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Abstract

The Cl™ channel blockers, 4,4'-diisothiocyanatostilbene-2,2'-disulfonic acid (DIDS) or 4-acetamido-4'-isothiocyanatostilbene-2,2’-
disulfonic acid (SITS) dose-dependently protected against oxygen-glucose deprivation in cultured rat cortical neurons. DIDS or SITS
attenuated oxygen-glucose deprivation-induced increases in extracellular glutamate concentrations and intracellular Ca®>*. DIDS or SITS
provided moderate protection against N-methyl-p-aspartate (NMDA) toxicity and decreased NMDA receptor-mediated increases in
intracellular Ca? *. Whole-cell NMDA receptor currents were attenuated 39 + 2% and 21 + 3% by 1 mM DIDS and SITS, respectively. Other
CI™ channel blockers as equipotent as DIDS and SITS did not decrease oxygen-glucose deprivation- or NMDA-mediated neuronal Ca?
influx or toxicity. Neurotoxicity by exogenous glutamate was not prevented by SITS and was exacerbated by DIDS. Reductions in oxygen-
glucose deprivation-induced increases in intracellular Ca® * levels underlie neuroprotection by DIDS and SITS. This was a reflection of lower
extracellular [glutamate], direct inhibition of Ca®" influx through postsynaptic NMDA receptors, and possibly through other protective

properties associated with DIDS and SITS.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Disruption of ion homeostasis is an early hallmark of
cerebral ischemia, which includes Na™/Cl - and Ca’™*-
dependent components (Choi, 1987). Ischemia/anoxia
(Jiang et al., 1992; Inglefield and Schwartz-Bloom, 1998a)
and NMDA receptor activation (Inglefield and Schwartz-
Bloom, 1998b) may induce [C]™]; increases in neurons. The
Ca”® "-dependent component of ischemic damage is gener-
ally attributed to excessive build-up of extracellular gluta-
mate through processes which include exocytosis, reversal
of glutamate transporters, astrocyte-swelling and cellular
leakage.

Several features about 4,4’-diisothiocyanatostilbene-2,2’-
disulfonic acid (DIDS) and 4-acetamido-4'-isothiocyanatos-
tilbene-2,2’-disulfonic acid (SITS) prompted us to investi-
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gate whether these compounds would be protective in a
neuronal cell culture model of cerebral ischemia, oxygen-
glucose deprivation. DIDS and SITS are inhibitors of C1™
channels and CI"/HCOj; exchangers (Cabantchik and
Greger, 1992), and are cerebral glutamate uptake inhibitors
(Waniewski and Martin, 1983). DIDS and SITS are protec-
tive in cardiac models of ischemia/hypoxia (Tanaka et al.,
1996; Heusch et al., 2000; Kawasaki et al., 2001; Ramas-
amy et al., 2001), which was attributed to Cl™-dependent
and -independent properties. Cerebral ischemia may result
in reversal of glutamate uptake transporters and cause
glutamate efflux (Danbolt, 2001). Inhibition of transporters
by dihydrokainate, combined with CI™ channel blockade by
4,4'-dinitrostilbene-2,2’-disulfonic acid (DNDS), reduces
glutamate release more effectively than when either com-
pound is administered alone (Seki et al., 1999). DIDS and
SITS also protect against other neurodegenerative stimuli,
possibly in a Cl -dependent manner (Himi et al., 2002;
O’Reilly et al., 2002; Small et al., 2002).

In the current study we document strong neuroprotection
against oxygen-glucose deprivation by DIDS and SITS.

0014-2999/03/$ - see front matter © 2003 Elsevier Science B.V. All rights reserved.

doi:10.1016/S0014-2999(03)01371-2



18 J.S. Tauskela et al. / European Journal of Pharmacology 464 (2003) 17-25

However, the basis for this protection differed from the
initial rationale used to examine these compounds.

2. Methods
2.1. Materials

Tissue culture dishes and plates were purchased from
either Du Pont-Life Technologies (Burlington, ON, Canada)
or VWR Canlab (Mississauga, ON, Canada). Fetal bovine
serum and minimal essential medium (MEM) were ob-
tained from Wisent Canadian Laboratories (St-Bruno, QC,
Canada). Horse serum was acquired from Hyclone Labo-
ratories (Logan, UT, USA). NMDA, glutamate, (5S,10R)-
(+)-5-methyl-10,11-dihydro-5H-dibenzo[a,d]|cyclohepten-5,
10-imine maleate (MK-801), tetrodotoxin, 6-cyano-7-nitro-
quinoxaline-2,3-dione (CNQX) and L-trans-pyrrolidine-2,4-
dicarboxcylic acid (PDC) were purchased from Sigma (St.
Louis, MO, USA). DIDS, SITS, DNDS, 4,4'-dibenzami-
dostilbene-2,2'-disulfonic acid (DBDS), DiBAC,(5), sytox-
green, Fluo-4FF and 5-(and-6)-carboxynaphthofluorescein
diacetate (CNF) were bought from Molecular Probes
(Eugene, OR, USA). pL-threo-B-benzyloxyaspartic acid
(pL-TBOA) was purchased from Tocris Cookson (Ellisville,
MO, USA).

2.2. Preparation of rat cortical cultures

Cultures of E18 rat cortical neurons were prepared as
described previously (Tauskela et al., 2001). Timed-preg-
nant Sprague—Dawley rats (Charles River Canada, St.
Constant, QC, Canada) were anesthetized with halothane
and killed by cervical dislocation. Following dissection of
the cortical region of the fetal brain, cortical neurons were
dispersed by trituration and centrifuged at 250 X g for 5 min
at 4 °C. Cells were plated at 1.0 x 10° (for electrophysiol-
ogy experiments) or 1.7 x 10° cells/ml of medium consist-
ing of MEM supplemented to 25 mM glucose, 10% fetal
bovine serum, 10% horse serum and 2 mM glutamine on
poly-L-lysine-coated 35-mm tissue culture dishes (for elec-
trophysiology) or 12-well tissue culture plates. Cultures
were treated with 15 pg/ml of 5-fluoro-2’-deoxyuridine
and 35 pg/ml uridine after 4 days in vitro to minimize glial
growth. At 7 days in vitro, one-half of the medium was
replaced with medium consisting of MEM and 10% horse
serum. Experiments were performed on cultures from 14 to
18 days in vitro.

2.3. Neurotoxic insults

2.3.1. Oxygen-glucose deprivation

Oxygen-glucose deprivation was performed as previ-
ously described (Tauskela et al., 2001) by placing cultures
in a 37 °C incubator housed in an anaerobic glove box
(Forma Scientific, Marjetta, OH, USA). Cultures were

washed 2 X in a glucose-free balanced salt solution (BSS)
at 22 °C with the following composition (in mM): 140
NaCl, 5 KCl, 2 CaCl,, 20 HEPES, 0.03 glycine, and
maintained at pH 7.4. Cultures were then subjected to an
anaerobic environment of 95% N,/5% CO, for 75—95 min,
producing an O, partial pressure equal to 10—15 Torr, as
measured with an oxygen microelectrode (Microelectrodes,
Londonberry, NH, USA). Oxygen-glucose deprivation was
terminated by replacement of stored medium, and returning
the cultures to a standard incubator maintained at 37 °C in
95% 0,/5% CO,. Control cultures were exposed to BSS
that contained 3 mM D-glucose and were maintained in the
standard incubator. In experiments examining the effect of
drugs, treated and untreated cultures were washed with BSS
post-oxygen-glucose deprivation. For each 12-well plate
subjected to oxygen-glucose deprivation, three to four wells
were devoted to oxygen-glucose deprivation in the absence
of drug, which eliminated concerns due to interplate varia-
bility in responses to oxygen-glucose deprivation.

2.3.2. Glutamate or NMDA exposures

Following washing in glucose-containing BSS, cultures
were exposed to 40 uM NMDA or 80 pM glutamate for 15—
20 min in this same buffer, washed, and culture medium
replaced.

2.4. Assessment of neuronal injury

Neuronal injury was assessed 24 h following treatments
by exposing cells to sytox-green, followed by measurement
of fluorescence intensities with a fluorescence platereader.
Specifically, media in 12-well plates were replaced with 0.5
ml/well of BSS containing glucose and 2.5 pM sytox-green,
and incubated at 22 °C for 30 min. The fluorescence
intensity (Ex=480 + 20 nm; Em=530 £ 20 nm) from four
locations within each well was then measured on a Cyto-
fluor 2350 (Millipore, Bedford, MA, USA). The % sytox-
green uptake was determined by subtracting the fluores-
cence measured in untreated sister cultures containing
sytox-green, then normalizing values to the fluorescence
representing 100% neuronal death, which was obtained by
exposing sister cultures to 100 pM NMDA for 15 min.
Thus, the % sytox-green uptake is equivalent to the per-
centage of dead cells above control levels (death in
untreated control wells was <5%)).

2.5. Measurement of intracellular Ca®*

Intracellular Ca® " levels were determined using temper-
ature-controlled platereader measurements of fluorescence
intensity from 12-well plates containing cultures loaded
with the Ca®*-sensitive fluorescent dye Fluo-4FF (Ex=
485 £ 20 nm; Em=530 + 20 nm), and CNF (Ex=590 +
20 nm; Em=645 %40 nm). Cultures were washed in
glucose-containing BSS, then co-loaded with 4.5 pM
Fluo-4FF and 15 uM CNF in BSS for 45 min at 37 °C,
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washed 2 X, and allowed to equilibrate for > 60 min at
22 °C.

Prior to NMDA or glutamate treatment, cultures were
washed in BSS. The fluorescence intensity from four
locations within each well was measured in the platereader
at 25 °C, and scanned following a 15-min exposure to
NMDA or glutamate + DIDS or SITS in BSS.

Prior to oxygen-glucose deprivation, cultures were
washed 2 X in glucose-free BSS, scanned in the platereader,
and subjected to oxygen-glucose deprivation + DIDS or
oxygen-glucose deprivation = SITS in glucose-free BSS.
Immediately prior to termination of 75—90 min oxygen-
glucose deprivation, each plate was tightly wrapped with
parafilm while still in the anaerobic chamber to maintain a
hypoxic atmosphere and scanned at 37 °C within 30 s of
removal from the chamber.

Fluorescence intensities were background-corrected for
the signals acquired from a cell-free plate containing dye-
free buffer. The ratio of intensities of Fluo-4FF:CNF was
calculated according to the formula

(FF4, — FF4,_,)/CNF,_,

where FF4,_, and FF4, represent Fluo-4FF intensities for
signals acquired pre- (time ¢=0) and post-insult (time ?),
respectively, and CNF,_ is the CNF intensity obtained pre-
insult. A CNF, value was not included in this calculation
since this dye did not remain homogenously distributed in
the cytosol following NMDA receptor activation (R. Mon-
ette, unpublished observations). This microplatereader-
based approach allowed objective high-volume/throughput
analyses of relative changes in Ca> " levels under conditions
similar to those employed for neurotoxicity analyses. Fluo-
4FF was chosen for several reasons. Neuronal [Ca®]; can
be underestimated when using Ca” *-sensitive dyes, such as
with high affinity dyes (Hyrc et al., 1997), or with excessive
dye loading, or photobleaching. Fluo-4FF is regarded as a
low affinity dye (K4 ~ 9.7 uM). Fluo-4FF produces a
stronger fluorescence signal than earlier generation dyes
such as Fluo-3, minimizing dye loading. Ratioing the differ-
ence in Fluo-4FF signals to CNF compensated for factors
such as variable neuronal density.

2.6. Whole-cell recording

The effects of Cl™ channel blockers on whole-cell
NMDA-induced currents were measured as described pre-
viously (Mealing et al., 2001). Briefly, cortical neurons were
perfused at 22 °C with bathing solution of the following
composition (in mM): 140 NaCl, 5 KCI, 1 CaCl,, 10
HEPES, 3 glucose, at pH 7.4. Also included in the bath
were 1 uM tetrodotoxin to block Na' currents, and 10 pM
glycine to saturate the glycine site on NMDA receptors.
Patch pipettes (2—4 M) resistance) were constructed from
1.5 mm outer diameter/1.0 mm inner diameter Pyrex 7740
glass (Corning, Big Flats, MN, USA). The pipette solution

contained (in mM): 140 CsCl, 1.1 EGTA, 10 HEPES, 2 Mg-
ATP, at pH 7.2.

Whole-cell currents were acquired using an Axopatch 1-
D amplifier equipped with a CV-4 headstage with a 1-G()
feedback resistor (Axon Inst., Foster City, CA, USA).
Voltage command and current acquisition were accom-
plished using a personal computer equipped with a Digidata
1200 interface and pClamp 7.0 software (Axon Inst.). A
modified DAD-12 perfusion system (ALA Scientific Inst.,
Westbury, NY, USA) was used for rapid agonist or agonist—
antagonist application.

2.7. Electrophysiological data analysis

The effect of C1™ channel antagonists on NMDA-evoked
currents was calculated according to the formula:

B=((I—1Is)/I) x 100

where / was determined by curve fitting the decay of the
NMDA-evoked current during the NMDA application and
extrapolating the fit to the end of the C1~ channel antagonist
co-application, and /g was the current measured at the end
of NMDA/Cl™ channel antagonist co-application. Current
decays were fit to first-order exponential curves using a
Chebyshev fit method and pClamp software.

2.8. Measurement of extracellular glutamate concentration

Immediately following exposure of cultures to oxygen-
glucose deprivation, control wash or glutamate, buffer
solutions were collected and stored at — 80 °C. Glutamate
concentrations were determined using a commercially avail-
able kit (Molecular Probes), in which glutamate is enzymati-
cally converted to H,O,, which in turn reacts with Amplex
Red reagent to produce the fluorescent product resorufin,
and detected using a fluorescent platereader.

2.9. Statistical analysis

Three to six wells were investigated per condition from a
minimum of three different platings. Data are presented as
the mean + S.E.M. Statistical comparisons were made by
analysis of variance (ANOVA). When significant differ-
ences were observed, Scheffe’s test was employed for
multiple comparisons. Statistical significance was inferred
at P<0.05.

3. Results

3.1. Effect of DIDS or SITS on oxygen-glucose deprivation-
induced neurotoxicity

The effect of DIDS and SITS on neuronal toxicity by
oxygen-glucose deprivation was determined on rat mixed
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Fig. 1. (A, B) Representative microphotographs demonstrating protection
against oxygen-glucose deprivation by co-incubation with 1 mM SITS.
Cultures were subjected to 85 min oxygen-glucose deprivation + SITS,
followed by staining with sytox-green 24 h later. Phase contrast and
fluorescence images of the same field, respectively, are shown for oxygen-
glucose deprivation and oxygen-glucose deprivation+1 mM SITS. (C)
Dose-dependent protection against oxygen-glucose deprivation by 0.25—
1.0 mM DIDS or SITS. DIDS or SITS were applied only during 75-90
min oxygen-glucose deprivation, and neurotoxicity was assessed 24 h
later as the % sytox-green uptake. Data represent the means = S.E.M.
obtained from five different platings of neurons, each with four to six
replicates. *Significant (P <0.05) difference in the % sytox-green uptake
compared to oxygen-glucose deprivation performed in the absence of
DIDS or SITS.

cortical neuronal—astrocyte cultures. Fig. 1A and B shows
representative phase contrast and sytox-green images,
respectively, for cultures exposed to 85 min oxygen-glucose
deprivation = 1 mM SITS. Subjecting cultures to oxygen-
glucose deprivation for a duration of 75—-90 min caused
91 £ 2% neuronal death, as measured by the % sytox-green
uptake 24 h later. Inclusion of DIDS and SITS during
oxygen-glucose deprivation dose-dependently protected cul-
tures, with significant protection observed at 250 uM and a
reduction in death by >50% at 1000 uM (Fig. 1C). A
structurally similar C1~ blocker, DNDS, applied at concen-
trations of 250—1000 pM did not significantly alter neuro-
toxicity caused by oxygen-glucose deprivation (data not

shown). DIDS, SITS or DNDS (250—1000 pM) were not
neurotoxic on their own (data not shown).

3.2. Effect of DIDS or SITS on NMDA neurotoxicity

NMDA receptor antagonists can protect against oxygen-
glucose deprivation so we evaluated if DIDS or SITS
protected against NMDA neurotoxicity alone. Application
of 40 uM NMDA for 15-20 min caused 82 + 4% sytox-
green uptake. DIDS and SITS dose-dependently protected
cultures, with significant protection observed at 250 pM and
a reduction in toxicity by 21 &+ 3% for SITS and 39 + 2%
for DIDS at 1 mM (Fig. 2A). DNDS and DBDS (Cabant-
chik and Greger, 1992), as well as a more potent Cl™
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Fig. 2. (A) Dose-dependent protection against a 15—20 min application of
40 uM NMDA by 0.25—1.0 mM DIDS or SITS. (B) Lack of protection
against a 15—20 min application of 80 uM glutamate by 0.5—-1.0 mM
DIDS or SITS. The effect of including the NMDA receptor antagonist, MK-
801 (2.5 uM), with glutamate + DIDS or SITS was also evaluated. In both
(A) and (B), neuronal toxicity was evaluated as the % sytox-green uptake
measured 24 h later. Data represent the means + S.E.M. obtained from three
to four different platings of neurons, each with four replicates. *Significant
(P<0.05) difference in the % sytox-green uptake compared to NMDA or
glutamate treatment in the absence of DIDS or SITS. 'Significant
(P<0.05) difference in the % sytox-green uptake compared to glutama-
te+DIDS.
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Fig. 3. Effect of DIDS or SITS on oxygen-glucose deprivation-, glutamate- or NMDA-induced increases in Ca> * levels. Cultures in 12-well plates were co-loaded
with 4.5 uM of'a Ca” * indicator, Fluo-4FF, and 15 pM 5-(and-6)-carboxynaphthofluorescein diacetate (CNF), and fluorescence intensities were measured using a
fluorescence microplatereader. (A —C) A typical experiment examining the effect of | mM DIDS and 1 mM SITS on oxygen-glucose deprivation-induced increase
in intracellular Ca® *. (A) Representative Fluo-4FF fluorescence intensities were acquired pre-oxygen-glucose deprivation (designated as FF4, _ o), as well as at the
end of 85 min oxygen-glucose deprivation = 1 mM DIDS or I mM SITS (FF4,). Dashed lines represent the background signal acquired from cultures containing
buffer but no dye. Data represent the means + S.E.M. obtained from four wells per condition within a single 12-well plate. (B) Representative CNF fluorescence
intensities were acquired pre-oxygen-glucose deprivation (designated as CNF, _ o) from the same wells as in (A). (C) Representative actual and normalized ratios,
calculated from the background-corrected intensities depicted in (A) and (B) above, according to the formula (4FF, — 4FF, _ ()/CNF, _ o. Summary of results for
(D) t=75-90 min oxygen-glucose deprivation + 0.5—1.0 mM DIDS or SITS; (E) =15 min of 80 uM glutamate £ 0.5—1.0 mM DIDS or SITS; and (F) =15
min of 40 uM NMDA + 0.5—-1.0 mM DIDS or SITS. Data represent the means + S.E.M. obtained from four different platings of neurons, each with three to four
replicates. All values are significantly different (£ <0.05) from cultures treated in the absence of DIDS or SITS, unless indicated by ns (not significant).
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channel blocker (Knauf et al., 1995), DiBAC,4(5), did not
significantly protect against NMDA (data not shown).

3.3. Effect of DIDS or SITS on glutamate neurotoxicity

DIDS and SITS have been characterized as glutamate
uptake inhibitors (Waniewski and Martin, 1983) so we
examined the effect of these drugs on neurotoxicity by
exogenous glutamate. Application of 80 uM glutamate for
15—20 min resulted in 66 + 5% sytox-green uptake, which
was significantly augmented by 500—1000 uM DIDS (Fig.
2B). Blockade of the AMPA subtype of glutamate receptor
did not prevent this enhancement, since 10 pM CNQX did
not significantly alter these neurotoxicity profiles (data not
shown). However, blockade of the NMDA receptor with 2.5
uM MK-801 completely prevented toxicity by glutama-
te £ DIDS (Fig. 2B).

In contrast, 500—1000 pM SITS did not significantly
alter neurotoxicity of 15—20 min of 80 uM glutamate (Fig.
2B). CNQX did not alter this profile, while MK-801 was
completely protective against glutamate + SITS (data not
shown).

A CI" blocker of similar potency, DNDS (Cabantchik
and Greger, 1992), had no significant effect on glutamater-
gic neurotoxicity (data not shown).

3.4. Effect of DIDS or SITS on oxygen-glucose deprivation-,
glutamate- or NMDA-induced Ca”" increases

The effect of DIDS or SITS on oxygen-glucose depriva-
tion-induced increases in neuronal Ca” " levels was exam-
ined using cultures loaded with Fluo-4FF and CNF. In a
typical experiment (Fig. 3A—C), pre-oxygen-glucose de-
privation Fluo-4FF and CNF intensities acquired in the
absence of drugs (designated FF4,_, and CNF,_, respec-
tively) were ~ 3 X and ~ 2 X background signals ac-
quired from dye- and cell-free buffer alone (Fig. 3A). In
general, pre-oxygen-glucose deprivation CNF signals for
each well were proportional to the Fluo-4FF signal, suggest-
ing that CNF was a good marker of neuronal density.
Relative to pre-oxygen-glucose deprivation Fluo-4FF inten-
sities, oxygen-glucose deprivation (75—90 min) resulted in
a ~ 7-fold increase in Fluo-4FF intensity, designated FF4,,
and this increase was attenuated 24% or 45%, respectively,
by inclusion of | mM DIDS or SITS during oxygen-glucose
deprivation (Fig. 3B). Data were processed as the ratio of
the following fluorescence intensities, (FF4;—FF4,_)/
CNF, _(, and the ratio obtained in the absence of antagonist
was normalized to 100 (Fig. 3C).

At concentrations of 500 pM, DIDS and SITS signifi-
cantly attenuated the oxygen-glucose deprivation-induced
increase in intracellular Ca®>* levels by 26% and 42%,
respectively (Fig. 3D). DIDS and SITS did not alter the
fluorescence signals during control wash (data not shown).

A rise in intracellular Ca” " levels, measured following a
15-min exposure to 80 pM glutamate, was significantly

attenuated 11-13% by DIDS (500—1000 uM) (Fig. 3E). By
contrast, SITS did not significantly diminish the increase
caused by glutamate (Fig. 3E).

The rise in neuronal Ca®>" levels measured following a
15-min application of 40 uM NMDA was reduced 30—43%
by 500—1000 uM DIDS (Fig. 3F). SITS (500-750 uM)
significantly attenuated the NMDA-induced increase in
[Ca® "], by 15-20% (Fig. 3F).

3.5. Effect of DIDS or SITS on NMDA-induced currents

We evaluated if DIDS or SITS suppressed an oxygen-
glucose deprivation- or NMDA-induced rise in Ca? " influx
by directly blocking the NMDA receptor. Whole-cell
NMDA-induced currents were measured in cultured cortical
neurons at a holding potential of — 60 mV in response to a
2-s application of 10 M NMDA immediately followed by a
3-s co-application of either DIDS, SITS or DNDS (Fig. 4).
DIDS (500 uM) and SITS (500 uM) caused a 22 + 2% and
16 £ 3% reduction in current amplitude, respectively. The
block by DIDS and SITS was rapid and voltage-independ-
ent (data not shown). Increasing the concentration of DIDS
or SITS to 1 mM further increased the antagonism to
39+ 2% and 21 £+ 3%. In contrast, <1 mM DNDS did
not cause a significant reduction in current amplitude.

3.6. Effect of DIDS or SITS on extracellular glutamate
levels during oxygen-glucose deprivation or exogenous
glutamate application

We evaluated if DIDS and SITS resulted in altered
extracellular glutamate levels during the neurotoxic maneu-
vers. Extracellular buffer was collected immediately follow-
ing exposure of cultures to 0, 500, 750 or 1000 uM SITS or

50 1
- |
8
B 2 30 DIDS
V=1
9 U
=<
m ) 204
S
4 10 4 SlTS
O -
0 250 500 750 1000
DNDS

[Antagonist] (UM)

Fig. 4. The effect of three C1™ blockers, DIDS, SITS and DNDS (0.25-1.0
mM) on whole-cell currents induced by 10 uM NMDA (n=5-8 cells/
compound). Significant (P <0.05) blockade was observed at concentra-
tions > 500 uM for DIDS and SITS, but not for DNDS, at concentrations
up to 1 mM. The inserts in the right panel show whole-cell currents in
response to a 2-s application of 10 pM NMDA (open bar) immediately
followed by a 3-s co-application (light grey bar) of either 1 mM DIDS,
SITS or DNDS (top to bottom, respectively). Vertical scale bars indicate
200 pA.
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DIDS added during 75—90 min of oxygen-glucose depri-
vation, 75—90 min normoxic control wash in glucose-free
buffer or 15—20 min exposure to 80 pM glutamate. Oxygen-
glucose deprivation resulted in an increase in extracellular
glutamate concentration >10 pM, while the presence of
SITS (500-1000 pM) or DIDS (500-750 uM) during
oxygen-glucose deprivation significantly prevented these
increases (Fig. 5A). In the controls, SITS and DIDS did
not significantly increase extracellular [glutamate] following
75-90 min exposure of cultures to normoxic glucose-free
buffer (Fig. 5B).

The concentration of glutamate in the 80 uM glutamate
stock (not exposed to cells) was determined to be 78 £ 8
UM, confirming the accuracy of the glutamate assay. The
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Fig. 5. Measurement of [glutamate] in buffer removed immediately
following exposure of cultures to (A) 75—-90 min oxygen-glucose
deprivation + 0.5-1.0 mM DIDS or SITS; (B) 75-90 min normoxic
control wash in glucose-free buffer = 0.5—1.0 mM DIDS or SITS or; (C)
15—-20 min application of 80 pM glutamate + 0.5—1.0 mM DIDS or SITS.
Data represent the means + S.E.M. obtained from three different platings of
neurons, each with three replicates. *Significant (P<0.05) difference in
[glutamate] compared to oxygen-glucose deprivation performed in the
absence of DIDS or SITS. YSignificant (P <0.05) difference in [glutamate]
compared to an 80 pM glutamate stock which was not exposed to cultures.

glutamate concentration in buffer collected immediately
following 15-20 min exposure of the cultures to 80 pM
glutamate was significantly reduced to <40 pM (Fig. 5C).
With the inclusion of 500—1000 SITS or DIDS during
exposure of cultures to exogenous glutamate, the extracel-
lular [glutamate] did not significantly vary from this value.

4. Discussion

The rationale for examining whether DIDS or SITS
would protect against oxygen-glucose deprivation was that
these compounds may target several points along the neuro-
toxic cellular signaling cascade. We observed neuroprotec-
tion against oxygen-glucose deprivation, but in a manner
that is likely independent of their ability to inhibit C1™
channels or glutamate transporters. Instead, we observed
that these compounds are weak NMDA receptor antago-
nists, which likely underlies a primarily glutamatergic-
dependent mechanism of protection.

4.1. Protection against NMDA by DIDS and SITS by
blocking the NMDA receptor

NMDA receptor antagonism by DIDS and SITS was
verified by the electrophysiological observation of reduc-
tions in NMDA-induced currents (Fig. 4). Moreover, there
was good agreement in the rank order of potency of DIDS
and SITS in blocking NMDA-induced currents, increases in
[Ca®"]; (Fig. 3F), and toxicity (Fig. 2A). This indicates that
DIDS and SITS protect against NMDA primarily by block-
ing the receptor. Reports of efficacy by DIDS or SITS in
NMDA receptor-dependent models of toxicity may require
re-interpretation (Zeevalk et al., 1989; Guarneri et al.,
1998).

4.2. Lack of protection against glutamate by DIDS and SITS

The lack of protection against exogenous glutamate
under normoxic conditions by SITS or DIDS (Fig. 2B)
contrasted with the neuroprotection against oxygen-glucose
deprivation (Fig. 1) and NMDA (Fig. 2A). Thus, a neuro-
toxic property of SITS, and especially DIDS, evidently
overcame their ability to block the NMDA receptor when
in the presence of added glutamate. Application of a more
potent blocker of the NMDA receptor, MK-801, overcomes
toxicity by glutamate+DIDS or SITS, indicating that the
neurotoxic pathway ultimately proceeds via an NMDA
receptor-linked mechanism.

SITS was not as effective in preventing an increase in
intracellular Ca>* by glutamate (Fig. 3E) compared to
NMDA (Fig. 3F), which correlates with the protection
against NMDA and not against glutamate. DIDS was also
not as effective in preventing an increase in intracellular
Ca’" by glutamate (Fig. 3E) compared to NMDA (Fig. 3F),
consistent with a Ca? *-dependent neurotoxic component in
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the presence of glutamate. However, unlike SITS, DIDS
substantially exacerbated glutamate-induced toxicity (Fig.
2B), which was not accompanied by a corresponding
increase in intracellular Ca?* (Fig. 3E). This finding sug-
gests that DIDS augments glutamate-induced injury by an
additional undefined Ca” *-independent mechanism. Gluta-
mate also activates AMPA and metabotropic receptors. We
have ruled out the possibility that DIDS or SITS augmented
glutamatergic activation of AMPA receptors, since inclu-
sion of CNQX did not prevent injury caused by gluta-
mate = DIDS or SITS (data not shown). Metabotropic
glutamate receptors are structurally and functionally quite
complex, with interactions with ionotropic receptors such as
NMDA being described (Bruno et al., 2001). Although not
investigated here, it is possible that neurotoxic interactions
between certain metabotropic receptor subtypes with DIDS
and SITS could be prevented by strong NMDA receptor
block with MK-801.

In their capacity as inhibitors of glutamate uptake trans-
porters (Waniewski and Martin, 1983), SITS and DIDS
slightly augmented glutamate toxicity in cerebellar granule
neurons by increasing the extracellular [glutamate] (Ohnishi
et al.,, 1995). In the current study, mild inhibition of
glutamate uptake may account for the slight Ca® *-depend-
ent neurotoxic component exerted by SITS and DIDS
against glutamate. However, it is apparent that DIDS and
SITS are less potent than more commonly employed inhib-
itors of glutamate uptake in cortical culture. A 1.5-h
application of 1 mM DIDS or SITS was not harmful, while
0.5-h exposure to 100 uM pL-TBOA or to another glutamate
uptake inhibitor, PDC, was lethal (data not shown). DIDS or
SITS alone did not significantly increase extracellular [glu-
tamate] (Fig. 5B,C).

4.3. Protection against oxygen-glucose deprivation by
DIDS and SITS

Oxygen-glucose deprivation neurotoxicity in cortical
culture results primarily from elevations in extracellular
glutamate levels, with consequent Ca’>" entry through
neuronal NMDA receptors initiating numerous deleterious
signaling cascades. Thus, the reduced intracellular Ca®*
levels during oxygen-glucose deprivation (Fig. 3A-D)
likely represents the primary mechanism of protection by
DIDS and SITS. The seemingly paradoxical finding of
oxygen-glucose deprivation neuroprotection by DIDS and
SITS may be reconciled by the fact that the extracellular
[glutamate] during oxygen-glucose deprivation is sup-
pressed (Fig. 5A), thereby not allowing the neurotoxic
action of DIDS and SITS to develop.

Reductions in an oxygen-glucose deprivation-induced
increase in intracellular Ca> " levels (Fig. 3A—D) by DIDS
and SITS are a reflection of lower extracellular [glutamate],
as well as direct inhibition of Ca®" influx through post-
synaptic NMDA receptors (Figs. 3F and 4). Other Cl™
channel blockers possess NMDA receptor antagonist activ-

ity (Lerma and Martin, 1992); however, DIDS and SITS
may enjoy a decided advantage as potential therapeutics as a
result of these and other neuroprotective properties.

DIDS or SITS may directly attenuate extracellular glu-
tamate levels through several mechanisms. Postsynaptic
NMDA receptor blockade enables maintenance of the rest-
ing membrane potential, thereby limiting depolarization/
Ca® *-dependent glutamate exocytosis. Cerebral ischemia
may result in weakening of the electrochemical gradient,
possibly culminating in reversal of glutamate transporters
(reviewed by Danbolt, 2001). Reversal causes efflux of
glutamate, and pharmacological inhibition of glutamate
transporters can attenuate extracellular glutamate levels
during ischemia in vivo (Seki et al., 1999; Phillis et al.,
2000). However, in view of the weak action of DIDS and
SITS on glutamate levels (Fig. 5B,C), blocking intracellular
glutamate efflux through this pathway is not likely a
dominant mechanism during oxygen-glucose deprivation.
Glutamate release from astrocytes (Kimelberg et al.,
1990a,b; Longuemare et al., 1999) or during cerebral
ischemia in vivo (Phillis et al., 1997; Seki et al., 1999)
can be inhibited by DIDS and SITS and other CI™ channel
blockers. In contrast, a Cl™ -dependent mechanism of inhib-
iting glutamate release can likely be ruled out in the current
study, since other CI= blockers did not protect against
oxygen-glucose deprivation.

4.4. SITS and DIDS are pleiotropic protective agents

Other glutamate-independent properties may contribute
to the neuroprotection against oxygen-glucose deprivation
by DIDS or SITS. Anti-excitotoxic actions include inhib-
ition of glycine release (Saransaari and Oja, 2001), aug-
mentation of taurine release (Saransaari and Oja, 1998), or
blockage of P2 receptors (Cavaliere et al., 2001). DIDS and
SITS, but not DNDS, possess SCN groups which can react
with lysine or cysteine residues, and differentially activate
other receptors such as Karp channels (Furukawa et al.,
1993), the activation of which can be neuroprotective.
Finally, DIDS and SITS are protective in cardiac models
of ischemia—reperfusion, attributed to inhibition of mito-
chondrial release of reactive oxygen species (Vanden Hoek
et al., 1998), pH stabilization (Tanaka et al., 1996), and
inhibition of fatty acid uptake (Ramasamy et al., 2001).

DIDS or SITS also protect against non-excitotoxic-
based neurodegenerative stimuli. Particularly intriguing
are the recent findings that SITS and DIDS protect against
other neurotoxic stimuli such as the classical apoptotic
agent, staurosporine, in cultured cortical (Small et al.,
2002) and cerebellar granule neurons (Himi et al., 2002).
Consequently, DIDS and SITS may target downstream
deleterious cellular signaling that is common between
oxygen-glucose deprivation and apoptotic neuronal signal-
ing. In fact, we have identified no other Cl= channel
blockers besides SITS and DIDS that protect against
apoptotic stimuli in neuroblastoma cells (O’Reilly et al.,
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2002). As cerebral ischemia can culminate in a type of
neuronal death which may be a hybrid of apoptosis and
necrosis (MacManus and Buchan, 2000), the pleiotropic
nature of the neuroprotection by DIDS or SITS provides
additional rationale for investigating their neuroprotective
properties against ischemia.

Acknowledgements

Supported by a grant from the Heart and Stroke
Foundation of Ontario to PM. (#T-4475) and by the
National Research Council of Canada. Helpful input from
Natasha O’Reilly and Tania Gendron is gratefully acknowl-
edged.

References

Bruno, V., Battaglia, G., Copani, A., D’Onoftrio, M., Di lorio, P., De Blasi,
A., Melchiorri, D., Flor, PJ., Nicoletti, F., 2001. Metabotropic gluta-
mate receptor subtypes as targets for neuroprotective drugs. J. Cereb.
Blood Flow Metab. 21, 1013.

Cabantchik, Z.I., Greger, R., 1992. Chemical probes for anion transporters
of mammalian cell membranes. Am. J. Phys. 262, C803—C827.

Cavaliere, F., D’Ambrosi, N., Ciotti, M.T., Mancino, G., Sancesario, G.,
Bernardi, G., Volonté, C., 2001. Glucose deprivation and chemical
hypoxia: neuroprotection by P2 receptor antagonists. Neurochem. Int.
38, 189-197.

Choi, D.W., 1987. Ionic dependence of glutamate neurotoxicity in cortical
cell culture. J. Neurosci. 7, 369-379.

Danbolt, N.C., 2001. Glutamate uptake. Prog. Neurobiol. 65, 1-105.

Furukawa, T., Virag, L., Sawanobori, T., Hiraoka, M., 1993. Stilbene di-
sulfonates block ATP-sensitive K* channels in guinea pig ventricular
myocytes. J. Membr. Biol. 136, 289—-302.

Guarneri, P., Russo, D., Cascio, C., De Leo, G., Piccoli, T., Sciuto, V.,
Piccoli, F., Guarneri, R., 1998. Pregnenolone sulfate modulates NMDA
receptors, inducing and potentiating acute excitotoxicity in isolated
retina. J. Neurosci. Res. 54, 787-797.

Heusch, G., Liu, G.S., Rose, J., Cohen, M.V., Downey, J.M., 2000. No
confirmation for a causal role of volume-regulated chloride channels
in ischemic preconditioning in rabbits. J. Mol. Cell. Cardiol. 32,
2279-2285.

Himi, T., Ishizaki, Y., Murota, S.I., 2002. 4,4’-Diisothiocyano-2,2’-stil-
benedisulfonate protects cultured cerebellar granule neurons from death.
Life Sci. 70, 1235—1249.

Hyre, K., Handran, S.D., Rothman, S.M., Goldberg, M.P., 1997. Tonized
intracellular calcium concentration predicts excitotoxic neuronal death:
observations with low-affinity fluorescent calcium indicators. J. Neuro-
sci. 17, 6669—6677.

Inglefield, J.R., Schwartz-Bloom, R.D., 1998a. Optical imaging of hippo-
campal neurons with a chloride-sensitive dye: early effects of in vitro
ischemia. J. Neurochem. 70, 2500—2509.

Inglefield, J.R., Schwartz-Bloom, R.D., 1998b. Activation of excitatory
amino acid receptors in the rat hippocampal slice increases intracellular
Cl™ and cell volume. J. Neurochem. 71, 1396—1404.

Jiang, C., Agulian, S., Haddad, G.G., 1992. CI~ and Na" homeostasis
during anoxia in rat hypoglossal neurons: intracellular and extracellular
in vitro studies. J. Phys. 448, 697—708.

Kawasaki, H., Otani, H., Mishima, K., Imamura, H., Inagaki, C., 2001.
Involvement of anion exchange in the hypoxia/reoxygenation-induced
changes in pH;. Eur. J. Pharmacol. 411, 35-43.

Kimelberg, H.K., Barron, K.D., Bourke, R.S., Nelson, L.R., Cragoe, E.J.,
1990a. Brain anti-cytoxic edema agents. Prog. Clin. Biol. Res. 361,
363-385.

Kimelberg, H.K., Goderie, S.K., Higman, S., Pang, S., Waniewski, R.A.,
1990b. Swelling-induced release of glutamate, aspartate, and taurine
from astrocyte cultures. J. Neurosci. 10, 1583—1591.

Knauf, P.A., Law, F.Y., Hahn, K., 1995. An oxonol dye is the most potent
known inhibitor of band 3-mediated anion exchange. Am. J. Phys. 269,
C1073-C1077.

Lerma, J., Martin, D.R., 1992. Chloride transport blockers prevent N-meth-
yl-D-aspartate receptor—channel complex activation. Mol. Pharmacol.
41, 217-222.

Longuemare, M.C., Rose, C.R., Farrell, K., Ransom, B.R., Waxman, S.G.,
Swanson, R.A., 1999. K'-induced reversal of astrocyte glutamate up-
take is limited by compensatory changes in intracellular Na*. Neuro-
science 93, 285-292.

MacManus, J.P., Buchan, A.M., 2000. Apoptosis after experimental stroke:
fact or fashion? J. Neurotrauma 17, 899-914.

Mealing, G.A., Lanthorn, T.H., Small, D.L., Murray, R.J., Mattes, K.C.,
Comas, T.M., Morley, P., 2001. Structural modifications to an N-meth-
yl-D-aspartate receptor antagonist result in large differences in trapping
block. J. Pharmacol. Exp. Ther. 297, 906—914.

Ohnishi, M., Watanabe, Y., Shibuya, T., 1995. Potentiation of excito-tox-
icity by glutamate uptake inhibitor rather than glutamine synthetase
inhibitor. Jpn. J. Pharmacol. 68, 315-321.

O’Reilly, N., Xia, Z., Fiander, H., Tauskela, J., Small, D.L., 2002. Disparity
between ionic mediators of volume regulation and apoptosis in N1E 115
mouse neuroblastoma cells. Brain Res. 943, 245-256.

Phillis, J.W., Song, D., O’Regan, M.H., 1997. Inhibition by anion channel
blockers of ischemia-evoked release of excitotoxic and other amino
acids from rat cerebral cortex. Brain Res. 758, 9—16.

Phillis, J.W., Ren, J., O’Regan, M.H., 2000. Transporter reversal as a
mechanism of glutamate release from the ischemic rat cerebral cor-
tex: studies with DL-threo-beta-benzyloxyaspartate. Brain Res. 868,
105-112.

Ramasamy, R., Hwang, Y., Bakr, S., Bergmann, S.R., 2001. Protection of
ischemic hearts perfused with an anion exchange inhibitor, DIDS, is
associated with beneficial changes in substrate metabolism. Cardiovasc.
Res. 51, 275-282.

Saransaari, P., Oja, S.S., 1998. Mechanisms of ischemia-induced taurine
release in mouse hippocampal slices. Brain Res. 807, 118—124.

Saransaari, P., Oja, S.S., 2001. Characteristics of hippocampal glycine
release in cell-damaging conditions in the adult and developing mouse.
Neurochem. Res. 26, 845—-852.

Seki, Y., Feustel, P.J., Keller, R. W.J., Tranmer, B.I., Kimelberg, H.K., 1999.
Inhibition of ischemia-induced glutamate release in rat striatum by di-
hydrokinate and an anion channel blocker. Stroke 30, 433 —440.

Small, D.L., Tauskela, J., Xia, Z., 2002. Role for chloride but not potassium
channels in apoptosis in primary rat cortical cultures. Neurosci. Lett.
334, 95-98.

Tanaka, H., Matsui, S., Kawanishi, T., Shigenobu, K., 1996. Use of chlor-
ide blockers: a novel approach for cardioprotection against ischemia—
reperfusion damage. J. Pharmacol. Exp. Ther. 278, 854—861.

Tauskela, J.S., Comas, T., Hewitt, K., Monette, R., Paris, J., Hogan, M.,
Morley, P., 2001. Cross-tolerance to otherwise lethal N-methyl-D-aspar-
tate and oxygen-glucose deprivation in preconditioned cortical cultures.
Neuroscience 107, 571-584.

Vanden Hoek, T.J., Becker, L.B., Shao, Z., Li, C., Schumacker, P.T., 1998.
Reactive oxygen species released from mitochondria during brief hypo-
xia induce preconditioning in cardiomyocytes. J. Biol. Chem. 273,
18092—-18098.

Waniewski, R.A., Martin, D.L., 1983. Selective inhibition of glial versus
neuronal uptake of L-glutamic acid by SITS. Brain Res. 268, 390—394.

Zeevalk, G.D., Hyndman, A.G., Nicklas, W.J., 1989. Excitatory amino acid-
induced toxicity in chick retina: amino acid release, histology, and ef-
fects of chloride channel blockers. J. Neurochem. 53, 1610—-1619.



	Introduction
	Methods
	Materials
	Preparation of rat cortical cultures
	Neurotoxic insults
	Oxygen-glucose deprivation
	Glutamate or NMDA exposures

	Assessment of neuronal injury
	Measurement of intracellular Ca2+
	Whole-cell recording
	Electrophysiological data analysis
	Measurement of extracellular glutamate concentration
	Statistical analysis

	Results
	Effect of DIDS or SITS on oxygen-glucose deprivation-induced neurotoxicity
	Effect of DIDS or SITS on NMDA neurotoxicity
	Effect of DIDS or SITS on glutamate neurotoxicity
	Effect of DIDS or SITS on oxygen-glucose deprivation-, glutamate- or NMDA-induced Ca2+ increases
	Effect of DIDS or SITS on NMDA-induced currents
	Effect of DIDS or SITS on extracellular glutamate levels during oxygen-glucose deprivation or exogenous glutamate application

	Discussion
	Protection against NMDA by DIDS and SITS by blocking the NMDA receptor
	Lack of protection against glutamate by DIDS and SITS
	Protection against oxygen-glucose deprivation by DIDS and SITS
	SITS and DIDS are pleiotropic protective agents

	Acknowledgements
	References

