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The synthesis, structure—activity relationship (SAR),
and pharmacological evaluation of analogs of the acid-
sensing ion channel (ASIC) inhibitor A-317567 are
reported. It was found that the compound with an
acetylenic linkage was the most potent ASIC-3 channel
blocker. This compound reversed mechanical hyper-
sensitivity in the rat iodoacetate model of osteoarthritis
pain, although sedation was noted. Sedation was also
observed in ASIC-3 knockout mice, questioning
whether sedation and antinociception are mediated
via a non-ASIC-3 specific mechanism.
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degenerin

F chronic pain due to damage or persistent in-
flammation of neuronal or somatic tissue. Con-

sequently, a significant medical need remains for new

analgesics (/) to treat those who suffer from chronic

pain and the comorbidities associated with it.

Under conditions of tissue damage, acidosis often
occurs and contributes to pain (2). Highly sensitive
proton-activated ion channels are present in sensory
neurons and are activated by tissue acidification (3). The
TRPVI receptor (vanilloid receptor subtype-1) repre-
sents such a proton-activated ion channel and is widely
viewed as a major detector of multiple pain-causing
stimuli (4). A number of highly potent TRPV1 antago-
nists are undergoing clinical evaluation (5).

or millions of people, disease or injury results in
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Acid-sensing ion channels (ASICs) represent a pro-
ton-activated subgroup of the degenerin/epithelial Na*
channel family (6). Evidence indicates that ASICs serve
as proton sensors and play an important role in con-
veying the pain from tissue acidosis (7, §). While TRPV 1
requires extreme acidification to a pH less than 6.0 for
activation (9), the ASICs are more sensitive and, de-
pending on the exact composition of the subunits, can
detect an extracellular pH decrease from 7.4 to 7.0 (10).
A number of inflammatory mediators enhance ASIC
activity and expression and further implicate neuronal
ASICs as key players in pain from tissue acidosis (/7).

Several ASIC subunits (ASIC-1a/b, ASIC-1b2,
ASIC-2a/b, ASIC-3, and ASIC-4) have been identified
that are encoded by four genes (/2). Channels contain-
ing the ASIC-3 subunit have received particular interest
as a target for blocking chronic inflammatory pain
because it is highly abundant in nociceptors where it
may act as a sensor for pain from tissue acidosis (13, 14).
Mice lacking the ASIC-3 channel do not develop
chronic muscle pain from repeated administration of
acid, while ASIC-1 knockout mice were similar to wild-
type (15).

The dearth of potent and selective small-molecule
inhibitors of ASIC channels has hampered elucidation
of the physiological role of ASIC-3. Amiloride 1 is a
potassium-sparing diuretic agent that is also a weak,
nonselective inhibitor of ASIC channels (/6). Amiloride
exhibits modest efficacy in rat pain models at high
concentrations (/7). Abbott has reported that the ami-
dine A-317567 (2) was a more potent blocker of ASIC-3
than amiloride (/8). In addition, A-317567 was effective
in the rat complete Freund’s adjuvant (CFA) model of
inflammatory pain and in the skin incision model of
postoperative pain (Figure 1).

While ASIC-3 has generated significant interest in the
pain therapeutic field, ASIC-1a activity is associated

Received Date: September 18, 2009
Accepted Date: September 29, 2009
Published on Web Date: October 06, 2009

DOI: 10.1021/cn9000186 | ACS Chem. Neurosci. (2010), 1, 19-24



ACS Chemical . _ _
NeurOSC|ence pubs.acs.org/acschemicalneuroscience

Al M

1: Amiloride 2: A-317567

Figure 1. Known ASIC channel blockers.

with anxiety, a symptom that can often accompany
depression-like behaviors (79, 20). Recently, Wemmie
and co-workers disclosed that A-317567 (2) also blocks
ASIC-1a and produced antidepressant effects in mice
when dosed intracerebroventricularly (27). In light of
this work, we now report our results on the pharmaco-
logical characterization of an analog of A-317567 and
question whether the observed antinociceptive effects
attributed to ASIC-3 may be due to off-target effects,
potentially including, but not limited to, other ASIC
channel subtypes.

Results and Discussion

The synthesis of 2 and related analogs 10a—d is
shown in Scheme 1 (22). Commercially available 7-hy-
droxy-isoquinoline 3 was converted to the triflate 4,
which was then transformed via a Suzuki cross-coupling
with vinyl potassium fluoroborate to olefin 5a. Con-
versely, Sonogashira cross-coupling of 4 with trimethyl-
silylacetylene produced alkyne 5b. Compounds 5a and
5b may be converted through a three-step sequence
(methylation, isopropyl Grignard addition, NaBH,4 re-
duction) to tetrahydroisoquinolines 6a and 6b, the latter
requiring an additional tetra-n-butylammonium fluoride

Scheme 1¢
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(TBAF)-mediated deprotection of the trimethylsilyl
group.

Naphthalene 8 is produced in two steps (ammonolysis,
dehydration) from commercially available ester 7. Heck
olefination of 8 with 6a affords E-olefin 9a. The nitrile
in 9a was directly converted to the corresponding
amidine 10a via generation of the O-ethyl imidate under
acidic conditions followed by reaction with ammonia.
A-317567, 2, was prepared via cyclopropanation of 9a
and subsequent amidine formation. The alkyne nitrile
9b was prepared via Sonogashira coupling of 8 and 6b
followed by amidine construction to afford 10b. Nitrile
9b was also fully (Pd/C, H,) or partially (Pd/CaCOs,
quinoline, H,) hydrogenated to the corresponding
alkane and Z-alkene variants 10c and 10d after the
aforementioned amidine generation.

The initial structure—activity relationship (SAR)
exploration for compounds 2 and 10a—d is shown in
Table 1. These compounds were evaluated on HEK293
cells expressing the human ASIC-3 channel using an
automated patch clamp assay. Compounds lacking the
amidine functionality, such as nitriles 9a,b and their
corresponding amides, all exhibited <50% channel
inhibition at 20 uM (data not shown). Cyclopropane
A-317567,2, gave an ASIC-31Csy = 1025 nM, while the
related E-olefin variant 10a provided ~2-fold greater
inhibition. The isomeric Z-olefin 10¢c was ~10-fold less
potent than the E-olefin 10a, and reduction of the
double bond to alkane 10d also led to a marked decrease
in ASIC-3 inhibition. The alkyne analog 10b proved to
be the most potent among the series with an ASIC-3
1C5y = 356 nM and was selected for additional in vivo
characterization.
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“(a) Tf,0, CH,Cl,, pyridine, 0 °C; (b) vinyl potassium fluoroborate, Pd(dppf)Cl,, Et;N, DMF, 80 °C; (¢) Mel, CH3;CN, 60 °C; (d) iPrMgBr, THF, 0 °C;
(e) NaBHy4, MeOH, rt; (f) trimethylsilylacetylene, Pd(PhsP),, Cul, Et;N, DMF; (g) TBAF, THF, rt; (h) NH;—MeOH, 80 °C; (i) TFAA, TEA, CH,Cl,,
0 °C—rt; (j) 8, Pd(OAc),, P(o-tolyl);, Et;N, DMF, 80 °C; (k) 8, Pd(Ph;P),4, Cul, Et;N, DMF; (1) HCl,), EtOH, 80 °C; (m) NH;—EtOH, rt—45 °C;
(n) ZnEt,, CH,Cl,, toluene, 80 °C; (0) Pd/CaCOs, H,, quinoline, MeOH; (p) Pd/C, H,, MeOH.
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Table 1. ASIC-3 Titration of Select Amiloride Deri-
vatives

ASIC3
Compds

Structure 1Cs50?

1025

\
z

10a 468

\
z

10b 356

10c 4768

10d 1713

“Electrophysiology recording; inhibition (nM) of current was expressed
as percent inhibition of peak current vs baseline peak current. N = 3.

Compound 10b was initially evaluated in the rat
1odoacetate model of osteoarthritis pain, which involves
intraarticular injection of iodoacetate into the knee
joint. In this study (Figure 2), 10b showed a robust
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reversal of both mechanical hypersensitivity in the hind
paw and decreased weight bearing 30 min postdosing in
male Sprague—Dawley rats. The magnitude of reversal
at the 10 mg/kg dose of 10b was similar to that from the
NSAID naproxen (dosed at 20 mg/kg p.o.) and that
at the 30 mg/kg dose of 10b was markedly superior.
The average plasma concentration (23) at 30 min was
0.75 uM at 10 mg/kg and 3.1 uM at 30 mg/kg with very
low levels in brain (~0.072 uM), implying that the
primary site of action of this compound was likely
peripheral and not within the central nervous system
(CNS) (24).

The rats treated with 10b appeared sedated following
compound administration but were easily aroused and
normal when handled. As a result, there was some
concern that the mechanism mediating sedation could
contribute to the antinociceptive behavior. Accordingly,
a rotarod study in rat was conducted to assess motor
coordination and balance, and as can be seen in Figure 3,
performance on the rotarod was significantly impaired
by treatment with 30 mg/kg 10b.

In order to evaluate whether the antinociceptive and
sedative effects of 10b were ASIC-3-mediated, wild-type
and ASIC-3 knockout mice were evaluated in the mouse
complete Freund’s adjuvant (CFA) model of inflamma-
tory pain (Figure 4) (25). Compound 10b (30 mg/kg)
reversed CFA-induced mechanical hypersensitivity to a
similar extent in both wild type and ASIC-3 knockout
mice suggesting that the observed antinociceptive effects
of 10b are not solely mediated by ASIC-3. Additionally,
10b administration reduced sensitivity to mechanical
stimulation of the hind paw in both groups of mice
compared with pre-CFA injection thresholds (i.e.,
>100% reversal of hypersensitivity), indicative of
sedation in both groups and possible impaired motor
coordination.

Sensory neurons express both ASIC-1 and ASIC-3
subtypes and both subtypes have been implicated in
nociception (26). Relative to their wild-type littermates,
mice lacking ASIC-3 do not develop mechanical hyper-
algesia to intramuscular acid injection (/5). In the same
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Figure 2. Evaluation of 10b and naproxen on mechanical hypersensitivity (left panel) and weight bearing (right panel) in the rat iodoaceate
model of osteoarthritis 30 min postdosing: x denotes p < 0.05 (ANOVA).
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Figure 3. Evaluation of 10b (30 mg/kg) on rat rotarod performance
60 min postdosing.

model, ASIC-1 knockout mice develop hyperalgesia
similar to wild-type. These results suggest a role for
ASIC-3 and not ASIC-1 in acid-evoked muscle pain.
Wemmie and colleagues have shown that ASIC-la
knockout mice exhibit deficits in fear responses suggest-
ing an anxiety-related mechanism for ASIC-1 action via
the CNS (27). A-317567, 2, blocks currents mediated by
ASIC-1a-containing channels and produces antidepres-
sant-like effects in a forced swim test (27). These findings
support a role for ASIC-1 in CNS-related behaviors. As
a close structural relative to A-317567, 2, 10b was
evaluated in ASIC-1a expressing cells and found to be
nonselective for ASIC-3 with an ASIC-1a ICsy = 450 nM.
This raises the possibility that the antinociceptive
effects seen with 10b in our rodent models of pain
and inflammation may be due to anxiolytic-related
effects of ASIC-la inhibition and not blockade of
ASIC-3.

We know that ASIC-3 inhibition has an analgesic
effect locally (via treatment with peptide antagonist
APETx2) (28) and ASIC-3 inhibitor 2 has an anxiolytic
(nonsedating) effect centrally that has been attributed to
ASIC-1ainhibition. However, a couple of points should
be noted. First, compound 10b was evaluated against a
number of receptors and enzymes (MDS Pharma Ser-
vice, Taipei, Taiwan) and found to be highly promiscu-
ous. This could indicate that ASIC-1a is not respon-
sible for the perceived effects. For example, 10b had
binding affinities with ICsy’s < 10 uM against 39 tar-
gets that could contribute to the behavioral effects.
These include muscarinic, adrenergic, dopamine, nore-
pinephrine, and serotonin receptors. Second, 10b is
poorly brain-penetrant, raising a question as to whether
its effects are mediated peripherally or centrally, if
indeed being driven by ASIC. Wemmie et al. concludes
that ASIC-1a mediates anxiety behaviors because com-
pound 2 was administered intracerebroventricularly to
bypass the blood—brain barrier (20). Recently, an
ASIC-1a selective antagonist was reported to reduce
thermal and mechanical hyperalgesia in a human in-
flammatory UVB pain model (26, 29). Nonselective
inhibition of both ASIC-1 and ASIC-3 by compound

v © 2009 American Chemical Society

22

Letter

10b diminishes its usefulness as a tool to probe ASIC-3
as a pain target. The analgesic efficacy of nonselective
ASIC-3 antagonists as represented by these structurally
related compounds is tainted by their CNS-related
effects through ASIC-1 or by another mechanism al-
together. Previous structurally distinct nonselective
ASIC-3 series that we have investigated showed similar
sedative behaviors (30, 37). What needs to be under-
stood is whether the apparent peripheral sedating effect
is mediated by another ASIC subtype or by some other
off-target effect common to the range of inhibitors.
Accordingly, an ASIC-3 subtype-selective inhibitor
lacking other off-target effects would be an ideal re-
search tool to investigate the contribution of ASIC-3 in
CNS related behaviors.

In summary, we report that compound 10b, a close
analog of A-317567, 2, is a more potent ASIC-3 channel
blocker that is highly efficacious in the rat iodoacetate
model of OA. However, 10b also caused sedative or
lethargic effects in wild-type and ASIC-3 knockout
mice. This calls into question whether the analgesic
effects of 10b are indeed ASIC-3 mediated or are a result
of off-target inhibition. Compound 10b was an equi-
potent ASIC-1a inhibitor, which could account for the
observed sedation and may have influenced pain-related
behaviors in our behavioral models. Efforts to identify
structurally distinct non-amidine ASIC-3 inhibitors are
underway.

Methods

Electrophysiology Studies

Acid-evoked (pH 5.5 for 3 s) current was recorded at —60
mV using an automated patch clamp instrument (Patch-
Xpress, MDS, Inc.). The intracellular solution contained
(mM): 119 K-gluconate, 15 KCI, 3.2 MgCl,, 5 ethylene
glycol bis(2-aminoethyl ether)-N,N,N',N'-tetraacetic acid
(EGTA), 5 N-2-hydroxyethylpiperazine-/N'-2-ethanesulfonic
acid (HEPES), 5 K2ATP, pH 7.3. The extracellular solution
contained (mM): 150 NaCl, 5 KCl, 2 CaCl,, 1 MgCl,, 12
dextrose, and 10 HEPES (pH 7.4) or 10 2-(N-morpholi-
no)ethanesulfonic acid (MES) (pHS5.5). Compounds were
applied 120 s prior to acid application. Peak current following
compound incubation was expressed as a fraction of the
control (vehicle) peak current. ICs, values were determined
by fitting data to the Hill equation.
Iodoacetate Model of Osteoarthtritis in Rats

Baseline hind paw withdrawal thresholds to punctate pressure
is determined in rats using the von Frey filament test. Addition-
ally, hind paw weight bearing is measured using an incapacitance
instrument. Following determination of baseline pain-related
behaviors, rats are briefly anesthetized using isoflurane (1—5%
to effect, inhalation) and receive an intraarticular injection of
monosodium iodoacetate (2 mg/25 uL, vehicle is pH 7.4 saline)
into the left hind limb knee joint. Rats are continuously
monitored until full recovery from the anesthetic (<5 min)
and are subsequently returned to their cages where they are
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Figure 4. Evaluation of 10b (30 mg/kg) on mechanical hypersensiti-
vity in wild-type and ASIC-3 knockout mice in the complete Freund’s
adjuvant (CFA) model of inflammatory pain 60 min postdosing.

maintained on soft bedding. Rats are tested for decreased
mechanical withdrawal thresholds and weight bearing at 6 weeks
post-iodoacetate injection to determine the baseline.
von Frey Filament Test

The von Frey filament test is used to measure sensitivity to
a non-noxious punctate pressure stimulus. Rats are placed on
an elevated mesh galvanized steel platform in individual
chambers with a hinged lid and allowed to acclimate for
60 min. Mechanical sensitivity is determined by applying a
series of calibrated von Frey filaments (0.25—15 g) to the
plantar aspect of the ipsilateral hind paw using the “up—
down” method to determine median withdrawal threshold
(32). The calibrated filament is applied perpendicular to the
hind paw for 6 s. A positive response is indicated by a brisk
withdrawal of the hind paw, and in this case, the next lower
force filament is applied. If no positive response is observed,
the next higher force filament is applied. Once the crossover
threshold is determined the responses to the next four fila-
ments are recorded to determine the median withdrawal
threshold.
Weight Bearing Test

Rats are tested for hind paw weight bearing by placing the
animal in a Plexiglas box such that the posterior half of the
animal is loosely restrained. This box is placed on an inca-
pacitance analgesia meter (Stoelting Co.) such that the rats
hind paws are positioned on two mechano-transducers that
measure weight bearing (g) on each paw. Rats will remain in
this box for a period of ~2 min during which average weight
bearing on each hind paw will be measured and displayed via
LCD readout.
CFA Model of Inflammatory Pain

Male and female ASIC-3 knockout mice (9—10 weeks)
were obtained from Taconic Farms (Germantown, NY).
Naive male C57BL/6 mice (10 weeks, Taconic Farms, Ger-
mantown, NY) were used as controls. All animals were
maintained in a climate-controlled room on a 12 h/12 h
light/dark cycle with free access to food and water. All
procedures were approved by the Institutional Animal Care
and Use Committee (IACUC) at Merck and Co., Inc., West
Point, PA. Baseline tactile thresholds to von Frey filaments
were measured by applying a series of calibrated von Frey
filaments (Stoelting, Wood Dale, IL) to the plantar aspect of
the left hind paw and determining the median withdrawal
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threshold (grams) using the Dixon up—down method (32).
Inflammation was induced by injection of 30 ulL of 50%
complete Freund’s adjuvant (CFA) (1:1 solution of complete
and incomplete Freund’s adjuvant, Sigma, St. Louis, MO)
subcutaneously into the plantar surface of the hind paw.
Twenty-four hours following CFA injection, mice were tested
for tactile hypersensitivity using von Frey filaments. Mice
were then administered either drug (3, 10, or 30 mg/kg, ip) or
vehicle (normal saline, 10 mL/kg, ip), and paw withdrawal
thresholds were recorded at 60 min postadministration. Fol-
lowing testing at 60 min, brain and plasma samples were
collected for analysis of drug content. Dose—response curves
were compared by two-way repeated measures ANOVA (time
vs dose) with posthoc Tukey’s test (SigmaStat). Significance
was defined as p < 0.05.
Rotarod Test of Motor Coordination

Male Sprague—Dawley rats (150—250 g) were obtained from
Taconic Farms (Germantown, NY). To determine the effects
of test compound on motor coordination, male Sprague—
Dawley rats were first trained to remain on a rotarod
(ITTC Model 755) (33) revolving at 12 rpm for 120 s. Rats that
failed to meet this criteria were excluded from the study and
immediately euthanized. Rats that successfully completed the
training session were administered vehicle (normal saline,
3mL/kg, ip) or test compound (30 mg/kg, ip) and subsequently
tested on the rotarod apparatus at 60 min postdosing. For the
postdosing evaluation, rats were placed on an accelerating
rotarod (increasing from 4 to 33 rpm during a 5 min period),
and the time the rats remain on the rotarod was recorded up to
a 5 min cutoff period. Following testing at 60 min, brain and
plasma samples were collected for analysis of drug content.
Statistical significance was defined as p < 0.05 using Student’s
t test (vehicle vs drug) (SigmaStat).
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