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The Effect of Asymmetric Surface Potentials on the Intramembrane
Electric Field Measured with Voltage-Sensitive Dyes

Chang Xu and Leslie M. Loew

Department of Physiology and Center for Biomedical Imaging Technology, University of Connecticut Health Center,
Farmington, Connecticut 06030

ABSTRACT Ratiometric imaging of styryl potentiometric dyes can be used to measure the potential gradient inside the
membrane (intramembrane potential), which is the sum of contributions from transmembrane potential, dipole potential, and the
difference in the surface potentials at both sides of the membrane. Here changes in intramembrane potential of the bilayer
membranes in two different preparations, lipid vesicles and individual N1E-115 neuroblastoma cells, are calculated from the
fluorescence ratios of di-4-ANEPPS and di-8-ANEPPS as a function of divalent cation concentration. In lipid vesicles formed
from the zwitterionic lipid phosphatidylcholine (PC) or from a mixture of the negatively charged lipid phosphatidylserine (PS) and
PC, di-4-ANEPPS produces similar spectral changes in response to both divalent cation-induced changes in intramembrane
potential and transmembrane potential. The changes in potential on addition of divalent cations measured by the fluorescence
ratios of di-4-ANEPPS are consistent with a change in surface potential that can be modeled with the Gouy-Chapman-Stern
theory. The derived intrinsic 1:1 association constants of Ba and Mg with PC are 1.0 and 0.4 M~"; the intrinsic 1:1 association
constants of Ba and Mg with PS are 1.9 and 1.8 M~". Ratiometric measurements of voltage sensitive dyes also allow monitoring
of intramembrane potentials in living cells. In neuroblastoma cells, a tenfold increase of concentration of Ba, Mg, and Ca gives
a decrease in intramembrane potential of 22 to 24 mV. The observed changes in potential could also be described by Gouy-
Chapman theory. A surface charge density of 1 /115 A2 provides the best fit and the intrinsic 1:1 association constants of Ba,

Mg, and Ca with acidic group in the surface are 1.7, 6.1, and 25.3 M.

INTRODUCTION

Most biological membranes contain zwitterionic lipids,
acidic lipids, and acidic groups on membrane-bound proteins
and hence bear a layer of net negative charge on both inner
and outer surfaces. The negative surface charge sets up
a negative surface potential and ionic double layer in the
aqueous solution adjacent to the membrane. The simplest
description of the surface potential is the Gouy-Chapman-
Stern theory (Grahame, 1947; Davies and Rideal, 1963;
Barlow, 1970), which assumes the charge is uniformly
smeared over a perfect impenetrable plane surface. This
theory gives the relationship between surface potential, the
surface charge density and the ionic concentration in the
aqueous phase (Egs. 1, 4, and 5). The surface potential plays
a critical role in cell adhesion, cell spreading, chemotaxis,
endo-exocytosis, and binding of biological active cationic
species, such as anesthetics, ion channel antagonists, en-
zymes, and their substrates (Wojtczak et al., 1982; Volwerk
et al., 1986; McLaughlin and Aderem, 1995; Edwards and
Newton, 1997). In addition, the negative surface potential
plays a significant role in ion transport. The negative surface
potentials can affect the steady-state conductance of the ion
channels in the membrane, inasmuch as 1), they determine
the local ion concentration at the channel orifice; and 2), the
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difference in surface potentials between both sides of
a membrane produces an electric potential drop across the
membrane (intramembrane potential), thereby changing the
electric driving forces within the membrane (Frankenhaeuser,
1960).

There are two common experimental methods to study
surface potential on cell membranes. One is the cell electro-
phoresis method, which can directly measure membrane
surface potential in the aqueous phase adjacent to the
membrane. This method has been extensively used to study
the electrokinetic properties of monodispersed suspensions
of erythrocytes (Nakano et al., 1994) and other blood cells
(Vassar et al., 1976; Makino et al., 1993). One disadvantage
of this method is that most cell types are not free and mono-
dispersed and have to be treated by enzymatic, chemical, or
mechanical means to produce a monodispersed suspension.
Such treatment will probably change the surface potential.
Another complication in these electrophoresis measurements
is that they determine the {-potential at an idealized plane
of shear at some distance from the membrane surface. Only
when this distance is known can it be used to estimate the
true surface potential. Monitoring dynamic changes in cell
membrane physiology would also be difficult with {-po-
tential measurements.

Changes in the surface potential can also be determined by
measuring current-voltage (I-V) characteristics of membrane
ion channels under varying ionic conditions or pH, under
the assumption that all the shifts reflect a modulation of the
intramembrane electric field arising from changes in surface
potential (Frankenhaeuser and Hodgkin, 1957; Chandler
et al., 1965; Gilbert and Ehrenstein, 1969; Mozhayeva and
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Naumov, 1970; Begenisich, 1975; Hille et al., 1975). But
shifts in channel kinetics are not always reliable measure-
ments of the change in intramembrane potential produced by
asymmetric surface potentials. First, it has been found that
different channels on the same cell are not always affected
equally (Frankenhaeuser and Hodgkin, 1957; Hille, 1968),
possibly because the gating machinery of channel proteins
may experience different local electric fields. Secondly, the
binding of divalent cation or charged molecules to the
channel protein may not only change a local electric field but
also directly disrupt the gating apparatus of the channel
protein. For example, in squid axon, Zn>* changes Na
channel activation and deactivation unequally (Gilly and
Armstrong, 1982).

It is generally accepted that asymmetric surface potentials
in lipid bilayer or cell membranes generate an electric field
within the membrane (intramembrane electric field; Chan-
dler et al., 1965; for review, also see Hille, 2001). The
schematic relationship between surface potential and intra-
membrane electric field is depicted in Fig. 1. It is assumed,
first, that the charges are smeared out over both the outer and
inner surface of the membrane, and secondly, that the
intramembrane electric field set up by the surface charge
asymmetry is constant (i.e., the potential drops linearly
across the membrane; see Goldman, 1943; Hodgkin and
Katz, 1949; Chandler et al., 1965). It has been shown that
calculation of the change in intramembrane potential from
the difference between asymmetric surface potentials based
on the above two assumptions can adequately describe the
experimental measurements of the change in intramem-
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brane potential, either by nonactin-induced conductance
(Alvarez et al., 1983) and capacitance measurements (Schoch
et al., 1979; Alvarez et al., 1983) in lipid bilayers, or by
voltage-shifts of ion channels in cell membranes (Franken-
haeuser and Hodgkin, 1957; Chandler et al., 1965; Gilbert
and Ehrenstein, 1969; Mozhayeva and Naumov, 1970;
Begenisich, 1975; Hille et al., 1975; Zhou and Jones, 1995).
In this study, we used voltage-sensitive dyes to measure
changes in intramembrane potential caused by asymmetric
surface potentials in both lipid vesicles and cell membranes.
Voltage-sensitive dyes have been widely used for measuring
transmembrane potentials of cells, organelles, and membrane
vesicles (Cohen and Salzberg, 1978; London et al., 1987,
Waggoner, 1979; Loew, 1988; Gross and Loew, 1989). It has
been found that some voltage-sensitive dyes are sensitive to
surface potential in the aqueous phase adjacent to the mem-
brane. For example, the fluorescence intensities of both
negatively charged dyes such as Merocyanine 540 (Aiuchi
and Kobatake, 1979), I-anilinonaphthalene-8-sulfonate
(ANS; see Aiuchi et al., 1977), and the oxonols (Krasne,
1980), and the positively charged cyanines (Krasne, 1980) in
lipid bilayers could be changed by surface potential,
inasmuch as the amount of the dyes bound to the membrane
correlates closely to the membrane surface potential. How-
ever, no attempts have been made to quantitatively measure
the surface potentials using these voltage-sensitive dyes,
partially due to the difficult calibration of these dyes. Also,
the charged dyes can redistribute either from one aqueous
phase to the other or between the membrane and the aqueous
phase in a voltage-dependent manner, thus confounding the

FIGURE 1 Effect of extracellular cations on
the potential profile across a cell plasma
membrane. The dye chromophores (red rect-
angle) is sensing the electric field (blue line)
generated by transmembrane potential (V1)
(A), the difference between the external surface
potential (i) and internal surface potential (i)
(B), and the dipole potential at the outer surface
(Vbp(oy) (C). We define all potential differences
as potential inside minus potential outside.
When the negative charges on the outer surface
are neutralized and bound by cations (green
oval), the equilibrium values of ¥y is un-
changed. However, the i, is reduced, leading
to an increase in intramembrane potential
across the membrane, although ; is un-
changed. The effect of divalent cation binding
on dipole potential is relatively small, espe-
cially at the concentrations used in this study.
Therefore, the change in intramembrane poten-
tial, AAV, which is calculated from Eq. 7
(AAV = AVTM + A(l/!l — l/!o) + AVDP), is ap-
proximately equal to —A,,.
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surface potential measurement (Krasne, 1980). Bearing these
considerations in mind, in this article we use styryl
potentiometric dyes, di-4-ANEPPS or di-8-ANEPPS, to
probe the surface potential. These dyes have the following
advantages: (@) they respond linearly to membrane potential,
that is, the relationship between the spectral shift (or the
change in fluorescence ratio) and membrane potential is
linear with a sensitivity of 9% to 13% per 100 mV, (b)
instead of a potential dependent change in the degree or site
of binding, an electrochromic mechanism underlies the
response (Loew et al., 1979; Loew and Simpson, 1981;
Fluhler et al., 1985), (¢) they have no net charge at neutral
pH, and (d) they produce a spectral shift in response to
voltage and therefore can be used for dual wavelength ratio
imaging, obviating problems of dye bleaching and uneven
staining.

Previous studies from this lab show that the dual
wavelength fluorescence ratio of these chromophores can
be used to measure a local intramembrane electric field
associated with transmembrane potentials (Montana et al.,
1989; Bedlack, et al., 1992; Zhang et al., 1998) and dipole
potentials (Gross et al., 1994; Bedlack et al., 1994). In this
article, we decreased the surface charge density on the
external face of the membrane surface by adding divalent
cations barium, magnesium, and calcium to the solution
bathing the outer membrane surface. The dyes would then
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we fit the measured change in intramembrane potential to
the same form of the Gouy-Chapman-Stern theory, and
compared the derived association constants with data from
electrophoresis measurements.

THEORY AND CALCULATIONS
Lipid vesicles

The relation between the surface potential and a uniformly
distributed surface charge density is given by the Grahame
(1947) equation:

o=* \/ZSrsDRTZCi[exp(—ZiFd/O/RT) 1, M

where o is the surface charge density in electronic charges
per A2, C; is the concentration of the ith ionic species in the
bulk solution in mol/l, Z; is its valence, and i, is the surface
potential at the membrane interface (in mV). The concen-
trations of free monovalent (C*(0)) and divalent cations
(C**(0)) at the membrane surface are related to bulk
concentrations (C* or C*™) by Boltzmann factors:

C(o) = Cexp(—ZFi,/RT). )

At 21°C, RT/F = 25 mV, (2¢,6,RT)?=(272 A%~ 'M'?)"!
and Eq. 1 can be rewritten as:

o =% /C*exp(—,/25) + C*>* exp(—24,/25) + C—exp(ih,/25) — (C* + C>* + C-). 3)
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sense a change in the electric field arising from the asym-
metric surface potentials, which is equivalent to a membrane
hyperpolarization (or a decrease in intramembrane potential)
(Fig. 1). This article shows that dual wavelength ratiometric
measurements of the fluorescence of styryl voltage-sensitive
dyes can be used to measure changes of the intramembrane
potential as a function of divalent cation concentration in
both well-defined liposomes and single N1E-115 neuroblas-
toma cells.

The effect of divalent cations on surface potential in lipid
bilayers has been extensively studied using the electropho-
resis method. It has been found that an appropriate form of
the Gouy-Chapman-Stern theory for surface potentials at
surfaces with smeared charges bathed by electrolyte
solutions (Grahame, 1947; Davies and Rideal, 1963; Barlow,
1970; McLaughlin et al., 1981) can describe the measured
surface potential very well (Cevc, 1990; McLaughlin et al.,
1981; McLaughlin, 1989) by accounting for both divalent
cations screening of fixed surface charge and direct binding
interactions with phospholipids. To assess whether the dye
ratio was primarily detecting the change in surface potential,
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We also assume that a monovalent cation binds to one PS
molecule in the membrane, with an association constant K;
(in 1/mol); a divalent cation may bind one PS molecule in the
membrane, with an association constant K, (in 1/mol);
a divalent cation may also bind one PC in the membrane,
with an association constant K3 (in 1/mol) and the Langmuir
adsorption isotherm is valid (Eisenberg et al., 1979). Then,
the free surface charge density, o, is related to the total sur-
face concentration (no-ion binding) of PS ({ PS}'*") and PC
({PC}'*") by the following formula (McLaughlin et al.,
1981):

o P I-KC ()]
[1+K,C"(0) + K-C* (0)]

2K5{PC}"'C**(0)
[1+K5C?* (0)]

“4)

It is assumed that each PS and PC molecule occupies an area
of 70 A? (McLaughlin et al., 1981). The combination of Egs.
3 and 4 is referred to as a Stern equation. A least-squares
analysis was performed to fit the measured surface potentials
to the combination of Egs. 3 and 4, and to obtain the
estimates of K, and Ksj.
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N1E-115 neuroblastoma cell

Assuming the cell surface is a ion-impenetrable plane and the
surface charge density has a uniform distribution, again, the
relation between the surface potential and the surface charge
density is given by the Eq. 1.

However, in the case of a cell membrane we do not know
the profile of charged and neutral lipids that comprise the
outer surface. Therefore, we adopt a simpler model con-
sisting of a single association constant for each of the cations
with the charged species on the surface. The total negative
surface charge density in the absence of cations is taken as
T (per 10\2). Divalent cations still form 1:1 complexes with
the negative molecules with intrinsic association constants
K,. Monovalent cations form 1:1 complexes with the
negative molecules with intrinsic association constants K.
The association constant is estimated with the following
equation for free surface charge at the boundary between the
surface charge layer and the bulk solution:

_O.tol[l _ K2C2+ (O)}
[1+K,C*(0) + K,C?*(0)]’

&)

g =

In contrast to the formula (Eq. 4) we used for lipid vesicles,
this equation does not explicitly deal with the neutral lipids
and therefore the surface charge density of neutral lipid
({PC}*" in Eq. 4) and the association constant of divalent
cations to neutral lipids (K3) are omitted. Similarly, a least
squares analysis was performed to fit the measured data to
the combination of Egs. 3 and 5, and to obtain the estimates
of the values of o™, K, and K,.

Calculation of changes in
intramembrane potentials

The measured fluorescence ratios of di-4-ANEPPS and di-8-
ANEPPS in the presence of various concentrations of di-
valent cations are normalized to the fluorescence ratios
before the addition of divalent cations. Because the relative
percent change in fluorescence ratio is lineally proportional
to the changes in intramembrane potential (Montana et al.,
1989; Zhang et al., 1998), the changes in intramembrane
potential, AAV, can be calculated as:

AAV =A(R —R,) X 100%, (6)

where A is the proportionality constant that corresponds to
the voltage sensitivity of the dye, R is the fluorescence
ratio (440 nm/505 nm excitation ratio for both di-4-
ANEPPS and di-8-ANEPPS) in the presence of divalent
cations, and R, is the fluorescence ratio in the absence of
divalent cations. In principle, AAV contains contributions
from several sources:

AAV = AVTM + A(‘l’i - ‘r//o) + AVDP’ N
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where AVry is the change in transmembrane potential, i;
is the surface potential at the inner surface, i, is the surface
potential at the outer surface, and AVpp is the change in
dipole potential.

METHOD
Lipid vesicles

Solutions were buffered with 20 mM HEPES/Tris, pH 7.0 (21°C), and
contained 140 mM NaCl in the absence of any divalent salts. Small
unilamellar liposomes were made as described by Deamer and Uster (1983).
Briefly, lipid vesicles were prepared by drying a chloroform solution of 10
mg of egg phosphatidylcholine (Sigma Chemical Co., St Louis, MO; type
XI-E) or a mixture of 70% egg phosphatidylcholine and 30% bovine brain
phosphatidylserine (Avanti Polar-Lipids Inc., Birmingham, Al) under
a stream of argon for a minimum of 3 h, resuspending the lipids in 1 mL
of the buffer and sonicating to clarity with a Laboratory Supplies Company
G1128PI1T sonifier (Hicksville, NY) under an argon atmosphere. For
fluorescence measurements, 60 uL of the vesicle suspension was diluted
into 3 mL of buffer containing 0.2 uM di-4-ANEPPS. The background
scattered light intensity was found to increase with both PC and PC:PS
vesicles upon addition of divalent cations and therefore was subtracted from
the corrected excitation spectra. The corrected excitation spectra of the
vesicle suspension were measured with a Spex CM dual-wavelength
fluorescence spectrometer (Spex Industries, Edison, NJ). All experiments
were performed at 21°C.

Cell preparation

NI1E-115 mouse neuroblastoma cells were grown and maintained in
Dulbecco’s modified Eagle’s medium containing 10% fetal bovine serum.
Cells were grown until 50% confluent before seeding on uncoated glass
coverslip. Differentiation was initiated by replacing the media with one
containing 0.5% fetal bovine serum and 1% dimethylsulfoxide. Cells were
cultured for a further 2—4 days to complete differentiation and achieve
neuronal morphology.

Dye loading

To stain cells with voltage-sensitive dye, each coverslip was washed in
buffered Hank’s salt solution that contains no calcium, and then incubated
for 20 min at 4°C in the same buffer supplemented with 1-(3-sulfo-
natopropyl)-4-[B[2-(di-n-octylamino)-6-naphthyl]vinyl]pyridinium betaine
(di-8-ANEPPS; 0.5 uM) and Pluronic F-127 (BASF, Wyandotte, MI) (PF-
127; 0.05%). Coverslips were then rinsed 3 times with fresh buffer.

Dual wavelength imaging

Stained cells were mounted on an inverted Zeiss microscope (Axiovert 135
TV) and viewed with an oil immersion objective (Plan-apochromat 63 X
1.40). Dual wavelength images pairs of di-8-ANEPPS (excitation at 440 and
530 nm, emission >570 nm) were acquired using a cooled CCD camera
(Photometrics, Model CE200A, Tucson, AZ) on the microscope, controlled
by Cellscan Acquisition Control unit. An additional magnification of X2.5
was used when fluorescent images were taken. Exposure time was 0.7 s for
440 nm and 1.4 s for 530 nm. A 2 X 2 binning of CCD pixels was used to
increase the signal and minimize exposure time. Autofluorescence signals
were negligible at both excitation wavelengths compared with di-8-
ANEPPS fluorescence. All microscopy experiments were performed at
room temperature (21°C).

Biophysical Journal 84(4) 2768-2780
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FIGURE 2 Effect of divalent cations on the
fluorescence excitation spectra of PC:PS lipid
vesicles containing 0.2 uM di-4-ANEPPS. A
10 mg/mL stock solution of lipid vesicles was
diluted 50-fold into a cuvette containing 0.2
uM di-4-ANEPPS, 140 mM NaCl (pH 7.0).

Wavelength (nm)

The emission wavelength is 610 nm. (4 and C)
Excitation spectra for a series of PC:PS vesicle
suspensions containing various concentration
of Mg and Ba, respectively. The spectra were
normalized by the area under each curve to the
same integrated intensity. (B and D) Normal-
ized difference excitation spectra for the same
PC:PS vesicle suspensions as in 4 and C,
respectively. The difference between the spec-
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Patch clamp

Micropipettes were pulled from glass capillaries (Drumond Scientific 100)
using a Brown-Flaming micropipette puller (Sutter Instrument, Model P-80,
San Francisco, CA) with a tip diameter of 1-2 wm. The resistance of the
pipettes varied from 3 to 7 M{). During calibration of the dye, the membrane
was clamped in a whole cell configuration to various levels from —80 to 60
mV with a voltage step of 20 mV. A pair of images was taken at each
potential.

RESULTS
Lipid vesicles

We first studied the effect of divalent ions Magnesium (Mg)
and Barium (Ba) on the fluorescence intensity of di-4-
ANEPPS bound to the lipid vesicles. Calcium was not used
in this experiment since we found that it caused severe
aggregation of the lipid vesicles and therefore increased the
background scattered light intensity dramatically even before
the addition of di-4-ANEPPS. The reasons we chose di-4-
ANEPPS are that the voltage sensitivity of di-4-ANEPPS has
been well characterized (Montana et al., 1989) and that we
found the adsorption of this dye to the lipid vesicles could
quickly reach equilibrium and remain unchanged during our
measurements, which usually last 40 min. The calibrated
fluorescence excitation spectra of di-4-ANEPPS bound to
PC and PC:PS vesicles at different divalent ion (Ba, Mg)
concentration are pictured in Fig. 2. The lipid-bound dye has
an excitation maximum at 467 nm. Clearly, the effect of
increasing divalent cations is not simply a spectral shift, but
also an increase in emission intensity. This is partly because
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of an intramembrane potential-dependent shift in the emis-
sion spectrum (data not shown), which manifests itself as
a change in intensity at the 610-nm emission wavelength
used for the excitation scan. To remove the effect of the
change in emission intensity, the excitation spectra obtained
in the presence of various concentration of divalent were
normalized to the integrated intensity obtained without
divalent cations, determined from the area under each exci-
tation spectra. This way we found that the wavelengths with
the maximum positive and negative changes in the nor-
malized difference spectra were around 440 and 505 nm
(Fig. 2, B and D), which is consistent with our previous
finding that the maximum positive and negative shift in
excitation spectrum induced by changes in transmembrane
potential occurs at 440 and 505 nm (Montana et al., 1989).
Montana et al. (1989) also found that the ratio of di-4-

TABLE 1 Average intramembrane potential changes (AAV)
induced by various concentrations of divalent ions in lipid
vesicles formed from egg PC

AAV (mV)

c* M) ct M) c M) Ba (n = 6) Mg (n = 6)
0 0.14 0.14 0 0

0.0002 0.14 0.1404 09 + 24 0.01 = 24
0.002 0.14 0.144 14+ 27 2.1 +33
0.01 0.14 0.164 1313 49 *23
0.02 0.14 0.184 29 +33 6.5+ 25
0.05 0.14 0.244 49 * 0.6 9.8 + 0.1
0.15 0.14 0.444 7.6 + 0.6 13312
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FIGURE 3 The effects of Ba (open diamonds), Mg (open triangles) on
the surface potentials of PC vesicles. Each point represents the mean of the
surface potential measurements of six vesicle preparations. The curves are
the theoretical results for surface potential for the best-fit K3 values where K3
is the 1:1 association constant of the divalent cation with PC: K3 = 0.4 M~
for Ba; 1 M~! for Mg.

ANEPPS fluorescence excited at 440 and 505 nm has a linear
relationship to transmembrane potential with a slope of 9%/
100 mV. To measure the intramembrane potential change
induced by various concentrations of divalent ions, the ratio
of fluorescence excited by these two wavelengths was re-
corded for a series of vesicle suspensions in the presence of
varying concentrations of divalent cations, and the change in
intramembrane potential (AAV) is calculated by Eq. 6, with
the proportionality constant, A, equal to 9% per 100 mV.

Table 1 shows the effects of different divalent cations (Ba,
Mg) on AAV of vesicles formed from fresh egg yolk PC in
the presence of 0.14M NaCl. The observed potential change
for Ba and Mg can be well described by the Stern equation,
with intrinsic association constants, K3, of 1.0 and 0.4 M!
for Mg and Ba, respectively (Fig. 3).

TABLE 2 Average intramembrane potential changes (AAV)
induced by various concentrations of divalent ions in lipid
vesicles formed from mixtures of 70% egg PC and 30% brain PS

AAV (mV)

2t M) ct M) c M Ba (n = 5) Mg (n =7)
0 0.14 0.14 0 0

0.0002 0.14 0.1404 0.4 +22 40 *20
0.002 0.14 0.144 8.7 22 7.6 + 1.6
0.01 0.14 0.164 170 =23 204 * 22
0.02 0.14 0.184 226 *+ 23 270 £ 1.9
0.05 0.14 0.244 30.1 * 2.6 353 + 2.1
0.15 0.14 0.444 405 + 24 449 *+ 15
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FIGURE 4 The effects of Ba (open diamonds) and Mg (open triangles)
on the surface potentials of vesicles formed from mixtures of 70% egg PC
and 30% brain PS. Each point represents the mean of the surface potential
measurements from five to seven vesicle preparations. The curves are the
theoretical predictions of the Stern equation with K; = 0.6 M, the same
corresponding K3 values derived from Fig. 3, and optimized fits for K5, the
1:1 association constant of the divalent cation with PS: K, = 1.8 M~ for Ba;
1.9 M~ for Mg. As a reference, the dashed line is the theoretical prediction
for surface potential assuming K, = 0.

We also measured the AAV upon adsorption of divalent
ions to a membrane composed of 30% negative lipid PS and
70% zwitterionic lipid PC. The addition of divalent cations
Ba and Mg to the bathing solution causes a decrease in
intramembrane potential (Table 2). The experimental data
shown in Table 2 were analyzed in terms of the association
constant of Na* (K;) and divalent ions (K>) to PS according
to the Stern equation proposed by McLaughlin et al. (1981).
We assumed that Na* forms 1:1 complex with PS with the
intrinsic association constant, K;, of 0.6 M~! (Eisenberg
et al., 1979; McLaughlin et al., 1981), and all divalent
cations forms only 1:1 complexes with PS. When the con-
centration of divalent cations is 0, the Stern Equation is
solved by least-squares analysis and gives the initial surface
potential without the addition of divalent cations a value of
—45 mV. We used the same value of K5 that had been
derived from the adsorption of divalent ions to pure PC. Fig.
4 shows that the theoretical curves with the values of K; =
0.6 for Na, 1.9 for Mg, and 1.8 M~! for Ba, fit the ex-
perimental data very well. The theoretical curve assuming
no-divalent ion binding with the PS and PC (K| = 0.6; K, =
0; K5 = 0) is shown by a dashed line. All divalent cations
cause a larger effect on surface potential than calculated by
this theoretical ‘‘screening’’ curve. For an equimolar replace-
ment, the sequence of effectiveness of various divalent ions
for changing surface potential in both PC and PC:PS lipid
vesicles is Mg > Ba.

Biophysical Journal 84(4) 2768-2780
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FIGURE 5 Calibration of the membrane-stained dye di-8-ANEPPS in
NI1E-115 neuroblastoma cell. Cells were voltage-clamped at different
voltage levels and pairs of dual wavelength (440 nm and 530 nm) images
were taken at each holding potential. Each 440-nm/530-nm ratio was
normalized to the ratio observed when Vm was equal to 0 mV and expressed
as its relative change and plotted versus the holding potential. The
calibration line was derived from linear regression of the scattered data,
indicating @ + 13% change of fluorescence ratio per 100 mV with
a correlation coefficient R* of 0.9998.

N1E-115 Neuroblastoma cells

Using combined patch clamp recording and dual wave-
length imaging as described by Zhang et al. (1998), we were
able to measure the 440-nm/530-nm fluorescence ratios
along the plasma membrane of a single cell as a function of
the applied transmembrane potential (Fig. 5). The average
resting potential of these differentiated neuroblastoma cells
measured by current clamp is —41.6 = 1.7 mV (n = 10).
This value is comparable to the resting potential value Zhang
et al. (1998) measured in the same type of cells (—40.7 = 2.2
mV). To avoid variance from cell to cell, we normalized the
ratio observed at different transmembrane potential (V7)) to
the ratio observed when ¥V, is equal to 0 mV. Consistent
with Zhang’s result, Di-8-ANEPPS showed linear depen-
dence of fluorescence ratio on potential with a slope of
+13% per 100 mV. Because ratio imaging of di-8-ANEPPS
can only measure the changes in intramembrane potential, in
the following experiment, various concentrations of divalent
cations are added to the bathing medium that contains zero
divalent cations and changes in intramembrane potential are
calculated by Eq. 6, with the proportionality constant, A4,
equal to 13% per 100 mV.

Dual wavelength ratiometric imaging of di-8-ANEPPS in
the membrane of differentiating N1E-115 cells reveals that
a tenfold increase in the concentration of external divalent
cations from 0.2 mM induces a substantial decrease in the
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FIGURE 6 Kinetics of the change in intramembrane potential on
neuroblastoma cells induced by a tenfold increase in divalent cation
concentration in the external medium. At time = 0, 2 mM Ba (open
diamonds), Mg (open triangles), and Ca (open circles) are externally
applied to the bathing medium containing 0.2 mM of the corresponding
divalent cation. Each point represent the mean of the surface potential
measurements of six cells.

fluorescence ratio, which plateaus at ~50 s for Ca, 40 s for
Mg, and 30 s for Ba, respectively (Fig. 6). The changes in the
average steady-state intramembrane potential are —22.4 mV
for Ba, —21.1 mV for Mg, and —25.6 mV for Ca. Fig. 7
shows the time courses of the changes in fluorescence ratio in
a typical single cell after increasing extracellular Ca from O to
2 mM. As shown in Fig. 7, a decrease in the apparent cell
size occurred. There are two possible contributions to the
change in cell diameter in these images. First, an increased
extracellular osmolarity after adding 2 mM calcium chloride
to the bath solution from 294 mM to 300 mM may cause the
cell to shrink. Secondly, even a slight shrinkage of the cell
may cause its central plane to move out of focus and appear
smaller under the microscope. We therefore repeated these
experiments under nonkinetic conditions in which the
osmolarity was maintained with appropriate levels of sucrose
by exchanging the bathing medium. No cell shrinkage was
observed under these conditions, but the decrease in the
steady-state intramembrane potential induced by 2 mM Ca
was the same (—60.5 = 1.5 mV, n = 4) as the kinetic runs
where 2 mM Ca was added directly to the bath and cell
shrinkage was observed. (—57.4 = 6.4 mV, n = 10). Fur-
thermore, the decrease in intramembrane potential reached
maximum after 60 s and remained the same for the following
150 s, whereas the diameter of the cell decreased 3.49% by
60 s and continued to decrease by 2.91% for the following
150 s; the absence of synchrony between the two phenomena
therefore also suggest that cell shrinkage is not reflected in
the fluorescence ratio measurement. Finally, it should be
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FIGURE 7 Visualizing the effect of calcium
on intramembrane potential with di-8-ANEPPS
in N1E-115 neuroblastoma cells. (4) At time =
0, 2 mM Ca was externally applied to the
bathing medium (initially containing 0 mM Ca)
of a cell stained with di-8-ANEPPS. The 440-
nm/530-nm fluorescence ratios are displayed in
pseudocolor. (B) The time-dependent change
in surface potential does not parallel the change
in cell diameter. The changes in 440-nm/530-
nm ratio (black) and cell diameter (red) are both

1
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noted that because our image analysis uses wide-field de-
tection and the dual excitation wavelength ratio of total
integrated emission from the cell periphery, cell shape
changes and focal drift cannot confound the measurement.
We also noticed that the fluorescence ratio was not
uniformly distributed along the cell surface. For example, the
cell in Fig. 7 shows a higher than average fluorescence ratio
at the membrane arc centered at 3 o’clock. The non-
uniformity is not due to an uneven background, since all the
images are carefully corrected for background and flat-field
variations. The non-uniformity is persistent when the
transmembrane potential of the whole cell is clamped at
different levels (data not shown) and when the surface
charges are screened and neutralized overall after elevation
of extracellular calcium. Therefore, the non-uniformity is not

likely to be caused by unequal transmembrane potential or
unequal surface charge distribution. Instead, it is possibly
aresult of variations in dipole potential along the cell surface
as demonstrated in our earlier studies (Zhang et al., 1998;
Bedlack et al., 1994).

The average changes in intramembrane potential induced
by various divalent cations are shown in Table 3. As shown
in Fig. 8, it is found that when the concentration of the
divalent cations (in logarithmic scale) is between 0.2 and 20
mM, the observed changes in surface potentials almost fall
on a straight line. A tenfold increase of concentration of
divalent cations causes an average increase in surface po-
tential of 22.3 mV for Ba, 22.1 mV for Mg, and 23.5 mV for
Ca. This result agrees very well with the surface potential
changes we measured by increasing the concentration of
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TABLE 3 Average intramembrane potential changes (AAV) induced by various concentrations of divalent ions in the
surface region of N1E-115 neuroblastoma cells

AAV (mV)
[y ct ) c M) Ba Mg Ca
0 0.14 0.14 0 0 0
0.0002 0.14 0.1404 11.6 £ 3.0 (n=9) 225+ 20 (n=6) 350+ 34(m="17)
0.002 0.14 0.144 315+ 1.8 (n = 8) 432 + 64 (n=8) 574 + 6.4 (n = 10)
0.02 0.14 0.184 56.2 + 4.7 (n = 8) 66.8 + 6.8 (n = 8) 82.0 £ 26 (n=9)

divalent cations from 0.2 to 2 mM (Fig. 6). A least-squares
analysis was carried out to fit the measured potential changes
to the combination of Eqs. 3 and 5, and to find the values for
the association constants of the divalent cations, the asso-
ciation constant of Na and the net charge densities (Table 4).
The values for these parameters were used for the theoretical
curves in Fig. 8. The theoretical curve with the condition in
which the divalent ions do not bind the acidic group (i.e., K>
= 0) is illustrated in dashed line. The observed changes in
surface potential induced by increasing concentration of
divalent cations are much larger than predicted by the
“screening’’ curve, indicating the significance of binding.
The intrinsic dissociation constants of Ba, Mg, and Ca with
the acidic group in the surface of neuroblastoma cells are 1.7,
6.1,and 25.3 M, respectively. The density of acidic groups
at the outer surface of the neuroblastoma cells are estimated
as 8.7 X 10""e”/m?, which is equivalent to a surface charge
density of 1 e /115 A2,

¢ Ba
a0{ & M

Surface Potential (mV)

<100

0.1 1 10 100
Divalent Cation Concentration (mM)

FIGURE 8 The effect of Ba (open diamonds), Mg (open triangles), and
Ca (open circles) on the intramembrane potential of N1E-115 neuroblastoma
cells. Each point represents the mean of the surface potential measurements
of six to nine cells. The curves are the theoretical predictions of the Stern
equation using the values of all parameters in Table 4. For reference, the
dashed line is the theoretical prediction for surface potential with K, = 0.
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For an equimolar replacement, the sequence of effective-
ness of various divalent ions for changing surface potential in
neuroblastoma cells is also Ca > Mg > Ba.

DISCUSSION

This study shows that the dual-wavelength voltage-sensitive
dyes di-4-ANEPPS and di-8-ANEPPS can be used to
measure the effect of divalent cations on intramembrane
potential in both compositionally defined liposomes and in
cells. The measured changes in intramembrane potential in
both liposomes and cells can be described by the Gouy-
Chapman-Stern theory, consistent with a change in surface
potential at the external face of the membrane. In liposomes,
the association constants for Ba and Mg, derived from a least-
squares fitting of the measured data to Gouy-Chapman-Stern
theory, agree quite well with the association constants
derived from electrophoresis measurements. These results
support the idea that the change in intramembrane potential
induced by divalent cations is a result of asymmetric surface
potentials. This analysis permits estimation of the charge
density on the outer surface of cell membranes and
demonstrates that the dual wavelength ratio can be used to
monitor physiologically important changes in surface
potential in living cells.

It is important to emphasize that these zwitterionic styryl
dyes, fundamentally, measure the intramembrane electric
field at the location of the chromophores within the bilayer.
An implicit assumption in our analysis of the fluorescence
ratios is that the internal dielectric of the membrane is
uniform so that the difference in surface potential produces
a linear gradient in potential (Fig. 1). We have expressed the
changes in this electric field as a change in intramembrane
potential, AAV, which is defined as the equivalent trans-

TABLE 4 Characterization of ionizable groups at the outer
membrane surface of N1E-115 neuroblastoma cells, with the
average surface charge densities (onet) and intrinsic
association constants for different divalent cations

K, M™!

K (M) 2 M)
O net (ei/Az) l//0 (mV) Na Ba Mg Ca
—0.0087 -89 0.02 1.7 6.1 253
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membrane potential change that would produce the observed
change in dye ratio. The measured AAV induced by a change
in surface potential at the outer membrane-aqueous interface
represents, therefore, a change in the potential profile within
the membrane, rather than a direct assay of the outer surface
potential. Indeed, Gross et al. (1994) found that the
fluorescence ratio of di-8-ANEPPS was almost completely
insensitive to changes in surface potential, as long as such
changes were symmetrically applied to both the inner and
outer membrane surfaces. Our work shows that in PC/PS and
PC unilamellar lipid vesicles, di-4-ANEPPS displays spec-
tral shifts in response to induced changes in surface potential
at the outer membrane-aqueous interface similar to those
determined in response to transmembrane potential (Fig. 2),
supporting the idea that changes in surface potential shift the
spectral responses of di-4-ANEPPS by affecting AAV.

As a way to determine whether the measured AAV arises
from asymmetrical surface potential alone, which makes it
equal to the change in surface potential in the aqueous phase
at the interface, we compared the observed changes in
potential with predictions of an appropriate form of the
Gouy-Chapman-Stern (GCS) theory (Grahame, 1947;
McLaughlin et al., 1981). The GCS theory assumes the
charge is uniformly smeared over a perfect impenetrable
plane surface. The ions in the electrolyte solution interact
with the charged surface not only by electrostatic forces but
also bind to the charged groups on the surface where the
Langmuir adsorption isotherm is valid. Although the ap-
proximations underlying GCS theory are clearly not valid on
a molecular scale (i.e., the surface charge is composed of
stochastically distributed bound ionic groups that may be
penetrated to varying depths by both solvent and solute
molecules), it has been found to be able to describe the
surface potential of both artificial and biological membranes
very well (Cevc, 1990; McLaughlin et al., 1981; McLaugh-
lin, 1989). In our Stern equation (Egs. 3 and 4), we assume
divalent cations bind to zwitterionic lipid PC in a 1:1
manner, inasmuch as *'"P-NMR studies suggested that Ca>*
binds to PC headgroups with a stoichiometry of 1:1
(Petersheim et al., 1989). We also assume each divalent
cation binds to one PS molecule (McLaughlin et al., 1981),
although there is evidence that PS molecules can be involved
in 2:1 PS-Ca?" association (Lopez-Garcia et al., 1993).

The measured change in potential induced by divalent Mg
and Ba in both PC and PC:PS vesicles can be described quite
well by the GCS theory (Figs. 3 and 4). Our results with PC
vesicles suggest that the intrinsic association constants of Mg
and Ba with PC are 1.0 and 0.4 M ', respectively (Fig. 3).
These numbers agree quite well with values of 1 ~ 2 and 0.3
M~ deduced from the {-potential measurements (McLaugh-
lin et al., 1978; McLaughlin et al., 1981). Our results with
PC:PS vesicles suggest that the intrinsic association con-
stants of Mg and Ba with PS are 1.9 and 1.8 ML re-
spectively (Fig. 4). McLaughlin et al. (1981) refitted the data
derived from measurement of the cation-induced change in
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intramembrane potential in PS (Ohki and Sauve, 1978) or
within a PS bilayer using conductance probes (McLaughlin
et al., 1971) to GCS theory, by assuming that ), the dipole
potential does not change on addition of divalent cations; b),
Na binds to PS with an association constant of 0.6 M ™"
(Eisenberg et al., 1979); and c), divalent cation forms a 1:1
complex with a PS molecule. They found those data can be
fitted very well to the curves calculated from the Stern
equation with the association constant of Mg with PS K, =3
M. This value agrees very well with our result (1.9 M~ 1).
They did not calculate the association constants for Ba from
the data obtained by McLaughlin et al. (1971), which
showed that the relative effectiveness of divalent cations to
change surface potential in PS bilayers is Ca > Mg > Ba.
Therefore, the intrinsic association constant calculated for Ba
from the data obtained by McLaughlin et al. (1971) should
be less than 3 Mfl, again consistent with our finding (1.8
Mfl). The association constants for Mg, 8 Mfl, and Ba, 20
M, derived from {-potential measurement (McLaughlin
et al., 1981), are both somewhat higher than the values, 1.9
M~ !and 1.8 M}, respectively, derived from the fluores-
cence ratio method described here.

There remains a concern as to whether binding of divalent
cations to the membrane can change dipole potential, since it
has been reported that divalent cations could cause reorien-
tation (Scherer and Seelig, 1989; Bechinger and Seelig,
1991) and dehydration of the phospholipid headgroup
(Hauser and Shipley, 1985; DIuhy et al., 1983). It is believed
that divalent cations generally can change only the mem-
brane surface potential and have no measurable effect on
dipole potential (Matsumura and Furusawa, 1998), except
for very large (like hexamethonium; see Alvarez et al.,
1983), or small (like Be?"; see Ermakov et al., 2001) ions. In
particular, Ca®" has been found not to change dipole po-
tential in lipid bilayers composed of phosphatidylserine
(PS; see also Alvarez et al., 1983), phosphatidylcholine (PC;
see also McLaughlin et al., 1978), and phosphatidylethanol-
amine (PE; see also Matsumura and Furusawa, 1989).
Magnesium (Mg) has no effect on dipole potential in PS
bilayers (Ermakov et al., 2001). It appears that Barium (Ba)
also has no significant effect on dipole potential in PS
bilayers, since the effect of Ba on intramembrane potential in
PS bilayer measured with conductance probe agrees very
well with the Gouy-Chapman surface potential theory
(McLaughlin et al., 1971). However, Clarke and Liipfert
(1999), using d-8-ANEPPS, found that applying high
concentrations (0.5 M) of Ba and Mg symmetrically to both
the inner and outer membrane surfaces of PC vesicles could
cause decreases in dipole potential from a value of 320 to
300 and 294 mV, respectively. Indeed, the styryl dyes are
quite sensitive to dipole potential (Gross et al., 1994; Clarke,
1997, 2001; Clarke and Kane, 1997). Therefore, there is a
possibility that the measured AAV in our experiments could
have a contribution from a change in the dipole potential
induced by the cations. Arguing against this, however, we
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find that the measured AAV induced by the lower levels of
Ba and Mg used in our study can be accommodated very
well by the GCS theory with almost the same association
constants as those derived from {-potential measurements.

We also measured the divalent cation-induced intra-
membrane potential change in NIE-115 neuroblastoma
cells. Changes in intramembrane potential induced by asy-
mmetric surface potentials in neurons are often determined
from a shift of the current-voltage relationship of ion chan-
nels present on the cell surface. Hille et al. (1975) measured
voltage shifts in sodium activation in frog myelinated nerve
fibers. They found that a tenfold increase in external divalent
cation concentration led to a shift of +20 to +25 mV. In
squid giant axon, Frankenhaeuser and Hodgkin (1957) found
a tenfold change in external Ca concentration produced shifts
in sodium conductance of 21.4 mV. Zhou and Jones (1995)
measured the activation curve of calcium channel in frog
sympathetic neurons and found a tenfold increase of external
Ba produces a shift of about +20 mV. These values agree
quite well with our observations, which show that a tenfold
increase of concentration of divalent cations causes an
average increase in surface potential of 22.3 mV for Ba, 22.1
mV for Mg, and 23.5 mV for Ca, respectively (Fig. 8). Our
result provides evidence that the shift of the voltage de-
pendence of these ion channels is due to the overall decrease
(in absolute value) in the intramembrane potential.

Traditional methods for the study of surface potential are
usually single-point measurements and would be difficult to
adapt to kinetic studies of cell physiology. Our method
allowed us to follow the kinetics of AAV induced by a tenfold
increase in divalent cation concentration. We found that the
reaction reaches steady state at 50 s for Ca, 40 s for Mg, and
30s for Ba, respectively (Fig. 6). Because of the slow time
course, we conclude that the adsorption of divalent cations to
biological membranes is not simply limited by diffusion, but
must involve complex interactions between the divalent
cations and the membrane components. The steady-state
bimolecular rate constant for this reaction estimated from our
observation is ~0.3 M~ ' s~ for Ca, 0.1 M~ 's™! for Mg, and
0.2 M~ ' s These slow rates could suggest that significant
lipid bilayer reorganization accompanies binding of the
divalent cations.

The divalent cation-induced change in intramembrane
potential in N1E-115 cells can be fitted to an appropriate
form of GCS theory (Egs. 3 and 5). The obtained association
constant of divalent cations with the negatively charged
group is 25.3 M~ for Ca, 6.1 M~' for Mg, and 1.7 M~" for
Ba; the obtained surface charge density is 1 e /115 A2
These values agree well with the values derived from mea-
surement of the shift in calcium channel activation, assuming
divalent cation bind to membrane (1 ¢ /200 Az, assuming
the association constant is 13.5 M~ for Ca, 5.5 M~ ! for Mg
and Ba, see Ganitkevich et al., 1988; 1 ¢ /185 Az, assuming
the association constant for Ba is 2.3 M ™!, see Smith et al.,
1993). The agreement between the AAV estimated by the
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dyes and the theoretical surface potential in cell membranes
is consistent with the idea that the divalent cation-induced
AAYV arises from asymmetric surface potentials. However, as
pointed out by Hille (2001), ““if one is free to postulate
a variety of charge distributions with arbitrary ion binding
and pKa values, a good fit to a specific model is no proof of
its correctness.”’ As opposed to the well-defined liposomes,
where we know the surface charge density, a possible change
in dipole potential associated with divalent cation binding to
the cell surface cannot be excluded.

In conclusion, we have described ratiometric imaging
techniques for measuring divalent cation-induced intra-
membrane potential, presumably arising from asymmetric
surface potentials. This method opens the exploration of
surface potential changes induced by biochemical signaling
events, such as phosphorylation, dephosphorylation, or lipid
metabolism. One can imagine there would be circumstances
under which asymmetric surface potentials might modulate
the function of not only ion channels, but also other mem-
brane signaling events. Using dual wavelength voltage-sen-
sitive dyes, we can monitor the intramembrane potential
changes associated with modulation of surface potentials at
either the external or cytosolic interfaces under various
physiological conditions in real time.
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