf ﬁime and then boiled in ethyl alcohol (appr&x-A
imately 20°C). The ethyl alcohnl was poured off and the
segments were put in a covered petri dish and placed in
the oven to dry. The cleaned glass tubes were stored in

a stoppered test tube.
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The glass micropipéttes were formed on a conven-
‘tional horizontal micrqelectrode.puller. (John Keefe,
Assoc., Cambridge, Massachusetts). The resulting micro-
électrodes had a tip diameter of 0.1M, as determined by
the écanning electron microscopg. They Qere fiiled (see
beloﬁ) with a solution of 3MKCl which was-freshly pre-
pared and millipore filtered (0.2y size filter) for each
new batch of miéroelectrodes.' The pH of the filling-
solution was adjusted to 7 by adding freshly millipore
.‘filtereﬁ‘KOH as it was found that this gave electrodes
Witﬁ low tip potentials and the desired resistance.

The electrodes were filled in the following manner:
after beiﬁg pulled, the electrodes were placed tip down
into the filling solution in a polystyrene container.
 After approximately 15 minutes to ome-half hour the
filling‘solution.had moved into the tips by capillary
. action, filling approximately 10-20 1 of‘the electrode
cylinder ffom the tip. Triple distilled water was in-
jected into the back of the microelectrode with a #31
guage needle and syringe. The resulting distribution
of liquids in the microelectrode was 3MKCl filling the

tip region and triple distilled water filling the rest



of ﬁhe4cylinder, except for an air séace; which separated
the two solutions. The container with the microelectrode
tips stiil in the 3MKC1l was then covered and placed under
an infréred heat lamp for from six toleightlhours.

Due to the established heat gradient resulting from

the heqt lamp and the diffefence in vapor pressure betwecen
3MKC1 and.ttiple distilled water, water in the pipette
evaporated from ité bottom surface and condensed on the
top suffaée of the 3MKCl in the tip region. This in
effect caused the air space or 'bubble' to épparently‘
move ﬁp the narrow tip region to near the shoulder of .
the miéruplpette. Alfter six to eight hours of this action
the bubble was expelled from the micropipette by sticking
a [inely [lame etched tungsten wire down the pipecttc and
poking it around the bubble.

After this air space had been expgllcd, 3MKC1 was
injected into the pipette replacing the distiiled water.
The pipettes were left with their tips in the 3MKC1 for
‘approx;mately one hour before being used. Microeleclroudes
produced in this way usually had tip potentials of about
-5mv and resistances of 50 to 80M{L. . They were stored

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

36
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'this period the majorityvof electrodes were unusable.
Only microeieétrodes produced by the above érocedurc
wefe used in the experiments repqrtedAhéré.-

During the course.of any experimeﬁt if either the
noise recorded by the micfoelectrode increased or the tip.
potential changed, the miCroelectfqde was discarded énd
feglaced by a fresh one. The resistance of the micro-
.electrodes was'necessarily high, because it was found
that penetration of the fibroblasts with electrodes Qf
resisténce 30MfL or under caused irreversible cell
damage, presumediy due ta the larger tips associated
with low.resistanCe electrodes, and this prevented later
processing of the cells for the séanning electron micro-
scope. It is unlikely that leakage of 3MKCl from micro-
electrode tips into cells caused any cell damage thfough
osmotic effects, since in similar situations lcakage is |
known to be in the order of 10"14 moles/second (Eccles,
1957) . In these experiments cell penetrations lasted no
more than one minute,bthus the increase in intraceilular
KCl‘due'to'leakage is insignificant.

A schematic diagram of the electrical setﬁp is shown

in Figure 2. The filled microelectrodes were connected to




FIGURE 2.

Electrical setup used for junctional coupling mea-

surements on cells in tissue culture. The recording

amplifiers are high input impedance field effect transis-

tor amplifiers. Vecal is a low impedance voltage source
connected to the reference electrode to introduce cali-
brating pulses. Switch S is used to simultaneously
conneét the recording microelectrode (ME-1) to a'constant

current stimulator I (after Baird, 1967) and connect

the recording amplifier to ground. The microelectrode !

current pulse is measured as a voltage drop across the

IMQinput impedance of a Tektronix oscilléscope.

-
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segments of polyethylene tubing which fit over the‘top

end of the pipette and were filled with a 2% agar'(Difco)A
in 0.9% saliﬁe SElution (physiologicai.saline). This
agar éolution made coﬁtéct with the 3MKCl inside the elec-
trode fbrming‘a liquid-liquid junctioﬁ. The other end of
the-tuﬁing with the agar solution was iuserted 1nto a
%cc.rplaétic syringé which acted és a resefvoir containing
physiological saline. Reversible Ag-AgCl electrodes were:
- inserted into the saline reservoir and connected to the
inputs of the recordihgiampiifieré or the current stimu-“'
lator (see‘beiow).

Thé reversible electrodes used in these experiments
were nade in Lhe following way: 235 mil diameter silver
wires of 5 cm lengths were cleaned by first sanding with
medium gfade emery.cloth, then dipping in hot concentrated
nitric acid and finally rinsing in distilled water. The
wire segments were éonnected to the anode of.é~1,5 v
battery in geries Qith a SOO.ﬁL potentiometer whiéh limi-
ted the current density to approximately 5 ma/cm2 (see
below). The potentiomctcr was connecled to a platimun
plate which acted as the cathode.‘ Both the silver wire

and the platinum plate were dipped into 0.1N HC1 which
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waé essehtially bromide free as tested with the fluor-
escein method (fluorescein turns red in solutions with
minute concentrations of bromide). The polarity of the
pattery was reversed through.threé completeﬂcycles of

- one minute periods. Current.densities of approximately

2 gave the stablest low resistance reversible

5 ma/cm
Ag-AgCl electrodes. These electrodes were kepﬁ in
éhysiological saline until used.

The reference electrode system consisted of a 2%
.agarzﬁhysiological saline solution filiing a segment of
polyethylene tubing, one end of which was placed in thé
medium within the culture dish and the other end placed
into a reservoir qontaiﬁing physiélogical saline and a
reversible Ag-AgCl electrcde. This: silver-silver chloride
electmode was connected to a grass stimulation isolation
unit and a grass Model S4 stimulator which deliveredAa
calibration pulse into the recording system (see Vcal;
Figure é).

The voltage recording amplifiers were speciélly de-
signed for thé'eleétrophysiological measurements reportéd

in this thesis and are described in detail in Appendix I.

Briefly, they were mnegative capacity compensated (see



42

: o ' 7 2
Appendix II), unity-gain, high input impedance (101!1)

11 :
amperes

‘operational amplifiers with gate current <10~
and 10w drift <5 mv per % ?our. 'TheveLectrode fesis- )
tance was easi}y monitored at any time by a sbécially
.designed‘CirCu;t used to apply aftfiangular wave thrqugh
a 2pF capacitor at the input of each amplifier (see
Appendix'lfand 111) .

 Two micfoelecfnodes.were used in the electrical
coupling measurement; one in eachAcelli :The output of
one microelectrode could be switched from the recdrding
input of one amplifier to a phdto diode coupiéd coustant f
current stimulator (@after Baird, '1967) (see switch S in f
AFigure'Z). This c;rrént stimulator was used to apply a
" pulge of current of varying duration and amplitude into
or out of the cells through'one microelectrode. The
microeléctrode in thé other cell detebtpd‘any voltage
response due to the applied current in the first.

Thg current pulse was measured as a vbltagé drop
acrosslfhe mQ input impedance of fhe oscilloécope.
Both the currenf through and the voltage recorded by the

microelectrodes were displayed on a dual beam Tektromix

502A and four trace storage Tecktronix RM 564 oscillo-

+
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scbpe énd photographed with a Polaroid camera. . The oscill-
oscope ‘beam sweépé‘were.triggered by a pulse from a.
Tektronix 162 wavefrom‘generator. This pulse preceeded ;
in time and was synchronized with thé constant current
pulse. Thé calibration pulses froﬁ a Grass Model S-4
stimulator were also synchronized to this pdlge. Cellu-

' lar membrane potentials were recorded on a Hewlett Packard-
Moseley 7100 BM two channel strip chart recorder. § |

The wholé'electrical setup was isolated frém electri-
cal interference by placing it in a large Faraday‘cage.
AAhy interfefence from the Tiyoda 1ightAsour§e was also
eliminated by sheilding to ground the entire 1ight.sourcé.
With this arrangement, interference voltage fluctuatioms
of no more than 104 were present.

The chamber containing the cells to be investigatedl
electrophysiologieally was the saﬁe 60mm bﬁter diameter
tissue culture dish in which the cells were incubated
beforehand. All experiments were done at room tempera-
ture 250-27OC. The experimeﬁtal procedire for both the
electrophyéiology and subsequent fixation wefe-as folléws:

the culture dish containing the cells was removed from the
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the incubator and the bottom portion. (top removed) was
attachedvby metal hooks along its rim to thesstage of the
‘Tiyoda microscope. A;gentle flow of géé (10% CO9 - 907%
air ﬁubbled through water) was established across the
culture medium which maintained the pH in the range 7.4-
7.6. Evaporation was minimal. The microelectrodes which
-had already been placed near the culture dish were coarsély
positioned near the bottom of the dish under x100 magni-
fication. They were then pésitioned by thé transmission
cable afrangement onto the cell membrane at x640 magni-
fication and the final introduction of the electrodes
into the cells was done by gently tapping the metal col-
umns holding the mictromanipulators. Entry into a cell
was signalled by a 'stable" negative resting potential
with réspegt to the reference electrode systém. In the
experiments reported here a ”sfable" membrane potential'
was defined as ome which remained constant at its briginél‘
value for five or more seconds.

For éoupling measurements one electrode was intréducéd‘
into a'cell and the resting potential was noted as being

stable or mnot: if stable, the other microelectrode was



45

théh infrdduced info another cell; if not, another cell
was found. If boﬁh membrane potentials remained approxi-
mately.cbnstaﬁt, a pulse of current Was passed through
pﬁe cell by switching the'microelectofde to the conétant
current stimuiator. The'voltagé response was detected.
by tbelothef microeiectrode'in the connected cells

Early in the course of this work it was observed'that
the membrane potentials of coupled cells are interdepeﬁdent.
Wiﬁh an electrode already'inserted into one cedl, penetraf
tion.of.a neighboring cell with a second microelectrode
caused an instantaneous and transient fall‘inbthe mémbrane
potential of the first cell. This results from slight
damagevto the surface membranes of the second penetrated
cell. '”Sealing” in of the second electrode was accdmpanied
by:a rise of both potentials to the same level. In the
voltage records for coupled cells presented in this thesisv
‘resting potential of the first cell penetrated did not
change by more than 2mv by the introduction of the secondb-
electrode into the other cell. In one respect this infer-
dépendence of cell membraneipotentials which was observed

in all coupled cells was taken as support for the validity

of the coupling measurements. Experiments lasted as Tong
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as'fhrge hours or more without therg being deteétable
decreases in either cellular membrane potentials or
coupling potentials. No experimentAwgs carried oﬁt for

more than three hours.

Fixation and the Scanning Electron Microscope

AAfter the electrophysiological measurements were made
on the fibroblasts, the microelectrodes weré'rémoved and
the micrbscope objective was rotated out of fhe way and
a ZeiSs“diaménd marker was brought to the bottom of the
plastic petrie‘dish aﬁd a ring of approximately lmm in
diameter was inscribed around the cell pair which were
shown to be coupled the moment befure. This ring per-
mittédlthe relocgtion of the qell pairs at every stage
in the fixation.process.

Within one to two minutes after‘the electrical mea-
surcments were made, the dish was removed from the micro-
scope stage. The cells were Lhen [ixed fur later viewing
in ﬁhe scanning electron microscope in the following way:
ﬁhe medium was aspirated off and the cells were carefully
washea in room temperature tris-saline buffer for approx- .

imately two minutes. The buffer was then carefully
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:éspiréteé off and the bottom‘of:the plastic dish on
which the.éells.were attached ﬁés inverted over a drop
:of 1% 0304 in buffer solution. The osmium vabor was
allowed to fix the»celis fof 10 minutes. Theselcells
were then washed once in buffer solution and 5 ml of'a
2% glutaraldehyde buffer solution was added to the dish.
The cells wére kept at 4°C for 24 hours.

After this period the cells were carefully washed
twice in.buffer for five minutes and then post fixed
“in 5 ml of 1% 0504 buffer solution for one hour. The
cells were then washed twice in triple distilled water
"for five minutes each. At this stage a two cm.diameter
circle‘contéiﬁing the cells was removed from the bottom
of the dish. This was accomplishedvby using a heated
metal'circular die. The temperature,checked with a
sensitive thermocouple, on the top surface of the circle
containing the éells did not rise above ZS?C as the |
circle was burned out. As judged by a.compariéon Ee—
tween the pbaSe‘éontrast photographs and the late
scanning electrbn micrographs, no cellular damage reéﬁl—

ted from this procedure.
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The cells on the plastic circle were then seriallj
dehydfatéd in 507%, 70%, 80%, 95% and absolute ethyl
alcohol for 10‘minufe$ each and were théh left to air
dfy fof 24 hours in the refrigerator at 4°C. After
this period a thin layer (approxiﬁately SOOX) of either
pladium/platinum alloy or gold metal was vacuum cvaporatcd;
onto Ehé plastic disk CQntaining the fibroblasts. The
coatedvdisk was theﬁ viewed under a miéroscope at low : 3
» power‘and‘an arrow was scribed with fine forceps poiﬁting'v
to.the coupled cell pair. The arrow tip was located
approximately 50-100 p, froﬁ the cell pair. The arrow,
and subsequently, thevcell pair were located in the
scanning electron microécope with relative ease. A
Jeolco Model JSM scanning microscope with a 45°vinclined
stage was‘used at an accelérating potential of 25KV and
a speéimeu current of 2 x 10-11 amperes. Secondary
electrons were used to form the image and pigtures were

taken on Polaroid film.
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'RESULTS

Proiiferapion Rate ovaib:oﬁlests in Culture

Figdre‘3eshbwe;the pro{iferation rate of secondary
chﬁck fibroblasts. After an initial fall in cell number
due'to the’faiiure of many cells to adhere to the dish
at plating, the number of cells increaSes aﬁ'a constant
rate with a doﬁbling time of abbroximately»18 to 24 heure.
The cells continue to divide at this rate until about 90 !
to 120 hours in culture, at which time they form a con-
fluent monolayer. Furtﬁer division of the cells is.in—
Hibited (satdrationldehsity_about 10° cells/cm?). This
inhibition is not due to depletion of nutfieets in the
medium.since.ehe same medium ie found to support diei-
ding cells. Also, it can be-temporarily overcome with
replacement of-old medium by new which causes a burst
of cell‘division to e greater saturation density.  This
inﬁibition of cell proliferation in confluent cultures
occurs in wauy cell cultures and is thought to be a

process involving contact promoted regulation (Stoker,

1967) .

LA AR aem
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FIGURE 3.

Proliferation rate of secondary chicken. embryo fibro-
blasts pléted at an initial concentration of 2.5 x 10°
cells into 60;m outside diametef_FéiCon'plastic tissue

éulturé dishes containing 5 ml of medium 2-1-1‘(see
Materials and Methods). The celis were trypsiﬁized apd
counted at the indicated intervals. Ordinate: number of

cell; abscissa: hours in culture.
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Figure 4a shéws cells with the typical fiBroblast
morphology in aﬁ actively proliferating culture (48 hhﬁrg
in culture). The.celis are flat (no moré than 1-5;4,'inj
thickness) and many, if not all, cells at this stage ex-
hibit locomotory behaviur. Similar cells are shown in
Figure 4b somewheré bétween 90 and 120 hours in cultufe}
The cells are closely packed with appositioﬁ of their
lateréi surfaces and many ceils lie parallel to one
another due to thei; geometry (éee also Figure 9). This'
regular‘arrangement of these cells in a conflﬁent monbla?er
is believed to be a consequence of contact inhibition uf

movement (Abercrombie and Heaysman, 1953).

Electrical Coupling Between Secondary Fibroblasts
Coupling measurements hetween fibroblasts were made
as early as 12 hours and at various stagesAub to 120 hou%s
in culture. |
Figures 5, 6 and 7 show examples ol cuoupling berween
cells 24 hours in culture. Over 200 cells were tested'.A
at this stage and in every case whenévcr two disolated

cells appeared to be in contact, some degree of coupling
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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
electriéal communication. The positive calibrating
pulses at the left of the top twd traces are 10 milli-
volts in amplitude and 10 milliseconds in durationm.
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-
plasﬁic 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°°

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 x 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 current
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 dectected by Lhe 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 Lhis 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 tothe 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 constant of the waveform
is complex and includes the two non-junctional membrane
capacitances and one junctional capacitance all in para-
'1lel with their respectives resistances shown in the circuit
of Figure lh, 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-
ting 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 movemenL o[ each cell are
direcﬁed away from the area of contact. Figure / 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-

in physiological limits. A simple calculation shows that



in the case shown in Figure 5, the current density

= 0.25 ma/cmz. (Cell area = 2 x 10-Scm2). This is
about one-tenth of the magnitude of the ionic current
density observed during an act;on 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 normal 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

63
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FIGURE 8.

The formation of junctional coupling between two
secondary fibroblasts. Phase contrast picture of (a) two
living normalysecondary fibroblasts (one day in culture)
which appear to be unconmmected and which are uncoupled.
The middle trace in the electrical record to the right
shows no voltage response in the right cell due to a
current pulse of depolarizing current 8 x ].0-9 amperes
and 56 milliseconds in the left cell. White bar repre-
sents 20 millivolts in top two traces and 40 x 1072
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 (ue).

(b), same cells as in (a) but one hour and a half
later. 1In the electrical récord 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

(2) indicates that the cells are now junctionally coupled.

White bar and calibrating pulses same as in (a).
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minutes after conmecting 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 lsolated Fibrohlasts

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 1b is reproduced
here in Figure 8a. The values of the current I= 8 x 10-9

amperes and the voltage Vy= 75 x 10"3 volts are taken

V7_= 75 mv "
J\ﬁs\ Vo= 75mv li=%%f53j%3$;
Iz_ I | = I—Iz
=47r ldgamps
R,,=20M0 Rm=20M \ =T R
=84 mv

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 valueé found in input re-
sistaﬁce measurements (range 2.7MIL - 20MQ1) on approxi-
mately fifty single isolated fibroblasts one day in
culture. For these measurements both the current
electrode and recording electrode were inside the same
cell and the ratiosz/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:

Re = V1 - Vo = (84 - 75) x 107 volts - 5 suq
' I, 3.8 x 1077 amperes

The specific junctional membrane resistance - can be

obtained by multiplying Rg by the area of the contact

: . . " 5 -8
which in this case is estimated at 5 x 10 cm2

, giving:
re = 2.4 x 10" . 5 x 10-%n? = 0.120-cn?
The specific membrane resistance ro is:
v w20 $10° ¢ 2% 1075 = 40058: e

-5 2
where 2 x 10 "em” is the approximate area of the cell.

67
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it can be seen that rg is: several orders of magnitude
smaller than ¥. The resistance of the process between
the two cells in Figure 8 was mnot included In the cal—
culation. However, assuming normal ionic composition
within this process and a specific core resistan¢e of
5011.-ém (see Hodgkin and Rushton, 1946), iLs 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 on which
they move, subsequently, the pattern of cells assumes the

form of discrete clumps of cells scattered over the bottom



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 lefq (me). Middle trace of the electrical record
shows the voltage response 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 millivolt

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 10-9 amperes
and 56 millisecond hyperpolarizing current pulse passed
intracellularly through the left microelectrode. 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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surface of the dish. The electrical records of Figure 11
(a),(b) show that cells within these clumps have loﬁ‘re-
siStanée junctions between them. Figure lla is particuiarly
dramatic in that it shows that two cells impaled with
microeleﬁtrodes within a élump}are tightly coupled even
though they are conmected through 10 to 15 cells. This

suggests the likelihood that all cells within a clump

share a continuous compartment of current-carrying ioms.

Loss of Coupling Following Cell Injury

Since the cbupling evidence strongly suggested the
possibility tﬁat coupled cells in culture mightAshare a
continuous compartment of current-carrying ioms, 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 mnot foﬁnd
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 (c¢) 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
hy as many as 10 to 15 cell diameters (3) within thesc
clumps are well coupled as indicated in ﬁhe 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
cutrent was 28 w107 amperes and 90 milliseconds and
was passed In both directlons; 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 normal fibroblasts
one day in culture each in electrical communication with
the others as seeu in (c). 'Vlzébcfore)shows the traces
of coupling between ce11-2 and cell 1 before the destruc-
tion of cell 2 with microélectrode‘(me -2) .. Vlgé}efore)
shows the electrical coupling between cell 1 and cell 3
also before the injury to cell 2. Note that microelectrode
position two and three shiow the same microclectrode in twn
different positions at different times. (b) Approximately
two minutes after the destruction ot cell 2, the conlLacl
morphology betweeen cell 2 and cell 3 has changed and
hoth cell 1 and cell 3 are no longer in junctional com-
munication with cell 2 (see Vigg in (¢), however, they
continue to communicate with each other the same as before
destruction of cell 2, compare VlBQHLLer (coupling after)

to V. before (coupling before).
13,



(¢) 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., V12b’ 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.

77

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 detectabie.
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. 1In fact, the voltage
response in cell 1 due to a current pulse in cell 3 is

seen in Figure 12c¢ to be greater than before (compare
Vi3, (after) with V131 (before) in Figure 12c). This

is consistent with the fact thét 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
pom that found in the case 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 cxperiments usually produce characteristic focl
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
ot transtormation 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 Lo be heavily wvaculated 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).
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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 virusbtwo days prior were well coupled.
"Normal" cells surrounding foci were found to be coupled
to cellé 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 exceptiom.

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 clectrode recorded an electrotnic poten-
tial when it was inside the top cell (middle trace) Lul
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 |5 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 10_9 amperes and 56 millisecond current pulse
passed in both directions through the lower cell. White
bar 20 millivolts for voltage traces, 20 x 107 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 ip 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

28 = 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 experiﬁent 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 suhstrate appeared tn he
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 ofﬂmembrane contact at which
this passage of particles occurs is lacking. This situa-
tion has arigen mainly from the techmnical 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 circumvent 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 clectron 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 cuutrast photograph of twn normal fibroblasts
after one da% 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 10'9 amperes for bottom current traces. Positive

cralibrating pulses 10 millivolts, 10 wmilliseconds.
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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 visible.
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 struclures is not known
at present.

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

cells weretr.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 on€ and only contact regionm.

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 i
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 (electricadl
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 esLablishment of junctional communication between
fibroblasts. The phase contrast photograph in the upper
left shows four normal fibroblasts. Cells A and B are
not visibly cumnnected. Electrophysiological measurewent
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 clectrophysi-
ological record at the lower left of the figure. Current
electrode was in cell A and recordiug electrode in cell B
(both electrodes are not shown). White vertical bar is
20 millivolts for top two voltage traces, 20 x 10~2 amperes
for current trace. Middle trace: voltage response of
cell B to a 4 x 10~ amperes and 56 millisecond hyper-
polarizing current pulse in cell A. Tositlive 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‘COuLact 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 dJdips under the cell membrane of cell B. For
further discussion, see text.

(¢) lligher 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 if 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
inhibition 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 uof cell C may be "underlapping' cell D.

Figurc 22 shows a scvanning 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 'wvacuoles"
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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 10-9 amperes and 56 milli-
second hyperpolafizing 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 conneéted to its mneighbor by
fine cytoplasmic processes, electrotonic potentials spread
trom onc cell to the mext as well as Lhey 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
intcrphase neighbors and the substrale 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 cellnlar 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 iﬁterphase fibroblasts and corres-
ponding scanning electron micrographs. The three-dimen-
sional pattern of radial microexlLensions 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 24D).
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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 10'9 amperes for

bottom current traces.
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FIGURE 24a, b

(a), (b) Scanmning electron micrographs nf the samec
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 interphése cell
are also evident. The rod-like structurcs (arruws) seen
in the interphase cell resemble fhe 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)

betweeir Lhe 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
electfotonic 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 extensions

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

‘Scanning electron7micrograph of a conmunicating 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 clec-
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‘Qoltage respoﬁse of the mitotic cell to
a b x 10-9 amperes and 56 millisecond hyperpolarizing cur-
rent pulse applied thirougli the cell wembrane vf Lhe futer-
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 showﬁ 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 contrast 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 10_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 107 amperes
bottom current trace.

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

(B) Higher magnitication scanning pictures of the

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

125



-126 -

XBB 697-4798

Fig. 27A



-127-

XBB 697-4797

Fig. 2718B



128

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 mirrnelectroae»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 1079 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).l The nuclei and nucleoli are clearly visi-
bie in both cells, as well ss oflers. in the Fleld,
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.
''he Rous cell (R) in the phase contrast picture is highly
tefraclile and spherlically shaped, the characteristic
morphology of Rouc transformed cclls. The same cell is
casily 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 ;he untransformed fibro-
blast (N) are seen impaled with microelectrodes (ME).

B. Scanning electron micrograph of the same cells as
gy 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 107° 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 celis. 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 fixation

procedures did fully transformed cells remain attached.

Tight Jgnctions in Secondary Fibroblasts

Preliminary evidence that the low-resistance junctioms
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
aréa of intercellular contact where the extracellular
space between the neighboring cells is. apparently oblit-
erated. These ''tight junctions" are similar to the
tighﬁ junctions found in numerous electrically coupled
adult tissues (Pappas and Bennett, 1966), and are identi-
cal in appearance to those junctions thch have becen secen
in the chick embryo in vivo (Trelstad et.al., 1967).
Figure 31 is another example of a tight junction seen

"pentilaminar"

between these cells. The classical
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 ti ght junction
between normal secondary fibroblasts in a cell monolayer.
Infected with Sendai virus two minutes before fixatiom.
Phosphate buffered glutaraldehyde and osmium fixatiom.

Uranyl acetate and lead citrate staining. Magnification

X 40,000.
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RELATED ELECTRICAL PHENOMENA - MEMBRANE POTENTIALS
OF SECONDARY 'FIBROBLASTS

Chemical gradients for different ions provide the
major, though possibly not the only; source of bioelectric
potentials and, according to the ionic theory of bioelec-
trogenesis, changes in the relative permeability of the
cell membrane for various ions form the basis of the
electrical manifestations of cells (Grundfest, 1967).

In a similar manner, changes in the ionic gradients
across the plasma membrane of cultured cells or changes
in the relative ionic permeabilities of these membranes
must result in corresponding changes in cellular membrane
potentials. Likewise, the converse will necessarily be
true.

Preliminary evidence from membrane potential measure-
ments on normal secondary fibroblasts suggests that mem-
brane potentials of cells within a confluent monolayer are
significantly greater than those of isolated single cells.
Figure 32 shows two histograms of membrane potential measure-
ments, one from isolated fibroblasts (top) and one day
in culture and another from cells within a confluent

monolayer (bottom) four days in culture. The data for
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FIGURE 32.

Histograms of membrane potentials from normal chick
embryo secondary fibroblasts (one day, top; four days
bottom). Ordinate: number of observations; abscissa:
membrane potential in millivolts. Potential measure-
ments from a total of 90 isolated cells from one dish
are shown in the one day distribution; and those from
100 cells within a confluent monolayer are shown in the
four day distribution. The mean membrane potential of
the isolated cells is 10.52% (3.97) millivolts, that
of the four day celle is 28.13% (7.50) millivolts,

cell interior being negative in both cases.
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the one day sample of potential measurements are all from
one dish containing approximately 2 x 105 cells and that
of the four day measurements from another dish containing

3 x 106

cells. Both sets of measurements are from experi-
ments lasting‘approximately two hours and carried out at
room temperature 25°C in medium 2-1-1 with the same micro-
electrode. ''he mean membrane potential tor the isolated
cells is 10.52 millivolts, and that for the confluent
cells 28.13% 7.50 millivolts. The shift in the values of
the membrane potentials between one and four day cells
was not abrupt, since predominantly intermediate values
were found in cells at two and three days in culture. The
majority of cells by the second day were in contact and
presumably coupled to one or more neighboring cells.
Membrane potentials of these cells were similar but,
in general, higher than those of isolated cells, but
smaller than the potentials of cells in confluent mono-
layers.

Oue explanalion for Lhis change in membrane potentials
towards higher values may be that the isolated cells were

trypsinized the day before the measurements and, therefore,
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may have been more susceptabie té damage-from microelec-
trode penetratioh than were cells in confluent monolayefs
some foqr days removed from the trypsinization process.
Howe&éf, this aépearé unlikely, siﬁ;e cells seeaed at
densities‘of around 10° cells and . forming a confluent
monolayer in one day had membfane potentials similar to.
cells in culture four days. 'Another possibility is that
isolated cells themseives 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 penetrations ofA
isolated cells to that of confluent monolayer cells was
low. isolated cells were difficult to penetrate because
they were no more than 1 to 5 micfons thick, Also, the
membrane potentials of isolated cells usually declinéd
with a time constant of seconds after penetration, ﬁhereas,
the potential decline in confluent monolayer cells after
impalement was slow, ffequently in the order of minutes.
This difference in time constants ﬁay be due to the con-
tinuous pool of ioms shéred between coupled cells iﬁ'é
monolayer as compared to isolated cells. 1In a coupléd
cell system, ions might;readily flow into a very slightly

injured cell to maintain the membrane potential, whereas
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this could not occur in an isolated cell.

‘Althpugh electrode damage cannot be excluded as an
explanation of the observed difference in membrane  poten-
tials between one and four day cells, it is unlikely.ﬁhat
it accounts for the total shift. Rather, it appears

! reasonable to conclude that the shift in ﬁhe wembrane
potentials represents a change in cellular permeability

or in intracellular concentration, or in both for ome

or more ions (see discussion).
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DISCUSSION |

The results of the.pfesent studj'indicate that.chick
embryo fibroblasts in culture are tightly coupled. That
this coupling isvnotran artifact of the microelectrode

' - I
technique is shown by the fact that coupling is found be-
tweenvéélls separated by és many as ten ceils which have
not been damaged by miéfoelectrode penetration. Réther,
-couplihg between cells is due to“their ability to form 
lowjresisﬁance junctions in culture. |

Contact between actively moving fibroblasts results
in the formation of a low-resistance junétion or junctions
between them. In a few cases where both the surface areé
of the cells and the contact area between them could bé
estimated from the photographs, the specific resistanée‘
of the junctional membranes was approximated.using ﬁhe'-f
circuit in Figure 15: It was found to be se;veral ordérs.
of magnitude'smaller than that of the non—junctionai @em?
braneg. However, the céléulation is very‘approximafelas:
it ﬁas-several possible sources ufl error: ‘the aetuglf.
input resistances for the cells used in the calculation =
were not kﬁown, bﬁt, instead the upper values of those

foﬁnd in other cells were used;and only the upper surtace
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of the cell facing the medium was considered in the‘ca1¥n
culation; the internal resistance oflthe fine processes
was estimated aé being low and was therefofe not inciuded,
these values of resistance might actualiy be larger; ﬁhe
resistance of the contact area was assumed éo be uniform.
Another source of error was sémc degree vl damage due'to
microelectrode penetration during coupling measurements . -
This incvitably reduced the coupling poténtials. All

these sources of error lead to an underestimate of the

degree of coupliﬁg.

The role of ecoupling in the pheuuvienon of_contacti
inhibition of movement (Abercrombic and Heaysman, 195351
still remains unclear. Evidence presented in the resﬁlté
suggests that the low resistance interconnéctionc between
cells may exiét thréughout‘thc contact period. Thus,
cells in a state of contact inhibition of movement are .-
in all probability coupled.

ThE role of coupling in cell division ér in the
phenomeﬁon of density dependent inhibition of cell divi-
sion isAalso difficult to definc for a nuwber of reasoms.

First, coupling has been demonstrated between contacted

fibroblasts in both sparse and dense cultures. Many,
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if not ail, cells in contact,bincluding those in mitésis;
are, coupled.- Secondly, greater than‘SO% of seCSndary-
fibroblasts are in contaét (and coupled?) at a cellular
density of approximately 2’ x 10% cells/em? but at this
density'the>pr01iferation ratelis maximal and is not
inhibited until a density of épproximately 10° cells/cm2
or five times greater is attained. Third? and 1astiy; .
Rous transfbrmed cells continue to divide, even in very
crowded cultures, yet they are coupled. It must be em-
phasized that the preseﬁce_of coupling, as shown by
electrical measurements, means that there is direct ¢e11?
to-cell transfer of'small ions that carry the:current.
Its presence tells nothing about the direct transfer of
large particles which might participateAin cellular
regulatory processes.

The prevalence of low-resistance junctions in tiSsue
culture cells, normal or transformed, as well as in
embryonic and adult tissues suggests that these junctions
are basic to cell activity.. At present, their role ié
known only in the etectrical activity of'excitable tissues.
What are the possible functions or.consequences of low-

resistance junctions between the. fibroblasts as studied
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o

here? It is reasomable to conclude from the results
that'inérganic ions move rapidly between fibroblasts
inlconfact. These ions such as K+, Na+, Cl7 must,
therefore, become part of a common intracéllular milieu
of the coupled fibroblasts. The 1ow-r¢sistance junctions
i&evitably distribute the work of pumping ions and buf;

n
fering. One éonsequence of this is that all functions
subserved by such ions would be stabilized to some de-
gree as each cell in contact acquires an avérage con-
ceﬁtration.» Aﬁy ionic activityAperformed by any one
membér of the coupled fibroblasts Qould tend to be damped
with respect 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 phenomenon can be compared to that
frequently observed in coupled excitable cells. Fursﬁpan
and Potter (1968) give the example of cardiac or smooth
muscle cells. To stimulate a cell, positive ions are
delivered to 1its interior, but some of these escape into
neighboring cells. The consequences of couplingAin these
cells_isvnot that activity is impossible, but that any

member is less likely to perform its characteristic activ-

ity in response to a small stimulus.
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Tﬁe ability ofﬂions.tb pass fréeiy.between cpupléd
fibroBlasfé as'déscribed”abqve, appears to present a |
problem in the case of.cell injury. Injury to oﬁe ér
more cells in’a couéled system could conceivably lead
to the short circuiting of the rgét bf the cells. How-
ever,.this was not found to be the caseAin coupled fibro-
blasts in culture. The "wounding' experiment described
under Resulté in this-thesis 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 celis in thé squid embryo were alsé
~found to be very labile, sealing off following injury
(Potter et.ai., 1966) It is likely that the sealing off
is related toAthe influx of éxtracellula} medium intol'
the injured cell (see Loewenstein, 1968).

Direct transfer'of substances other "than ions be-
tween secondary fibroblasts has recéntly been suggested
by the work of Peterson (1969) ‘and Petérson and Rubin
(1969). Cells labelled with P32— choline are found to

transfer the label preferentially to cells in which they
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~are in contact. However, the label is likgly to be inqbr-
. porated into phospholipids possibly associated with the
cell surface and these molecules need not be transferfed
from within one cell to within another. It remains to be
shown whéther‘this transfer is through the low-resistance
junctions betweenvthese cellsn\ |
Although no evidence yet exists that demonstratés
the passage of small metabolic molecules or regulatory
substances through low-resistance jun;tion;, these junctions
offer a very attractive mechanism for cell-to-cell commﬁéi—
cation. The spreéd of dyes of 103 MW iﬁ coupiéd écll Sys-
tems (Furshpan and Potter, 19A8) suggcats théL‘molecules
such as thyroxine and steroid hormones, etc., or other
molecules having inductive or repressive as well gs nu-
trient affécts on cell behavior might also épread'readily-
through coupled cvells. Yotter, et.al.(1966) findings that
the yolk cell is coupled to possibly all ceils in the de-
veloping équid embryn suggesta that intcrmediary meta-
bolical and waste products might distribute through loﬁ-
resistance junctions. Future experiments are necded to
determine whether low-resistance junctions provide path-

ways for intercellular control of complex activities such as

movement, division or dif%erentiation (see’ later).



151

Thé transmission electron microscopic éxaminatioh
(Dr. J. Levinthal, unpublished) on cbick'embryo fibro-
blasts in culture,inoicates the presence of tight junc-
tions between these cells which under a variety of condi-
tions were shown in this work ko form low-resistance
junctiohs._'At orésent,,this finding is consistent with
the idea that tight junctions may be the struotural basis
for low-resistance coupling. However, Kétz.(1966)_has
pointed out that ounly a few cytoplasmic bridges lOOX in
diameter between cells can account for electrical ooupling;
These bridges might be difficult to detect with the elec-
trom microscope. |

It is evident from the above discussion that the
correlationAbetween low-resistance coupling and tight'
junctiono much remain circumstantial until more defini-
tive experiments directly relating coupling and junction
morphology can be performed. As a first step in this
direction, the experiments using the scanning electron
microscope to investigate contact morphology between
coupled cells in tissue culture are of interest. The
results of experiments presented in this paper indicate
that aocell pair in culture may be tested for coupling

with microelectrode techniques and the contact morphol-
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ogy between the same cell pair méy be examined with elec-
tron microscopes. Moreover, in many cases the érea df
contact Between cells in culture is very limited, and
a large»numbe; of morphological junctions.within this
area ié unlikely. The scanning pictures in this thesis -
show that many of the morphoiogical features.possessedj'7.:
by living fibroblasts in culture appear Iittie changéd‘
inSpite of microelectrode peﬁetration and a méthod of
prépafétibn involving fixétion, drying and the appli-
cation .of conducting coatings.in"vacuo. The only im-
pression gained about shrinkage during preparative pr07‘
cedures is that when fibroblasts are dried they'shrink
down upon their substrate rather than detaching from
it and retracting (see also Boyde et.a., 1969) . Hence,
cellular configiuration in scanning micrographs closely
resembles that usually seen-in culture. The success of
this technique 1ndicates that a transﬁission electroﬁ
microscopic study on the contact area between tissue
culture cells previously tested for coupling now appearé;
feasible.

Although the scanning electron micrographs reveal

little about the actual contact morphology between
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coupled cells, they do reveal the relative cell membréne.
positions between contacted cells. The micrographs of
the isdlated'fibroblast'cells show that the ruffled mem-

"inder laps', i.e., crosses

brane of.aqiapp{oaching cell
under the céntacted cell rather than '"overlaps'. This
finding and that by Boyde et.al (1969) sﬁggests that

at the point of contact the advancing membrane has more
adhesion to the substrate than does the contacted cell,
since the advancing cell membrane displaces it. It is
highly unlikely that the relative positions of an ad-
vaﬁcingAmémbrane and a ''contacted'" cell seen in the
micrographs become reversed by the ﬁethods of prepafa-
tion employed. In a recent paper Carter (1965) has
suggested that contact inhibition is the result of

the greater strength of gdhesion of a cell to its Sub;
stratum than to another cell.

Normal secondary‘fibroblasts in Rous sarcoma virus
(RSV) infected cultures are coupled at all stages of
cellularvtransformation which includes cells active in
virus production, one to two days after infection (Vogt
and Rubin, 1962), and cells at different stages of "’

morphological transformation within Rous foci (Temin
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and Rubin, 1958) . Coupling between cells in RSV infected

cultures appears indistinguishable from normal celleg in

" uninfected cultures. Thus transformation of normal fibro-

i
1

blasts by Rous wvirus in culture does not appear to cause
cellular uncoupling as might be detected by proceduraes
used in this work. | |
Similar results have been found in long term cultﬁrés
of 3T3 cells transformed with SV40 many generationé removed
from the cells originally transformed (Potter et.al;,l966).
3T3 cells (mouse fibroblasts) are similar to the secondafy
chick cells studied in this thesis in that both cell typés
" are sénsitive to contact inhibition of movement and céllf
division and both types are reieased’from these Inhibi-
tions with virus transformation (Green and Todaro, 1967;
Rubin and Colby, 1968).
As stated in the introduction, coupling has been
observed in sﬁme cases (Fursgpan and Potter, 1968)-and
not in others (Loewensfein, 1968). The epithelial cancer
studied apparently lack coupling and the transformed fibro-
blasts many generations removed ffém thos originally trans-

. formed in culture do not. The results of this thesis show
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coupling is mnot interrupted'during.an éarly phase of
fibroblast RSV.transformation in the same cellé. Coupling
is present when the transformafion appeérs in the Réué
infected cells and remains present thereafter in thésé
cells. Short breaks in coupling between cells iﬁ culture
cannot be .excluded, since they are difficult to detect
with the coupling pfoceddréé usually employed. waéVer,
this would still be unlike the extemsive uncoupling found
by Loewenstein in epithelial cancers.

Ultrastructure analyses on normal and traﬁsformedv
cells in culture are few, but generally these studies .
demonstrate .that while tight junctioms occur frequently
between normal fibroblasts in cﬁlture (Devis and Jamés,
1964 ; A. Martinez-Palomo et.al., 1969), their transformed
counterparts lack tight junctious, buf frequently eihibit'
close junctions and desmosome-like structures. In a study
by Morgan(1968) on chick embryo fibroblasts transformed |
with the Bryan strain of RSV, tight junctions were not
found between either normal orAtransformed cells, but.
close junctions between both cell types were frequently -
observed. In this respect, it is of interest to note

that Revel and Sheridan (1967) cuuld only demonstrate
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the p:esence'of close junctions but nottight junctibns_
between mouse brown fat cells which they showed to bé
coupled. |

If has been suggested that virus production leads
to a chénge in cell surface membrane structure (Rubin, 1966).
The surface architecture of Rous sércoma'virus Lransformed
fibroblasts aS'reveaied by the scanning electron micro-
scope is interesting in this respect. The highly convo-.
luted surface was éecn in all Rous cells, but not in any
other chick fibroblast cells, including the rounded-up
mitotic cells, It is highly unlikely that this Snrface
architecture of Rous cells is an artifact of fixatiom.
However, Lhis cannot be entirely excluded. Further studiles
on the Rous cell architecture with scanning electron micfo-
scope would appear to be certainly worthwhile. It is of
intecrest to note that even with the apparent morphological
¢hange in.the Rous cell membrane the low-resistance junc-
tion between it and other cells remnins. Appuruﬁtly, these
junctions can be very labile (as in the wounding experiment)
or they can persist through drastic morphological changes
in cell shape, as in the cases of mitqtic cells and trans-

/

formed cells.
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The preliminary finding of a difference between -
the meﬁbrane potentials of isQlated fibroblasts and
fibroblasts within a confluent monolayer ﬁay prove
interesting. The potentials of proliferating.cellé
(isolated) appear to be significantly lower than those
vof-non-proliferating cells. The low membrane potential
of the isolated cells as compared to confluent cells
may represent a general leakiness to ions possibly
resulting from the mechanical distortion of the isolated
cell membrane on the plastic substrate. Mechanical dis-
tortion is known to produce depolarization in other
cell systems (the pacinian corpusle, for example). Cells:
in confluent monolayers appear to be much less spread“
out on the substrate. This might naturally arise from
the crowding of the cells in a monolayer. It is interest-
ing that leakiness seems particularly great when the cells
are engaged in active synthesis related to growth aund
division.

Another alternative to the general 'leaky' state’
would be that there is a change in the cellular permea-
bility to one or more specific inorganic .ions, especially

Na© (see below), between the isolated and confluent states.
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This alternative is appealing for the fOlloQing reasons:
first, in the very few studies of membrane potential
measurements on mammalian cells in culture, a consistent
finding is tth low membrane potentials are associ?ted
with high Na* cellular permeability (Aull, 1967; Hempling,
1962; Borle and Loveday, 1969); in one case the perme-
ability ratio Pya/Px in Hela cells was found to be fifty
times higher than in muscle and nerve cells (Borle and
Loveday, 1969). Secondly, there is some evidence that
cell concentrations of sodium (Na) and Potassium (K) are
functions of the age of the culture. Wickson-Ginzburg
and Solomon (1963) found that during the first four days
growth ul HeLa cells, the intracellular (K+) increasesvand
‘the cell (Na¥) decreases. Considering these findings, it
~is tempting to suggest that the low membrane potentials
obscrved in tlie one day (proliferating) cells may Be a
result ot high Na® permeability and/or high cell (Na™y:
and the increase in potential by four days (non—prolifer;
ating state) is a result of decrease in Na+ permeability
and/or a subsequent drop in intrécellular NaT,

However, since none of the variables controlling the

membrane potential of the chick embryo fibroblasts studied
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in this~paper are known, speculations on the mechanism.
shall not be expanded further. Some'obv{ous.questions
which.are of interest are: how does the membrane poten-
tial depend on cell density,‘i.e., cells/cmz, what are

", Cl™ within the one day

the concentrations of Na+,'K
vs. the four déy ceils, what are the relative cellular
permeabilities of each ion at those days and can the
potential be shown to follow the Goldman equation fo£
Nat and K" with C1- passively distributed across the
cell membfane? Most'of these qﬁestidns are answerable

by simple tissue culture experiments with standard

electrophysiological tools.
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CONCLUDING REMARKS AND FUTURE OUTLOOK

Implicit throughout %his work has been the assumption
that the use of electrnphysiologica1.tcchniqués provfdés;'
a unique approach to studying the problems of mammaliaﬁ'

|
cell interacﬁioné in culture. Support for this aséump~
tion is éhown by the results of ‘the present investigation.
It has been demonstrated in this paper that many,bif'not
all normal or transfofmed fibroblasts in contact éommunﬁ
icatée in such a way as to allow the rapid flow of small -
ions, such as K+, Na+ and C1l~ from one cell interior
diréctly_to another. This results in these ioms becoming
paft of a’ common intracellulat milieu of the coupled cells
in culture., This intercellular communication was shown
to be a consequence of the development of low-resistance
junctions between these mammalian cells in culture. 'it
appesrs reasonable to conclude from the prevalence of
these low-resistaunce junctions between cellé in cultufé,
as weil as in embryonic and adult tissues, thét'these
junctions are basic to cell activity.

The present electrophysiological investigation was

limited to the.study of iewnic flow through the low-

e
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resistance junctions between cultured cells.. It is
not known'at'present'wheﬁher these junctions also pro-
vide pathways for lafger particles which might be in-.
volved in the cellular control of complex activities
such as céllfmovémenﬁ and cell) division in culture.
However, these junctions otfer a vefy attractive mechan-
ism for Cell-to-cell»communicatioq and fdture experiﬁents
employing electrophysiological techniques should providé’
more information on the role ofbthese junctions in cellu-
lar regulatory processes.

" Along these lines, the following types of experi-A
ments are a few that might be undertaken: (1) Cells in
tissue culture can be injected with radioactive sub-
stances passed through fine microvelectrodes filled with
the radioactive material and cellular coupling checked
eléctficqlly'before, during or after cell contact is
made. Subsequent autoradiography studies can then:be
carried out on these cells to determine if transfer of
fadiqactive material between cells has occurred. Also,
from the results of this ‘thesis it appears that an'auto-
- radiography study at the -transmission microscopic level

! |
vf vells prcviouely injected with radioactive materials
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and checkéd for coupling might be possible. Experi-
ments of this type would combine thé advantages of
the fluoresceiﬁ expcrﬁmpnts of TFurshpan and Potter
(1968) and Loewenstein (1968) and the genetic_experi—

. ments of Sub#k—Sharpe et.al. (1969) and Stoker (1967a).
(2)'ﬁxpériments such as those described in (1) could

be used with substances (as yet unknown) which might
selectively prevent the passage of substances betwéen cells.
If a‘varietybof substances could be shown to uncouple
cells, then it might  be possible to determine the rangés
and types of substances which pass through the loeresié-
tance junctions by the injection of a variety of sﬁb-
stances into cells and chccking for transfer with various
-techniques such as fluorescence microscopy or autoradipgra—
phy.  (3) As suggested in this thesis,vthe changes in mem-
branc potential of cells in culture may be related: to
‘activities associated with cell growth and cell divisiOn.
These relationships between cellularimembrane poteﬁtialé4
and cell growth and division in tissue culture can be de-
terminéd by simple tissue culture experiments, utilizing

standard electrophysiological tools.
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From the above discussion it can be concluded that
the combined techniques of electrophysiologicalAtissue
culture, autoradiography and electron microscopy offer

new ways of attacking the problems of mammalian cell

interactions.
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SUMMARY

i

1. Iﬁtercellular communication or electrical coup-
Ling between normal chick embryo fibroblasts and between
fibroblasts transformed with Rous sarcoma virus in culture
was studied With intracellular microelec;rodeé.

2. Coupling was present between normal chick»embrYO
fibroblasts in proliferating cultures. Mitotic cells in
contact with interphase cells were coupled.

3. Couﬁliﬁg was also present between cells in a
confluent monolayer in which further pféliferation has.
been inhibited ('density dependent inhibitiom').

4. The results showed that between cancer fibroblasts
(Rous sarcoma transformed) coupling was present when th¢
transformation appeared in the infected cells and remaiﬁed
present thereafter in these cells.

5. Coupling between the cells was not an artifact of
the micruvelectrode ;echnique, but was shown ﬁo be ‘due to

I _ . .
the ability of these cells to form low-resistance junctions
in culture.

6. The specific membrane resistance in nérmal fib;o-
blasts was estimated to be several orders of magnitude
smaller than that of thé"non-junétional membranes (0.120-cm?

as compared to 400_0_-cm2).
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7. The lability'bf low-resistance junctions between
cells was shown in fhe wounding experiment. This result
demonstrated that injured fibroblasts readiiy uncoupled |
from neighboring cells without intétrubting coupling be-
tween the healthy uninjured cells.

8. Tight junctions (phot;graphs of Dr. J. Le&inthai)
exist befween the same type of fibroblasts that were |
shown to be coupled. This finding is consistent wiﬁhA'

" the idea that tight junctions are the.morphologicél
structures of low-resistance junctionms.

9. A method was presented to allow the study of
the cellular morphology of previously coupled cells with
the scanning electron microscope.

10. With this technique, it was shown that in the
cases studied when cellular processes eventually réached
neighboring cells, they underlapped them and formed low-
resistance junctioms.

11. The scanning electron micrographs of Rous‘sarcémé
virus transtormed ceils revealed that ‘the surtface mbfphology
of these cancer cells was highly invaginated, a charaétere

istic not found in any of the normal fibroblasts studied.
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12. Preliminary studies on the membrane potentials
of the normal fibroblasts showed that the values for
isolated cells were significantly lowef than Lhuse for'
célls within a confluent monolayer. Possible cellularé
permeability‘changes to_specific ions argldisqussed as:l
causes for the observed changes in membrane potential
‘valugs.

131 Finally, it is concluded that électrophysiological
tools combined with tissue culture tecﬂniques and auto--

radiography offer new ways of attacking the problems of .

animal cell interactions.
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APPENDIX T

Tﬁe advent of commercial production of operational
amplifiérs incbrporating field.effeét transistors (FET)l
has y:dieldedivoltage operéted églid—state devices with;
extremely high input impedance, high gain and wide-band
amplifiers of miniature size. One such low cost FET
amplifier Model KM-47C (K & M Electronics Corp.,
Hackensack, New Jersey) has been employed ds the basic
unit in a high input impedance amplifier built specifi¢ally
to be used to record biological signéls as detected witﬁ
high impedance electrolyte filled glass microelectrodési

A highly schematic'diagram of the basic amplifier:
design is shown in Figure 33a. The upper'amplifier_Al
in Figure 33a is constrained to unity gain by shbr#'Cir-
cuiting the output e, of Ai to the inverted pole of the
differential input ofVAl. Signals through the microelec-
trode (ME) are fed into the positiQe or non—invertéd input
of Ay and appear at e, unchanged. The Overall frequéncy'

response of A. is increased by negative capacitance feed-.

1

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

Ly, Shockley, "A Unipolar Field-Effect Transistor,"
Proc. IRE, Vol. 40, pp. 1365-1367, November 1952.
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FIGURE 33
) A. Schematic diagram of a high-input impedance
Field EffectETransistor operational émplifier. ME -
microelectrode (see text for further details);

R. Clrcuit diaéram~of actual amplifier design.
A bottom view of the pin arrangement on the KM-47C
operational amplifiers is shown (see text).

C. Triangular wave generator empldying Fairchild

WA709C operational amplifier (see text for details).
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‘a. High-input impedance microelectrode amplifiers
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b. Actual amplifier design
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c. Triangular wave generator
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output signal ey is fed into the non-inverting input of

amplifier A7 whose gain is given hy Ag = RZ + Ri and
. Ry o
can be changed by adjusting the potentiometer R,. A

negatiﬁe cépacitance feedback loop (see Appendix II
for theory) was effected by feeding the oulput é14of
A, through a émall capacitor C7; (2- 6 pF) to the positive
inputtof Aq. With this négative qapacitance scheﬁe, a
square voltage puise which has become degraded by passiﬁg
thrdugh a high impedance probe at the input can be essen;
tially éompensated Fo reproducc the original square:pﬁlse.
Whenever high impedance glass micfoelectrodes'are
used to reéord signals from biological tissues, it is
highly édvantageous to monitor the electrode resistancc
at any time during an experiment. A resistaucé check
circuitvwas therefore incorporated into the amplifiér
design. As is shown in Appendix III, if a triangular
wave is applied to the positive iuput of Ay thfougﬁ a
small caéacitor, the output e, will be proportional to
the electrode resistance Re. The circuit which was used

to generate a triangular wave is shown in Figure 33c.
. : ) .
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The operation of this circuit can be easily seen by'
noting that a fraction e3 of the saturation voitage +Vg
(for instance) will appear across the 5 KL potentiomefer
in the voltage dividér circuit whichAis,applied to the
positiVe input of the 5A709C»amplifier (Féirchild Elec-
tronics). At the same time, the O.35tt F capaéitor'will
charge up integrating ep until eR)>e3 at which time the
outputAeB switches to -Vg. The capacitor will then dis-
charge in a ramp fashion until eg< e, when the output

eg will again go to +Vy and the cycle is repeated. This
results in a triangular wave at ep. This voltage ep
shown applied to C, in Figure 33a then allows for elec-
trode resistance measurements during the course of the
experiments.

The actual amplifier design for the bésic recording
unit is shown in Figure 33b. Both the DC offset wvoltages
can be nulled to zero by the 500fL potentiometers and
the balance control on the operational émplifiers them-
selves. The capacitors C across the supply batteries -
to ground 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 WF capacitor at the output e_ is used to limit the

o
band width of the noise'voltages. The noise level under
fully capacitive compéhsaﬁéa‘conditions was no more than
500 ﬁ; when micfoelectrodésf;itﬂﬁas hiéh as 100 MQ
impedance were used.
Thie resulting amplifiers héd input impedénces of -

approximatély 101211, input currents of <1071l amperes ,
drift of <5 mv per one-half hour and compensated frequency

respoﬁse of over 30KC with electrodes whose resistances

were as high as 100 M{L
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APPENDIX II

" NEGATIVE CAPACITANCE FEEDBACK

In détecting and:amplifying biocelectric signals,
distoftion of the signal is introduced by the recording
equipment. Specifically, biocelectricity detected with
very high resistance glass microelectrodes will be dis-
torted if fast voltage fluctuations are contained in thei
bioelectric signal. As shown below, this 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 fruif-
fully employed to increase the frequency response of tﬁe
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 biological signaiveB. The amplifier of gain A is an
ideal amplifier which introduces no distortion into the:
system. Ci is an input capacitance. The loop containing

the capacitance C is the negative capacitance feedback loop.
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Diagram (a) ' ' ' Diagram (b)

Diagram (b) is a slmplified equivalent electrical circuit
for thexSetup in (a). The circuif within the dashed lines -
represents the microelectrode (ME). Due to the high im-
fedance (Re) and non-zerv capacitance (Ce) of the micro-
electrode gnd the inpdt capacitance Cyq of the -amplifier,
the signal eB~will be distorted as it appears at thé,.

output e This distortion can be eliminated if one can

o
find conditions in which the output of the system e, is
rélated to fhe input epg by a consrant G, i.e., eO¥HGeB.
It is now shown that by the use of a capacitive feedback
loop (C) from the output to the input of the amplifier,.:

this relationship can be approximately attained with G=A.

The transfer function of the system defined as

G(s) = Ey(s) ( (s) being the complex frequency variable in
Eg(8) ‘ ‘
B
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the Laplace traﬁsformation) will be determined, assuming
that“the amplifier of gain‘A draws no appreciable currént
at its‘ihput and essentially has cénstant gain A over
the entire frequency spectrum,

The Laplace transform equivalent of Kirchhoffs current

law at node e; of diagram b is:

Y 16 = Ea(ﬁ)w{:'@ + 8C (Eg@-Ey) P

+5C ( EoS —E‘(sﬂ + SC, (O— E,(s\)=o

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

and defining '["e‘ = ReCe, T=ReC, Tl = ReC1

we substitute E;(s)/A for El(s) in equation (1) and multiply
by A x Re. | N |

Therefore,

AE4®) — Eol®) + SToER A - STeE(®) +STAE(S ¥
~STEL(S) — ST Ex(8) = O

rearranging and collecting like terms:

A +5T)ER®) = (I + STe ~STA+ST+ST)ELS @)

or

BONE Al + STe) (4)
Eg(s) [+S(Te+ T, +T(-A))

I

GS
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By selecting C and an appfopriate gain A, it is clear

thaﬁ‘?f(l—A) can-be made close to -T, in which case

i
the tfansfe: function G(s) becomes
_ A(l+STe) | (5)
S)= > .
Gs() (/1+8Te) A | |

Thus, by adjusting the negative capacitance to the input
of the amplifier, the distortion due to the microelectrode

and stray capacitances is essentially eliminated.

[
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APPENDIX III

ELECTRODE:CHECKING METHOD AND CIRCUIT

Consider the following equivalent circuit represen-
tation of a microelectrode at. the input of an amplifier A
with associated circuitry to measure the electrode resis-

tance (Re) (see diagram C). It is shown below that V;,, ﬁ%@m&

ASSOCIATED CIRCUITRY—%] MICROELECTRODE I-B— AMPLIFIER
AA VY, | BQUIVALENT QIRWUIT | v
R=ICOKTL | : ; A °
+ e ©=20F L
WEY) € o= T ZRe T | ==
- | WF | o C,
) G | i
! i

Diagram (c)
Let‘ﬂﬂbe a repetitive square wave as shown in Diagram (d)

]

+50v
V) |

L__;"frs Ims ‘ J | e

lo

"Diagram (d)
Under an applied pulse of V(y), the voltage pulse of

1(t) will be glven approximately by:
-t/

V&) = 50 (/— € %) where RC'= 100 ms

Theré-fore, at t=/ms o \/,('/ms)ér Voeak
Vi(ims)= 50 (/- e~ 70 )= Vpeak

Hence , \/,Dea/( = 50 (/ -/ + L VoIt Using

/OO ) =
the first 4wo terms of a /ﬂdc/aur/ns SEr/es —~ ex
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V(ﬂls glven approximately -as shown

Diagram (e)

t

V2 can be computed by applying Kirchhofts current law at node V2

3 i o= -C _cl_(V l/z_)—/— VL +(Ce+C,)a’Vz -0 (1)
or rearranging
"é-ﬁ(Ce—fC +C)c/Vz;_- q/V
Re <
or, W+ Re (Ce +C, + C, )c/‘/z = /\’eCch (Z)
=(
Y 1s a Souare wave: | .
It _ '
lﬁ | 1ms ' | | L —
5 |

Therefore ; for 1 U/oe
ReC,-,dl/z +lé__€'DOC’P€ where (= QJ/C‘ +C,
gt

So Vg, is as shown in &) 4 » 2%=ReCo 'ﬁ
Ims | .
- b/ o v —>¢
: CU/)C/”Q 2 max — 500C th B -+ Diagram (f) o

oubSvL/fuf‘mg C‘C_Z}DF‘ and Pe(/"/ﬂ)
V, max =500 ZpF Re- /0°

| 77“781’6@,“@J Vo max = Aa (mv)
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and the founding is given by. 

To= CoRe = (C; + Ce + Co)Re
which can be resquared by compensation as was shown in
Appendix II.

In praétice, eléctfdde resistance is checked as
follows: the'triéngular waveform generated by the circuit
shown in Figure 33c is applied through the capacitor Cjp
(in Figure 33a) to the positive input of amplifier"Al.

In the uncompensated state the output e, is a distorted
square wave as shown in diagram (f). This distortionA

© is essentially compensated for by adjusting the poten-:
tiometer Ry (see Figure 33a) to achieve maximum rise time

of the waveform. This maximum is judged by maximum ''square-

ness'' of the output waveform e The peak amplitude of e

o’

in millivolts gives the clectrode resistance in Megohms. .
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