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P2X7 ANTAGONISTS ASFRONTLINE OR ADJUNCTIVE TREATMENT
AGAINST STATUSEPILEPTICUS

TECHNICAL  FIELD

The invention belongs to the technical field of the new uses of compounds for
treatment of disorders with no known therapy or whose current therapy has undesired
effects that should be avoided. Particularly, the invention refers to P2X7 antagonists for
frontline or adjunctive treatment of status epilepticus and neonatal seizures, especially

refractory status epilepticus or neonatal seizures.

BACKGROUND OF THE INVENTION

Satus epilepticus (SE) isamajor neurological emergency that is associated with
high mortality and morbidity, including permanent damage to the brain. It is not a
unitary condition, but rather a collection of disorders that share persistent or recurring
seizures. The seizures may be a manifestation of epilepsy, new or persistent, or may
occur inthe course of another neurological or medical illness, never to return.

Most epileptic seizures last no more than a minute. Occasionally, however, a
seizure does not spontaneously terminate, and instead continues. When seizures fail to
self-terminate they can develop into status epilepticus. Status epilepticus is defined as a
single seizure lasting 30 min or more, or as two or more seizures without complete
recovery, athough shorter operational definitions are now used (Rona et al., 2005;
Wasterlain and Chen, 2006), so that single seizures lasting more than 5 min without
recovery can be considered status epilepticus. It has an incidence of at least 20/100,000
population. Satus epilepticus is the most common neurological emergency in children,
with an incidence of 17 - 23 per 100,000 population (Chin & al., 2006), the immature
brain being more susceptible to seizure development (Haut et al, 2004) as well as more
prone to immediate and long-term adverse neurological consequences.

Satus epilepticus occurs when the normal mechanisms in the brain for seizure
termination fail. These changes include decreased y-aminobutyric acid (GABA)A
receptor density (Naylor e al., 2005) and increased glutamate receptor density
(Wasterlain and Chen, 2008; Wasterlain et al., 2009). Changes to sodium channels, pH-

sensitive ion channels, reductions in extracellular adenosine and atered glia function,
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and occurs when the normal mechanisms in the brain for seizure termination fail. These
changes include decreased y-aminobutyric acid GABAA receptor density (Naylor et al.,
2005) and increased glutamate receptor density (Wasterlain and Chen, 2008; Wasterlain
et a, 2009). Changes to sodium channels, pH-sensitive ion channels, reductions in
extracellular adenosine and altered glial function, aso contribute.

SE is aneurological emergency that can be profoundly damaging to the brain,
producing hippocampa and extra-hippocampal neuron loss in humans (DeGiorgio et
al., 1992; Fujikawa et al., 2000)

Another neurological disorder that seems to be associated to GABA , receptors,
similarly to SE, isthat of seizures in neonates. Neonatal seizures - seizures during the
period from birth until the end of the first month - are more common than at any other
time of life; up to 3.5 per 1000 births. Seizures in neonates are avery serious problem
and are linked to poor neurological outcomes including cerebral palsy, lowered 1Q and
later-life epilepsy. Neonatal seizures pose a particular challenge to diagnose and are
frequently missed. Their cause seems to be closely related to that of adult status
epilepticus, since they seem to be associated to the presence of a benzodiazepine-
insensitive GABAA subunit during brain development, also linked to the depolarizing
effects of GABA inthe immature brain. Indeed, seizures in neonates are often recurrent
and/or prolonged, being considered then as neonatal status epilepticus, which is
associated with poor outcome in the neonatal population. There is no consensus,
however, in the definition of neonatal status epilepticus, or even, if the concept can be
applied to neonates or only neonatal seizures exist: while some authors (Pisani et al.,
2007) apply for neonatal status epilepticus the conventional definition (a single seizure
lasting 30 min or more, or two or more seizures without complete recovery), other
authors (Lawrence and Inder, 2010) consider that electroencephalographic criteria are
more appropriate, citing as better definition any electrographic recording with seizure
activity > 50% in the length of the recording time.

Critically, no drug has been developed specifically for neonatal seizures and
there has been little progress in their effective treatment. Indeed, phenobarbitone, the
most commonly used drug for treating neonatal seizures, fails to stop neonatal seizures
in over 50 % of cases. Lorazepam, the first-line therapy for status epilepticus in children

and adults, also commonly fails to stop neonatal seizures. Thus, there is a need to
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identify novel approaches to treating neonatal seizures, particularly when they are
recurrent and/or prolonged.

Therapy for SE, in turn, should proceed simultaneously aong three fronts:
termination of SE, prevention of recurrence, and treatment of complications.
Management of SE can be challenging. Clinical data indicate that spontaneous cessation
of generalized convulsive seizures is unlikely after 5 min and, therefore, acute treatment
is required; in the case of children spontaneously remitting seizures may last dightly
longer, even up to 12 minutes, but after this duration treatment will be required to
terminate the seizure.

Frontline pharmacotherapy for SE is with anticonvulsants such as
benzodiazepines, with lorazepam being the drug of first choice (Lowenstein, 2005;
Chen and Wasterlain, 2006): 0.1 mg/kg lorazepam, given intravenously over 30-60
seconds, is the most common treatment. Lorazepam is usually the benzodiazepine of
choice for initial treatment due to its long (2-8 hour) duration of action and rapid onset
of effect, thought to be due to its high affinity for receptors of the brain's main
inhibitory neurotransmitter, GABA, whose effect is enhanced by lorazepam. If
lorazepam is not available, or intravenous access is not possible, then diazepam should
be given: 0.15 mg/kg diazepam is also a common treatment. Barbiturates (also
compounds whose action is thought to be due to their affinity for GABAA receptors)
and a selection of anti-epileptic drugs including phenytoin or other hydantoin
derivatives are also used (Lowenstein, 2005; Wasterlain and Chen, 2008), particularly
when the seizure continues after ten minutes; then, a common treatment is repeating the
same dose of lorazepam/diazepam repeated and administering 18 mg/kg phenytoin over
20 minutes. Cardiac monitoring is a must when phenytoin is administered
intravenously. If the seizure continues after ten minutes, further non-anesthetizing
anesthetic can be considered, e.g. phenobarbital 20 mg/kg given at 50 mg/min, and a
further dose of lorazepam, 4-8 mg stat dose; the patient is usualy transferred to
intensive care setting in this condition. When conventional anticonvulsant treatment
fails, arapid sequence induction of anesthesia using, for instance, thiopentone 4 mg/kg
iv, as a bolus over 20 seconds, is administered, then further boluses of 50 mg until
seizures are controlled, continuing infusion which produces a burst suppression pattern

on electroencephalogram (EEG).
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Many patients respond to the first or second dose of anticonvulsants. But high or
repeated doses of anticonvulsants are often required to ensure seizure cessation, with
associated risks to life from respiratory depression and coma (Lowenstein, 2005;
Wasterlain and Chen, 2008). Barbiturates are used in many cases to induce barbituric
comma, particularly when the seizures have to be stopped immediately: it must be
remembered that attention to the fundamentals of airway, breathing and circulation must
not be neglected and, frequently, the most efficient way to control the airway and
respiration israpid pharmacological termination of SE. The more time a patient spends
in continuous seizures, the harder it becomes to terminate tire seizures with current
drugs, particularly anticonvulsants. Thus, if SE interruption is not prompt, the
responsiveness to anticonvulsants declines, and seizures become pharmacorefractory in
10-40 % of SE patients (Lowenstein, 2005). It is common to refer to that situation as
refractory status epilepticus (RSE). The scientific basis underlying the drop in efficacy
of anticonvulsants (particularly benzodiazepines and barbiturates) is not fully
understood, but it appears to be due to desensitization or downregulation of the GABA
receptor in the brain (Lowenstein, 2005; Wasterlain et al., 2009).

For some practitioners, the failure of lorazepam alone is considered to be enough
to classify a case of SE as refractory; for others, failure of any one of the standard
regimes of SE treatment (lorazepam, phenobarbital, diazepam followed by phenytoin,
phenytoin alone) should congtitute refractory status epilepticus. Other authors require
fallure of two or three conventional anticonvulsants before deeming SE refractory.
Nevertheless, it can be considered that none of the conventional anticonvulsants has a
useful role in terminating RSE. The most important therapies are general anesthetic
agents, or other drugs used a higher than normal doses to exploit their genera
anesthetic  effects. However, concerns about the adverse hemodynamic and
immunological effect of anesthetic doses of effective compounds such as pentobarbital
and thiopental has led many investigators to search for less toxic agents.

Some researchers have tried to enhace the efficacy of benzodiazepines in the
treatment of status epilepticus, in order to counteract the decrease of the sensibility to
benzodiazepines associated to the increase in the duration of the seizures.
Glucocorticoid receptor antagonists, such as mifepristone, have been proposed for that
object in International Application W0O2006/060736. The asssays carried out with rat
models set out in said International Application confirm that treatment of rats with
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mifepristone increases efficiency of diazepam, both when mifepristone is administered
before the onset of SE or when the administration takes place once the onset of SE has
occurred. Analogously, other compounds that could also potentiate the effect of
benzodiazepines are being sought.

Glutamate receptor antagonists appear to remain effective anticonvulsants
during SE (Wasterlein and Chen, 2008), but concerns over safety (Ubogo et d., 2003)
necessitate identification of further targets.

New anticonvulsant drugs may aso have an important role in R SE treatment. As
GABAergic failure seems to be associated with the loss of efficacy of tradiona
anticonvulsants in the treatment of both RSE and neonatal seizures, it should be
advisable to search for drugs useful for neonatal seizures and/or RSE management
whose targets are not GABA receptors, and finding drugs with anticonvulsant properties
that work through a completely different mechanism. Moreover, as previously
mentioned, termination of seizures should not be the only goal to achieve, but
prevention of recurrence should also be another important objective to accomplish.

Adenosine 5'-triphosphate (ATP) is an important neurotransmitter and
gliotransmitter in the nervous system (Burnstock, 2007). ATP is stored and released in
response to neuronal and glial activation and its myriad effects include modulation of
synaptic strength, glia-neuron communication and cell death (Burnstock, 2007). Under
normal conditions, extracellular ATP israpidly removed from the synaptic cleft by the
action of ectonucleotidases. While intracellular ATP levels are depleted during SE,
extracellular ATP concentrations actually increase during sustained electrical activity,
following tissue trauma and under inflammatory conditions. ATP acts as a fast
neurotransmitter vialigand-gated ionotropic P2X receptors (Edwards et al., 1992; Evans
et al., 1992). P2X receptors are present in the brain, including a excitatory synapses,
and have been implicated in neurodegenerative and neuroimmune disorders (Franke et
a., 2006; Burnstock, 2008). Particular interest has emerged in the P2X7 receptor
(P2X7R) subtype. P2X7R, which can gate calcium as well as sodium, has been
proposed to enhance glutamate release, mediate death of neurons and to have trophic
effects on microglia. This receptor might play arole in the development and progression
of certain clinical disorders such as chronic inflammation, neurodegeneration or chronic
pain. Accordingly, their antagonists have been suggested for the treatment of said

disorders.
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According to North (North RA, 2002), available P2X7R antagonists can be
classified into four main groups. The first group contains ions, such as calcium, copper,
magnesium, zinc, and protons, all of which inhibit ATP-evoked currents through the
P2X7 receptor channel. The second group includes generic or non-selective P2X
receptor antagonists such as oxidized ATP (0-ATP: ATP 2,3-dialdehyde), pyridoxal-
phosphate’-azophenyW"'-disulfonate (PPADS), and Brilliant Blue G (BBG). Third,
are the compounds that contain two large cationic cations, i.e. the isoquinoline KN-62
(1N O-bis[5-isoquinolinesulfonyl]-V-methyl-L -tyrosyl)-4-phenylpiperazine and the
imidazole calmidazolium, which function to block currents through P2X7 receptors and
thereby prevent their activity. These compounds (KN-62, PPADS (which is considered
to be awide spectrum P2 antagonist), oxidized ATP or Brilliant Blue G) (see panel A of
Fig. 1 for their structural formula) can be considered the historically known P2X7
antagonists, BBG being the most specific one, athough it also inhibits P2X2 and some
P2Y receptors in the low micromolar range. More recently, decavanadate, a polymeric
form of vanadate (V ,,028) 6 has been reported to be a reversible and competitive P2X7
receptor antagonist (Michel et al, 2006), athough not selective.

Other compounds have been developed in the last years in order to have more
specific antagonists: cyclic imides like the compound known as AZ1 16453743 (3-(I-
(3-nitrobiphenyl-4-yloxy)-4-(pyridine-4-yl)butan-2-yl)thiazolidine-2,4-dione),
adamantane amides like the compound known as GSK314181A, aryl carbohydrazides
as diarylimidazolines, cyanoguanidines like the compound known as A-740003 ((»-(1-
{[cyanoimino)(5-quinolinylamino)methyl]amino}-2 ,2-dimethylpropyl)-2-(3,4-
dimethoxyphenyl)acetamide) or disubstituted tetrazoles like the compound known asA -
438079  (3-((5-(2,3-dichlorophenyl)-I H -tetrazol-I-yl)methylpyridine) (@l of them
depicted in Fig. 1) have been the subject of recent publications and revisions (see, for
instance, Romagnoli et al., Gunosewoyo et a., Donnelly-Roberts et a.). The
compounds belonging to the series of disubstituted tetrazoles and cyanoguanidines seem
to be potent and selective P2X7 antagonists.

The group of the disubstituted tetrazoles in particular has been the object of
several studies about their activity and other properties such as their solubility.
International Patent Application W02006086229 discloses the use of compounds of the

general Formula |
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can affect their activity as P2X7R antagonists and some other properties of the obtained

15 compounds.
All modifications seem to give rise to compounds with activity as P2X7R
antagonists, although differences in the activity and in some characteristics such as the

solubility could be observed.
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The use of P2X7R antagonists has been proposed for the treatment of chronic
inflammation and pain (Carroll et a., 2009). Most compounds known to inhibit at least
some P2X7-mediated central nervous system inflammatory responses fall within the
groups of non-selective P2 receptor antagonists and the class of the imidazole
derivatives. The use of tetrazole derivatives, such as A-438079 (3-[[5-(2,3-
dichlorophenyl)-l H-tetrazole-1-yl] methyl] pyridine hydrochloride), for the treatment of
neuropathic pain, inflammation and several neurodegenerative disorders, has been the
subject of several patent applications, such as WO 2005/111003 and W0O2006/086229.
In both of them, P2X7 antagonists are presented as compounds useful in methods for
the prevention or treatment of neurodegenerative diseases such as Alzheimer's disease,
Parkinson's disease, amyotrophic lateral sclerosis, Huntington's disease, dementia with
Lewy bodies, multiple sclerosis or diminished CNS function resulting from traumatic
brain injury. However, as it is acknowledged in WO 2006/086229, the claimed
therapeutic methods are based on the fact that the compounds described in the
application are antagonists of the P2X7 receptor, taken together with previous reports
on a link between P2X7 receptor and chronic, inflammatory and neuropathic pain
(Hatcher et a., 2003), as well as with the results demonstrating a decrease of
histological injury and improved recovery of motor function in spina cord injury
animal models treated with antagonists to the P2X7 receptor. None experimental prove
is given in WO 2006/086229 of the positive effect of such compounds for
neuroregeneration or treatment of neurodegeneration, the in vitro secretion of IL-13 and
the in vivo antinociceptive effect being the only experimental results included in the
application. Apart from that, the remaining Examples contain only the description of the
synthesis of the specific P2X7 compounds of the application and the assays to verify
their structures. This situation is more remarkable in the case of W02005/1 11003,
where the in vivo assays carried out to assess mechanical allodynia and hyperalgesia are
placed before Example 1, not mentioning explicitly the compounds used in the assays.

Also the derivatives of tetrahydro trizolo pirazine have been proposed as
possible P2X7R antagonists. International application W02010/125102 describes the
synthesis of many of such derivatives, as well as assays to evaluate their potential to
antagonize the effects of ATP on P2X7 receptor. An utility of said compounds for the

treatment or prevention of neuropathic pain, inflammatory pain, rheumatic arthritis,



WO 2013/087943 PCT/EP2012/075867

10

15

20

25

30

9

osteoarthritis, degenerative disorders or epilepsy isaso suggested in the application; but
this utility is only based on the capability to antagonize ATP effects, assessed through
assays in cultures of cells expressing the receptor, and no in vivo Example gives any
proof to support that possible use of the compounds.

The use of P2X7R antagonists has also been proposed for the treatment of
pathologies that associated to the loss of axonal endings and/or absence or reduction of
axonal growth. Patent application WO2010/018280 discloses that inhibition of P2X7R
induces axon elongation and ramification in the hippocampus, which effect might have
a positive influence in the treatment of cognitive pathologies such as Alzheimer's
disease, cerebral ischemia, epilepsy, schizophrenia, amyotrophic latera sclerosis,
myasthenia gravis or even the loss of enervation due to an intoxication with botulinum
toxin. The Examples contained in said application performed with anima models aso
demonstrate that P2X7R antagonists able to crossing the blood brain barrier (such as
BBG, KN-62 or the inhibitor known as decavanadate, [VloOzs]ﬁ“) can be administered
intravenously or intraperitoneally to observe an effect in axonal regeneration and/or
ramification in the hippocampus, not being necessary their direct delivery to the centra
nervous system.

P2X7R expression has been reported tobe altered in the brain following seizures
(Vianna et al., 2002; Rappold et a., 2006; Dona et al., 2009). However, no study has
evaluated a possible contribution of P2X7R to seizure generation or progression to a
pharmacorefractory  state in SE. No in vivo study has been carried out either to
demonstrate a possible involvement of P2X7R in seizures and, particularly, any possible
relation with the pharmacorefractory state.

In this context, the implication of P2X7R in seizure generation or progression
and the potential utility of their antagonists to treat or prevent status epilepticus and/or
neonatal seizures is doubtful. Meanwhile, the need of compounds capable to facilitate,
aone or in combination with other drugs, a prompt termination of seizure, and/or
capable to prevent their recurrence or the possible damages caused by the seizures,
remains to be there. Elucidation of novel molecular mechanisms underlying the
pathophysiology of SE or neonatal seizures (particularly, prolonged neonatal seizures or
neonatal SE) iscritical for it.

The present invention provides a solution to this problem, providing an insight

into the molecular mechanisms underlying SE.
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SUMMARY OF THE INVENTION

The present invention refers to the use of P2X7 receptors antagonists for the
treatment of status epilepticus in adults, children, infants and neonates, both as a stand-
alone medication for ameliorating or terminating status epilepticus or as adjunctive
treatment with current anticonvulsants, particularly GABA-based anti-convulsants, such
as benzodiazepines or barbiturates. The invention aso refers to the use of P2X7
receptors antagonists for the treatment of neonatal seizures, such treatment comprising
the shortening, termination or prevention of neonatal seizures, the reduction of seizure
time, seizure frequency, seizure power, seizure severity or the prevention of
neurological damage than ca be caused by such neonatal seizures, particularly the
hippocampal damage.

It is based on the finding that pharmacological blockade of P2X7R in an adult
mouse and neonatal rat model can significantly shorten and, in some cases, fully
terminate status epilepticus, both in pre- and post-treatment dosing regimen during SE,
and also protected the hippocampus from seizure-induced neuronal death. In mice given
a P2X7 antagonist the majority of animals never progressed to the point of continuous
seizures where the treatment with lorazepam becomes difficult or impossible; in some
cases, the animals became seizure free. The assays set forth below in the Examples of
the present application also provide evidences that these animals displayed significantly
less brain damage than the vehicle-treated animals which underwent status epilepticus.
Moreover, in the mouse model, co-injection of a P2X7R antagonist with lorazepam
after triggering SE, when electrographic seizure-responsiveness to lorazepam had
diminished, implying pharmacoresistance, effectively terminated SE. Thus, P2X7R
antagonists are not only a useful compound to terminate or ameliorate the status
epilepticus, but aso a useful tool to treat refractory status epilepticus when it is
administered with a GABA-based anti-convulsant, especially a benzodiazepine such as
lorazepam. Moreover, the assays carried out with the rat model, wherein a P2X7R
antagonist capable to cross the blood brain barrier was administered intraperitoneally,
support the applicability of P2X7R antagonists capable to cross the blood brain barrier
even when they are not administered directly to the central nervous system, which
allows to avoid administration routes not very appropriate and accessible in human

beings such asthe intacerebro ventricular route.
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Thus, in afirst aspect, the invention relates to an antagonist of P2X7 receptor, or
a pharmaceutically acceptable salt thereof, for the treatment of status epilepticus. The
subject in need of the treatment, that is, the subject suffering from status epilepticus, can
be an adult, a child, an infant, or a neonate. The antagonist can be used alone or in
adjunction with an anti-convulsant, particularly abenzodiazepine. The status epilepticus
can be refractory status epilepticus, in which case it is preferred the adjunctive
administration of a benzodiazepine. It is preferred the use of those antagonists of P2X7
receptor capable to cross the blood brain barrier, such as A-438079, Brilliant Blue G,
KN62 or decavanadate, as well as the pharmaceutically acceptable salts thereof.
Lorazepam isthe most preferred benzodiazepine.

In a second aspect, the invention refers to a method of use of an antagonist for
treating the seizure in the status epilepticus in an animal, which method comprises
administering to said animal an effective amount of the antagonist of P2X7 receptor or a
pharmaceutically acceptable salt thereof. The antagonist can be administered to the
anima prior to, contemporaneous with, or subsequent to start of the seizure. The
antagonist can be administered to the animal alone or in adjunction with a
benzodiazepine. In this last case, the antagonist can be administered prior to,
contemporaneous with, or subsequent to the administration of a benzodiazepine. The
status epilepticus can be in the pharmacorefractory state (refractory status epilepticus);
in this case, the administration in adjunction with a benzodiazepine is preferred. The
administration of the antagonist of the P2X7 receptor can be directly to the central
nervous system or, preferably, intraperitoneally or intravenously; in the case of
intravenous or intraperitoneal administration, antagonists of P2X7 capable to cross the
blood brain barrier must be used.

In athird aspect, the invention also refers to a method of use of an antagonist of
P2X7R for treating or preventing neonatal seizures or seizures in infants or in children
up to five years of age, wherein the antagonist of P2X7R is administered alone or in
combination with another approved treastment for neonatal seizures such as a
barbiturate, a benzodiazepine, any other approved anti-epileptic drug, or in-trial
medication such as bumetanide.

In afourth aspect, the invention refers to an antagonist of P2X7 receptor for use
in the treatment of neonatal seizures, wherein the antagonist of P2X7R is administered

alone or in combination with another drug. The drug can be, for example, a barbiturate,
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a benzodiazepine or bumetanide. The treatment sought can be the shortening,
termination or prevention of neonatal seizures, and/or the reduction of seizure time,
seizure frequency, seizure power, seizure severity, or even the prevention of

neurological damage.

BRIEF DESCRIPTION OF THE FIGURES

Fig. 1: Formulae of different antagonists of P2X7 receptor.

(A): Formulae of P2X7R traditional antagonists: Brilliant Blue G, PPADS
tetrasodium salt, KN62 and oxidized ATP. (B): Examples of more recently discovered
P2X7R antagonists are depicted: AZ116453743, GSK314181A, diarylimidazoline, A-
740003, A-438079.

Fig. 2: Mouse model of SE and effects of ATP:

(A) Traces representing extracellular ATP release detected in cultured
hippocampal neurons after stimulation with 100 uM glutamate. (B) Histogram showing
quantification of ATP levels (pmol per mg of protein) in presence or absence of the
vesicle fusion inhibitor NEM (N-Ethylmaleimide) (0.5 mM). (n = 3 per group). ***p <
0.0001 (C) Schematic showing (top) injection sites for KA (kainic acid) into the
amygdala and drug into the ipsilateral ventricle, and (below) cortical electrode
placement for EEG. (D) Representative photomicrographs showing FJB (Fluoro-Jade
B) staining in ipsi- and contra-lateral hippocampus 24h after KA injection (image invert
reveals damaged cells as black-stained cells). Note, positive (damaged) cells are in the
CA 3 region of the ipsi-lateral hippocampus (pointed by arrows). H, hilus; CAI-3, cornu
ammonis, CA3ac, subfields of CA3. (E) Average durations of HAHFDs (high
amplitude high frequency discharges) during SE: ATP increased seizure time whereas
the P2Y-selective agonist UTP had no effect; the adenosine analogue CPA decreased
seizure time. *p < 0.05 versus vehicle (n = 8-13 per group). (F) Representative EEG
traces during SE for each treatment group. Scale bar in D is250 uin.

Fig. 3: P2X7R signalling contributesto seizures during SE

(A) Duration of HAHFDs during SE. Injection of the P2X7R agonist BZATP
(benzoylATP) increased seizure time, whereas the P2X  wide-spectrum

agonist a/B-meATP (w/B-methylATP) had no additive effect (n = 8-13 per group). *p <
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0.05 compared to the vehicle, abbreviated "Veh" in the Figure. (B) Duration of
HAHFDs during SE and effects of P2XR antagonists. Pre-treatment of mice with BBG
and A-438079 (A43), but not PPADS, reduced seizures during SE (» = 6-14 per group).
(C) Representative EEG traces from animals during SE and pre-treated with different
antagonists and agonists. (D) Duration of HAHFDs during SE in mice pre-treated with
an antibody against an extracellular epitope of P2X7R. Note, significant decrease of
seizure time in mice pretreated with specific antibody against the P2X7R when
compared to animals injected with 1gG. (n = 6-7 per group; *p < 0.05). (E)
Representative traces of evoked intracellular calcium entry, measured by ratiometric
dye, in hippocampal neurons in response to BBG and glutamate (Glu).

Fig. 4: Altered P2XR expression after SE in hippocampus

(A) Representative western blots (n = 1 per lane) showing expression of
different P2X receptor subtypes (P2XR1-5 and 7) after SE in whole ipsi-lateral
hippocampus. aTubulin ("aTub" in the Figure) is shown as loading control. (B)
Quantification of P2X receptor protein levels of whole ipsi-lateral hippocampus after
SE, expressed as change fold versus the control (bars labeled as "C") (n = 4). (C)
Representative western blots (n = 1 per lane) showing P2X7R levels in the different
subfields of the ipsi-lateral hippocampus (CA3: cornu ammonis 3, CA1: cornu ammonis
1, and DG: dentate gyrus) after SE. B-Actin is shown as loading control. (D)
Quantification of P2X7R protein levels of different ipsi-lateral hippocampal subfields
after SE (n = 7-6). (E) Representative western blots (n = 1 per lane) showing P2X7R
protein levels of the whole contra-lateral hippocampus. (F) Quantification of P2X7R
protein levels in whole contra-lateral hippocampus showmg significant down-regulation
of the P2X7R at 8 h after SE. n = 4;*p <0.05

Fig. 5. Hippocampal distribution and cell phenotype expressing P2X7.

(A) Hippocampa P2X7R staining (4 X lens) in control and after SE (24 h).
P2X7R immunoreactivity is apparent within the main hippocampal subfields and
increases ipsilaterally while appearing to decline in the contralateral side. (B) Double-
label immunofluorescence staining (20 x lens) for P2X7R (green in the original) and
NeuN (red in the original) in the main hippocampal subfields at 24 h. P2X7R is co-
localized with NeuN in control conditions and after SE. (C) Double-label

immunofluorescence staining for P2X7R (green in the original) and, synpatophysin
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(Syn), NeuN, Iba-1 or GFAP (red in the original) as indicated over the photographs, at
24 h: P2X7R signal appear colocalized with the signal corresponding to the other
marker, except in the case of GFAP. Abbreviations. so, stratum oriens; sp, stratum
pyramidal; sr, stratum radiatum; si, stratum lucidum; gel, granular cell layer. Scalein A,
300 um, B, 80 i, C 20 um.

Fig. 6: Pretreatment with P2X7R antagonists protects against neuronal
death during SE.

(A) FIB positive cell counts in the CA3 subfield of the ipsilateral hippocampus
24 h after SE. Injection of BBG and A-438079 (abbreviated A43) shortly before KA
and immediately after lorazepam reduced cell death. *p < 0.05 compared to Veh,
vehicle. (B) Representative photomicrographs of FJB-stained CA3 neurons in the
ipsilateral hippocampus at 24 h for each group. (C) Surviving neuron counts in the CA3
subfield 24 h after SE showing protective effect of BBG and A-438079. (D)
Representative photomicrographs of NeuN-stained CA3 after SE. Note, improved
survival of neurons in mice injected with A-438079 and BBG. Graphs, n = 5-12 per
group. Scale bar inA is 180 wn

Fig. 7: P2X7R antagonists block IL-1 and suppress microglia after SE
°(A) Representative western blot (n = 1 per lane) showing early and sustained increase
in IL-1p protein levels after SE. B-Actin is included as a guide to protein loading. (B)
Western blot in = 1 per lane) showing SE-induced increase in IL-13 24 h after KA
injection is blocked in animals injected with BBG. aTubulin is included as a loading
control. (C) IL-1§ protein levels after SE showing reduction in BBG-treated mice (h =
3, *p < 0.05). (D) Representative fluorescence Iba-1 immunostaining of microglia in the
CA3 region of vehicle (Veh) and SE-treated mice showing the effect of BBG and A-
438079. Note reduced microglia in A-438079- and BBG-treated animals after SE. Scale
bar, 200 um; (E) Activated microglia counts 24 h after SE in Veh, BBG and A-438079-
injected mice (n = 12 per group); *p < 0.05 compared to Veh.

Fig. 8: P2X7R inhibition after KA injection reduces seizure time during SE

(A) HAHFD (seizure) duration recorded after vehicle (Veh) or A-438079
injection (20 min after KA injection) until injection of anticonvulsant lorazepam (40
min after KA injection). (B) Tota EEG power during seizures between groups. (C)
Average frequency band range in each group. (D) Graph depicting typical power
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spectral density and adjacent spectrogram false color representation of spectral power
against time and frequency during SE in vehicle-treated mice. (E) Power spectral
density and adjacent spectrogram of spectral power against time and frequency during
SE in an A-438079-injected animal. (F) FJB counts in the ipsilateral CA3 subfield of
the hippocampus of mice injected with A-438079 15 min post-KA compared to vehicle-
injected mice. (G) Representative photomicrographs of the CA3 showing less FIB-
positive cells in A-438079 post-KA treated mice. (I1) Surviving neuron counts in mice
treated with vehicle or A-438079 after KA. (I) Representative photomicrographs of
NeuN-stained CA3 at 24 h after SE for each group. Graphs are n = 10-15 per group;
Scale bar in D is 100 um. *p < 0.05 compared to Veh.

Fig. 9: P2X7 inhibition potentiates the anticonvulsive effects of lorazepam
once SE isrefractory

(A) Representative EEG traces showing continuous electrographic epileptiform
activity (ELAHFDs) starting one hour after KA and over the subsequent 60 min. Note,
SE was incompletely suppressed by lorazepam alone indicting partia refractoriness, but
sustained cessation of spiking by lorazepam and A-438079 combination. (B) HAHFD
duration in each group calculated once SE was continuous (1 h after KA). Lorazepam
plus A-438079 resulted in significant seizure suppression. (C) Total power analysis for
each group. Note, significant reduction in power in lorazepam (-50%, *p < 0.05 when
compared to Veh) and lorazepam plus A-438079 group (-70%, **p < 0.01 compared to
Veh). (D) Mean band frequency was not different between groups. (E) Graphs (left)
depicting typical power spectral density and (right) spectrogram false color
representation of spectral power against time and frequency during SE showing the
impact of each drug or combination. Note sustained seizure suppression is evident in the
lorazepam plus A43 group. n =5 - 7 per group.

Fig. 10: P2X7 inhibition reduces seizure time in a neonatal rat model of SE

(A) Graph showing significant less amplitude in piOrat pups treated 40 minutes
after intraamygdala KA injection with intraperitoneal A-438079 when compared to
vehicle injected plO rat pups (n = 10 - 9) (B) Graph showing significant less total
power in plO rat pups treated 40 minutes after intraamygdala KA injection with A-
438079 when compared to vehicle injected plO rat pups (n= 10 - 9). (C) Power spectral
density and adjacent spectrogram false color representation of spectral power against

time and frequency during SE in vehicle (PBS) and A-438079 treated plO rat pups. (D)
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Hippocampal P2X7R staining (20 x lens) after SE (24 h) to confirm presence of P2X7R
in plO rat pups. P2X7R immunoreactivity is apparent within the main hippocampal
subfields (DG and CA3). Double-label immunofluorescence staining for P2X7R (green
in the origina) and NeuN (red in the original) reveal co-localization with the neuronal
marker NeuN. Scaleis80 um.

Fig. 11: P2X7 receptor antagonist A430389 reduces neonatal seizures
severity and protects the hippocampus from damage after status epileptieus.

(A) Heat map representation of EEG spectral power during neonatal seizures. 60
min after KA injection, either vehicle ("Veh") or A430389 ("A43") (from top to bottom
panel 0.5, 5 and 50 mg/kg, respectively) was injected i.p.. Cortical EEG was then
recorded for another 60 min. (B-C) Graphs quantifying the severity of the seizures after
treatment injection: (B) Amplitude (1:v ) and (C) number of high amplitude peaks after
1 hour of the treatments indicated under the bars ; n>7; *p<0.05, **p<0.01,
***n<0.001. (D) Representative Fluoro-jade B-stained sections of the hippocampus 72
h after status epileptieus. (E) Graphs showing the fluoro-jade B-positive cell count in
the Ca, Ca3 and hilar region of the hippocampus. n>4; *p<0.05, **p<0.01,
***n<0.001. (F-G) TUNEL staining (F) and TUNEL-positive cell count (G) in each
region of the hippocampus 72h after status epileptieus, n>7; ***p<0.0l.

DETAILED DESCRIPTION OF THE INVENTION

The present invention relates to the use of P2X7R antagonists, aone or in
combination with benzodiazepines and/or any other GABA-based anti-convulsant such
as a barbiturate, for the treatment of status epileptieus (SE) in general and, more
particularly, for refractory status epileptieus, the situation reached when seizures burst
become longer and longer until they become continuous, a which point
benzodiazepines and other pharmacological treatments are ineffective to terminate
Sseizures. |

The present invention is supported by the findings disclosed in the present
application, that are based on in vivo studies carried out with animal models of neonatal
and adult status epileptieus, where the role of the ATP-activated P2X7 receptor has
been studied. The assays demonstrate that experimental SE in mice rapidly up-regulated
P2X7 receptor (P2X7R) levels in the hippocampus and support a role for P2X7R

underlying the patho-mechanisms of SE.
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As described in the Examples set forth below, central brain injection of a drug
which blocks the P2X7 receptor significantly reduced seizure duration in mice when
given just before or after triggering SE and potently protected the brain from seizure-
damage. In mice given a P2X7 antagonist, the mgjority of animals never progressed to
continuous seizures and, in some cases, became seizure-free. The Examples also
provide evidence that these animals displayed significantly less brain damage than the
vehicle-treated animals.

Moreover, adjunctive delivery of P2X7R antagonists with lorazepam was also
effective a curtailing pharmacoresistant seizures an hour after SE initiation. Thus,
P2X7R activation may contribute to development and maintenance of SE.
Administration of P2X7R antagonist, preferably a selective P2X7R antagonist, alone or
as adjunctive treatment with benzodiazepines or barbiturates, can be used to
significantly shorten and, in some cases, fully terminate status epilepticus, even when it
has become pharmacorefractory. Besides, the administration of P2X7R antagonists has
apositive effect in preventing or ameliorating the brain damage associated with status
epilepticus.

What is more, intraperitonea injection of the same P2X7R antagonist, A-
438079, to arat model of neonatal seizures (that could be classified as neonatal status
epilepticus, assuming that it exists), strongly reduced seizures, what serves to establish
that P2X7R antagonist can be used to significantly reduced seizures in conditions of
prolonged neonatal seizures. The mentioned assays aso demonstrate that the
intraperitoneal or intravenous routes are suitable routes that can be used for the
administration of P2X7R antagonists capable to cross the blood brain barrier when it is
sought an amelioration of prolonged seizures, even in neonatal models.

This is a surprising effect, taking into account the prior disclosures of the same
technical field. P2X7R have previously been implicated in the pathophysiology of
neurological and neurodegenerative conditions, and a potential role for P2X7R in
epilepsy had been aready suggested (Vianna et a., 2002; Diaz-Hernandez et al., 2009).
However, there was no specific evidence to date proving functiona involvement in
seizures in vivo, nor any in vivo data suggesting that P2X7R antagonists could affect
seizures in living animals, because no previous studies have even explored possible
direct seizure-suppressive properties of P2X7R antagonists. As discussed above, not

even the previously proposed applications of P2X7R antagonists for the treatment of



WO 2013/087943 PCT/EP2012/075867

10

15

20

25

30

18

neurodegenerative diseases had been experimentally demonstrated, the data about
effects on nociception and IL-1 release being practicaly the only experimental results
available about the possible therapeutic utility of P2X7R antagonists. Indeed, a
protective effect of P2X7R-targeting drugs on astrocyte survival was recently reported
(Kim et al., 2010), but the effect was observed after SE, not having been suggested that
P2X7R antagonists could be used to disrupt prolonged seizures (status epilepticus),
even when they have become pharmacologically refractory.

The major finding of the present study was that P2X7R blockers given either
shortly before or after onset of SE potently suppressed seizures. The experiments
carried out with two animal models have shown that, in a pre-treatment regime,
pharmacological inhibition of the P2X7R suppressed seizures during SE, and
significantly reduced microglia activation, levels of the pro-convulsive cytokine
interleukin- 1 and neuronal death. P2X7R antagonist was also seizure-suppressive and
neuroprotective when injected shortly after induction of SE.

The results have been obtained with two focal-onset SE models which reliably
propagate seizures to the hippocampus (Murphy et a., 2010), obtained by intra
amygdala microinjection of the glutamate agonist kainic acid (KA). In this model,
seizures are propagated to the hippocampus via the perforant pathway, producing
hippocampocentric seizures and consistent CA3 and hilar damage, thereby avoiding
direct neurotoxic effects on the hippocampus and the limited recruitment of the
hippocampus during SE evoked by systemic pilocarpine and KA (Sloviter et a., 2007).
These are the first in vivo data demonstrating anticonvulsant effects of targeting this
receptor, and have been obtained both in the mouse model of adult SE and in the rat
model of neonatal SE. The conclusion is supported by complementary lines of evidence.
First, seizures could be suppressed by BBG and A-438079, both selective P2X7R
antagonists a the doses used, and seizures were potentiated by BzATP, a P2X7R
agonist (Jiang et a., 2000; McGaraughty et a., 2007). A neutralizing P2X7R antibody
also reduced SE. The non-selective P2XR antagonist PPADS did not reduce seizures,
perhaps because blocking all P2X-mediated signaling would have reduced the
inhibitory effects mediated by P2X2R (Kliakh et al., 2003 ; Khakh and North, 2006).

P2X7R inhibition did not, however, completely terminate SE. This was not

unexpected because glutamate-gated channels independently contribute to both the
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development and maintenance of SE (Wasterlain and Chen, 2008). While P2X7R
antagonists are probably not superior to glutamate receptor antagonists a stopping SE
(Mazarati and Wasterlain, 1999). their restricted CNS distribution and activation under
more pathophysiologic levels of neuronal activity make them more attractive targets
which may avoid some of the adverse side-effects associated with glutamate-blocking
drugs (Burnstock, 2008; Green and Cote, 2009). The actual mechanism of the observed
anticonvulsant effect is uncertain. Without wishing to be bound by a theory, it might
speculated that it may arise from preventing pre-synaptic P2X7R-mediated
enhancement of glutamate release (or another neurotransmitter), or post-synaptic
potentiation of excitatory currents (Pankratov et al., 1998; Deuchars et a., 2001 ; Vianna
et a., 2002; Papp et a., 2004; Diaz-Hernandez et al., 2009; Cho & al., 2010). The pro-
convulsive influence of P2X7R differs markedly from responses mediated by P2Y R and
certain hippocampus-expressed P2XR where inhibition is the major consequence of
their activation, contributing to a brake on excessive excitation (Khakh and North,
2006). Taken together, the data disclosed in the present application support a P2X7R
contribution to seizures which can be pharmacologically targeted to reduce SE.

The immunohistochemical and western blot analyses described in Examples of
the present invention support both neuronal and microglial expression of P2X7R in the
hippocampus and show a selective increase in P2X7R levels after SE. This is in
agreement with other work demonstrating neuronal expression of P2X7R in the CNS,
including the hippocampus, and an increase after prolonged seizures (Deuchars et a.,
2001; Vianna et a., 2002; Atkinson et al., 2004; Sperlagh et d., 2006; Yu « al., 2008).
Notably, soma P2X7R staining declined in CA3 neurons after SE and emerged in a
pattern that co-localized with a pre-synaptic compartment, presumably the terminals of
the mossy fibers, patterns that have been reported previously (Miras-Portugal et al.,
2003; Atkinson et a., 2004). Such pre-synaptic enrichment in terminals may influence
transmitter release (Gualix e a., 2003; Papp et a., 2004; Cho et a., 2010), and
contribute to the changing sensitivity of the brain to late versus early administration of
P2X7R antagonists. Thus, P2X7R, like GABA 4 and NMDA receptors (Naylor et al,
2005; Wasterlain et al., 2009), undergo dramatic cellular re-distribution during SE. Of
note, expression of the P2X2R decreased after SE. This could have pro-convulsive
consequences because P2X2R activation promotes inhibitory drive in the hippocampus
(Khakh et a., 2003).
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P2X7R are aso expressed by non-neuronal cell types in the brain. Here, they
contribute to microglia activation and subsequent release of cytokines, including IL-1[
(Ferrari et al., 1996; Labrousse et al., 2009; Monif et a., 2009). Indeed, caspase-1 the
enzyme responsible for IL-1 (3 production, is activated downstream of P2X7R (Ferrari et
a., 1999). The data provided in the present application confirm that P2X7R expression
increases within microglia after SE, as reported by others (Rappold et a., 2006;
Avignone et a., 2008), and aso show P2X7R antagonists reduced hippocampal
microglia proliferation and IL-1B levels after SE. This may also be a mechanism
contributing to seizure suppression since increased hippocampal IL-1{ levels prolong
seizures during SE (Vezzani et a., 1999) and genetic deletion of caspase-l is
anticonvulsant in vivo (Ravizza et al., 2006). Thus, attenuation of adverse microglia-
mediated neuroinflanimation may be a secondary mechanism underlying the anti-
convulsive effects of P2X7R antagonists during SE.

In the present study, all mice pre-treated or post-treated shortly after seizure
onset with inhibitors of P2X7R displayed significantly reduced hippocampal damage.
This is likely adirect consequence of the shorter duration of SE, since seizure-damage
isbroadly related to seizure time, including in the present model (Fujikawa, 1996; Araki
e a., 2002; Murphy et al., 2007). A direct anti-apoptotic effect of blocking P2X7R is
also possible, since blocking neuronal P2X7R in vivo has been reported to be anti-
apoptotic (Diaz-Hernandez et al., 2009). Notably, mice deficient in certain core pro-
apoptotic signaling molecules are protected against seizure-induced neurona death in
the model used here (Engel et al., 2010; Murphy et al., 2010).

In accordance with all these results, a first aspect of the invention relates to an
antagonist of P2X7 receptor, for the treatment of status epilepticus. The antagonist can
be used alone or in combination with an anti-convulsant, particularly abenzodiazepine.

In principle, any P2X7R antagonist can be used, including the traditional ones
such as BBG or KN-62, as the positive effect of P2X7R antagonism in SE might be
linked to preventing pre-synaptic P2X7R-mediated enhancement of glutamate release
(or another neurotransmitter), or post-synaptic potentiation of excitatory currents.
Indeed, the Examples of the invention show that seizures could be suppressed by
different P2X7R antagonists, such as BBG and A-438079, and a neutralizing P2X7R
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antibody also reduced SE. However, the fact that PPADS, a non-selective P2XR
antagonist did not reduce seizures, makes preferable the use of selective antagonists.
A possihility for the election of the antagonist is to resort to the series of
compounds, based in a common structure, developed in the last years in order to find
5 more selective antagonists, such as aryl carbohydrazides like diarylimidazolines,
cyanoguanidines like the compound known as A-740003 ((N -(I-{[cyanoimino)(5-
quinolinylamino)methyl]amino} -2,2-dimethylpropyl)-2-(3,4-
dimethoxyphenyl)acetamide) or disubstituted tetrazoles like the compound known as A-
438079 (3-((5-(2,3-dichlorophenyl)-l H -tetrazol-I~yl)methylpyridine), which is an
10 antagonist used in the assays of the Examples of the present application. Then, in a
possible embodiment, the antagonist is one of the compounds of the family of
disubstituted tetrazoles described in US Patent Application N. 2006/021 1739, the family
of A-438079, or other compounds of the same family developed later, such as the
compound known as A-839977 (l-(2,3-dichlorophenyl)-N-[2-(pyridin-2-yloxy)benzyl]-

15 IH-tetrazol-5-amine), whose structural formula is as follows:
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A-839977
Then, in apossible embodiment, the antagonist is selected from the disubstituted

tetrazoles of the Formulall,

N
B
R4 N/
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2 Formula 1

20 wherein,

RI is selected of the groups consisting of cycloakenyl, cycloalkyl, Heterocyclo,
aryl, Heteroaryl, arylalkyl and Heteroarylalkyl; wherein each RI is substituted with 0, 1,
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2, 3, 4 or 5 sustituents which are independently selected from the group consisting of
akyl, akenyl, akinyl, nitro, cyano, Halo, -ORc, -0(CO)Rc, -OC(0)OR ¢, -OS(0) ,R., -
SRc, -S(O)R., -S(0):Rc, -$(0) ,0Rc, -S(0),NR:R4 , -NR.Rj, -N(R)C(O)OR., -
N(RyCONR (R, -N (R)S(0) ;2NR R, -C(O)R , -C(0)OR , -C(0)NRcRd, haloalkyl,
cianoalkyl, nitroalkyl, -alkylORc, -O(CO)R ., -akylOC(0)ORc, -alkylOS(0) :Rc,
akylSRc-,  -akylS(O)R , -akylS(0) ,Rc, -akylS(0) 20R,,  -alkylS(O):NRRq,
akyINR:.R; -akyIN(R)C(O)OR . -akyIN(Ry)C(ONR (R, -aikyIN(Ry)S(0) NR:R,
akylC(O)R ., -alkylC(0)OR  -alkylC(O)NRcR 4 and R3; provided that, when RI is
arylalkyl or Heteroarylalkyl, D is abond,

R2 is selected of the groups consisting of cycloalkyl, cycloalkenyl, Heterocyclo,
aryl and Heteroaryl; wherein each R2 is substituted with 0, 1, 2, 3, 4 or 5 sustituents
which are independently selected from the group consisting of alkyl, akenyl, alkinyl,
nitro, cyano, Hao, -ORc, -O (CO)R,, -OC(0)OR., -OS(0) ,R., -SRc, -S(O)R., -
S(0) sRc, -S(0) ,OR., -S(0);NR.R; , -NRcRy, -N(R)C(0O)OR ¢, -N(Rs)C(ONR (R, -
NF)S(0) ,NR:R,, -C(OR, -C(0)OR ., -C(O)NR (R, Haloakyl, cyanoalkyl, nitroalkyl,
-alkylR;, -O(CO)R, -akylC(O)OR . -akyl(0),Rc, akylSRY, -akylSO)R..-
akylS(0) ,Rc,-alkylS(0) 2OR.,-alkylS(0) 2NR:R, alkylNRcRd, -alkylN(R)C(0)ORc , -
akylIN(R)C(ONR (R, -alkyIN(R)S(0) ;2NR:R;, akylC(O)R., -akylC(O)OR . -
akylC(O)NR R, and R3;

R3 is selected of the group consisting of cycloalkyl, cycloalkenyl, Heterocyclo,
aryl and Heteroaryl; wherein each R3 is substituted with 0, 1, 2, 3, 4 or 5 substituents
which are independently selected from the group consisting of alkyl, alkenyl, alkinyl,
nitro, cyano, Halo, formyl, Hydroxy, akoxy, Haoakoxy, -OC(O)akyl, -S0) ,alkyl, -
S(0) sNH,, -S(0) :N(H)(@kyl), -S(0) oN(alkyl)2, -NH,, -N(H)(@kyl), -N(alkyl),, -
C(0)(alkyl), -C(0)(OH), -C(0)(Oalkyl), -C(O)NH ,, -C(O)N(H)(akyl), -C(O)N(alkyl) ,,
Haloalkyl, formylalkyl, cyanoalkyl, nitroalkyl, = Hydroxyalkyl, akoxyalkyl,
Haloalkoxyalkyl,  -alkylC(O)alkyl,  -akyl-S(0) »alkyl, -alkyl-S(0) :NH,, -alkyl-
S(0) N(H)(alkyl), -alkyl-S(0) ;N(alkyl),, -alkyl-NH;, -akyl-N(H)(akyl), -alkyl-
N(alkyl), -alkyl-C(0)(akyl),- akyl-C(0)(OH), -alkyl-C(0)(Oakyl), -alkyl-C(ONH ,, -
akyl-C(O)N(H)(akyl), and -alkyl-C(O)N(akyl) ,; and

R. ¥ Ry in each occurrence, are independently selected from the group

consisting of hydrogen, akyl, haloalkyl, aryl, heteroaryl, arylalkyl and heteroarylalkyl;
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wherein the aryl, heteroaryl, aryl of the arylakyl moiety and heteroaryl of the
heteroarylalkyl moieties are independently substituted with 0, 1, 2 or 3 substituents
which are independently selected from the group consisting of akyl, halo, haloalkyl,
hydroxy, hydroxy akyl and alkoxiakyl.

In a preferred embodiment, the particular disubstituted tetrazole is one of the
compounds whose activity was studied by Nelson et al. (Nelson et a. 2006) or a
commercial compound with known activity such as A-839977. Then, in that particular
embodiment, the antagonist is selected from one of the following groups:

a) the disubstituted tetrazoles of Formula 11

e

b) the substituted tetrazoles of Formula |11

N"N
ﬁ \\ Formula 111

wherein R is selected from the group of C6%, 2-CH ,-CgHs, 2-pyridyl, 3-

Ci [.,3 mi"-]

a'&«-ﬂ’l f“‘mN

Formula II;

pyridiyl, 4-pyridyl, 2-CH ,-3-pyridyl, 3-pyridinylmethyl, 2,4-(CH j2-5-thiazolyl,
3,5-(CH 3)2-4-isoxazolyl;
c) the substituted tetrazoles of Formula 1V

L

R? Formula 1V

wherein,

R2 and R1are selected so that

when R? is 3-pyridyl, R! is selected from the group of C6%, 2-Cl-Cglls, 3-C1-
CsHa, 2,5-Cl3-C¢Hy, 34-Cla-CeHy, 2-CF4-3-F-C H,, 2-Cl-3-CF3-CeHy, 2-F-3-
CF,-CgH g, 2,3-Cl 3-4-F-CgH,, 2,3,4-Cl 4~ CsHs,

when R2 is C4Hs, Rl is selected from the group of 4-pyridyl, 5-quinolyl, 8-
quinolyl, 2,3-Cl ,-4-pyrrolidinyl-C ¢H 2,

when R2is2-C¥%C ¢H, R1is 2,3-(CH 5),-CsH,
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when R2 2-CI-C¢Ha, R' is2,3-(OCH ,)»-CgHs;
d) the substituted tetrazoles of Formula V,

N=N,
7

/
RN
ey
L

N Formula V

wherein R is selected from the group of 2,3-Cl ,-C6H 5, 2,3-Cl ,-4-F-C6H,, 2-C1-

3-CF3-C¢Hy, 2-Cl-3-CF 4-4-F-CyHy;

e) [-(2,3-dichlorophenyl)-N-[2-(pyridin-2-yloxy)benzyl]-IH-tetrazol -5-amine
(A-839977);
or any pharmaceutically acceptable salt thereof.

A-438079, one of the P2X7R antagonists used in the Examples of the present
application, belongs to the group of compounds of Formula V, wherein R' is 2,3-Cl,-
CgH,.

The results have been obtained with two anima models: one model (mouse
model) of adult status epilepticus and a second model of neonatal status epilepticus. In
both cases, the P2X7R antagonist used strongly reduced seizures. This a support for the
use of antagonists of P2X7 receptor for the treatment of status epilepticus in general,
both in adults as well as in individuals of lower age such as children, infants and
neonates.

As previously discussed, there is no consensus in the definition of neonatal
status epilepticus, there being some authors that consider that such concept cannot be
applied to neonates and that only neonatal seizures exist. Therefore, the model used for
neonatal status epilepticus can be considered to be a suitable model for neonatal
seizures in genera. The animas used for the study of neonatal seizures or neonatal
status epilepticus were 10 day old (P10) rat pups (age equivalent to human neonates)
(Dunleavy et da., 2010). As 10 day old rats are normally accepted as developmentally
equivalent to a full term human newborn (see, for instance, Haut et al., 2004), the
results obtained in Examples 6 and 7 of the present application can be considered
extrapolable and applicable to the treatment of neonatal seizures in human neonates.
And such results show that P2X7R inhibitors, and A430389 in particular, reduce seizure

time and seizure severity in neonatal seizures, effects linked to a decrease in features
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such as seizure power, seizure amplitude, or seizure frequency and, even, that such
inhibitors protect the hippocampus from damage after neonatal status epilepticus.

In the mouse model, the drugs were administered directly to the brain, by
intracerebroventricular (i.c.v.) injections. In the second model (neonatal rat model), the
P2X7R antagonist was administered intraperitoneally. Thus, in order to have a route of
administration more suitable and accessible for human beings than the
intracerebroventricular injection, advantage can be taken of the fact that some P2X7R
antagonists are capable to cross the blood brain barrier after systemic administration and
exert a positive effect in the brain, as demonstrated in International Application
W02010/018280 and confirmed by the assays disclosed in Example 6 of the present
application. Therefore, among all the possible antagonists, those capable to cross the
blood brain barrier are preferred. Some examples of such antagonist are Brilliant Blue G
(BBG), KN-62, A-438079 or any pharmaceutically acceptable solvate thereof (such as
hydrochloride), or any pharmaceutically acceptable salt of decavanadate ((VigOxs)®)-

As shown in Examples of the present application, the majority of animals treated
with a P2X7R antagonist never progressed to continuous seizures and, in some cases,
became seizure-free. Then, the P2X7R antagonist can be administered alone not only
with the aim of decreasing the severity and/or the duration of SE, but even to prevent
the progression to the state where the seizures become refractory to current treatment
with benzodiazepines, the situation known as refractory status epilepticus.

P2X7R antagonists can be administered alone, or in combination with any other
anti-convulsant. This second option is preferred when the total interruption of a seizure
is sought. The anti-convulsant can be a benzodiazepine, asthey are the most common
frontline treatment for status epilepticus. Lorazepam, the most commonly used
benzodiazepine for the treatment of seizures, is also the preferred benzodiazepine for
the purposes of the invention. Any other anti-convulsant or any other drug approved for
the treatment of seizures can be also used, such as a barbiturate, or a currently in-tria
medication such as bumetanide (3-butylamino-4-phenoxy-5-sulfamoyl-benzoic acid).
Particularly in the case when the individual to be treated is a neonate, an infant or a
child up to five years of age, it must be taken into account if the selected drug is
approved for the treatment of seizures in individuals of that age.

The individual administration of a P2X7R antagonist is not effective to interrupt
refractory status epilepticus. However, the P2X7R antagonist was capable to disrupt
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pharmacologically refractory status epilepticus when it is administered in adjunction
with a GABA-based convulsant, such as a benzodiazepine like lorazepam, is
particularly surprising. The combined administration of an antagonist of P2X7R
(namely A-438079 in the Examples of the present application) and a benzodiazepine
(lorazepam in Examples of the present application) give rise to the effective interruption
of the seizures that, up to know, where refractory to the pharmacological treatment,
particularly the treatment with GABA-based anticonvulsants, significantly decreasing
the duration and the potency of such seizures. Example 5 in particular discloses how the
P2X7R antagonist was able to potentiate the effect of lorazepam once seizures became
intractable (as evinced by the weak anti-seizure effect of lorazepam aone). Thisis a
very surprising effect, because it means an unexpected synergistic interaction of both
drugs, particularly surprising taking into account that neither the individual
administration of lorazepam nor the individual administration of the P2X7R antagonist
A-438079 are effective to interrupt refractory seizures, as demonstrated by the authors
of the present invention. Then, the invention is particularly useful in providing a
solution to the need of aternative or adjunctive polytherapy for pharmacoresistant SE
when GABA -based drugs such as benzodiazepines lose efficacy as seizures become
protracted and continuous. Even when the internalization of the GABAA receptor, its
desensitization and/or its downregulation has occurred, administration of P2X7R
antagonists makes possible the interruption of seizures otherwise resistant to
benzodiazepines, surprisingly, upon their administration in adjunction with a compound
whose mechanism of action is linked to the interaction with GABAA receptors and that,
even in the presence of P2X7R antagonist, should remain practically ineffective: a
benzodiazepine such as lorazepam. Without wishing to be bound by any theory, the
authors of the present invention hypothesize that the synergistic effect of P2X7R
antagonism with lorazepam on pharmacoresistant seizures could have a relationship
with ATP release during SE, giving rise to an activation of P2X7R that effectively
reduces GABAergic inhibition. The fact that delayed administration of A-438079 aone
is not as effective at stopping seizures as when injected early during SE might be the
result of hippocampal subfield changes, possibly via trafficking, in the population of
targeatable P2X7R (Murrell-Lagnado and Qureshi, 2008). Regardless, P2X7R
antagonists, as demonstrated by the assays disclose in the present application, appear as
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suitable adjunctive anticonvulsive treatment in combination with benzodiazepines for
refractory SE.

Accordingly, in a preferred embodiment of the invention, the status epilepticus
to treat is refractory status epilepticus. In this particular case, the combined
administration with a benzodiazepine, especiadly lorazepam, is preferred. In such
specific embodiment, the administration of A-438079 as P2X7R antagonist, as in some
Examples of the present application, is specialy preferred.

In a second aspect, the invention refers to a method of use of an antagonist for
treating the seizure in the status epilepticus in an animal, which method comprises
administering to said animal an effective amount of the antagonist of P2X7 receptor or a
pharmaceutically acceptable salt thereof.

Example 1 shows that the administration of a P2X7R antagonist prior to SE
induction significantly reduced seizure time during SE. Very interestingly for its
therapeutic utility, as shown in Example 4, treatment with P2X7R antagonists during SE
also reduces seizure time and hippocampal damage. This indicates a possible utility of
P2X7R antagonists to reduce the severity and duration of seizure even when they are
administered prior to the seizure. Then, the P2X7R antagonist can be administered to
the animal prior to, contemporaneous with, or subsequent to start of the seizure.

The antagonist can be administered to the animal alone; another alternative isthe
administration in combination with another drug, preferably a benzodiazepine. As
previously commented, the other drug can also be any other anti-epileptic drug, such as
a barbiturate, or currently in-trial medication such as bumetanide. Specidly in the case
of infants and children, and very specially in the case of neonates, attention should be
given to check if the intended adjunctiVe drug has been approved for the treatment of
individuals of that age. The antagonist can be administered prior to, simultaneously to,
or subsequent to the administration of abenzodiazepine or the other anti-epileptic drug.

The status epilepticus can be in the pharmacorefractory state (refractory status
epilepticus); in this case, the administration in adjunction with a benzodiazepine is
preferred, because P2X7R antagonists alone are not able to terminate seizures, but they
potentiate the ability of benzodiazepines such as lorazepam to achieve the total
cessation of the seizure. As in Example 5, the simultaneous administration, or with a

short separation in time, of benzodiazepine and P2X7R antagonist is preferred.
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The administration of the antagonist of the P2X7 receptor can be directly to the
central nervous system. Asthe preferred animals to treat are human beings, other routes
of administration are preferred. Parenteral administration (e.g., intraperitoneal]y or
intravenously, as indicated below); in that case, antagonists of P2X7 capable to cross
the blood brain barrier must be used.

As mentioned above, the preferred animals to treat are human beings. They can
be adults, or children, infants or neonates.

As used in the present application, status epilepticus is defined as seizures
lasting longer than 5 min in a human adult, or more than 12 min in a child (age lower
than 13 years). In the case of neonates, status epilepticus is defined as continuous
seizure activity for at least 30 minutes or recurrent seizures lasting atotal of more than
30 minutes without definite return to the baseline neurologic condition of the newborn
between seizures; then, it is a case of prolonged neonatal seizures. Refractory status
epilepticus is defined as continued seizures after two or three anti-epileptic drags have
failed. Particularly, refractory status epilepticus does not respond to first-line
benzodiazepines lorazepam or diazepam and/or to second-line antiepileptic drugs
(phenytoiiVfosphenytoin, phenobarbital or valproate).

As used in the present application, a human neonate isin the first month of its
life. Aninfant is achild in the earliest period of life, between the ages of 1 month and
12 months. Children, in turn, are younger than thirteen years old. For the purpose of the
present invention, adults are individuals older than twelve. Anyway, there is no
evidence showing that children would show a different response to the invention than
adults, and it could be considered in the same group.

As used in the present application, two drugs are administered in combination
when they are administered as a part of the same schedule of treatment of a condition in
a particular individual. Then, it is not necessary that they are administered
simultaneously. Similarly, two drugs are administered in adjunction when one is added
two the other as apart of the same schedule of treatment, the first one being considered
a subordinate object that helps the first one to exert its action. Although they are not
necessary administered together and/or simultaneously, a short difference between the
time of administration (no longer than 30 minutes) is expected.

As used in the present application, any mentioned compound intended to be

administered to a subject can be administered in the form of any pharmaceuticaly
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acceptable salt or solvate thereof. Thus, for instance, the P2X7R antagonist A-438079
can be administered as such or, for instance, as hydrochloride, one of the commercial
forms of the same. The P2X7R will preferably be administered in the form of a
pharmaceutical composition, in combination with a pharmaceutically acceptable
carriers, adjuvants, diluents, vehicles, or combinations thereof. As used herein,
pharmaceutically acceptable means a non-toxic, inert solid, semi-solid or liquid filler,
diluent, encapsulating material or formulation auxiliary of any type. Some examples of
materials which can serve as pharmaceutically acceptable carriers are sugars such as
lactose, glucose and sucrose; starches such as corn starch and potato starch; cellulose
and its derivatives such as sodium carboxymethyl cellulose, ethyl cellulose and
cellulose acetate; powdered tragacaiith; malt; gelatin; talc; excipients such as cocoa
butter and suppository waxes; oils such as peanut oil, cottonseed oil, safflower oil,
sesame oil, olive ail, corn oil and soybean oil; glycols; such a propylene glycol; esters
such as ethyl oleate and ethyl laurate; agar; buffering agents such as magnesium
hydroxide and aluminum hydroxide; aginic acid; pyrogen-free water; isotonic saline;
Ringer's solution; ethyl alcohol, and phosphate buffer solutions, as well as other non-
toxic compatible lubricants such as sodium lauryl sulfate and magnesium stearate, as
well as coloring agents, releasing agents, coating agents, sweetening, flavoring and
perfuming agents, preservatives and antioxidants can also be present in the composition,
according tothejudgment of the formulator.

The compositions containing P2X7R antagonists can be formulated in a
conventional manner using one or more of the aforementioned pharmaceutically
acceptable carriers. The final composition will depend on the specific P2X7R antagonist
selected and properties such as its solubility. Thus, for the purposes of the present
invention, the P2X7R antagonist or its pharmaeutically acceptable salt or solvate, may
be administered to humans and other mammals in solid or liquid form, oraly, rectaly,
parenterally, intracistemally, intravagmally, topically (as by powders, ointments, drops,
inhalants, spray, transdermal patch, and the like), or bucally. The preferred route as
previously mentioned, is the parenteral route. The term "parenterally,” as used herein,
refers to modes of administration which include intravenous, intramuscular,
intraperitoneal, intrastemal, subcutaneous, intraarticular injection and infusion.

The compositions with P2X7R antagonists prepared for parenteral injection

usuful for the purposes of the present invention comprise pharmaceutically acceptable
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sterile agueous or nonagueous solutions, dispersions, suspensions or emulsions and
sterile powders for reconstitution into sterile injectable solutions or dispersions.
Examples of suitable agueous and nonaqueous carriers, diluents, solvents or vehicles
include water, ethanol, polyols (propylene glycol, polyethylene glycol, glycerol, and the
like), suitable mixtures thereof, vegetable oils (such as olive oil) and injectable organic
esters such as ethyl oleate. Proper fluidity may be maintained, for example, by the use
of a coating such as lecithin, by the maintenance of the required particle size in the case
of dispersions, and by the use of surfactants.

These compositions may aso contain adjuvants such as preservative agents,
wetting agents, emulsifying agents, and dispersing agents. Prevention of the action of
microorganisms may be ensured by various antibacterial and antifungal agehts, for
example, parabens, chlorobutanol, phenol, sorbic acid, and the like. It may also be
desirable to include isotonic agents, for example, sugars, sodium chloride and the like.
Prolonged absorption of the injectable pharmaceutical form may be brought about by
the use of agents delaying absorption, for example, aluminum monostearate and gelatin.

In some cases, in order to prolong the effect of a drug, it is often desirable to
slow the absorption of the drug from subcutaneous or intramuscular injection. This may
be accomplished by the use of aliquid suspension of crystalline or amorphous material
with poor water solubility. The rate of absorption of the drug then depends upon its rate
of dissolution which, in turn, may depend upon crystal size and crystalline form.
Alternatively, delayed absorption of a parenterally administered drug form is
accomplished by dissolving or suspending the drug in an oil vehicle. Suspensions, in
addition to the active compounds, may contain suspending agents, as, for example,
ethoxylated isostearyl alcohols, polyoxyethylene sorbitol and sorbitan esters
microcrystalline cellulose, aluminum metahydroxide, bentonite, agar-agar, tragacanth,
and mixtures thereof.

If desired, and for more effective distribution, the compounds of the present
invention can be incorporated into slow-release or targeted-delivery systems such as
polymer matrices, liposomes, and microspheres. They may be sterilized, for example,
by filtration through a bacteria-retaining filter or by incorporation of sterilizing agentsin
the form of sterile solid compositions, which may be dissolved in sterile water or some

other sterile injectable medium immediately before use.
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The active compounds can also be in micro-encapsulated form, if appropriate,
with one or more excipients as noted above. The solid dosage forms of tablets, dragees,
capsules, pills, and granules can be prepared with coatings and shells such as enteric
coatings, release controlling coatings and other coatings well known in the
pharmaceutical formulating art. In such solid dosage forms the active compound can be
admixed with at least one inert diluent such as sucrose, lactose, or starch. Such dosage
forms may also comprise, as is normal practice, additional substances other than inert
diluents, e.g., tableting lubricants and other tableting aids such a magnesium stearate
and microcrystalline cellulose. In the case of capsules, tablets and pills, the dosage
forms may also comprise buffering agents. They may optionally contain opacifying
agents and can also be of such composition that they release the active ingredient(s)
only, or preferentialy, in a certain part of the intestinal tract in a delayed manner.
Examples of embedding compositions that can be used include polymeric substances
and waxes.

Injectable depot forms are made by forming microencapsulated matrices of the
drug in biodegradable polymers such as polylactide-polyglycolide. Depending upon the
ratio of drug to polymer and the nature of the particular polymer employed, the rate of
drug release can be controlled. Examples of other biodegradable polymers include
poly(orthoesters) and poly(anhydrides) Depot injectable formulations are also prepared
by entrapping the drug in liposomes or microemulsions which are compatible with body
tissues.

The injectable formulations can be sterilized, for example, by filtration through a
bacterial-retaining filter or by incorporating sterilizing agents in the form of sterile solid
compositions which can be dissolved or dispersed in sterile water or other sterile
injectable medium just prior to use.

Injectable preparations, for example, sterile injectable aqueous or oleaginous
suspensions may be formulated according to the known art using suitable dispersing or
wetting agents and suspending agents. The sterile injectable preparation may also be a
sterile injectable solution, suspension or emulsion in a nontoxic, parenterally acceptable
diluent or solvent such as a solution in 1,3-butanediol. Among the acceptable vehicles
and solvents that may be employed are water, Ringer's solution and isotonic sodium
chloride solution. In addition, sterile, fixed oils are conventionally employed as a

solvent or suspending medium. For this purpose any bland fixed oil can be employed
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including synthetic mono- or diglycerides. In addition, fatty acids such as oleic acid are
used in the preparation of injectables.

Solid dosage forms for oral administration include capsules, tablets, pills,
powders, and granules. In such solid dosage forms, the active compoimd is mixed with
a least one inert, pharmaceutically acceptable excipient or carrier such as sodium citrate
or dicalcium phosphate and/or a) fillers or extenders such as starches, lactose, sucrose,
glucose, mannitol, and silicic acid; b) binders such as carboxymethylcellulose,
alginates, gelatin, polyvinylpyrrolidinone, sucrose, and acacia; c¢) humectants such as
glycerol; d) disintegrating agents such as agar-agar, calcium carbonate, potato or tapioca
starch, alginic acid, certain silicates, and sodium carbonate; €) solution retarding agents
such as paraffin); f) absorption accelerators such as quaternary ammonium compounds;
g) wetting agents such as cetyl alcohol and glycerol monostearate;) absorbents such as
kaolin and bentonite clay; and i) lubricants such astalc, cacium stearate, magnesium
stearate, solid polyethylene glycols, sodium lauryl sulfate, and mixtures thereof. In the
case of capsules, tablets and pills, the dosage form may also comprise buffering agents.

Solid compositions of a similar type may aso be employed as fillers in soft and
hard-filled gelatin capsules using such excipients as lactose or milk sugar as well as
high molecular weight polyethylene glycols and the like.

The solid dosage forms of tablets, dragees, capsules, pills, and granules can be
prepared with coatings and shells such as enteric coatings and other coatings well
known in the pharmaceutical formulating art. They may optionally contain opacifying
agents and can aso be of a composition that they release the active ingredient(s) only,
or preferentialy, in a certain part of the intestina tract in a delayed manner. Examples
of embedding compositions that can be used include polymeric substances and waxes.

Compositions for rectal or vagina administration are preferably suppositories
which can be prepared by mixing the P2X7 antagonist with suitable non-irritating
excipients or carriers such as cocoa butter, polyethylene glycol or a suppository wax
which are solid at ambient temperature but liquid a body temperature and therefore
melt in the rectum or vaginal cavity and release the active compound.

Liquid dosage forms for oral administration include pharmaceutically acceptable
emulsions, microemulsions, solutions, suspensions, syrups and dlixirs. In addition to the
active compounds, the liquid dosage forms may contain inert diluents commonly used

in the art such as, for example, water or other solvents, solubilizing agents and
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emulsifiers such as ethyl alcohol, isopropyl alcohol, ethyl carbonate, ethyl acetate,
benzyl acohol, benzyl benzoate, propylene glycol, 1,3-butylene glycal,
dimethylformamide, oils (in particular, cottonseed, groundnut, corn, germ, olive, castor,
and sesame ails), glycerol, tetrahydrofurfuryl alcohol, polyethylene glycols and fatty
acid esters of sorbitan, and mixtures thereof. Besides inert diluents, the ora
compositions can also include adjuvants such as wetting agents, emulsifying and
suspending agents, sweetening, flavoring, and perfuming agents.

Dosage forms for topical or transdermal administration of a compound of tins
invention include ointments, pastes, creams, lotions, gels, powders, solutions, sprays,
inhalants or patches. The active component is admixed under sterile conditions with a
pharmaceutically acceptable carrier and any needed preservatives or buffers as may be
required. Ophthalmic formulation, ear drops, eye ointments, powders and solutions are
also contemplated as being within the scope of this invention.

The ointments, pastes, creams and gels may contain, in addition to an active
compound of this invention, excipients such as animal and vegetable fats, oils, waxes,
paraffins, starch, tragacanth, cellulose derivatives, polyethylene glycols, silicones,
bentonites, silicic acid, talc and zinc oxide, or mixtures thereof.

Powders and sprays can contain, in addition to the compounds of this invention,
excipients such as lactose, talc, silicic acid, aluminum hydroxide, calcium silicates and
polyamide powder, or mixtures of these substances. Sprays can additionally contain
customary propellants such as chlorofiuorohydrocarbons.

Transdermal patches have the added advantage of providing controlled delivery
of a compound to the body. Such dosage forms can be made by dissolving or dispensing
the compound in the proper medium. Absorption enhancers can also be used to increase
the flux of the compound across the skin. The rate can be controlled by either providing
arate controlling membrane or by dispersing the compound in apolymer matrix or gel.

The P2X7R antagonist may also be administered in the form of liposomes. Asis
known in the art, liposomes are generaly derived from phospholipids or other lipid
substances. Liposomes are formed by mono- or multi-lamellar hydrated liquid crystals
that are dispersed in an agueous medium. Any non-toxic, physiologically acceptable and
metabolizable lipid capable of forming liposomes may be used. The present
compositions in liposome form may contain, in addition to the compounds of the

present invention, stabilizers, preservatives, excipients, and the like. The preferred lipids
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are the natural and synthetic phospholipids and phosphatidylcholines (lecithins) used
separately or together. Methods to form liposomes are known in the art. See, for
example, Prescott, Ed., Methods in Cell Biology, Volume XTV, Academic Press, New
York, N.Y., (1976), p 33 & seq.

The phrase "therapeuticaly effective amount” or simply "effective amount"
means a sufficient amount of the P2X7R antagonist to decrease seizure time and/or
power. When the P2X7R antagonist is administered parenterally, it must taken into
account that the compound must exert its activity in the brain; then administered amount
should enough to achieve that atherapeutically effective amount reaches the brain. The
specific therapeutically effective dose level for any particular patient will depend upon a
variety of factors including the severity of the seizures, if the situation can be
considered having reached the state of refractory status epilepticus (wherein the possible
additional drugs administered should also be taken into account), the activity of the
specific P2X7R antagonist employed; the specific composition employed; the age, body
weight, general health, sex and diet of the patient; the time of administration, route of
administration, drugs used in combination or coincidental with the specific compound

employed; and other factors well known in the medica arts.

The invention will be explained in more detail by means of the Examples and

Figures of the present application.
EXAMPLES
The following Examples were carried out using the following techniques,

compounds and experimental animals:

- Seizure models

All animal experiments were performed in accordance with the principles of the
European Communities Council Directive (86/609/EEC) and Nationa Institute of
Health's Guide for the Care and Use of Laboratory Animals. Procedures were approved
by the Research Ethics Committee of the Royal College of Surgeons in Ireland.
Procedures were undertaken as previously described (Araki et al., 2002; Engel et a.,
2010).
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Adult male C57BL/6 mice (20-25 g) were obtained from Harlan UK
(Blackthorn, UK). Mice were first anesthetized using isoflurane (3-5%) and maintained
normothermic by means of a feedback-controlled heat blanket (Harvard Apparatus Ltd,
Kent, UK). Mice were next placed in a stereotaxic frame and three partial craniectomies
performed to affix cortical skull-mounted EEG electrodes (Bilaney Consultants Ltd,
Sevenoaks, UK). EEG was recorded using a Grass Comet XL digital EEG (Medivent
Ltd, Lucan, Ireland). A guide cannula was affixed (coordinates from Bregma: AP =
0.94; L = 2.85 mm) and the assembly fixed in place with dental cement. Anesthesia was
then discontinued and freely moving mice were placed inside a clear perspex recording
chamber. EEG recordings were commenced and after establishing baseline EEG for a
few minutes, an injection cannula was lowered through the guide cannula for injection
of kainic acid (KA) (Ocean Produce International, Nova Scotia, Canada) into the
basolateral amygdala nucleus (0.3 y1g in 0.2 pl phosphate-buffered saline). Non-seizure
control mice underwent the same surgical procedure but received 0.2 i intra-arnygdala
vehicle. Mice were killed a different time-points (1, 4, 8 or 24 h) later and perfused
with saline to remove intravascular blood components. Brains were either flash-frozen
whole in 2-methylbutane at 30°C or perfused with 4% PFA for histopathology, or
dissected on ice to obtain whole hippocampus or microdissected to obtain the different
hippocampal subfields (CA1, DG and CA3).

10 day old Sprague Dawley rat pups were obtained from Harlan UK Limited
(Blackthorn, UK). Rat pups were equipped with skull surface EEG and given intra-
amygdala microinjection of kainic acid (2 ug) via an implanted guide cannula. P10 rat
pups develop SE shortly after KA injection. Seizures in the model are propagated to the
hippocampus and surface EEG recordings have previously shown a transition to low
amplitude high frequency EEG, developing into high amplitude high frequency
epileptiform EEG seizures. The pups display behaviour including initial masticatory
movements and salivation, developing to periods of facial and forelimb myoclonus and
progressing to the most commonly observed behaviour of wild running, loss of posture
and swimming motions. The high amplitude high frequency spiking is sustained and
corresponds to wild running and swimming behaviours during recordings 1-2 h after
KA. By 4 hours, continuous seizures have abated but the EEG continues to display
intermittent lower-amplitude high frequency spiking and high amplitude low frequency

spikes even after 24 h. The pathological consequences of neonatal seizures in the model
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include hippocampal cell death and the animals later display unilateral hippocampal

sclerosis.

- Quantification of EEG

Digitized EEG recordings were analyzed off-line using manual assessment and
automated software. The occurrence of high amplitude high frequency spiking during
seizures is synonymous with injury-causing electrographic seizures during SE (also
termed type IV electrographic seizures) (Lowenstein et al., 1991; Henshall et a., 2000).
The duration of high-frequency (>5 Hz) high-amplitude (>2x baseline) polyspike
discharges of >5 s duration (HAHFDs) was counted by a reviewer blind to treatment.
Further EEG analysis was performed by uploading EEG into Labchart7 software
(ADInstruments) to calculate the power spectral density (total power, a measure of the
input signal's power (amplitude) over frequency) EEG spectrogram (spectral power
against frequency and time).

- Drug administration

All the following drugs were purchased from Sigma-Aldrich Ireland (Arklow,
Ireland) and delivered by intracerebroventricular (i.c.v.) microinjection in 2 pi volume
unless otherwise specified: Adenosine 5'-triphosphate (ATP) at 100 uM, Uridine-5'-
triphosphate (UTP) a 100 uM, Uridine-S-diphosphate (UDP) a 100 uM, 2-chloro-N6-
cyclopenty]adenosine (CCPA) 300 nM, Pyridoxa-phosphate-6-azophenyl-2,4-
disulfonate (PPADS) at 50 uM, a,P - methylene- adenosine-5-triphosphate (a,3-meATP)
a 0.1 nmol, 3-0-(4-benzoyl)benzyl-ATP (Bz-ATP) a 300 uM, Brillant Blue G (BBG)
a 30 nM.

A-438079 (3-[[5-(2,3-Dichlorophenyl)-IH-tetrazol-1-ylJmethyl]py Tidine
hydrochloride) (50 puM) was from Tocris Biosciences (Bristol, U.K.) and the P2X7R
specific antibody was from Alomone Labs (APR-008, Alomone Labs, Ltd, Jerusalem,
Israel) and injected a 0.7 mg/ml. Lorazepam (Ativan®, Wyeth, Taplow, U.K.) (6
mg/kg) was administered intraperitonealy (i.p.) a 40 or 60 min after KA.

- Cell culture
Hippocampa neurons were prepared as described previously (Diaz-Hernandez

et al., 2008). Briefly, hippocampi were obtained from EI7 mouse embryos and, after
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dissection and washing three times in Ca**/Mg**-free HBSS, tissue was digested in the
same solution with 0.25% trypsin for 15 min a 37°C. Hippocampi were then washed
three times in Ca®*/M g**-free HBSS and dissociated with a firepolished Pasteur pipette.
Cells were counted, resuspended in plating medium (MEM, 10% fetal bovine serum,
0.6% glucose) and plated at a density of 5,000 cells’cm? on poly-L-lysine coated
coverdlips (1 mg/ml). After plating, neurons were cultured for 24-72 h in neuronal
culture medium (Neurobasal, B-27, glutamax-1). For biochemical experiments,
hippocampal neurons were plated on polylysine-coated (1 mg/ml) 60-mm plates a a
density of 200,000 cells’'cm?, and cultured for 72 h in neuronal culture medium. AraC
was added a a final concentration of 5uM after 2 days in culture.

- Luciferine-luciferase luminiscence assay

Extracellular ATP concentration was measured as previously described (Diez-
Zaera et a., 2011). Neurons were grown in 6-well plates at a density of 200,000
cells‘em?. Culture medium (100 i) was collected under various experimental
conditions, centrifuged at 600 x g for 5 min a 4°C, and 50 pl aiquots of supernatant
were transferred to wells of a 96-well plate placed on ice. The 96-well plate was setin a
FLUOstar OPTIMA Microplate Luminometer (BMG LABTECH GmbH, Offenburg,
Germany) and 50 pE of rLuciferase/Luciferin (rL/L) Reagent (Promega, Madison, WI)
reagent was automatically injected into each well a room temperature (25°C). For
luminiscence detection, each well was scanned a 1 Hz for 15 s. To measure
extracellular ATP concentration, cultured cells were first bathed in HBM buffer for 1 h
at 37°C. Then, cells were pretreated for 30 min with 100 uM ARL 67156, a competitive
inhibitor of ecto-ATPases, or with 500 uM JV-Ethylmaleimide (NEM) a vesicular fusion
inhibitor, and their medium collected to measure basal ATP concentration. Theresfter,
cells were stimulated by adding 100 uM glutamate for 2 min. In some cases, ATP
release was also measured in the presence of A-438079 (1 uM). ATP concentration was
determined by comparison with a calibration curve generated with ATP standards

diluted in the same buffer asthe samples.

- C&* studies and microfluorimetric analysis

Calcium microfluorimetric analysis in single neurons was carried out according

to (Diaz-Hernandez et al., 2001). Cultured hippocampal neurons a a density of 5,000
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cellssem?2 were washed with HBM buffer (140 mM NaCl, 5 mM KC1, 1.2 mM
NaH ,P0 ,, 1.2 mM NaHCO ;, 1 mM MgCl,, 10 mM glucose and 10 mM HEPES, pH
7.4) and loaded with Fura2AM solution (5 pM) for 30 minutes a 37°C. This period
facilitated intracellular hydrolysis of Fura-2AM. Subsequently, coverdips were washed
with HBM and placed in a superfusion chamber on a Nikon Eclipse TE-2000
microscope (Nikon, Barcelona, Spain), where the cells were continuously superfused
with HBM a arate of 1.2 ml/min. Neurons were either successively stimulated or co-
stimulated for 30 s with BZATP (100 pM) and glutamate (100 uM) in the absence or
presence of BBG (1 uM). When the antagonist was used, neurons were superfused for 5
min with BBG before BZATP and/or glutamate application. In some experiments, an
M g*+-free HBM solution was used, replacing MgCl , by glucose at a concentration that
conserved the solution osmolarity. A pulse of 60 mM K+ was applied at the end of each
experiment to confirm viability of neurons under study.

Neurons were visualized using a Plan Fluor x40 $/0.5-1.3 oil lens. The
wavelength of the incoming light (340 or 380 nm) was selected with the aid of an
Optoscan monochromator (10 nm bandwidth), from Cairn Research (Faversham, UK);
12-bit images were acquired with an ORCA-ER C 47 42-98 CCD camera (Hamamatsu,
Barcelona, Spain) controlled by Metafluor 6.3r6 PC software (Universal Imaging Corp.,
Cambridge, UK). The exposure time was 250 ms for each wavelength and the changing
time was less than 5 ms. The images were acquired continuously and buffered in a fast
SCSI disk. The time course data represent the average light intensity in a small eliptical
region within each cell. The background was subtracted at each wavelength and the 340
/ 380 ratio was calculated. The data are represented as the normalized F340/F380

fluorescence ratio, which increases as [Cal+]; increases.

- Western blot anaysis

Western blotting was performed as previously described (Engel et d., 2010).
Whole hippocampus was homogenized in lysis buffer containing a protease inhibitor
cocktail (Sigma-Aldrich). Protein concentration was determined and then 20 or 50 ug
samples boiled in gel-loading buffer and separated by 10, 12 or 15% sodium dodecyl
sulphate-polyacrylamide gel  electrophoresis.  Proteins  were transferred  to
polyvinylidene difluoride or nitrocellulose membranes. The following primary

antibodies were used: B-Actin (Sigma-Aldrich); aTubulin (Santa Cruz Biotechnology,
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Santa Cruz, CA, USA); P2X1R, P2X2R, P2X3R, P2X4R, P2X5R and P2X7R (APR-
008 and APR-004) (Alomone Labs) and Interleukin-if (R&D Systems, Minneapolis,
MN, USA). Membranes were next incubated with horseradish peroxidase-conjugated
secondary antibodies (Isis Ltd, Bray, Ireland) and protein bands visualized using
Supersignal West Pico Chemiluminescent Substrate (Pierce, Rockford, IL, USA). Gel
band image densities were captured using a Fuji-film LAS-3000 and analyzed using
Alpha-EaseFC4.0 software as described (Engel et al., 2010).

- Histopathol ogy

Flash-frozen brains in 2-methylbutane were sectioned a -20°C on a Leica
cryostat and 12 um sections collected at the level of dorsal hippocampus (-1.8 mm and -
2.9 mm from Bregma according to a mouse stereotaxic atlas (Paxinos and Franklin,
2001). Neuronal death was assessed using Fluoro-Jade B (FJB) staining, as previously
described (Engel et a., 2010; Murphy et al., 2010). Briefly, sections were air-dried and
post-fixed in formalin followed by hydrating through graded alcohols. Sections were
then rinsed in digtilled water and transferred to 0.006% potassium permanganate
solution for 15 min. Sections were rinsed again and transferred to a 0.001% FJB
solution according to manufacturer's recommendations (Chemicon Europe Ltd,
Chandlers Ford, UK). After staining, sections were mounted in DPX (Sigma-Aldrich).
For NeuN iinmunohistochemistry, sections were fixed and permeabilized, blocked in
goat serum and incubated overnight with anti-NeuN antibodies (Millipore Ireland B.V .,
Tullagreen, Ireland) followed by incubation with goat anti-rabbit IgG antibodies
coupled to AlexaFluor 568 (Biosciences Limited, Dun Laoghaire, Ireland). Sections
were examined using a Nikon 2000s epifluorescence microscope under EX/Em
wavelengths of 472/520 nm (green) and 540 to 580/600 to 660 nm (red) and images
captured using a Hamamatsu Oca 285 camera. Cell counts were the average of two
adjacent sections for the CA3 subfield under 40x lens magnification by an observer
blinded to treatment.

DNA fragmentation was detected using a Fluorescein-based terminal
deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) kit according
to manufacturer's instructions (Promega, Madison, WI). Sections were mounted with

medium  containing  4,6-diamidino-2-phenylindole  (Vector Laboratories Ltd,
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Peterborough, UK) to visualize nuclei. Imaging was performed using a Nikon 2000s
epifluorescence microscope with aHamamatsu Orca 285 camera (Micro-optica, Dublin,
Ireland). Cell counts were performed under 40x or 60x magnification and were the
average of two adjacent sections assessed by an observer blinded to experimental
treatment. TUNEL-stained cells were counted along the entire CA3 subfield from
border of CA3a with CA2 through to the hilar region, according to standard

demarcations.

- Confocal microscopy

For confocal microscopy, animas were transcardialy perfused with 4%
paraformaldehyde (PFA) in Sorensen's buffer for 10 mm. Brains were post-fixed in 4%
PFA for 2 h & 4°C and cryoprotected in 30% sucrose solution. 30 um sagittal or coronal
sections were cut on a Leica cryostat and collected in 0.1% azide-PBS solution.
Sections were rinsed in PBS-0.1% Triton-X100 and incubated in 1% glycine-PBS-
Triton X-100 buffer. Then, slices were treated with PBS containing 0.1% Triton X-100
and 1% fetal calf serum for 30 min. After a brief wash with PBS, slices were incubated
for 1h or overnight with the primary antibodies; anti-NeuN antibody (Milipore), rabbit
polyclonal anti-lba-1 antibody (Wako Chemicals USA, Richmond, VA, USA), mouse
monoclona anti-GFAP antibody (Santa Cruz Biotechnology), anti-P2X7R antibody
(Alomone Labs) and mouse monoclonal anti-synaptophysin antibody (Santa Cruz
Biotechnology). They were then washed and incubated with the appropriate secondary
antibody coupled to AlexaFluor 568 or AlexaFluor 488 (Biosciences Limited, Dun
Laoghaire, Ireland). Some sections were aso treated with A, 6 diamidino-2-
phenylindole (DAPI - Vector Laboratories, Burlingame, CA) at the end of the protocol
and sections were immediately coverslipped with Fluorosave. Confocal images were
acquired with a Leica TCR 6500 microscope equipped with four laser lines (405, 488,
561 and 653 ran) using a 63X immersion oil objective (NA 1.3).

- Data analysis
Data are presented asmeans + SE. Data were analyzed using ANOV A with post

hoc Fisher's PLSD test or, for 2-group comparison, Student's t test (StatView software;
SAS Institute, Cary, NC, USA). Significance was accepted at P < 0.05.
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- Example 1: Role of ATP-gated receptors in the generation of seizures during SE.

Reduction of seizuretime by the administration of P2X7R antagonists

Both excitatory and inhibitory effects have been attributed to P2X-receptors in
the brain. The authors began by establishing the role of ATP-gated receptors in the

generation of seizures during status epilepticus.

1.1. Glutamate induces vesicular released ATP

The authors first sought to establish whether glutamate can induce ATP release
from hippocampal neurons in primary cultures, application of glutamate induced the
rapid release of ATP from hippocampal neurons in vitro (Fig. 2 A, B). ATP release was
blocked when neurons were pre-treated with the vesicle fusion release inhibitor, N-
Ethylmaleimide (NEM) (Rodriguez et a., 1994) (Fig. 2 A, B). Thus, glutamate-evoked

ATP release occurs by avesicle-dependent manner in hippocampal primary neurons.

1.2. ATP potentiates seizures during SE through P2X7R activation

Next, a model of focal-onset SE was used to evaluate the contributions of ATP-
gated receptors in vivo. Mice received intra-amygdala microinjection of KA to induce
SE (Fig. 2C). Seizures began within 5-10 min and clinical features include stereotyped
masticatory movements, tonic components (Straub tail: tail being held rigidly and in
arched position), forelimb clonus, and episodes of rearing and falling (data not shown).
The electroencephalogram (EEG) was recorded by using cranial electrodes (lower part
of Fig. 2C). Seizures were curtailed after 40 min by the injection of lorazepam to
minimize morbidity and mortality. Typical damage to the hippocampus 24 h later is
shown in Fig. 2D, and comprises ipsilateral hippocampal CA3 subfield and hilus
neuronal death. No neuronal death is found in the contralateral hippocampus or in the
ipsilateral hippocampus of vehicle-injected animals (lower fotograph of Fig. 2D and
data not shown).

To explore ATP/purinergic contributions to seizures in vivo, mice were co-
injected with ATP into the lateral ventricle immediately prior to KA injection (in the
area labelled as "Drug" in Fig 2C). This significantly increased the duration of KA-
induced high amplitude high frequency discharges (HAHFDs) (Fig. 2E, 2F). Since ATP
israpidly hydrolyzed by ectonucleotidases into different break-down products, finaly

generating the anticonvulsant adenosine (Burnstock, 2007), it was explored how



WO 2013/087943 PCT/EP2012/075867

10

15

20

25

30

42

adenosine receptor activation affected seizure time. Thus, an additional group of
animas were co-injected with 2-chloro-N6-cyclopentyladenosine (CCPA), a stable
form of adenosine and subject to SE. As expected, in contrast to what was observed
when ATP was injected, seizuretime was significantly reduced in mice co-injected with
CCPA (Fig. 2E, 2F), indicating the pro-convulsive ATP effect is mediated through
purinergic P2 receptors.

To elucidate the subclass of P2 receptor mediating the seizure-potentiating effect
induced by ATP, the effects of putatively selective P2X and P2Y ligands were
examined. Thus, when UTP and UDP, specific P2Y receptor activators (Burnstock,
2007), or the P2X wide-spectrum agonist a/-rnethylATP (a«/BATP), were co-injected
into the ventricle immediately prior to KA injection, no differences in seizure time
during SE were observed when compared to vehicle-injected animals (Fig. 2E, 2F, 3A,
3C). However, when mice were co-injected immediately prior to KA with the P2X7R-
selective agonist benzoylATP (BzATP) (Burnstock, 2007), a significant increase of
seizure time was observed, in a similar manner as was seen for ATP alone (Fig. 3A,
30C).

Next, selective antagonists of P2X receptors were co-injected immediately prior
to SE induction. Injection of Brilliant Blue G (BBG) and A-438079, both putatively
selective P2X7R antagonists (Burnstock, 2007) significantly reduced seizure time
during SE (Fig. 3B,C). In contrast, the general P2X inhibitor pyridoxal-phosphate-6-
azophenyl-2 4-disulfonatenon (PPADS) had only aweak, non-significant effect on SE
duration (Fig. 3B,C).

To support the P2X7R antagonist findings, an additional group of animals were
co-injected with antibodies raised against an extracellular epitope of the P2X7R, prior to
KA injection. Specificity of the P2X7R antibody was confirmed in in vitro experiments,
where the antibody was able to inhibit the P2X7R-gated calcium entry into cultured
hippocampal neurons. Compared to control 1gG-injected SE mice, animals injected with
anti-P2X7R showed significantly reduced seizure time (Fig. 3D).

To explore whether the reduction in seizure time induced by P2X7R antagonists
is due to a regulatory action of these compounds on KA receptors, cultures of
hippocampal primary neurons were stimulated with BzATP and glutamate in the
presence or absence of BBG (Fig. 3E). Analysis of responses to both ligands revealed a
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high percentage of hippocampa neurons co-express functional P2X7R and glutamate
receptors. Moreover, it was also checked that BBG was effective to block the discrete
calcium response induced by BzATP, but failed to alter the robust glutamate-induced
calcium entry, excluding in this way that glutamate receptors are regulated by P2X7R
(Fig. 3E).

- Example 2: Changes in P2X7R after SE

2.1. Selective up-regulation of P2X7R in the hippocampus after SE

To further support the importance of the P2X7R in SE, expression responses of
P2X family receptors were compared at different time-points after SE. Hippocampal
expression of P2XL2,3,45 and 7 receptors was detected in control mouse brain.
Expression levels of P2X2R significantly declined following SE whereas P2X7R levels
were significantly increased after SE (Fig. 4 A, B). No changes in protein levels were
observed for the remaining P2XR family members analyzed (P2XR1, 3, 4 and 5) after
SE (Fig. 4 A, B). P2X6 receptor protein was not detected in mouse hippocampus.

Next, the hippocampus area where P2X7R up-regulation occurred was analyzed.
Western blot analysis was performed on additional hippocampal tissue which had been
micro-dissected to obtain enriched portions of the CA1, CA3 and DG (Jimenez-Mateos
et a., 2008). P2X7R protein levels show a significant increase in the CA1 and DG
subfield hippocampus, indicated that it is rapidly up-regulated in the CA1 and DG
subfields (Fig. 4C, 4D); P2X7R expression in the CA3 subfield did not significantly
change after SE (Fig. 4C, 4D). while no significant changes can be observed in the CA3
subfield

Last, the contralateral hippocampus was examined, aregion which isresistant to
damage in the model except when seizures are prolonged by delayed treatment with
anticonvulsant (Araki et al., 2002). Surprisingly, a significant decrease of P2X7 levels
could be observed in the spared, contralateral hippocampus (Fig. 4E, 4F).

2.2. P2X7R localization changes after SE

To complement the findings on spatio-temporal changes in P2X7R levels after
SE, fluorescence immunohistochemistry was used to localize expression and identify
cell types. P2X7 staining was apparent in the CA3 subfield within the dendritic field
(stratum radiaturn) of the CA3, in the hilus, and within neuronal cell bodies of CA1
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(Fig. 5A, 5B). An increase in P2X7R immunoreactivity was observed in animals after
SE on the ipsilateral side within the stratum radiatum of the CA1l region and the
molecular layer of the dentate gyrus (Fig. 5A, 5B). A decrease in P2X7R
immunoreactivity was observed from the cell bodies of CA3 pyramidal neurons and in
contralateral subfields, in particular the hijus and CA3 (Fig. 5A, 5B). A re-localization
of the P2X7R was also evident, with a transition from a mainly somatic and dendritic
localization in control animals (Fig. 5B, 5C) to loss of cell body staining in CA3 along
with emergence of P2X7R-stained piincta within dendritic fields of CA3 which were
positive for the presynaptic marker synaptophysin (Fig. 5B,C).

Double-fluorescence immunohistochemistry aso revealed P2X7R co-localized
with NeuN and the microglia marker Iba-1 in control conditions and after SE (Fig. 5B,
5C). Co-locdization between the astrocyte marker GFAP and P2X7R was not observed
(Fig. 5C).

- Example 3: Effects of P2X7R antagonism
3.1. P2X7R inhibition reduces neuronal death after SE
Having observed that animals injected with P2X7R antagonists displayed

reduced seizure time we examined whether hippocampal damage also differed in these
mice. Counts of FJIB-positive cells within the CA3 subfield of the hippocampus 24 h
after SE revealed significantly less damage in mice given BBG prior to SE compared to
vehicle-injected SE animals (Fig. 6A, 6B). A second P2X7R antagonist, A-438079, was
also found to protect the hippocampus against SE-induced neuronal death (Fig. 6A, 6B).
The general P2X receptor antagonist PPADS did not afford protection (Fig. 6A, 6B),
indicating that specific blockade of P2X7R reduces hippocampa damage in this SE
model.

Neuronal survival between the different treatment groups was compared by
assessing numbers of surviving NeuN-stained CA3 cells displaying norma neuronal
morphology. Counts of surviving CA3 neurons were significantly higher in mice treated
with the P2X7R antagonists BBG and A-438079 when compared to vehicle-injected SE
mice (Fig. 6C, 6D). Again, PPADS was not protective (Fig. 6C, 6D).

3.2. P2X7R inhibition leads to a diminished microglia response and

interleukuin-i B expression
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P2X7R is localized on microglia after SE where they regulate activation and
release of the inflammatory and pro-convulsive cytokine interleukin-if3 (IL-1p)
(Rappold et a., 2006; Monif et al., 2009). Therefore, microglia activation and IL-1(
production after SE was examined in the model of the present invention, focusing on the
CA3 subfield as the main site of pathology in the present model (see Fig. 2D). Western
blot analysis demonstrated IL-1f levels rapidly increased after SE within the ipsilateral
hippocampus (Fig. 7A, 7B). In contrast, BBG significantly reduced IL-1{ induction
after SE (Fig. 7B, 7C). Reactive microglia, which featured large somata and thick
primary processes that stained for Iba-1, were aso significantly reduced after SE in
mice given either BBG or A-438079 (Fig. 7D, 7E). ‘

- Example 4: Early post-treatment with P2X7R antagonists during SE reduces

seizur e time and hippocampal damage

Next, it was considered important to determine whether P2X7R antagonists can
disrupt SE when given after onset of seizures, amore therapeutically-relevant dosing regimen.

Additional mice were injected with the more potent and specific P2X7R
antagonist A-438079 i.cv. 15 min after the injection of KA. This time point
corresponds to when all mice are having seizures and have had HAHFDs, and falls
within current operational definitions of SE as seizures lasting longer than 5 min
(Wasterlain and Chen, 2006). Quantitative analysis of EEG determined that the duration
of HAHFDs recorded between after P2X7R antagonist injection until 40 min post-KA
when lorazepam was injected was significantly reduced in A-438079-treated mice
compared to vehicle-treated SE controls (Fig. 8A). Other electrographic components of
the EEG were also changed. Total seizure power during this period was significantly
reduced in A-438079-treated mice when compared to vehicle-injected animals (Fig. 8B,
8D, 8E). No changes in the frequency of the EEG were found between groups (Fig. 7C).

A spectral heat map of frequency and amplitude further illustrated that A-
438079 decreased seizure amplitude but not EEG band frequency in mice during SE
(Fig. 8D, 8E).

To determine whether the seizure-suppressive effects of A-438079 aso resulted

in neuroprotection, brains from animals were analyzed for FJB and NeuN. Animals
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injected 15 min after KA with A-438079 showed significantly fewer FIB-positive cells
and significantly more NeuN-positive cellsin CA3, 24 h after SE (Fig. 8F-I).

- Example 5: Delayed administration of P2X7R inhibitors given once SE is

refractory potentiate the anticonvulsant effects of for azepam

If first treatment options fail to terminate SE, patients often go into a refractory
state of SE and require more aggressive treatments (Lowenstein, 2005).

To model refractory SE, seizures were allowed to continue beyond the normal
time when lorazepam is given (40 min) and instead the effects of drugs were recorded
60 min post-KA on the EEG during the next hour.

By 60 min after KA, EEG recordings showed continuous electrographic
epileptiform activity which persisted throughout the 60 min recording period (Fig. 9A,
9B, 9E, 9F). injection of vehicle into these animals had no effect on electrographic
seizure activity (Fig. 9A, 9B, 9E, 9F). Injection of A-438079 resulted in some
suppression of seizure activity, particularly within the first 15-30 min following
injection. HAHFDs continued however, and total seizure time was not significantly
different compared to vehicle-only SE mice (Fig. 9A, 9B, 9C). Lorazepam also failed to
significantly reduce the duration of HAHFDs when given 60 min after KA, confirming
the seizures had become pharmacoresistant. A significant reduction in total seizure
power was, however, detected in lorazepam-only treated mice (Fig. 9C, 9F). Thus, a
majority of A-438079- and lorazepam-only mice continued in SE (A-438079; 3/5,
lorazepam,; 4/7).

In contrast, in mice injected at the same time with lorazepam plus A-438079,
termination of SE was successful in al mice (5/5) (Fig. 9A-F). EEG recordings
confirmed the combination significantly reduced HAHFD duration (Fig. 9A,B) and
reduced total EEG power (Fig. 9C, 9E, 9F). No changes in EEG band frequency were
observed between treatment groups (Fig. 9D).

Only mice co-injected with lorazepam and A-438079 a the same time showed
less seizure-damage in CA3 compared to vehicle- and injection of lorazepam or A-
438079 aone.

- Example 6: P2X7R inhibitors reduce seizure time in a neonatal SE animal model
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To explore whether inhibitors of P2X7 receptor might also work against seizures
elicited in neonates, the inventors used their recently developed model of focal-onset
status epilepticus in 10 day old (P10) rat pups (age equivalent of human neonate)
(Dunleavy et a., 2010). Similarly to the mouse model, rat pups were equipped with
skull surface EEG and given intra-amygdala microinjection of kainic acid (2 ug) via an
implanted guide cannula. P10 rat pups develop SE shortly after KA injection. Seizures
in the model are propagated to the hippocampus and surface EEG recordings have
previously shown a transition to low amplitude high frequency EEG, developing into
high amplitude high frequency epileptiform EEG seizures. The pups display behaviour
including initial masticatory movements and salivation, developing to periods of facial
and forelimb myoclonus and progressing to the most commonly observed behaviour of
wild running, loss of posture and swimming motions. The high amplitude high
frequency spiking is sustained and corresponds to wild running and swimming
behaviours during recordings 1-2 h after KA. By 4 hours, continuous seizures have
abated but the EEG continues to display intermittent lower-amplitude high frequency
spiking and high amplitude low frequency spikes even after 24 h. The pathological
consequences of neonatal. seizures in the model include hippocampal cell death and the
animals later display unilateral hippocampa sclerosis.

Rats (n = 10 - 9) were injected intraperitoneally with A-438079 (150 pmol/kg
body mass) 40 minutes after the intra-amygdala injection of KA. Asrats developed SE
shortly after KA injection, it can be considered that they were in a condition of
prolonged seizure. Control rats (n= 10 -9) received a intraperitoneal injection of the
vehicle, PBS.

Fig. 10 shows that administration of A-438079 (150 umoi/kg body mass), after a
delay of 40 min post-KA, strongly reduced seizures in P10 rat pups. In the control rats,
to the contrary, the frequency of seizures even increased after PBS injection (see panel
C of Fig. 10). Rats injected with A-438079 showed less amplitude and less total power
when compared to vehicle injected p1Orats.

Hippocampa P2X7R staining confirmed the presence of P2X7R in plO rats 24
hours after SE, P2X7R immunoreactiviy being apparent within the main hippocampal
subfields (DG and CA3) (see left photograph in Fig. 10D), co-localized with the
neuronal marker NeuN (see right photograph in Fig. 10D).
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These data establish that P2X7 receptor antagonists can significantly reduce

seizures in an animal model of prolonged neonatal seizures.

- Example 7: 1'2X7R inhibitors reduce neonatal seizure severity and protects the

hippocampus from damage after SE

Similarly to the assays described in Example 6, 10 day old rat pups were
equipped with skull surface EEG and given intraaamygdala microinjection of kainic
acid (2 pg) via an implanted guide cannula, to develop SE shortly after KA injection.

Rats (n = 10 — 9) were injected intraperitoneally either with vehicle (water) or
A-438079 (0.5, 5 or 50 mg/’lkg body mass), 60 minutes after the intra-amygdala
injection of KA. Asrats developed SE shortly after KA injection, it can be considered
that they were in a condition of prolonged seizure. Control rats (n= 10 -9) received a
intraperitoneal injection of the vehicle, water.

Cortical EEG was then recorded for another 60 minutes. The results are shown
in panel A of Fig. 11.

The top graph shows the increase of the EEG signal following K A injection. The
seizures persist after injection of vehicle (Veh). Bottom panels show atrace from a P10
rat in which seizures build up after KA injection, but injection of P2X7R antagonist
A430389 ("A43") strongly suppresses further neonatal seizures.

In Panels B and C of Fig. 11, a quantification of the severity of the seizures after
treatment (A430389: "A43") injection is shown. A430389 significantly decreases the
amplitude (panel B) and the number of high-amplitude spikes (panel C) of the EEG
signal.

Neuronal death after seizures was determined by fluoro-jade B-staining of
sections of the hippocampus, 72 h after KA injection. Panel D shows two
microphotographs corresponding to vehicle-treated rats (left panel) and 5 mg/kg
A430389. The photographs shows than vehicle-treated rats show extensive damage in
hippocampus, especialy in the CA3 and hilar region, whereas in the A430389-treated
rats only afew degenerated cells are found.

Additionally, DNA fragmentation that results from apoptotic signaling cascades
was detected by Termina deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL). Panel F clearly shows positive TUNEL signas in hippocampus samples
taken from vehicle-treated rats 72 h after K A injection, particularly in the CA3 region,



WO 2013/087943 PCT/EP2012/075867

10

15

49

whereas signals were difficult to detect in A430389-treated samples; the positive cell
count representated in panel G confirms that difference in DNA fragmentation between
vehicle-treated and A430389-treated animals.

These data confirm that P2X7 receptor antagonists can significantly reduce

seizure severity in an animal model of prolonged neonatal seizures.

Conclusions

The above examples provide important new insights into the molecular
mechanisms of SE and potential pharmacotherapy. They provide evidence supporting a
P2X7R contribution to SE which can be targeted to reduce seizure duration and the
pathologic consequences of SE. Moreover, and very importantly from the clinical point
of view, the dataprovided show P2X7R targeting is also effective as adjunctive therapy,
enhancing the seizure-suppressive effects of lorazepam when given a a time that

seizures are partly pharmacoresi stant.
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CLAIMS

1. An antagonist of P2X7 receptor for use in the treatment of status epilepticus.

2. An antagonist of P2X7 receptor for use according to clam 1, wherein the

antagonist is a selective antagonist.

3. An antagonist of P2X7 receptor, for use according to clam 1, wherein the

antagonist isadisubstituted tetrazole of the Formula I,

N/N
B
Ry N/
\D R,

Formula |

wherein,

RI isselected of the groups consisting of cycloalkenyl, cycloakyl, Heterocyclo,
aryl, Heteroaryl, arylalkyl and Heteroarylalkyl; wherein each RI is substituted with 0, 1,
2, 3, 4 or 5 sudtituents which are independently selected from the group consisting of
akyl, alkenyl, akinyl, nitro, cyano, Halo, -OR_, -0(CO)¥, -OC(0)®%a , -08(0) 2R, -
SRc, -S(O)R., -S(0) ,Rc, -S(0)OR., -S(O)NRRs , -NRcRq4, -N(RA)C(0)0%, -
N(Ry)C(ONR R;, N (RYS(0) 2NR:R,, -C(O)R ¢, -C(0)OR ¢, -C(O)NR (R, haloalkyl,
cianoalkyl, nitroalkyl, -alkylORc, -O(CO)R ., -akylOC(0)ORc  -alkylOS(0) 2Rk,
akylSRc-,  -alkylS(O)R ¢, -akylS(0) R, -akylS(0) ,OR:, -alkylS(0) :NR:R,
akyINR:R,, -akyIN(R)C(0)ORc -akyIN(R4)C(ONR (R;, -alkyIN(R)S(0) :NR:R,
alkylC(O)R;, -alkyl C(O)ORc -alkylC(O)NR Ry and R3; provided that, when RI is
arylalkyl or Heteroarylalkyl, D isabond;

R2 is selected of the groups consisting of cycloalkyl, cycloalkenyl, Heterocyclo,
aryl and Heteroaryl; wherein each R2 is substituted with 0, 1, 2, 3, 4 or 5 sustituents
which are independently selected from the group consisting of alkyl, akenyl, akinyl,
nitro, cyano, Hao, -OR_, -O (CO)R, -OC(0)ORc, -OS(0) ,R., -SRc, -S(0)R., -
S(0) ,Re, -S(0) 20R;, -S(0) :2NRR, , -NRR, -N(Ry)C(O)OR ¢, -N(R))C(ONR (R, -
N(RS(0) NR:R, -C(O)R ., -C(0)0%, -C(O)NR (R, Haloalkyl, cyanoalkyl, nitroalkyl,
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-akylRe, -O(CO)Rc, -akylC(0)0R; -alkylS(0) R, akylSRc, -alkylSfO)A,-
alkylS(O),R.-alkylS(0) ,0R,-alkylS(O)NRRi, alkylNR",  -alkylN(RA)C(O)OR -
alkylIN(R)C(ONR Ry, -alkyIN(R)S(OpNRRy, akylC(O)R ;, -alkylC(O)ORc -
alkylC(O)NR R, and R3;

R3 si selected of the group consisting of cycloalkyl, cycloalkenyl, Heterocyclo,
aryl and Heteroaryl; wherein each R3 is substituted with 0, 1, 2, 3, 4 or 5 substituents
which are independently selected from the group consisting of alkyl, alkenyl, alkinyl,
nitro, cyano, Hao, formyl, Hydroxy, alkoxy, Haloalkoxy, -OC(0)akyl, -S(0) ,akyl, -
S(0) NH,, -S(0) ;N(H)(alkyl), -S(0) N(akyl),, -NH,, -N(H)(alkyl), -N(akyl),, -
C(0)(akyl), -C(0)(OH), -C(0)(Calkyl), -C(O)NH ., -C(O)N(H)(alkyl) , -C(O)N(alkyl) ,,
Haloakyl, formylakyl, cyanoakyl, nitroakyl, Hydroxyalkyl, akoxyakyl,
Haloalkoxyalkyl, -akylC(O)akyl,  -alkyl-S(0),akyl, -akyl-S(0) ;NH,, -alkyl-
S(0) ,N(H)(alkyl), -akyl-S(O),N(alkyl);, -akyl-NH,, -akyl-N(H)(akyl), -akyl-
N(alkyl), -alkyl-C(O)(alkyl),- akyl-C(0)(OH), -alkyl-C(0)(Oakyl), -akyl-C(O)NH ., -
akyl-C(0)N(H)(alkyl), and -alkyl-C(O)N(alkyl) ,; and

R. ¥ Ry, in each occurrence, are independently selected from the group
consisting of hydrogen, akyl, haloalkyl, aryl, heteroaryl, arylalkyl and heteroarylakyl;
wherein the aryl, heteroaryl, aryl of the arylakyl moiety and heteroaryl of the
heteroarylalkyl moieties are independently substituted with 0, 1, 2 or 3 substituents
which are independently selected from the group consisting of alkyl, halo, haloakyl,
hydroxy, hydroxyalkyl and alkoxialkyl.

4. An antagonist of P2X7 receptor, for use according to clam 3, wherein the
antagonist isadisubstituted tetrazole selected from one of the following groups:
a) the disubstituted tetrazoles of Formula Il
G onet

- I

Formula 11;

b) the substituted tetrazoles of Formula I11
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cl NN
! N
lej/LNL
R Formula 11

wherein R is selected from the group of CgHs, 2-CH3C¢ls, 2-pyridyl, 3-
pyridiyl, 4-pyridyl, 2-CH3-3-pyridyl, 3-pyridinylmethyl, 2,4-(CH ,),-5-thiazolyl,
3,5-(CH ;),-4-isoxazolyl;

5 ¢2,3«(CHa)-CeHs,

R? Formula 1V
wherein,
R2 and R' are selected so that
when R2 is 3-pyridyl, R' is selected from the group of Cilis, 2-Cl-C4Ha, 3-Cl-
10 CeH, 25-Cl,-CgHs, 34-Cl,-Ce¥, 2-CF3-3-F-C¢Hs, 2-CI-3-CF ,-CgH,, 2-F-3-
CF4-CgHg, 2,3-Cl -4-F-CgH,, 2,3,4-Cl ;- CgHa,
when R? is C¢Hs, Rl is selected from the group of 4-pyridyl, 5-quinolyl, &
quinoly 1, 2,3-Cl,-4-pyrrolidiny 1-C4E,
when R2is2-CH ;-C4H, R' is 2,3-(CH 5),-CH,,
15 when R22-Cl-C¢Ha, R’ is 2,3-(OCH ,),-CeH;
d) the substituted tetrazoles of Formula V,

N

RN

N Formula V

N:N\
/
p

wherein Rl is selected from the group of 2,3-Cl ,-C¢H, 2,3-Cl ,-4-F-C6H,, 2-C1-
3-CF;-C4Hj, 2-Ci-3-CF ;-4-F-C4H,,;
20 e  |-(2,3-dicMorophenyl)-N-[2-(pyridin-2-yloxy)benzyl]-IH-tetrazol -5-amine (A-
839977);
or any pharmaceutically acceptable salt thereof.
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5. An antagonist of P2X7 receptor for use according to claim 1or 2, wherein the

antagonist is capable to cross the blood brain barrier.

6. An antagonist of P2X7 receptor for use according to claim 5, wherein the
antagonist is selected of the group of Brilliant Blue G (BBG), KN-62, A-438079 (3-[[5-
(2,3-dichlorophenyl)-I H-tetrazole-I-yllmethyl]pyridine), or any pharmaceutically
acceptable salt of decavanadate ((V10025)%).

7. An antagonist of P2X7 receptor for use according to any one of claims 1to 6,
wherein the subject suffering from status epilepticus is an adult, a child, an infant or a

neonate.

8. An antagonist of P2X7 receptor for use according to any one of clams 1to 7,
wherein the antagonist of the P2X7 receptor is administered in adjunction with an anti-

convulsant or any other anti-epileptic drug.

9. An antagonist of P2X7 receptor for use according to claim 8, wherein the

antagonist of the P2X7 receptor isadministered in adjunction with a benzodiapezine.

10. An antagonist of P2X7 receptor for use according to clam 9, wherein the

antagonist of the P2X7 receptor isadministered in adjunction with lorazepam.

I 1 An antagonist of P2X7 receptor for use according to any one of claims 8 to
10, wherein the antagonist is administered prior to, contemporaneous with or

subsequent to the administration of the anti-convulsant.

12. An antagonist of the P2X7 receptor for use according to any of the preceding

claims, wherein the status epilepticus isrefractory status epilepticus.

13. An antagonist of the P2X7 receptor for use according to claim 12, wherein
the antagonist is A-438079, which is administered in adjunctive treatment with

lorazepam.
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14. A method of use of an antagonist for treating or preventing the seizure in the
status epilepticus in an animal, which method comprises administering to said animal an

effective amount of the antagonist of P2X7 receptor.

15. The method according to claim 14, wherein the antagonist is administered to

the animal prior to, contemporaneous with, or subsequent to start of the seizure.

16. The method according to claim 14 or 15, wherein the antagonist of P2X7R is
administered in combination with an anti -epileptic drug..

17. The method according to clam 16, wherein the antagonist of P2X7R is

administered prior to, simultaneously to, or subsequent to the administration of the anti-

epileptic drug.

18. The method according to claim 16 or 17, wherein the anti-epileptic drug is a

benzodiazepine.

19. The method according to claim 18, wherein the anti-epileptic drug is

lorazepam.

20. The method according to any one of the clams 14 to 19, wherein the

antagonist of P2X7R is administered intraperitoneal Iy or intravenously

21. The method of claim 20, wherein the antagonist of P2X7 is capable to cross

the blood brain barrier.

22. The method according to any of the clams 14 to 21, for treating or

preventing a seizure in refractory status epilepticus.

23. The method according to claim 22, wherein the antagonist is administered in

combination with a benzodiazepine.
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24. The method according to any one of claims 14 to 23, wherein the animal to

treat is ahuman being.

25. The method according to claim 24, wherein the human being is an adult, a

children, an infant or a neonate.

26. A method of use of an antagonist of P2X7R for treating or preventing
neonatal seizures or seizures in infants or in children up to five years of age, wherein the
antagonist of P2X7R is administered alone or in combination with another approved
treatment for neonatal seizures such as a barbiturate, a benzodiazepine, any other

approved anti-epileptic drug, or in-trial medication such as bumetanide.

27. An antagonist of P2X7 receptor for use in the treatment of neonatal seizures,
wherein the antagonist of P2X7R is administered alone or in combination with another

drug.

28. An antagonist of P2X7 receptor for use according to claim 27, wherein the
antagonist of P2X7R is administered in combination with a barbiturate, a

benzodiazepine or bumetanide.

29. An antagonist of P2X7 receptor for use according to claim 27 or 28, wherein
the treatment of neonatal seizures is the shortening, termination or prevention of

neonatal seizures.

30. An antagonist of P2X7 receptor for use according to claim 27 or 28, wherein
the treatment is the reduction of seizure time, seizure frequency, seizure power, seizure

severity or the prevention of neurological damage.
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