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ABSTRACT 

Intercellular communication between normal chick 

embryo fibroblasts and between fibroblasts transformed 

with Rous sarcoma virus in culture was studied with 

intr~ce'llular microelec trodes . The resul ts of this 

study show that coupling is present between normal chick 

fibroblasts (including cells in mitosis) in proliferating 

cultures and between cells in 'density dependent inhibited' 

cultures. In the case of cancerous (Rous transformed) 

fibroblasts, the results further show that coupling is 

present ,when the transformation appears in the Rous in-

fected cells and remains present thereafter in these cells. 

Coupling between cells in culture is not an artifact 

of themicroelectrode technique but is shown to be due 

to¢e~l'\s ability to form low-resistance junctions. In 

favorable cases, the specific resistance of the Junctional 

membranes was approximated us ing a simple elec trical equ iva-

lent circuit of a coupled cell pair. This specific re-

sis ta.nce was found to be several orders of magnitude 

smaller than that of the non-junctional membranes 

(0.12..n. 2 compared to 400 ..0_ -cm2). Possible effects '-cm a.s 



of low-resistance junctions on the behavior of cells in 

culture are discussed. The lability of the low-resistance 

junctions between fibroblasts in culture has been demon-
. I 

strated by showtng that injured fibroblasts readily un-

couple from neighboring cells wi~hout interrupting~oupling 

between healthy uninjured cells. 

A method is presented to allow a study of the cellu-

lar morphology of previously electrically tested coupled 

cells with the scanning electron microscope. With this 

technique 'I it was possible to show that cellular processes 

which eventually reach neighboring cells; underlap them 

and form low-resistance junctions. In addition, during 

the courSe of Rous sarcoma virus transformation the cyto-

plasmic processes of the infected cells shrink, the number 

of processes decreases and become filamentous and eventually 

disappear. The surface of the completely transformed cancer 

cells ,exhibi t:s invaginations not seen in normal cells. A 

transmission electron microscopic study on the contact 

area between" tissue culture cells 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-

, .' 
, " 



c~11ular microelectrodes ShO\,l that the potentials of 

isolated cells in proliferating cultures are signifi

cantly lower than thbse of cells within a confluent 

monolayer where cell division is inhibited. Possible 

permeability changes to specific ions are discussed as 

causes for the observed changes in the membrane poten-

tial values. 

Finally, it is concluded that electrophysiological 

tools, combined 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-
I . 

,tions of s ingle:":celled organisms,' such as bacteria and 
I 

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 

factors, such as hormones and specific growth substances. 

These factors operating over large distances to modify cell 

behavior are often classified within a humoral system of 

cellular interactions. Other interactions involve chemical 

factors ,which act only over short distances, perhaps a few 

cell diameters away. These types of short range interactions 

are exemplified in the induction of cytodifferentiation and 

morphogenesis in embryonic organ rudiments, as studied by 

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

In this case, one tissue type induces differentiation in 

another tissue type ~rowing in close pro~i~ity but without 

cytoplasmic contact between the two tissues. 

Cell - cell contact also acts as a regulating mechanism 

in vivo and in tissue cultures of animal cells (Stoker, 1967; 
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Curtis, 1964). The effects of contact apparently are in-

hibitory in nature, acting on cell movement (Abercrombie 
I 

and Ambrose, 1958; Abercrombie and Heaysman, 1963i Abercrombie ~ 
and Ambrose, 1962; Barski and Belehraderk, 1965) and on cell- ,.J 

ular division (Abercrombie and Ambrose, 1958; Stoker, 1967). 

Over the last six years it has been established, mainly 

thro ugh the use of electrophysiological methods, that a wide 
, . ' 

variety of cells both in vivo and in vitro form intercellular 

contacts so structured as to allow direct flow of substances 

from one cell interior to the next (Loewenstein, 1966; 

Furshpan and Potter, 1968). The role,played by this type of 

cellular communication, as yet undetermined, may be of im-

portanc.e in mediating these regulatory effects on cellular 
" 

movement and growth. 

One major objective of this thesis has been to investi-

gateelectrophysiologically ionic cellular communication be-

tween normal chicken embryo fibroblasts and between virus 

transformed fibroblasts, growing under tissue" culture condi-

tions and to attempt to draw some conclusions about the 

correlation between the electrophysiological findings and the 

behavior of these cells in tissue culture. 

As general ba.ckground, a review of the literature on 

ionic communication or electrical coupling between a variety 

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



,., 
,description of various contact specializations; this is 

then followed by'a brief con~ideration of the evidence for 

transfer of substances other than ions between cells in 

contact; and finally a brief description is given of some 

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

lates to the material in this thesis. 

ELECTRICAL COUPLING 

1. Excitable Cells 

3 

Low resistance junctions were first discovered between 

excitable cells::;andare 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 variety of 

excitable cells, both nerve and muscle. The most familiar 

is perhaps the",;"vertebrate heart, where mos t muscle cells 

have extensive low-resistance connecf;:tfons with their neigh-
, , '~ , ' 

~ C" 

b0rs . Electrical coupling also exist:s in ,·fkveral type,p];)ipf 
·~~t "~,' g~':~,~~;:i.::· 
.;:~~( 

smooth muscles. 
:;~~~~:. 

Electrotonic junctions have h~~n studied in the rl'~i-~ous, 

systems of annelids, molluscs, arthropods, fishes, amphibians 

~ and birds (Bennett et.al., 1967). On an anatomical basis, 
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m.uch evidence has accumulated from electron micrographs which 

strongly suggests that tight junctions, i.e. ~ contact areas 
. II 

between cells where the extracellular space has been occluded, 

are the structural basis for low resistance coupling between· 

excitable cells (however, see later). For a more detailed 
; 

account on both the anatomical and electrophysiological basis 

for electrical coupling between excitable cells the reader is 

referred to excellent reviews by Bennett et.al. (1967) and 

Furshpan and Potter (1968). 

2. Non-excitable Cells 

Before electrophysiological coupling measurements had 

been applied to non-excitable cells, electron microscopi:sts 

were discovering tight junctions, strongly implic&ted as sites 

of .electrical transmission between excitable cells, in a 

variety of non-excitable cells. Farquhar and Palade's now 

classical survey of junctional complexes in mammalian epithe-

lia in 1963 showed that tight junctions (or zonula occludente 

as they defined them) are a constant feature of these com-

plexes (Farquhar and Palade, 1963). Shortly aftel:", investi-

gators began accumulating e'vidertce for low-resistance junctions (;p' 

bebN'eena variety of non-excitable cells. 

,": ,;.- .. ',.", 
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The 10~-resisi:ance junctions 'of non-excitable cells" 

like those of ex'citable cells;' are sites at which potential 

changes spread passively and directly ,from one cell to the 

5 

next., The mechanism of this electrical transmission can' best 

be unders,tood by first cons~dering the case where two cells 

are closely opposed and where electrical transmission does 

not occur as in the case of the chemical synapse., It is 

experimentally known 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 500X 

(del Castillo and Katz, 1954; Hagiwara and Tasaki, 1958). 

Two important factors contribute to this as can be 

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

The first is that the two opposed cell membrane resistances 

Rc l , RC 2 act as a strong barrier to the flow of ionic current 

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

ionic resistance (Figure la, Rs)of·the synaptic cleft be-

tween 'the cells is low compared to the cell membranes border-

ing it. Ionic current passing through tIle presynaptic termin-

als leaves by way at the l'ow-resistancepathway between the 

cells 'and essentially none travels through the parallel 
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FIGuRE 1 

Electrical circuit diagrams illustrating th~ steady 
. ! 

state behavior of uncoupled (a) and coupled (b) cells. 

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

cellular pulses of ionic current or to measure the potential 

difference VI and V2 across the membranes of cells 1 and 2. 

In (a) an electrical equivalent circuit is shown of 

two cells separated by a low-resistance (Rs) extracellular 

space of 200~500~ as is the case at a chemical synapse. The 

electr:;ical circuit for two coupled cells is shown in· (b) .'. 

In this case coupling arises because the junctional mem-

branes have fused, occluding the extracellular space and 

hence eliminating the low-resistance pathway Rs (shown in 
I 

(a) ).> as a current pa thway ~ The junc tional membrane res is-

tance Rc is several orders of magnitude smaller than the 

non-junctional cell membrane resistances R2 and RIo Further 

details are described in the text. 

~ I' ,'~ • ".' 
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pathway (Rci and R1),' twice through the high resis tance 

membrane of the post synaptic cell. 
I 

8 

Both of the above two factors which prevent 'electrical 

transmission ata chem'ical synapse are altered in ce'lis which 

are electrically coupled. This can be seen with reference 
>, 

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

tanee pathway(.Rs in Figure I-a) has been eliminated with the 

formation of a specialized contact between the cell membranes 

which occludes the extracellular space between them. The 

oppos-eci cell membrane resistances ReI' RC
2 

in the junction 

region become several orders of magnitude smaller than either 

Rl or R2 (see Rc in Figure lb); for ins tartce , Rc may be as 

small as 1!l-cm2 as compared to lOOO-3000Il-cm2 for Rl and 

R2 (Payton et.al., 1969). Now when current is supplied to 

Cell, 2",' the potential change in Cell 1 depends only on the' 

resistances Rc and RIo For example, if Rc =Rl , the voltage 

,in Cell I would differ from that in Cell 2 by a factor of 

only two. 

This mechanism of electrical transmission or electrical , i 

coupling as described above has been found to operate between 

non-excitable cells in a variety of tissues, including adult 

and embryonic and in tissue culture. 

" ~'. 
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A. Adul t Tissues 

Kufflerand Potter in 1964 reported electrical coupling 

, between glia cells, in the leech. These cells are known to 

be electrically inexcitable (Kuffler and Potter, 1964). 

, Loewedstein and I<qnho at 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 found in 

toad urinary bladder (L.oewenstein et.al., 1965) mammalian 

liver (Penn, 1966) and amphibian skin (Loewenstein and Penn, 

1967). Electrical junctions exist between amphibian glia 

cells. (Kuffler et.al., 1966), between cells in rabbit gall 

. bladder, amphibian meningial membranes and be'tween cells in 

the ep:ithelium of the small intestine .of the mouse (Furshpan 

and Potter, 1968). Tight junctions have been observed in 

most df these cases and although other junctions are present ~, 

in epithelia, evidence on coupling in excitable cells suggests 
. I 

that here also, coupling is a result of' tight junctions 

(however, see Revel and Sheridan, 1968, for a possible excep-

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

coupling in some invertebrates such as Drosophila and the 



midge Chironomus Thunnni (Bul1ivant and Loewenstein, 1968) 

have not been observediin vertebrates. For excellent re
i 
I 

10 

views on the morphology of junctional contacts between non-

excitable cells the reader is referred to Fawcett' (J 961, 

1966), Farquhar and,Palade (1963) and Furshpan and Potte~ 

(1968). 

B. Embryonic Tissues 

Low resistance junctions are now known to have wide 

distribution during development, as well as widespread 

occurrence in adult tissues. Coupling measurements have 

been made in various embryos including squid, chick and 

amphibian. 

In the squid embryo where cleavage is meroblastic 

Potter -et.al. (1966) found that from stage 10, the earliest 

studied, through stages 25-26 (numbering system after Arnold, 

see Potter et.al., 1966), all cells tested (450) are elec-

trically coupled to the yolk cell. These include cells in 

the epidermis of tentacle, mantle, fin, funnel, gills, outer 

yolk-sac membrane and anal papillia; deep, presumably medo-

dermal cells in the tentacle, gill and fin; develo'ping re-

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

,I.( 

I 

Iir' 
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and optic ganglia, blood vessels, and in two layers of the 

beating heart. They conclude that " ... the cytoplasm of the 

embryo isa continuous compartment for the current - carrying 

ions, 'a compartment isolated from extracellular space by the 

high resistance of the non-junctional cell membrane .... " 

This statement appears to be true up to stage 25, since 

during stage 25-26 coupling between the yolk cell and all 

the tissues tested is lost. However, there is evidence that 

like cells of some tissues remain coupled to one another as 

is the case in gill epithelium" (Potter et.al, 1966). 

Sheridan (1966, 1968) has likewise demonstrated the 

presence of widespread coupling in the early chick embryo. 

Low-resistance connections found in the same tissue are 

ectoderm, notochord, neural plate, mesoderm and Hensen's 

node; ih ,different tissues, coupling exists between notochord 

and neural plate, between notochord and neural tube, between 

notochord and mesoderm. Parallel studies with the electron 

microscope carried out by Trelstad et. al., (1961,,) on the 

chick detected only two morphological specializations, close 
o 

junctions (apposed plasma membranes closer than lOOA) and 

tight junctions. 

Ito 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 morul~ stages. The latter in-

vestigators have demonstrated quite strikingly tha~ even 

cells (macromeres) isolated from the mOrula and from each 

other, when manipulated into contac t rapidly form a cou,pled 

system in Which the plasma membranes in contact differenti

ate into a low-resistance junction. 

Cells of cleavage stages and blastulae (Slack and 

Palmer, 1969) and cells in later (neurula) stages (Sheridan, 

unpublished d"bsermtion) of the amphibian Xenopus Laevisare 

known to be electrically coupled, as are the blastomeres 

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

extensive coupling has been demonstrated in a few lobster 

embryos at about the lOO-cell stage (Furshpan and Potter, 

1968). 

It appears from the above findings that low-resistance 

junctions are not exclusively a property of adult tissues, 

for evidently a large proportion, if not all, of the cells 

in early embryos of 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 

I, 

I .... 
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first reported by Potter et.al (1966). Cells of the same 

lines transfortned by ,polyoma and SV40 viruses were also' 

shown to be effectively coupled by these workers. Since 

their first report, Furshpan and Potter (1968) have per-

formed. coupling experiments on cells in tissue culture to 
I 
i 

include among "normal" cells; (1) p'rimary cells from the 

spleen, kidney, and heart of newborn mice and from spleen 

and kidney of newborn rats; (2) two serially propagated 

lines of diploid human lung fibroblasts (WI-26 and a line 

obtained from Baltimore Biological Labs); (3) a line of 

diploid minnow fibroblasts also obtained from BBL; 

(4) serially propagated fibroblasts from baby hamster 

kidney BHK 21/13. In all cases the results were the same, 

whenever two cells appeared to be in contact they were 

13 

effectively coupled, whether or not the cells were sparsely 

or densely packed. It is know that tight junctions fre-

quently.occur between fibroblasts in culture (Devis and 

James, 1964; Martinez-Palomo et.al., 1969). This suggests 

that in tissue culture cells, as well as those in vtvo, 

coupling is probably a result of tight junctions .. 

-Among the cells transformed with carcinGgenic viruses 

that these workers tested were baby hamster kidney cells 

(BHK) transformed by polyoma virus CDulbeccds Py cells; 

Stoker's PyY) and mouse embryo cells (3T3) transformed 

/ 



either by Polyoma or SV40 viruses, or\both. Electrical 
\ , 

coupling in these cells was indistinguishable from that of 

the untransformed parent. Coupling was a~so found between 

BHK cells and their polyoma-transformed derivative (Py19), 

between normal mouse embryo cells (3T3) and transformed 

hamster'cells (Py19); and betWeen BHK and _Py3T3. 

Two cell lines (S-180I, S-180-:II) derived from the 

Crocker mouse sarcoma (S-180), a transplantable sarcoma 

adapted to grow in culture were also tested for electrical 

14 

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 old medium by fresh medium caused a 

large decrease in coupling between cells. This loss of 

couplin.g 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 (F,urshpan and Potter, 1968). 

It is of interest to note that in vivo cancerous cells 

which have been tested by Loewenstein and his colleagues.lack 

coupling. Loewenstein and Kanno (1967) tested both primary 

and transplatable hepatomas in which the tumor was excised 

and imp$.led with mic'roelectrodes in vitro. Coupling was not 

detectable between cells in any of the tumor nodules, where-

as normal 1 iver cells were witl coupled .. (However, coupling 
: .... /,'1· .. '! . 



........ ~ ~ '. . 

15 

between cells in liver tumors in vivo has been found by 

Sheridan, 1968a). 
. ~ 

These result~ have been extended to can-, 
cerous thyroid epithelium (Ja.makosmanovic and Loewenstein, 

1968) and cancerous human stomach epithelium (Kanno and 

Matsui, 1968); as well as two lines of liver cancer cells 

and certain X-ray transformed embryonic epithelioid cells 

in tissue culture (Loewenstein, 1968). In no case was 

coupling detected in the cancerous cells, whereas their 

normal counterparts were tightly coupled. Recently, .' , 

Higashino, Borek and Loewenstein (unpublished) have found 

coupling between cultured fibroblasts transformed by X-

radiation. 
,. 

Thus, electrical coupling between cancer cells has 

been observed in some cases and not in others. These re-

suIts suggest that even with the supposition that low-

resistance junctions play a role in growth regulation, 

there is no reason to assume that there exists a simple 

relationship between the lack of coupling and the defec-· 

tive growth control generally fqund among cancer cells. 

(Furshpan and Potter, 1968). 

," 
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THE ROLE OF CALCIUM AND MAGNESIUM 
IN TIlE FORMATION OF LOW-RESISTANCE JUNCTIONS 

The available infonnation on the formation of low-

resistance junctions between various types of cells is scant. 

The only systematic study on this problem was carried out by 

Loewenstein (1967). He investigated the formation of junc-

tional corrnnunication between isolated sponge cells, Microciona 

prolifera and Haliclona occulata. He found that within min-

utes after two dissociated sponge cells were brought into 

mechanical contact, a low-resistance junction was formed be-

tween them. ++ Mg and an organic factor, the same 

elements which are required for cellular adhesion (Galtsoff, 

1925; Humphreys; 1963; Moscona, 1963) were found to be 

necessary in this junction formation. In the absence of 

++ ++ . 
either Ca (and Mg ) or the organic factor, coupling failed 

to be established; and upon withdrawal of the former, estab .. 

lished coupling was broken. 

Loewenstein has proposed the following hypothesis to 

account for the permeability differentiation during junctional 
" 

. - ++ ++ formation between cells (Loewenste~n, 1967a): Ca and Mg 

are detached from the junctional membranes once these are 

incorporated into the intracellular compartment wherein Ca++ 
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++ -5 . 
and Mg ,activities are below 10 ,(see Hodgkins and Keynes, 

1957) . The driving force maintaining the low intracellular 

++ . ++ Ca and Mg activities is some form ·of continuous energy 

dependent active transport of these ions, out of the cyto'-

plasm acr'oss the non- junc tional membrane surfaces; and the 

, starter of the differentiation processes is the formation 

of perijunctional insulation, i.e., the sealing around the 

low-resistance junction. 

Support for this hypothesis has been reported in one 

cell system (Politoff et.al., 1967; Loewenstein et.al., 

1967) but not in another (Payton et. al., 1969). Cons is tent 

with this hypothesis are the findings of Politmff 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 

temperature or to various chemical metabolic inhibitors, such 

as dinitrophenol, cyanide, oligomycin andN-ethylmaleimide 

causes uncoupling, whereas ouabain, the specific inhibitor 

+ 
of Na+ancl K :"activated ATPase does not. More'0ver, intra-

cellular injection ofATP prevents uncoupling in the case 

of dinitrophenol. 



servations by Loewen~teitl (1966) and Loewenstein et.al. (1967) 
.. 2+ 

that raising the cytoplasmic Ca· concentration by injecting 

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

micropipette causes sealing of the junctional membranes (equi-

valent injections of other ions such as K+ produce no sealing). 

However, in another cell system evidence for an energy 

dependent junctional permeability was not observed. At the 

electrical synapses located at the septum of the lateral giant 

axon of crayfish (Procambarus) Payton et.al. (1969) have shown 

o . 0 
that lowering the temperature from 20 to 5 C ~apidly ca~ses 

a four-fold increase in junctional membrane resistance. This 

effect <tiffers from that observed in Chironomus salivary 

gland cells, where uncoupling has a slow onset and is associ-

ated wIth considerable depolarization of the cells (Politoff 

et.al.; 1967). Payton et.al. (1969) state that the relatively 

rapid time course in the septate axon suggests that there is 

a direct effect on the junctions themselves, (i~e~~ such as 

membratl.e ~trl.lcture at the junction being affected by tempera-

ture) rather than an indirect action through a reduction of 

metabolic pumping, as postulated for the Chironomus cells. 

At present too few experiments have been reported to 

critically evaluate Loewenstein's hypothesis. 

:-.-". 

,; . 
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'CELL - CELt TRANSFER OF MOLECULES 

That substances other than inorganic ions might also 

diffuse between cells by way of low-resistance junctions 

wa's suggested! early in 1964 by Kuffler and Potter and by 

j' Loewens te in and, Kanno. 
I 

I 

Physiological tests for cell-to-cell transfer in a 

number of cell systems have been made by injecting fluor-

escent substances intracellularly through micropipettes. 

Fluorescein (mol.wt~332) h~s frequently been used ~s a 

tracer for these tests because it can be detected at~ery 

low concentrations by fluorescent microscopy. At these 

low concentrations this water soluble dye does not appear 

to be highly toxic to the cells teste~ though this dye may 

bineL, to some extent, to components of cytoplasm (Gurr, 

1960). Cases in which coupled cells exchange fluorescein 

rather rapidly are those in the salivary gland of Droso-

phila (Kanno and Loewenstein, 1964); at the electrical 

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

19 

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-180II) 

(Furshpan and Potter, 1968). 
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Qrte exception to the spread of fluorescein between 

coupled cells has recently been reported by Slack and 
~, 

Palmer (1969). In cleavage stages and blastul'ae 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 was present and was unaffected by the 
\ 

presence of fluorescein. The possibility that fluores-

cein may bind strongly to some cytoplasmic component 

in this case must, as the authors themselves suggest, 

be corisidered as one exp1anation fOr the dye's inabili-

ty to diffuse acrOss the junctions. Another possibility, 

however, is that only very small amounts of fluorescein 

diffusa:lthrough the junction and was not detected. 

Whatever the explanation, this case is the only ey;ception 

among those cells tested with fluorescein to date. In 

the aboVe cases in which transfer of the dye occurs it 

is not know if ',the dye passes from one cell to the next' 

through low-resistance junctions or by other routes. 

The experiments demonstrating rapid cell-to-cell 
10' 

transfer of fluorescein complement recent experiments on 

intercellular transfer of molecules using a genetic method. 

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

\ 

. "I' 
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demonstrated metabolic cooperatiqn between cells in culture. 
. . 

Metabolic cooperation is defined as the process whereby the 

metabolism of cells iri contact is modified by ex~hange of 

materials (Subak-Sharp'e et. al., 1969). 

Subak-Sharpe et.al. (1969) have demonstrated that 

cells of a genetic variant of the hamster fibroblast line 

BHK 21 which lack inosinic pyrophosphorylase activity 

(termed IPP cells) and, therefore, c~nnot normally in

corporate 3H - hypoxanthine in culture, do in fact in-

corporate this substance when these deficient cells are 

in direct or indirect contact with cells of BHK 21 sub-

lines which have inosinic pyrophosphorylase activity 

(IPP+ cells) and do incorporate 3H- hypoxanthine in cul-

ture.Cel1-to-cell contact appears to be essential for 

this gain of a metabolic function by IPP- cells, for IPP-

. + 
cells not in contact with IPP cells but in the same dish 

do not gain this function. The transferred molecules 

participating in this are not known but may have been 

nucleotide, nt~cleic a¢id, the enzyme or substances in-

volved in its synthes is (Subak-Sharpe et. a1., 1969) 

Stoker (1967a) has now shown t:hatthe 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 wit;:h normal mouse cells. 

Both of the above results suggest direct transfer 

of substances (possibly including growth regulating mole

cules) between cells in contact. However cells add and 

remove a variety of molecules in their immediate environ

ment and the,re must exist a series of concentration gradi

ents which extend outwards from the cell membranes. If 

these gradients falloff rather abruptly ,then another 

explanation of what appears to be direct transfer between 

contacted cells in culture may be the release andabsorp

tion of subs tances between cells whose cell membranes are 

closely opposed but not in contact (Stoker and Rubin, 1967). 

Further experiments are needed to determine what role each 

mechanism plays l:u::thej;transfer of substances between 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. 
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COMMENTS ON. CELL INTERACTIC)N IN CULTURE 

. Mammalian celts in culture affect their neighbors 

in various ways. . The phenomenon of inhibition of move

ment associated with cell contact in culture has been well 

documented (Abercrombie and Ambrose, 1958) and that of cell 

division somewhat less (Stoker, 1967). The sensitivities 

of normal cells and tumor cells to both of these phenomena 

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. These contacts 

occur when ruffled membrane of one cell meets a neighboring 

cell. Time,..lapse cinematography has shown that actual 

"contac.t'l between the cells is required 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 



usually break after a period of time. However, these 

intercellular 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 

movement on the solid substrate in a region of the cell 

which is not attached to another cell. Considerable 

distortion in the shape of the cell occurs in the region 

24 

of contact before rupture takes place (Ambrose and Forrester, 

1968), 

The making and breaking of cell contacts and regu

lation of movement between cells as described above was 

observed in many isolated secondary fibroblasts ~hi6h were 

tested for low-resistance junctions(this thesis). As will 

be shown in the results, coupling was found between these 

'cells at all stages of contact which were tested. 

In contrast to the contact behavior between normal. 

cells, it was s'hown that certain mouse tumor cells are 

not inhibited by contact but move over one another and 

also' over, normal cells (Abercrombie et. al., 1957). In 

general, cells derived from tumors or transformed by 

carcinogenic viruses are contact-inhibited to a lesser 

or undetectable degree. However, some tumor cells appear 



to be·subject to contact inhibition of movement when in 

contact with normal cells,btit not with one another 

(Stoker, 1964; Bar-ski and Belehradek, 1965). 

B. Density.Dependent Inhibition of Cell Divisiion 

25 

It is known that normal cells are conunonly limited·in 

their multiplication in surface cultures to a saturation 

density which is characteristic of the cell type. When 

fibroblasts that are sensitive to contact inhibition of 

movement approach sa,turation density, their proliferation 

rate decreases and eventually approaches zero, provided 

they remain in the same medium (Green and Todaro, 1967). 

This appears not to be caused by any limitation of ordinary 

nutrients, as transfer of the population by trypsinization 

(Levine et.al., 1965) into the same medium (Todaro and 

Martin, 1967), will result in the resumption of cell 

divisi on of "density dependent inhibition" (Stoker and 

Rubin, 1967) and appears to be another contact-promoted 

regulation process. 

A permanent decrease in sensitivity to this type 

of inhibition occurs in many types of tumor cells 

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

·unU_ke their parent cells, are known to grow into mul ti-
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layers of cells, indicating the absence of inhibition 

in completely surrounded cells (Temin and Ruh~n, 1958; 

Vogt and Dulbecco, 1960; Stoker and Macpherson, 1961). 

Release from density dependent inhibition has been re

cently demonstrated ort chick embryo fibroblasts infected 

with Rous sarcoma virus (Rubin and Colby, 1968). 
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In light of the differences between Rous sarcoma cells 

and normal chick embryo fibroblasts with relation to the 

regulation processes described above, the study presented 

in this thesis was undertaken to determine if ionic com

munication 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 physiological measurements on 

cellular coupling during the early phase of fibroblast 

transformation are presented in this thesis. 

In addition, this thesis includes a study at the 

scanning electron microscopic level of the contact 
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·morphotogybetwe~~pairs of cells in tissue culture which 
. .. .. . 

have previ~us ly been checked for j'unc tional . coupling with 
'.' ~: -

standard·ele~trophysiblogicai techniques. 
/ ., 

'. 

',: ,'." 
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MATERIALS AND METHODS 

1. 'Cell CuI ture 

Falcon plastic tissue culture dishes of 60rnm outside 

,diameter (approximately 21 cm2 bottom surface 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% tryptose phosphate 

broth (Difco), 1% calf serum and 1% chicken ser'tim (Micro-

biological Associates), and was designated medium 2-1-1. 
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Medium 2-1-1 was augmented with 10 units/ml of Penicillin G 

(Lily)" 5 mg/ml dihydrostreptomycinsulfate (Pfizer) and 

0.5 ~ /~l fungizone (Squibb)~ 

The balanced salt solution used for all cell washes 

and re~uspensions was tris,-saline·with the following com-

position per liter: 3.0 g Sigma Trizma Base; 8.0 g NaCl, 

0.38 g KCI; O.IOg Na2HP04: 1.0 g glucose; 104 units 

penc:i.llin; 5.0 mg dihydrostreptomycin. The pH was ad-

justed with concentrated HCI to 7.4. This solution had 

a f:i.nal osmotic pressure of 305 milliosmoles as measured 

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

, t )~,.' 

, '.; :~, 
' .. '. i. .. ' 
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saline' was used to\'detach cells from the bottom of the dish . ' 

for counting (see below). 

Chd:cken cells designated as'llprimary" and "secondaryil 

cells were used in all experiments. Primary cells are 

obtained directly from the embryo and are plated once, 

whereas" secondary cells are once replated primary cells. 

Primary cells were prepared as follows: ten day old 

White Leghorn Strain 813 chicken embryos were used. The 

embryo was carefully removed from the shell, its head a.nd 

viscera removed and discarded, the remainder of the embryo 

was then rinsed with tris-saline, minced 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 settle to the bottom of 

the flask and the remaining trypsin cell suspension was 

poured into a 40 ml centrifuge tube containing 16 ml of 

cold 199, plus 4 ml calf serum. Six ml of 0.25% trypsin 

was added to the flask and stirred continually for a five 

minute period. The resulting clumps were again permitted 

to settle out and the rema.ining 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 in 20ml of warm 2-1-1 medium. This solution was 

allowed to stand for five minutes or so to permit any large 

clumps to settle out and the top fluid was then pipetted 

into a sterile test tube. This suspension was counted in 

a hlemacytometer and approximately 8 x 106 cells in 1.5ml 

or less were seeded into 10ml of 2-1'-1 in a 100mm diameter 

plastic dish. These dishes were incubated in a 5%-10% C02 

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) . 

These primary cultures were then processed in the 

following manner to obtain what are called secondary 

cells: primary cultures with initial seeding of 8 x 106 

cells per plate were used after four to five days of 

incubation. The medium was removed from the primary 

cells which were then twice washed with warm tris-saline. 

Five ml of 0.5% trypsin was added and the dishes incubated 

at 39°C for from eight to t~? minutes. The cells were then 

gently agitated with a rubber policeman, pipette-rinsed 

once or twice and then pipetted into a l2ml centrifuge 

tube. This cell suspension was centrifuged for three 

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

30 
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medium 2..;.1- L AI: 100 dilution of this sus pens ion was 

counted on the Model B Coulter Counter (Coulter Electronics, 

Inc.) and 'appropriate dilution Was made to seed 2 x 10-5 

cells ,into 60mm-diameter tissue culture plates containing 

Sml of 2~1-1.~All experiments were ~one with s~condary 

cells unless otherwise indicated. Nearly all cells appeared 

to be fibroblasts. Rous sarcoma transformed, cells were 

obtained by adding 5x 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 (Ternin and Rubin, 

1958; Rubin, 1960). 

The number of cells on a plate was determined by the 

following procedure: the medium was removed and the pla te 

was washed with Sml tris-saline. This saline was then 

removed and 0.5 ml of 0.25% trypsin was added andagita

ted to assure complete coverage of, the bottom of the 

dish by the trypsin solution. The dishes were then in

cubat:ed for 15 minutes at 39°C and 2ml of tris-saline 

was then added and agitation was continued by repeatedly 

pipetting the cell suspension over 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 :/160930) o'r diluted with 7. 5ml tris-

saline and then counted with a Model B Coulter Counter 

(Coulter Electronics, Inc.). 

.2. Mechanical Setup 

To insure minimum vibration of the microelectrodes i 

in these experiments, a large heavy wooden table was 

mounted on specially designe.d shock mounts (Barry Iso-

lators Y94-AB-150, Barry Controls, Inc.). A heavy metal 

plate which was. mounted on four shock absorpent pads at 

each cornet (Kinetics Corporati6n) was plated on the 

table top. Next, a layer of ordinary packaging insula-

tion wire mesh padding was placed on the large metal plate. 

Another metal plate on which was mounted the micromanipu-

lators, Tiyodamicroscope plus both cameras (see below) 

and lead bricks (150 lbs.) were placed on the padding. 

A shelf near the bottom of the table was loaded with 

approximately 500 lbs. of lead,' bricks. 

The electrodes were held and positioned at an a~gle of 

45 0 with single and double Narishigo ManipuLltors MM3 and' 

:MMD4,respectively (Eric Sobotka, Inc.) which were bolted to 

the upper metal plate. All positioning of the microelectrodes 

near the cell membranes was accomplished by a ttansmissidn 
(' 

'.F· 
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cable'attachlIlent to the fine horizontal adjust of the 

Narishigi Manipul ators and turned manually at the front 
I 

6f the table. With this arrangement, movements as precise 

',as a micron or so appeared poss ible. All joints on the 
. , 

, s truc ture carr'ying the manipulators were','covered with 

duxseal,(Johns-Manville Co.) which aided in reducing 

the vibration. 

The above mechanical arrangement reduced vibrations 

of the microelectrodes 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. Qptical Setup: 

A basic Tiyoda Microscope #20200 was used through-. , 

out these experiments. Zeiss Phase Optics (condenser, 

x40 and xlO objectives) were added to the microscbpe to 

impr.ove the optical image. Two of the three photographic 

ports contained cameras, a Polaroid in the left port and 

a 35mm Leitz camera in the right. The optical image 

could be switched from one port to another by moving the 

internal prisms of the microscope. All photbgraphs of the 

cells were taken within a few minutes after microelectorde 

penetration. 
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4. Electric,al Sef:up 

It was necessary to take gr~at care in the produc

tion of high resistance glass microele~t~odes which had 

low'-'it:'ip, potentials ,and which did not exhibit erratic 

behavio,r when current was passed through them. (Therefore, 

the steps ,in the microelectrode production will be de

scribed;:~, in detail.) 

Long pieces of Kimble Glass #46485 of 0.7-l.,Omm 

inside diameter were cut into approximately llcm.segments 

and were washed thoroughly in a 1% solution of 7X deter

gent (Limbro Chemical' Co.). The pieces of glass were 

then ,rinsed well in distilled water. They were boiled 

'in distilled water fpr 10 minutes, and then boiled in 

0.12 NRCI for an additional 10 minutes. The capillary 

glass 'segments were then rinsed once again indisti11ed 

water, boiled in 'triple distilled water for the same 

period of time and then boiled in ethyl alcohol (approx

imately 90 oC). The ethyl alcohol 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 micr6pipetteswere formed ona conven-

tional, horizontal microelectrode puller. (John Keefe, 

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

electrodes had a tip diameter of O.l~ as determined by 
I ' 

the scanning electronmicroscop~. They were filled (see 
I 

below) with a solution of 3MK.Cl which was freshly pre-

pared and mill ipore filtered (0. 2t-t size fi1 ter) for each 

new batch of microelectrodes. The pH of the filling 

solution was adjusted to 7 by adding freshly millipore 
" 

filtered KOH as it was found: that this gave electrodes 

with low tip potentials and the desired resistance. 

The electrodes were filled in the following manner: 

after bei?g pulled, the electrodes were placed tip doWn 

into the filling solution in a polystyrene container. 

After approximately 15 minutes to one-half hour the 

filling solution had moved into the tips by capillary 

action, filling approximately 10-20 t'l- of the electrode 

cylinder from the tip. Triple distilled water was in-

jected into' the back of themicroelectrode with a if3l 

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 
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of the cylinder, except for an air space, which separated 

the two solutions. The container with the microelectrode 

tips still in the 3MKCI was then covered and placed under 

an infrared heat lamp for from six to eight hours. 

Due to the established heat gradient resultin·g from 

the heat lamp and the d:i..fference in vapor pressure between 

3MKCI and triple distilled water, water in the pipette 

evaporated from its bottom surface and condensed on the 

top surface of the 3MKCI in the· tip region. This ·in 

effect caused the air space or "bubble" to apparently 

move up the narrow tip region to near the shoulder of 

~e micropipette. After six to eight hours of this actton 

the bubble was expelled from the micropipette by sticking 

a finelyflarne etched tungsten wire down the pipette and 

poking it around the bubble . 

. After this air space had been expelled, 3MKCI was 

injected into the pipette replacing the distilled water. 

The pipettes were left with their tips in the 3MKCI for 

approximately one hour before being used. Microelectrodes 

produ~ed in this way usually had tip potentials of about 

-5mv and res is tances of 50 to 80M{\.. They were stored 

for no longer than one day after be ing made, since after 

, .... ,,). .... . 
'."-. 
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this period the majority of electrodes were unusable. 

Only m:Lcroelectrodes produced by the above procedure 

were used in the experimen-ts reported here., 

During the course of any experiment if either the 

noise recorded by the mic roelectrode increased or the tip 

'potential changed, the microelectrode was discarded and 

replaced by a fresh one. The resistance of the micro-

electrodes was necessarily high, because it was found 

that penetration bf the fibroblasts with electrodes of 

resista,nce 30MiL or under caused irreversible cell 

damage, presumedly due to the larger tips associated 

with low resistance electrodes, and this prevented later 

processing of the cells for the scanning electron micro-

scope. It is unlikely that leakage of 3MKCl from micro-

electrode tips into cells caused any cell damage through 

osmotic effects, since in similar situations leakage 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, thus the increase in intracellular 

KCl due to leakage is insignificant. 

A~hematic diagram of the electrical setup is shown 

in Figure 2. The filled microelectrodes were connected to 
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FIGURE·2. 

Electrical setup used for junctional coupling mea-

surements on cells in tissue culture. The recording. 
. . '. 

amplifiers are high input impedance field effect trans is-

tor amplifiers. Vcal is a low impedance voltage source 

connected .tothe reference electrode to introduce cali-

brating pulses. Switch S is used to simultaneously 

connect the recording microelectrode (ME-l) 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 

lM!1input impedance of a Tektronix oscilloscope. 

Ii 
'I 

I, 
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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) 

in 0.9% saline solution (physiological saline). This 

~agar solution made contact with the 3MKGl inside the elec-
I 

trode forming a liquid-liquid junction. The other end of 

the tubing with the agar solution was inserted into a 

~cc.plastic syringe which acted as a reservoir containing 

physiological saline. Reversible Ag-AgCl electrodes were 

inserted into the saline reservoir and tonnected to the 

inputs of the recording amplifiers or the current stimu-

lator (see below). 

The reversible electrodes used in these experiments 

were made in the following way: 25 mil diameter silver 

wires of 5 cm lengths were cleaned by first sanding with 

medium grade emery cloth, then dipping in hot concentrated 

nitric acid and finally rinsing in distilled water. The 

wire s.egmen ts were connected to the anode ofa 1.5 V 

battery in series with a. 500..n.. potentiometer which 1 imi;" 

ted the current density to approximately 5 ma/cm2 (seE7 

below). The potentiometer was connected to a platimun 

plate which acted as the cathode. Both the silvet wire 

and the platinum plate were dipped into O.IN HCI which 

,: 
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was essentially bromide free as tested with the fluor-

esceinmethod (fluorescein turns red in solutions with 

minute concentrations of bromide). The polarity of the 

?atterywas reversed through three complete cycles of 

one minute periods. Current densities of approximately 

5 ma/cm2 gave the stablest low resistance reversible 

Ag-AgCl electrodes. These electrodes were kept in 

physiological saline until used. 

The reference electrode system consisted of a 2% 
. , 

,agar physiological saline solution filling a segment of 

polyethylene tubing, one end of which was placed in the 

medium within the culture dish and the other end placed 

into a reservoir containing physiological saline and a 

reversible Ag-AgCI electrode. This. silver-silver chloride 

electlDode was connected to a gtass stimulation isolation 

unit and a grass Model S4 stimulator which delivered a 

calibration pulse into the recording system (see Vcal, 

Figure 2). ' 

The voltage recording amplifiers were specially de-

signed for the electrophysiological measurements reported 

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

Briefly, they were negative capacity compensated (see 
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Appendix II), unity-gain, high input impedance (1012.) 

-11 operational amplifiers wit9- gate current < 10 amperes 

and low drift (5 mv per ~. hour. The electrode res is-

tancewas easily monitored at any time by a specially 
, I 
. I 

. I 
designed circuit used to apply a triangular wave through 

a 2pF capacitor at the input of each amplifier (see 

Appendix I and III). 

Two microelectvodes were used in the electrical 

coupling measurement, one in each cell. The output of 

one microelectrode could be switched from the recording 

input of one amplifier to a photo diode coupled constant 

current' stimulator (after Baird ,'1967) (see switch S in 

Figure 2). This current stimulator was used to apply a 

pulse of , current of varying duration and amplitude into 

or out of the cells through one microelectr·ode. The 

microelectrode in the other cell detected any voltage 

response due to the app~ied current in the first. 

The current pulse was measured as a voltage drop 

across· the IM.o.. input impedance of the oscilloscope. 

Both the current ~htough and the voltage recorded by the 

microelectrodes were displayed on a dual'beam Tektronix 

502A and four trace storage Tec~tronix RM 564 oscillo-

42 
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scope and photographed with a Polaroid camera .. The oscill-

oscope '·beam sweeps were triggered by a pulse from a 

Tektronix 162 wavefrom generator .. This pulsepreceeded 
, . 

in time and was synchronized with the.constant current 

pulse. The calibration pulses from a Grass Model S-4 

stimulator were also synchronized to this pulse. Cellu-

, lar membrane potentials were recorded on a Hewlett Packard-

Moseley 7100 BM two channel strip chart recorder. 

The whole electrical setupwa~ isolated from electri-

cal interference by placing it in a large Faraday cage. 

Any interference frOm the Tiyoda light source ~as also 

eliminated by shei1ding to ground the entire light source. 

With. this arrangement, interference voltage fluctuations 

of no more than 10 f'\.. were present. 

The chamber containing the cells to be investigated 

electrophysiologically was the same 60mm outer diameter 

tissue culture dish in which t~e cells were incubated 

beforehand. All experiments were done at room tempera..; 

ture 2So-27oC. The experimental procedure for both the 

electrophysiology and subsequent fixation were as follows: 

the culture dish containing the cells was removed from the 
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the incubator and the bottom portion (top removed) was , 

attached by'metal hooks along its rim to thecstage of the 
) 

Tiyodamicroscope. A gentle flow of gas (H)% CO2 - 90% 

air bubbled through water) was established across the 

cu~ture medium which maintained the pH in the range 7.4-

7.6. Evaporation was minimal. The microelec trodes which 

had already been placed near the culture dish were coarsely 

positioned near the bottom of the dish under xlOO magni-

fication. They were then positioned by the transmission 

cable arrangement 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 micromanipulators. Entry into a cell 

was signalled by a "stable" negative resting potential 

with respect to the reference electrode system. Inthe 

experin:uants reported here a "stable ll membrane potential 

was defined as one which remained constant at its original 

value for five or more seconds. 

For coupling measurements one electrode was introduced. 

into a cell and the resting potential was noted as being 

s table or not: if stable, the othe,r microelec trode was 

t I 



then introduced into another ,cell; .if not, another cell 

was found. If both membrane potentialsremained·approxi-

mately constant, a pulse of current ~as passed through 

one .cell by switching themicroelectorde to the constant 
'J. • _ 

current stimulator. The voltage response was detected 

by the oth'er microelectrode in the connected cell. 

Early in the course of this work it was observed that 
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the membrane potentials of coupled cells are interdependent. 

With an electrode already insexted into one.ceiLl; penetra-

tion of a neighboring cell with a second microelectrode 

caused an instantaneous· and transient fall in the membrane 

potential of the first cell. This results from slight 

damage to the surface membranes of the second penetrated 

. cell. "Sealing" in of the second electrode was accompanied 

b¥:a rise of both potentials to the same level. In the 

voltage records for coupled cells presented in this thesis 

resting potential of the first cell penetrated did not 

change by more than 2mv by the introduction of the second 

elec~~ode into the other cell. In one respect this inter-

d~pendence of cell membrane potentials which was observed 

in all coupled cells was taken as support for the validity 

of the coupling measurements. Experiments lasted as long 
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as three hou~s or more without there being detectable 

decreases in either cellular membrane potentials or 

coupli.ng potentials. No experiment was carried out for 

more th~nthree hours. 

Fixation and the Scanning Electron Microscope 

After the electrophysiological measurements were made 

on the fibroblasts, themicroelectrodes were removed and., 

the microscope objective was rotated out of the way and 

a Zeiss diamond marker was brought to the bottom of the 

plastic petrie dish and a ring of approximately lmm in 

diameter was inscribed around the cell pair which were 

shown to be coupled the moment before. This ring per

mitted the relocation of the cell pairs at every stage 

in the fixation.process. 

Within one to two minutes after the electrical mea

surements" were made, the dish was removed from the mic ro

scope stage. The cells were then fixed for later viewing 

in the scanning electron microscope in the following way: 

the medium was aspirated off and the cells were carefully 

washed in room temperature tris-saline buffer for approx~ 

imately two minutes. The buffer was then carefully 

'. 
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aspirated off" and the~ bottom of the plastic dish em 

which the ,cells were attached was inverted over a drop 

of 1% Os04in buffer solution. The osmium vapor was 

allowed to fix thecells'for 10 minutes. These cells 

were then washed once in buffer solution and 5 ml of a 

2% glutp.raldehyde buffer solution was added" to the dish. 

The cells were k~pt at 4°Cfor 24 hours. 

After this periodt~e cells were carefully washed 

twice in buffer for five minutes and then post fixed 

in 5 ml of 1% Os04 buffer solution £or one hour. The 

cells were then washed twice in triple distilled water 

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

circle containing the cells was removed from the bottom 

of the dish. This was accomplished by using a heated 

metal circular die. The temperature,checked with a 

sensitive thermocouple, on the top surface of the circle 

containing the cells did not rise abo~e 2SoC as the 

c ir'cle was burned out. As judged bya comparison be-

tween the phase contrast photographs and the late 

scanning electron micrographs, no cellular damage resul-

ted from this procedure. 
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The cells on the plastic circle wer~ then serially 

dehydrated in 50%, 70%, 80%, 95% and-absolute ethyl 

alcohol for 10 minutes each and were then left to air 

dry for 24 hours in the refrigerator at 4°C. After 

48 

this period a thin layer (approximately 500~) of either 

pladium/platinumalloy or gold metal was vacuum evaporated; 

onto the plastic disk containing the fibroblasts. The 

coated disk was then viewed under a microscope at low 

power and an arrow was scribed with fine forceps pointing 

to the coupled cell pair.' The arrow tip was located 

approximately 50-100~ from the cell pair. The arrow, 

and subsequently, the cell pair were located in the 

scanning electron microscope with relative ease. A 

Jeolco Model JSM scanning microscope with a 45 0 inclined 

stage was used at an accelerating potential of 25KV and 

a specimen current of 2 x 10- 11 amperes. Secondary 

electrons were used to form the image and pictures were 

taken on Polaroid film.' 

., 

'. 



· .. 

'. 

. ! 

'. 

RESULTS 

Proliferation Rate of Fibroblasts in Culture 
i " 

F1.gure3 shows the proliferation rate of secondary 

chick fibroblasts. After an initial fall in cell number 

due to the failure of many cells to adhere, to the dish 

at plating, the number of cells increases at a constant 

rate with a doubling time of approximately 18 to 24 hour~. 

The cells continue to divide at this rate until about 90 

to 120 hours iri culture, at which time they form a con-

fluent monolayer. Further division of the cells is in

hibit~d (saturation de~sity about 105 cells/cm2). This 

inhibition is not due to depletion of nutrients in the 

medium since the same medium is found to support divi-

ding c~lls. Also, it can be temporarily overcome with 

replacement of old medium by new which causes a burst 

of cell division to a greater saturation density. This 

inhibition of cell proliferation in confluent cultures 

occurs in many cell cultures and is thought to be a 

process involving contact promoted regulation (Stoker, 

1967) . 

49 
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FIGURE 3. 

Proliferation rate of secondary~hicken embryo fibro

blasts plateij at an initial concentration of 2.5 x 105 

cells into 60mm outside diameter Falcon plastic tissue 

culture dishes containing 5 ml of mediutn 2-1-1 (see 

Materials and Methods). The cells were trypsinized and 

counted at the indicated intervals. Ordinate: number of 

cell; absc issa: hours in culture. 

( 

.... 
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Figure 4a shows cells with the typical fibroblast 

morphology in an actively proliferating culture (48 hours 

in culture) .. The cells are flat (no more than l-51A-- in 

thickness) and many, if not all, cells at this stage ex

hibit locomotory behavior. Similar cells are shown in 

Figure4b somewhere between 90 and 120 hours in culture. 

The cells are closely packed with apposition of their 

lateral surfac·es and many cells lie parallel to one I"".:' 

another due to their geometry (see also Figure 9). Thi~ 

regular arrangement of these cells in a confluent monolayer 

is believed to be a consequence of contact inhibition of 

movement (Abercrombie and Heaysman, 1953). 

Electrical Coupling Between Secondary Fibroblasts 

Coupling measurements between fibroblasts were made 

as early as 12 hours and at various stages up to 120 hours 

in culture. 

Figures 5, 6 and 7 show- examples of coupling between 

cells 24 hours in culture. Over 200 cells were tested 

at this stage and in every case whenever two isolated 

cells appeared to be in contact, some degree of coupling 

'. 



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 

53 

in culture. The cells have approximately reached a con

fluent monolayer in which further cell division is arrested 

("contac t inhibition of cell divis ion") . The fibroblas ts 

line up in a parallel fashion with some overlap. (Phase 

contrast) . 
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FIGURE 5. 

Phase contrast phot ograph of two normal secondary 

fibroblasts in contac t (one day in vitro). Two micro

pipettes (ME) are shown in the field. The electrical 

records (bottom) indicate that the two cells are in 

electrical communication. The positive calibrating 

pulses at the left of the top two traces are 10 milli

volts in amplitude and 10 milliseconds in duration. 

These positive calibrating pulses are the same for all 

subsequent figures. The white vertical bar in the elec 

trical record represents 20 millivolts for the top two 

traces and 20 x 10- 9 amperes for the bottom current 

trace. Hyperpolarizing current is positive up in this 

and all subsequent electrical records. 

55 
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FIGURE 6. 

Phase contrast picture of two living normal seco dary 

fibroblasts (one day in vitro) connected by a thin cyto-

plasmic process. These cells are eletrically coupled as 

is shown in the electrical record insert. The white 

vertical bar is 20 millivolts for the top two traces and 

-9 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 10- 9 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 millisecond.s. 
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FIGURE 7. 

Two electrically coupled normm fibroblasts connected 

by a 50~ 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 

-9 
pulse of approximately 5 x 10 amperes and 56 millisecc~ds 

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 

-8 
traces, 2 x 10 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 

-9 
of Figure 5, when a 5 x 10 amperes - 5,6 millisecond 

depolarizing current pulse (bottom trace) was supplied 

to the inside of the lower of the two cells, the second 

microelectrode recorded an electrotonic potential (middle 

trace) when it was inside the upper cell, but not (top 

trace) when it was just outside this cell. The membrane 

potential (6 millivolts in this case) is seen as the 

displacement of the middle trace from the top trace in 

all electrical records. The top trace in Figure 5 and in 

all subsequent figures is called the control trace and 

was important for the following reason: it showed the 

voltage response due to an intracellular current pulse 

in one cell detected by the recording electrode placed 

just outside the other cell. Thus, any voltage drop due 

to the ionic current through the resistive medium was 

shown in the control trace and this could be compared 

~o the voltage response due to ~he passage of this 

this current through the cell membrane plus the re-

s::'stive medium. 
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The wave fonn of the cell response (middle trace) 

in Figure 5 has a rise and fall time of about four milli

seconds and is similar in appearance to the response of 

a parallel RC circuit frequently used to model cell mem

branes where the time constant is ~ =RrnCm and Rm and Cm 

are membrane resistance and capacitance, respectively. 

In this case, however, the time constant of the waveform 

62 

is complex and includes the two non-junctional membrane 

capacitances and one junctional capacitance all in para

llel with their respectives resistances S'hown in the circuit 

of Figure lb. Thus the time constant is not sirnply~ =RC. 

Simila.r 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 movement of each cell are 

directed away from the area of contact. Figure 7 shows 

couDled fibroblasts connected by a cellular process over 

50 f"\- in length. 

The current density due to the ionic pulses of current 

~'_ .. ov..""":J. in Figures 5, 6 and 7 (bottom traces) is well with

':"n physiological limits. A simple calculation shows that 



in the case shown in Figure 5, the current density 

J= 0.25 ma/cm
2

. (Cell area = 2 x lO-5 cm2). This is 

about one-tenth of the magnitude of the ionic current 

density observed during an action potential in the squid 

(Hodgkin and Huxley, 1952). In no coupling measurement 

reported in this work was the current density above 

2 1 ma/cm . 

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 ~vas 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 
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FIGURE 8. 

The formation of junctional coupling between two 

secondary fibroblasts. Phase contrast picture of (a) two 

living normal secondary fibroblasts (one day in culture) 

which appear to be unconnected and which are uncoupled. 

The middle trace in the electrical record to the right 

shows no voltage response in the right cell due to a 

-9 
current pulse of depolarizing current 8 x 10 amperes 

and 56 milliseconds in the left cell. White bar repre-

20 ·11' 1 . and 40 x 10- 9 sents ml LVO ts l..n top two traces 

amperes for bottom current trace. Positive calibrating 

pulses in (a) and (b) 10 millivolts and 10 milliseconds. 

Photograph of cells taken after the withdrawal of the 

microelectrodes (me). 

(b), same cells as in (a) but one hour and a half 

later. In the electrical record the top control trace 

and. middle voltage response are at the same d.c. level 

due to the decline of the cellular membrane potential. 

A considerable voltage deflection detected by the right 

electrode (me) due to the same depolarizing current as in 

64 

I:a/ indicates that the cells are ':1QT.v junctionally coupled. 

'White bar a"!.d calibra.ting puIs s same as in (a). 
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minutes after connecting have become very tightly coupled . 

Note that in Figure 8b the ruffled membranes are in the 

direction of cell contact (compare this with Figure 6 

where the cells are in the process of separating) . 

Estimation of the Specific Junctional Resistance 
between Isolated Fibroblasts 

In a few cases where both surface area of the cell 

pair and the contact area between them can be estimated 

from the photographs, the specific resistance of the 

junctional membranes can be approximated using the cir-

cuit in Figure lb. One such cell pair is that of 

Figure 8. For the calculation, Figure lb is reproduced 

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

amperes and the voltage V2= 75 x 10-3 volts are taken 

Vz=75rnv 
'------.. 

Vt.-= 75 mV 

1 ::: Y.:J:. % 3.5" (09 
1- Rm OfV\pS 

lz. 1 ::.1-11.. 
I -9 
= 4. Z."'IO amp$ 

VI :::- I, R"", 
= 84mv 

FIGURE 8a. 



directly off the electrical record in Figure 8. The 

non- junctional membrane resis tance value ~= 20M{\. 

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

the same and are the upper values found in input re-

sistance measurements (range 2. 7Mn... - 20MU) 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 ratio: V2!I was computed as the cell input 

resistance. The values V, I, and 12 shown in Figure 8a 

were computed from Ohm's law. The junctional membrane 

resistance Rc is given by: 

Rc = VI - V2 = (84 - 75) x 10-
3 

volts = 2. 4Mi2. 

12 3.8 x 10- 9 amperes 

The specific junctional membrane resistance ~ can be 

obtained by mUltiplying Rc by the area of the contact 

which in this case is estimated at 5 x 10-8cm2 , giving: 

rc = 2.4 x 10-ru 

~he s~ecific membrane resistance r is: 
4 m 

where 2 x lO- 5
cm2 is the approximate area of the cell. 
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It can be seen that rc is several orders of magnitude 

smaller than r m- The resistance of the process between 

the two cells in Figure 8 was not included in the cal-

culation. However, assuming normal ionic composition 

within this process and a specific core resistance of 

5011. -cm (see Hodgkin and Rushton, 1946), its value is 

less than one-tenth of the junctional resistance. 

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

Extensive coupling was detected between normal 

cells at every stage (24, 48, and 72 hours) and between 

cells which had proliferated into a confluent 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). 

Cou ling has also been observed between secondary 

fibroblasts cultured on different substrates. Cells 

plated on bacterial dishes in sta.ndard medium 2-1-1 adhere 

-to one another more t han to the plas tic subs trate on which 

they move, s ubsequently, 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 left (me). Middle trace of the electrical record 

shows the voltage response of cell impaled on the right 

-9 due to current pulse of 11 x 10 amperes and 56 milli-

seconds in duration passed into the other cell . Top 

trace is the control trace. Vertical white bar 20 milli -

-9 
volts for top two traces and 20 x 10 amperes for bottom 
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current trace. Positive calibrating pulses; 10 millivolts, 

10 milliseconds. 
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FIGURE 10 . 

Normal chicken embryo primary cells (top) electrically 

coupled. Electrical records (bottom). Top trace is con-

trol. Middle trace shows voltage response of cell impaled 

-9 by the electrode (Me) at the right due to 4 x 10 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 low're

sistance junctions between them. Figure lla is particularly 

dramatic in that it shows that two cells impaled with 

microelectrodes within a clump are tightly coupled even 

though they are connected through 10 to 15 cells. This 

suggests the likelihood that all cells within a clump 

share a continuous compartment of current-carrying ions. 

Loss of Coupling Following Cell Injury 

Since the coupling evidence strongly suggested the 

possibility that coupled cells in culture might share a 

continuous compartment of current-carrying ions, it was 

of some interest to inquire whether the ' injury of one 

cell in a coupled system might lead to the short cir

cuiting of the rest of tKe cells. This was not found 

to be the case. 

An example of uncoupling of an injured secondary cell 

from its neighbors is shown in Figure 12. In (a) three 

isolated cells are seen in apparent contact, and from the 

elec-::rical evidence in (c) they are all c'oupled. The 

microelec~rode in cellI 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 60mrn in 

outside diameter (three days in culture). Cells separated 

by as many as 10 to 15 cell diameters (a) within these 

clumps are well coupled as indicated in the corresponding 

electrical records. Top traces in each record are control 

traces. Middle traces show the voltage response of left 

electrode (me) to an intracellular pulse of anodal current 

in the right microelectrode (me). In (a) the pulse of 

-9 current was 28 x 10 amperes and 90 milliseconds and 

was passed in both directions; 
-9 

in (b) 12 x 10 amperes 

and 90 milliseconds. Vertical white bar in each record 

is 30 millivolts for the top two traces and 20 x 10-9 

8.mperes 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 seen in (c). V12 (before) shows the traces 
b 

of coupling between cell 2 and cell 1 before the destruc-

tion of -cell 2 with microelectrode (me -2). V13Jbefore) 

shows the electrical coupling between cell 1 and cell 3 

also before the injury to cell 2. Note that microelectrode 

position two and three show the same microelectrode in two 

different positions at different times. (b) Approximately 

two minutes after the destruction of cell 2, the contact 

morphology betweeen cell 2 and cell 3 has changed and 

both cell 1 and cell 3 are no longer in junctional com-

munication with cell 2 (see V12a in (c), however, they 

continue to communicate with each other the same as before 

destruction of cell 2, compare V13 after (coupling after) 
a 

to V before (coupling before). 
-_3b 



(c) Elec trical records of coupling. The hyperpolarizing 

current pulse is identical for each set of records, 

- 9 5 x 10 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. 
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Vertical white bar is 20 millivolts for the voltage traces 

and 20 x 10- 9 amperes for the bottom current trace. 
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That in cell 3 or cell 2 was the current passing elec

trode. Within minutes after cell 2 had been destroyed 
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by mechanical rupture with the microelectrode (Figure 12b) , 

the coupling between it and cell 3 was no longer detectable. 

The junctional contact morphology between cell 2 and cell 3 

had changed drastically, however, the coupling between 

the two uninjured cells was unaffected just seconds after 

uncoupling of the injured cell. In fact, the vol tage 

response in cell 1 due to a current pulse in cell 3 is 

seen in Figure 12c to be greater than before (compare 

Vl3a (after) with V13b (before) in Figure 12c). This 

is consistent with the fact that before its destruction, 

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 intact cells. Thus it appears 

that normal low-resistance junctions in this case are quite 

12bi~e, sealing off folowing injury. This finding differs 

from that found in the case of junctional sealing after 

wo~nding in urodele e idermis (Loewenstein and Penn, 1967 



There, a fringe around the wound several cells deep has 

subnormal communication ratios when probed a few minutes 

after wound production. 

Coupling in Cells Infected with Rous Sarcoma Virus 

The concentrations of Rous sarcoma virus used in 

these experiments usually produce characteristic foci 

of Rous sarcoma cells CTemin 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 
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of transformation are the alteration of cellular morphology 

from the typical elongated spindle geometry of normal fibro

blasts to a more spherical shape and the distinctly wider 

separation between cells as compared to normals. Cells 

at this stage in an infected culture are frequently ob

served to be heavily vaculated and the nuclei are usually 

distorted and located near the extreme margins of the cells. 

As this transformation continue,s, cells within the foci are 

pasily 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 

morespnerical geomet~y 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. 
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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 6ells at 

various stages of morphological transformation were 

present . 

In the majority of experiments some· degree of coupling 

was detected between cells at all stages of virus induced 

transformation. "Normal" appearing cells in cultures in

fected with virus two days prior were well coupled. 

"Normal" cells surrounding foci were found to be coupled 

to cells within the foci whether those cells were par

tially or fully transformed and finally, transformed 

cells were coupled to transformed cells. Sometimes it 

was not possible to demonstrate the existence of coupling 

etween completely transformed cells. However, mechanical 

disturbance due to electrode Denetration 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 exception. 

Coupling between infected cells at different stages 

of transformation are shown in Figures 14, 15 and l6a, b. 

Two adjacent infected cells at an early stage of trans

forma tion are shown in Figure 14 to be tightly coupled. 

As shown by the electrical record (inset) when current 

was supplied to the inside of the lower cell (bottom 

trace), the top electrode recorded an electrotnic poten

tial when it was inside the top cell (middle trace) but 

recorded no potential change right outside the upper cell 

(top trace). A resting membrane potential of 22-millivolts 

is indicated by the displa.cement of the middle trace from 

t~1.e top trace. 

Figure 15 shows two transforming cells which are 

somewhat round and highly refractile but still possess 



FIGURE 14. 

Electrical coupling between two early transforming 

fibroblast cells infected with Rous sarcoma virus three 

days prior. Me-microelectrodes. Inset: top trace is the 
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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 

t h e ot .>er 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) indicate~ 

that the cells are coupled. Top trace is the control 

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 10- 9 amperes 

for bottom current trace. Positive calibrating pulses 

10 millivolts, 10 milliseconds. 
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FIGURE 16. 

(A), (B) Phase contrast photographs of living Rous 

transfor med fibroblast cells in a culture which was in-

fec ted 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 

-9 
due to a 6 x 10 amperes, 56 millisecond hyperpolarizing 

pulse passed intracellularly through the left microelec -

trode . Vertical white bar is 20 millivolts for voltage 

traces and 20 x 10- 9 millivolts for voltage traces and 

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

calibrating pulses, 10 millivolts, 10 milliseconds . 
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long cytoplasmic processes which are not usually charac

teristic of the final transformed state (see Figure 16). 

The electrical evidence (inset of Figure 15) indicates 

that the cells are coupled. In this experiment a current 

pulse was passed through a microelectrode in eith direc

tion from the inside of one cell and the other electrode 

recorded a symmetrical response which indicates that the 

transfer of ions between the cells is the same in either 

direction. 

Fully transformed cells which are coupled are shown 

in Figure l6a, b. The rounded, refractile appearance of 

the cells is characteristic of Rous sarcoma cells (Rubin, 

1967). Entry of the microelectrodes into these cells 

was done as gently as possible for the adhesion of these 

cells for each other and the substrate appeared to be 

weak; in more than one case cells of this type detached 

from the bottom during an attempted coupling measurement. 

However, inspite of this problem, coupling was found in 

a majority of the transformed cells tested. 

Scanning Electron Micrographs of Coupled Fibroblasts 

The passage of small ions and presumedly low molecular 

weight molecules through low-resistance junctions has been 
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well documented (see introduction). However, in most cases 

concrete evidence for the site of membrane contact at which 

this passage of particles occurs is lacking. This situa

tion has arisen mainly from the technical 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 electron microscope. This 

is the first study of this type and the first study on 

chick embryo fibroblasts, transformed with Rous sarcoma 

virus, using the scanning electron microscope. 

Two normal fibroblasts as viewed with phase microscopy 

are shown in Figure 17. Electrical evidence (bottom) 

indicates cou ling between the cells. These cells were 

fixed within minutes after the coupling measurement and 

subsequently prepared for viewing in the scanning electron 
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FIGURE 17. 

Phase contrast photograph of two normal fibroblasts 

after one day in vitro. The microelectrodes (me) are 

shown withdrawn from the cells after the coupling measure-

ment. These cells are in junctional communication as 

evidenced by the bottom electrical record. Hyperpolarizing 

-9 
current pulse 4 x 10 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 

cal ibrating pulses 10 millivolts, 10 milliseconds. 
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microscope. Scanning electron micrographs of these same 

cells are shown in Figure 18. 

These cells show no visible damage due to the previous 

microelectrode penetrations and the small contact area 

appears to have . remained intact throughout the fixation 

procedure. Other morphological features possessed by 

the living cells also appear little changed in the scanning 

micrographs. The nuclei of the cells are quite 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). 

at present. 

The nature of these structures is not known 

As seen in tnis upper photograph, the junctional 

contact between the two cells ~ restricted and since the 

cel __ s we~e· coupled, the low-resistance junction and its 



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 
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of the junctional contact area between the two electrically 

coupled cells. See text for further discussion. 
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corresponding morphological structure must exist some

where within this one and only contact region. 

Figure 19 shows the formation of a low-resistance 

junction between two normal cells as viewed with phase 

optics. The corresponding scanning electron micrographs 

of the contact regions are shown in Figure 20a, b, and c. 

In the upper left photograph of Figure 19 cell A and 

cell B first approach and then make contact (middle right 

photograph) forming a low-resistance junction (electrical 

record, bottom left). Contact between cells C and D also 

occurred and presumedly they formed a low-resistance 

junction, however, this was not checked electrically. 

The scanning micrograph in Figure 20a shows cells A, 
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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 

~asses beneat the encountered cell (cell B in this case). 

Thus the advancing ruffled membrane appears to retain 

coptact with its substrate and to either detac h or to 
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FIGURE ]9 

The establishment of junctional communication between 

fibroblasts. The phase contrast photograph in the upper 

left shows four normal fibroblasts. Cells A and Bare 

not visibly connected. Electrophysiological measurement 

at that time indicated that the cells were not functionally 

coupled. After two hours the cells had moved into posi

tions as shown in the picture at the right. Cell A has 

formed a visible connectQon with Cell B. At this stage 

the cells were coupled as is shown in the electrophysi

ological record at the lower left of the figure. Current 

electrode was in cell A and recording electrode in cell B 

(both electrodes are not shown). White vertical bar is 

20 millivolts for top two voltage traces, 20 x 10-9 amperes 

for current trace. Middle trace: voltage response of 

cell B to a 4 x 10- 9 amperes and 56 millisecond hyper 

polarizing current pulse in cell A. Positive calibrating 

pUlses: 10 millivolts , 10 mi lliseconds. 
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FIGURE 20 a, b, c. 

Scanning electron micrographs of the same coupled 

cells as shown in previous Figure 19. 

(a) Photograph showing the junctional contact areas 

between cell A and cell B and between cell C and cell D. 

Junctional contact area between cells A, B contains ele

ments of high permeability; that between cells C and D 

presumedly of high permeability. 
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(b) Higher magnification of junctional area between 

coupled cells A and B. Note that the fan-like cell process 

from cell A dips under the cell membrane of cell B. For 

further discussion, see text. 

(c) Higher magnification of junction between cell C 

and ce ll D. The diffuse looking white particle below 

the contact area is probably debris not associated with 

the cell surface. 



-10 3 -

XBB 698-5334 

Fig. 20A 



-104-

XBB 698-5332 

Fig. 20 B 



-105-

XBB 698-5333 

Fig. 20e 

• 



106 

pass beneath an already detached part of the cell it en-

counters. This phenomenon has been studied by Boyde et. 

al~ (1969) and the results presented here are consistent 

with their observations. The relevance of these results 

to a hypothesis on the role of cell adhesion in contact 

inhibttion of movement proposed by Cart~r (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 

t f 11 C b " d 1 . " 11 D par s 0 ce may e un er applng ce . 

Figure 22 shows a scanning electron micrograph of 

part of a confluent monolayer of fibroblasts containing 

two coupled cells A and B shown in Figure 21 as viewed 

with phase microscopy. The cells at this stage had 

stopped growing. In the scanning micrograph note the 

abundance of cellular microextensions interconnecting 

all the cells. It would be of interest to know whether 

these microextensions play any role in "density dependent 
• 

i.nhibition '. The structures presumed to be "vacuoles" 



FIGURE 21 

Phase contrast picture of normal 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 
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seen impaled by the microelectrodes (me). The elec

trical records indicate that cell a and cell bare 

functionally coupled. The 4 x 10-9 amperes and 56 milli

second hyperpolarizing current pulse is shown on the 

bottom trace. The intracellular voltage response of 

cell ~rto 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 

109 

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 monolayers . 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 rather 

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-

€_ectrodes 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 comp letely 

rounded up and appeared to be connected to its neighbor by 

fine cytoplasmic processes, electrotonic potentials spread 

from one cell to the next as well as they did between 

normal interphase cells which were coupled. Mitotic cells 

were recognized under the phase contrast microscope by (1) 

possessing a halo indicative of the rounding up process 

of cells during mitosis, (2) by being connected to its 

interphase neighbors and the substrate by many fine cyto

plasmic microextensions from the mitotic cell surface, 

and (3) by their chromosomes being in various stages of 

separation (from being lined up along a cellular axis to 

their being separated into two complete sets located at 

opposite ends of the cell). 

Figures 23 - 26 show typical examples of mitotic 

cells coupled to normal interphase fibroblasts and corres

ponding scanning electron micrographs. The three-dimen

sional pattern of radial microextensions from the mitotic 

cells and connections between the mitotic cell and its 



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 
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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). 

Ya."'iV mitotic microextensions occur around the mitotic 

cell Cl.C"'!.d two definite areas of contact occur between 

t e mitotic and i~terphase cells (arrows in Figure 24b). 
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FIGURE 23 

Phase contrast picture of two normal fibroblasts 

impaled with microelectrodes (me). One cell (M) is in 

mitosis while the other is in interphase (one day in 

culture). The electrical record indicates that the cell 

pair are functionally coupled. Current pulses (4 x 10- 9 

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) Scanning electron micrographs of the same 

coupled cell pair as shown in the previous Figure 23. 
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(a) Many mitotic retraction filaments are seen 

eminating radially from the mitotic cell (M). Several 

areas of contact between the mitotic and interphase cell 

are also evident. The rod-like structures (arrows) seen 

in the interphase cell resemble the fibroblast mitochon

dria reported by other investigators (Boyde, et.al, 1969). 

Both nucleus and nucleoli are clearly visible. The large 

white round structures on the interphase cell are most 

likely pinocytotic vesicles seen in the other micrographs. 

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

between the mitotic and interphase fibroblasts. 
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Two other scanning electron micrographs of a mitotic 

cell coupled to an interphase. cell are shown in Figures 25 

and 26 (see Figure captions for details). 

Finally, one example of coupling between a daughter 

cell of a cellular division and an interphase cell with 

corresponding scanning micrographs is seen in Figure 27. 

Current pulses were passed into the daughter, cell and 

electrotonic potentials were recorded from inside the 

interphase cell but not outside (see electrical record). 

Scanning Electron Micrographs of Rous Sarcoma Cells 

Scanning electron micrographs of two cells in the 

early stages of transformation in an infected culture 

are shown in Figure 28. The electrical recrods (B) 

demonstrate the presence of coupling between the two 

apparently unconnected cells impaled with microelec

trodes (Me) (shown in A). The abundance of overlapping 

cells is evident both in the phase pictures and the 

scann':"ng micrographs. The micrographs in (C) and (D) 

demonstrate the presence of many cytoplasmic extensions 

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

Scanning electron' mic rograph of a communicating cell 

pair, where one cell is undergoing mitosis. The photo -

graph (upper left) shows a phase contrast picture (top) 

of two fibroblasts, one in mitosis connected to.one in 

interphase (one day in culture). The linear arrangement 

of chromosomes along an axis is clearly seen in this mi -

totic cell. Two microelectrodes (me) used for the elec-

trical measurement are shown. The electrical record 

demonstrates that the cells are coupled. Top trace is 

control trace which shows no response to the applied 

current pulse (bottom trace). The middle trace is the 

intracellular voltage response of the mitotic cell to 

-9 a 6 x 10 amperes and 56 millisecond hyperpolarizing cur-

rent pulse applied through the cell membrane of the in~er-

phase fibroblast. Positive calibrating pulses: 10 milli-

volts, 10 milliseconds. Vertical white bar 20 millivolts 

-9 
for top two traces, 20 x 10 amperes for bottom current 

trace. (Right) Scanning electron micrograph of the same 

cell pa i r shown in the phase contrast pic ture at left. 

Cellu.ar processes are seen connecting the mitotic cell 



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 

- 9 
6 x 10 amperes in amplitude and 56 milliseconds in 

duration. White vertical bar: 20 millivolts for top two 

-9 traces and 20 x 10 amperes for bottom current trace. 

The scanning electron micrographs are shown at the 

right. The higher magnification of the mitotic cell 

shows the abundan~ number of small processes radiating 

~rom 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 

-9 
an interphase cell. Electrical record: 4 x 10 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 10- 9 amperes 

bottom current trace. 

(Bottom) Low magnification scanning electron micro -

graph of same coupled cell pair. 

(B) Higher magnification scanning pictures of the 

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

Scanning elec tron 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 micreoelctrodes (Me). 

B. Electrical record. Middle trace shows that a 

voltage response is recorded inside cell "b" due to a 

hyperpolarizing pulse of current - 4 x 10 - 9 amperes and 

56 milliseconds (bottom trace) inside cell "a", but none 

is recorded when the recording microelectrode is just 

outside cell Itb lt (Top trace). Positive calibrating 

pulses are 10 millivolts and 10 milliseconds. White 

vertical bar is 20 millivolts for top two traces and 

-9 20 x 10 amperes for bottom trace. 
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C. Scanning electron micrograph of same c ells a and b. 

Both the nuclei and nucleoli of the cells are clearly 

visible. 

D. Higher magnification micrograph showing the cyto -

lasmic extensions originating from cell h. 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 fi b roblasts within 

a confluent monolayer (compare with Figures 22 and 24, 

this thesis). I The nuclei and nucleoli are clearly visi

ble in both cells, as well as others in the field. 

Particularly note the nucleus seen between cel l s 'a' 

and fbI 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 

f ou r days prior to the e l ectrophysiological measurement. 

The Rous cell (R) in the phase contrast picture is highly 

refractile and spherically shaped, the cha racteristic 

morphology of Rous transformed cells. The same cell is 

easily identifiable in the scanning micrographs B, D 

and E. One " intriguing aspect of the Rous cell is its 

surface architecture shown in Figure 29 (D, E). The 

numerous convolutions in the surface of the RSV trans-

formed c ell were not seen in any other chick fibroblas t 
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FIGURE 29 

Scanning electron micrographs of a Rous sarcoma trans-

formed fibroblast in a culture infected four days prior. 

A. Phase contrast picture of the living cells. The 

Rous transformed cell (R) and the untransformed fibro -

blast (N) are seen impaled with microelectrodes (ME). 

B. Scanning electron micrograph of the same cells as 

in A. 

C. Electrical record. A voltage response (middle 

trace) is recorded by the electrode within the Rous cell 

(R) due to a hyperpolarizing pulse of current 4 xlO- 9 

amperes and 56 milliseconds (botto~ 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 

-9 20 x 10 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 

furt' .er 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 c hange in the rates of 

uptake and release' of metabolic substances from that of 

normal cells. Similar surface architecture has been 

observed in scanning micrographs of ascites tumor cells 

by Williams and Ratcliff, (1969) and in those of macro

phages by H. Dalen (unpublished observation). 

It should be briefly mentioned that the first attempts 

to obtain scanning electron micrographs of fully trans

formed RSV cells were not successful. These cells easily 

detached from the dish and from other cells due to the 

usual mechanical disturbance encountered during the pre-

parative procedures. This may be partly explained by 

the decreased adhesivenes s of these sarcoma cells (Rubin, 

1966). Only after great care was taken to minimize mechan

ica_ disturbances such as very gentle rinsing of the cells 



and very careful handling of the d i sh during fixation 

procedures did fully transformed cells remain attached. 

Tight Junctions in Secondary Fibroblasts 
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Preliminary evidence that the low-resistance junctions 

between secondary chicken embryo fibroblasts demonstrated 

in these experiments correspond to the electron microsco

pists "tight junctions" is shown in Figures 30 and 3l. 

These transmission electron mic~ographs were made by 

Dr. J. Leventhal (unpublished) . Figure 30 shows a small 

area of intercellular contact where the extracellular 

space between the neighboring cells is apparently oblit-

erated . These "tight junctions" are similar to the 

tight junctions found in numerous electrically coupled 

adult tissues (Pappas and Bennett, 1966), and are identi

cal in appearance to those junctions which have been seen 

in the chick embryo in vivo (Trelstad et.al., 1967). 

Figure 31 is another example of a tight junction seen 

between these cells. The classical "pentilaminar" 

structure characteristic of tight junctions is clearly 

seen in this electron micrograph. The above findings 

are consistent with the idea that tight junctions mav be 

the structu~al 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 fix a 

tion . Uranyl acetate and lead citrate staining . Magni

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

Transmission electron micrograph of a tight junction 

between normal secondary fibroblasts in a cell monolayer. 

Infected with Sendai virus two minutes before fixation. 

Phosphate buffered glutaraldehyde and osmium fixation. 

Uranyl a c etate and lead citrate staining. Magnification 

x 40,000. 
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.. RELA TED ELECTRICAL PHENOMENA - MEMBRA~""E POTENTIALS 
OF SECONDARY FIBROBLASTS 

Chemical gradients for different ions provide the 
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major, though possibly not the only, source of bioelectric 

potentials and, according to the ionic theory of bioelec-

trogenesi~, changes in the relative permeability of the 

cell membrane for various ions form the basis of the: 

electrical manifestations of c'ells (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 onrtormal 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 measur~ 

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 



FIGURE 32. 

Histograms of membrane potentials from normal chick 

embryo secondary fibroblasts (one day, top; four days 

bottom). Ord~nate: 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 cells is 28.l3± (7.50) millivolts, 

cell interior being negative in both cases. 

140 
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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 

. 6 
3 x 10 cells. Both sets of measurements are from experi-. 

i 
ments lasting approximately two hours and carried out at 

room temperature 25 0 C in medium 2-1-1 with the same micro-

electrode. The mean membrane potential for the isolated 

cells is 10.52 millivolts, and th~t fbr the confluent 

cells 28.l3± 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. 

One explanation for this 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 susceptable to damage from microelec-

trode penetration than were cells in confluent monolayers 

some four days removed from the trypsinization process. 

However, this appears unlikely, since cells seeded at 

densities of around 106 cells land forming a confluent 

monolayer in one day had membrane potentials similar to 

cells in culture four days. Another possibility is that 

isolated cells themselves wer~ more s~sceptable 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 of 

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 microns thick~ Also, the 

membrane potentials of isolated cells usually declined 

with a time constant of seconds after penetration, whereas, 

the potential decline in confluent monolayer cells after 

impalement was slow, frequently in the order of minutes. 

This difference in time constants may be due to the cbn-

tinuous pool of ions shared between coupled cells in a 

monolayer as compared to isolated cells. In a coupled 

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. 

Although electrode damage cannot be excluded as an 

explanation of the observed difference in membrane poten

tialsbetween one and four day cells, it is unlikely that 

, it accounts for the total shift. Rather, it appears 

reasonable to conclude that the shift in the membrane 

potentials represents a change in cellular permea~ility 

or in intracellular concentration, or in both for one 

or more ions (see discussion). 
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DISCUSS ION. 

The results of the present study indicate that chick 

embryo ·fibroblasts in culture are tightly coupled. That 

this coupling is,not·an artifaot of the microelectrode 
I 

t~chnique is shown by the fact that coupling is found be-

t:W:een cells separated by as many as ten cells which have 

not been damaged by microelectrode penetration. Rather, 

~ 

coupling between cells· is due to their ability to form 

low-resistance junctions in culture. 

Contac,t between ac tive ly moving fibroblas ts resul ts 

in the formation of a low-resistance junction or junctions 

between them. In a few cases where both the surface area 

of the cells and the contact area between them could be 

estimated from the photographs, the specific resistance 

of the junctional membranes was approximated,using the 

, circuit in Figure lb. It was found to 'be serveral orders 

of magnitude smaller than that of the non-junctional mem-

branes. However, the calculation is very approximate as 

it has several possible sources of error: the actual 

input resistances for the cells used in the calculation 

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

found in other cells were used-and only the upper surface , , 
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of the cell facing the medium was considered in the cal

culation; the internal resistance of the fine processes· 

was estimated as being low and was therefore not included, 

these values of resistance might actually be larger; the 

resistance of the contact area was assumed to be uniform. 

Another source of error wa$ some degree of damage due to 

microelectrode penetration during coupling measurements. 

This inevitably reduced the c'oupling potentials. All 

these sources of error lead to an underestimate of the 

degree of coupling. 

The role of coupling in the phenomenon of contac t 

inhibition of movement (Abercrombie and Heaysman, 1953) 

still remains unclear. Evidence presented in the results 

suggests that the low resistance interconnections between 

cells may exist throughout the contact period. Thus, 

cells in a state of contact inhibition of movement are 

in all probability coupled. 

The role of coupling in cell division or in the 

phenomenon of density dependent inhibition of cell divi

sion is also difficult to define for a number of reasons. 

First, coupling has been demonstrated between contacted 

fibroblasts in both sparse and dense cultures. Many, 

.' 



147 ' 

, , 

if not all, cells in contact, including those' in mitoSis, 

ara coupled. Secondly, greater than 80% of secondary 

fibroblasts are in contact (and coupled?) at a cellular 

density of approximately 2 x 104 cells/cm2 but at this 
I 

dertsity the proliferation rate is maximal and is not 

inhibited until a density of approximately 105 cells/cm2 

or five· times greater is attained. Third, and lastly, 

Rous transformed cells continue to divide, even in very 

crowded cultures, yet they are coupled. It must be ern-

phasized that the presence of coupling, as shown by 

electrical measurements, means that there is direct cell~ 

to-cell transfer of small ions that carry the current. 

Its presence tells nothing about the direct transfer of 

large particles which might participate in 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 is 

known only in the electrical activity of excitable tissues. 

What are the possible functions orr,consequences of low-

resistance junctions between the fibroblasts as studied 
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here? It is reasonable to conclude from the results 

that inorganic ions move rapidly between fibroblasts 

in contact. These ions such as K+, Na+, Cl~ must, 

therefore, become part of a common intracellular milieu 

of the coupled fibroblasts. The low-resistance junctions 
i 

inevitably distribute the work of pumping ions and buf-

fering. One consequence of this is that all functions 

subserved by such ions would be stabilized to some de-

gree as each cell in contact acquires an average con-

centration. Any ionic activity performed by anyone 

member of the coupled fibroblasts would 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. Furshpan 

and Potter (1968) give the example of cardiac or ~mooth 

muscle cells. To stimulate a cell, positive ions are 

delivered to its interior, but some of these escape into 

neighboring cells. The consequences of coupling in these 

cells is not that activity is impossible, but that any 

member is less likely to perform its charac·teristic activ-

ity in response to a small stimulus. 



The ability of ions to pass freely between coupled 

fibroblasts as described above, appears to present a 

proble~ in the case of cell injury. Injury to one or 

more cells in 'a coupled system could conceivably lead 
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to the short circuiting of the rest of the cells. How

ever, this was not found to be the case in coupled fibro

blasts incllltllre. The "wounding" experiment described 

under Results in this thesis is of particular interest 

in this regard. Injured fibroblasts uncoupled from 

neighboring cells but coupling between the healthy un

injured cells was unaffected. This uncoupling of in-

jured cells also occurs in vivo. Low-resistance con

nections between cells in the squid embryo were also 

found to be very labile, sealing off following injury 

(Potter et.al., 1966) It is likely that the sealing Dff 

is related to the influx of extracellular medium into 

the injured cell (see Loewenstein, 1968). 

Direct transfer of substances other than ions be-

tween secondary fibroblasts has recently been suggested 

by the work of Peterson (1969) and Peterson 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 likely to be incor-

porated into phospholipids possibly associ~ted with the 

cell surface and these molecules need not be transferred 

from within one cell to within another. It remains to be 

shown whether' this transfer is through the low-resistance 

Junctions between these .cells. 

Although no evidence yet exists that demonstrates 

the passage of small metabolic mol~cules or regulatory 

substances through low-resistance junctions, these junctions 

offer a very attractive mechanism for cell-to-cell cornrnup.i-

cation. 
. 3 . 

The spread of dyes of 10 MW in coupled cell sys-

terns (Furshpanand Potter, 1968) suggests that molecules 

such as thyroxine and steroid horrnones,etc., or other 

molecules having inductive or repressive as well as nu-

trient affects on cell behavior might also spread readily 

through coupled cells. Potter, et.al.(1966) findings that 

the yolk cell is coupled to possibly all cells in the de-

veloping squid embryo suggests that intermediary meta-

bolical and waste products might distribut~ through low-

resistance junctions. Future experiments are rteededto 

., determine whether low-resistance junctions provide path-

ways for intercellular control of complex activities suchas 

movement, division or differentiation (see' later). 
\ 
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The transmission electron microscopic examination 

(Dr. J. Levinthal, unpublished) ·onchick embryo.fibro-

blasts in culture indicates the presence of tight junc-

tions between these cells which under a variety of condi

tions were shown in this work bo form low-resistance 

junctions. At present, this finding is consistent with 

the id~a that tight junctions may be the structural basis 

for low-resistance coupling. However, Katz (1966) has 

pointed out that only a few cytoplasmic bridges IOO~ in 

diameter between cells can account for electrical coupling. 

These bridges might be difficult to detect with the elec-

tron microscope. 

It is evident from the above discussion that the 

correlation between low-resistance coupling and tight 

junctions 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 electrort 

microscope to investigate contact morphology between 

coupled cells in tissue culture are of interest. The 

results of experiments presented in this paper indicate 

that a cell pair in culture may be tested for coupling 

with microelectrode techniques and the contactmotphol-
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ogy between the same cell pair maybe examined with elec-

tron microscopes. Moreover, in many cases the area of 
'of' 

contact between cells in culture is very limite~, and 
I 

a large number of morphological junctions within this 

area i~ unlikely. The scanning pictures in this thesis 

show that many of the morphological fe?tures PQssessed 
, , 

by living fibroblasts in culture appear little changed 

inspite of microelectrode penetration and a method of 

preparation involving fixation, drying and the appli-

cation of conducting coatings in vacuo. The only im-

pression gained about shrinkage during prepar~tive pro-

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 configuration in scanning micrographs closely 

resembles that usually seen in culture. The suc,cess of 

this technique indicates that a transmission electron 

microscopic study on the contact area between tissue 

culture cells previously tested for coupling now appears' 

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 membrane 

positions between contacted cells. The micrographs of 

the isolated fibroblast cells show that the ruffled mern-

1 11 "I d' 1 " . brane of an approaching ce un er aps , ~.e., crosses 
" 

under the contacted cell rather than "overlaps". This 

finding and that by Boyde et.al (1969) suggests that 

at the point of contact the advancing membrane has more 

adhesion to the subst~at~ 'than does the contacted cell, 

since the advancing cell membrane displaces it. It is 

highly unlikely that the relative positions of an ad-

\lancing membrane and a "contacted" cell seen in the 

micrographs become reversed by the methods of prepara-

tion employed. In a recent paper Carter (1965) has 

suggested that contact inhibition is the r~sult of 

the greater strength of adhesion 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 

cellular transformation 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 

'I i 



154 

and Rubin, 1958) . Coupling between cells in RSV infected 

cultures appears indistinguishable from normal cells in 

uninfected cultures. Thus transformation of normalfibro-

blasts by Rous ~irus in culture does not appear to cause 

. cellular uncoupling as might be detected by procedures 

used in this work. 

Similar results have been found in long term cultures 

of 3T3 cells transformed with SV40 many generations removed 

from the cells originally transformed (Potter et.al.,1966). 

3T3cells (mouse fibroblasts) are similar to the secondary 

chick cells studied in this thesis in that both cell tjpes 

are sensitive to contact inhibition of movement and cell 

division and both types are released from these inhibi-

tions with virus transformation (Green and Todaro, 1967;-

Rubin and Colby, 1968). 

As stated in the introduction, coupling has been 
I 

observed in some cases (Furshpan and Potter, 1968) and 

not in others (Loewenstein, 1968). The epithelial cancer 

studied apparently lack coupling and the transformed fibro-

bIas ts many gene ra t ions removed from tho92 originally trans-

-formed in cuI ture do not. The resul ts of this" thesis show 
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coupling is not interrupted during_ an early phase of 

fibroblast RSV transformation in the same cells. Coupling 

is present when the transformation appears in the Rous 

infected cells and remains present thereafter in these 

cells. Short breaks in couplitigbetween celis in culture 

cannot be excluded, since they are difficult to detect 

with the coupling procedures usually employed. However, 

this would still be unlike the extens ive uncoupling -- found 

by Loewenstein in epithelial cancers. 

Ultrastructure analyses on normal and transformed 

cells in culture are few, but generally these studies 

demonstrate that while tight junctioris occur frequently 

between normal fibroblasts in culture (Devis and James, 

1964; A. Martinez-Palomo et. al., 1969), the ir trans formed 

counterparts lack tight junctions, but frequently exhibit 

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 or transformed cells,bll t 

close junctions between both cell types were frequently 

observed. In this respect, it is of interest to note 

that Revel and Sheridan (1967) could only demonstrate 



the·· presence of ~lose j unc tions but not tight junc tions 

between mouse brown fat cells which they showed to be 

coupled. 

It has been suggested that virus production leads 
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to a change in cell surface membrane structure (Rubin, 1966). 

The surface architecture of Rous sarcoma virus transformed 

fibroblasts as revealed by the sc~nning electron micro

scope is interesting in this respect. The highly convo~ 

luted surface was seen in all Rous cells, but not in any 

other chick fibroblast cells, including the rounded-up 

mitotic cells, It is highly unlikely that this surface 

architecture of Rous cells is an artifact of fixation. 

However, this cannot be entirely excluded. Further studies 

on the Rous cell architectur~ with scanning electron micro

scope would appear to be certainly worthwhile. It is of 

interest to note that even with the apparent morphological 

change in the Rous cell membrane the low-resistance junc

tion between it and other cells remains. Apparently, 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 mitotic cells and trans

formed cells. 
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The preliminary finding of a difference between 

the membrane potentials of isolated fibroblasts and 

~ibroblasts within a confluent monolayer may prove 

interesting. The potentials of proliferating cells 

(isolated) appear to be significantly lower than those 

of 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 plas tic subs trate. 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-

iug that leakiness seems particularly great when the cells 

are engaged in active synthesis related to growth and 

division. 

Another alternative to the general "leaky" state· 

would be that there is a change in the cellular permea-

bility to one or more speciific inorganic ions, especially 

+ Na (see below), between the isolated and confluent states. 
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This alternative is appealing for the foll()wing reasons: 

first, in the very few studies of membrane potential 

measurements on mammalian cells'in culture, a consistent 

finding is that low membrane potentials are associated 
I I 

with high Na+ cellular permeability (Aull, 1967; Hempling, 

1962; Borle and Lov~d~y, 1969); in one case the perme-

ability ratio PNa/PK 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 th~ first four days 

growth of HeLa cells, the intracellular (K+) increases and 

the cell (Na+) decreases. Considering these findings, it 

is tempting to suggest that the low membrane potentials 

observed in the one day (proliferating) cells may be a 

result of high Na+ permeability and/or high cell (Na+): 

and the increase in potential by four days (non-prolifer-
..L 

ating state) is a result of decrease in Na' permeability 

and/or a subsequent drop in intracellular Na+. 

However, since none of the variables controlling the 

membrane potential of the chick embryo fibroblasts studied 



in this paper are known, speculations On the mechanism 
, 

shall not be expanded further. Some obvious questions 

which are of interest a.re: how does the membrane poten

tial depend on cell density, i~~., cells/cm2 , what ~re 

the concentrations of Na+, K+, CI- within the one day 

vs. the four day cells, wha.t are the rel~tive cellular 

permeabilities of each ion at those days and can the 

potential be shown to follow the Goldman equation for 

Na.+ and K+ with CI- passively distributed across the 

cell membrane? Most of these questions are answerable 

by simple tissue culture experiments with standard 

electrophysiological tools. 

159 
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CONCLUDING REMARKS AND FUTURE OUTLOOK 

Implicit throughout this work has been the assumption 

that th~ use of electrophysiological techniques provides 

a unique approach to studying the problems of mammalian 

• i. . i, 

cell ~nteract~ons in culture. Support for this a.ssump-

tion is shown by the results of the present investigat:hon. 

It has been demonstrated in this paper that many, if noi 

all normal or transformed fibroblasts in contact commun-

icate in such a way as to allow the rapid flow of small 

ions, such as K+, Na+ and CI- from one cell interior 

directly to another. This results in these ions becoming 

part of a common intracellular milieu of the coupled cells 

in culture. This intercellular communication was showrt 

to be a consequence of the development of low-resistance 

junctions between these mammalian cells in culture. It 

appears reasonable to conclude from the prevalence of 

these low-resistance junctions between cells in culture, 

as well as in embryonic and adult tissues, that these 

junctions are basic to cell activity. 

The present electrophysiological investigation was 

limited to the .. study of ion:Lc flow through- the low-
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resistance junctions between cultured cells. It is 

not known at present whether these junctions also pro-

vide pathways for larger particles which might be in-

volved in the cell~lar control of complex activities 

such as c~ll·movement and cel~ division in culture. 

However, these junctions offer a very attractive mechan-

ism forcell-to-cell communication, and future experiments 

employing electrophysiological techniques should provide 

more information on the role of these junctions in cellu-

lar regulatory processes . 

. Along these lines, the following types of experi-

ments are a few that might be undertaken: (1) Cells in 

tissue culture can be injected with radioactive sub-

stances passed through fine microelectrodes filled with 

the radioactive material and cellular coupling checked 

electrically'before, during or after cell contact is 

made. Subsequent autoradiography studies can then be 

carried out on these cells to determine if transfer of 

radioactive material between cells has occurred. Also, 

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

radiography s tudy at th~·,t:.ransmiss ion microscopic level 
I 

of cells previously injected with radioactive materials 



til 
I 

I' 
I 

and ch~cked for coupling might be possible. Experi-

ments of this type would combine the advantages of 

the fluorescein experiments of Furshpan and Pott~r 

(1968) and Loewenstein (1968) and the genetic experi
I 
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ments of Subak-Sharpe et.al. (1969) and Stoker (1967a). 

(2) Experiments such as those described in (1) could 

be used with substances (as yet unknown) which might 

selectively prevent the passage of substances between cells. 

If a variety of substances could be shown to uncouple 

cells, then it might be possible to determine the ranges 

and types of substances which pass through the low-resis-

tance junctions by the injection of a variety of sub-

stances into cells and checking for transf~r with various 

techniques such as fluorescence microscopy or autoradiogra-

phy. (3) As suggested in this thesis, the change~ in mem-

, brane potential of cells in culture may be related to 

'activities associated with cell growth and cell division. 

These relationships between cellular membrane potentials 

and cell growth and division in tissue culture can be de-

termined 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 electrophysiological tissue 

culture, autoradiography and electron microscopy offer 

new ways of attacking the problems of mammalian cell 

interactions. 
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SUMMARY 

L Intercellular cOrnnlunication or electrical coup-

ling between normal chick embryo fibroblasts and between 

fibroblasts transformed with Rous sarcoma virus in culture 
I 

was studied with intracellular microelectrodes. 

2. Coupling was present between normal chick embryo 

fibroblasts' in proliferating cultures. Mitotic cells in 

contact with interphase cells were coupled. 

3. Coupling was also present between cells in a 

confluent monolayer in which further proliferation has 

been inhibited ('density dependent inhibition'). 

4. The results showed that between cancer fibroblasts 

(Rous sarcoma transformed) couplirig was present when the 

transformation appeared in the infected cells and remained 

present thereafter in these cells. 

5. Coupling between the cells was not an artifact of 

the microelectrode technique, but was shown to be due to 

the ability of these cells to form low-reSistance junctions 

in culture. 

6. The specific membrane resistance in normal fibro-

blasts was estimated to be several orders of magnitUde 

smaller than that of the non-junctional membranes (0.121l-cm2 

2 as compared to 400 JL -cm ). 

.. 

'. 
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7. The lability of low-resistance junctions between 

cells was shown in the wounding experiment. This result 

demonstrated that injured fibroblasts readily uncoupled 

from neighboring cells without interrupting coupling be

tween the healthy uninjured cells. 

165 

8. Tight junctions. (photographs of Dr. J. Levinthal) 

exist between the same type of fibroblasts that were 

shown to be coupled. This finding is consistent with 

the idea that tight junctions are the morphological 

structures of low-resistance junctions. 

9.A method was presented to allow the study of 

the ce[lular 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 reached 

neighboring cells, they underlapped them and formed low~ 

resistance junctions. 

11. The scanning electron micrographs of Rous sarcoma 

virus transform~d cells revealed that the surface morphology 

of these cancer cells was highly invaginated, a char~cter~ 

istic not found in any of the normal fibroblasts studied. 

/ 



12. 'Preliminary studies on the membrane potentials 

of the normal fibroblasts showed that the values for 

isolated cells were significantly lower than those for 

cells within a confluent monolayer. Possible cel~ular! 

permeability changes to specific ions are discussed as: 

causes for the observed changes in membrane potential 

values. 
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13. Finally, it is concluded that electrophysiological 

tools combined with tissue culture techniques and auto

radiography offer new ways of attacking the problems of 

animal cell interactions. 

\, 

:... 
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APPENDIX I 

The advent of commercial production of operational 

amplifiers incorporating field effect transistors (FET)l 

has y,:ielded Ivoltage operated solid-state devices with 

extremely high input impedance, high gain and wide-band 

amplifiers of miniature size. One such low cost FET 

amplifler Model KM-47C (K & M Electronics Corp., 

Hacken~ack, New Jersey) has been employ~d js the basic 

unit in a high input· impedance amplifier built specifically 

to be used to record biological signals as detected with 

high impedance electrolyte filled glass microele~trodes. 

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 short cir-

cuitingthe output eo of Al to the inverted pole of the 

differential input of Al . Signals through the microelec

trode (ME) are fed into the positive or non-inverted input 

of Al and appear at eo unchanged. The overall frequency 

response of Al is. increased by negative capacitance feed

back with the use of amplifier A2 . To achieve this, the 

lW. 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 
I· 

Field Effect l: Transistor operational amplifier. ME-

microelectrode (see text for further details). 

B. Circuit diagram of actual amplifier design. 

A bottom view of the pin arrangement on the ~~-47C 

operational amplifiers is shown (see text). 

C. Triangular wave generator employing Fairchild 

~709C 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 

J.LA709c 
operational 

amplifier 
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VB = Power supply battery 

DBL 698-5012 



output signal eo is fed into the non-inverting input o£ 

amplifier A2 whose gain is given by A2 = R2 -)- Rl and 

Rl 

can be changed by adjusting the potentiometer R2 , A 

. negative capacitance feedback lo6p (see Appendix II 

for theory) was effected by feeding the output el of 
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A2 through a small capacitor CI (2- 6 pF) to the positive 

input of AI' With this negative capacitance scheme, a 

square voltage pulse which has become degraded by passing 

through a high impedance probe at the input can be essen~ 

tially compensated to reproduce the original square puls€. 

Whenever high impedance gla ss microelec trodes are 

used to record signals from biological tissues, it is 

highly advantageous to monitor the electrode resistance 

at any time during an experiment. A resistance check 

circuit was therefore incorporated into the amplifier 

design. As is shown in Appendix III, if a triangular 

wave is applied to the positive input of Al through a 

small capacitor, t&e ofitput eo will be proportional to 

the electrode resistance Re. The circuit which was used 

to generate a triangular wave is shown in Figure 33c, 



I~ 

173 

The operation of this circuit can be easily seen by 

noting that a fraction e3 of the saturation voltage +VB 

(for instance) will appear across the 5 Krt potentiometer 

in the voltage divider circuit which is applied to the 

positive· input of the j-\-A709C amplifier (Fairchild Elec

tronics). At the same time, the 0.35 tt F capacitor will 

charge up integrating eB until eR> e3 at which time the 

output eB switches to -VB' The capacitor will then dis

charge ih a ramp fashion until eR< e 3 when the output 

eB will again go to +VB and the cycle is repeated. This 

results in a triangular wave at eR. This voltage e R 

shawn applied to C2 in Figure 33a then allows for elec

trode resistance measurements during the course of the 

experiments. 

The actual amplifier design for the basic recording 

unit is shown in Figure 33b. Both the DC offset voltages 

can be nulled to zero by the 500.0.. potentiometers and 

the balance control on the operational amplifiers 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 t'\F cap'acitQr at the output eo is used to limit the 
:' 

b~nd width of the noise voltages. The noise level under 

fully capacitive compensatecI conditions was no more than 
.,",' 

500 ~ when microelectrodes with as high as 100 Mil 

i impedance were used. 

The resulting amplifiers had input impedances of 

12" < -11 approximately 10 ~&, input currents of 10 amperes, 

drift of < 5 mv per one-half hour and compensated frequency 

response of over 30Ke with electrodes whose resistances 

were as high as 100 MfL . 
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APPENDIX II 

NEGATIVE CAPACITANCE FEEDBACK 

In detecting and amplifying bioelectric signals, 

distortion of the signal is in~roduced by the r~cording 

I 
equipment. Specifically, bioelectricity detected with 

very high resistance glass microelectrodes will be dis-

tortedif fast voltage fluctuations are contained in the 

bioelectric signal. As shown below, this is mainly due 

to the poor frequency response of glass microelectrodes 

and stray input capacitances of amplifiers. In order to 

overcome this, negative capacitance feedback may be fruit-

fully employed to increase the frequency response of the 

entire recording system .. Only a very simple heuristic 

way of demonstrating the negative capacitance feedback 

effect is given here. 

Consider the schematic diagram (a) which shows a 

microelectrode (ME) inserted into cell B which generates 

a biological signal eB. 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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c c 

I 

I 
c I 

CELL . 
~ 

Diagram (a) Diagram (b) 

Diagram (b) is a simplified equivalent electrical circuit 

for the ~etup in (a). The circuit within the dashed lines 

represents the microelectrode (ME). Due to the high im ..... 
': 

pedance(Re) and non~zero capacitance (Ce ) of the micro-

electrode and the input capac{tance Ci of the amplifier, 

the signal e B will be distorted as it appears at the 

output eo. This distortion can be eliminated if one can 

find conditions in which the output of the system eo is 

related to the input eB by a constant G, i.e., e o= GeB . 

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) = E,'O(s) ( (s) being the complex frequency variable in 

EB(s) 

II ~ / 
)[ 
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the Laplace transformation) will be determined, assuming 

that the amplifier of gain A draws no appreciable current 

at its input and essentially has constant gain A over 

the entire frequency spectrum'l 

The Laplace transform equivalent of Kirchhoffs current 

law at node el of diagram b is: 

(1) 

Noting that Eo(s) = A El(s) 

and defining t'e = ReCe, 't: = ReC, T 1 = ReC l 

we substitute Eo(s)/A for El(s) in equation (1) and multiply 

by A x Reo 

Therefore, 

rearranging and collecting like terms: 

A (I + S'Te) (4) 



By selecting C and an appropriate gain A, it is clear 

that 'r(l-A) can be made close to -"1: in which 
1 

the transfer function G(s) becomes 

o (s) ~ A (I + S 'Le) ~ A 
~ ( I -+ S1:'e) . 

case 

(5) 
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Thus, by adjusting the negative capacitance to the input 

of the amplifier, the distortion due to the microelectrode 

and stray capacitances is essentially eliminated. 

'j".~." 
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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.i~Re(mv) 
ASSOCGATE!) ORC.\JI~ Mt<"ROEI..E!:.TRODE r AMPI..\FlER 

", ISQuIVALEblJ"f CIRG\JIT V z-
R=IOOKn.. 

Diagram (c) 
LetV'lt)be a repetitive square wave as shown in Diagram (d) 

+ 50V ...-----. 

~.(t)l· JU·· I .~s . 
10 

Diagram (d) 

Under an applied pulse of Vet), the voltage pulse of 

Vl(t) will be given approximately by: 
. -~~~) . 

\1(-t) = 50 (/-e where RC'- lOOms 

Therefore, at t:= I ms, V; (I ms):a Vpeak' 

Vj(1 MS) ~ 50 ( /- e- 000 )-:::: Vpeal< 

Hence, Vpeak -- 50(1-1 +-1- ) -z..L Vol-l:;vslnq 
/00 Z 

-the EII"sf +wo +e~ms of a mac /4t.Jy/n.s serIes - eX 
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I 

V (*)is given approxirnatelyas shown 
1 IV 

2' 

or rearranging 

Diagram (e) 

w here liz max = Sao Cc Re . 0 Diagram (f) . 

. subsi-Ifuflng Cc ~ ZpF and Re(f1n.) . 
Vz max = 500 ';ZpF • Re G

/
Ob 

. Ther-e lOre, VzMax -= Re ( mv) 
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and the rounding is given by 

~o= CoRe = (C l + Ce + CC)Re 

which can be resquare,d by compensation as was shown in 

Appendix II. 

In practice, electrod~ resistance is checked as 

follows: the triangular waveform generated by the circuit 

shown in Figure 33c is applied through the capacitor C2 

(in Figure 33a) to the pos i tive input of amplifier AI. 

In the uncompensated state the output e is a distorted 
o 

square wave as shown in diagram (f). This distortion 

is essentially compensated for by adjusting the poten-

tiometer R2 (see Figure 33a) to achieve maximum rise time 

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

ness" of the output waveform eo. The peak amplitude of eo 

in millivolts gives the electrode resistance in Megohms. 
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