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P2X_ Receptor Blockade Prevents ATP Excitotoxicity in
Oligodendrocytes and Ameliorates Experimental
Autoimmune Encephalomyelitis
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Oligodendrocyte death and demyelination are hallmarks of multiple sclerosis (MS). Here we show that ATP signaling can trigger oligo-
dendrocyte excitotoxicity via activation of calcium-permeable P2X, purinergic receptors expressed by these cells. Sustained activation of
P2X, receptors in vivo causes lesions that are reminiscent of the major features of MS plaques, i.e., demyelination, oligodendrocyte death,
and axonal damage. In addition, treatment with P2X, antagonists of chronic experimental autoimmune encephalomyelitis (EAE), a
model of MS, reduces demyelination and ameliorates the associated neurological symptoms. Together, these results indicate that ATP
can kill oligodendrocytes via P2X activation and that this cell death process contributes to EAE. Importantly, P2X, expression is elevated
in normal-appearing axon tracts in MS patients, suggesting that signaling through this receptor in oligodendrocytes may be enhanced in
this disease. Thus, P2X;, receptor antagonists may be beneficial for the treatment of MS.
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Introduction

Multiple sclerosis (MS) is a chronic, degenerative disease of the
CNS that is characterized by focal lesions with inflammation,
infiltration of immune cells, demyelination, oligodendroglial
death, and axonal damage (Prineas et al., 2002). These cellular
alterations are accompanied by neurological deficits such as sen-
sory disturbances, lack of motor coordination, and visual impair-
ment. MS is thought to usually begin with an autoimmune in-
flammatory reaction to myelin components and progresses later
to a chronic phase in which oligodendrocytes, myelin, and axons
degenerate (Steinman, 2001; Lassmann, 2005). Both genetic and
environmental factors contribute to MS susceptibility (Zamvil
and Steinman, 2003). Among them, primary and/or secondary
alterations in glutamate signaling cause excitotoxicity that con-
tributes to MS pathology (Matute et al., 2001; Groom et al.,
2003).

Like glutamate, extracellular ATP is a major excitatory neuro-
transmitter in the CNS, activating ionotropic (P2X) and metabo-
tropic (P2Y) receptors (Burnstock, 1972; Ralevic and Burnstock,
1998; North, 2002). ATP-gated P2X channels are formed by
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P2X,—P2X, subunits and have marked Ca®" permeability
(Torres et al., 1999; North, 2002). P2X receptors are expressed in
CNS neurons, where they participate in fast synaptic transmis-
sion and modulation (Khakh, 2001). In addition, P2X; receptors
mediate immunomodulatory responses (Di Virgilio et al., 1999)
and signaling cascades, leading to neurodegeneration after isch-
emia (Le Feuvre et al., 2003). Recently, it has also been shown that
spinal cord injury is associated with prolonged P2X, receptor
activation, which results in neuronal excitotoxicity (Wang et al.,
2004).

Because oligodendrocytes are vulnerable to glutamate excito-
toxicity, we examined whether ATP, which also activates iono-
tropic receptors with calcium permeability, is toxic to these cells
and whether it can cause demyelination. Here, we report that (1)
oligodendrocytes and myelin express functional P2X, receptors
that can mediate cell death in vitro and in vivo, (2) activation of
P2X, receptors contributes to tissue damage in experimental au-
toimmune encephalomyelitis (EAE) pathology, and (3) P2X, re-
ceptor expression is increased in MS before lesion formation.

Materials and Methods

Oligodendrocyte cultures. Primary cultures of oligodendrocytes derived
from optic nerves of 12-d-old Sprague Dawley rats were obtained as
described previously (Barres et al., 1992). Cells were seeded into 24-well
plates bearing 12-mm-diameter coverslips coated with poly-p-lysine (10
wg/ml) at a density of 5 X 107 cells per well. Cells were maintained at
37°C and 5% CO, in a chemically defined medium (Barres et al., 1992).
After 2—4 d in vitro, cultures were composed of at least 98% O4/
galactocerebroside-positive (04/GalC ™) cells; the majority of the re-
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maining cells were stained with antibodies to glial fibrillary acidic protein
(GFAP). No A2B5™ or microglial cells were detected in these cultures
(Alberdi et al., 2002).

Electrophysiology. Whole-cell recordings were performed at room tem-
perature using the EPC-7 patch-clamp amplifier (HEKA Elektronik,
Lambrecht, Germany). Currents were recorded at a holding membrane
potential of —70 mV. Extracellular bath solution with a pH of 7.3 con-
tained the following (in mm): 140 NaCl, 5.4 KCl, 2 CaCl,, 1 MgCl,, and
10 HEPES. Divalent cation-free extracellular solutions were obtained by
omitting Ca*>* and Mg?". Patch-clamp pipettes (3—5 M()) were filled
with internal solution at a pH of 7.3 containing the following (in mm):
140 CsCl, 2 CaCl,, 2 MgCl,, 10 HEPES, 11 EGTA, and 2 Na-ATP.

Measurement of [Ca’" ], [Ca?"], was determined according to the
method described previously (Grynkiewikez et al., 1985). Oligodendro-
cytes were loaded with fura-2 AM (5 uM; Invitrogen, Carlsbad, CA) in
culture medium for 30 min at 37°C. Cells were washed in HBSS contain-
ing 20 mm HEPES, pH 7.4, 10 mm glucose, and 2 mm CaCl, (incubation
buffer) for 5 min at room temperature. Experiments were performed in a
coverslip chamber continuously perfused with incubation buffer at 1
ml/min. The perfusion chamber was mounted on the stage of a Zeiss
(Oberkochen, Germany) inverted epifluorescence microscope (Axiovert
35), equipped with a 150 W xenon lamp Polychrome IV (T.I.L.L. Pho-
tonics, Martinsried, Germany) and a Plan Neofluar 40X oil immersion
objective (Zeiss). Cells were visualized with a high-resolution digital
black/white CCD camera (ORCA; Hamamatsu Photonics Iberica, Bar-
celona, Spain), and image acquisition and data analysis were performed
using the AquaCosmos software program (Hamamatsu Photonics
Iberica). [Ca®™"]; was estimated by the 340/380 ratio method, using a K4
value of 224 nm. At the end of the assay, in situ calibration was performed
with the successive addition of 10 mm ionomycin and 2 M Tris/50 mm
EGTA, pH 8.5. Data were analyzed with Excel (Microsoft, Seattle, WA)
and Prism (GraphPad Software, San Diego, CA) software.

Cell viability and toxicity assays. Cell toxicity and viability assays were
performed as described previously (Sinchez-Gomez and Matute, 1999).
Cells at 2—4 d in culture were exposed for 15 min to P2X receptor ago-
nists. Antagonists were added to the cultures 15 min before the agonists.
Twenty-four hours after drug application, cell viability was assessed us-
ing calcein-AM (Invitrogen). The total number of surviving cells on each
coverslip emitting calcein fluorescence was counted, and results were
expressed as percentage of cell death versus control. Results were ex-
pressed as the mean = SEM of at least three independent experiments
performed in duplicate.

Immunochemistry. Oligodendroglial expression of P2X;, receptor was
examined by double immunofluorescence applied to cultured oligoden-
drocytes and tissue from the rat optic nerve and spinal cord. Oligoden-
drocyte cultures were fixed in 4% paraformaldehyde in PBS and pro-
cessed for immunocytochemistry as described previously (Matute et al.,
1997). For tissue, adult Sprague Dawley rats were deeply anesthetized
with chloral hydrate (500 mg/kg, i.p.) and transcardially perfused with
0.1 M sodium phosphate buffer (PB), pH 7.4, followed by 4% parafor-
maldehyde in the same buffer. Optic nerve and spinal cord samples and
blocks containing hippocampus and adjacent cortex, the latter structures
being used as positive controls, were dissected out and postfixed for 1 hin
the same solution.

Primary antibodies were as follows: P2X,, P2X,, P2X,, and P2X,, (1-2
ng/ml; Alomone Labs, Jerusalem, Israel), P2X; (1 ug/ml; Chemicon,
Temecula, CA), P2X, and P2X, (1:1000; Santa Cruz Biotechnology,
Santa Cruz, CA), myelin basic protein (MBP) (1 ug/ml; Sternberger
Monoclonals, Berkeley, CA), and adenomatous polyposis coli antigen
(APC) (1 pg/ml; Calbiochem, Barcelona, Spain), an oligodendrocyte
marker (Bhat et al., 1996).

Controls in oligodendrocyte cultures as well as in tissue sections were
performed by either omitting the primary antibody or preadsorbing the
primary antibody with an excess of the corresponding peptide (50 ug/ml
final concentration). Labeling in hippocampus and cerebral cortex was
similar to that obtained by other studies (Rubio and Soto, 2001). For
double-immunofluorescence assays, after incubation with the suitable
primary antibody as described above, sections were incubated with flu-
orescent goat anti-rabbit secondary antibody (Alexa Fluor 488; 1:200;
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Invitrogen). Subsequently, sections were incubated for 2 h at 37°C with
mouse monoclonal antibody APC (1 ug/ml; Calbiochem), and labeling
was revealed with fluorescent goat anti-mouse secondary antibody (Al-
exa Fluor 546; 1:200; Invitrogen).

For Western blots, samples (10 ug of protein per lane) of rat optic
nerve cultures and tissue and human optic nerves were loaded and size
separated in 10% SDS-PAGE. Proteins were blotted onto nitrocellulose
filters (GE Healthcare, Little Chalfont, UK) and incubated with antibod-
ies directed against P2X, (0.3 pg/ml, intracellular epitope), MBP (0.8
pg/ml; Sternberger Monoclonals, Berkeley, CA), and B-actin (1:1000;
Sigma, Madrid, Spain). Immunoblots were visualized using enhanced
chemiluminescence (Pierce, Rockford, IL). Protein band densitometry
was performed using Scion Image for Windows (Scion, Frederick, MD),
and actin immunoreactivity was used to normalize P2X, and MBP signal.

Immunogold electron microscopy. Three adult Sprague Dawley rats
(250-300 g) were deeply anesthetized by intraperitoneal injection of
20% chloral hydrate in distilled water and transcardially perfused with
4% paraformaldehyde and 0.25% glutaraldehyde in 0.1 M PB, pH 7.4.
Both longitudinal and transversal vibratome sections (60—70 wm thick)
were osmicated in 1% osmium tetroxide in 0.1 M PB, dehydrated, and
embedded in epoxy resins. Ultrathin sections were cut with a Reichert
ultramicrotome and mounted on nickel grids. Ultrathin sections were
processed for immunocytochemistry as described previously in detail
(Somogyi and Soltész, 1986).

Incubation with primary antibodies to the intracellular and to the
extracellular portion of P2X, receptors (1 mg/ml; Alomone Labs) were
done overnight at 4°C followed with Auroprobe EM goat anti-rabbit IgG
(heavy and light chains) 15 nm gold (1:20; GE Healthcare) for 1-2 h at
room temperature. Sections were counterstained with 1% uranyl acetate
and 1% lead citrate and examined using a Philips (Aachen, Germany)
EM208S electron microscope.

Quantification was performed by taking microphotographs (n = 122)
from three independent experiments. Scion Image software (National
Institutes of Health, Frederick, MD) was used to measure the area of each
cellular element and the number of gold particles inside them, and thus
to calculate particle density (particles per square micrometer). Immuno-
labeling was absent when omitting the primary antibody.

Drug treatment of isolated and in vivo optic nerves. Isolated adult optic
nerves from Sprague Dawley rats were perfused with oxygen-saturated
artificial CSF (aCSF) (in mwm: 126 NaCl, 3 KCl, 2 MgSO,, 26 NaHCO;,
1.25 NaH,PO,, and 2 CaCl, 2H,0) containing agonists and antagonists
and subsequently processed for chromatin staining with Hoechst 33258
(5 pg/ml) and immunohistochemistry as described previously (Sanchez-
Gomez et al., 2003). The results are the mean = SEM of at least three
different experiments performed in duplicate. The total number of fields
counted for each treatment was 120.

For application of drugs or vehicle (saline) to the optic nerve in vivo,
rabbits were anesthetized and infused with ATP-y-S or 2',3'-O-
(benzoyl-4-benzoyl)-ATP (BzATP) (10 mm) alone or in conjunction
with brilliant blue G (BBG) (10 um) or oxidized ATP (0ATP) (1 mm) as
described previously in detail (Matute, 1998). Agonists (Sigma) were
diluted in sterile PBS (145 mm NaCl in 10 mm phosphate buffer, pH 7.2)
and slowly delivered through a cannula implanted under the optic nerve
dura mater and attached to a plastic tube connected to a subcutaneously
implanted osmotic pump (rate 1 pl/h over 2-3 d; Alzet; Alza, Cupertino,
CA). Under these delivery conditions, the estimated concentration bath-
ing the area surrounding the cannula is between two to three orders of
magnitude lower than that loaded in the osmotic pump (Matute, 1998).
After 7 d, animals were fixed with 4% paraformaldehyde, and optic
nerves were analyzed by immunohistochemistry with antibodies to glial
cells, myelin, and neurofilaments. The following mouse monoclonal an-
tibodies were used: anti-MBP (0.8 ug/ml; Sternberger Monoclonals,
Lutherville, MD), anti-neurofilament heavy chain (NFH) (1:10,000;
Sternberger Monoclonals, Lutherville, MD), anti-GFAP (10 pg/ml; Da-
koCytomation, Glostrup, Denmark), anti-3'-5"cyclic nucleotide phos-
phodiesterase (CNPase) (7 ug/ml; Sigma), and finally APC (1 upg/ml;
Calbiochem), a marker for oligodendrocyte cell bodies. CNPase and APC
immunostaining was performed after a 20 min Pronase treatment at
37°C (protease type XIV, 50 ug/ml; Sigma). Binding of the antibodies
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Figure 1. Oligodendrocytes express functional P2X receptors with high Ca " permeability. A, ATP and BzATP, but not ., 3-
meATP, evoke inward, nondesensitizing currents, which are potentiated in the absence of Ca2*and Mg2™. ATP currents are
blocked by PPADS (100 i), a nonselective P2X antagonist. B, , The P2X; antagonists oATP (1 mu) and BBG block ATP and BzATP
currents. **p << 0.01. D, E, ATP and BzATP induce a rapid increase in [Ca 2" ],, an effect that is blocked by PPADS (50 wum) and in
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in EAE experiments, significance between each
two groups was examined using the Mann—
Whitney U test. For multiple comparisons in
the neurophysiological assessment assays, we
use ANOVA (Tukey’s post hoc). In all instances,
a value of p < 0.05 was considered significant.

(a®"-free incubation buffer, and greatly reduced by the P2X; antagonists oATP (1 mu) and BBG (100 nm). **p < 0.01 and

Ry < 0,001,

was revealed using the avidin—biotin—peroxidase complex (Vector Lab-
oratories, Burlingame, CA). Isolectin B4 histochemistry (1:20; Sigma)
was used to identify cells of microglia/macrophage lineage. In each case,
a parallel series of sections was processed for toluidine blue staining.

EAE induction and treatment. Chronic, relapsing EAE was induced in
C57BL/6 mice by immunization with 300 ul of myelin oligodendrocyte
glycoprotein 35-55 [MOG(35-55)] (200 pg; Sigma) in incomplete
Freund’s adjuvant supplemented with 8 mg/ml Mycobacterium tubercu-
losis H37Ra. Pertussis toxin (500 ng; Sigma) was injected on the day of
immunization and again 2 d later. Mice were treated with oATP every
12 h (5 mg/kg, i.p., per day) or with BBG (10 mg/kg per day, delivered
from pellets; IRA, Sarasota, FL) from 21 to 40 d post-immunization
(dpi).

In all instances, motor symptoms were recorded daily and scored as
follows from 0 to 8: 0, no detectable changes in muscle tone and motor
behavior; 1, flaccid tail; 2, paralyzed tail; 3, impairment or loss of muscle
tone in hindlimbs; 4, hindlimb hemiparalysis; 5, complete hindlimb pa-
ralysis; 6, complete hindlimb paralysis and loss of muscle tone in fore-
limbs; 7, tetraplegia; and 8, moribund. Conduction velocity of the corti-
cospinal tract was assessed in anesthetized mice with tribromoethanol
(240 mg/kg, i.p.; Sigma) using stimulatory and recording electrodes
placed in the primary motor cortex and in the vertebral canal at the L2
level, respectively. After recording, mice were fixed, and spinal cord was
processed for immunohistochemistry. Tissue blocks of spinal cords were
cryoprotected, cut longitudinally (10 wm thick), and stained with tolu-
idine blue and antibodies to MBP as above.

Human tissue samples. Postmortem optic nerve samples from 13 long-
standing MS patients and 12 control subjects (who died from non-
neurological diseases) were obtained at autopsy under the management
of the Netherlands Brain Bank. All patients and controls had previously
given written approval for the use of their tissue, according to the guide-

Results

Oligodendrocytes express functional

P2X, receptors

We initially examined whether oligoden-
drocytes in culture respond to ATP. In normal extracellular so-
lution, ATP (1 mM) induced a nondesensitizing inward current
(Fig. 1A) in most oligodendrocytes (77.3 = 7.9%; n = 47) with an
amplitude ranging from —8 to —60 pA (—20.9 = 4.2 pA; n = 36).
The ATP analog BzZATP (100 uMm), a P2X, P2X,, and P2X; recep-
tor agonist (Khakh et al, 2001), induced similar responses
(—17.8 £5.7 pA; n = 14) (Fig. 1A). In contrast, a, 3-methylene-
ATP (a,B-meATP) (100 uM), a selective agonist of P2X;, P2Xj,
and heteromeric P2X,,; receptors (Khakh et al., 2001), did not
elicit any response (n = 8) (Fig. 1A). ATP-induced currents were
mediated by receptors with low affinity for ATP (ECs, of 8.8 mm;
n=21) (Fig. 1 A). BZATP was an order of magnitude more potent
than ATP (ECs, of 0.5 mMm; n = 7) (Fig. 1A), a characteristic
specific of P2X, receptors (el-Moatassim and Dubyak, 1992). In
the absence of Mg>" and Ca>*, which results in an increase in the
concentration of ATP*™, the active form of ATP at most P2X
receptors, ATP- and BzATP-induced currents were strongly po-
tentiated and had an EC,, 0of 873.2 uM (n = 10) and 99 puM (n =
12), respectively (Fig. 1A). Moreover, pyridoxal phosphate
6-azophenyl-2',4'-disulphonic acid (PPADS) (100 M), a nonse-
lective antagonist of P2X receptors, completely abolished inward
currents mediated by ATP (n = 7) (Fig. 1A). These findings
indicate that oligodendrocytes express functional P2X receptors.

We then tested the effects of different P2X antagonists on

ATP-induced inward currents. Periodate oATP (1 mm), a prefer-
ential antagonist of P2X, receptors (Murgia et al., 1993), almost
completely blocked ATP (70.6 = 6.9% inhibition; n = 18) (Fig.
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1 B) and BzATP-induced currents in Ca>* A
and Mg*"-free conditions (81.8 * 3.8%
inhibition; n = 13) (Fig. 1 B). In addition,

BBG, a potent P2X, antagonist, nearly
abolished ATP (10 mM; n = 30) and
BzATP (1 mMm; n = 8) currents at concen- B
trations (ICs, values of 30 and 17 nM, re-
spectively) (Fig. 1C) that do not affect
other P2X subtypes (Jiang et al., 2000).
This pharmacological profile indicates
that P2X, receptors are major mediators of
ATP responses in oligodendrocytes, an
idea that is supported by the fact that
P2X,”’~ oligodendrocytes in vitro have
very small responses to ATP and BzATP
(supplemental Fig. 1 A, available at www.j-
neurosci.org as supplemental material).

To characterize further the functional
properties of P2X, receptors, we next
monitored the concentration of intracel-
lular calcium [Ca®"]; after application of
ATP and BzATP to cultured oligodendro-
cytes. We found that application of ATP (1
mM) caused a rapid increase in cytosolic
Ca?" (358 = 28 nMm; n = 33), which is
greatly reduced (57 = 2 nM; n = 10) in the
absence of Ca*" in the incubation buffer
and completely blocked by PPADS (50
uM; 1 = 5) (Fig. 1D,E). Similar results
were obtained with BzATP (1 mm) (Fig.
1D, E). These results indicate that [Ca*"],
increase is mainly attributable to Ca" in-
flux through the plasma membrane and marginally to Ca** re-
lease from intracellular stores. In addition, the ATP-induced
[Ca?*],increase was reduced to 70 *+ 3%, (n = 25) and 31 = 15%
(n = 24), respectively (Fig. 1 D, E), by BBG at concentrations that
selectively block P2X, receptors (10 and 100 nm) (Jiang et al.,
2000). Consistently, the ATP and BzATP (both at 1 mm) re-
sponses were substantially reduced by oATP (49 = 15 and 39 =
11%, respectively; n = 10 each) (Fig. 1 D, E).

To localize the expression of P2X receptor subunits in oligo-
dendrocytes, we performed Western blot and double-
immunofluorescence labeling of cultured myelin basic protein-
positive oligodendrocytes (MBP " cells), as well as rat optic nerve
and spinal cord sections with subunit-specific antibodies to P2X
receptors and with the oligodendrocyte marker APC (Bhat et al.,
1996). Immunoblotting revealed that the 75 kDa band corre-
sponding to the P2X receptor is present in the rat optic nerve as
well as in cultured oligodendrocytes from this structure (Fig. 2A)
but absent in P2X, /" mice optic nerve and oligodendrocytes
(supplemental Fig. 1 B, available at www.jneurosci.org as supple-
mental material). In turn, double-immunofluorescence staining
showed that P2X, is heavily expressed in cultured oligodendro-
cytes and in the optic nerve and spinal cord (Fig. 2B) (supple-
mental Fig. 2, available at www.jneurosci.org as supplemental
material). In contrast, no immunolabeling with antibodies to the
P2X, receptor was observed in optic nerve from P2X, /" mice
(supplemental Fig. 1C, available at www.jneurosci.org as supple-
mental material). Moreover, immunogold electron microscopy
revealed that this receptor is also located in myelin sheaths
(5.14 * 0.84 gold particles/um?) (Fig. 2C). In addition to P2X,,
P2X, and P2X,, but not P2X,, are also present in oligodendro-

In vitro
P2X7

Figure 2.

Optic nerve
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P2X; receptors are expressed in oligodendrocytes and myelin. A, Western blot illustrating the presence of P2X,
receptor in rat optic nerve (rON) and rat oligodendrocytes in culture (rOL). B, P2X; receptors revealed by double-
immunofluorescence labeling in rat MBP ™ oligodendrocytes in culture (left column) and in optic nerve APC ™ oligodendrocytes
(right column). Scale bar, 20 pem. €, Electron microscopic images of longitudinal (top) and transversal (bottom) sections showing
immunogold staining of P2X; receptors in myelin sheaths (inset and arrowheads). Scale bars, 300 nm.

cytes both in vitro and in situ (supplemental Table 1, available at
www.jneurosci.org as supplemental material).

Together, these results indicate that P2X receptors in oligo-
dendrocytes have electrophysiological, pharmacological, and
molecular properties compatible with a predominant expression
of P2X; and demonstrate that this receptor is a major mediator of
[Ca*"]; elevation triggered by ATP.

P2X; receptor activation induces oligodendrocyte death

AMPA and kainate receptor activation in oligodendrocytes
causes an increase in basal [Ca*"|; levels, which results in oligo-
dendrocyte death (Alberdi et al., 2002). Because P2X, receptors
in oligodendrocytes are also highly permeable to Ca** and do not
desensitize, we tested whether activation of these receptors can
kill these cells. We observed that addition to the cultures of ATP
(1 mm) or BZATP (10 um) for 15 min was toxic to O4/GalC *
oligodendrocytes (Fig. 3A). In turn, MBP * oligodendrocytes af-
ter 5 d in vitro were similarly vulnerable to both agonists (data not
shown). ATP and BzATP toxicity was prevented by removal of
Ca** from the culture media and by the nonselective P2X recep-
tor antagonist PPADS (50 uMm), as well as by oATP and BBG at
concentrations that selectively block P2X, receptors (300 um and
50 nM, respectively) (Fig. 3A). ATP-vy-S, a more stable analog of
ATP, was also toxic to oligodendrocytes (supplemental Fig. 3,
available at www.jneurosci.org as supplemental material).

To determine whether ATP can kill oligodendrocytes in situ,
we perfused whole optic nerves freshly isolated from adult rats
with oxygen-saturated aCSF alone or with ATP (1 mm) for 3 h.
Basal chromatin condensation in the nerves under control exper-
imental conditions was very low. In contrast, ATP increased ap-
proximately threefold the number of cells showing condensed
nuclei (n = 6). These cells were typically oriented in the longitu-
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P2X receptor activation triggers oligodendrocyte death in dissociated cultures and in isolated optic nerve in vitro, as well as MS-like lesions in vivo. A, Toxicity of ATP (left) and BzATP (right) in optic
nerve oligodendrocytes in culture, as measured 24 h later with the calcein viability assay. Oligodendrocyte death is observed after exposure to ATP and BzATP at 1 mmand 10 pum, respectively (*p << 0.05 for
comparison between agonist and control). This is prevented by coapplication of the broad-spectrum P2X antagonist PPADS, by P2X; receptor antagonists oATP and BBG, and by Ca>* removal from the culture
medium (*p < 0.05 for each comparison between agonist and the various conditions). B, €, Perfusion of rat optic nerves with aCSF-containing ATP results in chromatin condensation and caspase-3 activation
inoligodendrocyteslabeled with APC, an effect thatis prevented by coapplication with P2X; antagonists. Scale bar, 10 uum. *p << 0.05, ***p < 0.001 for comparison between control and treatment with agonist;
#p <<0.05, ™p < 0.01 for comparison between agonist and agonist plus antagonist treatment. D, BzATP slowly infused onto the rabbit optic nerve induces defined lesions with microgliosis [isolectin B4 (1B4)]
as well as demyelination and axonal damage, as shown by staining with antibodies to MBP and dephosphorylated NFH, respectively. Left and right panels correspond to low and high magpnification of damaged
nerves, respectively (scale bars, 500 and 50 tum). E, BzATP-induced lesions are prevented by coapplication of P2X; antagonists BBG or 0ATP. Scale bar, 500 um. The histogram shows the extent of damaged and



9530 - J. Neurosci., August 29, 2007 - 27(35):9525-9533

dinal axis of the nerve, forming part of cell
rows that were identified as being made up
of interfascicular oligodendrocytes. Cell
death was prevented in the presence of
P2X, antagonists oATP (1 mm; n = 3) and
by BBG (50 nm; n = 3) (Fig. 3B). Consis-
tent with these findings, we observed that
ATP-treated optic nerves showed numer-
ous cleaved caspase-3 " oligodendrocytes,
identified by APC immunostaining, which
were absent in nerves exposed to ATP in
the presence of BBG (50 nm; n = 3) (Fig.
30).

We next infused optic nerves in vivo
with BZATP (n = 5) or vehicle (saline, n =
10) using osmotic pumps that delivered
trace amounts of agonists for 3 d. Histo-
logical examination of the nerves 7 d after
initiating the application showed no alter-
ations in the saline group. In contrast,
nerves treated with agonists presented tis-
sue damage, intense microgliosis, loss of
MBP near the site at which the cannula tip
was located, and aggregates of dephospho-
rylated NFH, which extended well into the
optic chiasm and which were indicative of
axonal damage (n = 6) (Fig. 3D, E). Simi-
lar tissue alterations were observed using
ATP-v-S (n = 4; datanot shown). All these
features are reminiscent of MS lesions.
This damage was prevented by coapplica-
tion of agonists with BBG (n = 4) and
oATP (n = 6) (Fig. 3E).

Altogether, our toxicity assays showed
that oligodendrocytes are similarly vulner-
able to P2X activation by ATP and BzATP,
an effect that was prevented by P2X; an-
tagonists both in vitro and in vivo. In addi-
tion, the lesions in vivo are strikingly rem-
iniscent of those found in MS.

P2X, receptor antagonism
attenuates EAE
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Figure 4.  P2X, antagonists ameliorate chronic EAE-associated neurological symptoms and restore normal axon conduction

velocity. A, B, Established chronic EAE induced in C57BL/6 mice by immunization with MOG improves after treatment with 0ATP
(p << 0.001) and BBG ( p < 0.01) starting at 21 d after injection (arrows). €, The increase in axon conduction latency in the
corticospinal tract of mice with chronic EAE (***p << 0.001 vs control, non-immunized animals) is greatly attenuated after
treatment with oATP and BBG (*p << 0.01and *#*p < 0.001, respectively, compared with MOG immunized mice). D, Immuno-
blotting with tissue samples from lumbar spinal cord of mice with chronic EAE (left) and corresponding histogram (middle; 0D,
optic density) show a decrease in the levels of MBP and P2X; receptor that is inhibited by BBG. Sample loading was normalized to
actin levels. Symbols in histogram denote a statistically significant reduction of protein levels in vehicle-treated mice versus
control, non-immunized mice (*p << 0.05 and **p < 0.01) and an increase in BBG-treated mice versus the vehicle group (“p <
0.05). P2X; levels (right) correlate with those of MBP (r = 0.44 and p << 0.05, Pearson’s correlation). E, Nissl and MBP immuno-
staining of consecutive longitudinal sections from the lumbar spinal cord of mice with chronic EAE. Arrows point to same blood
vessels. Demyelination is evident in mice treated with vehicle but not in mice treated with P2X; antagonist BBG. Niss| staining
reveals that demyelination in the former mice may also occur in the absence of signs of inflammation. Scale bar, 100 wm. Data
shown in (—E were obtained at 40 dpi.

We then evaluated the efficacy of P2X; an-

tagonists in ameliorating the symptoms

associated with chronic EAE induced in C57BL/6 mice, a model
that is relevant to the chronic and progressive phase of MS, after
the disease onset and when the neurological score was maximal.
Mice immunized with MOG experienced motor deficits that
commenced at ~12 dpi. Treatment with oATP or BBG (5 and 10
mg/kg daily; n = 28 and 21, respectively) starting at 21 dpi ame-
liorated the motor deficits observed in vehicle-treated animals
(n = 30) (Fig. 4A, B). Moreover, the latency of the corticospinal
tract at the end of the experiment (40 dpi) was 5.74 * 0.08 ms in
immunized animals treated with vehicle (n = 30), whereas in
those treated with oATP (n = 24) or BBG (n = 8), latency values
were 5.01 = 0.15 or 5 = 0.13 ms, respectively, which was close to
that measured in control, non-immunized animals 4.76 = 0.08
ms (n = 15) (Fig. 4C). In addition, P2X, and MBP levels at 40 dpi
decreased (Fig. 4D) in animals with chronic EAE treated with
vehicle (n = 8), although these levels were similar to controls in
EAE animals treated with BBG (n = 8); indeed, both parameters
were correlated. Notably, MBP immunohistochemistry in

vehicle-treated animals at 40 dpi showed demyelinated areas typ-
ically associated with inflammation but also in the absence of it
(Fig. 4E). In contrast, demyelination was greatly reduced in EAE
mice treated with P2X; antagonists (Fig. 4E). Altogether, these
results demonstrate that P2X, blockade ameliorates chronic EAE
by reducing demyelination and thus improving axonal
conduction.

Increased P2X; expression in multiple sclerosis

We next examined whether human oligodendrocytes express
P2X receptors by double-immunofluorescence staining in optic
nerve samples obtained at autopsy. We found that P2X; receptors
were located in the cell body and proximal processes of oligoden-
drocytes both in samples of optic nerves from controls and from
MS patients that had a normal histological appearance of the
nerve (n = 5) (Fig. 5A). In addition, we observed immunolabel-
ing in cells of the microglia/macrophage lineage (Fig. 5A). Sub-
sequently, we measured the levels of P2X, mRNA in a cohort of
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previously characterized MS samples (Vallejo-Illarramendi et al.,
2006). Interestingly, real-time quantitative PCR experiments
showed an increase of 70.1 = 48.2% in the levels of P2X, mRNA
in normally appearing optic nerve MS samples (n = 6; p < 0.05
with respect to age- and sex-matched controls). These results
were confirmed by Western blot assays (Fig. 5B) that showed an
increase of 104.2 * 53.1% in the levels of P2X; protein (n = 7;
p < 0.05 with respect to age- and sex-matched controls). To-
gether, these findings indicate that P2X; signaling is enhanced in
normal-appearing axonal tracts of the CNS in MS, and thus, this
feature may make oligodendrocytes more vulnerable to primary
or secondary alterations in early lesion formation in this disease.

Discussion
The data reported here indicate that oligodendrocytes are vulner-
able to sustained activation of P2X, receptors and that P2X, an-
tagonists attenuate tissue damage and the neurological conse-
quences associated with EAE. Furthermore, the elevated
expression of P2X, receptors in oligodendrocytes in normal-
appearing axon tracts in MS suggests that this feature may be a
risk factor associated with early lesion formation in this disease.
In neurons, P2X, receptors constitute a large source of
transmitter-activated Ca’" influx (North, 2002; Egan and
Khakh, 2004). In turn, P2X; are also expressed in glial cells in-
cluding astrocytes, microglia, and Schwann cells (North, 2002).
In addition, recent studies provided preliminary evidence show-
ing that oligodendrocytes and their progenitors express P2X re-

P2X; receptor levels are increased in MS. A, Hoechst (top) and immunofluorescence staining of oligodendrocytes
(APC™ cells) with antibodies to P2X, receptors in the human optic nerve from controls and normally appearing MS samples.
Merge images show that P2X; receptors are located in oligodendrocytes in both control and MS samples. In turn, cells of the
microglial lineage (CD68 ) also show P2X, immunolabeling. Scale bar, 20 um. B, Western blot of optic nerve homogenates from
sex-and age-matched controls (C) and MS cases. Sample loading was normalized to the intensity of bands corresponding to actin.
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ceptors in vitro (James and Butt, 2002;
Agresti et al., 2005). In agreement with
those results, we found that differentiated
oligodendrocytes have a robust expression
of P2X receptors whose electrophysiologi-
cal, pharmacological, and molecular prop-
erties in vitro and in vivo correspond to
that of the P2X, subtype. Notably, Ca**
influx subsequent to P2X, activation is
very high, a feature that renders oligoden-
drocytes vulnerable to intense signaling
through this receptor. Indeed, sustained
activation of P2X; receptors by ATP and
BzATP is lethal to oligodendroglia and
causes severe tissue damage. Likewise,
excitotoxicity-based neuronal degenera-
tion triggered by P2X, receptors has been
described recently after ischemia (Le Feu-
vre et al., 2003) and subsequent to spinal
cord injury (Wang et al., 2004). However,
we cannot exclude the possibility that
P2X, and P2X, receptors, which are also
present in oligodendrocytes, contribute to
some of the observed ATP toxicity in these
cells.

These observations are in line with pre-
vious findings illustrating that enhanced
activation of AMPA and kainate as well as
NMDA receptors in oligodendrocytes in-
duces calcium overload and ultimately cell
death (Matute et al., 2001; Alberdi et al.,
2002; Goldberg and Ransom, 2003; Kara-
dottir et al., 2005; Salter and Fern, 2005;
Micu et al., 2006). Glutamate excitotoxic-
ity is indeed relevant to white matter dam-
age in acute diseases such as stroke (Gold-
berg and Ransom, 2003) and also in
animal models of MS including EAE (Pitt et al., 2000; Smith et al.,
2000). In these pathological conditions, antagonists of ionotropic
glutamate receptors protect against tissue loss and attenuate the
functional deficits associated with white matter destruction (Pitt
et al., 2000; Smith et al., 2000; Goldberg and Ransom, 2003).
Likewise, our findings in EAE experiments strongly suggest that
blockade of P2X, receptors protects against myelin loss and at-
tenuates the functional decline associated with the disease. In
turn, modulation of the immune response by P2X, antagonists
could also contribute to amelioration of EAE symptoms, but this
possibility is not supported by the fact that the severity of EAE is
exacerbated in P2X,”/~ mice (Chen and Brosnan, 2006).

ATP, the endogenous agonist of P2X,, receptors, is an impor-
tant signaling molecule in nonsynaptic regions (Hansson and
Ronnbick, 2003). Although P2X, receptors have relatively low
affinity for ATP, the extracellular concentration of this nucleo-
tide increases significantly in response to injury (Anderson and
Nedergaard, 2006). Thus, spinal cord trauma causes the release of
ATP around the damaged area, as measured by bioluminescence,
and results in cell death of nearby neurons and oligodendrocytes
that is strongly attenuated by P2X, antagonists (Wang et al.,
2004). In addition, other studies have shown that trauma liber-
ates large amounts of ATP (Nieber et al., 1999; Ray et al., 2002)
(for review, see Anderson and Nedergaard, 2006).

There are several tissue compartments that can contribute to
elevate extracellular levels of ATP and thus induce direct or indi-
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rect P2X,-mediated damage in EAE. With an intracellular ATP
concentration in the millimolar range, injured cells in EAE have
the potential to release large amounts of ATP and directly trigger
oligodendrocyte and myelin destruction, as observed when ATP
and BzATP are administered directly onto the optic nerve (Fig.
3B-D). ATP can also be released from astrocytes by activation of
P2X, receptors (Suadicani et al., 2006). Finally, infiltrating cells
of the monocyte/macrophage lineage and activated microglia can
release ATP (Sperlagh et al., 1998; Seo et al., 2004) and thus
contribute to P2X activation and cell death in oligodendrocytes.

In addition to its direct deleterious effects on oligodendrocyte
survival, ATP can also activate signaling cascades in astrocytes
and microglia, which leads to oligodendrocyte death. Thus, ATP
is a potent activator of astrocytic glutamate release (Jeremic et al.,
2001; Nedergaard et al., 2002), in particular by activation of P2X,
receptors (Duan et al., 2003), which in turn can cause oligoden-
drocyte excitotoxicity and thus create a deleterious loop that
could be halted by P2X; receptor antagonists. Conversely, ATP
can stimulate microglial cells and invading macrophages re-
cruited during immune attack of the CNS, to release toxic agents
including interleukin-18 (IL-183), tumor necrosis factor-a, and
superoxide and nitric oxide (Solle et al., 2001; Parvathenani et al.,
2003; Block and Hong, 2005), all of which may contribute to
oligodendrocyte demise. Indeed, P2X, receptor blockade
attenuates lipopolysaccharide-induced microglial activation and
confers neuroprotection in inflamed brain (Choi et al., 2007).

Signaling through the P2X, receptor is upregulated in acti-
vated microglia surrounding (-amyloid plaques in a mouse
model of Alzheimer’s disease (Parvathenani et al., 2003). Inter-
estingly, the proinflammatory cytokine IL-18 enhances P2X; re-
ceptor expression and function in astrocytes (Narcisse et al.,
2005). Thus, increased levels of IL-18 in MS and its animal model
EAE (Hauser et al., 1990) can intensify signaling through the
P2X, receptor and lead to the release of ATP and glutamate,
which causes oligodendrocyte excitotoxicity. This may be rele-
vant to the progression of tissue damage in normal-appearing
white matter in MS because, in the chronic state of the disease,
diffuse inflammation accumulates throughout the whole brain
and is associated with slowly progressive axonal injury (Kut-
zelnigg et al., 2005). However, it should be noticed that, in con-
trast to the proinflammatory role of P2X, receptors within the
CNS, these receptors also mediate apparently opposite effects in
the immune system because EAE symptoms are exacerbated in
P2X,”’" mice (Chen and Brosnan, 2006).

In summary, we have shown here that enhanced ATP signal-
ing in vitro and in vivo leads to oligodendrocyte death via P2X,
receptor-mediated Ca”" toxicity and that P2X,, receptors medi-
ate tissue damage underlying the neurological deficits associated
with well established models of MS. In turn, the increased expres-
sion of P2X, receptors in axon tracts before lesions are formed in
MS suggests that this feature constitutes a risk factor associated
with newly forming lesions in this disease. Blockade of ATP P2X,
receptors has potent neuroprotective properties, suggesting that
this mechanism could be exploited to halt the progression of
tissue damage in MS.
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