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BACKGROUND AND PURPOSE

An increasing body of evidence suggests that the purinergic receptor P2X, ligand-gated ion channel, 7 (P2X7) in the CNS
may play a key role in neuropsychiatry, neurodegeneration and chronic pain. In this study, we characterized JNJ-47965567, a
centrally permeable, high-affinity, selective P2X7 antagonist.

EXPERIMENTAL APPROACH

We have used a combination of in vitro assays (calcium flux, radioligand binding, electrophysiology, IL-1 release) in both
recombinant and native systems. Target engagement of JNJ-47965567 was demonstrated by ex vivo receptor binding
autoradiography and in vivo blockade of Bz-ATP induced IL-1J release in the rat brain. Finally, the efficacy of JNJ-47965567
was tested in standard models of depression, mania and neuropathic pain.

KEY RESULTS

JNJ-47965567 is potent high affinity (pK; 7.9 £ 0.07), selective human P2X7 antagonist, with no significant observed
speciation. In native systems, the potency of the compound to attenuate IL-1f release was 6.7 + 0.07 (human blood),

7.5 £ 0.07 (human monocytes) and 7.1 £ 0.1 (rat microglia). [NJ-47965567 exhibited target engagement in rat brain,

with a brain ECso of 78 £ 19 ng-mL™" (P2X7 receptor autoradiography) and functional block of Bz-ATP induced IL-1p release.
INJ-47965567 (30 mg-kg™") attenuated amphetamine-induced hyperactivity and exhibited modest, yet significant efficacy in
the rat model of neuropathic pain. No efficacy was observed in forced swim test.

CONCLUSION AND IMPLICATIONS
INJ-47965567 is centrally permeable, high affinity P2X7 antagonist that can be used to probe the role of central P2X7 in
rodent models of CNS pathophysiology.

Abbreviation
P2X7, purinergic receptor P2X, ligand-gated ion channel, 7
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Introduction

ATP mediates a myriad of critical physiologic functions by
activating cell surface purinergic (P2) receptors that are either
G-protein coupled (P2Y; metabotropic) or flux non-selective
cations via ion channels (P2X; ionotropic) (Abbracchio et al.,
2006; Surprenant and North, 2009; Coddou etal., 2011).
There are seven subtypes of P2X ion channels, of which ATP
has the lowest affinity for purinergic receptor P2X, ligand-
gated ion channel, 7 (P2X7); as such the highly regulated ATP
never reaches high local concentration to activate P2X7 in
normal circumstances rendering P2X7 to be a ‘silent receptor’.
On the contrary, local ATP concentration may achieve high
micromolar levels (a danger signal) activating P2X7 ion chan-
nels and in the process engage the proinflammatory cascade
via release of IL-1B (Solle et al., 2001) which in turn may
contribute to neuroinflammation and pain (Chessell et al.,
2005; North and Jarvis, 2013), mood disorders (Iwata et al.,
2013) and neurodegenerative disorders such as Alzheimer’s
(Diaz-Hernandez et al., 2012), multiple sclerosis (Sharp et al.,
2008) and epilepsy (Engel et al., 2012). In the CNS, P2X7 is
expressed predominantly within glial cells (Sperlagh et al.,
2006) and cross-talks with the neurons via IL-1f signalling. In
addition to IL-1f, P2X7 dependent release of glutamate (Ando
and Sperlagh, 2013), cathepsins (Clark etal., 2010) and
chemokines (Shiratori et al., 2010) have been reported, and all
of these mediators can serve as ‘gliotransmitters’ aiding in the
neuroimmune cross-talk and modulating synaptic plasticity.
The human P2X7 gene (P2RX7) is localized to chromosome
12q24.31 and encodes a 595 amino acid protein encompass-
ing an intracellular N terminal domain, two transmembrane
segments, a bulky extracellular domain and a long C terminal
tail that is under tight regulation by intracellular messengers
(Volonte et al., 2012). This membrane topology was recently
verified by the zebra fish P2X4 crystal structure (Hattori and
Gouaux, 2012). The extracellular domain hosts the ATP
binding site (Young et al., 2007; Browne et al., 2010) and is
not highly conserved across P2X subtypes and within P2X7
orthologues. While the former confers P2X7 selectivity, the
latter presents a hurdle in developing antagonists with
reasonable affinity across rodent and higher mammalian
species (Donnelly-Roberts et al., 2009a; Michel et al., 2009;
Bhattacharya etal., 2011). In fact, the P2X7 antagonist
CE-224,535 that was in clinical development for rheumatoid
arthritis (Stock etal., 2012) is a relatively human specific
compound with weak potency at the rodent P2X7 channel
(Duplantier et al., 2011) and similar speciation has been dem-
onstrated for other P2X7 chemotypes (Baxter efal., 2003;
Furber et al., 2007; Guile et al., 2009).

Within the CNS, and in particular within the context of
brain neuro(patho)physiology, there has been an explosion
of interest in the role of ATP and P2X ion channels in modu-
lating neurophysiology (Burnstock, 2008; Abbracchio et al.,
2009; Burnstock et al., 2011a,b; Khakh and North, 2012). As
far as mood disorders are concerned, there is a growing inter-
est in the potential role of P2X7 as a therapeutic target for
unipolar depression and bipolar disorder (Bennett, 2007;
Sperlagh et al., 2012; Iwata et al., 2013). The scientific ration-
ale for P2X7 antagonism as a target for mood disorders is
based on the following premises and there is a continuum of
emerging science strengthening the hypothesis: (i) several

P2X7 pharmacology of |NJ-47965567

human genetic studies have associated P2RX7 gene with both
bipolar and depression (Barden et al., 2006; Lucae et al., 2006;
Hejjas et al., 2009; McQuillin et al., 2009; Backlund et al.,
2011; Soronen et al., 2011), although there are some reports
that have failed to link a strong association as well (Green
et al., 2009; Grigoroiu-Serbanescu et al., 2009); (ii) IL-1p, the
cytokine that is released by P2X7 activation, is present at
higher levels in plasma, CSF and in post-mortem brain tissue
from mood disorder patients (Rao etal., 2010; Soderlund
etal., 2011; Jones and Thomsen, 2013), suggesting that the
tone of P2X7 may be activated under such clinical condi-
tions; (iii) several independent laboratories, have demon-
strated a protective phenotype of P2X7 knockout mice in
models of depression and mania (Basso et al., 2009; Boucher
etal.,, 2011; Csolle etal., 2013); (iv) in animal models of
stress-induced depression, several groups have elegantly dem-
onstrated that IL-1f signalling is critical (Goshen et al., 2008;
Koo and Duman, 2008; 2009a,b; Csolle and Sperlagh, 2010)
and (v) recent data presented at the Society for Neuroscience
annual meeting indicated that P2X7 antagonist A-804598
attenuated chronic stress mediated anhedonia in rats (Iwata
etal., 2012).

In this paper, we pharmacologically characterize the
novel P2X7 antagonist JNJ-47965567 (Letavic et al., 2013)
and describe the molecule against a panel of in vitro and in
vivo assays. Since JNJ-47965567 displayed high affinity for the
rat P2X7 ion channel, we used in vivo models of target
engagement in rats (autoradiography and brain IL-1f micro-
dialysis) to further characterize JNJ-47965567. Lastly, we
tested JNJ-47965567 in models of depression, mania and pain
in an attempt to test the role of P2X7 in such models of
disease. Our data clearly demonstrate that JNJ-47965567 is
potent, selective P2X7 antagonist, engages the brain P2X7
channel in vivo and is an excellent tool compound to probe
the role of central P2X7 in rats.

Methods

Cell culture

The 1321N1 cells expressing the P2X7 channels (human,
mouse, dog, macaque) were cultured in DME-high glucose
medium supplemented with 10% FBS and 500 pg-mL™" G418.
The 1321N1 cells expressing the rat P2X7 were grown in same
media supplemented with 10% FBS and 100 pg-mL™" Zeocin.
For isolation of primary microglia and astrocytes, rat brains
were dissected from 3-day-old neonatal rats. After removal of
the meninges, brains were triturated in 10 mL culture
medium (DMEM, 10% FBS, pen-strep) and filtered through a
100 pum cell strainer. Cells were pelleted by centrifugation and
washed once with culture medium. The mixture of cells was
seeded in a 75 cm flask (1 brain/flask) and allowed to grow for
10 days. Medium was replaced at days in vitro (DIV) 10 and
grown for 4 more days. Medium was again replaced at DIV 14
and microglial cells were isolated from the mixed cell culture
by gentle shaking (100 rpm) on an orbital shaker at 37°C, 5%
CO, for 2h. Floating microglial cells were spun down,
counted and seeded into appropriate assay plates. Remaining
adherent monolayer (astrocytes) was trypsinized, spun down,
counted and seeded into appropriate assay plates.
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Calcium measurement

The 1321NT1 cells expressing P2X7 orthologues were dissoci-
ated 18-24 h prior to the assay using 0.05% trypsin/EDTA
(Invitrogen, Grand Island, NY, USA), and plated at density of
25000 cells-well™ into poly-D-lysine coated 96-well black-
walled clear bottom plates (Becton-Dickinson, Bedford, MA,
USA). On the day of the experiment, cell plates were washed
with assay buffer, containing (in mM): 130 NaCl, 2 KC], 1
CaCl,, 1 MgCl,, 10 HEPES, 5 glucose; pH 7.40. After the wash,
dye loading was achieved by adding a 2x Calcium-4 (Molecu-
lar Devices, Sunnyvale, CA, USA) dye solution in the assay
buffer. Cells were stained with the Calcium-4 dye in staining
buffer for 30 min at room temperature in the dark. Test com-
pounds were prepared at 250x the final test concentration in
neat DMSO. Intermediate 96-well compound plates were pre-
pared by transferring 1.2 pL of the compound into 300 pL of
assay buffer. A further 3x dilution occurred when transferring
50 uL-well™ of the compound plate to 100 uL-well™ in the
cell plate. Cells were incubated with test compounds and dye
for 30 min. Calcium flux was monitored in FLIPR™™ as the
cells were challenged by adding 50 uL-well' of BzATP. The
final concentration of Bz-ATP was 250 uM (human, rat, dog,
macaque) or 600 uM (mouse) and 100 uM (rat primary astro-
cytes). In experiments where washing of the antagonist was
involved (Figure 3), cells were washed repeatedly using a
plate washer for three cycles. The wash protocol was kept
constant for all experiments that involved a wash cycle.

Radioligand binding

[*H] A-804598 was used as the radioligand (Donnelly-Roberts
et al., 2009b). P2 membranes were prepared from recombi-
nant cells; for one 96-well assay, cells were harvested from 10
T225 confluent flasks and frozen at —80°C. On the day of the
experiment, cells were thawed for membrane (P2) prepara-
tion. A 50 mM Tris-HCI (pH 7.4) was added to the cells and
homogenized for ~30 s at high speed. The homogenate was
centrifuge at 1500 rpm for 5 min followed by careful decant-
ing of the supernatant which was centrifuged at 32 000x g
for 30 min. A 6 mL of ice-cold assay buffer (50 mM Tris-
HCI + 0.1% BSA) was added to the cell pellet (final protein
concentration varied between 0.4 and 0.5 mg-well™). The
assay volume of 100 uL. was composed of the following: (i)
10 puL compound (10x) + (ii) 40 pL tracer (2.5x) + S0 uL mem-
brane (2x). The reaction was incubated for 1 h at 4°C. The
assay was terminated the by filtration (GF/B filters pre-soaked
with 0.3% polyethylenimine) and washed with washing
buffer (Tris-HCl 50 mM) repeatedly. After drying the plate,
Microscint O (Perkin Elmer, Waltham, MA, USA) was added to
the filters and radioactivity was counted.

IL-1B assay

Human blood, isolated human monocytes or rat microglial
cells were primed with LPS followed by addition of the test
antagonist or vehicle with the final P2X7 stimulus of Bz-ATP.
For the human blood and monocytes, priming concentration
of LPS was 30 ng-mL™". For rat microglial cells, LPS was used at
3 ng-mL™". Cells were primed with LPS for 1h. Test com-
pounds were added and incubated for an additional 30 min.
The P2X7 agonist, Bz-ATP (1 mM for blood, 0.5 mM for
monocytes and 0.3 mM for rat microglia) was finally added
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and incubated for 1.5 h at 37°C. Post incubation, the plates
were centrifuged (low-speed spin) and the supernatant col-
lected for IL-1B ELISA analysis as per as manufacturer’s pro-
tocol (human IL-1B: Thermo Scientific, Rockford, IL, USA;
catalogue # EH2IL1BS; rat IL-13: R&D Systems, Minneapolis,
MN, USA; catalogue # RLBOO).

Electrophysiology

The 1321N1 cells stably expressing hP2X7 were maintained
in culture as described previously. Twenty-four hours prior to
experimentation, cells were washed with divalent-free PBS
(Hyclone, Rockford, IL, USA), dissociated with 0.05% trypsin
(Gibco, Grand Island, NY, USA) and plated on poly-d-lysine
coated cover slips (B-D Biosciences, San Jose, CA, USA) in a
24-well plate at a density of 10 000 cells-well™'. On the day of
experimentation, cells were transferred to a recording
chamber mounted on a Nikon Eclipse TE2000-U (Melville,
NY, USA) and continuously perfused (1 mL-min') with a low
divalent physiological saline solution (137 mM NaCl,
5.4 mM KCI, 0.5 mM MgCl,, 0 mM CaCl,, 5 mM glucose,
10 mM HEPES, pH = 7.4). Patch pipettes (2-3 MQ) were visu-
ally guided to the surface of individual cells. Patch pipettes
contained 135 mM CsF, 10 mM CsCl, 5 mM EGTA, 5 mM
NaCl, and 10mM HEPES, osmolarity adjusted to
290 mOsm-L™" with sucrose, pH 7.3. Voltage-clamp record-
ings were made with an Axopatch 200B, and Clampex 9.2
software (Molecular Devices). Data were acquired at 5 kHz
and filtered at 2 kHz. Pipette capacitance was cancelled in all
recordings. Whole-cell responses to Bz-ATP were measured by
rapidly transitioning the cell from being bathed in physi-
ological saline to Bz-ATP (300 uM) for 2 s in successive trials
using a large-bore drug applicator (a linear array of glass tubes
driven by a Warner Instruments Corp., Hamden, CT, USA;
SE-77B Perfusion Fast-Step). Bz-ATP responses were quantified
using Clampfit software (Molecular Devices) to calculate the
mean current amplitude during the last 100 ms of Bz-ATP or
Bz-ATP + JNJ4795567 application. For experiments examin-
ing channel block, after establishing a consistent control
response by applying Bz-ATP at 60 s intervals, perfusion with
100 nM JNJ4795567 was started 1 min prior to reinitiating
the Bz-ATP applications (+100 nM JNJ4795567) at 2 min
intervals and block was allowed to proceed to steady state.
Upon achieving maximal block, JNJ4795567 was removed
from the perfusate and cells were challenged with Bz-ATP at
1 min intervals for 10 min.

Ex vivo receptor binding autoradiography

All animal work performed in this paper was in accordance
with the Guide Care for and Use of Laboratory Animals
adopted by the US National Institutes of Health. All studies
involving animals are in accordance with the ARRIVE guide-
lines for reporting experiments involving animals (Kilkenny
et al., 2010; McGrath et al., 2010). Animals were allowed to
acclimate for 7 days after receipt. They were group housed in
accordance with institutional standards, received food and
water ad libitum and were maintained on a 12 h light/dark
cycle. Male Sprague Daley rats approximately 300-400 g in
body weight were used. The animals were killed using carbon
dioxide and decapitated at different time points after drug
administration. Brains were rapidly frozen on powdered dry



ice and stored at —80°C before sectioning. Plasma samples
were also collected for bioanalysis. Twenty micron thick
tissue sections at the level of the hippocampus were prepared
for autoradiography. P2X7 radioligand binding autoradiogra-
phy was determined at room temperature with 30 nM [*H]
A-804598 in 50 mM Tris HCI incubation buffer containing
0.1% BSA as previously described. Non-specific binding was
measured with 100 uM A-740003. Sections were incubated
for 10 min to minimize dissociation, rinsed four times for
5 min in the 50 mM Tris Buffer with 0.1% BSA, followed by
two dips in ice cold water. Sections were allowed to dry before
acquisition with B-Imager (BioSpace, Paris, France) for 2 h.
Quantitative analysis was performed using the § -imager. Ex
vivo receptor labelling was expressed as the percentage of
receptor labelling in corresponding brain areas (i.e. hip-
pocampus) of saline-treated animals. The percentage of recep-
tor occupancy was plotted against time or dosage using
GraphPad Prism (GraphPad Software, San Diego, CA, USA).
Percentage of receptor occupancy was also plotted against
drug plasma concentration.

In vivo Bz-ATP induced IL-1p release

using microdialysis

Male Sprague Dawley rats (280-380 g) or C57/B16 mice (8-12
weeks of age) were implanted with a guide cannula in the
hippocampus. Eicom’s ATMOS-LM microdialysis sampling
system was used for dialysis collection, including the pressure
cancelling vented probe (4 mm or 2 mm membrane rat or
mouse, respectively) with a 1000kD MW cut-off. Three hours
following probe implantation, baseline sample collection
began. Dialysate was collected in 60-min samples at
0.5 uL-min™ and maintained at 4°C. Following 2 h of baseline
with 1x aCSF + 0.15% BSA, Bz-ATP (100 mM) was adminis-
tered via reverse dialysis for 2 h. The perfusate was then
returned to the baseline matrix. JNJ-47965567 (30 or
100 mg-kg™) or vehicle was administered s.c. 30 min prior to
Bz-ATP infusion. Samples were analysed for IL-1B using a rat
or mouse specific IL-1 ELISA kit from R&D Systems.

Amphetamine hyperactivity, model of mania

Adult, male Sprague Dawley rats (Harlan, Placentia, CA, USA)
maintained on a normal 12/12 light/dark cycle (lights on at
0600 h) under standard housing conditions with food and
water provided ad libitum (except during testing) were used
for this study. Experiments took place during the light-cycle.
All methods complied with The Guide for the Care and Use of
Laboratory Animals manual and were approved by the local
Institutional Animal Care and Use Committee. Animals were
single housed with enrichment (sunflower seeds and nylon
bone) and were allowed to acclimate to housing conditions
for at least 5 days after arrival. On day 1 of the experiment,
animals were acclimated to the procedure room for at least
1 h and then each cage was placed onto a MotorMonitor rack
(Kinder Scientific, San Diego, CA, USA), which surrounded
each animal cage by a grid of photobeams (seven beams along
the width of the cage and 15 beams along the length). The
photobeams allowed for tracking the distance travelled by
each animal. After 1h, rats were injected s.c. with either
vehicle (30% sulfobutylether beta-cyclodextrin) or JNJ-
47965567 (30 mg-kg") and locomotor activity was recorded

P2X7 pharmacology of |NJ-47965567

for an additional hour. All animals then received an injection
of d-amphetamine sulfate (2 mg-kg™, i.p., weight of salt) and
locomotor activity was recorded for two additional hours. On
day 2-5, the experiment was repeated in the same manner,
with the same treatments provided each day. After 2 days of
drug withdrawal, the same procedure was repeated again on
day 8 with another amphetamine challenge.

Chung model of neuropathic pain
For creating the neuropathic preparation, the surgical proce-
dure previously described by Kim and Chung (1992) was
performed to induce an allodynic state. Briefly, the left L-5 and
L-6 spinal nerves were isolated adjacent to the vertebral
column and ligated with 6-0 silk suture distal to the dorsal root
ganglion while under isoflurane anaesthesia. The rats were
allowed a 10-14 days post-operative recovery period and
allowed adequate time to develop the neuropathy before being
placed in the study. Animals that did not meet a tactile
allodynia 50% threshold of <3.0 g were not used. For each
drug, six animals were prepared with the Chung model of
spinal nerve ligation. Test articles were injected by one indi-
vidual with all behavioural observations made by a second
individual who was unaware of the article received by each
animal. Tactile thresholds were assessed using Von Frey hairs
and the up/down method as described in the initial Study
Protocol at baseline, 30, 60 and 120 min post-compound
dosing. Summary statistics were computed and include group
means and standard deviations and numbers of animals per
group. For time course curves, two-way repeated measures
were undertaken and a post hoc analysis performed comparing
with time zero. The area under the % hyperalgesic effect curve
(not shown) was calculated and referred to as the AUC. Statis-
tical comparison of AUC was carried out with a one-way ANOvA
and a post hoc analysis was carried out comparing all value to
vehicle. All statistics were performed on spreadsheets using
Prism statistical software version 5.0c (GraphPad Software).
Molecular target nomenclature (e.g. receptors, ion chan-
nels and so on) used in the manuscript conforms to BJP’s
Guide to Receptors and Channels (Alexander et al., 2011).

Results

In vitro pharmacology: recombinant

P2X7 system

JNJ-47965567 is N-((4-(4-Phenyl-piperazin-1-yl)tetrahydro-
2H-pyran-4-yl)methyl)-2-(phenyl-thio) nicotinamide (Fig-
ure 1). The compound was characterized using a combination
of functional and binding assays using the recombinant P2X7
channel, overexpressing in 1321N1 astrocytoma cells. For
comparison, three other known P2X7 antagonists have been
used in these assays (A-804598, A-438079, AZ-10606120;
Figure 1). Bz-ATP induced calcium flux was the primary func-
tional assay. The potency (pICsy £ SEM) of JNJ-47965567 to
attenuate Bz-ATP induced calcium flux was as follows: human
(8.3 £ 0.08), macaque (8.6 £ 0.1), dog (8.5 £ 0.2), rat (7.2
0.08) and mouse (7.5 £ 0.1). The data are summarized in
Table 1 alongside the three comparator P2X7 antagonists.
JNJ-47965567 is a potent P2X7 antagonist across all species
tested. JNJ-47965567 did not exhibit any agonist activity

British Journal of Pharmacology (2013) 170 624-640 627



A Bhattacharya et al.

o (\N
SN N N\)
| H

N" s

@ O
INJ-47965567

NH
HN” N
H
|

A
=
N

A-804598

Figure 1

Chemical structure of P2X7 antagonists used in this study.
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Potency of |NJ-47965567, in comparison with known P2X7 antagonists, at various orthologues as measured by calcium flux assay (FLIPR)

Human P2X7 Macaque P2X7 Dog P2X7 Rat P2X7 Mouse P2X7
Ca?* flux (TETRA™R) pICso + SEM
INJ-47965567 8.3+£0.08 8.6 £ 0.1 85+0.2 7.2+0.08 7.5+0.1
A-804598 7.7 +£0.13 7.4+0.1 7.5+0.1 6.8+£0.17 7.0 £0.06
A-438079 6.0 £ 0.02 6.0 £ 0.1 54+0.1 59+0.2 55+0.2
AZ-10606120 8.9 £ 0.04 8.4+0.1 7.3 £0.04 5.7 £0.06 6.2+0.1

(data not shown). Since the calcium flux assay is a system not
in equilibrium (Charlton and Vauquelin, 2010), we wanted to
test the binding affinity of JNJ-47965567 in a radioligand
binding assay under true equilibrium conditions. Our results
demonstrate that JNJ-47965567 displaced the binding of [*H]-
A-804598 in a concentration dependent manner (Figure 2)
both at the human and rat P2X7 cell membranes (other
species were not tested routinely in the binding assay as rat
was the in vivo species of choice). The rank order potency
for displacement of [*H]-A-804598 at the human P2X7
was AZ-10606120 > JNJ-47965567 ~ A-804598 > A-438079, a
profile similar to that observed in the functional assay
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(Table 1). The human affinity (pK; + SEM) of JNJ-47965567
was 7.9 + 0.07. Affinities of AZ-10606120, A-804598 and
A-438079 were 8.5 £ 0.08, 8.0 £ 0.04 and 7.1 £ 0.08, respec-
tively. JNJ-47965567 exhibited even higher affinity at the rat
P2X7 channel: the affinity was 8.7 + 0.07, a profile similar to
A-804598 (8.8 £ 0.06) but distinctly dissimilar to A-438079
(6.7 £ 0.1) and AZ-10606120 (8.0 £ 0.08). Therefore, JNJ-
47965567 was a P2X7 functional antagonist, with high affin-
ity binding at both the human and rat ion channel;
moreover, the high affinity rat binding provided JNJ-
47965567 as a tool to further evaluate the role of P2X7
in rats.
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Figure 2

Displacement of [*H] A-804598 by JNJ-47965567, A-804598,
A-438079 and AZ-10606120 in membrane preparations of 1321N1
cells expressing either the recombinant human (upper panel) or rat
(lower panel) isoform. Data are expressed as percent specific
binding. Symbols represent mean + SEM from five independent
experiments. Affinity (pK;) of NJ-47965567 at the human and rat
P2X7 was 7.9 £ 0.07 and 8.7 £ 0.07, respectively.

In vitro pharmacology: mechanism of action
studies (recombinant system)

The binding data provided evidence that JNJ-47965567 (and
A-438079, AZ-10606120) competed with A-804598 for an
identical or mutually non-exclusive binding site(s). In order
to elucidate the mechanism further, we decided to use
A-438079 to protect the binding of JNJ-47965567. A 30 uM
concentration of A-438079 was incubated with P2X7-1321N1
cells (human Figure 3B; and rat Figure 3D) for 5 min (high
concentration to achieve a faster on-rate and occupancy of
binding site for A-438079), followed by a 25 min incubation
with various concentrations of JNJ-47965567. The incubation
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was terminated by a robotic wash protocol and followed by
measurement of calcium flux induced by Bz-ATP. A mutually
overlapping binding site of the two compounds would result
in significant loss of potency for JNJ-47965567 as A-438079
would protect the accessibility of JNJ-47965567 to the P2X7
binding site during the incubation period. For the human
P2X7 expressing cells, the potency of JNJ-47965567 shifted
from 8.5 £ 0.05 in the absence of A-438079 to 5.9 + 0.05 in
the presence of the protecting agent A-438079 (Figure 3B). In
separate experiments, it was determined that JNJ-47965567
did not wash off in the absence of A-438079 (Figure 3A & C);
in fact, compound takes about 6 h to recover from block
(Supporting Information Figure S1). These data suggest that
JNJ-47965567 and A-438079 share identical to significantly
overlapping binding pocket, consistent with the data gener-
ated from the radioligand displacement studies. Similar
potency shifts, although to a lesser degree, were also seen at
the rat P2X7 (Figure 3D).

In vitro pharmacology: native systems
expressing P2X7 ion channel

Since P2X7 activation leads to release of the proinflammatory
cytokine IL-1B, we sought to characterize JNJ-47965567 in
human whole blood and in freshly isolated monocytes. As
shown in Figure 4A, JNJ-47965567 attenuated LPS primed
BZ-ATP induced IL-1f release in a concentration dependent
manner with full block achieved at 1 uM concentrations. The
potency of JNJ-47965567 to attenuate IL-1f release was
6.7 £ 0.07 in the human whole blood. Likewise, the pICs, of
JNJ-47965567 was 7.5 £ 0.07 when tested in freshly isolated
human monocytes from the blood, the difference in potency
probably due to protein binding of JNJ-4796567 in whole
blood. Antagonism was surmountable by increasing concen-
trations of Bz-ATP (Figure 4B), a functional phenomenon that
would relate to a similar/overlapping site of action with
Bz-ATP. 30 nM JNJ-47965567 shifted the potency of Bz-ATP
induced IL-1P release from a pECs, value of 3.6 £ 0.06 to
3.0 £ 0.04. With all assumptions of Schild analyses intact, an
estimate of pA, for JNJ-47965567 is approximate 8.0, identi-
cal to the affinity of JNJ-47965567 obtained by radioligand
displacement binding (Figure 2). In addition to IL-1f block,
the compound also blocked IL-18 release with a potency of
7.3 £0.1. More importantly, JNJ-47965567 did not block IL-6
and TNF-o release, under identical conditions (LPS and
BZ-ATP) used for IL-1f3 and IL-18 release.

The next step in the characterization cascade of JNJ-
47965567 was to test the pharmacology in native rat systems;
since P2X7 is expressed in glial cells of the CNS, we decided
to test the pharmacology of JNJ-47965567 (plus the three
reference compounds) in rat primary cultures of astrocytes
and microglia. As shown in Figure 5, JNJ-47965567 displayed
favourable pharmacology in the rat native system either for
block of calcium flux (in astrocytes) or for block of IL-18
release (in microglia). The potency of JNJ-47965567 was
7.1 £ 0.1 in rat microglia cells; likewise, the potency was
7.5 £ 0.4 in rat astrocytes. In both cell types, complete block
was achieved at concentrations of 1 uM JNJ-47965567. In
summary, JNJ-47965567 is a potent P2X7 antagonist in glial
cells, the target population of cells in the CNS with abundant
expression of this channel.
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Reversibility and protection of the JNJ-47965567 binding site by A-438079. (A and C) Potency shift of |NJ-47965567 and A-438079, with and
without washing after 30 min incubation with either the human (A) or the rat (C) P2X7 cells. The effect on the potency of |NJ-47965567 by
protecting the binding site by A-438079 (30 uM) is shown for the human (B) and rat (D) P2X7 cells. Data are expressed as percent of control
(defined as response in control cells to 250 uM Bz-ATP). Symbols represent mean = SEM from three independent experiments.

Electrophysiology of JNJ-47965567 block
About 100 nM JNJ-47965567 rapidly blocked Bz-ATP evoked
currents in 1321N1 cells expressing hP2X7 (93.9 £ 1.9% inhi-
bition; Figure 6). Steady-state block was generally achieved in
6 min. Minimal recovery was observed from JNJ-4795567
block in the 10 min recovery period (Figure 6), and it cannot
be determined if what little was seen is related to dissociation
of antagonist or the aforementioned agonist-induced
increase in current amplitude.

Selectivity of [NJ-47965567
The selectivity of JNJ-47965567 was tested in a standard panel
of receptors, ion channels and transporters (CEREP, Poitiers,
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France). Data are summarized in Table 2. The compound was
clean at a test concentration of 1 uM. At 10 uM, greater than
50% effect was observed at the human melatonin 1 receptor
(65% effect) and the human serotonin transporter (82%
effect). Since the effect was more dramatic at the human
serotonin transporter, JNJ-47965567 was further evaluated at
the rat serotonin transporter radioligand binding assay. The
affinity of JNJ-47965567 at the rat transporter was 2 uM (rat
P2X7 affinity: 2 nM). The compound was further evaluated
for P2X subtype selectivity at the human P2X1, P2X2, P2X3,
P2X2/3 and P2X4 channels (Chantest, Cleveland, OH, USA).
As exhibited in Table 3, JNJ-47965567 did not block any of
these channels up to concentrations of 10 uM. The com-
pound was also characterized against a panel of human
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Attenuation of IL-1 release in human blood and human monocytes
(PBMC) by JNJ-47965567. LPS primed, Bz-ATP challenged IL-1B
release was concentration dependently blocked by |NJ47965567 (A).
Potency (plCso) of block was 6.7 £ 0.07 and 7.5 £ 0.07, in blood and
monocytes (PBMC), respectively. Data are expressed as percent of
control [defined as net IL-1P release: LPS + Bz-ATP challenged cells
(stimulated) minus LPS primed cells (basal)]. (B) Effect of 10 nM and
30 nM JNJ-47965567 on the concentration response of Bz-ATP
induced IL-1p release in isolated human peripheral blood mononu-
clear cells (PBMC). Symbols represent mean = SEM from three to six
independent experiments.

CYP450 enzymes; the potency was 7 uM at CYP1A2 with
greater than 10 pM ICs, at the other CYPs (2C8, 2C9, 2C19,
2D6, 3A4).

Pharmacodynamic properties of
JNJ-47965567: target engagement (ex vivo
P2X7 brain binding autoradiography and
brain IL-1f microdialysis)

Following the in vitro characterization of JNJ-47965567, the
next step was to characterize the compound in vivo: to test
whether the compound penetrates the CNS space and
engages P2X7 in a dose and concentration-dependent

P2X7 pharmacology of |NJ-47965567
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Effect of P2X7 antagonists on net IL-1f release in primary cultures
of rat microglia (upper panel) or on calcium flux in rat astrocytes
(lower panel). Concentration dependent attenuation of P2X7 medi-
ated IL-1p release or calcium flux by JNJ-47965567. Potency (plCso)
of block for JNJ-47965567 was 7.1 = 0.1 in rat microglia and
7.5 £ 0.4 in rat astrocytes. Data are expressed as percent of control
in rat microglia as defined by net IL-1f release [LPS + Bz-ATP chal-
lenged cells (stimulated) minus LPS primed cells (basal)] or in rat
astrocytes to a calcium response in control cells to 100 uM Bz-ATP.
Symbols represent mean + SEM from at least three independent
experiments.

manner. An ex vivo P2X7 radioligand binding autoradiogra-
phy assay was established in house using [*H] A-804598, a
technique that has been widely used in general to measure
binding of compounds in brain sections and one that has
been specifically used for P2X7 (Able etal., 2011). JNJ-
479655567 was dosed both via the s.c. and oral route at
10 mg-kg™ followed by ex vivo receptor binding (see methods)
at various time points post dose. As shown in Figure 7A,
JNJ-47965567 occupied rat P2X7 receptor following the s.c.
dose, but failed to occupy P2X7 receptor following the oral
dose. Analysis of exposure data both in plasma and brain
tissue revealed that JNJ-47965567 lacked occupancy after oral
dosing due to poor oral bioavailability: exposures in the range
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(A) Representative whole-cell patch-clamp recordings of responses to
a 2 s application of 300 uM Bz-ATP (solid line) to 1321N1 cells stably
expressing recombinant human P2X7. 100 nM |NJ-479655567
rapidly blocked Bz-ATP-evoked currents (middle trace) with minimal
recovery being observed after a 10 min wash-out interval (right
trace). (B) Normalized mean current amplitude = SEMs; ***P < 0.001,
**P < 0.01 by anova with Dunnet’s post hoc test.

of 44-98 ng-mL™ in the plasma and 18-40 ng-mL™ in the
brain for all the time points tested. In contrast, JNJ-47965567
achieved high exposure after s.c. dosing: 720-1200 ng-mL™
in the plasma and 380-658 ng-mL™ in the brain at the time
points tested. The brain to plasma ratio of JNJ-47965567 was
between 0.5 and 0.58, sufficient to result in significant level
of P2X7 receptor occupancy in rat brain.

In order to address the specificity of the assay, we decided
to test A-804598 and A-438079, two compounds with varying
degree of P2X7 pharmacology (Table 1; Figure 1). Both com-
pounds were dosed s.c. at 10 mg-kg" and while A-804598
occupied P2X7 receptor (~65%), A-438079 failed to
demonstrate significant level of P2X7 receptor occupancy
(Figure 7A), in line with their varying degree of in vitro affini-
ties for P2X7. At 1 h post dose, brain exposures of A-438079
and A-804598 were 1764 ng-mL™" (5.7 uM) and 183 ng-mL™"
(0.58 uM), respectively. Even though A-438079 achieved a
10-fold higher concentration in the brain than A-804598, it
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was A-804598 that achieved significant P2X7 receptor occu-
pancy with low levels of receptor occupancy for A-438079.
The result obtained was in complete agreement with the in
vitro pharmacology of the two compounds: affinity of
A-804598 for the rat P2X7 was significantly higher than
A-438079 (Figure 1). It was thus clearly demonstrated that the
ex vivo binding signal obtained is P2X7 dependent.

Having generated confidence in the P2X7 ex vivo target
engagement assay, the next step was to define a dose-effect
curve for JNJ-47965567. JNJ-47965567 was dosed up from
0.03 to 30 mg-kg™, followed by ex vivo receptor occupancy at
15 min (time for maximal occupancy established in duration
of action studies). Corresponding brain exposures were
plotted against receptor occupancy (Figure 7B). The data
demonstrate a concentration-dependent P2X7 occupancy as
would be expected for a target-ligand interaction with an
ECso of 78 + 19 ng-mL™". In a separate measure, it was assessed
that the rat brain protein binding of JNJ-47965567 was
~98%. When the concentrations were adjusted to 2% free
concentration, and re-plotted against receptor occupancy
(dotted line in Figure 7B), the corresponding ECs, was
1.5 + 0.4ngmL" (3nM). The binding affinity of JNJ-
47965567 was close to 2 nM obtained in radioligand displace-
ment assays (Figure 1). The half occupancy obtained in
Figure 7B (ECs) is a theoretical definition of binding affinity
and it was gratifying to find out that the in vifro affinity of
JNJ-47965567 predicted the in vivo ECs, corrected for the free
fraction. Not only do we have a reliable P2X7 target engage-
ment assay, we were also confident that the in vitro radioli-
gand binding data could indeed model the concentration
needed for half occupancy for other P2X7 compounds.

In an effort to better understand the consequence of P2X7
binding to function, we established an in vivo microdialysis
assay to measure brain IL-1B levels in freely moving rats
challenged with the P2X7 agonist Bz-ATP (see Methods). As
depicted in Figure 8A, Bz-ATP (100 mM) produced a signifi-
cant increase in measurable IL-1B from hippocampal
dialysates (Figure 8). JNJ-47965567 was tested at two dose
levels: 30 and 100 mg-kg™ (s.c. dosing). JNJ-47965567 signifi-
cantly attenuated IL-1p release at 100 mg-kg™!, with no effect
at 30 mg-kg™" dose group. In a separate study, P2X7 occu-
pancy was measured at these doses, the data for which is
shown as an inset in Figure 8A. Although there are no marked
differences in peak occupancy between 30 and 100 mg-kg™
JNJ-47965567, the higher dose tends to sustain P2X7 occu-
pancy for a longer duration and may contribute to a func-
tional block (see Discussion for more details). Moreover,
100 mM Bz-ATP is a super saturating concentration of the
agonist and the functional block by a competing antagonist
such as JNJ-47965567 can be right shifted (see Discussion for
more details), which may account for the apparent discrep-
ancy between full occupancy and lack functional effect at
30 mg-kg' dose. In order to rule out any off-target effects of
Bz-ATP induced IL-1p release, we tested P2X7 knockout mice
and the results shown in Figure 8B demonstrate that Bz-ATP
induced IL-1f release is P2X7 dependent, although the mag-
nitude of cytokine release was much lower in mice than rats,
probably due to lower affinity of Bz-ATP for the mouse P2X7
channel. Thus, we have demonstrated that the P2X7 antago-
nist JNJ-47965567 engages the target resulting in functional
blockade of IL-1f release.
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Table 2

Selectivity of [NJ-47965567 against a panel of receptors, transporters and channels

% control specific binding (@ 1 pM)

First value Second value

A1 (h) (antagonist radioligand) 150.9 142 146.4
A2A (h) (agonist radioligand) 88.6 90.5 89.6
A3 (h) (agonist radioligand) 135.6 133.6 134.6
alpha 1 (non-selective) (antagonist radioligand) 108.6 90.1 99.4
alpha 2 (non-selective) (antagonist radioligand) 98 89.1 93.5
beta 1 (h) (agonist radioligand) 115.4 96.8 106.1
AT1 (h) (antagonist radioligand) 144.3 149.6 147
BZD (central) (agonist radioligand) 129.2 113.7 121.4
B2 (h) (agonist radioligand) 107 96.7 101.9
CCK1 (CCKA) (h) (agonist radioligand) 92.6 98 95.3
D1 (h) (antagonist radioligand) 116.7 101.9 109.3
D2S (h) (antagonist radioligand) 88.8 92.1 90.5
ETA (h) (agonist radioligand) 104.2 116.7 110.4
GABA (non-selective) (agonist radioligand) 128.7 109 118.8
GAL2 (h) (agonist radioligand) 98.7 107.9 103.3
CXCR2 (IL- 8B) (h) (agonist radioligand) 98 96.7 97.3
CCR1 (h) (agonist radioligand) 102.5 103.1 102.8
H1 (h) (antagonist radioligand) 110.6 102.4 106.5
H2 (h) (antagonist radioligand) 116.4 129.4 122.9
MC4 (h) (agonist radioligand) 104.5 118.1 111.3
MT1 (ML1A) (h) (agonist radioligand) 88.7 74.3 81.5 >50% at 10 uM
MT1 (h) (antagonist radioligand) 112.7 111.1 111.9
M2 (h) (antagonist radioligand) 110.8 109.8 110.3
M3 (h) (antagonist radioligand) 83.4 86.6 85
NK2 (h) (agonist radioligand) 104.3 107.7 106
NK3 (h) (antagonist radioligand) 99.9 109.1 104.5
Y1 (h) (agonist radioligand) 110 106.4 108.2
Y2 (h) (agonist radioligand) 106.2 112.2 109.2
NTS1 (NTT1) (h) (agonist radioligand) 113.9 112.5 113.2
delta 2 (DOP) (h) (agonist radioligand) 110.6 91.1 100.8
kappa (KOP) (agonist radioligand) 95.7 108.2 101.9
mu (MOP) (h) (agonist radioligand) 102.5 102.3 102.4
NOP (ORL1) (h) (agonist radioligand) 97.9 100.1 929
5-HT1A (h) (agonist radioligand) 108.3 111.9 110.1
5-HT1B (antagonist radioligand) 113.9 110.7 1123
5-HT2A (h) (antagonist radioligand) 130.9 116.4 123.6
5-HT2B (h) (agonist radioligand) 85.5 100.8 93.1
5-HT3 (h) (antagonist radioligand) 105.2 102.9 104.1
5-HT5a (h) (agonist radioligand) 111.9 100.7 106.3
5-HT6 (h) (agonist radioligand) 110.7 110.1 110.4
5-HT7 (h) (agonist radioligand) 98.5 104.5 101.5
SST (non-selective) (agonist radioligand) 115.4 114.3 114.9
VPAC1 (VIP1) (h) (agonist radioligand) 112.7 118.3 115.5
Vla (h) (agonist radioligand) 104.8 114.9 109.9
Ca2+ channel (L, verapamil site) (phenylalkylamine) 97.7 105.6 101.6
KV channel (antagonist radioligand) 99.1 99.5 99.3
SKCa channel (antagonist radioligand) 104.5 103.7 104.1
Na+ channel (site 2) (antagonist radioligand) 107.5 90.1 98.8
Cl- channel (GABA-gated) (antagonist radioligand) 94.1 93.1 93.6
norepinephrine transporter (h) (antagonist radioligand) 105.3 94.5 99.9
dopamine transporter (h) (antagonist radioligand) 91 90.5 90.8
5-HT transporter (h) (antagonist radioligand) 56.5 53 54.7 >50% at 10 uM

Data generated in CEREP (http://www.cerep.fr/Cerep/Users/index.asp).
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Table 3
P2X subtype selectivity of [NJ-47965567 (Calcium flux assay; FLIPR)

Conc (uM) % Inhibition
0.003 6.59
0.01 7.79
0.03 18.21
0.1 6.49
0.3 17.21
1 20.71
3 20.42
10 2.78

% Inhibition

Conc (uM) % Inhibition
0.003 1.31
0.01 1.89
0.03 -2.83
0.1 1.48
0.3 -2.15
1 -0.04
3 -1.69
10 -3.79

13.86 4.79 5.9

10.87 8.71 2.34
6.02 9.45 6.71
9.59 6.2 4.52

10.02 9.49 3.26
7.44 14.06 10.57
4.71 18.03 5.57
7.37 16.58 9.93

hP2X2/P2X3
% Inhibition

2.07 6.91 1.53
2.92 7.62 1.93
4.39 8.91 1.69
6.86 9.85 2.25
5.67 8.84 1.66
1.98 10.68 1.68
2.52 10.53 1.36
3.62 11.01 0.41

% Inhibition

Conc (uM)

0.003
0.01
0.03
0.1
0.3

1

3

10

12.95

8.68
10.63
14.04
15.37
11.76
13.54

6.79

8.65
4.23
3.04
6.55
5.5

6.81
2.09
1.45

The ability of [NJ-47965567 to act as an antagonist on all P2X channels was evaluated with a calcium influx assay. Each channel was activated
with the agonist a3-meATP (P2X1, P2X3 and P2X2/P2X3) or Bz-ATP (for P2X2 and P2X4). The ability of each test article to inhibit this signal
was examined and compared to the positive control antagonist (100 or 300 uM PPADS). The signal, elicited in the presence of the respective
positive control agonist, was set to 100% (0% inhibition) and the signal in the presence of the respective positive control antagonist was set
to 0% (100% inhibition). Data are presented as normalized inhibition.

Conc, concentration.

Efficacy of [NJ-47965567 in models of
depression, mania and chronic pain

Having established P2X7 occupancy with JNJ-47965567 and
blockade of IL-1f release in rat brain, the next series of experi-
ments were designed to address the role of P2X7 in models
of depression (forced swim test; Supporting Information
Figure S2), mania (amphetamine hyperactivity) and chronic
pain (Chung model of neuropathic pain). The compound had
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no effect on any of the behavioural parameters in the forced
swim test (Supporting Information Figure S2).

Amphetamine hyperactivity. Locomotor activity from the
acute phase (day 1) and sensitized phase (day 8) are shown
in Figure 9A and B, respectively. Amphetamine (2 mg-kg™)
administration (big arrowhead) caused changes in locomotor
activity that sensitized between day 1 and day 8 in rats. On



Ex vivo autoradiography

A rat hippocampus
= 1004 B
c3 3 A-804598 (SC 10 mg-kg™)
& 75 4B A-438079 (SC 10 mgkg™)
o % i £+ INJ-47965567 (PO 10 mg-kg™")
g 8 - UNJ-47965567 (SC 10 mg-kg™)
S 504
N~
8%
2a 95
S R
0 < T
0 2 4 6
Time (h)
B
100- @ JNJ-47965567 brain conc
- <3+ INJ-47965567 free (2%)
82 g
c 2
§’ § 60
3 4
58
C
o) ; 40
©
g& 20+
e
0 T T T T T 1
0.01 0.1 1 10 100 1000 10000
Conentration (ng-mL™")
Figure 7

Ex vivo brain P2X7 binding autoradiography by JNJ-47965567,
A-438079 and A-804598. (A) Duration of occupancy for P2X7
antagonists post systemic administration in rats. (B) Occupancy
versus brain concentration of JNJ-47965567 post-s.c. dosing. The
solid line is the true concentration in the brain and the dotted line
is extrapolation of free concentration based on 98% protein
binding in rat brain tissue. Ex vivo receptor labelling was expressed
as the percentage of receptor labelling in corresponding brain areas
(i.e. hippocampus) of saline-treated animals. Symbols represent
mean £ SEM from at least two to three rats per time point or dose

group.

day 1, there were no significant differences between the
groups (vehicle and JNJ-47965576 treated, small arrowhead)
at any time point, indicating that JNJ-47965567 did not have
any effect on basal locomotor activity (0-50 min in
Figure 9A) nor did the compound modulate amphetamine-
induced changes in locomotion. On day 8, JNJ-47965567
(30 mg-kg™") pretreatment attenuated sensitization; such that
on day 8 significant differences between drug-pretreated and
vehicle-pretreated groups were revealed. Due to the dramatic
effect of JNJ-47965567 at blocking amphetamine-induced
hyperactivity, and in order to rule out off-target effects, we
sought to test the role of P2X7 by phenotyping knockout
animals in the amphetamine model as well. Wild-type mice
demonstrated sensitization to amphetamine. Moreover, P2X7
knockout mice demonstrated a protection of sensitization, a
behaviour consistent to that observed post-JNJ-47965567
administration (Supporting Information Figure S3). Taken

P2X7 pharmacology of |NJ-47965567

A IL-1B microdialysis
rat hippocampus
-#- Vehicle
S UNJ-47965567 (SC, 30 mg-kg™)
- UNJ-47965567 (SC, 100 mg-kg™)
Bz-ATP infusion

175
—~ 1504 =
FI aE; §100
2] e =
= 100 g8 50 :
(@] S -+ 100 mg-kg™
e; 754 ng’ag 25 20 mg-kg™
=y S
< 50
I
= 254
O_,., ,,,,,,,,,,,,,, e
0 2 4 6 8 10
Time (h)
B IL-1B microdialysis
mouse brain
50 -
= Bz-ATP infusion
4
£ - WT
g 254 = P2X7KO
a
3
=
0 aa
0 2 4 6 8 10
Time (h)
Figure 8

In vivo microdialysis assay to measure brain IL-1B levels in freely
moving rats and mice. Bz-ATP infused IL-1p release in rat (A) or
mouse (B) brain. Solid line indicates time of Bz-ATP infusion. Data are
mean from four (rats) or six (mice) independent experiments. Inset:
Duration of P2X7 occupancy, as assessed by ex vivo autoradiography,
post systemic dose of |NJ-47965567.

together, we conclude that P2X7 ion channel plays a role in
amphetamine-induced sensitization of locomotion.

Chung model of neuropathic pain. Animals prepared with
Chung lesions demonstrated a prominent tactile allodynia at
10-14 days post-operatively (Figure 10). Animals that exhib-
ited a tactile threshold of 3 g or less were considered signifi-
cantly allodynic and were selected in the study. Subcutaneous
delivery of Gabapentin (200 mg-kg™) resulted in a significant
reversal of the allodynia that lasted in excess of 120 min.
While 3 mg-kg' dose group had no effect, JNJ-47965567,
30 mg-kg's.c. resulted in a statistically significant numerical
increase in tactile thresholds lasting from 30 to 60 min
post administration. Interestingly and to our surprise, the
100 mg-kg™" dose group did not exhibit any efficacy. No effect
on contralateral thresholds was noted for any treatment.

British Journal of Pharmacology (2013) 170 624-640 635



A Bhattacharya et al.

A
60001

5000+
40004
3000+
2000+
1000+

day 1 -& Vehicle
-+ 30 mgkg™

Distance (cm)

0 T T T T ]
-100 -50 0 50 100 150 200
Time (min)

6000 1 day 8

-& Vehicle

Je—1
sensitization - 30mgkg

Distance (cm)
w
o
o
o

-100 -50 0 50 100 150 200
Time (min)

Figure 9

Effect of JNJ-47965567 on amphetamine induced hyperactivity in
rats. Distance travelled is shown for day 1 (A) and day 8 (B). Small
arrowhead: JNJ/47965567/vehicle (30% SBE) administration; Fat
arrowhead: amphetamine administration. On day 8, 30 mg-kg™" JNJ-
47965567 attenuated locomotor activity compared to vehicle at the
following 10 min bins: 0-10 min (P 0.02), 10-20 min (P 0.0008),
20-30 min (P 0.000003), 30-40 min (P 0.0000005), 40-50 min
(P 0.000001), 50-60 min (P 0.000001), 60-70 min (P 0.000001),
70-80 min (P 0.0007), 80-90 min (P 0.002) and 90-100 min
(P 0.04). Asterisks denote statistical significance.

Animals given Gabapentin showed sign of sedation in two of
six animals by 60 min but were easily aroused. These results
show that Gabapentin had an anti-allodynic action of an
expected magnitude and duration. The test article at
appeared to have a modest effect only at 30 mg-kg™".

Discussion and conclusions

In this manuscript, we present a novel CNS permeable P2X7
antagonist (JNJ-47965567) that exhibits good affinity/
potency for the channel. Pharmacokinetic/pharmaco-
dynamic properties of the compound lend itself suitable as a
tool compound to probe the role of P2X7 in rat models that
attempt to simulate the pathology of the disease in question.
Currently used tool compounds in the literature such as Bril-
liant Blue G, Evans Blue, TNP-ATP or PPADs are non-selective
and often, fail to address the role of P2X7 convincingly due
to the poly-pharmacology of these compounds. Recently,
several P2X7 antagonists have been available commercially
such as A-804598, A-740003, A-839977 and A-438079 that are
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more potent and selective for P2X7; although, with the
exception of A-438079, all of the remaining three compounds
exhibit good rat P2X7 potency, our compound, JNJ-47965567
is superior in terms of brain to plasma ratio and hence is a
better tool compound to understand the role of P2X7 in CNS
models of pathophysiology.

As demonstrated by the results, we have used a battery of
assays in both recombinant and native systems to character-
ize JNJ-47965567. The compound exhibits good pharmacol-
ogy in vitro with slow wash-off rate that often aids in
increased residence time at the target. Our data did not indi-
cate any apparent disconnect between pharmacokinetics and
pharmacodynamics (ex vivo target engagement) and as such
slow reversibility of the compound did not offer any
increased residence time on P2X7, independent of pharma-
cokinetics. The proinflammatory cytokine IL-1f is one of the
major factors that mediate the cross-talk between neuroglia
in the CNS (Khairova et al., 2009). P2X7 is expressed pre-
dominantly in the glial cells and activation of P2X7, in the
presence of high local concentrations of ATP during episodes
of stress, injury and inflammation result in activation of the
channel. This in turn causes release gliotransmitters (ATD,
glutamate/glycine, chemokines, cytokines such as IL-1,
cathepsins) that signal the activation of the ‘neuroinflamma-
tory’ cascade including microglial activation and astrogliosis.
Glial activation causes more release of ATP, thereby engaging
more number of P2X7 channels, which in turn can spiral into
a vicious cycle causing neuroactive cytokine storm and acti-
vated glial tone, both of which may contribute to various
CNS pathophysiology including mood and neurodegenera-
tive disorders (Khansari and Sperlagh, 2012; Jones and
Thomsen, 2013). This is a dynamic process and as such, it is
not clear whether P2X7 is critical in the initiation or main-
tenance of glia derived neuropathophysiology. We hope our
compound presents a viable tool to address these important
questions.

In this study, we attempted to address the role of P2X7 in
three classic models used to gauge the utility of compounds
in depression, mania and pain. In the forced swim test, JNJ-
47965567 did not exhibit any efficacy in rat forced swim test
(Supporting Information) similar to a recent paper that has
demonstrated that P2X7 knockout mice do not display a
phenotype on day one of testing (Boucher ef al., 2011). This
is however, in contrast to protective effects of despair behav-
iour in P2X7 knockout mice in the forced swim test on day 1,
observed by other groups (Basso et al., 2009; Csolle et al.,
2013). It is however plausible that the compound may have
to be dosed chronically (multiple days) to see efficacy or the
animals may have to be stressed over time to engage P2X7, or
a combination of both. However, JNJ-47965567 did show a
significant effect on attenuating the sensitization of ampheta-
mine induced locomotion. While this model has been linked
to manic episodes of bipolar disorder, it is not clear to us at
this time, the neurochemical mechanism behind the effect
of JNJ-47965567. In the amphetamine-challenged rats, the
effect of JNJ-47965567 was not due to modulation of norepi-
nephrine, serotonin or dopamine, as these neurotransmitters
were relatively unchanged in the two groups (Aluisio et al.,
unpubl. data). It is possible that amphetamine may produce
local burst of ATP as a result of hyperexcitability and our
data with the P2X7 antagonist may suggest ATP-induced
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Figure 10

Effect of JNJ-47965567 on reversal of allodynia in a rat model of neuropathic pain. Rats undergoing Chung surgery nerve ligation exhibited
prominent allodynia at 10-14 days. Animals (six rats per group) were treated with a single dose of the compounds and allodynic behaviour was
assessed at the time points indicated on the X-axis. JNJ-47965567 (30 mg-kg™') demonstrated modest yet significant efficacy. **P < 0.01;

*P < 0.05.

activation of P2X7 in the rat brain during amphetamine
sensitization phase. Nonetheless, this effect of JNJ-47965567
was significant, reproduced in knockout animals and was
recently published by an independent laboratory (Csolle
et al., 2013). The third and final model was the Chung model
of neuropathic pain. To our surprise, JNJ-47965567 did not
exhibit robust efficacy; the effect at 30 mg-kg' dose was
modest (yet significant) and transient effect that did not
follow a traditional dose proportional increase in effect size at
100 mg-kg™. We were surprised at this observation, because
P2X7 knockout mice do not develop allodynia in a similar
model of neuropathic pain (Chessell et al., 2005) and several
publications have indicated a role of P2X7 in models of
neuropathic pain. In this study, JNJ-47965567 was dosed
acutely (one s.c. dose); in order to maintain sustainable occu-
pancy of P2X7 with this compound, it is important to dose
the compound chronically over several days and probably
that underpins the discrepancy between our study and the
knockout phenotype. We tried to dose JNJ-47965567 at a
higher dose to address sustainable occupancy, but the dura-
tion of action of the JNJ-47965567 over a 24 h period reveals
that the P2X7 occupancy is not significantly different
between the 30 and 100 mg-kg' doses. The effective dose of
JNJ-47965567 was 30 mg-kg'. Interestingly, at this dose, close
to full maximal target engagement (as measured by ex vivo
autoradiography) was observed with no effect on brain IL-1,
as assessed by infusion of 100 mM Bz-ATP in the rat brain.
Whether P2X7 intervention will be therapeutically ben-
eficial in neuropsychiatry, neurodegeneration and chronic
pain remains an unanswered question. More importantly, the
degree and duration of target occupancy required for efficacy
is unclear: more P2X7 antagonists need to be profiled in a
battery of efficacy models to get a better understanding of this
occupancy-efficacy relationship. So far, besides this publica-
tion, only a limited number of papers have specially tried to

address the role of P2X7 antagonists in mood disorders. There
is clearly a growing appreciation of the role of neuroglia
cross-talk, and a glial target such as P2X7 would certainly be
a novel mechanism to address these unmet medical needs.
Our contribution to the field is in disclosing the pharmacol-
ogy of a novel, high-affinity, selective P2X7 antagonist that
will certainly be a valuable tool compound to address probing
questions such as those discussed in this manuscript. In the
process, we have attempted to establish target engagement
with our compound, which too often is not used in the
literature prior to running in vivo efficacy models. This paper
highlights the use of a spectrum of assays, both in vitro and in
vivo, and in the process characterized the P2X7 antagonist
JNJ-47965567.
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Supporting information

Additional Supporting Information may be found in the
online version of this article at the publisher’s web-site:

Figure S1 100 nM of JNJ-47965567 was added at time zero
(blue arrow) followed by initiation of the wash cycle at
30 min (black arrow). Wash was repeated every 30 min with
reading occurring at 3, 4, S and 6 h time point. Bz-ATP was
used as stimulus.

Figure S2 Effects of [NJ-47965567 on frequency of immobil-
ity, climbing and swimming behaviour (forced swim test) in
rats. Bar graphs represent the mean behaviour dosed with
desipramine, vehicle and JNJ-47965567. SBE: sulfobutylether
beta-cyclodextrin; *P < 0.001.
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Figure $3 Phenotype of P2X7 knockout mice in ampheta- Duncan’s post hoc test showed that the knockout had a sig-
mine induced hyperactivity model. Distance travelled is nificantly attenuated response to amphetamine (genotype x
shown for day 1 (A) and day 4 (B). Small arrowhead: time interaction; *P < 0.005 at the first four time points after
amphetamine administration. Repeated measures ANOvAa and amphetamine, Duncan’s post hocs).
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