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The development of a high performance protein probe for the measurement of membrane potential will allow
elucidation of spatiotemporal regulation of electrical signals within a network of excitable cells. Engineering
such a probe requires a functional screen of many candidates. Although the glass-microelectrode technique gen-
erally provides an accurate measure of a given test probe, throughputs are limited. In this study, we focused on an
approach that uses the membrane potential changes induced by an external electric field in a geometrically sim-
ple mammalian cell. For quantitative evaluation of membrane voltage probes that rely on the structural transition
of the S1-54 voltage sensor domain and hence have non-linear voltage dependencies, it was crucial to introduce
exogenous inwardly rectifying potassium conductance to reduce cell-to-cell variability in resting membrane po-
tentials. Importantly, the addition of the exogenous conductance drastically altered the profile of the field-
induced potential. Following a site-directed random mutagenesis and the rapid screen, we identified a mutant
of a voltage probe Mermaid, exhibiting positively shifted voltage sensitivity. Due to its simplicity, the current ap-
proach will be applicable under a microfluidic configuration to carry out an efficient screen. Additionally, we
demonstrate another interesting aspect of the field-induced optical signals, ability to visualize electrical couplings
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between cells.
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1. Introduction

Elucidating spatiotemporal flows of electrical signals within a net-
work of excitable cells is arguably one of the most significant challenges
in modern physiology. While the conventional glass-microelectrode
technique permits sensitive and reliable measurements of electrical ac-
tivities in a single cell or a few cells, it is difficult to address these activ-
ities spatiotemporally. Spatially resolved measurements with excellent
time resolutions have been achieved with voltage-sensitive organic
dyes [1-3]. However, when applied to a complex network of heteroge-
neous cells, it is normally difficult to discriminate the activities in specif-
ic type of cells. The use of a protein-based optical probe, which can be
genetically encoded under the control of cell-type specific promoters,
may enable such discrimination in measurements. Since the first report
of a genetically-encoded voltage probe [4], a number of protein-based
voltage probes have been engineered [5-19]. Especially, the probes
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based on a voltage-sensing phosphatase (e.g. VSFP2.1 [5], Mermaid
[6], ElectricPk [14], ArcLight [16], VSFP-Butterfly [17]) or a microbial
rhodopsin (e.g. Arch [12]) exhibit improved capabilities in reporting
electrical activities than the earlier channel based probes. Thus far, indi-
vidual action potentials of single neurons in vitro, voltage dynamics of a
beating heart in zebrafish, spontaneous as well as sensory-evoked corti-
cal activities in living mice, and activities at neurite branches in fly brain
have been successfully detected [5-19]. In spite of the recent progresses,
however, the existing protein-based voltage probes do not yet reveal
the sufficiently precise spatiotemporal regulation of electrical activities
in a complex excitable system. Evidently, development of a better
performing probe is still essential.

In engineering a protein-based voltage probe, totally rational design
has been impractical. Even a small modification, which appears minor,
could lead to unexpected improvements. A representative example is
found in the recent report of an engineered voltage probe, ArcLight
[16]. In their report, a point mutation on the surface of a fluorescence re-
porter coupled to a voltage-sensor domain remarkably enhanced the re-
sponsiveness by an unknown mechanism. Thus, functional screening of
many candidates is crucial for the development of a better performing
probe. While simultaneous single cell photometry and voltage-clamp
recordings provide accurate measurements, throughputs in hand-
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operated patch-clamp recordings are limited. Automated electrophysi-
ology might increase efficiency. However, the technique is still not
very feasible because of its high cost and lack of flexibility in freely cus-
tomizing to experimental configurations.

One approach could be a use of the membrane potential changes in-
duced by an external electric field (AW¥). AV has been also termed as
“induced transmembrane voltage”. Theoretical and experimental stud-
ies have quantitatively addressed the spatial distributions and temporal
development of AW. The key result from these studies is that AW can be
calculated for simple cell geometries under some assumptions, and the
solution is basically consistent with the experimental observations
[20-29]. AW has been actually used to observe response from a
rhodopsin-based voltage probe [11].

However, as we show in this report, this approach is not directly
applicable to evaluations of voltage probes that rely on the structural
transition of the S1-S4 voltage sensor domain, for example, from a
voltage sensing phosphatase [30], because such probes generally ex-
hibit non-linear responses to transmembrane voltage which is the
sum of AW and the resting membrane potential. The uncertainty in
resting potentials brought unavoidable ambiguity to the probe re-
sponses. In contrast, organic dyes and rhodopsin-based probes nor-
mally exhibit linear optical responses to physiologically relevant
voltage changes, which do not bring such uncertainties. In this re-
port, to overcome this issue, we stabilized resting membrane poten-
tial levels by stably introducing exogenous potassium conductance.
We then show that AW is drastically altered by the added conduc-
tance. The knowledge on AV allowed us to evaluate the performance
of a non-linear voltage probe under a conventional epi-fluorescence
microscope without using the currently prevalent microelectrode
techniques. Finally, we also reveal another interesting aspect of the
field induced optical responses, which enable visualization of electri-
cal couplings between cells.

2. Materials and methods
2.1. Cell preparations

N2a cells (a mouse neuroblastoma cell line) and HEK293 cells were
maintained in Dulbecco's Modified Eagle Medium supplemented with
10% fetal bovine serum in a standard incubator (5% CO,, 37 °C). Trans-
fection was performed using Lipofectamine 2000 reagent (Invitrogen,
Carlsbad, CA) according to the manufacturer's protocol. Recordings
were made ~24 h post-transfection. Single N2a cells were prepared as
follows. Three to five hours before recording, the medium was replaced
by phosphate-buffered saline with 1 mM EDTA and nominally without
calcium ion, and cells were collected by gentle mechanical dissociation.
N2a cells were re-suspended in the culture medium and re-plated on a
35-mm glass-bottomed dish to isolate single cells. HEK293 cells were
used for visualization of electrical couplings. Di-4-ANEPPS was loaded
immediately before measurement by incubating non-transfected cells
with 1 mL of loading solution that contained 5 uM Di-4-ANEPPS in
Hank's Balanced Salt Solution (HBSS) for 7 to 10 min at room tempera-
ture. Cells were then washed 3 times with 1.8 mL of HBSS containing 15
mM HEPES (pH 7.4).

2.2. Optical imaging

Recordings were made using an inverted microscope (IX71; Olym-
pus, Tokyo, Japan) equipped with a 40 x objective (N.A. 1.3), a stable
75-W xenon lamp (UXL-S75XB; USHIO, Tokyo, Japan), and a C-MOS
camera (Orca-Flash2.8; Hamamatsu Photonics, Hamamatsu, Japan).
The camera was operated using HC-image software (Hamamatsu Pho-
tonics, Hamamatsu, Japan). In the experiment shown in Fig. 1S, another
C-MOS camera (Neo, Andor Technology, Belfast, UK) which was kindly
lent by a local distributor was used. A hand-made electrode unit
consisting of a pair of parallel platinum wires (¢ = 0.3 mm) with a

7.0-mm gap was immersed into the glass-bottomed dish containing sin-
gle cells. A square voltage pulse was applied by using a high-speed bipo-
lar amplifier (BA4825; NF Corporation, Yokohama, Japan). To evaluate
steady-state optical responses of protein sensors which can have slow
activation Kinetics at low voltage, we used a pulse of relatively long du-
ration (600 ms), unless otherwise noted. The field strength was set at 5-
6 V/mm. When higher strength was used, we sometimes recognized
detrimental effects to the cells. The acquisition of images during the
pulse was initiated at 400 ms after its onset. The camera exposure
time was 40 ms/frame. To acquire fluorescence enough to quantify
the spatial distributions of the optical responses, four consecutive im-
ages of the cells were acquired before and during the pulse, which
were then time-averaged. After subtraction of dark signals, a region
confined by 2 concentric circles was manually fit to the image of the
membrane, which was then divided into 24 regions of interest (ROIs).
Signals were integrated over the ROIs to measure fluorescence intensity
(F) as a function of polar angle. A change in the fluorescence intensity by
the pulse (AF) was normalized to the initial intensity (F) to calculate the
fractional fluorescence change (AF/F [%]). In the experiment described
in Fig. 1S, pulse duration and camera exposure time were 100 ms and
5 ms/frame, respectively. The image analyses were carried out using a
homebuilt program that operates in IDL (Research Systems). The excita-
tion filter, dichroic mirror, and emission filters used were ex535/50,
dm565, and em610/75 for Di-4-ANEPPS; ex450/20, dm465, and
em>507/65 for mUKG; ex450/20, dm465, and em595/64 for mKOk; and
ex438/24, dm458, em483/32 for CFP, respectively.

2.3. Electrophysiology and molecular biology

Whole-cell patch clamp recordings were performed using an
Axopatch 200B patch clamp amplifier (Axon Instruments). The pipette
solution contained (in mM): NaCl 5, KCl 10, HEPES 10, KOH 130, MgATP
2.5, Na,GTP 0.3, and EGTA 1 (pH adjusted to 7.3 with methanesulfonic
acid). The bath solution was HBSS containing 15 mM HEPES (pH 7.4).
The pipette resistance ranged between 4 and 6 MQ. Simultaneous pho-
tometry was performed as described previously [6]. Plasmids were con-
structed using conventional molecular biology techniques. Site-directed
random mutagenesis was performed as described previously [31].

24. Generation of a stable N2a-kir cell line

DNA encoding the mouse Kir2.1 channel was subcloned into pEF6
vector (Invitrogen). After transfecting N2a cells with the plasmid, stable
transformants were screened by culturing cells in the presence of
Blasticidin (10 pg/mL) for 2 weeks. Several single colonies of cells
were then passaged, from which a clonal line showing normal growth
was selected and used in subsequent measurements (N2a-kir cells).

3. Results
3.1. Characterization of A¥ in a normal N2a cell

We used undifferentiated N2a cells as a cell platform because almost
spherical cells can be easily prepared as shown below. While AW has
been experimentally characterized in various types of cells, AW in an
N2a cell has not been reported (to our knowledge). Also, strictly, actual
AW is dependent on the specific experimental conditions. We therefore
started with a system calibration experiment of AW in an N2a cell under
our experimental setup using an organic voltage-sensitive dye, Di-4-
ANEPPS [32]. Similar calibration experiments in a CHO cell have been vi-
sually described previously [33].

It is generally known that AW reaches steady-state rapidly (~ micro-
seconds), and is linearly related to the field strength unless exceeding
the limit that stimulates electroporation or membrane breakdown
[22-29]. We first confirmed such basic properties in a single N2a cells
(Fig. S1). To establish a quantitative measurement, we then focused
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on spherical cells. In a spherical cell, when the membrane conductivity
is sufficiently low compared to the aqueous phase, AV in the middle
of the cell in a steady state can be analytically described as:

AW = 1.5ER Cosf (1)

where, E, R, and 0 are the external electric field, radius of the cell, and the
polar angle from the center of the cell with respect to the field direction,
respectively [20,21] (Fig. 1A). Eq. (1) has been often referred to as
Schwan's equation. An isolated cell with a nearly spherical shape that
was still sufficiently attached to the glass substrate could be easily pre-
pared by re-plating cells which have been gently dissociated from con-
fluent culture onto a glass-substrate (Fig. 1B). Such a cell was again
loaded with Di-4-ANEPPS and subjected to a pulse of electric field.
Resulting spatial distributions of the fractional changes in fluorescence
(AF/F) were analyzed. Both the depolarizing (loss of fluorescence) and
hyperpolarizing (gain of fluorescence) responses were observed at
both the cathodic and the anodic sides of the membrane (Fig. 1C). We
analyzed the angle dependency of AF/F and confirmed a linear correla-
tion between AF/F and Cosf (Fig. 1D, E), reflecting the validity of Eq. (1)
in our experimental setting. We calibrated optical signals from Di-4-
ANEPPS by means of voltage-clamp recordings in order to relate AF/F
to the actual membrane potential change (Fig. 1F). Fig. 1G shows a
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plot of the calibrated AW as a function of ERCos6. The coefficient (i.e.,
slope) determined from our experiments was ~1.07 and was lower
than the value of 1.5 expected from Eq. (1). Lower values of coefficients
have been similarly reported in other types of cells [24,26,27], which
most likely reflect realistic aspects of actual biological cells including
non-zero membrane conductivity.

3.2. Variations in the optical responses from a non-linear, protein-based
voltage probe

As described above, we observed that the spatial distribution of AW
under our experimental conditions approximately follows a modified
form of Eq. (1):

AY¥ = «ER Cosb (2)

a=1.07 3)

where ais the experimentally determined coefficient (Fig. 1G). We per-
formed a pilot evaluation of a voltage probe, Mermaid [6], using this
equation. Upon depolarization, Mermaid exhibits a gain of Forster reso-
nance energy transfer (FRET) between a pair of fluorescent proteins:
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Fig. 1. Field-induced membrane potential in a spherical N2a cell. A. A scheme showing the electrodes, cell, and parameters (E, R, 6) used in the present study. The illustration is not to scale.
The gap between the electrodes is 7 mm. B. A roughly spherical cell was analyzed. The grids in yellow shows 24 regions of interest used to analyze the angle dependency of the optical
responses. C. A pseudo-colored optical response in an N2a cell loaded with Di-4-ANEPPS, with a field strength of 5 V/mm and a threshold set at 4%. Regions exhibiting negative
(depolarizing; AF/F < —4%) and positive (hyperpolarizing; AF/F > 4%) responses were highlighted in green and red, respectively. D. A representative plot of —AF/F as a function of 6
(open circles). The red line indicates a curve for ERCosd [mV]. E. A plot showing —AF/F versus ERCos6 in 4 different cells. Data from each cell were plotted in the same color (cross shapes).
The solid line indicates a linear fit (—AF/F [%] = 0.111 ERCos6 [mV]). F. Calibration of AF/F with voltage-clamp recordings. Data show the mean 4 standard deviations (S.D.) in 5 different
cells (open circles). The solid line indicates a linear fit (—AF/F [%] = 0.105 AVoltage [mV]). The holding potential was —60 mV. G. A plot of induced voltage versus ERCos. Data in E are
plotted using the calibration data in F. The black and red lines indicate a linear fit (AW [mV] = 1.067 ERCos6 [mV]) and Schwan's equation (slope = 1.5), respectively. Bars = 10 um (B, C).
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mUKG and mKOk (Fig. 2A). Spherical cells expressing Mermaid were
subjected to an electric field as in the section before. As expected from
the nature of FRET, the donor and acceptor signals are reciprocal
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Fig. 2. Field-induced optical response of Mermaid in N2a cells. A. Schematic illustration of a
voltage probe, Mermaid, consisting of a S1-S4 voltage sensor domain and a FRET reporter
[6]. B-D. Three representative field-induced optical responses of Mermaid in normal N2a
cells. Pseudo-colored images of the responses are shown on the left. The field strength is
5 V/mm. Regions showing a decrease or increase in fluorescence are highlighted in green
and red, respectively (threshold = 4-4%). The plots on the right show —AF/F as a function
of 6 (open circles). The red lines indicate the induced membrane potential change estimated
using Eqgs. (2) and (3). Bars = 10 um. E. Optical responses (—AF/F) as a function of estimated
induced membrane potential change (i.e., ®ERCosf; o« = 1.07) in 5 different cells. Data are
indicated by cross shapes. Solid lines indicate Boltzmann fits. Vmid was 12.5 4+ 16.9 mV (av-
erage + S.D.).

(Fig. S2). The donor (i.e. mUKG) signals were then subject to quantita-
tive analysis. We found large significant variations in the profiles of
the optical responses depending on the individual cell. In some cells,
both the depolarizing (negative AF/F) and the hyperpolarizing (positive
AF/F) responses were observed on both sides of the membrane, as with
Di-4-ANEPPS (Fig. 2B), but other cells showed noticeable responses only
on one side of the membrane (Fig. 2C, D). Fig. 2E shows a plot of the ob-
served AF/F versus AW calculated using Egs. (2) and (3) in 5 different
cells, showing large variations in responses. Considering that Mermaid
exhibits non-linear, sigmoidal responses to actual membrane potential
which is the sum of AW and resting membrane potential (Ees), we rea-
soned that the observed diversity in the optical response reflects the
variation in E,es. This is not the case with Di-4-ANEPPS, because the
dye exhibits a linear response over a wide range of membrane voltage
values; hence, AF/F does not depend on E,.s. We measured resting po-
tentials in our preparations of N2a cells using the whole-cell patch-
clamp recordings and in fact confirmed significant variations in E, e
(—25.4 £ 10.2 mV, n = 16 cells). Although a qualitative evaluation of
a given probe may be possible using a plot such as the one shown in
Fig. 2E, we sought to establish a more quantitative evaluation.

3.3. AV in an N2a cell stably expressing Kir2.1 channel

In an attempt to reduce variations in E.s;, we generated a stable line
of N2a cells expressing the inwardly-rectifying potassium channel Kir2.1,
which plays a role in the maintenance of hyperpolarized resting mem-
brane potentials in various types of cells [34,35]. The established cell
line (N2a-kir cells) revealed hyperpolarized E,s that was significantly
reduced in variation (—88.8 4 3.3 mV, n = 10 cells; Fig. S3). To investi-
gate the profile of AW induced in an N2a-kir cell, we characterized AW
using Di-4-ANEPPS. Remarkably, in contrast to normal cells (i.e., cells
not expressing Kir2.1) that exhibited both depolarizing and hyperpolar-
izing responses at the membrane on both sides of the electrode (Fig. 1C),
N2a-kir cells exhibited a totally distinct AW profile: depolarizing re-
sponses were observed at all angles except for the most anodic end
(Fig. 3A). The observation is reasonable if we consider a simplified situa-
tion as follows. Assumed that Kir2.1 channel provides a diode-like asym-
metrical conductance exhibiting negligible resistance to the current
influx but a high resistance to the efflux, the hyperpolarizing response
that occurred most extensively at the anodic end in normal cells (i.e.,
without Kir2.1 channels) is balanced out via local influx in N2a-kir
cells. As a result, depolarizing responses develop in the other regions
where there is no significant counteracting efflux upon depolarization
because of the asymmetrical nature of Kir2.1 conductance. The intracel-
lular potential will still be uniform, as in normal cells without Kir2.1, be-
cause the net current passing through a cell is negligible in the steady
state. This also ensures that the potential outside a Kir2.1 cell is not sig-
nificantly distorted from that around a normal cell. Alternatively, an
N2a-kir cell under an external electric field can be simplified as being
analogous to a cell in which the membrane at the anodic end is locally
porated. Notably, Hibino et al. [25] have theoretically investigated AW
in such a situation, which revealed a AW profile that is very similar to
the observation. Considering their study [25], when membrane conduc-
tivity and thickness are again sufficiently low except for the anodic end,
AW in such a situation is approximated by 1.5 ER(Cosf + 1).

We analyzed experimental data of Di-4-ANEPPS signals as a function
of the angle 0, and found relatively good proportionality of AV to
ER(Cosf + 1) (Fig. 3B, C). We employed a linear fit. The coefficient
(i.e., slope) determined from the data is ~1.02. From these results, we
empirically found that AW in our N2a-kir cell is approximately given by:

AW = BER(Cosf + 1) (4)

B~1.02 (5)
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Fig. 3. Field-induced membrane potential in an N2a-kir cell probed with Di-4-ANEPPS. A. Pseudo-colored optical response in an N2a-kir cell loaded with Di-4-ANEPPS (bottom left). The
response of a normal N2a cell is shown as a reference (the data used is the same as in Fig. 1C; top left). The threshold is set at 4 2%, and the field strength is 5 V/mm. Regions exhibiting
negative (depolarizing) and positive (hyperpolarizing) responses are highlighted in green and red, respectively. Bars = 10 pum. The predicted profile of the potential around a cell with a
non-conductive membrane (top right) and that around a cell in which the membrane at the anodic end is locally porated (bottom right) are graphically shown. These profiles were gen-
erated in accordance with a previous theoretical study (Hibino et al. [25]). B. A representative plot of optical responses (—AF/F) in an N2a-kir cell as a function of 6 (open circles). The solid
and dashed red lines indicate the curves for ER(1 + Cos8) and ERCos#, respectively. C. Induced membrane potential changes as a function of ER(1 + Cos6) for 9 different cells. The solid line

indicates a linear fit (slope = 1.02).

where 3is a compensation factor for N2a-kir cells under our experimen-
tal conditions.

3.4. Evaluation using an N2a-kir cell

As just described, an N2a-kir cell provides a platform in which Ejes¢
and AV are both defined. Then we retried the measurement of Mermaid.
In an N2a-kir cell, Mermaid as well exhibited entirely depolarizing re-
sponses except for the region at the anodic end (Fig. 4A). Fig. 4B shows
a representative plot of optical responses (AF/F) as a function of 6. Be-
cause of the nonlinear voltage-dependency of Mermaid, the angle depen-
dency of AF/F deviated from the curve of Cos6 + 1 (Fig. 4B). Fig. 4C shows
the plots of Mermaid responses versus E..s + AW for 6 different cells,
where E.s; Was set at an average value (—89 mV) and Egs. (4) and (5)
were used to determine AW. As observed, responses from Mermaid
were more consistent in N2a-kir cells than in normal cells (Figs. 2C, 4C).
The response of each cell was fit with a Boltzmann function. The averaged
Vinia Was —46.3 mV + 4.9 mV (average + S.D.; n = 6 cells), which was
in good agreement with the values obtained electrophysiologically

(—42.8 £ 4.1 mV; n = 6) (Fig. 4C). The evaluation also gave maximum
fluorescence decreases (—AF/Fax; 14.6 + 1.4%; n = 6) comparable to
those obtained with electrophysiological recordings (16.3 + 2.3%; n =
6). Moreover, we performed evaluation of another voltage probe Mer-
maid2 [18] (Fig. S4), which likewise confirmed that a non-linear,
protein-based probe can be quantitatively evaluated by analyzing the re-
sponse to a single electric field pulse in an N2a-kir cell.

3.5. A rapid screen of Mermaid-D129X mutants

Finally, aiming to examine the validity of the present approach as a
way to screen protein probes, we evaluated several mutant probes gen-
erated by site-directed random substitutions. We focused on residue
D129 of Mermaid, which is located in S1 and is homologous to Kv1.2
Glu183, the putative salt bridge partner of R3 in the open state of the
protein [36] (Fig. 5A). Although we previously found that the D129R
mutation eliminates responses to voltage change in a physiologically
relevant range [9], the effects of other mutations have not been ad-
dressed. Following the site-directed random mutagenesis of D129, we
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obtained 6 different mutants: Mermaid_D129H, L, E, R, Q, and W. These
mutants were then evaluated using our current approach. We first eval-
uated D129R and found null optical responses for all angles (Fig. 5),
which confirmed the previous electrophysiological result [9]. D129H,
L, Q, and W mutants similarly exhibited null responses (Fig. S5), thus
demonstrating the functional significance of the residue. Of the 6 mu-
tants, only D129E showed clear optical responses. In contrast to Mer-
maid (Fig. 4A), D129E exhibited optical responses only at the cathodic
side of the membrane (Fig. 5E, F). Such a profile indicates a positive
shift in the voltage dependence of the probe, as is clearly shown in the
plot of AF as a function of E;esy + AW. The Vg value in Mermaid-
D129E was 19 mV & 11 mV (average £ S.D.,n = 6 cells), which agreed
well with data obtained with patch-clamp recording (Vg = ~22.5 mV;
Fig. 5G). In this way, the current approach enables rapid characteriza-
tions of mutant probes using a single electric field pulse.

4. Discussion

While the basal potassium permeability largely contributes to the
resting membrane potential, it is difficult to rapidly control membrane
potential over a physiologically relevant voltage range only by changing
the external potassium concentration. Simultaneous photometry and
patch-clamp recording is currently the prevalent method that provides
an accurate measure of a given probe. But, the throughputs are limited.
Aiming to fill the gap, we developed a simple approach using the spatial
distribution of field-induced membrane potential change (AV). We
showed that the performance of a given probe can be quantitatively
evaluated with a single pulse of electric field. Although the evaluations
may be less accurate than those by genuine voltage-clamp recordings,
the procedure does not require skillful manipulations of microelec-
trodes and thus potentially has higher throughputs. As a proof of

principle experiment, we evaluated 6 different mutants of Mermaid
and found that Mermaid-D129E has a positively shifted voltage sensi-
tivity (Vmia = ~20 mV). Such a probe may be used for analyses of elec-
trical activities that occur dynamically in a positive voltage range, for
example, the voltage dynamics in activated neutrophils [37]. Image
analysis is the major part of the current approach. While we performed
it almost manually in this study, we believe that most of the steps in-
cluding cell identifications can be done automatically. Considering this
point as well as the simplicity of the procedures, the current approach
can be potentially incorporated into a microfluidic device to build an ef-
ficient screening system [38]. In addition, considering that AWV is
thought to reach a steady state in the order of microseconds [21,28],
not only the steady state response but also the kinetic aspects of test
probes may be evaluated using a fast camera. This, however, will require
substantial averaging of many trials. Such efforts are in progress.

We introduced Kir2.1 channel to reduce variations in E,es; of N2a
cells. This had a remarkable effect on AW (Fig. 3). Generally, profiles of
ion channels determine many important cellular properties such as
the cytoplasmic ionic environments, resting membrane potentials and
membrane excitabilities. The present result clearly demonstrated that
electrical response to an external electric field is also a function of ion
channel profile. Given that the endogenous electric field appears to
have a variety of physiological functions [39,40], it is conceivable that
ion channels may play an important role in tuning physiological re-
sponses to such endogenous fields.

Finally, in the course of the present study, we noticed another inter-
esting point: the ability to reveal a pattern of electrical couplings be-
tween cells by the field-induced optical responses. Using an organic
voltage-sensitive dye is more straightforward for this purpose because
of the linearity of its response. An isolated cell normally exhibits both
depolarizing and hyperpolarizing responses upon application of an
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Fig. 5. Effect of D129R and D129E mutations in Mermaid. A. Amino-acid sequence (single-letter code) alignment of Ci-VSP, Shaker, and Kv1.2 for S1 and S4. The dotted line indicates the salt
bridge interaction between E183 and the third Arginine residue in the S4 segment (R3) as predicted in the crystal structure by Long et al. [36]. B. E. Images show optical response in D129R
(B) and D129E (E) mutants. The threshold is 4- 2%, and the field strength is 6 V/mm. Bars = 10 pm. C, F. A representative plot of optical response (—AF/F) in D129R (C) and D129E (F) as a
function of 6 (open circles). The solid lines indicate the curves for ER(1 + Cos6). D, G. Optical response (—AF/F) as a function of Eese + AW in D129R (D; n = 9 cells) and D129E (G; n =6
cells) mutants. The solid line indicates Boltzmann fits. The responses measured with patch-clamp recordings were superimposed in black lines. The gray lines indicate responses in Mer-

maid as a reference (data from Fig. 4C).

external electric field at the membrane on both the cathodic and anodic on the side of the cathode showed an entirely hyperpolarizing response,
sides, as shown (Fig. 1C). In contrast, we sometimes observed that suggesting that the two cells were electrically coupled and behaved like
whole cells exhibited the depolarizing response while an adjacent cell a single cell. We show a typical example in HEK293 cells (Fig. 6A).

+ Palmitoleic Acid

Fig. 6. Visualization of an electrical coupling. A, B. Normal HEK293 cells loaded with Di-4-ANEPPS and subjected to a pulse of electric field strength of 4.3 V/mm. The image shows the
pseudo-colored optical responses of 2 neighboring cells before (A) and after (B) treatment with the gap junction uncoupler, palmitoleic acid (100 uM). The threshold is 2%. Regions
exhibiting negative (depolarizing) and positive (hyperpolarizing) responses are highlighted in green and red, respectively. Bars = 10 pm.
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Treatment with palmitoleic acid, a gap junction uncoupler [41], altered
the optical response of individual cells to one that is typically seen in an
isolated single cell (Fig. 6B). In this way, we demonstrated that a pattern
of electrical coupling can be functionally visualized using optical re-
sponses under application of an electric field pulse.
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