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Determination of the intracellular free chloride concentration
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The chloride-sensitive fluorescent indicator MQAE ( N-(6-methoxyquinolyl) acetoacetyl ester) has been used for determination of
the intracellular free chloride concentration in rat brain synaptoncurosomes. Loading of the synaptoneurosomes with MQAE
occurs by transmembrane diffusion. Calibration of the intracellular MQAE was done by determining the correlation between
fluorescence intensity and intrasynaptoneurosomal Cl~ concentration in the presence of the Cl~/OH™ exchanger tributyltin
and the K*/H" exchanger nigericin, starting from zero Cl~ concentration. The total quenchable signal of MQAE was
determined by adding KSCN in the presence of the K* ionophore valinomycin. The correlation between the reciprocal of the
fluorescence intensity and the chloride concentration was linear at least up to 50 mM Cl~. The fluorescence of freshly prepared
synaptoneurosomes was then measured and the obtained value was plotted into the calibration curve and the corresponding Cl~
was read. The mean intrasynaptoneurosomal chloride concentration was 14 + 4 mM. We also quantitatively estimated the Cl~
flux after addition of the barbiturate, pentobarbitone that opens GABA , receptor-Cl "-channels, to the synaptoneurosomes. An
addition of 1 mM pentobarbitone corresponded to an approx. 0.59 mM change in the intrasynaptoneurosomal free chloride
concentration. The results show that the chloride-sensitive fluorescent indicator MQAE is a useful tool when determining
intracellular chloride activity, and in quantitative determination of chloride fluxes in living cells and subcellular preparations.

Introduction

There is accumulating evidence that Cl™ is not
passively distributed over the cell membrane, but is
regulated by transport mechanisms [1,2]. The Cl7/
HCOj5 exchange system is responsible for intracellular
pH regulation [3] and cell volume is dependent upon
the K*/Na*/Cl™ cotransport system and other trans-
port systems (For reviews see Refs. 4,5). The chloride
homeostasis is also regulated by Ca®*-dependent Cl~
channels [6], voltage-gated Cl~ channels [7-9], and
ATP-driven Cl- pumps [10]. The intracellular chloride
concentration is particularly important in excitable
cells, since the C1~ permeability through GABA , and
glycine receptor Cl~ channels as well as other Cl~
channels regulates cellular excitability. The intra-
cellular chloride activity is needed to determine the
Cl™ equilibrium potential. GABA, receptor-linked
C1~ fluxes have previously been measured using *Cl1~
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in synaptoneurosomes [11-14], which is a pre- and
postsynaptic metabolically intact membrane prepara-
tion [11]. The use of fluorescent probes is gaining wider
applicability in the study of membrane transport. We
have earlier investigated GABA ,-, barbiturate-, and
ethanol-induced CI~ fluxes in rat cerebellar granule
cells [15-17] and the effect of ethanol on GABA , and
glycine receptor-coupled Cl~ fluxes in rat brain synap-
toneurosomes [18], using a chloride-sensitive fluores-
cent indicator SPQ [19]. The fluorescence of SPQ is
quenched by CI~ by collisional quenching. SPQ has
also been used for estimation of intracellular chloride
activity in isolated rabbit proximal tubules [20]. One of
the main problems using fluorescent probes is calibra-
tion and quantitation of signals. Therefore a compari-
son of obtained changes in many instances and with
different preparations, e.g., from different animal
strains, is impossible. The aim of this study was to
design a calibration protocol for the determination of
GABA , receptor coupled changes in rat brain synap-
toneurosomes using a Cl -sensitive fluorescent indica-
tor MQAE [21] with higher Cl~ sensitivity and fluores-
cence yields as compared to SPQ.



Experimental procedures

Preparation of synaptoneurosomes. Synaptoneuro-
somes comprise a subcellular membrane preparation
with resealed, intact pre- and postsynaptic parts. The
preparation retains receptor-mediated properties and
maintain an electrochemical gradient {11,22,23].

The preparation of synaptoneurosomes was per-
formed as described by Schwartz et al. [11], with some
modifications [18,23]. Briefly, a young Wistar rat was
decapitated and the brain placed in an ice-cold, bal-
anced salt solution (BSS) (composition in mM: NaCl,
137; KCl, 5; NaHCO,, 4.2; MgCl,, 1.0; KH,PO,, 0.44;
2-[[2-hydroxy-1,1-bis(hydroxymethyl)ethylJaminoJeth-
anesulfonate (TES), 20 (pH 7.4)) to which 1 mM Mg-
ATP and 0.1% bovine serum albumin (BSA) had been
added. The brain was cut into small pieces (2-3 mm)
and manually homogenised (6 strokes) with a loosely
fitting, glass-Teflon homogenizer. The homogenate was
passed through a nylon mesh (80 wm), and the filtrate
was subsequently passed through a cellulose nitrate
filter (8 wm) followed by centrifugation at 1000 X g for
15 min. The pellet was washed once in BSS and cen-
trifuged. All the procedures were performed at 4°C.

Electron microscopy examination of synaptoneuro-
somes prepared in this way, shows that the preparation
contains cross-sections of nerve terminals with synaptic
vesicles. Many axon terminals makes contact with a
postsynaptic structure. Density gradient centrifugation
shows that the preparation is virtual absent of other
particles and contains very little myelin [23].

Loading synaptoneurosomes with MQAE. The pellet
was resuspended in 5 mM MQAE (Lambda Probes &
Diagnostics, Austria) dissolved in the balanced salt
solution with 10 mM glucose, 1 mM CaCl, and 0.1%
BSA and loaded for 30-45 min at 37°C. After loading,
the suspension was centrifuged at 1000 X g for 15 min
at 4°C. The pellet was resuspended in BSS with glucose
and BSA, and the suspension was kept on ice. An
appropriate amount was subsequently centrifuged for
each experiment.

Calibration of intrasynaptoneurosomal MQAE. The
pellets were resuspended in an experimental medium
free of CI~ (NaCl was substituted by equimolar
amounts of p-glucuronic acid, MgCl, by MgSO,, KCl
by KHSO, (pH 7.4) with NaOH), centrifuged once and
resuspended in a cuvette with 350 ul of the Cl™ free
medium plus 10 mM glucose and 0.1% BSA. The
fluorescence was monitored using a Hitachi F-4000
fluorescence spectrophotometer (excitation 355 nm,
emission 460 nm) in a stirred and thermostated cuvette
(37°C). Stirring was used to ascertain the rapid and
even distribution of the added components.

Calibration of intracellular MQAE was performed
by determining the correlation between fluorescence
intensity and Cl~ concentration by a procedure modi-
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fied from those described by Krapf et al. [20] for
perfused tissues and Eidelman and Cabantchik [24] for
vesicles. The maximal fluorescence (F,,, ) in the ab-
sence of Cl~ was obtained by depleting intrasynap-
toneurosomal Cl~ by adding the ionophores nigericin
(7 uM) and tributyltin acetate (TBT) (10 M) to the
synaptoneurosomes in the chloride free experimental
medium. Nigericin is a K*/H™" antiporter and removes
the H* and OH~ gradients. Tributyltin, being an
OH™/Cl™ antiporter [25], equalizes the Cl~ gradient.
Four different concentrations of NaCl (between 5 and
50 mM) were then added to every pellet and the
fluorescence intensities were noted. At the end of each
experiment 150 mM KSCN, in the presence of 5 uM of
the K* ionophore valinomycin, was added to quench
the fluorescence of MQAE. The SCN ™ ion has a much
higher affinity for the indicator than the Cl~ ion and
therefore quenches most of the MQAE fluorescence.

The total quenchable signal (F,) was obtained by
subtracting the fluorescence after addition of KSCN
from F,,, (F,=F,,, — Fgscn)- The change in fluores-
cence after addition of a given concentration of Cl~-
was defined as F,/F where F(, is the fluorescence at
the given Cl™ concentration minus Fygcy-

Estimation of the intrasynaptoneurosomal free chlo-
ride concentration. Freshly prepared synaptoneuro-
somes were resuspended in the chloride free experi-
mental medium and the fluorescence intensity was
rapidly measured. 7 uM nigericin and 10 uM TBT
were added to obtain F,_, and 150 mM KSCN and 5
uM valinomycin were added to obtain F,. The F,/F
values of the synaptoneurosomes were calculated as
described above.

Quantitative determination of chloride fluxes. Synap-
toneurosomes were resuspended in the chloride free
experimental medium, with 1 mM furosemide added to
prevent Cl~ fluxes through the Na*/K*/2Cl~ co-
transporter and the HCOj; /Cl™ exchange system
[3,18]. The suspension was centrifuged and the pellet
was resuspended in a cuvette containing chloride free
experimental medium with 10 mM glucose, 1 mM
Ca(l,, 0.1% BSA and 1 mM furosemide. Different
concentrations (0.01-1.00 mM) of the barbiturate pen-
tobarbitone were added and the fluorescence intensi-
ties were recorded. F,,, and F, were determined at
the end of every experiment as described above by
adding nigericin and TBT, and valinomycin and KSCN,
respectively, and the F,/F., values corresponding to
the different concentrations of pentobarbitone were
calculated. The remaining basal leakage of chloride
from the synaptoneurosomes in the presence of
furosemide [18] was excluded from the calculations.
The medium low in Cl~ concentration was used as
experimental medium to be able to study outward-di-
rected CI~ movements [16].
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Results

Intrasynaptoneurosomal MQAE calibration and estima-
tion of chloride concentration

In order to be able to quantitate fluorescence
changes, an estimate of the total quenchable signal (F,)
has to be obtained. Fig. 1 shows the increase in MQAE
fluorescence upon addition of nigericin and tributyltin
to synaptoneurosomes in a Cl~ free medium, followed
by quenching of the signal by KSCN.

The fluorescence of MQAE was calibrated as de-
scribed in Experimental procedures by adding chloride
to the final concentrations of 0, 5, 10, 20, 30, 40, and 50
mM in the presence of nigericin and tributyltin. A
typical experiment is shown in Fig. 2. The data were
plotted as a correlation curve (Fig. 3). The relationship
between the reciprocal of the intracellular MQAE
fluorescence intensity and Cl™ concentration was lin-
ear at least up to 50 mM CI~ (r=0.99983). The
fluorescence signal of an indicator affected by collision
quenching with substrate, in this case chloride, follows
the Stern—Volmer equation:

F /Fq=1+[C"1/Ksy

where F, is the total quenchable fluorescence and F,
is the proportional fluorescence at a certain Cl~ con-
centration. The intrasynaptoneurosomal constant Ky,
for quenching of MQAE by chloride was calculated
according to the above equation to be 15.7 mM.

The mean F,/F, value, obtained as shown in Fig. 1
for five different preparations of synaptoneurosomes
(3-6 experiments per preparation) varied between 1.61
and 2.28, the mean value was 1.89 +0.25 (S.E.) (Table
I). When the data were plotted into Fig. 3 or fitted into
the Stern—Volmer equation with K¢, = 15.7 mM, the
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Fig. 1. Estimation of the total quenchable fluorescence (F,). The
fluorescence of the synaptoneurosomes was measured. Maximal fluo-
rescence (F, ) was obtained by adding nigericin (7 uM) and trib-
utyltin (10 wM). At the end of the procedure intrasynaptoneuroso-
mal MQAE was quenched by KSCN (150 mM) in the presence of
valinomycin (5 ©M) to determine the total quenchable signal (F,).
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Fig. 2. Intracellular MQAE fluorescence upon additions of C1~ to
rat brain synaptoneurosomes. Cl~ was added in every experiment to
synaptoneurosomes in a chloride free medium, in the presence of
nigericin and tributyltin (see methods). At the end of each experi-
ment, the total quenchable signal (F,) was determined by adding
KSCN (150 mM) in the presence of valinomycin (5 uM).

corresponding intrasynaptoneurosomal Cl~ concentra-
tion varied between 9.6 mM and 20.1 mM, the mean
value was 14.0 + 3.9 mM (S.E.) C1~ (Table I).

Quantitative determination of pentobarbitone-induced
chloride fluxes

Addition of pentobarbitone increases the fluores-
cence of intrasynaptoneurosomal MQAE due to efflux
of Cl~ (Fig. 4). The F, value was obtained by subse-
quent additions of nigericin, TBT, and KSCN as in Fig.
1. The obtained F,/F, value for different concentra-
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Fig. 3. Calibration of intrasynaptosomal Cl~ versus MQAE. The
fluorescence in the absence of chloride divided by the fluorescence
in the presence of chloride (F,/F)) is plotted against the ClI™
concentration. The closed symbols (mean of 3-7 experiments +S.E.
per Cl~ concentration) represent the calibration plot. Bars are not
shown where the width of the bar does not exceed the width of the
symbol. A regression line was fitted to the data, the correlation
coefficient (r) was 0.99983.



TABLE 1

The mean F, / F¢, values for five different preparations of synaptoneu-
rosomes and the corresponding intrasynaptoneurosomal chloride con-
centrations

Synaptoneurosome Mean F, /F- +S.E. mM Chloride 2
preparation

1(n=5) 2.08+0.12 17.0

2(n=3) 1.70+0.09 11.0

3(n=4 1.61+0.02 9.6

4(n="06) 1.78+0.11 12.3

5(n=3) 2.28+0.07 20.1

Mean values + S.E. 1.89+0.25 140139

# Derived from the standard curve in Fig. 3, calculated according to
the Stern—Volmer equation.

tions of pentobarbitone was used to calculate the cor-
responding chloride concentration according to the
Stern—Volmer equation with the above obtained Kg,
constant (15.7 mM) and the result was plotted into a
dose—response curve (Fig. 5). The dose-response rela-
tionship shows that the EC;, for pentobarbitone was
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Fig. 4. Effect of the GABA, receptor agonist, the barbiturate
pentobarbitone on the intrasynaptoneurosomal fluorescence of
MQAE. Experimental conditions as in Fig. 1. Increasing concentra-
tions of pentobarbitone (PB) were added to synaptoneurosomes in a
nominally CI~ free medium. In B the additions of pentobarbitone
are enlarged. Nigericin and tributyltin (TBT) were subsequently
added to obtain F_,,, and KSCN was added to obtain F,. The basal
leakage of Cl1~, before and between additions of PB, is reduced when
PB-induced changes in intrasynaptoneurosomal chloride concentra-
tion are determined.
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Fig. 5. Dose-dependence of the effect of pentobarbitone on the

intrasynaptoneurosomal free Cl~ concentration. Each symbol repre-

sents the mean of 3~12 experiments + S.E. Experimental conditions
were as in Fig. 4.

about 35 uM, which corresponds to an outflow of
about 300 uM Cl~ from the synaptoneurosomes and a
corresponding decrease in the intrasynaptoneurosomal
free chloride concentration.

Discussion

The methods traditionally used for measuring trans-
membrane CI~ transports are the use of radiolabelled
tracers and ion-selective microelectrodes. The advan-
tages of ion-selective microelectrodes are the possibil-
ity of simultaneous measurement of ion activities,
membrane potential, and electrical membrane proper-
ties. The disadvantage is that the method is invasive, it
does not measure unidirectional fluxes, and it is not
possible to study cell populations. The methods utilis-
ing radiolabelled chloride as a tracer measure the total
amount of intracellular chloride, not only the free
concentration. The use of chloride-sensitive fluorescent
indicators enables continuous monitoring of the intra-
cellular free chloride concentration and unidirectional
transmembrane chloride transport in single cells or cell
populations [15,17,20].

The relationship between the reciprocal of the intra-
cellular MQAE intensity and chloride concentration
was linear at least up to 50 mM Cl~, as has been
reported for SPQ [20]. The intrasynaptoneurosomal
Stern—Volmer constant for quenching of MQAE by
chloride was calculated to 15.7 mM Cl~. The calcu-
lated intracellular Ky for quenching of SPQ by chlo-
ride in rabbit proximal tubules [20] was about 83 mM.
This indicates that MQAE is intracellularly about five
times more sensitive to chloride than SPQ and is
therefore more useful when small changes in intra-
cellular free Cl™ concentrations are measured.
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The free intracellular chloride concentration in
synaptoneurosomes has not been determined before,
although synaptoneurosome preparations have fre-
quently been used as experimental models for neu-
rones in several studies on chloride transport [11-
14,18]. The intrasynaptoneurosomal free chloride con-
centration was estimated to be 14 + 3.9 mM in this
study. This corresponds to an activity of 10.5 + 2.9 mM,
approximated with an activity coefficient for NaCl on
0.749 (0.15 M, 38°C). The free intracellular chloride
activity in most cells has traditionally been estimated to
be about 10 mM or higher [26] in agreement with the
results presented here. These values are also fairly
close to the K, constant obtained for quenching of
MQAE with ClI™ in this study. Therefore the proper-
ties of this indicator are nearly optimal for determining
changes in intracellular Cl~.

The experiments with the GABA , receptor agonist
pentobarbitone induced Cl~ fluxes indicate that it is
possible to quantitatively determine the Cl~ fluxes with
this fluorescent method. The ECy, value for pentobar-
bitone-induced Cl~ efflux was about 35 uM. This value
is somewhat lower than the values obtained in earlier
studies, 200 M with 3C1~ [11,13] and 150 uM with
SPQ [16], but fairly close to values obtained for pento-
barbitone displacement of [**S]TBPS binding. In this
assay ICs, values of 53 uM [27] and 95 uM [28] have
been obtained. The actual changes in intracellular Cl1~
(maximal change around 600 uM Cl~) seem small
when considering that a main portion of central neu-
rones express GABA receptors. The reason for the
small fluxes may be due to events such as desensitiza-
tion, which would prevent gross changes in intra-
cellular CI~ during inhibitory transmission. It should
be noted that desensitization is not seen with this
method, because unidirectional fluxes are determined
as the Cl~ flowing out will be diluted in the external
medium.

In conclusion, MQAE offers a possibility for quanti-
tative determination of the intracellular free chloride
activity and transmembrane chloride transport. In stud-
ies on GABA , receptor coupled Cl~ channels with
this method, calibration of fluorescence changes can be
performed in the same experiment using the ionophores
tributyltin and nigericin in combination with SCN ™.
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