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It is widely believed that the inflammatory events mediated by microglial activation contribute to several neurodegenerative processes.
Alzheimer’s disease, for example, is characterized by an accumulation of 3-amyloid protein (AB) in neuritic plaques that are infiltrated
by reactive microglia and astrocytes. Although A and its fragment 25-35 exert a direct toxic effect on neurons, they also activate
microglia. Microglial activation is accompanied by morphological changes, cell proliferation, and release of various cytokines and growth
factors. A number of scientific reports suggest that the increased proliferation of microglial cells is dependent on ionic membrane
currents and in particular on chloride conductances. An unusual chloride ion channel known to be associated with macrophage activa-
tion is the chloride intracellular channel-1 (CLIC1). Here we show that AB stimulation of neonatal rat microglia specifically leads to the
increase in CLICI protein and to the functional expression of CLIC1 chloride conductance, both barely detectable on the plasma mem-
brane of quiescent cells. CLICI protein expression in microglia increases after 24 hr of incubation with A3, simultaneously with the
production of reactive nitrogen intermediates and of tumor necrosis factor-o (TNF-cr). We demonstrate that reducing CLICI chloride
conductance by a specific blocker [TAA-94 (R(+)-[ (6,7-dichloro-2-cyclopentyl-2,3-dihydro-2-methyl-1-oxo-1H-inden-5yl)-oxy] acetic
acid)] prevents neuronal apoptosis in neurons cocultured with A3-treated microglia. Furthermore, we show that small interfering RNAs
used to knock down CLIC1 expression prevent TNF-« release induced by A stimulation. These results provide a direct link between
AB-induced microglial activation and CLIC1 functional expression.
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lated to macrophage activation in U937 cells in which CLICI
mRNA is upregulated by various activation stimuli, including
phorbol-12-myristate-13 acetate (PMA). This regulation was
also found to be associated with the maturational state of the cell
because the response to PMA is enhanced by a previous exposure
to retinoic acid. This linkage of CLICI expression with macro-
phage activation has prompted us to examine both the expression

Introduction

Chloride intracellular channel-1 (CLIC1) was originally cloned
from a human myelomonocytic cell line (U937) (Valenzuela et
al., 1997). It is localized to both the nucleoplasm and cytosol and
exhibits both nuclear and plasma membrane chloride channel
activity. In particular, we demonstrated previously that, in Chi-
nese hamster ovary CHO cells, CLIC1 channel activity is found

on the plasma membrane of cells in the act of dividing or that
have just divided (Tonini et al., 2000; Valenzuela et al., 2000).
Additionally, it has been reported that CLIC1 expression is re-
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and role of CLIC1 in microglial cells (the brain macrophages).
It has been reported that the inflammatory events mediated by
microglial activation contribute to several neurodegenerative
processes, including Alzheimer’s disease (AD) (McGeer et al.,
1993, 1994; McGeer and McGeer, 1997, 1998; Kalaria, 1999). The
AD brain is characterized by selective neuronal loss, neurofibril-
lary tangles, and abundant extracellular deposits of insoluble
B-amyloid protein (AB) (Glenner and Wong, 1984). In particu-
lar, the senile plaques of AD are sites of inflammatory processes,
as evidenced by the presence of reactive microglia and astrocytes
associated with the plaques (Itagaki et al., 1989). It is possible that
activation of microglial cells leads to the production of various
cytokines and neurotoxins, which may ultimately cause neuronal
injury and death (Barger and Harmon, 1997; Egensperger et al.,
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1998; Styren et al., 1998; Benveniste et al., 2001; Combs et al.,
2001).

In vitro treatment with AB or AS fragments results in prolif-
eration of microglia and release of inflammatory cytokines and
reactive nitrogen intermediates (Araujo and Cotman, 1992;
Meda et al., 1995; Casal et al., 2002). The biologically active re-
gion of A is restricted to amino acids 25-35 at the C terminus
(Yankner et al., 1990), and an AB,; 55 amyloid peptide is suffi-
cient to stimulate intracellular signaling cascades in microglial
cells. This occurs by initiating mechanisms common to the 1-40
and 1-42 AR peptides.

In the present study, we provide evidences that microglial cells
express CLIC1 protein. Activation of microglia by A peptides
results in an overall increase in CLICI1 protein with resultant
increase in CLIC1 ion channel activity. A specific CLIC1 blocker
[IAA-94 (R(+)-[ (6,7-dichloro-2-cyclopentyl-2,3-dihydro-2-
methyl-1-oxo-1H-inden-5yl)-oxy] acetic acid)] acts broadly to
inhibit the production of proinflammatory and neurotoxic prod-
ucts elaborated by AB-stimulated microglial cells and functions
as a neuroprotective agent in neuronal-microglial cocultures.
However, when CLIC1 expression is knocked down by small in-
terfering RNAs (siRNAs), the AB-induced production of tumor
necrosis factor-a (TNF-a) in microglia is completely prevented.

Materials and Methods

Cell cultures. The CLIC1-transfected CHO cells (Cl4) (Tonini et al., 2000)
and the murine microglial cell line BV-2 were grown in DMEM (Invitro-
gen, Milan, Italy) supplemented with 10% fetal calf serum (FCS) (Sigma,
Milan, Italy) in 5% CO,. Primary microglial cell cultures were derived
from postnatal day 3—4 rat cortex as described previously (Bezzi et al.,
1998). Free-floating microglia were collected from shaken astrocytes
flasks and seeded onto standard flasks or 24-well plates, with four paraf-
fin drops on the bottom (see below), and maintained in DMEM supple-
mented with 10% FCS in 5% CO,. The purity of microglial cultures was
assessed by a positive staining for Griffonia Simplicifolia isolectin B4
(Vector Laboratories Burlingame, CA), a selective marker of both resting
and activated microglia. Cortical neurons were cultured from postnatal
day 0-1 rat cortex. Meninges-free cortices were isolated and digested in
HIBERNATE-A media (BrainBits, Springfield, IL) supplemented with
B27 (Invitrogen) and 0.5 mM glutamine (Sigma) for 20 min at 30°C.
Cortices were transferred to Neurobasal-A/B27 (NBA/B27) medium (In-
vitrogen), triturated, and plated onto poly-L-lysine (0.01 mg/ml)-coated
tissue culture wells. Neurons were grown in NBA/B27 for 5 d in vitro
before the experiment. The use of NBA/B27 provided highly purified
cultures of neurons to decrease the contamination of glial cells in the
cultures (Brewer et al., 1993). Mixed neuronal-microglial cell cultures
were prepared by adding 5 X 10* microglial cells to cortical neuronal
cultures.

In a separate set of experiments, primary hippocampal neurons were
prepared from embryonic day 18 rat brain (Goslin and Banker, 1990).
After dissection, the hippocampi were treated with 2.5% trypsin and
dissociated with a flame-polished Pasteur pipette. The cells were plated
onto poly-L-lysine-treated glass coverslips in Minimum Essential Me-
dium (Invitrogen), containing 10% FCS. After 2 hr, the medium was
substituted with NBA/B27. After 8 hr from seeding, 5 uM arabinosylcy-
tosine was added. Neuronal cell cultures contained <1% of astrocytes, as
shown by glial fibrillary acidic protein staining (data not shown). For
neuronal-microglial cocultures, after 1 d in vitro, coverslips were trans-
ferred to the 24-well plates containing the microglial cells, facing down,
on top of the paraffin drops, which maintained the coverslips distant
from the microglial monolayer. In this way, neurons were conditioned by
the microglia, sharing the same medium, but were not in direct contact
with the microglial cells.

Cell stimulation. BV-2 and primary microglial cells were treated with
ABy_45 ABss 35 and AP 55 (reverse) peptides (Bachem, Bubendorf,
Switzerland), basic FGF (bFGF) (Sigma), Escherichia coli lipopolysaccharide
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(LPS) (serotype 0127:B8; Sigma), R(+)-[ (6,7-dichloro-2-cyclopentyl-2,3-
dihydro-2-methyl-1-oxo-1H-inden-5yl)-oxy] acetic acid (IAA-94) (Bi-
omol, Plymouth Meeting, PA), and niflumic acid (Sigma).

AB,s 55 and ABss 55 (reverse) peptides were dissolved in sterile, dis-
tilled water at a concentration of 1 mm and incubated for 72 hr at 37°C to
allow aggregation. The reverse peptide was used as a control. AB,_,, was
dissolved in sterile water to 1 mm and incubated at 37°C for 7 d.

For coculturing experiments, Af3,5 55 or the reverse peptide were
added to the 24-well plates containing the microglial cultures. Six hours
later, coverslips with the seeded neurons were transferred to the wells
containing the microglial cells, facing down, on top of the paraftin drops.
As reported previously, this procedure permits sedimentation of AB ag-
gregates to the bottom of the well and minimizes the interaction of A
with neurons (Malchiodi-Albedi et al., 2001).

Western blot. SDS-PAGE and Western blotting were performed
by standard techniques. Briefly, cells were lysed on ice in 50 mm Tris-HCl,
pH 7.0, 0.5% NP-40, 2 mm AEBSF [4-(2-aminomethyl)benzenesulfo-
nylfluoride hydrochloride], 2 um aprotinin, 40 um leupeptin, 70 um
bestatin, 30 uM pepstatin A, and 30 um E-64 [trans-epoxysuccinyl-1-
leucylamido-(4-guanidino)-butane|. Samples were clarified by centrifu-
gation at 1000 X g for 5 min. Equivalent amounts of proteins (30 ug)
were subjected to SDS-PAGE by using 12% polyacrylamide gels, and
proteins were electroblotted to nitrocellulose. The membranes were
blocked with 3% bovine serum albumin (BSA) in PBS for 1 hr and then
incubated overnight at 4°C with anti-NCC27 (1:8000) (Valenzuela et al.,
1997) or with anti-B-tubulin (1:7000; ICN Pharmaceuticals, Milan, It-
aly) in PBS containing 0.1% Tween 20 and 3% BSA. After extensive
washing, a peroxidase-conjugated anti-rabbit (or anti-mouse) antibody
diluted in PBS containing 0.1% Tween 20 was added for 1 hr. Antibody
binding was detected by chemiluminescence kit (ECL Blotting System;
Amersham Biosciences, Milan, Italy).

Cell surface protein biotinylation. Cl4 and BV-2 cells were plated (1 X
10 cells per well) onto poly-L-lysine-coated 60 mm Petri dishes 12 hr
before stimulation. Cells were stimulated with 30 um AB,5 55 or 100
ng/ml bFGF. After 48 hr from stimulation, medium was removed and the
cells were washed three times with cold PBS, pH 7.3, containing 1 mm
MgCl, and 0.1 mm CaCl,, (PBS/Ca**/Mg>"). Cell surface biotinylation
was performed as described previously (Apparsundaram et al., 1998).
Cells were incubated for 30 min at 4°C in PBS/Ca**/Mg>* containing
1.5 mg/ml EZ-Link Sulfo-NHS-Biotin (Pierce, Rockford, IL). Unless
stated otherwise, all of the remaining steps were performed at 4°C. The
biotinylation reagent was removed, and the cells were washed twice with
PBS/Ca*"/Mg?*" containing 100 mu glycine, followed by quenching for
30 min with the same reagent and one additional wash with 0.5 mm PMSF
in PBS. Cells in each plate were gently shaken in 400 ul of lysis buffer
[PBS, 1% Triton X-100, and protease inhibitor mixture (Sigma)] for 1 hr.
Cell lysates were centrifuged (20,000 X g for 30 min), and the protein
concentration of each lysate was determined. Twenty micrograms of
each sample were removed (total lysate), and 350 g were incubated with
monomeric avidin beads (Pierce). Before use, monomeric avidin was
washed in lysis buffer. The avidin beads were mixed with cell lysate by
rotation for 1 hr at room temperature (RT). Unbound proteins were
separated by centrifugation (15,000 X g for 3 min at RT), and 20 ug for
each sample were taken (intracellular fraction). The beads were washed
three times with lysis buffer and eluted with Laemmli loading buffer
(surface fraction). Samples were subjected to electrophoresis by using
15% SDS-polyacrylamide gels, and Western blot was performed.

Patch-clamp recordings. The patch electrodes were pulled from hard
borosilicate glass on a Brown-Flaming P-87 puller (Sutter Instruments,
Novato, CA). The pipettes were coated with Sylgard (Dow Corning) and
fire polished to an external tip diameter of 1-1.5 um. These electrodes
had resistances of 7-10 M{). We applied standard cell-attached patch-
clamp techniques to obtain seals of 20-50 G} in the single-channel
recordings. Analytical grade reagents were purchased from Sigma. The
bath solution contained the following (in mwm): 140 NaCl, 5 KCI, 1 MgCl,,
2.5 CaCl,, 10 HEPES, and 10 glucose, pH 7.3. The pipette solution con-
tained the following (in mm): 127.5 N-methyl-glucamine-Cl, 5 KCI, 2.5
CaCl,, 1 MgCl,, 10 HEPES, 10 glucose, 10 tetraethylammonium-Cl, 5
4-aminopyridine, and 0.03 margatoxin, pH 7.3. In the experiments to
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determine the Cl dependence of CLICI cur-

rents, the chloride anion were replaced as a

counter ion of N-methyl-glucamine by meth-
ansulfonate to obtained a final Cl concentration @‘}
of 60 or 30 mm. We calculated the junction po-
tential (JP) using pClamp routine (Axon In-
struments, Foster City, CA). For 149.5, 60, and ct'.,
30 mum chloride concentration solutions, the JPs
were —5, —0.7, and +0.6, respectively. Experi-
mental points were not corrected for these JPs.
For outside-out experiments, the patch elec-
trode contained the following (in mwm): 10
NaCl, 130 K-Asp, 2 MgCl,, 1.3 CaCl,, 10
HEPES, and 10 EGTA, pH 7.3.

Single-channel currents were recorded with
an Axon Instruments 200B patch-clamp ampli-
fier and digitized by Clampex 8 routine
(pClamp 8; Axon Instruments). Single-channel
currents were filtered at 1 kHz, sampled at 10
kHz, and analyzed by Fetchan routine (pClamp
6; Axon Instruments). Opening and closing
transitions were detected using a 50% threshold
criterion. Kinetic parameters have to be re-
garded as “apparent” because of the effects of
unresolved shuttings and openings. Total chan-
nel open probability (NP, ) was calculated as the
total open time during a recording divided by the whole-record duration.
Open time distributions were fitted with single-exponential function
using the least-squares method.

Growth curves. BV-2 cells and primary microglial cells were plated
(5000 cells/cm ?) onto 35 mm Petri dishes 12 hr before stimulation. Stim-
ulation was performed by using 30 um AB,5 55 or 100 ng/ml bFGF.
TAA-94 at 30 uMm was added together with AB or bFGF. After 24 and 48 hr
of treatment, cells were detached with trypsin and counted.

Viability assay. Viable cells were determined by uptake and hydrolysis
of fluorescein diacetate (Brewer et al., 1993). Briefly, mixed cultures of
cortical neuronal cells and primary microglia were rinsed twice with
HBSS (Invitrogen) and treated with fluorescein diacetate (15 pg/ml;
Sigma) and propidium iodide (4.6 ug/ml; Sigma). With blue excitation,
live cells fluoresce green, and dead cell fluoresce red. For statistical anal-
ysis, at least 12 consecutive 0.313 mm? (20X) fields were counted for
each sample. The experiment was repeated four times with similar re-
sults, but data were not combined for statistical analysis because of vari-
ations of plating efficiency.

Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick
end labeling assay. Neurons cocultivated with microglia were fixed in 3%
paraformaldehyde in PBS and 0.2 M in sucrose and were treated with the
terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick
end labeling (TUNEL) technique, using the DeadEnd kit (Promega,
Madison, WI). TUNEL-positive cells were counted at a Nikon (Tokyo,
Japan) Optiphot microscope. Eight microscopic fields were chosen ran-
domly by two separate observers for a total of at least 300 cells for each
coverslip. Two coverslips were scored for each condition. The percentage
of apoptotic cells was calculated as the number of TUNEL-positive cells
divided by the total cell number. The values obtained for each coverslip
by the two observers were averaged to produce a single mean value for
each experiment. The experiment was repeated three times, using three
different neuronal and microglial cell culture preparations.

Tumor necrosis factor-a and nitrite release. The release of TNF-« into
culture supernatants was determined by standard ELISA techniques ac-
cording to the instructions of the manufacturer (R & D Systems, Minne-
apolis, MN).

Nitrite (NO, ) was determined by using the Griess reagent (1 mm
sulfanilamide, 1 mm naphthylenediamine dihydrochloride, and 100 mm
HCI) in culture supernatants. Absorbance was measured at 540 nm, and
NO, ~ concentration was determined using sodium nitrite as a standard.

RNA interference. The psiUb-clic1A and psiUb-clic1B RNA interference
(RNAI) constructs were designed as described by M. Denti (unpublished
observation). Briefly, 21-nucleotide-long inverted repeats, separated by a
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Induction of CLICT in microglial cells treated with A3. Western blot analysis of CLICT expression in the following: g,
rat primary microglia, BV-2 cells, and CLIC1-transfected CHO-K1 cells (Cl4) used as a positive control; b, BV-2 cells treated for 48 hr
with 20 umAB;_ 45; ¢, rat primary microglia treated for 48 hr with 30 um A3,5_55, 100 ng/ml bFGF, 1 pg/ml LPS (RP, recombi-
nant protein); d, BV-2 cells treated for 48 hr with 1 g/mlI LPS, 100 ng/ml bFGF, and 30 um AB,5_55; and e, rat primary microglia
treated for 24 and 48 hr with 30 um AB,5_35. B-Tubulin expression is used as a reference. f, Surface biotinylation of CLICT was
performed in untreated BV-2 cells and in BV-2 cells treated for 48 hr with AB,5_35 (30 um) or bFGF (100 ng/ml). Immunoblot
shows CLICT immunoreactivity in total cell lysate (T), cell surface (S), and intracellular (/) fractions.

nine nucleotide linker, were inserted downstream of the Ul promoter by
cloning two pairs of annealed oligonucleotides in the BglII and Xhol sites of
vector psiUx (Denti, unpublished observation). The transcribed RNAs thus
comprised 24 bp hairpin RNAs, together with a terminal stem-bulge struc-
ture. The 3’ terminus is produced by a conserved box element inserted
downstream of the antisense strand. The sense strand of the short hairpins
was homologous to 21 nucleotide regions in the target CLIC1 mRNA and
contained at least four nucleotide mismatches with all other murine genes, as
determined by BLAST (basic local alignment search tool) searches. The sense
strand of psiUb-clic1A construct was designed to be homologous to a region
located in the fifth exon of CLICI mRNA (nucleotides 862—882 in sequence
BC004658). The psiUb-clic1B construct was designed to target exon 6 of
CLIC1 mRNA (nucleotides 1068—1088 of sequence BC004658). psiUb-
clic1C and psiUb-cliclD target region 712-732 and region 926-946 of
CLIC1 mRNA (sequence BC004658), respectively.

BV-2 calls at 90% confluence were transfected with 4 ug of plasmid in
35 mm plates using Lipofectamine 2000 (Invitrogen) according to the
instructions of the manufacturer.

After 48 hr from transfection, with the control vector (psiUx), psiUb-
cliclA, psiUb-cliclB, psiUb-clic1C, or psiUb-cliclD, BV-2 cells were
treated for 24 hr with 30 uMm AB,5 55, and the release of TNF-« in the
medium was measured by standard ELISA.

Results

A treatment increases CLIC1 protein expression in
microglial cells

In freshly dissociated neonatal rat microglial cells, as well as in the
microglial cell line BV-2, immunoblot analysis of whole-cell ly-
sates demonstrated a 27 kDa protein corresponding to CLICI
(Fig. 1a). Because previous results demonstrated CLIC1 mRNA
to be upregulated during PMA-induced macrophage activation,
we tested its expression in microglial cells activated by different
stimuli, including AB;_4,, AB,s_3s, LPS, and bFGF. In previous
experiments, we determined the lowest concentrations of A3
peptides required in our experimental conditions for microglial
activation, as revealed by increased TNF-« release. They corre-
spond to 20 uMm AB;_,, and 30 uM ARB,s5_ss.

As determined by densitometric analysis, both AB,_,, and
AP,5_35 treatments resulted in an increased expression of CLIC1
by approximately twofold in BV-2 cells after 48 hr (Fig. 1b,d). In
contrast, LPS was unable to modify CLIC1 expression, consistent
with previous data obtained in U937 cells (Valenzuela et al,,
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1997). Also, bEGF was unable to modify the expression of CLIC1
on primary rat microglia (Fig. 1c), as well as in BV-2 cells (Fig.
1d). In rat primary microglial cells, the increased expression of
CLIC1 protein was observed at 24 and 48 hr of treatment with
APB,5_ 35, and it corresponded to an increment of twofold and
threefold, respectively (Fig. le). The substantial agreement in the
results obtained using AB,_,, or A3,5_s5 allowed us to use, from
now on, the short peptide in following experiments.

Activating microglial cells increases CLIC1 protein localized
to the plasma membrane

To determine whether increased amounts of CLIC1 protein were
expressed on the plasma membrane in association with micro-
glial activation, we used cell surface biotinylation. Both BV-2 cells
stimulated for 48 hr with AB and bFGF and untreated control
cells were incubated with membrane-impermeable activated bi-
otin. This caused the biotin labeling only of proteins present on
the cell surface. The biotinylated proteins were then isolated with
monomeric avidin beads and subjected to electrophoresis and
Western blotting. CLIC1 was present on the cell surface of BV-2
cells in virtually all of the preparations, but higher levels were
detected in AB,5_s5-treated samples (Fig. 1f). This result indi-
cates that AB-induced microglial activation, together with an
overall increase in CLIC1 protein expression, is also associated
with a higher level of CLIC1 on the plasma membrane.

Microglial cell plasma membranes display ionic conductances
characteristic of CLIC1

CLIC1 single-channel currents from rat microglial cells and from
the BV-2 cell line were systematically recorded using the cell-
attached patch-clamp technique. Figure 2a shows sample current
recordings in these two cell types at different membrane poten-
tials. The mean open time (7, = 4.2 = 0.12 and 4.5 = 0.3 msec)
and open probability (P, = 0.24 = 0.6 and 0.27 £ 0.4) at =5 mV
of membrane potential for microglial primary cultures and mi-
croglial cell line (BV-2) matched the kinetic parameters mea-
sured in CLIC1-transfected CHO cells (Tonini et al., 2000; Valen-
zuela et al., 2000). The values of single-channel conductances
were 7.14 = 0.03 and 6.39 = 0.018 pS, and the current reversal
potential was —81 and —85 mV for rat microglia and for BV-2
cells, respectively. There is a complete agreement in the conduc-
tance values calculated from the current—voltage (I-V) plot (c)
and previous CLIC1 conductance measurements that we under-
took in CLIC1-transfected CHO cells (Tonini et al., 2000; Valen-
zuela et al., 2000). In Figure 2b, we show single-channel current
recordings obtained from BV-2 cells in cell-attached configura-
tion using 60 and 30 mm Cl solution in the patch pipette. The
current—voltage relationship on the bottom shows that the con-
ductances in these cases are 6.27 = 0.032 and 6.05 £ 0.054 pS,
and the mean open times are 4.3 £ 0.23 and 4.7 £ 0.41 msec,
respectively. The extrapolated reversal potentials are —58 and —38
mV at 60 and 30 mm Cl according to a chloride dependence of the
channel current. For comparison, we report in the same plot four
single-channel current values obtained in BV-2 cells in the same

<«

primary microglia (top left) and BV-2 cells (top right). The /-V/ relationship derived from 5000
msec of data at each potential from microglia (Hl) and BV-2 cells (A\) is shown on the bottom.
In b, we show current recordings from BV-2 cells using 60 (top left) and 30 (top right) mm
chloride in the cell-attached pipette. The three dotted lines are (from left to right) the linear fit
of single-channel current amplitudes obtained from 2000 msec of data at different membrane
voltages using 149.5 (A), 60 (O), and 30 (@) mw chloride in the cell-attached pipette. Error
bars have been omitted when smaller than symbols.
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condition as in Figure 2a. In this case, with
149.5 Cl in the pipette solution, the rever-
sal potential was —83 mV.

Microglial activation by A, ;5

increases the open probability for

CLIC1 conductance on the

plasma membrane

AB,5_55 stimulation of microglial cells led

to a significant increase in both single-
channel open probability (NP,) and mean
open duration (7,) without changes in the
channel conductance value. Figure 3a pre-

sents data from cell-attached experiments

on BV-2 cells before and after 24 hr activa-

tion with AB,5_s5. At a membrane poten- b
tial of +20 mV, NP, changed from 0.22 *
0.08 t0 0.48 £ 0.11 (n = 6; p < 0.05), and
the mean open time increased from 4.9 *
0.87t0 12.7 = 2.76 msec (n = 6; p < 0.05),
with a distribution made of a single-
exponential component (Fig. 3b). Figure
3¢ depicts the action of 10 uMm IAA-94, a
specific CLIC1 blocker, acting on both
control and Af,5_s5-stimulated cells. The
experiment was performed in outside-out
mode (Valenzuela et al., 2000) at 0 mV
membrane  potential.  Single-channel
properties are closely related to the already i
described biophysical characteristics of >‘0,8
CLIC1 chloride permeability (Tonini et
al., 2000; Valenzuela et al., 2000). At this
concentration, IAA-94 is a highly specific
blocker of CLIC1 chloride current, ac- 8 0.41 (68)
cording to previous studies using CHO-
transfected cells (Valenzuela et al., 2000)
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and artificial membrane systems (Tulk et
al., 2000, 2002; Warton et al., 2002). From
these experiments, we obtained data to
plot an I-V relationship (Fig. 3d) from
which we calculated single-channel con-
ductances of 8.63 = 0.015 pS and a current
reversal potential of —63 mV, correspond-
ing to a chloride permeability in these ex-
perimental conditions. In Figure 3e, we
show the histograms, with the statistics
over a large number of experiments, of the
probability to observe CLIC1 channel ac-
tivity in cell-attached configuration. In the
case of AB stimulation, the probability to find at least one single
channel was much greater than in any other experimental condi-
tion. It follows that the increased channel open probability asso-
ciated with A stimulation is probably attributable to both an
increased number of functional channels on the plasma mem-
brane and the prolongation of channel mean open time. This
supports data described above that demonstrate increased CLIC1
protein on the plasma membrane in association with cell
activation.

We experienced a serious problem performing whole-cell ex-
periments to further support this evidence. CLICI is extremely
sensitive to cytoplasmic washout, perhaps because it may move
out of, as well as onto, membranes. This was also true in CLIC1-
transfected CHO cells used in our previous studies (Tonini et al.,

Figure 3.

Controls.

0
CTRL LPS AP bFGF

A stimulation alters CLIC1 single-channel activity in BV-2 cells. a, Sample traces recorded in untreated BV-2 cells
(left) and in cells stimulated with 30 um A@ for 24 hr (right) at +20 mV membrane potential. b, CLIC1 channels showed a
lengthening of the mean open time (7,) after A3 treatment (right) compared with untreated cells (left). Histograms were best
fitted by the single-exponential decay functions (line). Controls, mean 7, = 4.3 msec, 273 openings; A3-stimulated, mean 7, =
10.4 msec, 537 openings. (, Outside-out single-channel block by 10 wm IAA-94 on both control and stimulated BV-2 cells. d,
Current—voltage relationship of CLIC1 single-channel outside-out experiment from which we calculated a conductance of 8.63 =
0.015 pS and a current reversal potential of —63 mV. e, AB,5_35 at 30 um, but not T peg/ml LPS or 100 ng/ml bFGF treatment,
increases the probability to record CLIC1 single-channel events on the cell membrane of BV-2 cells after 24 hr of stimulation. CTRL,

2000; Valenzuela et al., 2000). We also tried to use the perforated-
patch technique, but the majority of the current records appeared
unstable.

Blockade of CLIC1 inhibits microglial cell proliferation

AB,5_35 is known to modify microglial morphology, prolifera-
tion, and ability to produce potentially neurotoxic molecules.
Additionally, a number of scientific reports suggest that the pro-
liferation of microglia is dependent on the activity of ionic mem-
brane currents, in particular on chloride conductances (Schlich-
ter et al., 1996; Eder, 1998). To investigate the possible role of
CLICI in the process of AB-mediated microglial proliferation, we
used JAA-94 to test the influence of CLICI chloride conductance
on the proliferation of microglial cells. IAA-94, used at concen-
trations <50 uM, behaves as a specific CLIC1 chloride channel
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Figure 4.  Effect of chloride channel blockers on the proliferation of microglia. BV-2 cells

were treated with 30 um A325-35 (a) or 100 ng/ml bFGF ( b) alone or in combination with the
CLICT channel blocker IAA-94 (30 um). Cells treated with IAA94 alone are shown in ¢. In d, rat
primary microglia was stimulated with 30 uum A3,5_55 alone and together with 30 m IAA-94.
The same experiment but using bFGF 100 ng/mlis shownin e. Cell count was performed after 24
and 48 hr of treatment. The experiments were repeated four times with similar results.

blocker. Figure 4 shows the effect of IAA-94 on cellular growth
rate measured in the presence of AB,s 55 (a, d) and bFGF (b, ¢) in
BV-2 cells (a—c) and primary microglia (d, e). Both AB,5 ;5 and
bFGF induced a mitogenic response in microglial cells, and
IAA-94 inhibited AB-induced microglial proliferation, although
it did not seem to interfere with the proliferation of either bFGF-
treated or control microglial cells.

Blockade of CLIC1 inhibits neuronal toxicity induced by

AP, ;s-activated microglial cells

As mentioned previously, AfB,5_;s-dependent activation of mi-
croglia results in acquisition of a reactive phenotype with the
production and secretion of proinflammatory products. Acti-
vated microglia is believed to influence the course of AD by
accelerating the rate of neuronal death. On the basis of these
observations, we investigated whether IAA-94 could be a neuro-
protective agent. Neuronal survival was tested in the presence of
APB,5_35-stimulated primary rat microglia in two different cellular
models: mixed neuronal-microglial cultures, in which microglial
cells were seeded among cortical neurons, and neuronal-micro-
glial cocultures, in which hippocampal neurons were coculti-
vated with microglial cells but were not in direct contact with
them. Figure 5a shows cortical neuronal cell viability determined
by uptake and hydrolysis of fluorescein diacetate after 24 hr of
AB,5_35 incubation. Negligible signs of damage were observed in
primary neurons alone or in mixed neuronal-microglial cultures.
In contrast, the AB,5_s5-activated microglia exerted a marked
neurotoxic effect that was inhibited by simultaneous incubation
with the CLIC1 chloride channel blocker TAA-94 (18 = 2.3% of
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Figure5.  CLICT blockade protects neurons from microglia-mediated A 3-induced neurotox-

icity. a, Viability of cortical neurons determined by uptake and hydrolysis of fluorescein diac-
etate after 24 hr of incubation with 30 m AB. The first two columns are data obtained from
cortical neurons (N) and neurons plus microglial cells (NM). The combination of microglia and
A treatment exerted the highest neurotoxic effect (middle column), which was reversed by
the simultaneous incubation with the CLICT chloride channel blocker IAA-94 (30 rum). IAA-94,
tested separately on nonstimulated mixed cultures, had no effects on neuronal survival. Histo-
grams represent the means = SEM obtained from 12 different fields counted for each sample;
*p << 0.001 versus untreated mixed cultures and cultures treated with A3 in combination with
IAA-94; ANOVA with Bonferroni-corrected t test. b, The percentage of apoptotic neurons is
shown in cocultures of hippocampal neurons and microglia (N/M) treated for 24 hr with 30 fum
A or the correspondent reverse peptide alone or in combination with 30 M IAA-94. The
percentage of apoptotic cells was calculated as the number of TUNEL-positive cells divided by
the total cell number. Histograms represent the means == SEM; n = 3 experiments; *p << 0.05
versus controls (untreated cocultures or cultures treated with the reverse peptide A3;5_,) and
A plus IAA-94; Mann—Whitney U test.
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Figure 6.  1AA-94 reverses the A3,s_s5 induction of both TNF-x and nitric oxide release.
Cocultures of hippocampal neurons and microglia were treated for 24 hr with 30 um AB25-35
alone orin combination with 30 umIAA-94. Conditioned media were collected and analyzed for
TNF-c by ELISA (a) and for nitrite levels using the Griess reaction (b). *p << 0.001 versus
controls (CTRL) (untreated or IAA-94-treated cocultures) and A3 plus I1AA-94; ANOVA with
Bonferroni-corrected ¢ test. Data shown are means = SEM.

surviving rescue). IAA-94, tested separately on nonstimulated
mixed cultures, had no effects on neuronal survival.

To confirm that the AB-induced neurotoxicity was attribut-
able to the microglial production of diffusible neurotoxic mole-
cules, we used cocultures, in which neuronal cells were not in
direct contact with the microglial cells (Fig. 5b). Neuronal apo-
ptosis was measured by TUNEL after 24 hr. Neurons conditioned
by AB-treated microglia showed a clear increase in the number of
TUNEL-labeled neuronal nuclei compared with control and re-
verse Af;s ,s-stimulated cultures. As observed previously with
the mixed neuronal-microglial cultures, IAA-94 was able to pre-
vent the neurotoxicity generated by activated microglia (Fig. 5b).
Control neuronal cultures transferred onto plates containing A3
but not the microglial monolayer did not show any increase in the
number of apoptotic nuclei with respect to untreated cells (data
not shown). However, our Western blot analysis of CLIC1 ex-
pression in purified hippocampal primary neurons shows only an
almost undetectable band corresponding to CLICI molecular
weight. Together, these results indicate that, in our experimental
conditions, IAA-94 possibly acts by blocking microglial activa-
tion but not affecting directly neuronal survival.

Blockade of CLICI inhibits Af3,; ;s-activated microglial cell
production of TNF-« and nitrite

To address the question of how IAA-94 might protect neurons
from AB-mediated neurotoxicity, we measured the production
of TNF-« (Fig. 6a) and NO, ~ (Fig. 6b), which are known to
mediate neuronal toxicity (Araujo and Cotman, 1992; Meda et
al., 1995; Casal et al., 2002). The results show that both TNF-«
and NO, ~ release were upregulated by AfB,5 35. Furthermore,
CLIC1 chloride channel blockers were able to prevent their re-
lease from microglial cells. This inhibition was observed not only
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Figure 7. siRNAs inhibit TNF-cx release in AB3,5_;s-stimulated BV-2 cells. BV-2 cells were
transiently transfected with psiUb-clic1 A or psiUb-clic1 B generating siRNA A or siRNA B. West-
ern blot analysis of CLICT expresssion after 48 hr of transfection with vector only or with SiRNA A
or SiRNA B is shown in a. After 48 hr of transfection, BV-2 cells were stimulated with 30 pum
AB,5_s5 for 24 hr, the supernatants were collected, and TNF-c levels were measured by ELISA

(b).

for TAA-94 (30 wm) but also for niflumic acid (100 um), another
CLICI blocker (data not shown).

RNA interference for CLIC1 reduces the production of TNF-«
in AB,; ;s-activated BV-2 cells

To demonstrate a functional role of CLICI and its involvement in
AB-induced microglial activation, we knocked down CLIC1 ex-
pression by a DNA vector-based RNA interference technique in
which siRNAs are processed from short hairpin RNAs (shRNAs)
(McManus and Sharp, 2002) (Dykxhoorn et al., 2003). In partic-
ular, we used a recently developed RNAI vector in which shRNAs
are transcribed under the control of the polymerase II U1 pro-
moter (M. A. Denti, A. Rosa, O. Sthandier, F. G. De Angelis, and
1. Bozzoni, unpublished observation). As a functional assay of
microglial activation, we measured the production of TNF-« af-
ter AB stimulation (Giri et al., 2003; Meda et al., 1995). The
psiUb-CLIC1 constructs encode siRNAs that target the regions of
CLIC1 mRNA indicated in Materials and Methods. The 21-
nucleotide-long target sequences were chosen because they have



Novarino et al.  CLICT Role in 3-Amyloid-Activated Microglia

no significant homology with other known murine genes,
including the other members of the CLIC family. BV-2 cells
were transfected with the control vector (psiUx) or with
psiUb-clicl constructs. At 48 hr after transfection, cells were
stimulated with AB for 24 hr. All of the constructs reduce
TNF-« release after AB treatment. Figure 7b shows the effects
of the two more efficient constructs, which were able to com-
pletely prevent TNF-a release induced by AB treatment.

Discussion

Alzheimer’s disease is a severe debilitating disorder for which no
satisfactory therapy is available. It is characterized by the presence
of a prominent inflammatory response, and targeting this inflam-
matory response offers one potentially useful therapeutic strat-
egy. Therapy of inflammatory processes generally, but especially
those involving the CNS, are difficult, and new therapeutic tar-
gets are required. As a group, ion channels have been particularly
useful therapeutic targets, especially for the development of drugs
acting on the cardiovascular system. We believe that the CLIC1
ion channel may be such a potential target, and this paper pro-
vides substantial evidence to validate this concept.

CLIC1 was originally cloned on the basis of increased mRNA
expression with macrophage activation. However, in this paper,
we provide the first evidence for increase in CLIC1 protein asso-
ciated with a disease-specific activation modality. Furthermore,
not only is increased protein expressed (Fig. 1), but, in associa-
tion with Af3 activation, CLIC1 has a higher probability of being
present in the plasma membrane (Fig. 1f), in which it needs to be
located to function as an ion channel. This is further confirmed
by the presence of substantially increased plasma membrane
CLIC1-related ion channel activity accompanying cell activation
(Fig. 3). In addition, this increase in CLIC1 protein expression is
specific to the AB peptide and is not associated with LPS of bFGF
treatment, consistent with data indicating that CLIC1 is not an
LPS-responsive gene (Valenzuela et al., 1997).

How CLIC1 is involved in the activation process of microglial
cells, at present, is not clear. However, it is known that stimula-
tion of microglia with A fibrils results in the activation of several
kinases and the mobilization of intracellular calcium (Kalaria,
1999; Bamberger and Landreth, 2001). It is possible that the over-
all increase of CLICI protein attributable to A stimulation pro-
motes movement of CLIC1 onto the plasma membrane. In addi-
tion, changes in CLICI channel kinetics observed after Af3
treatment may be attributable to phosphorylation of some of the
several putative target sites on CLIC1 (Valenzuela et al., 1997)
and/or calcium mobilization. Both of these mechanisms could
contribute to a marked increase of functional expression of
CLIC1 chloride conductance.

The consequence of activation of microglial cells by AB pep-
tide is the release of diffusible toxic substances that result in neu-
ronal death. It is likely that at least two contributing molecules are
TNF-a and nitric oxide, both of which are released as part of this
activation process. Importantly, inhibition of CLIC1 conduc-
tance by the selective CLIC1 ion channel blocker IAA-94 (Figs. 5,
6) virtually completely abrogates both the release of TNF-« and
nitrite production, as well as the consequent neurotoxicity. These
results were reinforced using the RNA interference procedure, in
which specific small RNAs for CLIC1 mRNA were able to com-
pletely inhibit TNF-« release after A stimulation (Fig. 7). Both
of these experimental procedures strongly support the involve-
ment of CLICI protein during A microglial activation.

In conclusion, it appears that the inhibition of AB-induced
microglial activation could be reached by a reduction of CLICI
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function. How blocking a chloride channel inhibits the activation
process is unknown. One speculative possibility is that calcium
mobilization requires an influx of chloride ions to act as counter-
ions. Limiting chloride entry into the cell may limit calcium mo-
bilization and hence cell activation. Whatever the mechanism, it
appears highly likely that blocking CLIC1 limits microglial acti-
vation and release of neurotoxic substances. Although an element
of nonspecificity is always possible with pharmacological block-
ers, the sum total of information provided argues strongly that
CLICI1 is involved in the AB-induced microglial cell activation
and that blocking this ion channel serves to diminish it. We sug-
gest that CLIC1 should be considered as a therapeutic target for
Alzheimer’s disease and, indeed, other inflammatory diseases.
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