of this system, or of the kinetochore
placement and development system,
could cause variable chromosome num-
ber and morphology without attendant
genetic variability.
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Junctions between Cancer Cells in Culture:

Ultrastructure and Permeability

Abstract. Cell junctions between Novikoff hepatoma cells (N1S1-67) growing
as small clumps or chains in suspension culture have been studied with ultra-
structural, electrophysiological, and dye-injection techniques. Cells within clumps
are commonly electrically coupled and can exchange dyes with a molecular
weight of 332 to 500. Gap junctions and intermediate junctions are present,
whereas true tight junctions and desmosomes are absent or very rare. This sys-
tem should provide a useful model for studying the properties of “communi-

cating” junctions. '

Certain intercellular junctions involv-
ing close membrane apposition or fu-
sion are possible sites for the direct
exchange of small inorganic ions and
larger molecules (I, 2). It has been
suggested that such junctions might
normally pass regulatory molecules
from cell to cell (I, 2) and that altera-
tions in the junctions might result in
faulty coordination of cellular activity
(3-5). Such considerations have
prompted study of cancer cell junc-
tions, but no clear picture has yet
emerged. Electrophysiological studies
indicate that some cancer cells lack
low resistance junctions—that is, they
are not “electrically coupled” (5-7).
Other cancer cells remain electrically
coupled (2, 4, 7, 8) and certain of
these cells are capable of directly ex-
changing molecules larger than small
ions (2). Electron microscopic studies
indicate that still other cancer cells
have junctions that are less frequent or
extensive although they may retain a
normal fine structure (9, 10). None of
these studies fully defines the degree
of abnormality or normality of cancer
cell junctions partly because each sys-
tem has been studied with only one or
at best two of the available techniques.
Thus the presence or absence of cou-
pling has not been directly correlated
with ultrastructural evidence and in
only a few cases has the coupling been
correlated with permeability to larger
molecules.
~ We report here the results of our ini-

tial experiments on a cancer cell sys-
tem that is particularly amenable to
study by electrophysiological, dye-in-
jection, and electron microscopical
techniques. Using all three methods,
we have shown (77) that these cells
readily exchange small ions and cer-
tain dyes and possess one of the junc-
tions, namely, the “gap” junction,
thought to mediate such exchange in
“normal” systems (12).

Our studies have been carried out on
Novikoff hepatoma cells (N1S1-67)
grown in suspension culture in accord-
ance with reported procedures (13). In
a few initial experiments, we con-
firmed the cancerous nature of these
cells by injecting them intraperitone-
ally into randomly bred rats (I4). In
suspension culture, the N1S1-67 cells
grow in clumps of 2 to 100 or more
cells. Clumps are characterized by
marked intercellular adhesion remain-
ing intact during centrifugation, trans-
fer by micropipette, and impalements
with microelectrodes. These clumps
were conveniently prepared for electron
microscopy after being centrifuged into
loose pellets. The pellets were fixed in
glutaraldehyde-paraformaldehyde and
osmium tetroxide either accompanied
by lanthanum hydroxide (15) or fol-
lowed by uranyl acetate in the block
(16).

By electron microscopy we have
identified two types of contact special-
izations. The most conspicuous type
resembles the zonula adhaerens (or
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Fig. 1. Electron micrographs of Novikoff hepatoma cells grown in suspension culture.
(A) Intermediate junction with the membranes of two cells possibly making contact
at one point (arrow); clump surface at the left and intercellular space widens at far
right (calibration, 0.5 um). (B) Gap junction cut in cross section displaying the 20-A

separation of outer leaflets (arrow); stained with uranyl acetate en bloc (calibration, .

0.1 um). (C) Lanthanum preparation demonstrating the 90-A center-to-center spacing
of polygons in a tangentially cut gap junction (calibration, 0.1 um).

Fig. 2. (A to C) Illustration of a three-microelectrode study of electrical coupling in
a three-cell chain. (A) Bright-field micrograph of cells and microelectrodes just prior
to impalement. (B) Transmembrane voltage changes in cell 1 (V)) and cell 2 (V)
produced by pulse of current (I, 1.25 X 10 ampere) supplied to cell 1. The attenua-
tion factor [(AF, V1/V.) was 1.1]. (C) Same as (B) but showing coupling between cells
1 and 3. The current (I;) was 2.5 X 10° ampere; AF, 1.5 (D to F) Demonstration of
the transfer of Procion yellow between two coupled cells in a four-cell chain. (D)
Electrical records showing much greater voltage change in cell 2 (V.) than in cell 3
(Vs) when current pulse (I3, 3.75 X 10 ampere) was supplied to cell 1 (measured first in
cell 3, then cell 2). (E) Drawing shows relative positions of cells 1, 2, and 3. (F)
Procion yellow has transferred to cell 2 but not to cell 3 within 4 minutes of injection
time [pulses as shown in (D) repeated once every 2 seconds). Dark-field illumination
with mercury lamp, blue filter, 10-second exposure on Tri-X, developed with Acufine
developer. (G-I) As in previous series but with fluorescein as a tracer. (G) Electrical
records showing voltage change in cell 3 (Vs) about half that in cell 2 (V.) when
current pulse (1, 2.5 X 10 ampere) was supplied to cell 1 (measured first in cell 2
and then in cell 3). (H) Drawing shows relative positions of cells 1, 2, and 3. (I)
Fluorescein has transferred to cells 2 and 3, which appear as bright as cell 1, within
only 3 minutes of injection time; same illumination and photographic details as (F)
(calibration for electrical records: vertical, 10 mv for B, C, D, and G; horizontal, 20
msec for B and C; and 200 msec for D and G).
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“intermediate junction) (7). The
junctional membranes are separated by
a space of about 200 A and have
dense, amorphous material on the cyto-
plasmic surfaces (Fig. 1A). These junc-
tions occur routinely at the exposed
surfaces of peripheral cells and some-
times deeper in the clumps,

The second type of contact resembles
the “gap” junction described by Revel
and Karnovsky (15, 18-20). Figure 1,
B and C, illustrates two distinctive fea-
tures which serve to characterize this
junction: a gap of 20 to 30 A between
the outer leaflets of the junctional
membranes cut in cross section and a
polygonal substructure (with 90-A
center-to-center spacing) as revealed by
lanthanum in tangential sections of the
junction. The junctions vary in length
from 0.1 to 1 pm, and, although their
frequency is difficult to quantitate, one
or two are commonly found in each
filled grid square of a 300-mesh grid.

We have looked for regions of fusion
of apposed membranes, that is, true
tight junctions (17-19, 21). Although
we have seen infrequently sites of ap-
parent membrane contact (Fig. 1A),
we have not found any convincing in-
stances of fusion—places where the
combined width of the junction is less
than that of two unit membranes.

The observation of gap junctions be-
tween the N1S1-67 cells led to a study
of the ability of adjacent cells to ex-
change inorganic ions and larger mole-
cules. The ease with which inorganic
ions can be exchanged is reflected in
the electrical resistance between adja-
cent cell interiors and can thus be de-
tected and quantitated by conventional
microelectrode techniques. Two or
three micropipettes filled with 3M KCI
(resistance 20 to 50 Mohm) and ar-
ranged for passing current or recording
potential changes (or both) were used
to impale cells within small clumps that
had settled out in a plastic culture dish.
Experiments with one current passing
and one recording electrode were suffi-
cient for qualitative demonstration of
the presence and distribution of elec-
trical coupling (22). In general we de-
tected coupling whenever two cells
within a given clump were impaled. In
more extensive experiments, the degree
of coupling was assessed with the use
of three microelectrodes. For these ex-
periments, isolated pairs or short chains
of cells were studied because outlines
of the impaled cells could be observed
more distinctly (Fig. 2A). By dividing
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the voltage produced in the cell sup-
plied with current by that in an adja-
cent cell, an “attenuation factor” (AF)
(23) was obtained. The mean AF from
48 pairs of cells was 1.96, a value com-
parable to those found for other cul-
tured cells, both normal and cancerous
2, 7).

We investigated next the ability of
these coupled cells to exchange dye
molecules, such as fluorescein, molecu-
lar weight (M.W.) 332; dansyl-L-
glutamate (DG; that is, the dimethyl-
aminonaphthalenesulfonamide of L-glu-
tamic acid), M.W. 380; dansyl-pDL-as-
partate (DA), M.W. 366; or Procion
yellow M4RAN, M.W. about 500. Each

- of these compounds is fluorescent and
has a net negative charge (24). One
cell at the end of a short chain was im-
paled with a micropipette filled with
dye. Another cell in the chain, either
adjacent to the first or more distant,
was impaled with a KCl-filled micro-
pipette. Dye was iontophoretically in-
jected into the first cell with negative-
going, rectangular current pulses of
about 5 X 10—9 ampere and 500-msec
duration passed once every 2 seconds.
During the injection, the potential
changes signifying coupling to the ad-
jacent or more distant cell were moni-
tored by the second electrode. Move-
ment of dye was observed directly
under ultraviolet illumination, and
photographs were taken for permanent
records (25).

We observed movement of dye to
adjacent, coupled cells in 7 out of 7
cases for fluorescein (Fig. 2, G-I), 8
out of 8 cases for DG, 5 out of 5
cases for DA, and 31 out of 39 cases
for Procion yellow (Fig. 2, D-F). In
most experiments with fluorescein, and
with DG and DA as tracers, transfer
was first evident after less than 1 min-
ute of injection. Procion yellow is sub-
stantially less fluorescent than the other
dyes, which might explain the finding
that transfer of Procion yellow was first
observed 1 to 3 minutes after injection
in six cases, and after 3 to 10 minutes
in the rest.

In five of the Procion yellow injec-
tions and all of the DG and DA injec-
tions, the coupling was monitored in
the cells at the end of the chain oppo-
site the site of injection, and thus dye
moved to an unimpaled cell. This indi-
cates that the movement did not depend
on damage by impalement. Any im-
pairment of coupling incurred during
impalements severely restricted dye
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transfer, and cells that were definitely
uncoupled never exchanged dye. When
cells were immersed in fluorescein, DG,
or Procion yellow, there was no detect-
able accumulation of dye, an indication
that the nonjunctional membranes have
limited permeability to the dyes (26).

Thus, our evidence from electron
microscopic, electrophysiological, and
dye-injection experiments demonstrates
the presence of cell junctions that have
numerous features in common with
those of various “normal” systems.
There are intermediate junctions that
probably are responsible in part for the
strong adherence of cells within clumps.
There also are gap junctions identified
in cross sections of conventionally
stained material as well as in tangential
sections after lanthanum treatment.
Since gap junctions appear to provide
intercytoplasmic channels of high per-
meability to ions and larger molecules
in other systems (I2), they are likely
to be responsible for the electrical

coupling and dye exchange we have

demonstrated. Furthermore, the perme-
ability of the junctions reflected in the
degree of coupling and size range of
tracers which are transferred is com-
parable to that found in other systems
(2, 7, 12). We cannot exclude the pos-
sible contribution of true tight junctions
to cell adhesion and molecular ex-
change (18, 19, 21), but our present
evidence suggests that this contribution
is probably small at best.

Although our studies have not re-
vealed any obvious qualitative altera-
tions in the junctions in the system
or in the properties thought to de-
pend on these junctions, we cannot rule
out significant quantitative deviations
from normal, such as smaller junctional
area, slower rate of transfer of dye
molecules, and greater restriction on
size of permeant molecules. Further-
more, the absence of desmosomes and
the paucity or absence of true tight
junctions may indicate a significant de-
parture from normal (0). Neverthe-
less, the qualitative “normality” of the
existing junctions as well as the feasi-
bility of applying a variety of tech-
niques to the same system or even the
same cells suggest that this system will
provide useful information about “com-
municating” junctions in general.

Ross G. JOHNSON
JupsON D. SHERIDAN
Department of Zoology,
Upniversity of Minnesota,
Minneapolis 55455
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