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Abstract

Changes in membrane potential of rat aorta smooth muscle cells were investigated using the bis-oxonol sensitive probe
DIBAGC,(3). We compared the changes in membrane potential induced by a high external KCl concentration in aorta smooth muscle
cells from normotensive 2 kidney (2K) and from renal hypertensive 2 kidney-1 clip (2K-1C) rats. The spectral properties of the
membrane potential were first characterized in aqueous buffers and in cultured smooth muscle cells from 2K and 2K-1C rat aortas.
Fluorescence emission and the images were recorded using a laser scanning confocal microscope. The relationship between fluo-
rescence intensity (FI) and membrane potential (1/,,) as a function of the increasing extracellular KCl concentration was linear in the
5-40 mmol/L KClI range in both 2K and 2K-1C rat aorta cells. Cell membranes from 2K-1C rat aorta cells were more depolarized
(—=55mV) than 2K rat aorta cells (-65mV). The results show that in 2K-1C aorta cells only 10 mmol/L KCl was needed to induce
complete membrane depolarization while in 2K cells 40 mmol/L KCl was needed to induce a similar effect. This study clearly shows

that the method is suitable to measure the membrane potential in cultured smooth muscle cells.

© 2002 Elsevier Science (USA). All rights reserved.
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Smooth muscle cell contraction can be stimulated by
mechanical, electrical, and chemical stimuli. Electrical
depolarization of the vascular smooth muscle cell
membrane elicits contraction, most likely by voltage
dependent calcium channel opening (L-type calcium
channels), leading to an increase in cytoplasm calcium
concentration. An increase in Ca*" influx has been re-
ported to occur in hypertensive artery cells in several
models of hypertension. We have recently shown that
the aorta smooth muscle cell membrane of 2K-1C rats is
more depolarized when the membrane potential is
measured in the intact tissue [1]. Contractile responses
induced by several vasoconstrictors are increased in
hypertension [2-4]. In general, blood vessels from hy-
pertensive rats are more sensitive to extracellular Ca*"
and Ca®" channel blockers than those from normoten-
sive rats. An important point is that in 2K-1C rat aortas,
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the Ca’" influx through voltage-operated Ca*" channels
is increased [1]. The electrical activity detected in the
cells using imaging techniques based on voltage-sensitive
dyes detects membrane potential changes. Potentio-
metric probes offer an indirect method for detecting the
translocation of K, Na™, and Cl~ ions, whereas the
fluorescent ion indicators can be used to directly mea-
sure changes in specific ion concentrations. Increases
and decreases in membrane potential are referred to as
membrane hyperpolarization and depolarization, re-
spectively. These mechanisms play a central role in
many physiological processes, including nerve impulse
propagation, muscle contraction, cell signaling, and ion-
channel gating. These optical probes enable researchers
to perform membrane potential measurements in or-
ganelles and in cell membranes that are too small to
allow the use of microelectrodes as an external stimulus
and have been studied for many decades [5-11]. These
probes can be divided into two categories based on their
response mechanism in fast- and slow-response probes.
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The fast probe usually consists of styrilpyridinium dyes
that operate by changes in their electron structure, and
consequently, their spectroscopic properties such as
fluorescence emission, in response to a change in the
surrounding electric field. Their optical response is suf-
ficiently fast to detect transient (in the millisecond range)
potential changes in excitable cells, including single
neurons, cardiac cells, and intact brain [12,13]. The slow-
response probes exhibit potential-dependent changes in
their transmembrane distribution that are accompanied
by a fluorescence change. The magnitude of their optical
responses is usually much larger than that of fast-
response probes. The bis-oxonol potentiometric probe
bis(1,3-diethylthiobarbiturate) or DiBAC,(3) is a slow-
response dye that has a maximal absorption band at
490 nm, which enters depolarized cells binding to in-
tracellular proteins or membranes. After the depolar-
ization process, it shows enhanced fluorescence emission
intensity, which can present red spectral shifts. Increased
depolarization results in an increased influx of the an-
ionic dye and consequently an increase in the fluores-
cence response [14]. The probe can be calibrated by
imposing a membrane potential using the ionophore
valinomycin in conjunction with externally applied KCI
solutions.

The aim of the present study was to determine the
membrane potential of vascular smooth cells from
2K-1C rats and compare it to that of aorta cells from
normotensive 2K rats using fluorimetric techniques.
For this purpose we used the slow fluorescent probe
bis-oxonol for fluorimetry measurements using both
suspended and adherent cells.

Methods and materials

Male Wistar rats (180-200 g) were used in this study. Renal hy-
pertension was produced by placing a silver clip (0.2 mm ID) on the left
renal artery under anesthesia (2K-1C). The control rats (2K) were
submitted to laparotomy only. Six weeks after surgery, the systolic
blood pressure was measured by the tail-cuff method. Rats were con-
sidered to be hypertensive when systolic arterial pressure was higher
than 150 mmHg.

Cells isolation from rats aorta. Following the arterial pressure re-
cordings, the rats were killed by decapitation under anesthesia and the
thoracic aortas were isolated. Vascular smooth muscle cells were
isolated from rat aortas by enzymatic digestion. The aortas were
dissected, longitudinally opened, and endothelium and adventitia
were removed. The tissue was then minced into small pieces and in-
cubated in Ca®** free Hanks’ solution containing 0.6 mg/mL collage-
nase, 0.6mg/mL papain, 0.3mg/mL soybean trypsin inhibitor,
Smmol/L taurine, 10mg/mL bovine serum albumin (type I), and
0.2mmol/L dithiothreitol. The tissue was gently shaken in this solu-
tion for 40 min at 37°C. After incubation, the vessel fragments were
washed and cells were released by mechanical dispersion with a
Pasteur pipette. The resultant cell suspension was centrifuged at 200g
and resuspended in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% fetal calf serum, 2mmol/L glutamine, 20 mmol/L
Hepes (pH 7.4), 10,000 U/mL penicillin, and 10,000 pg/mL strepto-
mycin. The cells were plated onto glass coverslips and kept in a hu-

midified (37°C) incubator gassed with 5% CO,. The cells were used
between 6 and 8 days after plating and were maintained in a serum-
free medium for 24h before the experiment. On the day of the
experiment, vascular smooth muscle cells were incubated with bis-
oxonol (2umol/L) for spectroscopic measurements of fluorescence
intensity. For the measurement of potential membrane by confocal
microscopy, we used 0.25 umol/L bis-oxonol for 20 min in the absence
of light in Hanks’ solution at pH 7.4.

Staining of cell by potentiometric probe. Stock solutions (2 mg/mL)
of dye were prepared by dissolving bis-oxonol in spectroscopy grade
ethanol, which was tightly capped and stored at —20 °C for a period no
longer than 2 weeks. Fresh staining solutions were immediately pre-
pared prior to experiments by adding appropriate amounts of stock
solution of the dye to Hanks’ solution at pH 7.4. The concentration of
the dye in the final staining solution was in the range of 0.5-1%, i.e.,
0.25 umol/L. Vascular smooth muscle cells were stained at room
temperature and emission and excitation spectra were measured after
10-20 min. Valinomycin (1.8 mmol/L) and KCI (60 mmol/L) were used
to induce maximal cell depolarization by abolishing the transmem-
brane gradient of univalent cation.

Spectroscopy measurements. Absorption measurements were per-
formed with a Perkin—Elmer Lambda 20 spectrophotometer. Fluo-
rescence measurements were performed with a spectrofluorimeter
SPEX fluorolog-3 from Yvon Jobin, with excitation wavelength set at
488 nm and emission wavelength of 560 nm (both with a band pass of
Snm). To measure the membrane potential, the cell suspension was
placed in a stirred quartz cuvette with l-cm path length, in the
thermostated cell holder at 37 °C.

Confocal microscopy. Fluorescence emission and the images were
recorded using a laser scanning confocal microscope (LEICA TCSNT)
coupled to a LEICA DMIRBE inverted microscope equipped with a
63x objective. For DIBAC,(3), the wavelength excitation was 488 nm
from krypton/argon laser. Fluorescence emission was detected using a
BP 530/30 filter. Time course studies were performed for 6-20 min with
image acquisition every 3s.

Determination of the membrane potential. The procedure for cali-
bration of bis-oxonol was previously described by Rottenberg [15,16],
and Freedman and Novak [14]. For the calibration curves, cells were
treated with trypsin and then centrifuged for Smin at 1000 rpm. The
pellet obtained was washed with Hanks’ solution and centrifuged
again. The cells were incubated with the dye and each trial consisted of
three samples. Aliquots of 0.3 M KCl were incrementally added to the
cell suspension to induce cell depolarization and changes in fluores-
cence were recorded. Alternatively, 10 pL valinomycin (0.2 mg/mL in
DMSO) was added to depolarize the cells. The electric potential was
determined by adding 40-60 mmol/L KCI and a trace amount of va-
linomyecin to a suspension of cells.

Percent change in fluorescence (% AF) was determined as follows:

Y% AF = 100(F_, — F\1)/F\1, (1)

where F_| and F, represent the fluorescences measured in the absence
and presence of valinomycin, respectively.

The response of the membrane potential was obtained from the
ratio between the intracellular [K*]' and extracellular [K*])° as de-
scribed by the Nernst equation and the experiments were performed at
room temperature (25 °C).

The following equation was used:

Vi = 58 logy([K']”/[K*]) (mV). )

Solution and drugs. The composition of the Hanks’ solution used to
isolate the cells was the following (in mmol/L): 145.0 NaCl, 1.6 CaCl,, 5.0
KCl, 1.0 MgCl,, 0.5 NaH,POy, 10.0 dextrose, and 5.0 Hepes, pH 7.4.
The following drugs were used: valinomycin (Calbiochem—Novabio-
chem, La Jolla, CA) and the potential-sensitive probe, bis(1,3-diethyl-
thiobarbiturate)trimethine oxonol (DiBA-C,(3)) (Molecular Probes,
Eugene, OR).
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Results

Six weeks after surgery, systolic blood pressure was
significantly higher in 2K-1C rats (1954 5mmHg,
n=40) than in 2K rats (112 +3mmHg, n=19) as
shown in Fig. 1. The vascular smooth muscle cells ob-
tained from segments of 2K and 2K-1C aortas were
comparable in number and viability. The number of
cells for each preparation was about 1 x 10° cells/mL
and 95% of those cells were viable as determined by
trypan blue stain exclusion.

Fluorescence and absorption measurements

The absorption spectra of bis-oxonol in cells and
buffer were recorded at different concentrations of the
dye, in order to determine whether dimerization or
aggregation of bis-oxonol occurs. Absorption spectra
of bis-oxonol were recorded in the range of 400-
800nm with maximum absorption at 462nm in the
three media used, i.e., Hanks’ solution, pH 7.4, cell
suspension, and ethanol. The fluorescence emission
was recorded in the 540-640 nm range with excitation
at 488nm. As shown in Fig. 2, there was only one
peak indicating the presence of monomers, which was
independent of the medium. These results indicate that
vascular smooth muscle cells can be used under these
conditions.

It was also observed that the positions of the ab-
sorption spectral maximum of bis-oxonol are practi-
cally unchanged after incorporation of the dye into
Hanks’ solution or ethanol or even in the aorta smooth
muscle cell suspension. The fluorescence emission
spectra also showed the same behavior as that observed
for the absorption spectra and the positions of maxi-
mum emission were at the same wavelength in the
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Fig. 1. Arterial pressure measurements. The systolic arterial pressure of
2K and 2K-1C rats was measured before surgery and every week after
surgery.
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Fig. 2. Fluorescence emission spectra of bis-oxonol (2umol/L) in
Hanks’ solution at pH 7.4 (—), ethanol (---), aorta smooth muscle cell
suspension of 2K (----- ), and 2K-1C (---) excited at 488 nm. Inset.
Absorption spectra of bis-oxonol.

different media studied. These results indicate that flu-
orescence probes are located in a specific position in the
cell membrane. From both absorption and fluorescence
emission spectra it can be noted that the dye kept its
spectroscopic properties in homogeneous and biological
medium. In addition, the membrane potential mea-
surements based on the shift and/or intensity of the
fluorescence emission band at specific wavelength could
be directly related to the changes in the membrane
potential avoiding any influence coming from the
translocation of the probe to different microenviron-
ments in the biological medium.

Depolarization and measurement of membrane potential

Bis-oxonol, DiBAC,(3), was used because it distrib-
utes across the cell membrane according to a Nernst-
type equilibrium. The cell membrane depolarization was
caused by externally adding KCI in the range of 10—
60 mmol/L to reach equilibrium across the membrane in
accordance with the electric potential. The internaliza-
tion of the dye into the cell membrane was obtained
within 20 min. The fluorescence intensity changed in
response to depolarization and was decreased in the
presence of high extracellular concentrations of KCI
(Fig. 3). From these changes in fluorescence intensity the
membrane potential was calculated according to Eq. (2).
As shown in Fig. 4, in the calibration curve above the
axis of abscissa, a change in the concentration of ex-
tracellular KCI of 0.3 mM, i.e., from 1.1 to 1.4, changed
the membrane potential in 23 mV. There was an almost
linear fluorescence increase related to external KCI
concentration, which was increased from 5 to 40 mmol/
L. After that, an apparent saturation of the response
was observed. The resting membrane potential of 2K-1C
aorta cell membranes was —55mV (n = 6), which was
significantly less negative than that of 2K aorta cell
membrane (—65mV, n = 10).
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Fig. 3. Effect of increasing concentrations of KCl (5-60 mmol/L) on the
fluorescence intensity of bis-oxonol (2 umol/L) in cell suspensions of
2K and 2K-1C rat aorta. Inset. Fluorescence emission spectra of bis-
oxonol incorporated into a suspension of aorta smooth muscle cells
from 2K rat in increasing concentration of KCI (0-35mM) at room
temperature. The excitation and emission wavelengths were 488 and
560 nm, respectively.
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Fig. 4. Calibration curve for bis-oxonol (2mmol/L) fluorescence in-
tensity in smooth muscle aorta cells from 2K-1C and 2K rats. The
figure shows the percent change in fluorescence intensity in response to
depolarization caused by increased concentrations of KCI in the
presence of 1.8 pmol/L valinomycin.

Fig. 5. Confocal image of bis-oxonol fluorescence emission from aorta smooth muscle cells of 2K rats. (A) Cell loading with bis-oxonol for 20 min.

(B) Effect of 40 mmol/L KCI after 5min.

Confocal microscopy of DIBAC,(3) in 2K and 2K-1C
cells

Staining of aorta cells by membrane dye was analyzed
by confocal microscopy to identify differences between
2K and 2K-1C rat aorta cells. In order to validate the
dye sensitivity for membrane potential changes, cells
were loaded with bis-oxonol for 20 min and equilibrated
in KCl-free Hanks’ medium, pH 7.4. Variations of in-
tracellular fluorescence intensity were then detected after
the addition of 10 and 60 mmol/L KCI to 2K aorta cells
(Fig. 5) and 2K-1C aorta cells (Fig. 6), respectively.

Discussion

These studies were undertaken in order to determine
the membrane potential changes measured by using bis-
oxonol in aorta smooth muscle cells isolated from renal
hypertensive 2K-1C and 2K normotensive rat aorta. In
this model of hypertension, the increased vascular re-
sistance causes elevated arterial pressure six weeks after
renal surgery.

The major finding of the present study was that
smooth muscle cell membrane depolarization can be
measured by bis-oxonol without the interference of the



FE.S. Sguilla et al. | Biochemical and Biophysical Research Communications 301 (2003) 113-118 117

endothelium. Second, the resting membrane potential is
more depolarized in hypertensive 2K-1C rat aorta cells
than in 2K normotensive rat aorta cells. Furthermore,
the KCI concentration needed to induce complete de-
polarization is higher in 2K than in 2K-1C cells.

Our laboratory has shown before that the aorta from
2K-1C hypertensive rats has a greater contraction in
response to Ca’" influx than the aorta from normoten-
sive rats [1]. In addition, the plasma membrane of vas-
cular smooth muscle cells from chronically hypertensive
rats is more sensitive to changes in intracellular Ca*"
concentration. A number of investigators have shown
that the plasma membrane of hypertensive vascular
smooth muscle cells is more permeable to monovalent
cations and that fluxes of K, Na™, and Cl~ across the
cell membrane are increased in isolated vessels from
hypertensive rats compared to normotensive rats [17,18].

In the present study, in the resting state we found a
more depolarized membrane potential in aorta cells
from 2K-1C rats than in aorta cells from 2K rats. As the
opening of voltage-gated channels requires membrane
depolarization, this may explain why the lower con-
centration of KCI (10 mmol/L) in 2K-1C rat aorta cells
induces a response similar to that obtained with
40 mmol/L KClI in 2K aorta cells. The results presented
here agree with data previously obtained in our labo-
ratory using electrophysiological studies by measuring
the membrane potential of cells with conventional glass
microelectrodes in aortic rings of 2K and 2K-1C rats.
The main advantage of using bis-oxonol to detect
membrane potential-sensitive changes is the possibility
of measuring only vascular smooth muscle cells, while
by using the electrophysiological method we could not
exclude endothelial cells.

Fig. 6. Confocal image of bis-oxonol fluorescence emission from aorta smooth muscle cells of 2K-1C rats. (A) Cell loading with bis-oxonol for
20 min. (B) Effect of 10 mmol/L KClI after 5 min.

The important role of endothelial cells in inducing the
activation of K* channels through endothelium-derived
relaxing factors has been well described. As regards ar-
terial membranes, increased permeability to K* in vas-
cular myocytes from hypertensive rats has been reported,
suggesting a compensatory mechanism that hyperpolar-
izes the cell membrane, inactivating voltage-operated
Ca’" channels and causing vasodilatation [19,20].

Cellular depolarization during the action potential
causes a reduction in fluorescence of about 40% of the
total fluorescence signal. The dependence of bis-oxonol
fluorescence intensity on membrane potential has been
previously studied in other cell types [22-28]. Membrane
depolarization leads to an increase in fluorescence in-
tensity as a result of the rise in the intracellular con-
centration of the negatively charged bis-oxonol, whereas
membrane hyperpolarization has the opposite effect.
This was confirmed by the control experiments in which
the membranes of smooth muscle cells were either de-
polarized with 60 mmol/L KCl in 2K or 10 mmol/L in
2K-1C cells.

Fluorescent methods such as fluorimetric and con-
focal microscopy imaging of single cells confirm the
importance of this non-invasive technique in the study
of cell structure and function, as well as the modulation
of working living cells by constituents of cell mem-
branes, organelles, and cytosol. In the experiments with
bis-oxonol, we did not observe photo-bleaching of the
fluorophore that could be a major problem when the
sample is exposed to higher excitation light. We also
confirmed by steady state measurements that the dye
presents the same spectroscopic behavior in homoge-
neous buffer medium, organic solution, and cell sus-
pension, which allows a complete analysis based on the
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spectroscopic properties of the bis-oxonol related to the
pharmacological response. The use of optical indicators
or potentiometric probes offers a simple alternative for
pharmacological studies of different kinds of cell sus-
pension.

Taken together, our results provide evidence that the
membrane potential of rat aorta smooth muscle cells is
more depolarized in aorta cells from renal hypertensive
2K-1C than from 2K normotensive rats. In conclusion,
our study also demonstrates that the technique using a
fluorescent potentiometric probe can be successfully
used to evaluate the membrane potential of rat vascular
smooth muscle cells.
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