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The formation of two spherical model membranes at the tips of two syringes has allowed us to study the role
of gangliosides in membrane adhesion and look for changes in conductance between two such membranes
during the process of adhesion. Membranes were formed in aqueous 100 mM NaCl, 10 mM KCl, 1 mM
CaCl, from 1% (w /v) egg phosphatidylcholine in n-decane, with or without mixed bovine brain gangliosides.
After thinning to the ‘black’ bilayer state, two membranes were moved into contact. With gangliosides, the
contact area and conductance increased colinearly with time over a 5 to 20 min period of adhesion. The role
of electrostatic bridging by calcium was investigated. In the absence of calcium or in the presence of 2 mM
EDTA, adhesion proceeded after a longer lag time at about one-half the normal rate. As the ganglioside
concentration was increased from 0 to 15 mol%, the electrical conductance of individual membranes
decreased 3-fold from 48 + 30 nS /cm? to 17 + 13 nS /cm?. The conductance was pH dependent with a
minimum at neutral values. At neutral pH, when two membranes containing 4.1 mol% gangliosides adhered,
the region of adhesion had a specific conductance three times that of the nonadhering regions of membranes.
Without gangliosides, the specific conductance of the contact region was the same as that of non-adhering
regions of the membrane. These data suggest that mixed gangliosides can mediate an adhesion-dependent
increase in conductance.

Introduction [7,8], and glycolipids [9,10]. Associated with the

tumorigenic transformation of chick embryo

Cell-cell adhesion is responsible for the inte-
grity of organs. The loss of cell-cell adhesion is an
early step of metastasis of tumor cells. An under-
standing of control of adhesion requires the identi-
fication of the molecules on the cell surface that
are mediating the interaction. Types of molecules
which have been implicated for roles in adhesion
involve carbohydrate: glycoproteins [1-6], glyco-
syltransferase /glycosidase-carbohydrate acceptors

Abbreviations: PC, phosphatidylcholine; NBD-PE, N-(7-
nitrobenzo-2-oxa-1,3-diazol-4-yl)phosphatidylethanolamine;
Mes, 2-( N-morpholino) ethanesulfonic acid.
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fibroblasts [11] and other but not all cultured cells
[12] is a decline in adhesiveness and in the quan-
tity and complexity of the sialic acid-bearing gly-
colipids, gangliosides. The development of a sim-
ple model membrane system has allowed us to test
the hypothesis that gangliosides can mediate mem-
brane-membrane adhesion [13].

Large spherical model membranes are three-di-
mensional versions of the traditional Mueller-
Rudin [14] planar black lipid membranes. Pagano
and Thompson [15] were the first to report the
formation of these lipid-bilayer membranes with
diameters in the millimeter range. Later, Yguera-
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bide and Stryer [16] described the elegant use of
these membranes for structural measurements of
oriented bilayers using fluorescent probes. They
also suggested their advantages for simultaneous
measurements of structural and functional (electri-
cal) properties. Neher [17] made ‘inflated bilayers’
to study their apposition but did not ascertain
whether bulk membrane forming solution was in-
volved in the ‘fusion’. Breisblatt and Ohki [18,19]
used large spherical model membranes to study
true fusion at elevated temperatures. Shagina et al.
[20] used a single large spherical membrane to
monitor transmembrane ion fluxes. We have
adopted these concepts with a modification which
allows electrical access to the interior of the spher-
ule; the membrane is allowed to remain attached
to the tip of the syringe. Thus, we have combined
the electrical /functional advantages of planar bi-
layer membranes with the structural advantages of
spherical membranes in order to study membrane
adhesion.

Several characteristics are predicted that dis-
tinguish functional adhesion from nonfunctional
contact. (1) After the initial contact of two mem-
branes, the force of adhesion will increase the area
of contact. Membranes which contact but do not
adhere do not exert an adhesive force. Contacting
membranes may be separated to the extent that
the surface molecules do not interact. (2) A signal
of contact or adhesion may be evident as a change
in conductance between the two membranes. If
there are structural changes caused by the interac-
tion of surface molecules, the ionic conductance
may be altered. (3) Molecules involved in adhesion
in the contact region will be restricted in mobility.
Membranes made without gangliosides can serve
as a control for specificity. In this report, we
describe experiments with large spherical model
membranes containing gangliosides which demon-
strate the first two characteristics above.

Materials and methods

Materials. Egg phosphatidylcholine (egg PC)
was purified by extraction and column chromatog-
raphy from chicken egg yolk [21]. Purity was de-
termined by thin-layer chromatography with de-
velopment in chloroform/methanol/water
(65:25:4, v/v) and detection with I, vapor. Mixed

gangliosides were isolated by extraction from
fresh-frozen bovine brains from a local slaughter
house [22]. Water used for the extraction of gang-
liosides contained 2 mM EDTA except the last
dialysis which was against water without EDTA.
N-(7-nitrobenzo-2-oxa-1,3-diazol-4-yl)-phos-
phatidylethanolamine (NBD-PE) was from Avanti
Polar Lipids (No. FPE-22, Birmingham, AL). Rea-
gent grade acetone, diethyl ether and n-decane
(Matheson, Coleman, and Bell, Norwood, OH)
were distilled and dried by passage over aluminum
oxide (J.T. Baker, Phillipsburg, NJ) supported by
glass wool in a pasteur pipet [23]. All salts were
high purity from Alpha Inorganics (Division of
Ventron, Danvers, MA) and were roasted before
weighing. Ultrapure Tris base was from Schwarz-
Mann (Orangeburg, NY). All water used was de-
ionized to a conductivity less than 18 megohms
and was carbon-filtered.

Spherical lipid-bilayer membranes. Spherical bi-
layer membranes [15] were made in an aqueous
environment by gently expanding a film of mem-
brane forming solution from the tips of two syr-
inges. Membrane forming solution was prepared
in a glass vial (Pierce No. 13200) by mixing CHCl,
solutions containing 250 pg egg PC with the indi-
cated amounts of mixed gangliosides, and 10 ug
NBD-PE as a fluorescent probe. The solvent was
removed in a rotary evaporator under vacuum
with purges of N,. Further drying was achieved by
solution and drying from acetone and twice from
ether [23]. Final solution was achieved in 25 pl
n-decane at 40°C. While the membrane forming
solution was being prepared, two threaded plunger
syringes (Hamilton No. TP1750LT)andal X2 X 4
cm glass cuvette (American Scientific Products
No. §7032) were filled with electrolyte containing
100 mM NacCl, 10 mM KCl], 1 mM CaCl,, 1 mM
Tris-HCI (pH 7.4) which had been freshly filtered
through a 0.45 pum pore membrane (Gelman No.
GN-6).

An air gap was created at the tip of each
syringe and the glass was coated only on the cross
sectioned surface of the tip with membrane form-
ing solution without probe. The solvent was care-
fully evaporated under a stream of N,. This step
was required for reliable membrane formation,
probably providing a more wettable surface than
clean glass. While the tips were drying (approx. 10



min), 2 pl membrane forming solution without
fluorescent probe was deposited on the surface of
the 6 ml of electrolyte in the cuvette and stirred to
equilibrate [24]. All but a hemisphere of air was
expelled from the tip of the syringe, whereupon it
was dipped in the membrane forming solution to
pick up about 0.5 pl without contaminating the
membrane solution in the vial with electrolyte. The
plunger was slightly retracted while transferring
the syringe to the cuvette. To form the membrane,
the threaded plunger was slowly advanced until a
spherical thick film was formed about twice the
diameter of the tip of the syringe. The membrane
spontaneously thinned to the ‘black’ bilayer state
over a period of 1-2 h. The electrolyte was buffered
at pH 7.4 with 1 mM Tris-HCI unless indicated as
follows: for pH 5.0 and 5.5, sodium acetate; pH
5.85, unbuffered; pH 5.5, 6.0, and 6.8, Tris-
maleate; pH 6.5, Mes; pH 8.0 and 8.4, Tris-HCl
(all 1 mM). All experiments were conducted at
room temperature, 20-23°C.

Apparatus. The apparatus for simultaneously
monitoring structural and electrical properties of
the membranes is depicted in Fig. 1. The syringes
were mounted on x-y-z micromanipulators
(Narishige) and the entire apparatus on a massive
optical bench mounted on springs to minimize
vibration. Electrical connection to the interior of a
membrane attached to the tip of a syringe was
obtained through a machined hollow Teflon
adapter with a side port into which was cemented
(5 min Epoxy) a chloridized silver electrode. The
tip of the syringe was a glass capillary (Drum-
mond 50 pl Microcap). A chloridized silver refer-
ence electrode was immersed in the cuvet. The
junctional polarizations of the electrodes were less
the 2 mV. A ramp voltage of +50 mV, 0.02 Hz
was applied either across one membrane at a time
(trans mode) or between the two membranes (cis
mode) and the resulting current was monitored
[25]. The feedback resistor in the current amplifier
was variable up to 10° § in order to measure small
currents. Thus, a display of applied voltage on one
axis against amplified current (voltage/feedback
resistance) produced a simultaneous measure of
conductance from the slope of the [-V curve and
capacitance from the current offset at =0, C =
Al/(dV/de). dV /d¢ was typically 4 mV /s.

Observations of the membranes were possible
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at the front face of the cuvet through a horizon-
tally oriented Zeiss microscope fitted with long
working distance objectives 1.25, 3.2 and 20 X
with 8 X oculars. The ‘epi’ body tube added an
additional 1.6 X magnification. The membranes
were illuminated from the side (90° to the micro-
scope) with either white light from a fiber optics
source (No. 170D, Dolan-Jenner) or blue light
(442 nm) from a 10 mW He-Cd laser (No. 4110,
Liconix). The image was passed through the mi-
croscope phototube to a light amplifying device
(No. 211, Javelin Electronics), a black and white
TV camera (No. WV1450, Panasonic) and a VHS
recorder (No. NV8350, Panasonic) and monitor
(not shown). Membrane sizes were measured di-
rectly from the TV monitor and calibrated from
the diameter of the syringe tip measured with a
micrometer. Membrane areas were calculated by
A = wdh, where d is the diameter (width) and # is
the height from the bottom of the membrane to its
junction with the bulk membrane forming solu-
tion.

Data Analysis. An Apple I + microcomputer
with a Ada-Lab analog to digital interface and
curve fitting software (Interactive-Microware, State
College, PA) were used to analyze data. From the
equivalent circuit in Fig. 1B, conductance between
the two membranes before contact (G, p.fore) €aN
be compared to the theoretical conductance of
direct current,

G,,=(R+L)"'

After contact, G is

cis after

Gew=(2B) ' +(R+ L)
Similarly,
GL=L '+(2B+R)"’

Gr=R'+(2B+L)""

These three equations in three unknowns were
reduced to two quadratics and solved numerically
using a program written in BASIC. The capaci-
tance current at V=0 was calculated similarly
from the following equations.
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Fig. 1. (A) Apparatus for monitoring large spherical model membranes. Membranes are formed at the tips of two syringes. Functional
electrical measurements are possible simultaneously with structural observations of adhesion. See Methods for details. (B) Equivalent
circuit before and after adhesion. Note the possibility of a specific conductance (resistance) or capacitance in the contact region

different from that of the rest of the membrane.

Before contact, C,,, = (R~ '+ L )™

After contact, C,,, = (L™ '+ R’1)71+ B/2
c.=(R '+2/B) '+ L
Ca=(L'+2/B) '+R

Results

Spherical model membranes were formed at the
tips of two syringes from 1% egg phosphatidylcho-

line in n-decane. When two of these membranes
were mechanically brought into contact, the area
of the contact region increased with time, over a
period of 30 min thereby demonstrating the adhe-
sion of the membranes [13). If the syringes were
slightly separated by mechanical displacement, ad-
hesion was also indicated by the distortion of the
membranes on their supports while the adhesion
zone remained intact. Usually, an equilibrium was
reached between the adhesion force and the elastic
deformability before the membranes had to be
moved apart in order to prevent the spread of the



zone of adhesion into the torus of bulk membrane
forming solution at the tips of the syringes. The
adhesion was found to be reversible over a 30 min
period after moving the syringes apart. The adhe-
sion zone was composed of two lipid bilayers as
shown by lack of mixing of two fluorescent probes
across the junction.

Measurement of the specific conductance be-
tween the two membranes could also provide evi-
dence of true adhesion. Two semi-fused mem-
branes with a single bilayer in the junction should
have a higher conductance than two bilayers. We
found the specific conductance of individual egg
PC membranes to be 48 + 30 nS/cm’. In mea-
suring the conductance between two membranes
before adhesion, we found a specific conductance
close to that calculated for the two measured
conductors in series. If this value was called 100%,
the change in conductance between the two mem-
branes after adhesion was found to be +2 + 5%.
Thus, conductance measurements also suggest the
apposition of two bilayers during adhesion.

Measurement of the membrane electrical capa-
citance could also provide information about the
junction. Capacitance is related to the thickness,
d, of the membrane dielectric by C = ¢, /d, where
¢ is the dielectric constant of the membrane inter-
lor and ¢, is the permittivity of the free space.
Total capacitance was measured from the offset in
membrane current at V; about one hour after
thinning and one hour after adhesion. By dividing
the measured total capacitance of individual mem-
branes by their areas, a specific capacitance of
0.34 + 0.04 uF/cm? was determined. After adhe-
sion, the capacitance of the non-junctional por-
tions of the two membranes was computed to be
0.46 + 0.06 uF/cm’. This increase can be attri-
buted to further thinning with time as more de-
cane is excluded from the bilayer [26]. From the
proportion of membrane area involved in adhesion
at this time, we calculated the specific capacitance
of each membrane in the contact region to be
1.3+ 0.4 uF/cm?, or 2.8 + 0.6 times that of the
non-junctional portions of the membranes. Thus,
the junctional increase in specific capacitance could
be due to either a rise in the dielectric constant
from 2.2 [27] to 6.2 or a drop in thickness of each
membrane from about 50 A [27] to 18 A. Since the
latter is not consistent with a lipid bilayer, the
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capacitance measurements suggest a change in the
dielectric constant of the junctional region.
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Fig. 2. Effect of chelation of Ca’* on the adhesion of mem-
branes containing 4.1 mol% gangliosides. (A) Membranes were
formed in electrolyte containing 1 mM CaCl,. They were
moved into contact and monitored in the contact region (+).
After 14 min, adhesion proceeded at a rate of 0.037 mm?/min.
These membranes were manually separated. EDTA was added
to 2 mM and the membranes were again contacted (W). After
28 min, no adhesion was observed. An additional manual force
was applied (O). After 24 min, adhesion proceeded at a rate of
0.022 mm?/min. (B) Membranes were formed in electrolyte
containing 1 mM EDTA. The area of the contact region was
computed as a function of time (O). The rate of adhesion was
0.014 mm’/min. The two membranes were manually separated.
CaCl, was added to 2 mM. The membranes were again brought
into contact and monitored (+). The initial rate of adhesion
was 0.027 mm?/min.
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Membranes containing gangliosides

In order to more closely model the cell surface,
membranes were made containing egg PC and
mixed gangliosides extracted from brain. These
membranes were also found to adhere. We found
the rate of increase in diameter of the adhesium
zone (rate of adhesion) to remain constant as the
ganglioside concentration in the membrane form-
ing solution ranged from 2 to 10 mol% {13). Gang-
liosides in the range of 11 to 15 mol% blocked
adhesion. These experiments were conducted in 1
mM Ca’*. We have examined the role of electro-
static bridging in the adhesion of membranes con-
taining gangliosides by chelation of Ca’* with
EDTA. Fig. 2A shows that a pair of membranes in
the presence of Ca®* adhered at an initial rate of
0.04 mm?/min. After separation and the addition
of EDTA, recontact resulted in adhesion at a 60%
slower rate. The converse experiment in Fig. 2B
showed that in comparison to membranes made
initially in EDTA, the addition of excess Ca®*
nearly doubled the rate of adhesion (0.014 to 0.027
mm?/min). These results suggest that Ca®* facili-
tated but was not required for adhesion.

The effect of gangliosides on membrane con-
ductance was examined. In individual membranes,
1 to 15 mol% gangliosides reduced the specific
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Fig. 4. Temporal relationship between adhesion and conduc-
tance of two membranes containing 4.1% gangliosides. The
diameter of the contact area was monitored along with the
current (/) flowing between the two membranes in response to
a ramp voltage (V) clamp, +50 mV. From the diameter, the
area of contact was computed (+). Conductance (nS) was
calculated from (d1/dt)/(dV/d¢), (O). The slopes of the rates
of increase in area and conductance (- - - - - - ) were calculated to
intercept the baseline at 5.0 min and 4.7 min, respectively. At
the arrow, the membranes were manually separated but re-
mained adhered to each other.

conductance 3-fold from 48 + 30 nS/cm? to 17 +
13 nS/cm?? (Fig. 3). We were unable to form stable
membranes at 16 or 18 mol% gangliosides. When
two membranes containing 4.1 mol% gangliosides
were allowed to adhere, the conductance between
the membranes colinearly increased with the in-
crease in adhesion (Fig. 4). These parameters could
be extrapolated back to starting values at 4.7 and
5.0 min, respectively. After adhesion was well
established, a manual separation resulted in
simultaneous arrest of the increases in area and
conductance. It was possible to determine whether
the observed increase in conductance was due to a
localized increase in the zone of adhesion by mea-
suring the conductance of each adhering mem-
brane individually and the conductance between
the two membranes (see Methods and region B of
Fig. 1B). In a typical experiment of two mem-
branes containing 4.1 mol% gangliosides, analysis
before adhesion indicated an average specific con-
ductance of 7.2 nS/cm? (Table IA). The measured
conductance between these two membranes was
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CONDUCTANCE MEASUREMENTS FOR TWO MEMBRANES CONTAINING 4.1 mol% GANGLIOSIDES

Measured Measured Calculated Calculated Area Specific
resistance conductance resistance conductance (cm?) conductance
(G) (nS) (G£2) (nS) (nS/cm’)
(A) Before adhesion
Left membrane 1.54 0.65 0.105 6.2
Right membrane 1.11 0.91 0.111 8.2
(theoretical cis) (2.65) (0.38)
cis {between) 2.58 0.39
(B) After adhesion
Left membrane (L) 1.35 0.74 1.59 0.63 0.094 6.7
Right membrane (R) 0.97 1.03 1.08 0.93 0.100 9.3
(theoretical cis) (2.32) (0.43)
cis (between) 2.00 0.50
Adhesion zone (B) 4.0 0.25 0.0106 23.7

102% of the theoretical series conductances of the
two membranes. However, after adhesion (Table
IB) the measured conductance between the two
membranes increased 28%, and was 16% more

TABLE II

EFFECT OF pH ON THE CHANGE IN CONDUCTANCE
BETWEEN TWO ADHERING MEMBRANES CONTAIN-
ING 4.1 MOL% GANGLIOSIDES

Two membranes were formed in electrolyte at the indicated
pH. Before adhesion, the conductance of each membrane was
determined during a +50 mV ramp voltage clamp (G, G,
Gg). The conductance was also measured between the two
membranes (G,). G, was compared to the theoretical series
conductance Gyooreq (GL'+ Gg')~!. The membranes were
moved into contact. 60 min after adhesion, these values were
again recorded. The conductance change (AG) was determined:

is

AG = Gcis after X100 _ Gci> before X 100
G G

theoret after theoret before

P, probability by Student’s r-test that the measured mean is not
significantly different from the conductance change without
gangliosides, 4+ 6%. n.s., not significant

pH AG (%) P G (nS/cm?)
5.0 -8+ 4 0.05 117+23

5.5 -1+ 6 n.s. 46+ 38
5.85 94 2n7 ns. 10+ 5

6.0 12+ 8 < 0.05 44+ 1

6.5 16+ 5 < 0.02 3+ 1

6.8 11+ 7 0.05 19+11

7.4 19+10 < 0.05 12+10

8.0 3+ 8 ns. 8+ 2

8.4 no adhesion

than the theoretical series conductances of the two
membranes after adhesion. These changes could
be analyzed by solving for the component of the
change due to the adhesion region. From this
analysis, the zone of adhesion was found to have a
specific conductance of 23.7 nS/cm?, three times
that of non-adhering membranes.

These experiments were conducted at pH 7.4.
For membranes containing 4.1 mol% gangliosides,
examination of the rate of adhesion showed an
increase in rate from pH 5 to pH 8 but no adhe-
sion at pH 8.4 (data not shown). The conductance
of individual membranes declined about 10-fold as
the pH was raised from 5.0 to 7.4 (Table II).
However, the change in conductance associated
with adhesion showed a maximum around neutral
pH (Table II). For these membranes made in
buffers between pH 6.0 and 7.4, the change in
conductance (AG) after adhesion was significantly
increased above that of membranes made without
gangliosides. For membranes made in this pH
range, the computed solution for the conductance
of the non-adhering region was 6 + 2 nS/cm?; that
for the adhering region was 20 + 10 nS /cm’. The
ratio of these conductances indicated a 3.2+ 1.4
fold increase in the specific conductance of the
junctional area.

Discussion

In order to test the widely speculated role of
gangliosides in mediating cell-cell adhesion, we
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designed a model membrane system using defined
components. Initially, we chose to include Ca®* in
the system because of its frequent requirement in
cellular adhesion [28,29]. Indeed, we too find that
Ca’" facilitates adhesion in our model system con-
taining gangliosides, but Ca?" is not necessary to
observe adhesion. One could argue that Ca>" serves
as an electrostatic bridge between the two mem-
branes [30,31]. However, the observation of adhe-
sion in the absence of Ca’*, even though at a
diminished rate, suggests that adhesion is not
primarily due to divalent electrostatic bridging. In
fact, the inhibition of adhesion at mole fractions
of gangliosides exceeding 0.10 suggests that in-
creased surface charge density, even in the pres-
ence of excess Ca’", inhibits membrane adhesion,
and may even block adhesion electrostatically.
Ca?" may facilitate adhesion by causing the gang-
liosides to aggregate within each individual mem-
brane [32,33].

The remarkable finding of this study was the
increase in transmembrane electrical conductance
associated with adhesion of membranes containing
gangliosides. Their temporal coincidence is con-
sistent with adhesion causing the increase in con-
ductance. The pH profile for individual mem-
branes containing gangliosides shows higher con-
ductance at lower pH, suggesting that protons are
carrying the current. At neutral pH, the observa-
tion that the presence of gangliosides in egg PC
membranes reduced membrane conductance 3 fold
is supported by similar findings of Gamble et al.
[34] using glucosylceramide. Using similar
techniques, adhesion of large spherical bilayer
membranes was also studied by Badzhinyan et al.
[35]. Their membranes made from bovine brain
lipids also produced conductances consistent with
the adhesion of two bilayer membranes. Their
measurements of membrane capacitance before
adhesion of 0.36 uF/cm? [36] are similar to our
finding, but after adhesion, they found 0.38
u#F /cm? for each membrane in the contact region.
Our result of 1.3 uF /cm? could be due to our use
of purified egg phosphatidylcholine or our sponta-
neous induction of adhesion in contrast to their
forced adhesion. This high value suggests that the
dielectric in the contact region was different from
that in the rest of the membrane. Since water has a
dielectric constant of 80.2, elevation of the water

content of the hydrocarbon region to 5% could
increase the bulk dielectric constant to 6.2 while
maintaining the thickness of the membrane. Others
have noted the sensitivity of the dielectric constant
and hence capacitance to polar membrane con-
stituents [37,38].

Although Badzhinyan et al. {39] did not study
gangliosides, the inclusion of another charged
amphiphile, oleic acid, produced a 2-fold increase
in their measurements of specific conductance of
the contact region. Because the conductance levels
observed in these model systems are several orders
of magnitude smaller than observed in vivo, they
may not be physiologically significant in them-
selves. However, our measured 3-fold conductance
change must result from a structural change which
could have important physiological correlates. For
example, without appreciably changing the con-
ductance of the major portion of the membrane,
small regions of high conductance may be created
by depletion of gangliosides from a region. In
considering the apposition of two membranes con-
taining gangliosides, if the contact region were
depleted of gangliosides due to adhesion involving
egg PC molecules, then a localized, 3-fold, adhe-
sion-specific increase in conductance could be
created. Another possible explanation would be a
localized decrease of about 2 pH units in the
contact region [40]. Discrimination between these
mechanisms may be possible with appropriate
fluorescent probes. With either mechanism, these
findings demonstrate the phenomenon of mem-
brane contact sensation.

The model system described here was designed
to simultaneously monitor the structural character-
istics of adhesion together with the functional
characteristics of membrane conductance at physi-
ological concentrations of calcium [41] and gang-
liosides [42—45]. In the future, this model system
will be utilized to demonstrate specific relation-
ships of adhesion promoting proteins and mem-
brane surface oligosaccharides.
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