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Protecting Motor Neurons from Toxic Insult by Antagonism
of Adenosine A2a and Trk Receptors
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The death of motor neurons in amyotrophic lateral sclerosis (ALS) is thought to result from the interaction of a variety of factors including
excitotoxicity, accumulation of toxic proteins, and abnormal axonal transport. Previously, we found that the susceptibility of motor
neurons to excitotoxic insults can be limited by inhibiting signals evoked by brain-derived neurotrophic factor (BDNF) activation of the
receptor tyrosine kinase B (TrkB). Here we show that this can be achieved by direct kinase inhibition or by blockade of a transactivation
pathway that uses adenosine A2a receptors and src-family kinases (SFKs). Downstream signaling cascades (such as mitogen-activated
protein kinase and phosphatidylinositol-3 kinase) are inhibited by these blockers. In addition to protecting motor neurons from excito-
toxic insult, these agents also prevent toxicity that follows from the expression of mutant proteins (G85R superoxide dismutase 1; G59S
p150") that cause familial motor neuron disease. TrkB, adenosine A2a receptors, and SFKs associate into complexes in lipid raft and
nonlipid raft membranes and the signaling from lipids rafts may be particularly important because their disruption by cholesterol
depletion blocks the ability of BDNF to render motor neurons vulnerable to insult. The neuroprotective versatility of Trk antagonism
suggests that it may have broad utility in the treatment of ALS patients.
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Introduction
Although the majority of cases of amyotrophic lateral sclerosis
(ALS) are sporadic, motor neuron disease can also result from
mutation of single genes (i.e., Cu®*/Zn>" superoxide dismutase
1, p150€"° subunit of dynactin) (Bruijn et al., 2004). One of the
most effective ways to slow the progression of motor neuron
death in model systems of ALS is to modulate excitatory gluta-
matergic neurotransmission (Rothstein et al., 1993, 2005; Estevez
etal., 1995; Kwak and Nakamura, 1995; Carriedo et al., 1996; Roy
et al., 1998; Kruman et al., 1999; Van Damme et al., 2003).
Previous work demonstrated that the vulnerability of motor
neurons to excitotoxic insult in vitro is promoted by the peptide
growth factor BDNF and is mediated by the receptor tyrosine
kinase B (TrkB) (Fryer et al., 2000; Hu and Kalb, 2003). Although
this is counter-intuitive, because BDNF-TrkB signaling is essen-
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tial for survival of populations of developing neurons (Jones et
al., 1994; Ernfors et al., 1995; Liu et al., 1995; Schwartz et al., 1997;
Silos-Santiago et al., 1997), an additional prodeath activity of
BDNF has also been observed in a variety of in vitro stressed-
neuron paradigms (Koh et al., 1995; Ishikawa et al., 2000; Kim et
al., 2003). These antipodal actions may be related to the complex-
ity of BDNF-TrkB signaling and the maturity of the neurons
under study (Kalb, 2005).

Two sets of in vivo observations provide additional support
for the notion that BDNF might have an adverse action in ALS.
First, a trial of recombinant BDNF treatment for ALS was con-
ducted from February, 1998, to December, 1999 (BDNF 970278;
French Centres, V. Meininger, unpublished observations). Pa-
tients were randomized to receive intrathecal BDNF, 25 ug/d or
150 pg/d, or vehicle for 18 months. The primary endpoint was
survival free of ventilatory support. In the two active treatment
groups, the endpoint was reached faster than in the placebo
group with a dose effect (worse in the 150 ug/d vs the 25 ug/d
group). Because of the clinical course of subjects in the active
treatment groups versus controls, the study was discontinued
before the log rank tests reached statistical significance. Second,
in a study of the expression of neurotrophin family trophic fac-
tors, Kiist et al. (2002) found a selective increase in the abundance
of BDNF message and protein in muscle of ALS patients and this
was most pronounced early in the disease. This collection of in
vitro and in vivo observations raises the possibility that pharma-
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cological manipulations that inhibit TrkB signaling might be mo-
tor neuron protective.

In addition to the canonical pathway of TrkB activation by
extracellular BDNF, Trk receptors can be transactivated by the
adenosine A2a G-protein-coupled receptor (GPCR) (Lee and
Chao, 2001; Lee et al., 2002a,b). We inquired whether manipula-
tion of adenosine A2a receptor activation influenced Trk signal-
ing in spinal cord neurons and if this provided neuroprotection
against excitotoxic injury as well as the baleful actions of mutant
proteins shown previously to cause familial forms of motor neu-
ron disease.

Materials and Methods

Sources of reagents. CEP4416 and CEP701 were obtained from Cephalon
(Frazer, PA), insulin-like growth factor 1 (IGF1) was from Bachem (King
of Prussia, PA), CM-Dil was from Invitrogen (Eugene, OR), SQ 22536
was from Biomol (Plymouth Meeting, PA), H89 was from CalBiochem
(La Jolla, CA), and PP1 was from Pfizer (Groton, CT). All other chemi-
cals were obtained from Sigma (St. Louis, MO) and were of the highest
possible grade. The source of tissue culture materials has been described
previously (Hu and Kalb, 2003). KW6002 was a gift from Jacques Petzer
(University of Witwatersrand, Johannesburg, South Africa).

Preparation of spinal cord cultures. Embryonic Sprague Dawley rat spi-
nal cord neurons were grown on previously established cortical astrocyte
monolayers as described previously (Hu and Kalb, 2003). Briefly, the
cerebral cortex of postnatal day 1-3 (P1-P3) rat pups was dissociated and
plated on tissue culture plastic (Primaria, Falcon, Becton Dickinson) or
laminin/polylysine-coated glass coverslips and maintained in minimal
essential media (10% horse serum, 10% fetal bovine serum) and 10 um
AraC was added for 1 d to arrest additional proliferation when confluent.
Under these conditions, no cortical neurons are present in these cultures.
Spinal cord from embryonic day 15 (E15) rats was dissociated and plated
on the astrocytes at a density of 1 spinal cord/4 ml of media conditioned
previously over astrocytes with 10 ng/ml of trophic factors added [ciliary
neurotrophic factor, cardiotrophin-1 (CT1), BDNF, neurotrophin 4,
and glial-derived neurotrophic factor, all from Alomone Labs (Jerusa-
lem, Israel)]. Unless otherwise specified, BDNF was added to all cultures.
Approximately 50% of media was replaced every third day with fresh
media until cultures were used after 14 d in vitro (DIV) for biochemistry
or toxicity assays. Purified motor neuron cultures were prepared as de-
scribed previously using metrizamide gradient and immunopanning
techniques (Fryer et al., 1999, 2000). Dye labeling of motor neurons was
accomplished by incubating purified motor neurons with chloromethyl
Dil (2 uM) for 5 min at 37°C, then 20 min at 4°C, washing three times in
culture media, and adding these cells to the dissociated nonmotor neu-
ron spinal cord neurons at the time of plating.

In studies using CEP4416 and CEP701, the vehicle solution to which
neurons was exposed contained dimethyl sulfoxide (DMSO) at a final
concentration of 0.2%. A recent study showed that DMSO at concentra-
tions as low as 0.02% can potentiate NMDA and non-NMDA excitatory
postsynaptic potentials (Tsvyetlynska et al., 2005). To control for any
confounding effect of DMSO, all experiments included controls exposed
to vehicle with a final DMSO concentration of 0.2%.

Live labeling of cell surface TrkB. Twenty-fours hours after plating,
chicken anti-N-terminal TrkB was added to purified motor neuron cul-
tures with a final dilution of 1:500. After 1 h at 37°C, cultures were washed
twice in room temperature PBS, fixed in 4% paraformaldehyde for 20
min, and then washed three times in PBS. Identical results were obtained
by incubating with the anti-TrkB antibody at 4°C.

Western blots and immunoprecipitation. Cells were lysed in 1% Nonidet
P-40 (NP-40) lysis buffers containing protease inhibitors, subjected to
SDS-PAGE, and immunoblotted as described previously (Fryer et al.,
1999, 2000). For immunoprecipitation, lysates from 60 mm dishes were
precleared by incubation with protein A beads (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA), incubated with primary antibody (4 ug/ml) for 2 h,
and then 50 ul of beads were added and incubated overnight with gentle
agitation at 4°C. Beads were pelleted, washed five times with 10 mm Tris,
pH 7.4, plus 0.5 mm EGTA plus 0.5 mm EDTA plus 0.1% NP-40 before
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elution in 1X Laemmeli sample buffer. Antibodies were from the follow-
ing sources: TrkB and mitogen-activated protein kinase (MAPK) used at
1:500, Transduction Laboratories (Lexington, KY); Akt 1:1000, phos-
phoTrk (tyr490) 1:1000, phospho-p42/44 MAP Kinase (thr 202/tyr204)
1:1000, phosphoAkt (ser473) 1:500, and IGF1 receptor antibody (tyr
1131) 1:500, Cell Signaling (Danvers, MA); adenosine A2a 1:1000, Mil-
lipore (Bedford, MA); actin 1:200, Sigma; active src (clone 28) 1:200,
Biosource (Camarillo, CA).

Preparation of lipid rafts. We used previously published methods
for the isolation of lipid rafts (Kawabuchi et al., 2000; Suzuki et al.,
2004). Briefly, neonatal rat spinal cords (0.25 g) were homogenized in
Triton X-100 lysis buffer (50 mwm Tris-HCI, pH 8.0, 10 mm MgCl,,
0.15 mm NaCl, 1% Triton X, 5% glycerol, 20 mm NaF, 1 mm Na;VO,,
5 mM B-mercaptoethanol, 10 ug/ml aprotinin, 10 ug/ml leupeptin, 1
mm PMSF) at a 8:1 ratio of buffer to tissue. Two milliliters of lysate
were combined with 2 ml of 80% sucrose in buffer A and layered over
5 ml of 30% sucrose and 1 ml of 5% sucrose (buffer A: 500 mm NaCl,
10 mm MgCl,, 50 mm Tris-HCI, pH 7.5, 1 mm Na;VO,). Using an
SW-40 rotor, the samples were spun 12 h at 200,000 X g. Ten 1 ml
samples were removed from the top and labeled 1-10 and used in
subsequent analysis.

Excitotoxicity assays. The media was removed (and saved), cells were
exposed to 100 uMm kainic acid or vehicle in Locke’s buffer for 1 h, washed
3X in Locke’s buffer not containing kainic acid, and the original media
restored to each dish (Hu and Kalb, 2003). Twenty-four hours later,
dishes were fixed in 4% paraformaldehyde, washed extensively, and im-
munostained. Coverslips were incubated with primary antibody over-
night, washed, and incubated with species-specific secondary antibodies.
When double labeling using two spectrally distinct chromophores, con-
trol incubations omitting either primary antibody were used to confirm
staining specificity. To quantify the number of stained cells, we counted
the number of labeled cells in three nonoverlapping fields using a 5X
objective on a Zeiss (Oberkochen, Germany) upright Axioskop micro-
scope and the value from one coverslip was averaged. The results from
3-5 independently treated coverslips were the basis of the means and
variance used in subsequent statistical analysis. When cell body diameter
was assessed in select experiments, a reticule was introduced into an eye
piece and the length of the long axis of a neuron was noted. Absolute
values were made using a micrometer calibration slide (Swift Optics, San
Jose, CA). Antibodies were from the following sources: SMI-32 1:1000,
Sternberger Monoclonals (Lutherville, MD); choline acetyl transferase
(ChAT) 1:500, peripherin 1:200, Millipore; islet 1/2, undiluted 4D5 su-
pernatant, Developmental Studies Hybridoma Bank (Iowa City, IA). Al-
exa 488 and 594 conjugated species-specific secondary antibodies were
obtained from Invitrogen and used at 1:200.

Determination of glutamate concentration. Amino acids were derivat-
ized with fluoraldehyde o-phthaldehyde (Pierce, Rockford, IL) and sub-
jected to liquid chromatography (Varicon 9010, Varian Analytical In-
struments, Lake Forest, CA).

Determination of cholesterol content. Two hundred thousand motor
neurons were plated in wells of a 96-well dish and after 24 h treated with
B-methylcyclodextrin (BMCD) or vehicle. Thirty minutes later, choles-
terol content was determined using the Amplex Red Cholesterol Assay kit
(Invitrogen) according to the manufacturers instructions. All determi-
nations were made in quintuplicate and normalized to protein content
(determined using Protein Assay kit; Bio-Rad, Hercules, CA).

Determination of BDNF concentration. We measured the concentra-
tion of BDNF in culture media using ELISA (BDNF E_ ., immunoassay;
Promega, Madison, WI) according to the manufacturers instructions.

Recombinant HSV. Various cDNAs were cloned into the PrpUC am-
plicon plasmid and were used to generate recombinant herpes simplex
viruses (HSVs) as described previously (Neve et al., 1997). The titer of
viruses used in these studies were routinely 3-5 X107 plaque-forming
units/ml. The cDNA for wild-type (WT)/mutant superoxide dismutase
(SOD) and wild-type/mutant p1508"d were gifts from D. Borchelt
(University of Florida) and E. Holzbaur (University of Pennsylvania),
respectively. The K295R mutant version of chick src was a gift from J.
Brugge (Harvard University).

Cell imaging. Images of motor neurons were obtained on an Olympus
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(Tokyo, Japan) BX51 microscope equipped
with an FV300 laser confocal optical micro-
scope using the Fluoview version 4.3 software.
Images were obtained with a 40X 1.00 numer-
ical aperture oil UPlan Apo objective at room
temperature. Abode (San Jose, CA) Photoshop
CS version 8.0 for Apple computers was used to
crop and assemble images into figures, but no
alterations in contrast, brightness, hue or
gamma setting were undertaken.

Statistical analysis. The results from at least
four independent cell survival or biochemistry
experiments are reported here. Every observa-
tion within any individual cell survival experi-
ment was obtained in triplicate. Means and SDs
are reported.

When two groups of observations were com-
pared, Student’s ¢ test was used; when three or
more groups of observations were compared,
ANOVA was used. Repeated-measures ANOVA
(RMANOVA) was used to examine the associa-
tion between the transgene expressed (wild-type
and mutant forms of SOD and p1508"“*?) and the
number of surviving motor neurons over time.

Results

Many previous in vitro investigations have
identified motor neurons in mixed spinal
cord cell culture by immunostaining for
nonphosphorylated neurofilaments (or
peripherin) and restricting analysis to cells
with a soma diameter of 25 um or greater
(Carriedo et al., 2000; Hu and Kalb, 2003).
We wanted to confirm the validity of this
approach using an independent method
for determining whether a given cell is a
motor neuron. To specifically identify mo-
tor neurons in our cultures, we purified
these cells by metrizamide gradient and
immunopanning techniques (Henderson
etal., 1993; Fryer et al., 1999), live-labeled
them with CM-Dil, and added these fluo-
rescently tagged, bona fide motor neurons
to mixed cell cultures at the time of initial
plating. All CM-Dil-labeled cells stained
for motor neuron markers such as non-
phosphorylated neurofilament H (using
antibody, SMI-32), peripherin, ChAT, and
islet 1/2 (Fig. 1a). We then subjected spinal
cord cultures to an excitotoxic insult and
determined motor neuron survival using
multiple methods for identifying motor
neurons. Regardless of how we quantify
motor neuron number (immunostaining
for SMI-32, peripherin, ChAT, or CM-
Dil), we found that an excitotoxic insult
led to the loss of ~50% of motor neurons
(Fig. 1b). Because all SMI-32(+) cells with
a cell body diameter of 25 um or greater
were CM-Dil(+) and all CM-Dil(+) cells

were SMI-32(+), for the remainder of the studies herein, we
could confidently study motor neuron death in vitro by counting
SMI-32(+) cells with a cell body diameter of 25 um or greater.
In previous work (using function blocking anti-TrkB anti-
bodies or by expressing a dominant-negative TrkB construct), we
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Figure 1.  Chronic but not acute Adenosine A2a receptor antagonism protects motor neurons from excitotoxic insult in a

manner not mimicked by manipulating cAMP levels. a, Inmunochemical methods were used to identify motor neurons in mixed
spinal cord cultures. Two previously used markers of motor neurons (Carriedo et al., 1996), nonphosphorylated neurofilament H
and peripherin, stained a subset of neurons in spinal cord cultures with large cell bodies and extensive neurites. Virtually all
(>98 == 1%) SMI-32(+) neurons were peripherin(+) and vice versa (merge image). Motor neurons, purified by metrizamide
gradient and immunopanning, were live labeled by incubation with CM-Dil and washed motor neurons were plated with the
remaining population of spinal cord neurons. Immunostaining of cultures revealed that 100% of CM-Dil labeled cells were
immunostained with SMI-32(+-), anti-choline acetyl transferase, and anti-islet 1/2. CM-Dil labeled cells are seen with conven-
tional rhodamine optics, immunostaining was seen with fluorescein optics, and the merged image demonstrates colocalization.
Scale bars: (from top to bottom): 50 wm, 50 em, 20 wm, 10 wm. b, After 1416 DIV, the excitotoxicity assay was performed:
spinal cord neurons were exposed to 100 um kainicacid (kainate) or vehicle (saline) for 1hin Locke’s Buffer, washed, and 24 h later
the number of CM-Dil-labeled cells or cells immunostained with SMI-32, peripherin, or ChAT, and cell body diameter >20 pm
was determined. Kainate treatment caused the loss of ~45% of motor neurons regardless of the method of cell identification
(Student'sttest, *p << 0.01). ¢, After 14 DIV, cultures were exposed to CEP701, CEP4416, enprofylline, MRS1754, or KW6002 for 4d
before the excitotoxicity assay. Acute exposure to enprofylline was also studied. Excitotoxic insult lead to a loss of ~40% of
SMI(+) neurons in cultures treated with vehicle treated, MRS1754, or acute enprofylline treated cultures, whereas 4 d exposure
to CEP701, CEP4416, enprofylline, or KW6002 completely blocked the loss of SMI(+) neurons (Student's ¢ test, *p << 0.01). d,
Fourteen DIV cultures were exposed to forskolin/IBMX, SQ 22536, db-cAMP, or H89 for 4 d before the excitotoxicity assay. No
excitotoxic cell death occurred in forskolin/IBMX or db-cAMP treated cultures whereas ~40% of SMI(+) neurons were killed in
cultures treated with SQ 22536 or H89 (Student’s ¢ test, *p << 0.01). Error bars indicate SE.

showed that antagonism of TrkB activation protected motor neu-
rons from excitotoxic insult (Hu and Kalb, 2003). To be able to
translate this work into therapeutics, we wanted to identify small
molecules that either directly or indirectly inhibit TrkB activa-
tion. We examined the neuroprotective efficacy of derivatives of
the Trk antagonist K252a that have in vivo activity and have been
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used in humans (Evans et al., 1999, 2001; Smith et al., 2004).
CEP4416 (30 nm), CEP701 (30 nm), or vehicle (0.2% DMSO) was
added to spinal cord cultures 4 and 2 d before an excitotoxic
insult with Kainic acid (100 um). No motor neuron death oc-
curred in cultures that were treated with the Trk antagonists
whereas ~50% of motor neurons were killed in vehicle pre-
treated cultures (Fig. 1c). Thus, direct pharmacological inhibi-
tion of Trk activation protects motor neurons from excitotoxic
insult.

Stimulation of adenosine A2a receptors causes Trk receptor
activation (monitored by receptor phosphorylation and increases
in downstream signaling), a process referred to as transactivation
(Lee and Chao, 2001; Rajagopal et al., 2004). Because adenosine
receptors are typically tonically active in vitro [because of ambi-
ent adenosine in the serum of growth media and the efficient
generation of adenosine from extracellular ATP by exonucleases
(Hirschhorn et al., 1981; Dunwiddie et al., 1997)], we asked
whether they were transactivating TrkB in our culture system and
contributing to the TrkB-induced vulnerability of motor neurons
to excitotoxic insult. One attraction of adenosine receptor antag-
onists is that they are small molecules in clinical use for human
disease (Kase et al., 2003). We began to study this issue by treating
spinal cord cultures (grown in the presence of a cocktail of tro-
phic factors including 10 ng/ml BDNF) 4 and 2 d before excito-
toxic insult with enprofylline. This antagonist of adenosine Al,
A2a, and A2b receptors (relative potency A2b > A2a >> Al) has
good bioavailability, is commercially available, and is 10-100
times less expensive than other adenosine receptor antagonists
(Robeva et al., 1996). We also studied the selective antagonist of
A2areceptors (KW6002, 1 um) and A2b receptors (MRS1754, 50
nM). There was no excitotoxic motor neuron death in cultures
treated with enprofylline or KW6002 and ~50% of motor neu-
rons were killed in cultures pretreated with MRS1754 or vehicle
(Fig. 1¢). These results complement our previous observations in
which we found that no excitotoxic cell death occurred in cul-
tures pretreated with ZM241385 (A2a antagonist) but death oc-
curred when cultures were pretreated with DPCPX (Al antago-
nist) (Mojsilovic-Petrovic et al., 2005). Thus, three distinct
compounds that antagonize adenosine A2a receptor were neuro-
protective in this experimental paradigm. For most of the subse-
quent experiments we used enprofylline and KW6002.

The mechanism by which adenosine A2a receptors transacti-
vate Trk receptors is not understood at a cell biological level. One
possibility is that active adenosine A2a receptors stimulate the
release of BDNF from cells, which then binds to and activates
TrkB. The transactivation of vascular smooth muscle cell epider-
mal growth factor receptors by angiotensin II has been shown to
operate in such an autocrine/paracrine loop (Eguchi et al., 2001).
To see whether a similar phenomenon was occurring in our cul-
tures, we measured the level of BDNF in the medium of cultures
(not provided with exogenous BDNF) treated for two days with
enprofylline or vehicle and found no statistically significant drug
effect (enprofylline, 33 = 1.2 pg/ml vs vehicle, 34 = 4.1 pg/ml;
n = 6; 2 separate experiments; Students ¢ test, p = 0.724). These
results argue against the notion that adenosine A2a receptor an-
tagonism modulates TrkB signaling by diminishing the ambient
levels of BDNF in our culture system.

Adenosine A2a receptors are known to have rapid modulatory
actions on neurotransmission (Dunwiddie and Masino, 2001;
Fredholm et al., 2001), raising the possibility that the neuropro-
tective action of enprofylline is mediated by influencing excita-
tory neurotransmission among neurons in our cultures. If so,
brief pretreatment of cultures with enprofylline might also be
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neuroprotective. To test this, we grew cultures as described above
and added enprofylline to the media 30 min before the excito-
toxic challenge (Fig. 1¢). We counted the number of motor neu-
rons 24 h later and found that in this paradigm, enprofylline was
not neuroprotective (percent motor neuron death in short term
enprofylline group, —46 * 4 vs percent motor neuron death in
short term vehicle group, —43 = 5; t test, p > 0.40). In addition,
analysis of ambient glutamate concentrations in the media of
cultures treated with enprofylline or vehicle for 24 h also revealed
no differences between the groups (2.2 * 0.7 vs 1.7 £ 0.4 uM; ¢
test, p = 0.47). These findings argue against the idea that the
neuroprotection afforded by A2a antagonism is mediated by
rapid alteration of excitability by the drug or changes in extracel-
lular concentration of glutamate.

Transactivation of some receptor tyrosine kinases by GPCRs
occurs in a G-protein-dependent manner (Oak et al., 2001) and,
thus, we wanted to examine this possibility in our system. Aden-
osine A2a receptors are GPCRs that, after ligand binding, lead to
Galoading with GTP, dissociation from Gf3+y, and the activation
of adenylate cyclase (Dunwiddie and Masino, 2001; Fredholm et
al.,2001). Adenosine A2a receptor antagonists would be expected
to reduce adenylate cyclase activation and result in a reduction in
the intracellular level of cAMP. There is plausibility to the idea
that reductions in cAMP levels might be neuroprotective because
stress resistance in nondividing yeast Saccharomyces cerevisiae is
enhanced by reductions in the CYRI gene, an adenylate cyclase
(Fabrizio et al., 2001). If neuroprotection was mediated by a re-
duction in cAMP levels, then agents that reduce cAMP levels
(such as the adenylate cyclase inhibitor SQ 22536) or reduce the
activity of cAMP-dependent kinase PKA (using H89) ought to
mimic the neuroprotective actions of adenosine A2a receptor
antagonism. Pretreatment of cultures with the adenylate cyclase
inhibitor SQ 22536 (10 uMm) for 4 d did not adversely affect the
basal survival of motor neurons and did not protect against exci-
totoxic challenge (42 * 4% cell death) (Fig. 1d). Similarly treat-
ing cultures with H89 (2 uMm) did not protect against excitotoxic
challenge (53 = 5% cell death) (Fig. 1d). These results argue that
the neuroprotective activity of adenosine A2a receptor antago-
nism is not mimicked by maneuvers that reduce cAMP levels or
downstream signaling via PKA.

For two reasons we wanted to study the effects of raising
cAMP levels. First, it would allow us to ask whether the neuro-
protection afforded by adenosine A2a receptor antagonism is tied
to its ability to reduce cAMP levels. If so, maneuvers that raise
cAMP levels (i.e., IBMX plus forskolin) ought to erase the neu-
roprotective activity of adenosine A2a receptor antagonism. Sec-
ond, at higher concentrations enprofylline (but not KW6002) has
phosphodiesterase inhibitory activity and, thus, (at least theoret-
ically) could lead to a rise in cAMP levels. Would elevation of
cAMP levels be neuroprotective? Four day pretreatment of cul-
tures with IBMX (100 uMm) plus forskolin (10 uM) had no adverse
effect on motor neuron survival and this pretreatment itself pro-
tected motor neurons from excitotoxic insult (—3 * 4% cell
death) (Fig. 1d). Similarly, treating cultures with the cell-
permeable, nonhydrolyzable cAMP analog, dibutryl-cAMP (db-
cAMP) at 1 mM, 4 and 2 d before the excitotoxic insult, was
neuroprotective (—2 * 3% cell death) (Fig. 1d). These findings
are consistent with previous work demonstrating that manipula-
tions that raise cAAMP levels strongly support the long-term sur-
vival of motor neurons (Hanson et al., 1998). Because IBMX plus
forskolin and db-cAMP were neuroprotective, we could not in-
vestigate the potential interaction of adenosine A2a antagonists
with elevated cAMP levels. In addition, we could not dissociate
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elevation of cAMP levels from the neuroprotective action of en-
profylline and, thus, exclude its potential inhibitory action as a
phosphodiesterase antagonist. In sum, the neuroprotective activ-
ity of adenosine A2a receptor block is at least partially dissociable
from an effect on cAMP levels and suggests that it occurs in a
G-protein-independent process. We cannot rule out the possibil-
ity that the neuroprotective activity of enprofylline (specifically)
is mediated, in part, by increases in cAMP levels. These findings
are consistent with the view, however, that blockade of adenosine
A2a receptors protects neurons from insult by virtue of another
biochemical activity(ies).

We next asked about the effect of the adenosine A2 receptor
antagonism on Trk signaling. Cultures of spinal cord cells (grown
in the presence of a cocktail of trophic factors including 10 ng/ml
BDNF) received KW6002 (1 uMm), MRS1754 (50 nm), or vehicle
(DMSO, 0.1%) and 24 h later lysates were prepared for immuno-
blots for Trk and the MAP kinase downstream signaling module
(Fig. 2a). Immunoblots for phosphoTrk and phosphoMAPK
were used to monitor the state of activation of these proteins.
KW6002 led to a substantial reduction in the abundance of phos-
phoTrk and phosphoMAPK without altering the abundance of
the unphosphorylated species. The effects of MRS1754 were in-
distinguishable from the vehicle control. These results indicate
that antagonism of adenosine A2a, but not A2b, receptors inhib-
its activation of Trk and downstream signaling, even when cells
are provided with enough extracellular BDNF to ordinarily acti-
vate its receptor.

We followed up these observations by determining the effect
of enprofylline on Trk signaling and determined the extent to
which the resultant biochemical changes mimic the effects of
direct pharmacological Trk antagonism with CEP4416. Six hours
after drug administration, we regularly detected decreases in the
phosphorylation of Trk, MAP kinase, and Akt (Fig. 2b). By 24 h
after drug administration, there was a robust reduction in phos-
phoTrk, phosphoMAPK, and phosphoAkt without any alter-
ation in the overall abundance of the unphosphorylated forms of
these proteins. The effect of drug treatment on Akt was particu-
larly marked. Forty-eight hours after drug administration, de-
crease in phosphoTrk could still be detected in the drug-treated
cells although it was less pronounced that seen 24 h earlier. The
abundance of phosphoAkt remained depressed and this was par-
ticularly evident in the enprofylline treated cells; phosphoryla-
tion of MAPK had largely returned to baseline by this time point.
To determine the specificity of these agents, we examined their
effect on IGF1 signaling through the IGF receptor tyrosine kinase
(IGFR). Twenty-four hour treatment of spinal cord cultures with
CEP4416 or enprofylline had no effect on the basal state of IGFR
phosphorylation (Fig. 2¢,lane 1 vs 2, 5vs 6). In addition, the acute
administration of IGF1 (5 nMm) to spinal cord cultures led to a
strong increase in IGFR phosphorylation and this was undimin-
ished by 24 h pretreatment with CEP4416 or enprofylline (Fig. 2c,
lane 3 vs 4,7 vs 8). In sum, both enprofylline and CEP4416 lead to
similar reductions in the activation of Trk and the actions of these
drugs appear specific, to the extent that they do not interfere with
the activation of the IGF1 receptor. The inhibition of signaling
downstream of Trk was most pronounced 24 h after treatment
and the blockade of adenosine A2a receptors appears to have a
longer-lasting effect on the phosphatidylinositol-3 kinase—Akt
pathway. It is unlikely that phosphodiesterase activity of enpro-
fylline can explain these observations as increased cAMP levels
enhance, not suppress, TrkB activation (Boulanger and Poo,
1999; Ji et al., 2005).

The simplest formulation posits that the modulation of Trk
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Figure2.  Biochemical analysis of the effects of adenosine or Trk receptor antagonists on cultures
of spinal cord neurons. a, Fourteen DIV cultures of embryonic rat spinal cord neurons grown on astro-
cyte feeder layer were incubated with MRS1754 (10 nu), KW6002 (1 wum), or vehicle (DMSO, final
concentration 0.1%) for 24 h and lysates were prepared in radioimmunoprecipitation assay (RIPA)
buffer and subjected toimmunoblot analysis. KW6002, but not MRS1754 or vehicle, led to a decrease
intheabundance of phosphoTrkand phosphoMAPK without influencing the abundance unphosphor-
ylated species. b, Fourteen DIV cultures of embryonic rat spinal cord neurons grown on astrocyte
feeder layer were incubated with 100 um enprofylline, 30 nm CEP4416, or vehicle (DMSO, final con-
centration 0.1%) for 6, 24, or 48 h and lysates were prepared in RIPA buffer and subjected to immu-
noblotanalysis. Enprofylline and CEP4416 led to a decrease in the abundance of phosphoTrk at all time
points with the most profound effect seen at 24 h. Similarly, enprofylline and CEP4416 led to a de-
crease in the abundance of phosphoAKT and phosphoMAPK at 6 and 24 h with the most profound
effect seen at 24 h. PhosphoMAPK returned to drug treatment had no effect on the unphosphorylated
species. ¢, Cultures were prepared as above and immunoblots of cell lysates were probed for phos-
pholGFR after treatment with CEP4416 or vehicle for 24 h (lane 1vs 2), or enprofylline or vehicle for
24h (lane 5vs 6). Neither drug led to an alteration in the abundance in the phosphorylated species. An
additional set of cultures were treated for 24 h with CEP4416 or vehicle (lane 3 vs 4) or enprofylline or
vehicle (lane 7 vs 8) and then acutely treated with IGF1 for 30 min. Immunoblots revealed robust
induction of phospholGFR after acute stimulation with IGF and neither CEP4416 nor enprofylline
blunted the acute response.
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tures of purified motor neurons from ex-
citotoxic injury. One day after isolation,
purified motor neurons grown in the pres-
ence of BDNF plus CT1 were incubated
with enprofylline, CEP4416, or vehicle for
24 h and then underwent excitotoxic chal-
lenge (Fig. 3¢). Quantification of motor
neuron numbers in the various groups re-
vealed that both drugs had no adverse ef-
fects on basal survival. Whereas the excito-
toxic insult caused the death of 65 = 4% of

© 3 hicl h
b o 'g Giikirey e vehicle-treated motor neu}rons, there was
"o 8 O C G no motor neuron death in the cultures
% m O D'V(""": : pretreated with enprofylline (3 * 1%) or
g = 8 o CEP4416 (—2 = 1%). Thus, while a non-
- - < L cell-autonomous interaction between Trk
- Probe %0 B i = and A2a receptors remains possible, our
i § findings are consistent with adenosine A2a
M anti-A2a g receptor modulation of Trk function at the

-] level of the motor neuron itself.

g Mutations in SOD or the p150#"“* sub-
. . ‘ anti-Trk * 20 unit of dynactin are known to account for
a familial form of ALS in a subpopulation
L - — of individuals (Rosen et al., 1993; Puls et
- anti-actin Vehicle Enprofyline;  (CEPANS al., 2003; Bruijn et al., 2004). We inquired

Figure 3.

signaling by adenosine receptors occurs on (or within) motor
neurons themselves. This is supported by two lines of evidence.
First, immunostaining of purified motor neurons demonstrated
that all motor neurons are colabeled with antibodies to Trk and
the A2a receptor. In addition to cell body staining, colocalized
puncta of Trk and A2a receptor immunoreactivity are evidence
on dendritic shafts. The same observation was made on mixed
spinal cord cultures where we found that all SMI-32-positive
motor neurons were immunoreactive for Trk and A2a (Fig. 3a).
These studies were performed using an antibody to the extracel-
lular N terminus of the protein in a live labeling protocol and,
thus, reflect the expression of cell surface TrkB with adenosine
A2a receptors. We complemented these observations by subject-
ing lysates from spinal cord cultures to coimmunoprecipitation
analysis. Anti-Trk-coated beads immunoprecipitated both Trk
and adenosine A2a receptors and conversely anti-adenosine A2a-
coated beads immunoprecipitated both Trk and adenosine A2a
receptors (Fig. 3b). Beads not coated with primary antibody im-
munoprecipitated neither Trk nor adenosine A2a receptors. Sim-
ilar results were obtained with homogenates of spinal cord tissue
(data not shown). Thus, adenosine A2a and TrkB receptors ap-
pear to be components of a macromolecular complex, at least a
portion of which is on the plasma membrane. Second, we asked
whether adenosine A2a antagonists (or CEP4416) protected cul-

Adenosine A2a and TrkB receptors are colocalized on motor neurons and antagonism of either receptor protects
against excitotoxic insult. a, Purified motor neurons were live labeled with chick anti-TrkB, washed, and fixed before incubation
with mouse anti-adenosine A2a receptor and species-specific secondary antibodies. All motor neurons were immunostained with
both antibodies. The anti-A2a antibody stained an intracellular pool of antigen as well as discrete punta associated with dendrites.
The TrkB antibody only stained the cell surface of neuronsin both a diffuse and punctate pattern on dendrites. In the merge image
several puncta are immunostained for both antigens and inset at higher power shows colocalization of puncta (denoted with
arrowheads). b, Lysates of 14 DIV spinal cord cultures underwent immunoprecipitation with anti-Trk or anti-adenosine A2a-
coated beads and immunoblotted with anti-Trk, anti-adenosine A2a, or anti-actin antibodies. Coimmunoprecipitation of Trk with
adenosine A2a receptors is observed. Actin is not part of this complex. ¢, Bar graph shows the results from the excitotoxicity assay
performed on purified motor neurons pretreated for 24 h with enprofylline, CEP4416, or vehicle. Kainic acid treatment caused the
death of ~50% of motor neurons in the vehicle-treated group (*statistically significantly different, Student’s ¢ test, p << 0.01;
n = 4).No death of motor neurons occurred in the groups pretreated with enprofylline or CEP4416. Error bars indicate SE.

whether expression the mutant forms of
SOD or p1508“ caused motor neuron
death in vitro and whether Trk antagonism
was neuroprotective. Recombinant HSV's
were generated that expressed wild-type or
mutant forms of SOD (G85R) and wild-
type or mutant p1508“¢? (G59S). Viruses
engineered to express wild-type or mutant
proteins expressed transgenes at similar
levels when assayed by Western blot (data
not shown). Spinal cord cultures were in-
fected with virus at 14 DIV and the num-
ber of motor neurons was determined 2, 4,
6, or 8 d later (Fig. 4a). No decrement in
motor neuron number occurred over 8 d in cultures uninfected
with virus, or infected with HSV-LacZ, HSV-WT-SOD, or HSV-
WT-p1508"™°4, In contrast, infecting cultures with HSV-G85R-
SOD or HSV-G59S-p1508“<? led to a progressive loss of motor
neurons that differed in a statistically significant manner when
compared with controls 4, 6, and 8 d after infection [F = 13.757;
p < 0.001 (multivariate analysis, linear model) repeated measure
ANOVA, followed by post hoc Scheffé’s test with significance set
at p < 0.05].

We next determined whether KW6002 could protect motor
neurons from the toxic effects of mutant proteins. Spinal cord
cultures were infected with viruses expressing wild-type or mu-
tant versions of SOD or p1508"™°? at 14 DIV, then treated with
drug or vehicle for 4 d (Fig. 4b). The number of motor neurons in
cultures uninfected with virus (control) or wild-type versions of
SOD or p1508“*? were not significantly different (55 * 2 vs 58 *
3 vs 54 = 4). Expression of the mutant versions of SOD or
p1508“<ded to the loss of ~40% of motor neurons and KW6002
completely prevented this (F4 ,,) = 67.10; p < 0.0001, ANOVA).
Post hoc analysis (with significant set at p < 0.05) showed that the
number of motor neurons in the mutant protein expressing cul-
tures was significantly less than motor neurons expressing wild-
type proteins. KW6002 led to a significant abrogation of the toxic
effect of the mutant proteins. These results indicate that, in vitro,



9256 - J. Neurosci., September 6, 2006 + 26(36):9250-9263

a X No Virus
" 4 HSV-WT-SOD
O  HSV -WT-p1509ued
%  HSV-G85R-SOD
A HSV-G59A-p1500ued # #
|
c o — =
9 > \ ; / o
- | o | !
q’ ! 1
c
50—
T a
~ /
P *,
@
= 4
s 0—
2 | \ ‘
30—
14 16 18 20 22
Days in vitro
SOD p1509lued
b.
* * ! *
60
2
c
z s0
~N
2
3
S
5 40
£
€
2
30
§ 88 :2¢
=2 o B D -~ L 7o)
e 3 + § +
o ES =
= s
o o
8 3
~N N
C.
|G87R SOD [l 6595 p1509lued
* % ##H O #HHE O H##
60 | B
g ‘ o
g |
c
% s0
~N
2
3
k)
5 40
F-]
£
2
30 I
Control  Anti-TrkB  Vehicle  CEP4416  Enprofyline  CNQX
antibody

Figure4. Time-dependent death of motor neurons triggered by expression of mutant forms
of SODT and p150"“*%: neuroprotection afforded by antagonists of Trk, adenosine A2a, or
AMPA receptors. a, Fourteen DIV spinal cord cultures were infected with recombinant HSV or
vehicle (2 wl/ml of culture media) and the number of motor neurons was determined at 2 d
intervals thereafter. RMANOVA was used to examine the association between the transgene
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KW6002 inhibits motor neuron death caused by the expression
of mutant versions of SOD or p1508¢d,

Under normal growth conditions, BDNF is endogenously
produced in spinal cord cultures and introduction of function
blocking anti-TrkB antibodies daily for 4 d will reduce the abun-
dance of phosphorylated Trk (Hu and Kalb, 2003). To determine
whether motor neuron death caused by G85R-SOD or G59S-
p1508" required intact BDNF-TrkB signaling, cultures were
infected with the respective viral vectors and were subsequently
treated (daily) with function blocking anti-TrkB antibodies or a
control antibody (Fig. 4¢). Of note, the neurotrophic factor CT1
was included in all incubations. When we assessed motor neuron
survival 6 d postinfection, we found that function blocking anti-
TrkB antibodies, but not the control antibody, eliminated the
toxicity of the mutant protein (number of motor neurons: 56 = 2
vs 28 * 4, anti-TrkB vs control antibody, G85R-SOD1 groups,
p <0.01, ttest; 58 = 2 vs 32 = 5, anti-TrkB vs control antibody,
G59S-p1508"™ groups, p < 0.01, ¢ test). Simply treating naive
cultures with the function blocking anti-TrkB antibodies had no
effect on motor neuron survival. We next asked whether enpro-
fylline or CEP4416 (administered every other day for 6 d) or
CNQX, an AMPA receptor antagonist, affected the survival of
motor neurons in cultures infected with HSV-G85R-SOD or
HSV-G59S-p1508™° and found that all three drugs completely
prevented the toxicity of mutant protein expression (Fig. 4c). All
three drug treatments led to a statistically significant neuropro-
tective effect against the toxic action of G85R SOD (F ;s =
8.697; p < 0.0001, ANOVA). Similarly, all drug treatments led to
a statistically significant neuroprotective effect against the toxic
action of G595 p1508“* (F; 5, = 16.930; p < 0.0001, ANOVA).
These results indicate that (1) antagonism of Trk signaling with
function-blocking antibodies or CEP4416 protects motor neu-
rons from the toxicity associated with mutant proteins known to
underlie familial ALS, (2) antagonism of adenosine A2a receptor
displays similar neuroprotective activity, and (3) basal excitatory
neurotransmission ongoing in our culture system provides a nec-
essary substrate for mutant protein toxicity of motor neurons.

<«

expressed (wild-type and mutant forms of SOD and p1509*“) and the number of surviving
motor neurons over time. For this analysis, the four transgene-expressing groups and no-virus
control represent the between-group factor (5 levels) and the survival over the subsequent 8 d
(16, 18,20, and 22 DIV) represents the within-group factor (4 levels). The effects of interest are
the group by days interaction and F = 13.757, p << 0.001 (multivariate analysis, linear model)
indicates that survival over time s significantly different as a function of transgene expression.
Post hoc comparisons between groups using Scheffé’s F test with significance set at p << 0.05
showed that the G85R SOD mutant and the G595 p150 9" mutant differed significantly from
the other groups (denoted with #). No differences in survival were found between the no-virus
versus the WT SOD versus the WT p150 9 groups. b, Survival of motor neurons 6 d after
infection with HSV expressing the wild-type or mutant versions of SOD or p150 9" effects of
KW6002. Expression of the mutant versions of SOD or p150 9“*¢ led to motor neuron death that
could be completely reversed by 6 d pretreatment with KW6002. (Student’s ¢ test, *p << 0.01).
¢, One set of cultures received function-blocking anti-TrkB (monoclonal; Transduction Labora-
tories) or a control mouse antibody (10A8, anti human apolipoprotein AT; ICN Pharmaceuticals,
Costa Mesa, CA), 5 wg/ml daily for 5 d. There were significantly more motor neurons in the
anti-TrkB-treated cultures compared with the control (denoted with asterisks, Student’s ¢ test,
p < 0.01;n = 6). This experimental paradigm was repeated with HSV G595 p150 9*¢ and the
same neuroprotective effects seen. Another set of cultures was infected with viruses and re-
ceived CEP4416 (every other day), enprofylline (every other day), C(NQX (daily), or vehicle. There
was a significantly greater number of motor neurons in each of the drug-treated groups in
comparison with the controls both for the HSV-G85R-50D cultures (F; ,5) = 8.697; p <
0.0001) and HSV-G595-p150 9*“ cultures (£, 5, = 16.93;p < 0.0001). Multiple comparisons
were made with ANOVA with Scheffé’s post hoc tests with significance setat p << 0.05 (denoted
by #). Error bars indicate SE.
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Figure5. Relationship between the activation of SFKs and adenosine A2a receptors in Trk activation and neuroprotection. a, A
motor neuron immunostained for active SFKs (using the clone 28 monoclonal antibody) and adenosine A2a receptors (using a
rabbit serum). Immunoreactivity with both antibodies is evident at the cell body and dendrites and much of it colocalizes (yellow
in “merge” image; scale bar, 20 ,m). Examination at a higher power (images of a single dendrite at right) shows thatimmuno-
reactivity is mainly puncta and many (but not all) puncta areimmunopositive for both antigens. Scale bar, 7 wm. b, Inmunoblots
foractive SFKs (clone 28) after 24 h treatment of spinal cord cultures with MRS1754, KW6002, or vehicle. The abundance of active
SFKis only reduced in cultures treated with KW6002 treatment. Protein loading levels (monitored by actin blots) were equivalent.
¢, Immunoblots for active src family kinases (clone 28) after 24 h treatment of spinal cord cultures with enprofylline or vehicle. The
abundance of active SFKs is reduced in the enprofylline-treated cultures. Protein loading levels (monitored by actin blots) were
equivalent. d, The number of motor neurons surviving excitotoxic challenge after treatment with two different methods of
inhibiting SFK activation: expression of dominant-negative src versus LacZ or treatment with PP1 versus vehicle. Expression of the
dominant-negative src led to a statistically significant protection when compared with expression of LacZ (asterisk denotes
statistically significantly different, Student’s ttest, p << 0.01;n = 5). Similarly, there was a statistically significant greater number
of motor neurons after excitotoxic insult in cultures treated with PP1 versus vehicle (Student’s ¢ test, p << 0.01; n = 4). e,
Immunoblots for phosphoTrk after treating cultures for 24 h with dominant-negative src versus LacZ or PP1 versus vehicle. Both
methods for SFK inhibition led to a reduction in the abundance of phosphorylated Trk. Protein loading levels (monitored by actin
blots) were equivalent. f, A motor neuron immunostained for active, phosphoTrk (using a rabbit serum) and active SFKs (using the
clone 28 monoclonal antibody). Immunoreactivity with both antibodies is evident at the cell body and dendrites and, asin @, much
of it colocalizes (yellow in merge image; scale bar, 17 um). Examination at a higher power (images of a dendrite at right) shows
that immunoreactivity is largely puncta and many (but not all) puncta are immunopositive for both antigens. Scale bar, 3 wm.
Error bars indicate SE.
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The precise mechanism by which
G-protein-coupled receptors transactivate
receptor tyrosine kinases is complex and to
some extent receptor-subtype specific
(Luttrell et al., 1999; Downward, 2003; Pi-
iper and Zeuzem, 2004; Waters et al.,
2004). Some evidence indicates that src-
family kinases (SFKs) participate in aden-
osine A2a receptors transactivation of Trk
(Lee and Chao, 2001). If this pathway was
operative in spinal cord neurons, then an-
tagonism of adenosine A2a receptors
might lead to reduced src activation and
antagonism of SFKs might be neuropro-
tective. Src is negatively regulated by phos-
phorylation of tyrosine 529 (refers to the
human src sequence) and an antibody that
recognizes a dephospho-epitope in this re-
gion (“clone 28”) is a reliable measure of
active src and SFKs (Kawakatsu et al.,
1996). We began by asking whether aden-
osine A2a receptors and active SFKs are
present in the same cells and, if so, for their
subcellular distribution. Pure motor neu-
rons grown in the presence of BDNF were
immunostained with a rabbit anti-
adenosine A2a receptor and the clone 28
antibody. One hundred percent of motor
neurons expressed both antigens and on
dendrites the immunoreactivity formed
discrete fine puncta (Fig. 5a). Many, but
not all, puncta were stained with both an-
tibodies. To study the participation of
SFKs in A2a antagonism action, cultures
were exposed to KW6002, MRS1754, or
vehicle for 24 h and lysates probed with the
clone 28 antibody. KW6002, but not
MRS1754, caused a reduction in the abun-
dance of active SFKs when compared with
vehicle treated cultures (Fig. 5b). We also
exposed cultures to enprofylline or vehicle
for 24 h and probed lysates with the clone
28 antibody. Enprofylline also caused a re-
duction in the abundance of active SFKs
when compared with vehicle-treated cul-
tures (Fig. 5¢). Pharmacological block of
SFKs can be achieved with PP1 (Hanke et
al., 1996) and we found that pretreatment
of spinal cord cultures with PP1 prevented
motor neuron death induced by excito-
toxic challenge (percent motor neuron
survival, 100 == 2 vs 62 = 3, PP1 vs vehicle,
respectively; p < 0.01, ¢ test) (Fig. 5¢). We
used a second method for inhibiting SFK
activity by engineering HSV to express a
dominant-negative form of src (K295R) in
neurons (Mukhopadhyay et al., 1995).
Spinal cord cultures were infected with the
HSV-K295R-src or HSV-LacZ and 24 h
later the excitotoxicity assay was per-
formed. Expression of the dominant-
negative src (but not 3-galactosidase) res-
cued motor neurons from the excitotoxic
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challenge (percent motor neuron survival, 99 = 3 vs 59 = 2,
src-K295R vs LacZ, respectively; p < 0.01, ¢ test) (Fig. 5¢). These
experiments reveal that (1) some adenosine A2a receptors reside
in close proximity to active SFKs, (2) SFK activation is down-
stream of adenosine A2a receptors, and (3) the neuroprotective
action of adenosine A2a receptor antagonists uses an SFK
pathway.

We next inquired about the relationship between SFKs and
Trk receptors. When pure motor neurons grown in the presence
of BDNF were immunostained with a rabbit anti-phosphoTrk
receptor antibody and the clone 28 antibody we found that 100%
of motor neurons expressed both antigens at the cell body and on
dendrites (Fig. 5f). As noted above for adenosine A2a and active
SFKs, the immunoreactivity formed discrete fine puncta and in
many instances there was colocalization. To determine whether
this close spatial relationship between active Trk receptors and
active SFKs reflected a functional relationship, we monitored the
state of phosphorylation of Trk after blocking SFK activity with
PP1 or HSV-src-K295R. We found that maneuvers that caused
antagonism of SFK activation, led to a reduction in the abun-
dance of phosphoTrk (Fig. 5¢). These findings suggest that active
adenosine A2a receptors contribute to SFK activation, and src (or
src-family) kinases are upstream of TrkB activation.

Lipid rafts are cholesterol/sphingolipid rich microdomains of
plasma membrane with specialized signaling capacity and recent
work demonstrates that TrkB receptors are recruited into lipid
rafts with activation with BDNF (Suzuki et al., 2004). Because
SFKs are residents of lipid rafts (by virtue of their lipid modifica-
tion by myristate) we wondered whether Trk and A2A receptors
were found in the same membrane compartments and whether
they physically associate. The yield of detergent insoluble mem-
brane fractions (i.e., lipid rafts) is generally low and, therefore, to
be certain we would have enough material for analysis, in these
studies we used homogenates of neonatal spinal cord tissue. After
homogenization in cold 0.5% Triton X-100, centrifugation
through a discontinuous sucrose gradient, and fraction collec-
tion, we recovered lipid raft marker Thy-1 immunoreactivity
within fraction 2 (by convention “lipid rafts”). Trk receptors,
adenosine A2a receptors and active SFK were found in both lipid
raft and nonlipid raft fractions (Fig. 6a). Using the clone 28 an-
tibody that recognizes four active SFK members (src, fyn, yes, and
fgr) that differ in their migration through SDS-PAGE gel, we
found a predominance of the slower migrating SFK(s) in the lipid
raft fraction and a predominance of the faster migrating SFK(s) in
the nonlipid raft fractions. Coimmunoprecipitation analysis us-
ing beads coated with anti-Trk or anti-phosphoTrk demon-
strated that adenosine A2a receptors associated with Trk recep-
tors in both lipid raft and nonlipid raft fractions. Because we
loaded the same amount of protein in each lane of the Western
blot, and the bands were more intense in the lipid raft fractions, it
is likely the association of these proteins is enriched in this sub-
cellular fraction. Coimmunoprecipitation analysis using beads
coated with anti-adenosine A2a or anti-phosphoTrk receptors
brought down SFK members in the lipid raft and nonlipid raft
fractions. In both immunoprecipitates, it was the slower migrat-
ing SFK member that associated with adenosine A2a or phospho-
Trk receptors in the lipid raft fraction and the faster migrating
SFK member associated with adenosine A2a or phosphoTrk re-
ceptors in the nonlipid raft fraction (Fig. 6a). These results indi-
cate that in vivo SFKs are part of a physical complex with adeno-
sine A2a receptors and active Trk receptors, who themselves are
physically associated. Whether a heterotrimeric complex exists
(active Trk receptors plus active SFKs plus adenosine A2a recep-
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Figure 6.  Trk receptors, adenosine A2a receptors, and SFKs are present in lipid rafts and

nonlipid rafts. a, Discontinuous sucrose gradients were used to separate rafts from nonlipid rafts
and aliquots from 1 ml fractions of the gradient were subjected to Western blots for Trk and
active SFKs. The lipid raft fraction (2) contains all three proteins. Trk and active SFKs are also
present in nonraft fractions. Lower panels (left) show coimmunoprecipitation (pull down with
anti-Trk beads, blot with anti-adenosine A2a receptor) of A2a with Trk in lipid raft fractions (2)
and nonraft fractions (10). The adenosine A2a receptor also associates with P-Trk in both the
lipid raft fractions and nonraft fractions (pull down with anti-P-Trk beads, blot with anti-
adenosine A2a receptor). Active SFKs can be coimmunoprecipitated from rafts and nonraft
fractions with anti-A2a or anti-P-Trk (lower right). In the lipid raft fractions, the slower migrat-
ing SFK preferentially associates with Trk and adenosine A2a receptors. In the nonlipid raft
fractions, the faster migrating SFK preferentially associates with Trk and adenosine A2a recep-
tors. b, Purified motor neurons were grown in the presence of CT1 and then acutely exposed to
BMCD or vehicle followed by BDNF or vehicle. The excitotoxicity assay was performed (exposure
kainate or vehicle) and the number of motor neurons assessed one day later. Excitotoxic cell
death occurred in motor neurons exposed to BDNF, but did not occur if cells were pretreated
with BMCD before BONF. BMCD itself was nontoxic. Error bars indicate SE.

tors), or multiple binary complexes, is not known. At the very
least, a series of binary complexes exist and those in the lipid raft
fraction that include SFKs are molecularly distinct from those in
the nonlipid raft fraction. A model of the relationship between
adenosine A2a receptors, SFKs, and Trk receptors is shown in
supplemental Figure 1 (available at www.jneurosci.org as supple-
mental material).
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Finally, to begin to determine the biological relevance of the
lipid raft-signaling complex, we asked whether their disruption
with cholesterol-depleting agents would affect the capacity of
BDNF to confer excitotoxic sensitivity on motor neurons. Pure
motor neurons were grown in the presence of CT1 but in the
absence of BDNF for 24 h, at which point the cholesterol-
depleting agent BMCD or vehicle was added to the cultures.
Thirty minutes later, BDNF or vehicle was added to the culture
and 3 h later the excitotoxicity assay was performed (Fig. 6b). We
determined the amount of cholesterol in our pure motor neuron
cultures after 30 min of BMCD treatment and found an ~25%
reduction in comparison with vehicle treatment (BMCD vs vehi-
cle; 404 * 31 pg/pg of protein vs 550 = 16 wg/ug of protein; n =
5 samples; t test, p < 0.001). In terms of cell death, a statistically
significant difference between experimental groups was identi-
fied by ANOVA (F54,) = 32.797; p < 0.001) and a post hoc
analysis (Scheffé with level of significance set at p < 0.05) indi-
cated excitotoxic death only occurred in the (+)BDNEF/
(—)BMCD treatment group (number of motor neurons exposed
to vehicle or kainate; 57 = 7 vs 40 * 4). No excitotoxic motor
neuron death occurred in the (—)BDNF/(+)BMCD treatment
group (number of motor neurons exposed to vehicle or kainate;
60 = 3 vs 60 = 5) or in the (+)BDNF/(+)BMCD treatment
group (number of motor neurons exposed to vehicle or kainate;
58 *£ 4 vs 51 = 5). These results suggest that disruption of lipid
rafts by cholesterol depletion interferes with the ability of BDNF
signaling to evoke excitotoxic sensitivity.

Discussion

One approach to developing effective therapy for ALS aims to
identify the primary pathophysiological process(es) that initiate
cell dysfunction and ultimately death. Despite intensive effort
and enormous progress, this remains an elusive goal. Another
approach focuses on the identification of physiological processes
that render motor neurons vulnerable to insult. Adopting this
strategy we found that the activation of TrkB by BDNF induces a
state of susceptibility within motor neurons to insult. Here, we
show that blocking TrkB activation by a variety of means prevents
excitotoxic motor neuron death as well as death caused by the
expression of ALS-causing mutant proteins. This unexpectedly
broad neuroprotective action of TrkB antagonism drives the in-
quiry into the various ways cells activate TrkB and regulate down-
stream signaling cascades.

Many receptor tyrosine kinases (RTKs) undergo transactiva-
tion by agonists of GPCRs (Daub et al., 1997; Lee and Chao, 2001;
Oak etal., 2001; Lee et al., 2002b; Fischer et al., 2004; Zahradka et
al., 2004) and our observations that antagonism of adenosine A2a
receptors in spinal cord cultures leads to a reduction in TrkB
activation complement these results. They imply that under
physiological conditions, adenosine A2a and TrkB receptors en-
dogenously interact and active adenosine A2a receptors contrib-
ute to the basal level of TrkB activation. Work from the Chao lab
shows that TrkA receptor transactivation involves transcription/
translation and is restricted to intracellular membranes (proba-
bly the Golgi apparatus) (Rajagopal et al., 2004). We identify an
additional niche for the TrkB and adenosine receptor interaction:
at the plasma membrane concentrated in hot spots. In addition
we show that adenosine A2a and the TrkB receptor physically
interact (either directly or as part of a larger multiprotein com-
plex), an observation, to our knowledge, not reported previously.
The colocalization of the receptors might allow for dynamic, local
changes in TrkB activation as a function of adenosinergic neuro-
transmission. The present work indicates that the reduction in
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TrkB activation that follows from adenosine A2a blockade un-
derlies, at least in part, its neuroprotective properties. We do not
establish that this is the exclusive molecular mechanism and
other changes in cellular neurochemistry evoked by adenosine
A2a blockade have the potential to be healthful for motor
neurons.

SFKs participate in GPCR-mediated transactivation of several
RTKs (Keely et al., 2000; Lee and Chao, 2001; Krieg et al., 2002;
Zahradka et al., 2004). Although intermediates in the pathway,
we do not know whether SFKs directly phosphorylate these re-
ceptor tyrosine kinases or if the effect is indirect. Similarly, al-
though it is parsimonious to posit that the neuroprotective action
of blocking SFKs is attributable to their ability to decrease TrkB
activation, the plethora of SFK substrates (in particular MAPK)
raise other possibilities (Murray et al., 1998; Runden et al., 1998;
Grewal et al., 1999; Ishikawa et al., 2000; Kaplan and Miller, 2000;
Kim et al., 2003; Bromann et al., 2004; Choi et al., 2004; Luttrell
and Luttrell, 2004). Regardless of its precise mechanism of action,
increases in SFK activity can adversely affect neuronal health (or
exacerbate toxic insult, i.e., AB peptides) and inhibition of SFK
activity can protect neurons from insult (Lambert et al., 1998;
Chin et al., 2004, 2005; Lennmyr et al., 2004).

We and others have detected RTKs, transactivating GPCRs
and SFKs in lipid rafts and their colocalization bolsters the case
for the physiological relevance of this membrane compartment as
a platform for signal transduction integration (supplemental Fig.
1, available at www.jneurosci.org as supplemental material)
(Ushio-Fukai et al., 2001; Hur et al., 2004). These specialized
membrane domains are dynamic: proteins enter into and egress
from lipid rafts after ligand binding and lipid rafts themselves
may associate to bring new signaling capacities to liganded recep-
tors (Simons and Toomre, 2000; Tansey et al., 2000; Paratcha and
Ibanez, 2002; Ma et al., 2003; Golub et al., 2004). For example, in
cortical neuron cultures, BDNF can recruit a subpopulation of
TrkB receptors into lipid rafts and whereas BDNF-stimulated
TrkB receptors preferentially activate MAP kinase in lipid rafts,
they activate Akt in nonlipid raft membrane (Suzuki et al., 2004).
A subtype of lipid rafts are caveolae, flask-shaped membrane in-
vaginations that contain the cholesterol-binding protein caveolin
as well as a diversity of receptors and signaling molecules (Kra-
jewska and Maslowska, 2004). Dissolution of lipid rafts by cho-
lesterol depletion can block transactivation of the epidermal
growth factor RTK by the angiotensin I GPCR type 1 in a process
that involves caveolin (Ushio-Fukai et al., 2001). These findings
might be relevant to our current observations (Fig. 6) because Trk
receptors have been shown to reside in caveolae (at least in PC12
cells) and physically associate with caveolin (Bilderback et al.,
1999; Peiro et al., 2000). Future work will be needed to explore the
differences in signals propagating from TrkB receptors activated
by BDNF versus those transactivated by adenosine A2a receptors
as a function of lipid raft integrity.

For two reasons we believe the neuroprotective activity of
adenosine A2a receptor antagonism is operating in motor neu-
rons themselves. First, motor neurons express both A2a receptors
and TrkB receptors and they are colocalized into distinct subcel-
lular domains (punta) suggesting a privileged signaling capacity.
Second, A2a receptor antagonists protect purified motor neurons
from insult indicating the lack of necessity of nonmotor neurons
and glial cells in the biological effect. Thus, although ALS is in-
creasingly being viewed a disorder that involves the participation
of multiple cell types (i.e., astrocytes, muscle, microglia), the
present results highlight motor neuron-specific processes (Clem-
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ent et al., 2003; Dupuis et al., 2003, 2004; Barbeito et al., 2004;
Pehar et al., 2004; Cassina et al., 2005; Schutz et al., 2005).

Several investigators have found that a pathological rise in
intracellular calcium is an essential component of the mechanism
of excitotoxic insult to motor neurons (Carriedo et al., 1996) and
interestingly, the toxicity of mutant forms of SOD in vitro are
abrogated by maneuvers that antagonize AMPA receptor activa-
tion and limit rises in intracellular calcium (Roy et al., 1998).
Because activation of Trk receptors or adenosine A2a receptors
can modulate intracellular calcium levels, our current studies in
mixed cell cultures might reflect effects on modulation of intra-
cellular calcium levels, particularly in specific subcellular do-
mains. In a variety of neuronal preparations, application of
BDNEF leads to a rise in intracellular calcium in a tyrosine kinase-
dependent manner (Mizoguchi et al., 2002; Lamb and Bielefeldt,
2003; Mizoguchi and Nabekura, 2003). With regard to adenosine
A2a receptors, the situation is more complex; their blockade on
presynaptic terminals prevents stimulus-evoked rises in intrater-
minal calcium levels (Correia-de-Sa et al., 2000; Li and Wong,
2000) whereas their activation on the cell soma blocks hypoxia-
induced rises in intracellular calcium (Kobayashi et al., 1998).
Given these observations, reduction in TrkB activation on the cell
soma or adenosine A2a receptors on presynaptic terminals might
have neuroprotective effects by blunting rises in intracellular cal-
cium that follow noxious insult.

We showed previously that agonist-evoked rises in intracellu-
lar calcium are not higher in purified motor neurons grown in the
presence of BDNF versus those grown in the presence of other
trophic factors (Fryer et al., 2000). Thus, although synaptic activ-
ity can be enhanced by BDNF-TrkB signaling (Poo, 2001), it is
unlikely that BDNF makes motor neurons vulnerable to excito-
toxic insult simply by potentiating the capacity of glutamate to
excite neurons. Our results indicate that activity-dependent rise
in intracellular calcium is necessary (but not sufficient) for motor
neuron death (Fryer et al., 1999) and that the effects of BDNF, in
our experimental paradigms, are downstream of this rise in in-
tracellular calcium.

One of the particular attractions of the present observations is
the potential ability to translate them into human therapeutics.
Trk antagonists related to CEP4416 (Cephalon) are in clinical use
currently for the treatment of leukemia and solid tumors (Smith
et al., 2004; Undevia et al., 2004). After peripheral administra-
tion, CEP4416 is detectable in CNS tissues and causes a reduction
in the abundance of activated Trk (data not shown). The long-
term utility of Trk antagonists may be limited by their effects on
the maintenance of neuromuscular junction integrity (Gonzalez
et al., 1999) and learning and memory (Korte et al., 1996; Mes-
saoudi et al., 2002; Pang et al., 2004). Adenosine A2a receptor
antagonists have been shown to be neuroprotective agents in
animal models of parkinsonism (Shiozaki et al., 1999; Koga et al.,
2000; Tkeda et al., 2002; Fink et al., 2004 ). Potential adverse effects
on inflammation (Ohta and Sitkovsky, 2001; Thiel et al., 2005)
and coronary artery vasoregulation (Belardinelli et al., 1998) have
not limited their safe use in humans with Parkinson’s disease
(Bara-Jimenez et al., 2003; Kase et al., 2003). Seven transmem-
brane domain receptors (such as the adenosine A2a receptors)
are the most common target of therapeutic drugs (Lefkowitz and
Shenoy, 2005), raising the possibility that future agents may be
developed that antagonize the pathway by which A2a receptors
transactivate Trk receptors. Although in vitro observations on
ALS therapeutics do not invariably translate into in vivo efficacy
(compare Gurney et al., 1996; Li et al., 2000 with Groeneveld et
al., 2003), this combination of favorable characteristic could has-
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ten the evaluation of adenosine A2a or Trk antagonists for the
treatment of ALS.
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