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Abstract

Chloride (C1) is the most abundant physiological anion. Abnormalities in Cl regulation are instrumental in the development of several important
diseases including motor disorders and epilepsy. Because of difficulties in the spectroscopic measurement of Cl in live tissues there is little
knowledge available regarding the mechanisms of regulation of intracellular Cl concentration. Several years ago, a CFP-YFP based ratiometric
Cl indicator (Clomeleon) was introduced [Kuner, T., Augustine, G.J. A genetically encoded ratiometric indicator for chloride: capturing chloride
transients in cultured hippocampal neurons. Neuron 2000; 27: 447-59]. This construct with relatively low sensitivity to Cl (K, ~ 160 mM) allows
ratiometric monitoring of Cl using fluorescence emission ratio. Here, we propose a new CFP-YFP-based construct (Cl-sensor) with relatively high
sensitivity to Cl (K,p, ~30mM) due to triple YFP mutant. The construct also exhibits good pH sensitivity with pK, ranging from 7.1 to 8.0 pH
units at different Cl concentrations. Using Cl-sensor we determined non-invasively the distribution of [Cl]; in cultured CHO cells, in neurons of
primary hippocampal cultures and in photoreceptors of rat retina. This genetically encoded indicator offers a means for monitoring C1 and pH

under different physiological conditions and high-throughput screening of pharmacological agents.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Chloride is the most abundant physiological anion. It is
present in every cell in biological organisms and participates
in a variety of physiological functions, such as regulation of
cell volume, intracellular pH, fluid secretion and stabilisation
of resting membrane potential (Aslanova et al., 2006; Pasantes-
Morales et al., 2006; Suzuki et al., 2006). This ion is crucial for
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nervous system functioning. The main inhibitory drives in cen-
tral and peripheral neuronal circuits are provided by GABAergic
and glycinergic synapses, which operate through Cl-selective
ionic channels (Bormann et al., 1987; Hamill et al., 1983). The
concentration of intracellular Cl ([Cl];) and its permeance are
highly regulated by a variety of Cl-selective channels and Cl
transporters. Dysfunction of these proteins results in various
diseases such as Bartter syndrome, startle disease, cystic fibro-
sis and epilepsy (Ashcroft, 2000; Lerche et al., 2005). Despite
the importance of Cl for many cellular functions, there is little
knowledge available on the mechanisms regulating Cl in either
physiological or pathological conditions. This lack of informa-
tion is primarily due to technical difficulties in the measurement
of Cl flux in live cells.

Several methods have been proposed for monitoring [Cl];.
Early approaches with Cl-selective microelectrodes showed that
[CI]; in some giant neurons of the snail Helix aspersa is low,
about 8 mM (Neild and Thomas, 1974). This method has been
used in several cell types, including astrocytes, mouse lacrimal
acinar cells (Ozawa et al., 1988) and horizontal cells of the
fish retina (Djamgoz and Laming, 1987). However, Cl-selective
electrodes can only be reliably applied to relatively large cells.
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In addition, this method is slow and the preparation is time-
consuming, and recordings are often distorted by the interference
of the electrode with intracellular anions and anion leakage from
the reference barrel.

The use of Cl-sensitive fluorescent dyes is a more convenient
approach. Quinoline-based fluorescent dyes such as 6-methoxy-
N-(3-sulphopropyl)quinolinium (SPQ), its derivative MQAE or
6-methoxy-N-ethylquinolinium chloride (MEQ) have been used
for measurements of [Cl]; in a variety of preparations, including
isolated growth cones, neurons, glia, different types of epithe-
lial cells, fibroblasts and pancreatic beta-cells (see refs in Chub
et al., 2006; Mansoura et al., 1999; Painter and Wang, 2006).
Quinolinium compounds have low biological toxicity, relatively
good sensitivity to and selectivity for CI and a rapid response
to changes in Cl. The major disadvantage of quinoline-based
indicator dyes is that they are prone to a time-dependent decay
in fluorescence because of the gradual leakage of dye from the
labelled cells or bleaching (Biwersi and Verkman, 1991; Chub
et al., 2006; Inglefield and Schwartz-Bloom, 1997; Krapf et al.,
1988; Nakamura et al., 1997; Painter and Wang, 2006). Using
these dyes needs either a short-interval exposure and a low acqui-
sition rate (Schwartz and Yu, 1995) or recording images with
two-photon scanning microscopy techniques (Marandi et al.,
2002).

More recent approaches are based on using fluorescent pro-
teins. It has been found that yellow fluorescent protein (YFP) is
quenched by small anions and it can be used as a weak Cl-sensor
(Wachter and Remington, 1999). Transgenic mice expressing
YFP under the control of a potassium channel promoter were
generated (Metzger et al., 2002) and were used for monitoring
glutamate-induced elevations in [Cl]; (Slemmer et al., 2004).

The YFP-H148Q mutant, which has higher Cl sensitivity, has
been proposed for monitoring changes in halide fluxes in cells
(Jayaraman et al., 2000). This probe also exhibits good pH sen-
sitivity (with apparent pK,, values from 7.0 to 8.0, depending on
Cl1 concentration) and it has been shown to be a useful cellular
halide indicator in various preparations (Jayaraman et al., 2000;
Muanprasat et al., 2007; Pedemonte et al., 2005; Yang et al.,
2003). A random mutagenesis approach allowed identification
of two other mutations, I152L and V163S, which enhanced the
protein sensitivity and accelerated its responses (Galietta et al.,
2001a). These mutants have been successfully used for quanti-
tative screening of CFTR chloride transport agonists (Galietta
et al., 2001b; Rhoden et al., 2007) and for high-throughput
screening of Cl-selective glycine and GABA 4 receptor channels
(Kruger et al., 2005).

Further development of this approach has been achieved
by construction of a fusion protein containing YFP com-
bined with the Cl-insensitive cyan fluorescent protein (CFP).
This construct allows fluorescence-resonance-energy-transfer
(FRET)-based ratiometric measurements of [Cl]; in neurons
(Kuner and Augustine, 2000). While this new indicator, termed
Clomeleon, is excited by visible light, it shows little bleaching
and it has been used for monitoring [Cl]; in transgenic animals
(Duebel et al., 2006; Haverkamp et al., 2005). However, the sen-
sitivity of this protein to Cl is low: the Kypp is >160 mM. This
is relatively far from the physiological range of [Cl]; in ner-

vous systems of vertebrates, which is ~5-30 mM (Krapf et al.,
1988; Rohrbough and Spitzer, 1996; Tyzio et al., 2006). Thus,
development of molecules with sensitivities closer to this phys-
iological range would provide a useful tool for monitoring [Cl];
in biological preparations.

In this study, we present a CFP-YFP-based construct with
three mutations in YFP, which confer a high sensitivity to Cl
(Kapp ~30mM). The construct also exhibits good pH sensitivity
with pK,, ranging from 7.1 to 8.0 pH units at different Cl concen-
trations. This genetically encoded molecule is a sensitive probe
for non-invasive monitoring of [Cl]; and pH under physiological
conditions.

2. Material and methods
2.1. Cell cultures and transfection

The experiments were carried out on Chinese hamster ovary
(CHO-K1) cell lines, on neurons of dissociated hippocampal
culture and on slices from a retina of juvenile rats. Primary
culture of neurons were prepared and maintained as described
earlier (Fucile et al., 2000; Ivanov et al., 2006). CHO-K1 cells
were obtained from the American type tissue culture collection
(ATCC, Molsheim, France).

Two transfection protocols were used to deliver Cl-sensor
cDNA into cultured cells. First, the Lipofectamine transfection
protocol (Gibco, Invitrogen) with some modifications: briefly,
cells were incubated in a solution containing 300 pl of Opti-
MEM, 1 pl of Magnetofection CombiMag (OZ Bioscience,
France), 6 pl of lipofectamine reagent 2000 (Invitrogen) and
1 g of the Cl-sensor construct. After 30 min of incubation at
37 °C on a magnetic plate (OZ Bioscience, France) the transfec-
tion mixture was replaced with fresh complete growth medium
supplemented in some experiments with 1 wM of strychnine (to
prevent Cl influx through expressed GlyRs). In some experi-
ments we used the second transfection protocol developed by
OZ Bioscience (France): in brief, 1 ng cDNA was mixed with
1 pl of DreamFect Gold transfection reagent (OZ Bioscience)
in 300 .l of OptiMEM (Invitrogen) and stored at room temper-
ature for 30 min. The precipitate was added to the cells; 24-76 h
after transfection, the cells were used in experiments.

2.2. Electroporation and slices preparation

For electroporation we used the protocol described previously
(Matsuda and Cepko, 2004). Recording of fluorescent signals
were carried out on retina slices from electroporated animals
at the postnatal age P14-P15. Animals were anaesthetized with
ether and killed by decapitation in agreement with the Euro-
pean directive 86/609/EEC requirements. Subsequently, the eye
was enucleated and hemisected. After the vitreous body was
removed, the pieces of retina were cut into 200 wm thick slices
by a McILWAIN tissue chopper (The Mickle Laboratory Engi-
neering Co. Ltd., England).

For monitoring Cl-sensor fluorescence, slices were placed in
the chamber under the upright microscope (Axioskop, Zeiss,
Germany) and were superfused (1.0-1.5ml/min) with oxy-
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genated solution containing (in mM): NaCl, 125; KCI, 3.5;
CaCly, 2; MgCl,, 1.3; NaH;PO4, 1.25; NaHCO3, 26; and glu-
cose, 10; equilibrated at pH 7.3 with 95% O, and 5% CO,.
The solution with elevated external K* concentration contained
40mM KCI and 88.5mM NaCl. For “low-CI” external solu-
tions NaCl and KCI salts were substituted with corresponding
gluconate salts.

Prior to recording, slices were incubated at room temperature
(22-25°C) for at least one hour to allow recovery.

2.2.1. Calibration of pH dependence

For the calibration of Cl-sensor pH dependence in CHO cells
the K*/H* ionophore nigericin and the CI/OH antiporter trib-
utyltin chloride were used to equilibrate extra- and intracellular
[CI] and pH (Krapf et al., 1988; Marandi et al., 2002; Metzger et
al., 2002; Trapp et al., 1996). In these experiments the external
solution contained nigericin, 10 uM (Molecular Probes), trib-
utultin chloride, 10 uM (Sigma), KCI/K-gluconate to a final
concentration of K 140 mM and, in mM, CaCl,, 2; MgCl,, 2;
glucose, 20; buffered by HEPES, 20 (adjusted with NaOH to dif-
ferent pH values). Solutions containing different concentrations
of Cl were prepared by substituting equimolar concentrations of
K-gluconate with KCI. Fluorescence spectra from 20 to 40 trans-
fected CHO cells were registered for each pH and Cl. Results
are expressed as mean + S.D.

2.3. Electrophysiological recordings

Whole-cell recordings were conducted using an EPC-9
amplifier (HEKA Elektronik, Germany) at room temperature
(~20-25°C). Cells were continuously superfused with exter-
nal solution through an independent tube. The external solution
contained (mM): NaCl 140, CaCl; 2, KC1 2.8, MgCl, 2, HEPES
20, glucose 10; pH 7.3; 315 mOsm. The patch pipette solution
contained (mM): KCI (0-150) or K-gluconate (0-150); MgCl,
2; MgATP 2, HEPES/KOH 20, BAPTA 1; pH 7.3; 290 mOsm.
To vary the CI concentration from 0 to 150 mM, a combina-
tion of K-gluconate and KCl at a constant K* concentration
were used. Pipettes were pulled from borosilicate glass cap-
illaries (Harvard Apparatus Ltd, USA) and had resistances of
5-TMQ.

In some experiments perforated-patch recordings were per-
formed using gramicidin-containing intracellular solution. The
small pores formed by gramicidin are selectively permeable
to monovalent cations but not permeable to Cl (Myers and
Haydon, 1972). Gramicidin was added to the pipette solution
to a final concentration of 80—100 wg/ml immediately before
use. Glycine was applied locally from pipettes using pressure
pulses with “Picospritzer” (General Valve Corporation, USA).
The pipettes were filled with an external solution containing
1 mM glycine and were placed 50-100 wm from the soma of the
cells. Depending on the purpose of experiment, the duration
of pressure applications varied from 10ms to several min-
utes.

To measure the CI reversal potential (Ecy), the
current—voltage (I-V) relations of responses to glycine
were recorded. Voltage ramps (from —70 to +30mV or from

—60 to +40mV, duration 100ms) were applied before and
during agonist application. The net /-V relations of glycine-
activated currents were obtained by digital subtraction of the
ramp current in the absence of agonist from that obtained
during agonist application. [Cl]; values were calculated using
the Nernst equation (E¢y = —58 log([C1];/[Cl],)).

2.4. Real-time fluorescence imaging

Fluorescence images were acquired using a customized
digital imaging microscope. Excitation of cells at various wave-
lengths was achieved using a 1 nm bandwidth polychromatic
light selector equipped with a 100 W xenon lamp (Polychrome
II; Till Photonics, Germany). The light intensity was attenuated
using neutral density filters. A dichroic mirror (495 nm; Omega
Optics, USA) was used to deflect light onto the samples. Fluo-
rescence was visualized using an upright microscope (Axioskop,
Zeiss, Germany) equipped with an infinity-corrected 60 x water-
immersion objective (n.a.=0.9; LumPlanFL; Olympus, USA).
Fluorescent emission light passed to a 12-bit charge-coupled
device digital camera system equipped with image intensi-
fier (PentaMax 512EEV-GENIV; Princeton Instruments, USA).
Images were acquired on a computer via a DMA serial transfer.
All peripheral hardware control, image acquisition and image
processing were achieved using customized routines inside
MetaFluor software (International Imaging, USA). The aver-
age fluorescence intensity of each region of interest (ROI) was
measured. The mean background fluorescence (measured from
anon-fluorescent area) was subtracted and the complete spectra,
and/or the intensity ratios (Fag0/F440), were determined.

3. Results
3.1. Structure of Cl-sensor construct

The Cl-sensor construct presented in this study, similarly to
Clomeleon (Kuner and Augustine, 2000), is based on the cou-
pling of CFP with YFP via a peptide linker (Fig. 1A, Appendix
B Supplementary 1). In order to enhance the sensitivity of YFP
to halide, three missense mutations (Galietta et al., 2001a) were
introduced using two sets of oligonucleotides encoding for the
amino acid substitution H148 — Q, 1152 — L and V163 — S,
and eYFP 5’ and 3’ terminus-specific short degenerate primers
introducing respectively Bgl IT and BamH I restriction sites for
easy cloning.

To facilitate the autonomous folding of the two fluorescent
proteins (CFP and mutated eYFP) and keep a distance between
them compatible with a FRET application, an adapter encod-
ing for a peptide linker was introduced in the polylinker of
the eCFP expression plasmid eCFP-C1 (Clontech), between the
BspE I and BamH I restriction sites. The adapter generated by
the annealing of two complementary oligonucleotides encodes
for the following peptidic sequence: GSGSGENLYFAGGGSG-
GSGS. The Cl-sensor expressing plasmid was finalized by
ligating in frame at the BamH I restriction site of the linker the
Bgl [I-BamH I DNA fragment encoding for the mutated eYFP.
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Fig. 1. Design and fluorescence properties of Cl-sensor. (A) Schematic representation of Cl-sensor construct; *** indicates three mutations: YFP-H148Q, -1152L
and -V163S in the YFP sequence. (B) Image of a hippocampal neuron expressing Cl-sensor. Neurons were transfected with lipofectamine and the image was obtained
24 h after transfection. (C) Normalized spectra of Cl-sensor. Whole-cell recording from CHO cells with pipettes containing different C1 concentrations (shown in the
graph). Note that spectra have a common point at 465 nm. (D) Changes in the fluorescence ratios (Fago/Faao) after whole-cell penetrations with pipettes containing
different C1 concentrations (shown in the graph). Culture of CHO cells, 24—48 h after transfection.

3.2. Main properties of Cl-sensor

For in vivo analysis Cl-sensor was transiently expressed
in CHO and HEK cells and in neurons of dissociated hip-
pocampal culture, using lipofectamine transfection. Expression
was already observable 12h after transfection and remained
at high levels for at least 4 days. The Cl-sensor fluorescence
was distributed homogeneously throughout neurons with no
preferential staining of membrane or intracellular organelles
(Fig. 1B).

For estimation of the fluorescence spectral properties of
Cl-sensor and for its calibration, simultaneous monitoring of
fluorescence signals and whole-cell recordings with different Cl
concentrations in the pipette solution (from 0 to 150 mM) per-
formed. The excitation spectra (from 410 to 490) were recorded
and for convenience of analysis each of them was normalized
(see Supplementary 2). At high (140 mM) internal CI concen-
tration, normalized spectra showed a maximal peak at ~450 nm
with a close to minimum at ~490 nm. Lowering the CI concen-
tration in the pipette solutions resulted in elevation of normalized
fluorescence intensity at 480 nm and its reduction at 440-450 nm
(Fig. 1C). We found that normalized spectra had a common
point near 465 nm (Fig. 1C). For every spectrum the intensity at
this point was Cl-independent. Thus, our Cl-sensor with triple-
mutated YFP can be used as a ratiometric excitation wavelength
indicator.

For ratiometric monitoring, excitation wavelengths 480 and
440nm were selected, as this ratio (R=F4g80/F140) possesses
good resolution. The duration of excitation at each wavelength
was usually 10-20 ms, so acquisition of one ratiometric point
took 20—40 ms. Fig. 1D illustrates changes in R in whole-cell

recordings from three cells, using pipettes with solutions con-
taining different Cl concentrations. Obtaining the whole-cell
configuration by rupturing the membrane with a pipette contain-
ing 140 mM Cl resulted in a strong decrease in R. Fluorescence
reached a steady-state level in ~1 min, reflecting the time for
cytoplasmic Cl equilibration with that in the pipette solution.
In contrast, on rupture of the membrane with the pipette con-
taining 3mM Cl an increase in R was observed. Transition to
the whole-cell configuration with a pipette containing 20 mM
Cl did not produce a significant change in R, reflecting the fact
that in the recorded cell this value is close to the native concen-
tration of Cl in cytoplasm (Fig. 1D). Importantly, using 3 mM
Cl in the pipette solution resulted in an ~20% change in R in
comparison with 20 mM. This high dynamic range provides the
basis for reliable monitoring of Cl at physiological intracellular
concentrations.

The calibration curve shown in Fig. 2 confirms the high
sensitivity of Cl-sensor to Cl. This curve was obtained with
simultaneous monitoring of fluorescence and whole-cell record-
ing, and it represents the dependence of R = F480/F 440 on the Cl
concentration in the pipette. In different cells pipettes containing
intracellular solutions with Cl concentrations from 0 to 150 mM
were used (pH 7.3). Each point is the mean value from 4 to 6
cells. From this dependence, the estimated change in concentra-
tion of Cl causing a 50% change in the fluorescence ratio (Kypp)
was 28 =5 mM.

This in vivo analysis demonstrates that Cl-sensor exhibits
a more than five-fold higher sensitivity to CI than Clomeleon
(Kapp > 160 mM) (Kuner and Augustine, 2000) and provides the
possibility of ratiometric monitoring with alternating excitation
wavelengths. This last feature allows rapid ratiometric acquisi-
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Fig. 2. Calibration of Cl-sensor. The relationships between fluorescence excita-
tion ratio (F4g0/F440) and [Cl]; obtained from whole-cell recordings with pipettes
containing solutions with different CI concentrations (from 0 to 150 mM). Each
data point represents the mean £+ SEM from 4 to 6 cells. The error bars that
are invisible are smaller than the symbols. The K,p, value (50% fluorescence
change) was 28 + 5 mM (mean from the sigmoidal fit). Culture of CHO cells,
2472 h after transfection.

tion and it is particularly valuable when using imaging setups
equipped with polychromatic devices.

3.3. pH Sensitivity of Cl-sensor

It is well documented that the GFP family of fluorescent pro-
teins exhibits significant pH dependence over a broad range of
pH values (Elsliger et al., 1999; Jayaraman et al., 2000; Kneen
et al., 1998; Kuner and Augustine, 2000; Llopis et al., 1998;
Metzger et al., 2002). We examined the sensitivity of Cl-sensor
to pH using the “nigericin-tributyltin” equilibrating protocol,
which allows minimization of the transmembrane pH and Cl
gradients (Marandi et al., 2002; Metzger et al., 2002; Rhoden et
al., 2007; Trapp et al., 1996; Verkman, 1990).

The effect of pH alterations was examined in CHO cells
transfected with Cl-sensor. The application of the solutions
containing nigericin and tributyltin caused changes in the fluo-
rescence ratio following pH alteration in the range 5.5-10. Fig. 3
shows a representative trace of fluorescence ratio (480/440 nm)
changes over the pH range 6-10 (Fig. 3A) and steady-state fluo-
rescence pH titration curves of Cl-sensor in solutions containing
different Cl concentrations (Fig. 3B). The dependencies are fit-
ted well by the standard dose-response equation with a Hill
coefficient of ~0.9. Apparent pK, values increased with ele-
vation of Cl concentration and varied from 7.1 to 8.0 over the CI
concentration range 4—140 mM. These results demonstrate that
Cl-sensor also exhibits arelatively high sensitivity to pH changes
in physiological conditions. This range of pK,, alterations is sim-
ilar to those obtained for YFP-H148Q or YFP-H148Q/I152L
proteins (Jayaraman et al., 2000; Rhoden et al., 2007).

3.4. Modulation of intracellular CI at activation of glycine
receptor channels

With further analysis we established how changes in CI-
sensor fluorescence would accompany manipulations designed
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Fig. 3. pH Sensitivity of Cl-sensor. (A) Representative trace of the fluorescence
ratio changes with variation of pH in the range 6-10 pH units. CHO cells,
48 h after transfection with Cl-sensor cDNA. The “nigericin-tributyltin” equi-
librating solution contained 30mM CI. The pH values are shown above the
trace. (B) Titration of Cl-sensor fluorescence ratio as a function of pH at dif-
ferent Cl concentrations in CHO cells. Each point presents a mean of 15-42
cells£S.D. A sigmoidal curve was fitted to the data points to calculate the
apparent pK,,. For solutions containing KCI 4 mM, 10 mM, 30 mM, 60 mM and
140 mM, corresponding pK, were 7.1, - 7.3, - 7.5, - 7.8 and — 8.0, respectively.

to alter [Cl]; on activation of Cl-selective glycine receptor
(GlyR) channels. CHO cells were co-transfected with Cl-sensor
and human a1 GlyR, and simultaneous monitoring of fluores-
cence signals and whole-cell ionic currents were performed.

In transfected cells, application of 1 mM glycine caused
slowly desensitizing currents whose amplitude varied depending
on the holding potential (V}) (Fig. 4A). Corresponding fluo-
rescence also varied (Fig. 4B), indicating that [Cl]; was well
regulated by the holding potential. To determine the reversal
potential for C1 (E(y), aramp protocol (deflections in the Fig. 4A,
see Section 2 (Methods)) was used during steady-state cur-
rents at different values of V4. [Cl]; was calculated from Ec;
using the Nernst equation. In the example presented, changes
in membrane potential from —70 mV to +20mV with perma-
nent activation of GlyR channels resulted in a shift in Ecj by
~60mV (Fig. 4C), which corresponds to an ~10-fold change
in [CI];. In this set of experiments, also with using the grami-
cidin perforated-patch configuration, a similar shift in Ec; was
observed in the other 19 cells.
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Fig. 4. Estimation of [Cl]; changes induced by activation of Cl-selective glycine
receptor channels. (A, B) Simultaneous recordings of glycine-induced whole-
cell currents (A) and F4g0/F40 fluorescence ratio (B) on changing the V}, from
—70mV to +20mV in a CHO cell co-transfected with cDNA of Cl-Sensor and
the human ol GlyR subunit. The recording pipette contained 3 mM CI. The
duration of glycine (1 mM) application is shown by the bar at the top. Changes
in V} are indicated by labelled rectangles above the current traces. Vertical
deflections in (A) represent the current deflections in response to voltage ramp
application. Insert below the current trace illustrates the scheme of recording.
(C) Plot of Ec) dependence on changes in V}, at continuous glycine application.
Shifts in Ec; were obtained with a ramp protocol. The same cell as in A,B.
Note that, due to Cl influx through GlyR channels, Ecj at different values of V}
changed from about —60 to O mV. Estimated [Cl]; for different Ec) were: 13 mM,
43 mM, 95 mM and 140 mM.

These results demonstrate that activation of GlyR chan-
nels can rapidly and strongly modify [Cl];, supporting previous
observations that [Cl]; is a highly dynamic parameter depend-
ing on the activity of Cl-selective channels or Cl transporters
in normal and pathological conditions (Haverkamp et al., 2005;
Khalilov et al., 2003; Rohrbough and Spitzer, 1996; Tyzio et al.,
2006).

3.5. Non-invasive estimation of intracellular Cl in CHO
cells and in hippocampal neurons

We used Cl-sensor for non-invasive estimation of [Cl]; in
CHO cells, in hippocampal neurons and in photoreceptors from
slices of rat retina. The spectra of transfected cells were mea-
sured and ratios (F480/F440) were calculated.
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Fig. 5. Non-invasive estimation of [Cl]; in CHO cells, hippocampal neurons and
in photoreceptors from a rat retina slices. (A) Histogram of [Cl]; distribution in
CHO cells (n=200) measured non-invasively with Cl-sensor. Ratios Fig0/F440
(top abscissa) were calculated from spectra presented in B. The values for Cl
(bottom abscissa) were taken from the calibration curve (Fig. 2). The distribution
of [Cl]; was a good fit to a Gaussian curve with a mean of 23 &9 mM (n =200).
(B) Family of normalized fluorescence spectra of Cl-sensor in different CHO
cells. Spectrum for each cell is shown by different colour. (C) Histogram of [Cl];
distribution in hippocampal neurons measured non-invasively with Cl-sensor.
The mean [Cl]; = 11 £ 2 mM (n =33). Dissociated culture of hippocampus, eight
DIV. (D) Family of normalized fluorescence spectra of Cl-sensor in different
hippocampal neurons presented in (C). (E) Histogram of [Cl]; distribution in
photoreceptor cells from a P15 rat retina slices measured non-invasively with
Cl-sensor. In comparison with CHO cells and hippocampal neurons, the distri-
bution of [Cl]; in neurons is shifted to higher concentrations with a mean of
31+£9mM (n=76). The values for Cl were taken from the calibration curve
(Fig. 2). (F) Family of normalized fluorescence spectra of Cl-sensor in different
photoreceptor cells presented in (E).

Fig. 5A illustrates the distribution of [CI]; in 200 CHO
cells expressing Cl-sensor. This histogram was obtained from
excitation spectra, determined for each cell (Fig. 5B) and
the calibration curve (Fig. 2). The distribution represents a
good fit to a Gaussian curve with a mean of 23 4+ 13 mM
(n=200).

Similar analysis was performed on cultured hippocampal
neurons transfected with Cl-sensor (Fig. 5C and D). Estimated
non-invasively, [Cl]; in soma of hippocampal neurons varied for
different cells mainly in the range 3-24 mM with a mean value
of 11 £2mM (n=33).
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3.6. Non-invasive monitoring of intracellular Cl in retinal
cells

We developed also the strategy for non-invasive moni-
toring of [Cl]; in brain slices. For this Cl-sensor cDNA
was delivered in retina of neonatal rats using electropora-
tion protocol (Matsuda and Cepko, 2004). For fluorescent
analysis slices of retina (200 wm) were prepared from elec-
troporated animals at the age P14-P15. The expression of
fluorescent proteins was observed in a wide area with par-
ticularly massive fluorescence in photoreceptor layer. Some
cells from inner nuclear layer (amacrine and bipolar cells)
also exhibited robust expression of fluorescent proteins (not
shown).

For non-invasive estimation of [Cl]; we primary used pho-
toreceptor cells expressing Cl-sensor. Fluorescent spectra were
recorded (Fig. 5F) and [CI]; was calculated. As illustrated in
Fig. SE, the level of [Cl]; strongly varied (from 10 to 50 mM).
In photoreceptor cells from a P15 rat retina slices the mean [Cl];
value was 31 & 9 mM (n =76), which is significantly higher than
in hippocampal neurons and in CHO cells.

3.7. Potassium-induced depolarization

In different preparations, depolarization of cells was shown to
induce a fall in intracellular pH (Willoughby and Schwiening,
2002; rev. Chesler, 2003) and an increase in Cl (Slemmer et
al., 2004). We analysed the ability of Cl-sensor to monitor the
functional responses to depolarization of photoreceptor cells in
slices of retina. To induce depolarization, an external solution
containing 40 mM K* was bath-applied to retina slices from
P14-P15 rats. Fluorescence ratios (F4g0/F440) were monitored
at a low acquisition rate (0.1 Hz).

To distinguish whether changes in the fluorescence ratio
with K*-induced depolarization are caused predominantly
by elevation of [Cl]; or by acidification, responses to high
K* were recorded in an external solution containing nor-
mal CI concentration (135mM) and then in a “low-CI”
solution containing only 6.5mM Cl (substitution with glu-
conate).

As illustrate Fig. 6A, in normal Cl-containing external
solution, K*-induced depolarization caused changes in the flu-
orescence ratio corresponding an increase in [Cl]; of ~35 mM.
This increase was strongly and reversibly suppressed in the
“low-CI” solution. On average, in normal Cl-containing solu-
tion, depolarization induced by application of 40 mM K* caused
an elevation in [Cl]; of 44 £4 mM (n =35, Fig. 6B). In the “low-
CI” solution this increase was 5+ 1 mM (Fig. 6B). The base
level of [Cl]; before depolarization was 37 £ 6 mM (n=5), indi-
cating that in photoreceptors application of 40 mM K* caused
an elevation of [Cl]; to more than 70 mM. These results agree
with recent observations on neurons in primary hippocampal cell
culture following glutamate-induced depolarization (Slemmer
et al, 2004) and suggest that, monitored with Cl-sensor,
changes in fluorescence ratio with K*-induced depolarization
mainly represent elevation of [Cl]; in photoreceptors of retinal
slices.
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Fig. 6. Non-invasive monitoring of [Cl]; changes in retinal cells induced by
depolarization. (A) Example of [Cl]; changes in response to 40 mM K*-induced
depolarization in solutions containing 135mM Cl (top and bottom traces)
and 6.5mM CI (middle trace). Photoreceptor cell from a P15 rat retina slice.
“High—K*” solution was bath-applied. (B) Average changes in [Cl]; follow-
ing “high—K*”—induced depolarization in normal (black column) and “low-Cl”
(white column) solutions. Data are means == SEM of 5 photoreceptor cells. The
base level of [Cl]; before depolarization was 37 =6 mM (n=5).

4. Discussion

Genetically encoded fluorescent optical probes have become
powerful tools for visualisation of ions and proteins in live cells
(Demaurex and Frieden, 2003; Gandhi et al., 2000; Gorostiza
et al., 2007; Miyawaki, 2003; Siegel and Isacoff, 1997). In this
study we present genetically encoded indicator for the spectro-
scopic monitoring of intracellular Cl with improved sensitivity.
The Cl-sensor consists of CFP and mutated YFP connected by
a linker. Its construction is similar to that of the analogous
protein Clomeleon (Kuner and Augustine, 2000) but, due to
mutations in the YFP, our Cl-sensor exhibits ~5-fold higher
sensitivity to Cl with Kp, ~30 mM. As in mammalian nervous
system the physiological range of [Cl]; is, in general, in the range
~5-30mM (Krapf et al., 1988; Rohrbough and Spitzer, 1996;
Tyzio et al., 2006), this probe may be a useful tool for monitoring
distribution and changes in intracellular Cl in various biological
preparations.

The Cl-sensor also allows ratiometric monitoring at alternat-
ing excitation wavelengths. A significant limitation in the use
of Cl indicators has been the lack of a Cl-dependent change
in spectral shape, which precludes ratiometric measurements.
Synthesis of series of dual-wavelength Cl-sensitive fluorescent
indicators has overcome this limitation (Jayaraman et al., 1999).
However, the delivery of these organic compounds into cells,
and their toxicity, as well as difficulties in specific conjugation
of chemical compounds with proteins, greatly limit their use
for specific targeting in cellular compartments. The genetically
encoded protein Clomeleon (Kuner and Augustine, 2000) over-
comes these limitations. It serves as an emission ratiometric
indicator (Fs27/F485) based on FRET between the fluorophores
of CFP and YFP. This makes it possible to determine [CI]; by
monitoring the fluorescence emission ratio. Our results show
that CFP-YFP-linked constructs can also be used as excitation
ratiometric indicators. This feature allows high-speed record-
ings using conventional setups with, for instance, Polychrome
(Till Photonics, Germany) or other devices for a rapid change of
excitation wavelength.
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Similarly to other fluorescent proteins from the GFP family,
Cl-sensor exhibits a relatively high sensitivity to pH variations.
Suppression of YFP fluorescence by Cl or other halides is due
to protonation of the chromophore (Wachter et al., 2000) and it
alters the electrostatic environment producing a change in appar-
ent pK, (Jayaraman et al., 2000.). It is, therefore, possible that
treatments resulting in a change of pH; may alter the responses
of YFP-based probes. We estimated that Cl-sensor exhibits a
relatively high sensitivity to pH changes in physiological con-
ditions. In the pH range 6.8-7.8 a shift of 0.1 pH units resulted
in change in the ratio F4g0/F440 of ~0.05 units, i.e., by at most
6% of the whole dynamic range of the probe.

It is well documented that changes in H* concentration can
transiently occur in extra and intracellular compartments of neu-
rons and glia in response to cell activation by neurotransmitters
or other factors (revs. Chesler, 2003; Deitmer and Rose, 1996). In
Purkinje cells, depolarization-induced action potential firing for
10s caused pronounced acidification in dendrites (the average
was 0.11 pH units) but rather negligible acidification (0.03 pH
units) in soma (Willoughby and Schwiening, 2002). In cultured
hippocampal neurons, glutamate application induced an acidi-
fication of about 0.2 pH units (Slemmer et al., 2004). From the
calibration graphs we estimate that, at this range of pH modula-
tion (0.2 units), using Cl-sensor may give an error of 3—10 mM,
depending on the background [Cl];. For more precise estimates,
independent measurements of pH; are necessary to determine
the magnitude of pH-dependent modulation of Cl-sensor fluo-
rescence.

Our preliminary analysis demonstrates that Cl-sensor can
be successfully used for monitoring changes in [Cl]; follow-
ing activation of Cl-selective ion channels and for non-invasive
monitoring in different cell types. Particularly promising is using
an electroporation protocol for expressing Cl-sensor in living
animals. Electroporated retinal cells in rat perfectly express fluo-
rescent proteins for several weeks after electroporation (Matsuda
and Cepko, 2004; our observations). This allowed us to estimate
[C1]; in photoreceptor cells and its changes with K*-induced
depolarization.

The [CI]; in retinal cells widely varies depending on the
age, type of cell and even dendritic or axonal compartmental-
ization (Billups and Attwell, 2002; Duebel et al., 2006; Satoh
et al., 2001; Zhang et al., 2006). Thus Zhang et al. (2006),
using 6-methoxy-N-ethylquinolinium iodide (MEQ) for opti-
cal measurements of [Cl]; and perforated-patch recordings for
estimation of Ecj, showed that in ganglion and amacrine cells
of mouse retina the [Cl]; shifted from 29 to 14 mM at the time
of postnatal development around P6. The study suggests that
amacrine and ganglion cells have similar profiles of CI concen-
tration.

In bipolar cells the difference in the level of [Cl]; among cell
subtypes and even in different compartments of one cell was
demonstrated. Using ratiometric two-photon imaging of trans-
genically expressed Cl indicator, it has been shown that in some
bipolar cells of adult mice [Cl]; in dendrites is up to 20 mM
higher than in the soma (Duebel et al., 2006). In another study,
using perforated patch-clamp recording from bipolar cells in
retina slices from adult rats, the authors also observed differ-

ences, albeit much less pronounced; only 4 mM (25 mM and
21 mM in dendrites and at the soma, respectively) (Billups and
Attwell, 2002). This higher [Cl]; in dendrites may result from
different distributions of Cl transporters in ON and OFF bipo-
lar cells. NKCC1, which accumulates CI (rev. Delpire, 2000;
Russell, 2000), is expressed in dendrites of rod and cone ON
bipolar cells, while KCC2, which extrudes Cl, is expressed in
dendrites of cone OFF bipolar cells (Vardi et al., 2000). In line
with these observations, aremarkable difference in [Cl]; between
rod and cone bipolar cells was observed. Satoh et al. (2001)
estimated that in the retina of adult mouse (6—8 weeks old) the
average [Cl]; was 23.4mM in the rod bipolar cells, 12.6 mM
in the ON-type cone and 7.9 mM in the OFF-type cone bipolar
cells.

The chloride concentration in photoreceptors is relatively
high. For instance, in salamander cones and rods the chloride
equilibrium potentials (Ecy) are about —45mV and —20mV,
respectively (Thoreson and Bryson, 2004; Thoreson et al., 2002).
This corresponds to a range of [Cl]; from 20 mM to more than
50 mM. Our data show that the mean [Cl]; in juvenile photore-
ceptor cells is above 30 mM; this corresponds to a mean E¢; of
about —40 mV. While systematic analysis will be necessary to
analyse the distribution of [Cl]; in different photoreceptor sub-
types these observations suggests that, similarly to salamander,
the [Cl]; in photoreceptors of rat is high and Ey is, presumably,
close to or slightly more positive than the dark resting potential.
As one physiological consequence, this suggests that activation
of Cl-selective channels would tend to stabilize the cell mem-
brane potential near the dark potential (Thoreson and Bryson,
2004).

Altogether, our results demonstrate that Cl-sensor possesses
relatively high sensitivity to Cl and allows to non-invasive
analysis of the distribution of intracellular CI concentration in
different areas of brain and in some other tissues at different
conditions.

Development of transgenic animals expressing Cl-sensor will
be particularly useful for studies of inhibitory neuronal net-
works in brain slice preparations using two-photon microscopy.
This probe promises to be useful for screening pharmacolog-
ical agents in the treatment of disorders involving inhibitory
neurotransmission.
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