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Abstract

Acid-sensing ion channel la (ASIC1a) is the primacyd sensor in mammalian brain and
plays a major role in neuronal injury following ebral ischemia. Evidence that inhibition of
ASIC1la might be neuroprotective following strokeswareviously obtained using “PcTx1
venom” from the tarantuldsalmopeous cambridgei. We show here that the ASICla-
selective blocker PcTx1 is present at only 0.4%ndbance in this venom, leading to
uncertainty as to whether the observed neuropreéeetfects were due to PcTx1 blockade of
ASIC1la or inhibition of other ion channels and moes by the hundreds of peptides and
small molecules present in the venom. We therexamined whether pure PcTx1 is
neuroprotective in a conscious model of stroke dir@ct inhibition of ASICla A focal
reperfusion model of stroke was induced in conscgpontaneously hypertensive rats (SHR)
by administering endothelin-1 to the middle ceréhrtery via a surgically implanted cannula.
Two hours later, SHR were treated with a singleaicgrebroventricular (i.c.v.) dose of
PcTx1 (1 ng/kg), an ASIC1la-inactive mutant of PcTkIng/kg), or saline, and ledged beam
and neurological tests were used to assess theitgegé symptomatic changes. PcTx1
markedly reduced cortical and striatal infarct voks measured 72 h post-stroke, which
correlated with improvements in neurological scargtor function and preservation of
neuronal architecture. In contrast, the inactivéXcanalog had no effect on stroke outcome.
This is the first demonstration that selective piagological inhibition of ASICla is
neuroprotective in conscious SHRs, thus validaiimgbition of ASICla as a potential

treatment for stroke.



1. Introduction

The severe oxygen depletion that occurs duringeisioh stroke compels the brain to switch from
oxidative phosphorylation to anaerobic glycolysihich in turn leads to acidosis via increased
lactate levels. The extracellular pH can fall frefm.3 to 6.0-6.5 in the ischemic core under
normoglycemic conditions, and it can drop to bel®Ww during severe ischemia (Isaetval.,
2008; O'Bryantet al., 2014; Xionget al., 2004).In vivo studies show that acidosis aggravates
ischemic brain injury (Xionget al., 2004) and a direct correlation between brain asigland
infarct size has been demonstrated (Xiehgl., 2007). The pH reached during cerebral acidosis
can activate acid-sensing ion channels (ASICs)thigdactivation has been suggested to play a
critical role in stroke-induced neuronal injury Bdyantet al., 2014; Xionget al., 2007).

ASICs were discovered in the late 1990s, almosydrs after the observation that sensory
neurons depolarise in response to a sudden drpH ifKrishtal, 2003). Although they belong to
the epithelial sodium channel/degenerin family etaptors, they are distinguished by their
restriction to chordates, predominantly neuronafritiution, and activation by decreases in
extracellular pH (Grindeat al., 2010). Alternative splicing of four ASIC-encodiggnes leads
to the expression of six subunits (ASICla, ASICAB]C2a, ASIC2b, ASIC3, and ASIC4) that
combine to form hetero- or homo-trimeric channakst differ in their pH sensitivity and tissue
distribution (Wemmieet al., 2006).

Postsynaptic ASICla channels are the dominant Asiitype in both human and rodent brain
(Hoaglandet al., 2010; Liet al., 2010). The pH for half-maximal activation (pél of ASIC1a is
6.6 in human cortical neurons (&ial., 2010) and 6.4 in rat Purkinje neurons (Aletl., 2002)
and consequently they are robustly activated bydderease in extracellular pH that occurs
during cerebral ischemia. Importantly, homomericl@®& channels can mediate the uptake of
C&" in addition to Na and protons (Griindet al., 2010). Thus, brain ASIC1a can contribute to
the intracellular C4 overload during stroke and may be at least pagsponsible for the
precipitous drop in intracellular pH from ~7 tolass as 6.15 during cerebral ischemia (Isaev
al., 2008).

The most potent and selective blocker of ASIClacilesd to date is PcTx1, a 40-residue



peptide isolated from the venom of the Trinidad @hoe tarantulaPsalmopeous cambridgel
(Escoubaset al., 2000). PcTx1 blocks rat ASICla (rASICla) with Ky, of ~0.5 nM and
ASICla/2b heteromers with andfof ~3 nM, but it does not inhibit other ASIC homers or
heteromers. Several previous studies have claihedPcTx1 is highly neuroprotective in rodent
models of ischemic stroke (Pignataabal., 2007; Xionget al., 2004). For example, in a rat
model of transient focal ischemia (middle cerelaréry occlusion; MCAOQO), i.c.v. injection of
‘PcTx1 venom’ 30 min before and after induction isthemia reduced infarct size by 60%
(Xiong et al., 2004). Consistent with this being an effect mesdicdoy ASIC1a, infarct size was
similarly smaller by 61% in ASICT mice as compared to wild-type mice (Xioetgal., 2004).
These observations have improved our understarafisgoke pathophysiology and highlighted
ASICla as a therapeutic candidate for the develapmieneuroprotective agents for treatment
of stroke.

Surprisingly, the aforementioned studies did nat pare PcTx1 but rather the whole venom
from the spideP. cambridgel, which contains PcTx1. Spider venoms are extrernelpplex
chemical cocktails, containing hundreds to thousasfdunique peptides (Escoubaisl., 2006).
The venom ofP. cambridgei is no exception and it is known to contain moduiatof TRPV1
and voltage-gated ion channels (Siemens, 2006)ditian to PcTx1. This raises the question as
to whether the reported neuroprotective effectiPaiTx1 venom’ was due to block of ASICla by
PcTx1 or unrelated pharmacological effects medibiedther venom components. Therefore, to
address this question, we examined the neuropiatesfficacy of pure, recombinant PcTx1 in a
conscious hypertensive rat model of transient MCA@ show that a single dose of PcTx1
delivered 2 h after stroke dramatically reducesritf size and restores normal levels of
neurological and motor function. These effectsdue specifically to inhibition of ASICla, as
no neuroprotection was observed with a "disarmezi’x® mutant peptide that can no longer
inhibit the channel.

2. Materials and Methods
2.1 HPLC analysis ofP. cambridgei venom
Reversed-phase (RP) HPLC analysis of credecambridgei venom was performed using a

Shimadzu Prominence system. One mg of venom wesdnated on a Zorbax SB300 reversed-



phase C18 column (4.6 x 250 mmu/, 300 A) using a flow rate of 0.8 ml/min and the
following gradient of solvent B (0.043% trifluorastec acid (TFA)in 90% acetonitrile) in solvent

A (0.043% TFA in water): 10% solvent B for 2.5 mikQ-45% solvent B over 50 min, 45-70%
solvent B over 5 min. The early eluting fractionsifarther analysed on a Thermo HyPurity C18
column (4.6 x 100 mm, fm, 120 A) using a gradient of 0% solvent B for Srttien 0-15%

solvent B over 15 min at a flow rate of 1 ml/min.

2.2 Peptide production

Recombinant PcTx1 and a double mutant analog weyéuped using atk. coli periplasmic
expression system described previously (Klint, 20B3iefly, synthetic genes encoding wild-
type or mutant PcTx1, preceded by a TEV proteasavelge site, were produced by GeneArt
(Regensburg, Germany) and subcloned into a vawénthe pLicC-Hig-MBP periplasmic
expression vector which enables periplasmic expmess target peptides as fusions to maltose
binding protein (MBP). The HisMBP-PcTx1 fusion proteins were expressecEircoli strain
BL21(ADE3) and isolated from cell lysates by passage NNTA Superflow resin (QIAGEN).
The His-MBP tag was then removed from the eluted fusiootgdn by cleavage with TEV
protease. Recombinant PcTx1 (with an N-terminaheeadded to facilitate TEV cleavage) was
isolated to >95% purity using a final RP-HPLC st&de previously demonstrated that this
recombinant peptide is equipotent with native Palr@ae=zt al., 2011).

2.3 MALDI-TOF Mass Spectrometry

Peptide masses were confirmed by matrix assisgeu tesorption ionisation—time of flight mass
spectrometry (MALDI-TOF MS) using a Model 4700 Rmotnics Bioanalyser (Applied
Biosystems, CA, USA). Peptide samples were mixed, (¥:v) with a-cyano-4-hydroxy-
cinnamic acid matrix (5 mg/ml in 50/50 acetonitiiieO) and MALDI-TOF spectra were

collected in positive reflector mode. All massegegi are for the monoisotopic M¥kbns.

2.4 Electrophysiology
Two-electrode voltage clamp (TEVC) was carried asing Xenopus oocytes as previously
described (Schroedet al., 2014). cRNA encoding rat ASICla (rASICla) wastkgrized using

an mMessage mMachine cRNA transcription kit andthgatage V-VI oocytes injected with 4



ng rASICla cRNA (40 nL of 100 ng/uL). All experinterwere performed at room temperature
(18-21°C) in ND96 solution containing 0.1% fattyicadree-bovine serum albumin (BSA).
Changes in extracellular pH were induced using eroperfusion system that allowed local,
rapid exchange of solutions. HEPES was replacedlb$ to buffer the pH 6 stimulus solution.
Peptides were dissolved in ND96 solution (pH7.4%)taining 0.1% BSA to prevent adsorption

onto tubing.

2.5 Cannulae implantation

Male spontaneously hypertensive rats (SHR) (~ 28ke®f age; 300-350g) were anaesthetised
with ketamine (75 mg/kg; Sigma)/xylazine (10 mg/Kgpy; i.p). A 23-gauge stainless steel
guide cannula was stereotaxically implanted t@ sitm dorsal to the right middle cerebral artery
in the piriform cortex. An additional cannula waspilanted into the left lateral ventricle (-0.8
mm anterior, +1.5 mm lateral, and —3.2 mm vent#dtive to Bregma) which was left exposed
to allow a bolus dose of drug to be administereld &fter stroke. The animals were housed
individually and were allowed a 5-day recovery pdriprior to the induction of stroke. All
animal care and procedures were approved by thedtobniversity Animal Ethics Committee.
The minimum number of animals were used and, wipessible, anin vitro approach was

applied.

2.6 Drug treatments

SHR (~20 weeks of age; 300-350 g) were randombgated to one of several treatment groups
so the experimenter was blind to all treatments @uhe thirty animals stroked in this study,
one animal was excluded because it did not reaehagipropriate level of stroke. In addition,
three animals were excluded because they hadledtrat was greater than a grade-4 stroke. All
excluded animals were humanely sacrificed immeljiatter the final injection of endothein-1
(ET-1). The remaining animals received either Pc{xhg/kg;n = 9), inactive mutant PcTx1 (1
ng/kg;n = 7), or vehicle (salinen(= 10). All drugs were administered by intracereferdricular
(i.c.v.) injection 2 h after stroke via a previousimplanted guide cannula using a 30-gauge
injector protruding 3 mm into the lateral ventricl2rugs were dissolved in saline and infused in

a volume of 3ul over 3 min.



2.7 Stroke induction

During stroke induction, animals were placed inemcPerspex box to allow observation. Stroke
was induced in conscious animals by inserting @a&ge injector protruding 3 mm below the
end of the previously implanted guide cannula aidlH20 pmol/ul in saline; AusPep) was
injected at a rate of 0.2 ul every 30 s until thereal exhibited behavioural changes associated
with the desired level of stroke, as described ipresty (McCarthyet al., 2009; McCarthyet al.,
2012; McCarthy et al., 2014).)Typical behaviors that were observed weomtinuous
contralateral and ipsilateral circling; clenchindfagging, or failure to extend the forelimb
contralateral to the side of ET-1 infusion; chewargl jaw flexing and shuffling with forepaws.
Each stroke was graded based on these pre-deteriméavioral changes using a scale of 1 to
4, with 1 being a mild stroke and 4 being a sewtreke. Only rats with a grade-4 level of
stroke, exhibiting at least five of the aforemené&d behaviors, were used for the purpose of this

investigation.

2.8 Assessment of functional outcome

2.8.1 Ledged beam test

Stroke-induced changes in motor coordination wexangned by assessing the animal's
dependence on the underhanging wider ledge of dugllg narrowing beam as previously
described (McCarthgt al., 2012; McCarthyet al., 2009; McCarthyet al., 2014). Naive rats are
able to traverse the central portion of the bearhout using the underhanging ledges for
support. Stroked rats rely on the lower ledge fgop®rt on the impaired side and take more steps
on the ledge. Animals were trained to traversebttam on the day prior to surgical implantation
of the cannula. The ledged beam test was conducteediately before stroke induction, at 24 h
(day 1) and ~70 h after stroke induction (day 3)e humber of steps taken on the lower ledge
(errors) by each foot was recorded and expressagascentage of the total number of footsteps
taken and recorded as percentage error. All vakese compared to pre-stroke performance,

and therefore each rat acted as its own control.

2.8.2 Neurological test
Postural abnormalities were assessed by gradingeterity of thorax twisting and the angle of

forelimb extension when the rat is elevated byttheabove a flat surface (Yamamotbal.,



1988). Thorax twisting was scored on a scale af 8,twith O representing no twisting behavior
and 3 representing severe twisting. Forelimb extensas also scored on a scale of O to 3, with
0 representing full contralateral forelimb extemsiand 3 representing a complete failure to
extend the contralateral forelimb. Both scores vgeramed to give a total neurological deficit
score, where the maximum total score an animaldcachieve was 6. A total score of zero
indicated that the animal was normal with no neagal deficit evident, whereas a total score
of 6 indicated sever neurological deficit. The tests conducted prior to surgery, immediately
before stroke, and 24 h and 72 h after stroke itholuc

2.9 Histology

2.9.1 Quantification of ischemic damage

At 72 h after stroke rats were re-anaesthetisetl étamine (75 mg/kg; Sigma)/xylazine (10
mg/kg; Troy) and transcardially perfused with plyagically buffered saline (0.1 M PBS; pH
7.4) at a rate of 25 ml/min. Brains were then reethwsnap frozen, and sectioned for image
analysis to determine infarct size, as previouslgcdibed (Callawagt al., 2000; McCarthyet

al., 2009; McCartht al., 2012; McCartht al., 2014).

2.9.2 Immunohistochemical staining

Neuronal integrity was assessed using a neurorifgpe@rker, NeuN antibody (1:500 dilution,
Chemicon), which is a DNA-binding protein that béntb the nucleus of neurons. In addition,
cells undergoing apoptosis were identified usingaatibody against a common mediator in the
apoptotic pathway, cleaved Caspase-3 (1:200 didutidbbCAM). Frozen coronal cryostat
sections (16 um) were post-fixed using 100% acetimmelO min. Slides were incubated
overnight with either the NeuN or cleaved CaspasmBibody at 4°C. Sections were then
incubated at room temperature for 2 h with a flsoeatly labelled secondary antibody: Alexa
488 was used for NeuN (1:500 dilution, Invitrogand Alexa 568 for cleaved Caspase-3 (1:500
dilution, Invitrogen). The number of immunopositigells were counted within six 1-nfrsites
that were randomly imaged on the ipsilateral anutredateral hemispheres. Data are expressed

as the average number of immunopositive cells paf.m



2.10 Statistical Analysis

Results are presented as mean + standard deviatidme mean (SD). The ledged beam test,
neurological score, and systolic blood pressureewanalysed using a two-way repeated
measures analysis of variance (ANOVA). Neuronal reggion (NeuN-positve cells) and
apoptosis (caspase-3-positive cells) were analpgesvo way ANOVA, while infarct area was
analysed using a one-way ANOVA. Post hoc testiogrected for multiple comparisons, was
performed using Tukey's test. A P value < 0.05 wassidered to be statistically significant.

Data analysis was performed using GraphPad Prissrs{dh 6).

3. Results

3.1 Complexity of P. cambridgei venom (“PcTx1 venom”)

Venom fromP. cambridgel has previously been used as a substitute for PoTsfroke studies
(Li et al., 2010; Pignatarat al., 2007; Xionget al., 2004) due to the lack of a commercial
supplier. Since spider venoms are extremely comphextures of salts, small molecules,
peptides and proteins (King al., 2013), we decided to examine the relative abucelaf
PcTx1 peptide irP. cambridgei venom. Fractionation d?. cambridgei venom using RP-HPLC
yielded a complicated chromatogram with more th@rpé&aks, indicative of a highly complex
venom (black trace in Fig 1A). The peak correspogdio native PcTx1 was confirmed by
comparison with the retention time of pure, recambt PcTx1 eluted under the same conditions
(grey trace in Fig. 1A) as well as MALDI-TOF magsstrometry (observed M+H= 4687.32,
calculated M+H = 4687.21). Integration of each of the peaks i@ ¥enom chromatogram
revealed that PcTx1 constitutes only ~0.4% of ttaltvenom based on absorbance at 214 nm.
We conclude that PcTx1 is found at very low aburdan P. cambridgei venom, and therefore
one cannot definitively conclude that the pharmagichal effects evoked by "PcTx1 venom™ in

stroke studies are due solely to PcTx1 inhibitibASIC1a.

3.2 Activity of recombinant PcTx1 and “disarmed” mutant

In order to examine the neuroprotective effectpure PcTx1, we produced recombinant PcTx1
as described previously (Saetzal., 2011) as well as a double mutant version of #@ige that
was designed to be inactive on ASIC1la. Our prevaiugture-function studies of PcTx1 (Saez

et al., 2011) as well as crystal structures of the comptemed between PcTx1 and chicken



ASIC1 (Baconguis, 2012; Dawsaa al., 2012) indicate that residues Arg27 and Val32 are
important for PcTx1 inhibition of ASICla. Thus, weoduced an R27A/V32A double mutant
peptide (Fig. 1B) and examined the ability of tha&alogue to inhibit rASICla.
Electrophysiological analysis indicated that recoraht wild-type PcTx1 inhibits rASIC1 with
an 1Gp of 0.82 £ 0.19 nM, consistent with literature \@duEscoubast al., 2000; Saezt al.,
2011), whereas the R27A/V32A mutant is essentialbctive with an 1G > 10uM (i.e.,
>10,000-fold lower potency) (Fig. 1C). Thus, theatmed R27A/V32A mutant PcTx1 provides
a valuable control to determine whether thevivo effects of PcTx1 are due to inhibition of
ASICla.

3.3 Effect of PcTx1 on infarct size following MCAO

A single dose (1 ng/kg) of PcTx1 delivered i.c.vh &after MCAO had a dramatic impact on
infarct size (Fig. 2). The cortical infarct volumeeasured 72 h after MCAO was ~70% smaller
in PcTx1-treated animals (32 + 30 Mneompared to control animals (108 + 71 PMiA<0.05).
Striatal infarct volume appeared lower in PcTxzteel animals (24.0 + 8.4 mijrcompared to
control animals (39 + 27 mity but this did not reach statistical significante.contrast with
native PcTx1, the disarmed PcTx1 mutant had ncceffe the severity of cortical or striatal
damage. The individual infarct volume areas forhegooup are also shown in (Fig 2). We
conclude that PcTx1 treatment reduces infarct a&itex stroke due to pharmacological blockade
of ASIC1a.

3.4 Effect of PcTx1 on motor deficits following MCAO

Compared to pre-stroke measuremetitsye was a pronounced motor deficit in vehiclated
SHRs at both 1 and 3 days after stroke (i.e., >80%r in the ledged-beam test; Fig. 3A). PcTx1
treatment (1 ng/kg i.c.v.) significantly reducee severity of motor deficit at 1 and 3 days after
stroke compared to control rats (<10 % error irgéabeam test; P<0.01 versus corresponding
time points in vehicle-treated group) (Fig. 3A). &ecordance with the histological data, the

inactive PcTx1 mutant had no effect on motor didiaiter stroke (Fig. 3A).



3.5 Effect of PcTx1 on neurological scores followghMCAO

A significant neurological deficit was observedland 3 days after ET-1 induced stroke in both
the control animals (1 day: 4.0 £ 1.9 ; 3 days: 830 ; P<0.01 versus pre-stroke deficit) and
animals receiving inactive PcTx1 mutant (1 day:#85; 3 days: 3.9 + 1.3; P<0.01 versus pre-
stroke deficit). Remarkably, there was very liglgn of neurological deficit at either time point
after stroke (1 day: 0.7 + 1.0; 3 days: 0.7 £ (®90.01 versus corresponding time points in

vehicle-treated group; Fig. 3B) in animals thakereed PcTx1.

3.6 Effect of PcTx1 on neuronal survival followingUlCAO

The number of neurons detected by NeuN-immunopesgtaining was lower in the infarcted

(ipsilateral) hemisphere compared to the non-itéarc(contralateral) hemisphere in both
vehicle-treated animals and those receiving thetivea PcTx1 mutant (Fig. 4), although only the
latter reached statistical significance (P<0.019s4 of NeuN-positive staining was much less
evident in in the occluded hemisphere of animaated with PcTx1 (P<0.05), suggestive of

improved neuronal survival in these animals.

The number of cells undergoing apoptosis in theluoezl hemisphere of stroked SHRs
receiving either vehicle or inactive PcTx1l was leiglthan in the contralateral hemisphere
(Fig. 5), in accordance with the decreased neursualival in the same hemisphere (Fig. 4).
Treatment with PcTx1 had an anti-apoptotic effadhie occluded hemisphere as evidenced by a

blunting of the stroke-induced increase in the neimtf cells positive for cleaved caspase-3
(Fig. 5).

4. Discussion

In the present study, we demonstrated that PcTkdrdsf both functional and anatomical
neuroprotection following induction of stroke innszious SHR. These protective effects were
absent in animals treated with a PcTx1l mutant theks activity against ASICla, thus
demonstrating, for the first time, that the neuobdgction afforded by PcTx1 peptide is due to
selective inhibition of ASIC1a.



Stroke is the is the second leading cause of deatldwide (Moskowitzet al., 2010; Woodruff
et al., 2011) and the leading cause of disability in stdalized countries (Liet al., 2012). The
use of recombinant tissue plasminogen activatBArto help restore blood flow to the ischemic
region is the only approved agent for treatmerdarite stroke and it is used in only 3—-4% of all
stroke patients (Besanca al., 2008) due to its narrow therapeutic window anel tisk of
inducing intracranial hemorrhage (Moskowgt al., 2010). Thus, there is intense interest in

developing new approaches for treatment of strodtans.

Ischemia-induced acidosis causes neuronal injutependently of the activation of voltage-
gated calcium channels and glutamate receptorsvaiicn of ASICs appears to represent a key
mechanism by which a reduction in the pH of iscleetissue leads to calcium influx and
excitotoxicity (O'Bryantet al., 2014). This distinct mechanism of excitotoxicityght in part
explain the failure of NMDA receptor antagonistimical trials against stroke (O'Bryasttal.,
2014). Infarct size is reduced by ~60% in ASICladkout mice (Xionget al., 2004) which
suggests that ASIC1la, the primary ASIC subtypedent and human brain (kf al., 2010), is a

key contributor to the pathological events indubgdschemic stroke.

Several studies have attempted to demonstratesaloale for ASIC1la in the neurodegeneration
induced by cerebral ischemia by employing nonsielecmall-molecule ASIC1 inhibitors such
as flurbiprofen (Mishrat al., 2010; Mishreet al., 2011) and aspirin (Warg al., 2012), "PcTx1
venom" (Pignataret al., 2007; Xionget al., 2004), or genetic ablation of ASICla (Xioetgal.,
2004) as a means of reducing ASIC1la function. N&AsDch as flurbiprofen and aspirin are
weak, nonselective inhibitors of ASICla and thefeetfa myriad of other biological targets.
Genetic ablation of an ion channel can give riseampensatory regulation of related subtypes
of the target channel with unknown consequenceshfsgvn here, "PcTx1 venom" contains only
a very small amount of PcTx1 amongst many otheorepeptides that likely affect a wide
array of voltage- and ligand-gated ion channelsngket al., 2013). Thus, none of these
approaches provides definitive evidence that agli@macological inhibition of ASICla is

likely to be neuroprotective in ischemic stroke.

1C



Tarantula venoms are exceptionally complex chemicaktails dominated by disulfide-rich
neurotoxic peptides (Herzig al., 2013; Kinget al., 2013). The primary molecular targets of
these peptides are neuronal voltage-gated caldadiym and potassium channels (Hegtigl.,
2013). We showed here that PcTx1l constitutes a wvaigor proportion (~0.4%) of
P. cambridgei venom, which equates to a concentration of 40gB0 in crude venom. In
comparison, the venom of this spider is known totaim modulators of TRPV1 and voltage-
gated potassium channels at concentrations in el mM range (Choi, 2004; Siemens,
2006). Thus, thén vivo effects of “PcTx1 venom™ are likely to be due b@ tombined effects
from a wide variety of venom peptides, rather tisately due to PcTxlinhibition of ASIC1la.
Thus, we strongly recommend against using “PcTxion® as a method to selectively inhibit
ASIC1lain vivo.

We examined the effect of pure, recombinant PcTsihgia model of cerebral ischemia that
closely mimics the clinical setting in that animal® conscious while stroke is induced. This
avoids the confounding effects of anaesthesia, ware known to be neuroprotective (McCarthy
et al., 2012; McCarthyt al., 2009; McCarthyet al., 2014). Furthermore, MCAO was performed
on hypertensive animals, since high blood presssiran important risk factor for stroke.
Additionally, the hemodynamic changes induced veagéted application of ET-1 are
representative of human stroke, with blood flowustn at the onset of ET-1 administration
resulting in complete occlusion of the vessel, Whiegins to resolve over a period of 30—40 min
after stroke with blood flow returning to normalesvthe following 16-22 h (Meccet al.,
2009). The region of damage resulting from thiggrent model of stroke is characterised by a
necrotic core of severely impacted tissue, surredriny an ischemic penumbra of compromised
but salvageable neurons, which over time will gedljuundergo apoptotic cell death in the
absence of therapeutic intervention. When admir@dtecentrally 2 h after stroke, a single
nanogram dose of pure PcTx1l almost halved the wlaefmneuronal damage in SHRs, as
measured three days post-insult. PcTx1 not onlgr@#d protection in the cortical region
(ischemic penumbra), but tended to reduce the ggwdrdamage in the striatal core (i.e., tissue

directly impacted by hypoxia), which is generalbgnsidered resistant to therapeutic intervention.
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In previous studies, "PcTx1 venom" was administexed dose of 10 ng/kg in mice at 5 h after
transient MCAO (Pignataret al., 2007), and immediately before and after strolkation in
rats with transient MCAO, with the rat brain conzation estimated at ~50 ng/ml (Xiorgal.,
2004). Given that PcTx1 represents ~0.4% of cfadeambridgei venom, the estimated brain
concentration of PcTx1 in these studies (0.2 ng#Gl03 nM) would have been ~15-30-fold
lower than the reported kgfor PcTx1 inhibition of rASICla (Escoubatal., 2000; Saeet al.,
2011). This dose would lead to only minimal inhimit of brain ASICla (<5%). Thus, it is
unclear whether the small amount of PcTx1 admiresten previous studies (Pignatasbal.,
2008; Xionget al., 2004)was solely responsible for the observed neuroptigee@ffects or
whether they are due to the combined effect of reéw@nom components. In contrast, the dose
of PcTx1 used in the current study equates to e lm@ncentration of ~1.2 nM, which should
inhibit brain ASIC1a activity by >60%.

Earlier findings (Pignataret al., 2008; Xionget al., 2004) showed that, "PcTx1 venom"
markedly reduced infarct volume when assessed a#tdr stroke, although no functional
correlates were examined. Notably, in the curréatlys the preservation of brain tissue by
PcTx1 was reflected symptomatically, with PcTxlateel animals experiencing less motor
impairment and reduced neurological deficit follogi stroke. Moreover, the absence of
neuroprotection in animals receiving inactive Pcaitant provides strong evidence that the
neuroprotection afforded by PcTx1 is due specifictd its ability to inhibit ASICla. PcTx1
(ICs0 ~0.5-1 nM) is a considerably more potent inhib@dbASIC1a than small molecules such as
amiloride (1Go ~10 uM) (Griinderet al., 2010), flurbiprofen (Igy ~350 uM) (Voilley et al.,
2001), and sinomenine (#6~0.271M) (Wu et al., 2011), and it is also much more selective.
Thus, the neuroanatomical and behavioural protediforded by PcTx1 in the current study
more convincingly demonstrates the therapeuticriateof ASICla blockade as a treatment for

stroke.

Our immunohistochemical analysis indicated thasksirmarkedly increased the number of cells
undergoing apoptosis in the ipsilateral hemisphkut,the number of caspase-3 positive cells
was reduced in PcTx1-treated animals. In the fuitirgould be of interest to use other apoptotic

assays, such as terminal deoxynucleotidyl transéeidJTP nick-end labeling (TUNEL), to
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examine the PcTx1 treatment effect, particularlegithat some studies have shown that non-
apoptotic cells such as reactive astrocytes, maaggs/microglia and neutrophils express
caspase-3 at 72 h after stroke (Mtgl., 2005; Wagneet al., 2011). In any case, the increase in
caspase-3 immunostaining in the area directly sfteby ischemia is consistent with the stroke-
induced loss of neuronal integrity, as identifigdNeuN in the vehicle-treated animals, which
we have consistently reported ( McCarttyal., 2009; McCarthyet al., 2012; McCarthyet al.,
2014). Furthermore, treatment with PcTx1 blunted tbss of NeuN staining, signifying a
preservation of neuronal survival. Thus, PcTx1 préed apoptosis following MCAO, which is
in keeping with the conservation of neuronal aesttitre and is reflected by both the histological
and behavioural data.

The current study provides striking proof-of-prplei that inhibition of central ASICla
interrupts the pathological events occurring al&AO. However, the elucidation of the time
course of neuroprotection using clinically relevantites of drug administration in several
animal models is required before clinical translatof these findings into humans (Fisleeal .,
2009).

Conclusion
Selective inhibition of brain ASICla with pure PdDpeptide provides functional- and
anatomical- neuroprotection following induction stfoke in conscious SHR. These findings

indicate that ASIC1a is an exciting therapeutigéaafter an ischemic event.
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Figure Legends

Figure 1: (A) RP-HPLC chromatograms & cambridgei venom (black trace) and recombinant
PcTx1 (grey trace) highlighting the chemical compieof the venom and the minor abundance
of PcTx1. The large inset shows re-fractionatiorihaf early-eluting components on a different
column in order to reveal the hidden complexitythis region of the chromatogram. The small
inset is a MALDI-TOF MS spectrum of native PcTxlbgerved M+H = 4687.32, calculated
M+H" = 4687.21). (B) RP-HPLC chromatogram showing theitp of the recombinant
R27A/V32A double mutant PcTx1. (C) Concentratiofeef curves for inhibition of rASICla
expressed inXenopus oocytes by recombinant PcTx1l and the R27A/V32A bilmumutant

peptide. Calculated Kgvalues are listed on the figure.

Figure 2. Infarct volume after MCAOHistological sections showing typical infarcted iceg
(darker area) and non-infarcted region from SHR tere treated with (A) vehicle, (B) PcTx1
(2 ng/kg i.c.v.), or (C) inactive PcTx1 (1 ng/kg.v.) 2 h after ET-1 induced MCAO. Individual
infarct volumes, together with mean + SD, on th&lgteral side measured 72 h post-stroke are
shown for (D) cortical and (E) striatal regions fahicle = 10), PcTx1 =9), and inactive
PcTx1 g = 7). *P<0.05 versus vehicle (one-way ANOVA).

Figure 3. Behavioural performance after MCAO. The effect ehicle (saline)r{ = 10), PcTx1

(2 ng/kg i.c.v.;n = 9), and inactive PcTx1 (1 ng/kg i.c.a.= 7) on (A) percentage errors made in
ledged beam test, and (B) neurological score fafigwstroke. Ledged beam test and
neurological assessment were performed pre-sti®kg &nd at 24 h (24) and 72 h (72) post-
stroke. Data are mean * SDO'P<0.01 versus pre-stroke performance®<0.01 versus
corresponding time in vehicle-treated group (tworikM ANOVA followed by Tukey post hoc
tests).

Figure 4. Neuronal survival after MCAO. (A) Effect of vehic{a = 10), PcTx1a (1 ng/kg i.c.v;

n =9), and inactive PcTx1 (1 ng/kg i.c.w.= 7) on neuronal survival measured 72 h post-strok
Data expressed as the number (mean + SD) of Neuhlsimopositive (Neul) cells per mrh
within the non-occluded (contralateral) and occtudgsilateral) hemisphere. #P<0.05 versus
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vehicle-treated group (ipsilateral side); **P<0.@&rsus matched region on non-infarcted
hemisphere (two-way ANOVA followed by Tukey post chdests); (B) Representative

immunohistochemical brain sections depicting nearexpression using NeuN neuronal marker
(green). Images are taken from either the non-dedur occluded hemisphere from animals

that were stroked and subsequently treated witicheeHPcTx1 or inactive PcTx1.

Figure 5. Apoptosis after MCAO. (A) Effect of vehicle & 10), PcTx1 (1 ng/kg i.c.vy=9) or
inactive PcTx1 (1 ng/kg i.c.vn = 7) on the number of cells undergoing apoptosi&2ah post-
stroke. Data expressed as the number (mean = SDjealed caspase-3-immunopositive
(caspase-3 cells per mrharea within the non-occluded (contralateral) acclurled (ipsilateral)
hemisphere. *P<0.01 versus matched region on ntardted hemisphere (two-way ANOVA
followed by Tukey post hoc tests); (B) Represemgaiimmunohistochemical brain sections
depicting neuronal expression using a marker feaved caspase-3 (red). Images are taken from
either the non-occluded or occluded hemisphere franimals that were stroked and

subsequently treated with vehicle, PcTx1 or in&BReTx1.
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Highlights

» The effect of pure PcTx1 to inhibit ASICla was tested in a hypertensive model of
stroke

* PcTx1 evoked neuroprotection when administered centrally after stroke

* PcTx1 reduced cortical infarcts and improved motor function tested after 3 days
e PcTx1 preserved neuronal architecture

* Aninactive PcTx1 analog had no effect on stroke outcome



