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Introduction

SUMMARY

Aims: Here, we investigate the pharmacology of NS383, a novel small molecule inhibitor
of acid-sensing ion channels (ASICs). Methods: ASIC inhibition by NS383 was character-
ized in patch-clamp electrophysiological studies. Analgesic properties were evaluated in
four rat behavioral models of pain. Results: NS383 inhibited H*-activated currents
recorded from rat homomeric ASICla, ASIC3, and heteromeric ASICla+3 with ICs, values
ranging from 0.61 to 2.2 uM. However, NS383 was completely inactive at homomeric
ASIC2a. Heteromeric receptors containing AISC2a, such as ASICla+2a and ASIC2a+3, were
only partially inhibited, presumably as a result of stoichiometry-dependent binding. NS383
(10-60 mg/kg, i.p.), amiloride (50-200 mg/kg, i.p.), acetaminophen (100-400 mg/kg, i.p.),
and morphine (3-10 mg/kg, i.p.) all dose-dependently attenuated nocifensive behaviors in
the rat formalin test, reversed pathological inflammatory hyperalgesia in complete Freund’s
adjuvant-inflamed rats, and reversed mechanical hypersensitivity in the chronic constric-
tion injury model of neuropathic pain. However, in contrast to acetaminophen and mor-
phine, motor function was unaffected by NS383 at doses at least 8-fold greater than those
that were effective in pain models, whilst analgesic doses of amiloride were deemed to be
toxic. Conclusions: NS383 is a potent and uniquely selective inhibitor of rat ASICs
containing la and/or 3 subunits. It is well tolerated and capable of reversing pathological
painlike behaviors, presumably via peripheral actions, but possibly also via actions within
central pain circuits.

combined with observations that ASICla knockout mice have
impaired fear- and depression-related behaviors suggests these

Acid-sensing ion channels (ASICs) are the principal molecular
substrates responsible for transducing the excitatory actions of
protons (H") and belong to the amiloride-sensitive epithelial Na*
channel-degenerin superfamily of ion channels [1]. Four rodent
ASIC genes have been identified (ACCN1-4), which encode six
different subunits (ASICla/b, ASIC2a/b, ASIC3, ASIC4) [2]. These
can assemble into both homomeric and heteromeric channels
consisting of three subunits surrounding a central pore permeable
to Na* ions, and in some instances Cca’* [3,4]. Subunit composi-
tion also influences basic channel characteristics such as pH sensi-
tivity, activation, and desensitization kinetics, with ASIC1 and
ASIC 3 the most sensitive to H' [5].

It can be readily appreciated that ASICs localized within cuta-
neous structures are well placed to serve a protective function by
sensing changes in the external environment that could prove to
be potentially damaging to tissue. However, the synaptic localiza-
tion of ASICs within CNS limbic structures such as the amygdala
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channels might also contribute to psychiatric illnesses. Moreover,
prolonged acidosis occurring as a consequence of disrupted synap-
tic transmission, inflammation, or ischemia can be neurotoxic
linking ASICs in turn to neurological diseases such as epilepsy,
multiple sclerosis, Parkinson’s disease, and ischemic stroke [6,7].

When damage to tissue does occur, tissue acidosis can also con-
tribute to pain of diverse etiology with the local release of H" and other
modulators acting to sensitize the peripheral nerve endings of periph-
eral sensory neurons [8-12]. These neurons variously express ASIC
subunits [13,14] indicating the likely existence of multiple hetero-
meric and homomeric combinations [15,16], presumably enabling
activity-dependent responses activated by different sensory modalities
to be engaged over a wide pH range in native tissues after injury.
Accordingly, the firing rate of rat spinal dorsal horn neurons is
increased by low pH solutions applied onto their peripheral receptive
fields [17], consistent with human studies where intradermal acid
injection increases pain scores [18,19].
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Although the availability of small molecule pharmacological
tools that can modulate ASICs is somewhat limited, a number of
toxins have contributed significantly to target validation efforts in
pain [2]. The sea anemone toxin APETx2 inhibits ASIC3 subunit-
containing channels [20,21], while Psalmotoxin 1 (PcTx1) exerts
its action by blocking homomeric ASICla [22]. More recently,
mambalgin toxins isolated from mamba venom have been shown
to inhibit homomeric ASICla and heteromeric ASICla and
ASIC1b containing channels [23]. In keeping with the peripheral
expression of ASIC3, attenuation of inflammatory and postopera-
tive hypersensitivity in rodents is accomplished by local (e.g.
intramuscular or intraplantar) injection of APETx2, but not PcTx1
[24,25]. Yet, when administered intrathecally, PcTx1 and mam-
balgin-1 markedly attenuate pathological pain hypersensitivity
[26,27], in alignment with ASICla subunit expression within the
spinal dorsal horn [27,28]. However, the recent demonstration
that APETx2 also inhibits TTX-resistant Nav1.8 channels [29] rein-
forces the need for novel tools with which to interrogate ASIC
involvement in pain pathophysiology.

Here, we characterize the novel small molecule NS383 (Figure 1).
It possesses submicromolar potency for cloned rat ASICla and ASIC3,
with a putative mechanism and profile of action distinct from other
known ASIC inhibitors such as amiloride. After systemic administra-
tion, NS383 markedly attenuated nociceptive behaviors in rat models
of inflammatory and neuropathic pain with a benign tolerability pro-
file. Given that NS383 distributes poorly across the blood-brain bar-
rier, we believe these actions were primarily mediated via peripheral
ASICs containing la and/or 3 subunits, albeit we cannot exclude that
actions within central pain circuits are contributing.

Materials and Methods
Drugs

NS383, (3E)-8-ethyl-3-(hydroxyimino)-5-phenyl-1H,2H,3H,6H,7H,8H,
9H-pyrrolo[3,2-h]isoquinolin-2-one-3-hydroxy-4-mycinide (Fig-
ure 1), was synthesized at NeuroSearch A/S, Ballerup, Denmark
(W02007/059608), and at Syngene, Bengaluru, India. Amiloride
hydrochloride and acetaminophen were purchased from Sigma-
Aldrich, Brendby, Denmark. Morphine hydrochloride was
obtained from Nomeco A/S, Copenhagen, Denmark.

ASIC Expression in CHO Cells

Cloning and expression of rat ASICla, ASIC2a, and ASIC3 was
described in detail previously [5]. For heterologous expression,
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Figure 1 Chemical structure of NS383.
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ASIC constructs were transiently transfected into CHO-K1 cells
(ATCC no. CCL61) using the lipofectamine PLUS transfection kit
(Life Technologies) according to manufacturer’s protocol. With
each transfection, an amount of cDNA that would yield whole-cell
currents within a 0.5-10 nA range was used, to avoid saturation
of the patch-clamp amplifier (approximately 100 ng cDNA). Elec-
trophysiological measurements were performed 16- to 48-h post-
transfection. On the measurement day, cells were detached from
the culture flask using trypsin and seeded on 3.5-mm glass cover-
slips, precoated with poly-D-lysine.

Electrophysiology

All experiments were performed under voltage clamp using con-
ventional whole-cell patch-clamp methods as described previ-
ously [5]. In brief, Pulse software was used to control an EPC-9
amplifier (HEKA Elektronik, Lambrecht/Pfalz, Germany) and data
were sampled at 2 kHz and low-pass filtered at 667 Hz. Recording
pipettes were pulled from borosilicate glass (Vitrex Medical, Her-
lev, Denmark) using a horizontal puller (Zeitz-Instrumente, Augs-
burg, Germany). Pipettes were backfilled with an intracellular
solution containing 120 mM KCI, 31 mM KOH, 2 mM MgCl,,
10 mM EGTA, and 10 mM HEPES at pH 7.2. For experiments
requiring symmetrical sodium concentrations, the intracellular
solution contained 10 mM KCIl, 110 mM NaOH, 30 mM NaOH,
2 mM MgCl,, 10 mM EGTA, and 10 mM HEPES at pH 7.2. For
recordings, a coverslip with transfected cells was placed in the
recording chamber (RC-25F; Warner Instruments, Hamden, CT,
USA), which was continuously perfused at a rate of ~2.5 mL/min
with an extracellular solution (ECS) containing 140 mM NacCl,
4 mM KCl, 2 mM CaCl,, 1 mM MgCl,, 5 mM HEPES, and 5 mM
MES at pH 7.4. When immerged in the bath solution, open-pip-
ette resistances were in the range of 1.5-3.0 MQ and amplifier ser-
ies-resistance compensation was set at 80%. After gigaseal
formation, whole-cell configuration was attained by suction.
Acid-sensing ion channel currents were induced by rapid
exchange of the solution surrounding the patched cell from neutral
(pH 7.4) to acidic (pH 4.0-6.8) ECS. This was achieved using a
piezo-controlled double-barreled application pipette (0-tube) with
a continuous flow of neutral ECS from the one barrel and acidic
ECS from the other barrel. Application pipettes were fabricated
from theta glass tubes (1.5 mm outer diameter, World Precision
Instruments, Sarasota, FL, USA), which were pulled in the
electrode puller and broken to obtain a tip diameter of ~70 uM. An
application pipette was mounted in a piezoelectric device
(PZS-100HS; Burleigh Instruments, Thorlabs, Newton, NJ, USA)
connected to a piezo-driver (PZ-150M, Burleigh Instruments,
Thorlabs, Newton, NJ, USA), which was again controlled by TTL
pulses from the EPC-9 amplifier. When performing experiments,
the tip of the application pipette was positioned close to the
patched cell in such a way that the cell was subjected only to neu-
tral solution. Upon a TTL pulse, the application pipette was rapidly
translocated thereby subjecting the cell to only acidic solution.
With this system, complete solution exchange could be achieved in
<1 ms, as measured by open-pipette liquid junction potential shift.
Compound stock solutions, with a concentration of 30 mM,
were prepared in 100% DMSO and used for preparing final test
solutions. For each compound concentration tested, a neutral as
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well as an acidic ECS was prepared, that is one for each barrel of
the application pipette. Each experiment was initiated with a set
of control ASIC currents, which were induced by switching from
control neutral to control acidic solution every 30 s until
responses of repeatable amplitudes were obtained. Upon change
to test solutions, the patched cell was perfused (preincubated)
with compound for >1 min at neutral pH before evaluating com-
pound effect by switching to the acidic test solution. The concen-
tration of DMSO did not exceed 0.33% in the final test solutions,
and applications with 0.33% DMSO were identical to those of
control applications at all receptors tested.

Analysis of Electrophysiology Data

Background subtracted peak current amplitudes were measured
from recorded current traces, and test compound effects were cal-
culated as the current amplitude in the presence of compound
divided by the current amplitude of a prior control response. Com-
pounds were tested over a wide range of concentrations, and ICs,
values and Hill coefficients were determined based on the equa-
tion Y = Bottom + (Top — Bottom)/(1 + (X/ICs0)", where Y is the
fraction of the control response; Bottom is the maximal fitted inhi-
bition level (in most cases a value close to 0); Top is the no inhibi-
tion level (value of 1); X is the concentration of the test
compound; and n is the Hill coefficient. These nonlinear regres-
sion calculations were performed using GraphPad Prism version 6
(GraphPad Software Inc., San Diego, CA, USA). All results are
presented as means + SE.

Animals

Adult male Sprague-Dawley rats (Harlan Scandinavia, Allerod,
Denmark) were used unless stated otherwise. They were housed in
Makrolon III cages (20 x 14 x 18 cm or 20 x 40 x 18 cm; in
groups of 3-5 per cage according to weight) containing wood-chip
bedding material (3 x 1 x 4 mm). The environment was tempera-
ture (20 + 2°C) and humidity (55 + 15%) controlled and con-
sisted of a light-dark cycle of 13:11 h (lights on at 06.00 h and off
at 19.00 h). Food (Altromin®; Brogaarden, Lynge, Denmark) and
water were available ad libitum. The rats were allowed to habituate
to the housing facilities for at least 1 week prior to being assigned
to behavioral experiments. At the end of each experiment, rats
were immediately euthanized by cervical displacement. All experi-
ments were performed according to the Ethical Guidelines of the
International Association for the Study of Pain [30] and the Danish
Committee for Experiments on Animals.

Measurement of NS383 Levels in Plasma and
Brain Tissue

Whole blood and brain samples were collected at 0.5, 1, 1.5, 2,
and 4 h after administration of NS383 hydrochloride (30 mg/kg,
i.p.). Plasma was prepared by centrifugation of whole blood in
EDTA-K* tubes at 1000 g for 20 min. Plasma and brains were
stored at —18°C prior to analysis. Plasma (25 uL) was precipitated
with acetonitrile (75 pL) containing 100 ng/mL internal stan-
dard. Samples were then centrifuged at 16,000 g for 25 min
at 5°C and the supernatant transferred and diluted 1:1 with
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water. Brain tissue (0.1 g) was homogenized with 1-mm zirconia
beads in acetonitrile:water (80:20; 1 mL), containing 100 ng/mL
internal standard, using a bead beater (Biospec Products, Inc.,
Minibeadbeater, 96+). The tissue homogenates were centrifuged
at 16,000 g for 25 min at 5°C and the supernatant transferred
and diluted 1:1 with water. All samples were subsequently ana-
lyzed by liquid chromatography UPLC (Acquity system; Waters)
in combination with a triple quadrupole mass spectrometer
(Quattro Ultima Platinum; Micromass). Detection of NS383 and
the internal standard was performed by multiple reaction moni-
toring (MRM) in electrospray positive ion mode, fragmenting
protonated parent ion to a specific prominent product ion. Quan-
tification of NS383 was performed using linear regression
(weighted 1/x). The calibration range was 10-5000 ng/mL in
plasma and 30-20,000 ng/g in brain tissue.

Tail Flick Test

Individual rats (body weight 130 g) were tested as described previ-
ously [31,32]. A radiant heat source (Ugo Basile, Comerio, Italy)
was focused on the underside of the tail 3 cm from its distal end.
Two measurements separated by 5 min were made and an aver-
age obtained. Animals were then administered drug or vehicle
and posttreatment latency responses were determined enabling
the change in latency response (s) to be calculated. Raw data were
expressed as a % of the maximal possible effect (% MPE) based on
the assay cutoff point of 15 s.

Formalin Test

Assessment of formalin-induced flinching behavior in naive rats
(body weight 150-180 g) was made with the use of an Automated
Nociception Analyzer (University of California, San Diego, USA;
[33]) as described previously [32]. Each rat (four rats were
included in each testing session) was administered drug or vehicle
according to the experimental paradigm being followed. Next, it
was gently restrained to allow formalin (5% in saline, 50 uL, s.c.)
to be injected into the dorsal surface of the hindpaw using a 27G
needle. Rats were then placed in separate observation chambers
and recording of nocifensive flinching behaviors initiated. Three
phases of nociceptive behavior were identified and scored; first
phase (0-5 min), interphase (6-15 min), and second phase (16—
40 min). Raw data were summed to obtain the total number of
flinches occurring during that phase and expressed as a % of the
vehicle response.

Complete Freunds Adjuvant-Induced
Inflammatory Pain

Rats (body weight 260-300 g) were given an injection of complete
Freund’s adjuvant (CFA, Sigma; 50% in saline, 100 uL; s.c.) into
the plantar surface of the hindpaw under brief isoflurane anesthe-
sia. Nociceptive behaviors were routinely assessed prior to and
24 h following CFA injection. Firstly, differences in hindpaw
weight bearing were assessed using an Incapacitance tester (Lin-
ton Instruments, Diss, Norfolk, UK) as an index of ongoing or
spontaneous painlike behavior. Three readings were obtained and
averaged for each hindpaw and the weight-bearing difference (g)
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calculated. Immediately thereafter tail flick latency measurements
were measured as described above. Twenty-four h after CFA injec-
tion, baseline weight bearing and tail flick responses were mea-
sured and then rats administered drug or vehicle. For weight-
bearing differences, raw data were subsequently expressed as a %
of the corresponding post-CFA baseline response.

Chronic Constriction Injury

A chronic constriction injury (CCI) was performed in rats (body
weight 180-220 g at the time of surgery) as described previously
[34]. Anesthesia was induced and maintained by 2% isoflurane
(Baxter A/S, Allerod, Denmark), combined with oxygen (30%)
and nitrous oxide (68%), and all rats placed on heat pads during
the operation. The skin was shaved at the mid-thigh level and
sterilized with a 0.4% iodine solution (Novartis Healthcare A/S,
Copenhagen, Denmark). The sciatic nerve was exposed proximal
to the sciatic trifurcation and four chromic gut ligatures (4/0; Ethi-
con, New Brunswick, NJ, USA) tied around the nerve, 1 mm
apart. Following hemostasis, the overlying muscle was closed in
layers with 4/0 synthetic absorbable surgical suture. The skin was
closed and sutured with 4/0 silk thread. Rats recovered under
infrared lightning and were carefully monitored until fully awake.

Chronic constriction injury rats were routinely tested for the
presence of hindpaw mechanical hypersensitivity as described
previously [32]. Individual rats were briefly habituated in an
openly ventilated Plexiglas testing chamber, placed upon an ele-
vated metal grid allowing access to the plantar surface of the
injured hindpaw. A series of calibrated von Frey filaments (0.06—
22.9 g; Stoelting Co, Wood Dale, IL, USA) were then applied to
the hindpaw with increasing force until the filament used just
started to bend. Each filament was applied for a period of 1-2 s
and was repeated five times at 1-2 s intervals. The filament that
induced a reflex paw withdrawal in 3 of 5 applications was consid-
ered to represent the threshold level for a positive response to
occur. Only CCI rats showing distinct neuropathic behaviors from
12 to 30 days postsurgery were included in drug testing experi-
ments (approximately 80% in total).

Rotarod Test

Compound effects on activity-induced motor function were eval-
uated in naive rats (body weight 250-350 g) using an accelerating
rotarod (Ugo Basile). The rotarod speed was increased from 3 to
30 rpm over a 180 s period, with the minimum and maximum
time possible to spend on the rod designated as 0 s and 180 s,
respectively. Rats received two training trials (separated by 3—4 h)
1-2 days prior to drug testing. Thereafter, a baseline response was
obtained, with rats subsequently administered drug or vehicle and
effects on motor performance evaluated. Raw data were subse-
quently expressed as a % of the corresponding baseline response.

Drug Formulation and Protocols for In Vivo
Administration

For in vivo administration, NS383, amiloride, morphine, and acet-
aminophen were dissolved in 30% hydroxypropyl-f-cyclodextrin
(Sigma), 10% Tween 80, 5% cremophor and saline, respectively.
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NS383, amiloride, and acetaminophen were administered i.p. in a
dosing volume of 2 mL/kg. Morphine was administered s.c. in a
dosing volume of 1 mL/kg. NS383, amiloride, and morphine doses
are expressed as mg weight salt per kg body weight, with acetami-
nophen doses expressed as mg weight free base per kg body
weight. Unless stated otherwise, drugs were preadministered
using times expected to coincide with maximal effects on behavior
within a given assay (60-120 min for NS383, 60-120 min for
amiloride, 30-60 min for morphine, and 60-120 min for acetami-
nophen). Prior to experiments, the rats were randomly distributed
into treatment groups. The investigator was blinded to drug
treatment for evaluation of effects on behavior, except for
formalin-induced nocifensive behaviors which were performed
unblinded.

Data Analysis and Statistical Comparisons on
Behavioral Data

All data are presented as mean =+ standard error (SE). Statistical
analysis was performed with SigmaPlot 11.2.0.5 (Systat Software
Inc., Chicago, IL, USA) and GraphPad Prism 4 for Windows
(GraphPad Software Inc.). Unless stated otherwise either paramet-
ric or nonparametric analysis of variance (ANOVA) was used to
analyze the overall effects of treatments depending upon distribu-
tion of the data around the mean. For normally distributed data
when the F value was significant, this was followed by Bonfer-
roni’s f-test, and for abnormally distributed data when the H value
was significant, this was followed by Dunn’s test. P < 0.05 was
considered to be statistically significant.

Results

NS383 (Figure 1) was identified as a potent inhibitor of ASIC1a in
HEK293 cells stably overexpressing human ASICla using real-
time Ca®*-imaging via a fluorescent imaging plate reader (FLIPR).
To further characterize NS383, the compound was tested along
with the archetypical ASIC inhibitor amiloride in patch-clamp
electrophysiology and in vivo behavioral studies.

Effect of Amiloride and NS383 at Homomeric Rat
ASICs

As expected, amiloride concentration-dependently inhibited H*-
evoked ASICla, ASIC2a, and ASIC3 currents obtained by lower-
ing pH from 7.4 to 6.5 (ASICla and ASIC3) or 4.5 (ASIC2a). When
plotting average inhibition values as a function of compound con-
centrations, resulting curves were well approximated by the Hill
equation (Figure 2A, Table 1). ICs, values were found to be in the
range of 12-35 uM, which correlates well with previous reports
[35,36]. NS383 likewise concentration-dependently inhibited
ASICla and ASIC3 currents with ICso values of 0.44 and 2.1 uM,
respectively. However, no robust inhibition was observed at
homomeric ASIC2a (Figure 2B, Table 1). Compared with amilor-
ide, NS383 is thus 10- to 30-fold more potent and displays selec-
tivity between ASIC subtypes. Interestingly, the inhibition by
NS383 at ASICla and ASIC3 was affected by the stimulatory H*
concentration (Figure 2D). In a pH range from 6.8 to 5, the effi-
cacy of a fixed submaximal concentration of NS383 (1 uM)
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Figure 2 Effects of amiloride and N5383 on homomeric and heteromeric rat acid-sensing ion channels (ASICs). CHO cells were transiently transfected
with cDNA coding for the indicated ASICs, and experiments were performed using conventional whole-cell patch-clamp studies with the membrane
potential clamped at —60 mV. Rapid (ms scale) pH changes were obtained using a piezo-controlled 6-tube as described in Materials. Inhibitory effects of
(A) amiloride and (B, C) NS383 at H*-induced currents from homomeric rat ASIC1a, ASIC2a or ASIC3, or heteromeric rat ASIC1a+2, ASIC1a+3, or ASIC2a+3
plotted as a function of compound concentration. Peak current amplitudes were expressed as fractions of the control peak current amplitude induced by
a lowering pH from 7.4 to 6.5 (ASIC1a, ASIC3, ASIC1a+3), or to 5.5 (ASIC1a+2a, ASIC2a+3), or to 4.5 (ASIC2a). Chosen stimulatory pH values approximately
represent half-maximal activation (pHsg) at each channel [5]. Data points are plotted as mean + SE, and fitted to the Hill equation using nonlinear
regression. Curves represent the fitting, and derived values are seen in Table 1. (D) The inhibitory efficacy of 1 uM NS383 at ASIC1a and ASIC3 showed pH
dependency. Data are plotted as mean + SE from n = 3-22 individual cells. (E, F) Representative traces of ASIC1a and ASIC3 in the presence or absence
of NS383. Bars above each trace indicate the pH stimulations or presence of N5383 as indicated.

Table 1 Fitting values of amiloride and NS383 at rat and human acid-sensing ion channels (ASICs). Amiloride and NS383 inhibition concentration
response relationships were obtained as described in the Figure 2 legend. Data points were fitted to the Hill equation using nonlinear regression
where the top value (representing infinite compound dilution) was set to 1 and the bottom value to 0 for ASIC1a, ASIC2a, ASIC3, and

rASIC1a+3.Variable bottom was used for N5383 at ASIC1a+2a, ASIC2a+3, and hASIC1a+3 as saturating compound concentrations clearly did not

cause complete inhibition. Data are presented as ECso in uM =+ SE, inhibition level in % (where bottom = 0 reflect 100% inhibition) and Hill
slopes + SE

Amiloride (rat receptors) NS383 (rat receptors) NS383 (human receptors)

ECsp (inhibition) Hill slope ECsp (inhibition) Hill slope ECsp (inhibition) Hill slope
M (%) M (%) UM (%)
ASIC1a 12 + 2 (100) —-0.71 £ 0.07 0.44 + 0.06 (100) —0.75 + 0.09 0.12 4+ 0.02 (100) —1.0 £ 0.1
ASIC2a 20 + 3 (100) -1.14+02 no effect no effect
ASIC3 35 + 8 (100) —-0.79 £ 0.15 2.1 + 0.2 (100) —1.2 £ 0.1 no effect
ASIC1a+2a not determined 0.87 £ 0.44 (44) —-13+06 0.33 £ 0.06 (59) —-13+03
ASICTa+3 not determined 0.79 £ 0.11 (100) —0.96 + 0.12 0.69 £+ 0.24 (81) —-1.2+04
ASIC2a+3 not determined 45 + 43 (51) —-1.04+05 no effect
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decreased with lower stimulatory pH values (Figure 2E,F). As a
result of this, the potency of NS383 varies with the pH value used
for activation with the highest potencies observed at pH values
close to neutral. In contrast, a fixed concentration of amiloride
(30 uM) showed similar inhibitory efficacy in a pH range from 6.5
t0 5 (I30um_amiloride/Tcontrol for ASIC1a: 0.35 + 0.04, n = 3 and for
ASIC3: 0.55 £+ 0.04, n = 3).

Effect of NS383 at Heteromeric Rat ASICs

NS383 concentration-dependently inhibited H"-evoked (pH 6.5)
ASICla+3 currents (Figure 2C, Table 1). The fitted ICso value
was found to be 0.79 uM which is in between the ICs, values
observed at homomeric ASICla and ASIC3. NS383 also dis-
played concentration-dependent inhibition at H"-evoked (pH
5.5) ASICla+2a and ASIC2a+3 (Figure 2C, Table 1), albeit sur-
prisingly the presence of saturating concentrations of NS383
only caused partial inhibitions of 44-51%. Fitted ICs, values
were found to be 0.87 and 4.5 uM, respectively. Hence, the
lack of NS383 activity at ASIC2a homomeric receptors results
in a complex inhibition pattern in heteromeric subunit combi-
nations including ASIC2a.

Further Profiling of NS383

To determine whether inhibitory characteristics of amiloride and
NS383 show membrane polarity dependence, inhibition was com-
pared with the membrane potential clamped at —60 mV and
+60 mV. ASIC3 was selected for this experiment as it generally
has less run-down associated issues. Amiloride (30 ©M) inhibited
ASIC3 current responses by 54 + 2% at —60 mV, a finding that is
significantly different (P < 0.005) from the 11 £+ 2% inhibition
seen at +60 mV (Figure 3A,B). In sharp contrast, NS383 (10 uM)
caused 95 + 2% inhibition at —60 mV, which was not signifi-
cantly different from the 96 + 1% inhibition seen at +60 mV.
Hence, the inhibiting mechanism of NS383 differentiates from the
channel blocker amiloride.

Finally, the selectivity profile of NS383 was determined at
human receptors (Table 1). NS383 is highly potent at hASICla,
hASICla+2a, and hASICla+3 but has no inhibitory efficacy at the

(A) 10 uM NS383 30 uM Amiloride
+60 mV
. - -
10 nAl\
-60 mV
2s

G. Munro et al.

remaining receptors tested (hASIC2a, hASIC3, and hASIC2a+3).
As with rat 2a containing heteromeric ASICs, a substantial resid-
ual current was observed for hASICla+2a. The selectivity profile
of NS383 thus displays species variance, and the lack of activity at
hASIC3 underscores the significant difference between this sub-
unit and rat ASIC3 at the protein level.

NS383 Receptor Profiling Screen, Plasma, and
Brain Tissue Levels

NS383 (1 uM) was tested using MDS Pharma’s Lead Profiling
Screen. In binding assays against a panel of 63 G-protein-coupled
receptors, ion channels, and transporters, only binding to the 5-
Hydroxytryptamine 2A receptor surpassed the 50% effect thresh-
old level, which is the criteria for significance. Subsequently,
when NS383 (30 uM) was tested in functional studies against
three related receptor subtypes (adrenergic o;p, adrenergic o4,
adrenergic a,) from rat aorta or vas deferens, no significant activ-
ity (=50%) was reported.

To obtain a correlation between levels of NS383 in the plasma and
central nervous system with iz vivo behavioral observations, pharma-
cokinetic and tissue organ analysis studies were performed. NS383
(30 mg/kg) reached a maximum concentration (Cp,ay) in plasma of
7.0 uM within 1 h after administration. The C,., achieved in brain
tissue was 0.53 uM occurring within 1.5 h after administration.
NS383 had a considerably longer half-life (first-order kinetics) in brain
tissue compared with plasma, 6.8 h versus 0.9 h, and a brain/plasma
ratio of 0.1 (based on area under the curve).

Effect of NS383 on Acute Nocifensive Behaviors
in Naive Rats

To test for possible effects upon acute nociceptive processing NS383,
amiloride, and morphine were administered to naive rats in the tail
flick test (data not shown). One-way ANOVA showed no effect of
NS383 (10-60 mg/kg) treatment on the latency to respond to noxious
thermal stimulation of the tail, F(3, 31) = 1.043, P = 0.389. In con-
trast, both amiloride (50-200 mg/kg) and morphine (6-24 mg/kg)
significantly reversed the tail flick response, F(3, 31) = 6.665,
P =0.002 and F(3, 31) = 60.253, P < 0.001 respectively. However,

(8) '°°7m 10 uMNS383
I 30 uM Amiloride

80 1

60 1

404

mconlml (%a)

201

—-60 mV
Holding potential

+60 mV

Figure 3 Mechanism of NS383 inhibitory action. A set of intra- and extracellular solutions, symmetrical for the primary conduction ion, sodium, was used
to obtain a reversal potential of approximately 0 mV. (A) Representative traces of H*-evoked currents (pH 6.5) in an ASIC3 expressing cell at —60 mV and
at +60 mV, respectively. After attainment of responses of a repeatable amplitude (only one response shown), 10 uM NS383 or 30 uM amiloride was
included in the solutions as indicated by horizontal bars. The interval between stimulations was 30 s. (B) Calculated percent remaining ASIC3 current in
the presence of 10 uM NS383 and 30 pM amiloride at —60 mV and +60 mV, respectively. Each bar represents the mean =+ SE.
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when expressed as a %MPE, the relative efficacy achieved for the
highest dose of amiloride (17.6%, P < 0.001 versus vehicle) was con-
siderably less than that obtained even with the lowest dose of mor-
phine (53.2%, P < 0.001 versus vehicle).

Effect of NS383 on Persistent Nocifensive
Behaviors Induced by Formalin

The formalin test although limited in aspects of face validity still
encompasses multiple sequelae of injury-induced hyperexcitabil-
ity that contribute to clinical signs and symptoms of chronic pain.
Moreover, painlike behaviors induced by capsaicin or formalin in
rats can be augmented under acidic conditions [37]. While admin-
istration of NS383 (10-60 mg/kg) 30 min prior to formalin injec-
tion had no effect on first-phase flinching behavior (Figure 4A),
nocifensive behaviors were attenuated during both interphase, F
(3, 31) = 3.636, P < 0.05, and the second phase of the test, F(3,
31) = 21.159, P <0.001. Similar results were obtained with
amiloride (50-00 mg/kg) during these latter periods, F(3,
31) = 9.447, P<0.05 and, F(3, 31)=8.301, P <0.001 (Fig-
ure 4B). As expected, morphine (3—-10 mg/kg) dose-dependently
attenuated nocifensive behaviors throughout all 3 phases, F(3,
34) =10.425, P <0.001; F(3, 34)=2.984, P<0.05 F(3,
34) = 20.274, P <0.001 (Figure 4C). Finally, acetaminophen
(100-400 mg/kg) attenuated flinching during both the first, F(3,
31) = 2.962, P <0.05, and the second phase of the test, F(3,
31) = 12.414, P < 0.001 (Figure 4D).

NS383 Attenuates Pathophysiological
Nociceptive Behaviors in CFA-Inflamed and CCI
Rats

Injection of CFA in the rat hindpaw produces a persistent inflam-
matory hyperalgesia that is associated with increased ASIC sub-
unit expression within peripheral and central pain circuits and
that can be inhibited by blockers such as amiloride and A-317567

ASIC Inhibition and Pain

[16,27]. Twenty-four hours after hindpaw CFA injection, a
marked alteration in hindpaw weight bearing indicative of sponta-
neous nonevoked pain was observed (44.4 £23 g vs.
5.2 + 2.2 g prior to injection, n =128, P < 0.001, Student’s
t-test). This deficit was completely reversed by NS383 (10-60 mg/
kg; F(3, 30) = 9.677, P <0.001, amiloride (50-200 mg/kg; F(3,
31) = 4.958, P < 0.01), and acetaminophen (100-400 mg/kg; F(3,
31) = 4.195, P < 0.05) (Figure 5A—-C). However, whereas the tail
flick response in the same rats was unaffected by NS383, small but
significant analgesic effects were associated with both amiloride
and acetaminophen treatment in CFA rats, F(3, 31) = 4.031,
P < 0.05 and F(3, 31) = 6.554, P < 0.01, which essentially mirror
the data obtained in naive rats. Hence, this suggests that NS383
selectively reverses pathophysiological pain after injury rather
than possessing intrinsic analgesic actions per se.

Next, we proceeded to evaluate effects upon reflex nociceptive
responses of the injured hindpaw in the CCI model of peripheral
nerve injury. Following surgery, CCI rats developed behavioral
signs of mechanical allodynia, observed as a decrease in the paw
withdrawal threshold to 1.1 & 0.1 g in response to von Frey hair
stimulation compared to presurgery levels that typically ranged
from 8.4 to 19.7 g. NS383 dose-dependently attenuated mechani-
cal allodynia, F(3, 23) = 10.512, P < 0.001 (Figure 5D). Similarly,
both amiloride (25-100 mg/kg) and morphine (3-10 mg/kg)
reversed mechanical responses in CCI rats, F(3, 31) = 7.607,
P < 0.001 and, F(3, 23) = 8.040, P < 0.01.

Effect of NS383 on Motor Function and
Coordination

To be able to confidently attribute the antihyperalgesic effects of
the compounds tested here in inflamed and neuropathic rats as
being mediated via direct actions on nociceptive circuits, rather
than via indirect effects on motor circuits, all compounds were
tested for possible impairment of motor function and coordination
in the rotarod test (Figure 6). As initial experiments with NS383
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140 - === NS383 10 mg/kg 140 - = Amiloride 50 mg/kg
=== NS383 30 mg/kg === Amiloride 100 mg/kg
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Figure 5 NS383 attenuates inflammatory hyperalgesia and neuropathic hypersensitivity in injured rats. (A—C) Prior to the establishment of hindpaw
inflammation, the weight-bearing difference (WB) and tail flick (TF) latency response was measured. Rats were then given a s.c. injection of complete
Freund’s adjuvant (CFA) into the hindpaw, and 24 h later post-CFA, baseline responses were obtained. Thereafter, rats were administered either N5383
(10-60 mg/kg, i.p.), amiloride (50-200 mg/kg, i.p.), acetaminophen (100-400 mg/kg, i.p.) or vehicle and effects on weight bearing and tail flick responses
expressed as a % post-CFA baseline (WB) and %MPE (TF), respectively. The dashed line indicates the normalized WB response prior to CFA injection. All
groups n = 7-8 rats. (D) Immediately after a second baseline response had been obtained, chronic constriction injury rats were administered either
NS383 (10-60 mg/kg, i.p.; all groups n = 6 rats), amiloride (25-100 mg/kg, i.p.; all groups n = 8 rats), morphine (3-10 mg/kg, s.c.; all groups n = 6 rats),
or vehicle (V; n = 6, 8, 6 rats for N5383, amiloride and morphine, respectively) and effects on threshold to mechanical stimulation of the injured hindpaw
with von Frey filaments measured and expressed as % Pre-injury. All data are presented as mean + SE. *P < 0.05, **P < 0.01, ***P < 0.001 versus
corresponding vehicle group (one-way ANOVA followed by Bonferonni’s test).

(10-60 mg/kg) revealed no effects, much higher doses were
tested. Motor function was mildly but significantly, H(3) = 9.209,
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Our electrophysiology data clearly show that both NS383 and Dose (mg/kg)

amiloride inhibit recombinantly expressed homomeric ASICla
and ASIC3 activated by lowering the pH. Notably, NS383 inhibi-
tion displayed half-maximal inhibition (ICsg) values that were of
approximately 10-fold higher potencies than those obtained with
amiloride [35,36]. Although amiloride also inhibited H"-evoked
ASIC2a currents, NS383 had no robust inhibitory effects at con-
centrations up to 30 uM. To date, a limited number of other small
molecule inhibitors of ASICs such as A-317567 and antiprotozoal
diarylamidines have been reported in the literature [16,38,39],
albeit these compounds like amiloride are nonselective. Moreover,
a series of amiloride derivatives, together with an indole amidine
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Figure 6 The effects of NS383 on motor function and coordination in
naive rats. Normal, uninjured rats were administered either N5383 (120—
480 mg/kg, i.p.), amiloride (50-200 mg/kg, i.p.), morphine (6-24 mg/kg,
s.c.), acetaminophen (200-800 mg/kg, i.p.), or vehicle immediately after a
baseline response had been obtained and the effects on motor
performance (represented as % Baseline) determined. Data are presented
as mean + SE. All groups n = 8 rats except for N5383 120 mg/kg n = 7
rats, NS383 240 mg/kg n = 7 rats. Note that the Vehicle group indicated
is comprised of rats from each individual experiment and is shown for
reference purposes only. *P < 0.05, ***P < 0.001 versus corresponding
vehicle (one-way ANOVA followed by Dunn’s test).
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class and nonamidine class of compounds, have been described by
Merck as potent blockers of ASIC3 (IC50 <1 uM). However, no
mention of selectivity to other ASICs was given [40,41]. NS383
thus possesses a unique selectivity profile at homomeric ASICs,
and this was confirmed by screening against a diverse panel of G-
protein-coupled receptors, ion channels and transporters.

The selectivity profile of NS383 needs to be juxtaposed
against native channels that also exist in various heteromeric
combinations within the peripheral and central nervous sys-
tems [15]. To this end, we have shown elsewhere that hetero-
meric receptor complexes can be distinguished from homomeric
counterparts with respect to parameters such as pH sensitivity
and desensitization kinetics [5]. Here, we observed that H*-
evoked currents recorded from ASICla+3 complexes were fully
inhibited by NS383 with a potency similar to that obtained for
ASICla or ASIC3 homomers. However, the presence of ASIC2a
with either ASICla or ASIC3 subunits markedly affected the
ability of saturating concentrations of NS383 to inhibit H'-
evoked currents through these channels. This partial inhibition
upon transfection of 2a containing ¢cDNA mixtures into CHO
cells could be speculated to arise from a mixed pool of recep-
tors with variant subunit involvement, for example ASICla+2a
mixed with homomeric ASIC2a. However, homomeric ASIC2a
are only marginally activated at pH 5.5 [5] making it unlikely
that these are responsible for the substantial (~50%) remaining
current. Another intriguing, and more likely, possibility is a
pool of receptors with variant stoichiometries. Such has been
observed for several classes of receptors, for example «4/2 nico-
tinic receptors, and in fact also for ASICla+2a in Xenopus laevis
oocytes [42,43]. In this case, NS383 could potentially only inhi-
bit one stoichiometry (e.g. (ASICla),(ASIC2a),) and not the
other (e.g. (ASICla),(ASIC2a),) leaving approximately 50%
residual current. The significance of the partial inhibition is dif-
ficult to pinpoint from a therapeutic perspective given that
intrathecal administration of mambalgin toxins has recently
been shown to mediate a robust analgesia in mice by targeting
spinal ASICla+ASIC2a [23].

Amiloride is a weak base at neutral pH and has been shown to
be a potent pore blocker of epithelial sodium channels (ENaCs)
[44]. Although NS383 is not particularly basic (calculated pKa
7.9), a possible site of interaction with ASICs could still be within
the channel pore. To investigate this, we compared the inhibitory
actions of NS383 with amiloride at negative versus positive mem-
brane potentials, to determine whether pore block is involved;
whereas 30 uM amiloride was capable of inhibiting more than
half of the H-evoked currents at —60 mV, a five-fold lower inhi-
bition was observed at +60 mV. In contrast, 10 uM NS383 almost
completely inhibited H*-evoked currents at both membrane
potentials. Of itself, this indicates that NS383 is not a pore blocker
and in combination with its selectivity profile, suggests that
NS383 binds to a region of ASIC protein subunits distinct from
amiloride.

Small molecule blockers of ASICs such as amiloride and A-
317567 attenuate hyperalgesia in rodent pain models of diverse
etiology, a number of which are associated with reduced pH at the
site of injury [4,16,45]. In our experiments, a lack of effect of
NS383 and amiloride against formalin-induced flinching during
the first phase indicates that ASICs targeted by these compounds

© 2015 John Wiley & Sons Ltd
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do not to contribute to afferent firing after direct stimulation of
nociceptors. This would appear to rule out an effect of either com-
pound being mediated via 1b-containing ASICs [23], albeit this
specific aspect of NS383 pharmacology has not been tested herein.
In contrast, NS383 and amiloride clearly reduced second-phase
flinching behavior indicating that ASICs targeted by these com-
pounds are preferentially involved in facilitated states of nocicep-
tive processing. In direct comparison with morphine, the analgesic
efficacy levels observed with NS383 and amiloride were lower;
however, morphine also substantially inhibited first-phase flinch-
ing. Furthermore, both NS383 and amiloride fully reversed hind-
paw weight-bearing deficits in the CFA-injected rats. This is
consistent with reports that hindpaw CFA increases the expression
of ASICla and ASIC3 subunits within rat sensory neurons and
ASICla within spinal pain circuits [13,46]. Accordingly, local
administration of APETx2 into the hindpaw or spinal infusion
with PcTx1 or antisense oligonucleotides diminishes CFA-induced
hypersensitivity in rats [27,47]. Notably, of the tested compounds,
only NS383 attenuated inflammatory pain at doses that had no
effect on the tail flick response in the same animals. This separa-
tion aligns with the requirement to enable preservation of normal
nociceptive processing in accordance with its biological protective
function.

After peripheral nerve injury, painlike behaviors are accompa-
nied by an increased sensitivity to acetic acid injection, with a cor-
responding increase in the number of ASIC3 expressing cells
within the ipsilateral L4 DRG [48]. Although these observations
indicate that peripheral ASICs contribute to neuropathic
hypersensitivity, the ability of intrathecal PcTx1 to reverse hyper-
sensitivity in neuropathic rats clearly suggests that central la-con-
taining ASICs also contribute [26]. Our data show that NS383 and
amiloride have pronounced effects on mechanical allodynia in
CCI rats, comparing favorably with morphine. However, whereas
morphine markedly impaired motor function at a dose just 4-fold
greater than the antiallodynic minimal effective dose in neuro-
pathic rats [49], the therapeutic index obtained for NS383 was
much greater.

Amiloride appeared to be well tolerated in all behavioral experi-
ments at the time of testing. However, we observed in preliminary
neuropathic experiments that CCI rats administered 200 mg/kg
amiloride died 24-48 h later, likely as a result of excessive diuresis
(hyperkalemia). Such adverse events were never observed with
NS383, which overall appeared well tolerated. PK analysis
revealed that NS383 can enter the brain albeit poorly. This is con-
sistent with compromised motor function in the rotarod test at
very high doses (480 mg/kg). Although the calculated brain to
plasma ratio was only 0.1, the half-life of NS383 in brain was 7-
fold greater than in plasma. Moreover, the C,.x in brain tissue
(0.53 uM) following administration of the lowest efficacious dose
(30 mg/kg) could indicate that it lies close to the ICs, required to
inhibit homomeric ASICla and heteromeric ASICla+3. A caveat
with such an inference is that a C,,,, value does not indicate the
free concentration of a compound within brain. Free concentra-
tions can be orders of magnitude lower than a C,,,,y value depend-
ing on the compound characteristics. On balance, we think
that NS383-mediated analgesia probably occurs peripherally via
channels containing ASICla and ASIC3 subunits. A future com-
parison of antinociceptive efficacy conferred by intrathecally and
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systemically administered NS383, and indeed other selective ASIC
blockers would help clarify this important issue.

We are only aware of one ASIC blocker currently in clinical
development for alleviating pain in humans. PPC-5650 is
described as a selective and potent peripherally acting ASICla
antagonist, with minimal oral bioavailability, and to exert a signif-
icant effect on heat and mechanical pain sensitivity induced by
UV burn. Aros Pharma have conducted two Phase 1 trials in vol-
unteers with experimental esophageal pain and in patients with
irritable bowel syndrome with mixed outcomes to investigate the
efficacy and safety of this compound after local administration
[50,51]. We cannot comment on the selectivity profile of this
compound at ASICs compared with that shown here for NS383,
making it difficult to conclude whether NS383-like compounds
might be more effective in alleviating clinical pain. Moreover, as
discussed above, with its limited CNS penetration we cannot easily
judge whether such compounds might have utility in other neu-
rological or psychiatric illnesses.

In summary, we show that NS383 is a relatively potent blocker
of ASIC currents, and in contrast to other known small molecule
inhibitors of ASICs, exhibits intriguing selectivity for channels
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