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ABSTRACT: Voltage-gated sodium channels (Navl) transmit pain signals from peripheral nociceptive
neurons, and blockers of these channels have been shown to ameliorate a number of pain conditions.
Because these drugs can have adverse effects that limit their efficacy, more potent and selective Navl
inhibitors are being pursued. Recent human genetic data have provided strong evidence for the involvement
of the peripheral nerve sodium channel subtype, Navl1.7, in the signaling of nociceptive information,
highlighting the importance of identifying selective Nav1.7 blockers for the treatment of chronic pain.
Using a high-throughput functional assay, novel Nav1.7 blockers, namely, the 1-benzazepin-2-one series,
have recently been identified. Further characterization of these agents indicates that, in addition to high-
affinity inhibition of Nav1.7 channels, selectivity against the Nav1.5 and Nav1.8 subtypes can also be
achieved within this structural class. The most potent, nonselective member of this class of Navl1.7 blockers
has been radiolabeled with tritiun¥H]BNZA binds with high affinity to rat brain synaptosomal membranes

(Kg = 1.5 nM) and to membranes prepared from HEK293 cells stably transfected with hN&yl=5 (

0.97 nM). In addition, and for the first time, high-affinity binding of a radioligand to hNavl.7 channels

(Kq = 1.6 nM) was achieved with*H]BNZA, providing an additional means for identifying selective
Navl.7 channel inhibitors. Taken together, these data suggest that members of the novel 1-benzazepin-
2-one structural class of Nav1 blockers can display selectivity toward the peripheral nerve Nav1.7 channel
subtype, and with appropriate pharmacokinetic and drug metabolism properties, these compounds could
be developed as analgesic agents.

Voltage-gated sodium channels (Navhye responsible  channels with all of the major properties of native channels,
for the initiation and propagation of action potentials in i.e., selectivity and voltage-dependent activation and inac-
excitable cells. Sodium channels mediate the initial inward tivation, coexpression witj$ subunits can result in higher
current that causes rapid depolarization during the rising expression levels, faster inactivation kinetics, or changes in
phase of the action potential, which in turn activates voltage- steady-state voltage depender@e®). Nine of the identified
gated calcium and potassium channels. Sodium channelsx subunits have been functionally expressed to dat&)(

consist of a pore-forming. subunit (~260 kDa), differen- Several pharmacological agents, including neurotoxins,
tially expressed in different tissues, that can associate with antiarrhythmics, anticonvulsants, and local anesthetics, in-
one or two smaller auxiliarys subunits {, 2). Genes  teract with the sodium channel subunit @) by binding to
encoding tena subunits and fou subunits have been  residues contributed by the S5 and S6 pore-lining segments
identified. Although thea subunit alone forms functional  of the channel 10). Because this region of the channel is
highly conserved among different channel subtyi€s11),
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More recently, sodium channels expressed in primary Recently, a novel structural family, the 1-benzazepin-2-
afferent neurons have been implicated in the aberrant firing ones, has been identified as Nav1.7 block&ds 82). In the
patterns that follow nerve injury, suggesting that blockers spinal nerve ligation model of neuropathic pain, one of these
of these channels could have utility in the treatment of agents reversed mechanical allodynia when dosed orally in
neuropathic pain conditiond 4, 15). Indeed, carbamazepine rats. In the present study, we further characterize 1-benza-
and Lidoderm, a topical formulation of the local anesthetic zepin-ones and show that members of this class can display
lidocaine, have been approved by the FDA for the treatment molecular selectivity between Navl channel subtypes. The
of trigeminal neuralgia and postherpetic neuralgia, respec-nonselective blockefHIBNZA binds with high affinity to
tively (16, 17). These agents block all sodium channel neuronal sodium channels and to hNavl.5 channels stably
subtypes with similar potency and thus do not offer any expressed in HEK293 cells. In addition, hNav1.7 channels
insight into the subtype(s) responsible for pain signaling. were characterized for the first time with the use 3]t
Navl.7, the product of th6sCN9Agene, is present in  BNZA, suggesting the utility of this ligand in the develop-
nociceptive dorsal root ganglion neurons, and experimentalment of Navl.7 channel pharmacology. Members of the
evidence suggests a role for this channel in acute andl-benzazepin-2-one class of Nav1.7 blockers with appropriate
inflammatory pain signaling. For instance, increased expres-pharmacokinetic and drug metabolism properties could be
sion of Nav1.7 in dorsal root ganglion neurons following developed as therapeutic agents.
the administration of inflammatory mediators has been
reported 18), and specific targeted deletion of Nav1.7 in MATERIALS AND METHODS
dorsal root ganglion neurons reduces inflammatory responses Materials Stable HEK293 cell lines expressing hNav1.5
in mice (19). In humans, mutations in Nav1.7 that increase or hNav1.7 channels were obtained from Dr. Hartman and
channel activity are associated with familial erythromelalgia Aurora Biosciences, respective7. The hNav1.7 HEK293
(20, 21), an inherited syndrome characterized by bouts of cell line was transfected with th#1 subunit to yield a stable
severe burning pain of the extremities in response to mild hNav1.751 cell line. An HEK293 cell line stably expressing
warmth, and with paroxysmal extreme pain disord&?),( hNav1.8 was prepared as describ28)( All tissue culture
an inherited condition characterized by attacks of rectal, media were obtained from Invitrogen Corp., Carlsbad, CA.
ocular, or submandibular pain with flushing. Conversely, For electrophysiological recordings, cells were plated
mutations that cause loss of Nav1.7 function have been linkedon 35 mm dishes coated with pabylysine. N-(6-Chloro-
to a congenital inability to experience pain with no apparent 7-hydroxycoumarin-3-carbonyl)dimyristoylphosphati-
deficits in non-nociceptive sensory functior23(24). Given dylethanolamine (CC2-DMPE) and bis(1,3-diethylthiobar-
these data, potent and selective inhibitors of peripheral nervebituric acid)trimethine oxonol (DiISBAE3)) were purchased
sodium channels, in particular Nav1.7 channels, are expectedrom Invitrogen Corp.; pluronic acid was obtained from
to have an improved therapeutic index compared to currently Molecular Probes, Eugene, OR. Deltamethrin was purchased
used drugs for the treatment of pain associated with lesionsfrom Crescent Chemical Corp., Islandia, NY, and brevetoxin
or dysfunction of normal sensory pathways. from CalBiochem, San Diego, CA. Tetracaine hydrochloride,

The search for novel sodium channel blockers has beenquinidine, flunarizine, phenytoin, and tetrodotoxin were
hampered for a long time by the lack of appropriate high- obtained from Sigma-Aldrich, Saint Louis, MO. Veratridine
throughput functional assays. Although electrophysiology has and R)-SDZ-201 were purchased from Biomol Research
been the standard functional assay for sodium channels, itd_aboratory Inc., Plymouth Meeting, PA. Synthesis of 1-ben-
extremely low throughput has limited its use to the detailed zazepin-2-one analogues was carried out as descried (
characterization of a few chosen compounds. Recently,32). BPBTS and WIN 17317-3 were prepared as previously
advances in fluorescence-based membrane-potential assaygescribed 29). All other reagents were obtained from
(25) and automated voltage clamp technologi26) (have commercial sources and were of the highest purity com-
enabled high- and medium-throughput functional evaluation mercially available.
of sodium channel blockers, respectively. Specifically,  Functional Na-1 AssaysThe functional activity of Nav1.5,
fluorescence resonance energy transfer (FRET) technologyNavl1.7, or Nav1.8 channels was measured as previously
using membrane potential-sensitive dyes has been shown talescribed 27, 28). Briefly, hNav1.5, hNav1.7, or hNav1.8
provide a reliable assay of voltage-gated sodium channelexpressing cells were plated in pabylysine-coated 96- or
activity in stably transfected cells expressing hNavl.5, 384-well plates and incubated overnight at°&7in a 10%
hNav1.7, or hNav1.8 channel27 28). Using this assay, @ CO, atmosphere in growth medium. The cells were washed
N-{[2'-(aminosulfonyl)biphenyl-4-yllmeth}N'-(2,2-bithien- with Dulbecco’s phosphate-buffered saline (D-PBS) contain-
5-yImethyl)succinamide (BPBTS), a member of a new class ing calcium and magnesium and incubated with CC2-DMPE
of disubstituted succinamide sodium channel blockers with and pluronic acid in D-PBS with calcium and magnesium,
efficacy in a rat pain model, was identified and characterized supplemented with 10 mM glucose and 10 mM HEPES
(29). BPBTS is a voltage- and use-dependent blocker and isNaOH, pH 7.4. After incubation in the dark at 28, the
2 orders of magnitude more potent than anticonvulsant andcells were washed and incubated in 165 mM NaCl, 4.5 mM
antiarrhythmic sodium channel blockers currently used to KCI, 2 mM CaC}, 1 mM MgCh, 10 mM glucose, 10 mM
treat neuropathic pain. Because the pharmacokinetic proper-HEPES-NaOH, pH 7.4, containing DiSBAL3), in the dark
ties of this compound are not ideal, related analogues with at 25°C, in the absence or presence of the test compound.
similar potency and improved oral bioavailability were At the end of the incubation period, the plates were placed
synthesized. Although these compounds do not exhibit in either a VIPR instrument (Aurora Biosciences Corp., San
molecular selectivity for any Navl subtype, they demonstrate Diego, CA) or an FLIPR-Tetra instrument (Molecular
efficacy in animal pain models without cardiac liabiliti&g. Devices, Sunnyvale, CA). The cells were illuminated at 400
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nm, and fluorescence emissions were recorded at 460 andf [2H]BNZA was monitored at room temperature in boro-
580 nm. After baseline emissions were recorded, a solutionsilicate glass tubes containing 100 mM NacCl, 20 mM Fris
containing appropriate concentrations of sodium channel HCI, pH 7.4, supplemented with 0.01% bovine serum
agonist was added, and the emissions of both dyes werealbumin. For saturation experiments, the membranes were
recorded for an additional period of time. The change in incubated with increasing concentrations &fl[BNZA at

FRET ratio £/Fo) was calculated as room temperature for at least 5 h. To determine the kinetics
of ligand association, the membranes were incubated with
FIFo — [(Ased Asgd! (1 46d1580)] [H]BNZA for different periods of time at room temperature.

o Ligand dissociation was initiated by addition of-10 uM
where A and | represent the fluorescence emission at the njabeled BNZA. Nonspecific binding was determined in
specified wavelength after or before addition of agonist, the presence of &M unlabeled BNZA. Separation of bound
respectively. from free ligand was achieved by diluting the samples with

Electrophysiology Sodium currents were examined by 4 mL of ice-cold buffer consisting of 1200 mM NacCl, 20 mM
whole cell voltage clamp3@) using an EPC-9 amplifier and  Tris—HCI, pH 7.4, 0.1% bovine serum albumin and filtering
Pulse software (HE Electronics, Lamprecht, Germany). All through GF/C glass fiber filters presoaked in quench buffer.
experiments were performed at room temperature. Electrodesthe radioactivity retained on the filters was determined by
were fire-polished to resistances of ¥4 MQ. Voltage |iquid scintillation techniques. Data from saturation experi-
errors were minimized by series resistance compensationments were analyzed according to the equatig =
(75—85%), and the capacitance artifact was canceled using(Bm »L*)/(Kg + L¥), whereBegis the amount of ligand bound
consisted of 160 mM NaCl, 1 mM KCl, 2.7 mM Cag0.5 concentration. The association rate constaptwas deter-
mM MgClz, 10 mM NMDG-HEPES, pH 7.4, and the  mined from the equatiok; = kobdBeq/(L* Bnay), Wherekops
internal (pipet) solution contained 110 mM cesium meth- s the slope of the pseudo-first-order plotBag(Beq — BY))
anesulfonate, 5 mM NaCl, 20 mM CsCl, 10 mM CsF, 10 yersus time. The dissociation rate constantwas calculated
mM BAPTA (tetracesium salf), 10 mM €HEPES, pH 7.4.  py fitting the data to a single monoexponential decay IC
In some cases, NaCl in the bath solution was partially yalyes for inhibition of fHIBNZA binding were determined
replaced by (NMDG)CI to avoid artifacts caused by large ysing the equatioBeq = (Bmax — Bmin)/[1 + (I/ICso)™] +

current arr}plitu;jes. _ . Bmin, WhereBumax is the binding with no inhibitors present,
Synthesis of*H]BNZA. The precursor for radiolabeling B ; is the amount of ligand bound at the maximal inhibitor
was synthesized as described previou8l).(A solution of  concentration| is the inhibitor concentratiomy is the Hill

5 mg of precursor in 0.8 mL of anhydrous DMF was coefficient, and IG is the inhibitor concentration resulting
degassed at dry ice/acetone temperature in the presence Qf, 50% inhibition. In most experimentBnax Was ap-

5 mg of 10% Pd/C (Aldrich Chemical). The mixture was proximately 100% andBm, was typically close to 0%.
stirred at ice temperaturerfd h under 240 mmHg of carrier-  Triplicate samples were determined for each experimental
free tritium gas (1.2 Ci, American Radiochemical Chemi- point. The standard deviation of the mean was typically less

cals). Any unreacted tritium gas was removed, the catalystihan 10%. Values are presented as the averad®E of
was filtered through a syringeless filter device (Whatman ggyeral independent determinations.

Autovial, 0.45um PTFE), and the solvent and labile tritiums
were concentrated to near dryness. The dried residue wasRESULTS

resuspended in 2 mL of ethanol and subjected to HPLC  y/oltage-Gated Sodium Channel Blockers, 1-Benzazepin-
(Zorbax, SBCN HPLC column, 9.4 mm 25 em, CHCN: 2-ones, Display Subtype Seleityj. High-throughput func-
HO:TFA = 25:75:0.1 to 27:73:0.1 in 50 min)}H]BNZA, tional assays that monitor the activity of Navl channel
which eluted with a retention time of 48 min (the unreacted subtypes have recently been develop% 28). These assays
precursor eluted at 47 min), was assayed by analytical HPLC, s¢ voltage-dependent FRET between a pair of membrane-
Zorbax SBCN column at C4#€N:H0:TFA = 25:75:0.1, 10 pound fluorescent probes to monitor changes in the mem-
be 99% radiochemically pure and to have a specific activity prane potential. Cells are preincubated with test compounds
of 30 Ci/mmol. The total radiochemical yield was 302 mCi. physiological medium and then exposed to a sodium
\ channel agonist that slows channel inactivation. Sodium ions
\\\ ° \\\ moving through open channels lead to membrane depolar-
N i T °H, N¢© D Il ization that can be measured with the FRET dyes. Using
----- N% S @N% this assay, a family of novel Navl.7 channel blockers,
N N
o~

1-benzazepin-2-ones, has been identifi& 82). Members

o o of this family potently inhibit veratridine-mediated depolar-
7< 7( ization in HEK293 cells stably expressing hNav1.7 channels
(Figure 1, Table 1). Figure 1A shows the fluorescence
3H-BNZA emissions from CC2-DMPE and DiSBA@), the fluores-

cence emission ratio upon addition of 2¥ veratridine,
Binding AssayRat brain synaptosomal plasma membrane and a representative example of FRET inhibition by increas-
vesicles and membranes from HEK293 cells stably trans-ing concentrations of compourdl Figure 1B illustrates
fected with hNav1.5, hNav1l /71, or hNavl1.8 were prepared concentration-dependent inhibition of the FRET signal as a
as previously describe@®4) and stored at-70 °C. Binding function of the compound concentration. The solid lines
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Ficure 1: Inhibition of hNav1.7 channels by 1-benzazepin-2-one analogues. HEK293 cells stably transfected with hNav1.7 were plated in
96-well plates and incubated with the FRET dyes in physiological medium, as described in the Materials and Methods, in the absence or
presence of increasing concentrations of compound. (A) Upon recording the emission of both dyes (gray lihestfb Hz veratridine

was added at a final concentration of 281, and fluorescence from both dyes was monitored for an additional 33 s at 1 Hz. The bold line
represents FRET defined as the ratio of CC2-DMPE to DiSRBY Increasing concentrations of compouhdause inhibition of the

FRET signal. (B) Inhibition of hNav1.7 by compountis 9. Data are presented as the percentage of inhibition of the FRET signal relative

to an untreated control. Fitting to the Hill equation yieldedd@alues of 0.027uM (<), 0.024uM (), 0.042uM (W), 0.024uM (O),

0.051uM (@), 0.038uM (#), 0.037uM (©), 0.273uM (¥), and 0.345uM (a).

represent the best fit of the data to the Hill equation, and effect on PH]diltiazem binding to rabbit skeletal muscle
average |G values for inhibition from several independent membranes (16 ~ 1 uM). At a concentration of 1M,
experiments are presented in Table 1. Interestingly, whencompound4 inhibited PH]MK-0499 binding to membranes
the same compounds are tested against other Navl channelerived from HEK293 cells stably expressing hERG by 31%.
subtypes, different patterns of activity emerge (Table 1). Evaluation of compound (10 M) in over 100 receptor
Thus, while all compounds display lower affinity for ligand binding and enzymatic assays in a standard PanLabs
hNavl.8, only selected compounds appear less potent orscreen (MDS Pharma Services, Taiwan) yielded few sig-
hNav1l.5. The finding that 1-benzazepin-2-one analogues arenificant interactions. Of these, the most notable involved
less potent on Nav1.8 than Navl.7 channels is not related toinhibition of acetyl cholinesterase (€= 1.7 uM), protein

the nature of the functional assay since other well-character-tyrosine and protein serine/threonine kinaseg/€1.7 and
ized Nav1 inhibitors do not display differences between these 2.8 uM, respectively), oxytocin receptor (}{¢= 3.7 uM),

two Navl channel subtype27, 28). These data indicate that adenosine A3 (16 = 5.3uM), tachykinin NK2 (IG, = 6.5
1-benzazepin-2-one analogues are potent Nav1l.7 inhibitorsuM), and the cannabinoid receptor CB2 {4G= 7.0 uM).

and possess selectivity against the peripheral nerve Nav1.80n this basis, compourflappears to display good selectivity
channel, with some family members also being able to for Nav1l.7 channels.

discriminate against the cardiac Nav1.5 channel. One of the Block of Recombinant N& Channels by 1-Benzazepin-
1-benzazepin-2-one analogues, compodnevas selected  2-ones The interactions of compoundsand4 with Nav1.7,

for further characterization. Compountl was tested in Navl.8, or Navl.5 channels were further characterized in
radioligand binding assays against other ion channels as wellwhole cell electrophysiology. Bath application of compound
as numerous receptors and enzymes. Compdunadi weak 1 reversibly blocked hNavl1.7 channels, and block was
activity against L-type calcium channels, on the basis of its dependent on the holding potential as shown in the traces in
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Table 1. Inhibition of hNavl.7, hNavl1.5, or hNav1.8 Channels by 1-Benzazepin-2-one Comot8ids

Structure hNa,1.7 hNa,<1.5  hNa,<1.8
N
Compound 1 @j% 0.03+0.01 | 0.02%0.01 | 0.27 %0.06
F 7<o Chi
Lo )
Compound 2 gj "i@ 0.03+0.01 ; 0.02+0.00 | 0.1310.01
<
=y o
Compound 3 @d < F 0.03+0.02 ;| 0.05+0.02 | 0.72%0.46
A
Compound 4 LG :@ 0.03+0.02 | 0.18+0.05 | 0.30 +0.16
< =
Compound 5 uj\(\é 0.03+0.01 | 0.03%0.01 | 0.50 0.09
A
Compound 6 ;?@ 0.05+0.02 | 0.20£0.07 } 0.53%0.19
.
Compound 7 @Qi‘AQ 0.09+0.05 | 0.87%0.35 | 0.680.12
<«
Compound 8 /Cd ;ﬁ@ 0.39+0.22 | 1.75+0.08 | 1.36+0.38
e
Compound 9 w;& 0.48+0.18 | 551257 >10

a|Csg values for inhibition were determined as indicated in the Materials and Methods and represent the-i88roiat least three independent
experiments.

Figure 2A,C. The current evoked by short depolarizations not shown). Holding potentials were chosen to match the
from —100 mV was blocked with an Kgof 8.7 uM, whereas fraction of inactivated channels for the different Navl
the current evoked from a holding potential-e65 mV was subtypes tested.

blocked with an Gy of 0.37 uM. At physiological pH, When compound was bath applied to hNav1.7 channels
compoundl is not charged, and the dependence of block at —100 mV, minimal block was seen even at the highest
on the holding potential is presumably due to a preferential concentration tested (10M), whereas the 16 for block at
interaction with channels in the inactivated st&#®, @5, 36). —65 mV (0.55uM) was similar to that for compound

At —100 mV, hNavl.7 channels reside primarily in the (Figure 2E,F), suggesting that compouhdnteracts more
resting state, whereas approximately half of the channels areselectively with channels in the inactivated state. In agree-
inactivated at-65 mV. Compound. interacted in a similar ~ ment with observations in the fluorescent assay, compound
manner with hNav1.5 channels (Figure 2D), blocking chan- 4 blocked hNav1.5 and hNav1.8 channels more weakly than
nels with 1Go values of 2.5 and 0.1ZM, at holding hNav1.7 channels, resulting in ansfGor block at—75 mV
potentials of—110 and—75 mV, respectively. As expected of 4.3uM for hNav1.5 (Figure 2G,H) and an gfor block
from the fluorescent assay, block of hNav1.8 channels wasat —55 mV of 5.54M for hNav1.8 (data not shown).
somewhat weaker with g values of 7.5 and 0.98M, at Binding of PH]BNZA to Rat Brain Membraneo further
holding potentials of~100 and—55 mV, respectively (data  characterize the interaction of 1-benzazepin-2-one com-
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Ficure 2: Block of Navl channels by 1-benzazepin-2-ones. Block
of hNav1.7 and hNavl.5 channels by compouddand 4 was
examined by whole cell voltage clamp. (A) Representative hNav1.7
currents in response to voltage stepsttd0 mV from —100 or
—65 mV are shown in the control and in the presence @Vl
compoundl. (B) Peak hNav1.7 currents elicited by stepstb0

mV from —100 mV were measured in the presence of increasing
concentrations of compountl as indicated. (C) Inhibition of
hNav1.7 currents as a function of the compoundoncentration

for holding potentials of~100 mV (filled squares) ané-65 mV
(open squares). Fitting the Hill equatiamy(= 1) to the data yielded
ICso values of 8.7 and 0.3i¢M for holding potentials of-100 and
—65 mV, respectively. (D) Inhibition of hNavl.5 currents as a
function of the compound concentration for holding potentials
of —110 mV (filled squares) ane75 mV (open squares). Fitting
the Hill equation (4 = 1) to the data yielded I§ values of 2.5
and 0.17uM for holding potentials of—110 and —75 mV,
respectively. (E) Peak hNav1.7 currents elicited by steps16

mV from —65 mV were measured in the presence of increasing
concentrations of compourdd (F) Inhibition of hNav1.7 currents
as a function of the compourktoncentration for holding potentials
of —100 mV (filled squares) anet65 mV (open squares). Fitting
the Hill equation (4 = 1) to the data yielded an kgof 0.55uM.

(G) Peak hNav1.5 currents elicited by stepsHt0 mV from —75

Williams et al.

with rat neuronal sodium channels was determined. Under
equilibrium conditions, specific binding ofHi]BNZA to rat
brain synaptosomal membranes reaches saturation and
displays a good signal-to-noise ratio (Figure 3A). Fitting the
specific binding data to a single-site model yieldel eof
1.53+ 0.46 nM and 8x0f 3.4+ 1.2 pmol/mg of protein

(n = 6). Bnax values are similar to those of other sodium
channel ligands, such a8{]WIN 17317-3 and {H]BPBTS
(37). Unlabeled BNZA displacedf{]BNZA binding to brain
membranes with & value of 2.85+ 0.83 nM and a Hill
slope of 1.0+ 0.1 (h = 15) (Figure 3D).

Binding of [?H]BNZA to rat brain membranes is a time-
dependent process that reaches equilibrium in approximately
4 h at room temperature (Figure 3B). Linear transformation
of these data, according to a pseudo-first-order reaction
(inset), yielded &qps of 0.017 mint, corresponding to an
association rate consta, of 1 x 10° M~ min~%. When
k, is calculated from a plot dé,psversus ligand concentration,

a similar value of 1.1x 10’ M~! min~! is obtained (data
not shown). Dissociation of receptor-bound ligand, initiated
by addition of excess unlabeled ligand, followed monoex-
ponential kinetics, in agreement with a first-order reaction,
and displayed_; values of 0.015+ 0.004 min! (n = 2)
(Figure 3C). The equilibrium dissociation constant calculated
from these rate constants, 1.5 nM, is close to that determined
under equilibrium binding conditions, suggesting tHat]f
BNZA interaction with rat brain membranes is a bimolecular,
fully reversible reaction. Although dissociation rates of
another sodium channel ligand®H]|BPBTS, have been
shown to be highly dependent on the concentration of
unlabeled compound used to block the association reaction,
suggesting the existence of multiple attachment points
between the ligand and its recept@d), this phenomenon
does not appear to be a feature &fJBNZA interaction
with rat brain membranes. Thuk,; values determined in
the presence of 0.1, 1, or M unlabeled BNZA (0.010,
0.015, and 0.019 mid, respectively) only differ by~2-

fold.

The pharmacological properties GH]BNZA binding to
rat brain membranes were determined using different classes
of sodium channel modulators. All of these agents inhibit
binding of PH]BNZA to brain membranes in a concentration-
dependent manner (Figure 3D and data not shown) and
displayK; values that are similar to those found in competi-
tion experiments with other well-characterized sodium chan-
nel ligands, such asH]WIN 17317-3 @7), [*H]BPBTS @9),
and PH]batrachotoxin 88). The compounds evaluated
include sodium channel agonists (veratridikg,= 6.8 +
2.4 uM, n = 2; deltamethrinK; = 188+ 76 nM, n = 2),
antiarrhythmic agents (quinidin&; = 4.4+ 1.6 uM, n =
3; mexiletine K; = 4.6 + 2.3uM, n = 2), cardiotonic agents
(R(+)SDz-201,K; = 10.4 + 4.5 nM, n = 3), calcium
channel modifiers (flunarizind$; = 9.1+ 1.6 nM,n = 3),

mV were measured in the presence of increasing concentrations ofjgcg| anesthetics (tetracain, = 740 + 455 nM,n = 3),

compound4. (H) Inhibition of hNav1.5 currents as a function of
the compoundt concentration for holding potentials 6f110 mV
(filled squares) and-75 mV (open squares). Fitting the Hill
equation gy = 1) to the data yielded an kgof 4.3 uM. In (C),

(D), (F), and (H), data from three cells at each voltage and
concentration are shown, and the Hill equation is the fit to all data
points.

pounds with voltage-gated sodium channels, compaolnd
(BNZA) was radiolabeled with tritium, and its interaction

anticonvulsants (phenytoi; = 8 £ 1 uM, n = 4), and the
sodium channel blockers (WIN 17317-K; = 3.8 + 1.3
nM, n= 3; BIIl 890 CL, K; = 2.0+ 0.9 nM,n = 3). Taken
together, these data suggest th#{]BNZA binds in a
bimolecular, fully reversible reaction to a single class of high-
affinity sites in rat brain membranes that display pharma-
cological features consistent with neuronal voltage-gated
sodium channels.
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Ficure 3: Binding of PH]BNZA to rat brain synaptosomal membranes. (A) Rat brain membrane vesicles were incubated with increasing
concentrations offH]BNZA for ~18 h at room temperature. Specific binding dat\ere assessed from the difference between t@hl (
and nonspecificl) binding. For this experiment Ky of 1.58 nM, aBnax of 3.5 pmol/mg of protein, and a Hill coefficient of 0.99 were
determined. (B) Rat brain membranes were incubated with 13:yBNZA for different periods of time at room temperature. Nonspecific
binding was time invariant and has been subtracted from the experimental points. Inset: Linear transformation of specific binding data
according to the pseudo-first-order reaction yieldgd= 0.017 mirr?, corresponding to & of 1 x 10/ M~ min~%. (C) Rat brain synaptosomal
membranes were incubated with 1 nRH[BNZA, and dissociation was initiated by addition of«M unlabeled BNZA. The samples were
incubated at room temperature for the indicated periods of time. Data were fit to a single monoexponential decay, Weldfi@®.814
min~1, corresponding to &, of dissociation of 48 min. (D) Rat brain membranes were incubatedwitimM [BH]BNZA in the absence
or presence of increasing concentrations of unlabeled BNZAWIN 17317-3 (*), flunarizine ©), R(+)SDZ-201 @), deltamethrin ¢),
tetracaine 4), quinidine ), or phenytoin M) for 18 h at room temperature. Inhibition of binding was assessed relative to an untreated
control. Data were fit to a single-site inhibition model, yieldingd@alues of ) 5.0 nM, (*) 6 nM, ©) 15 nM, (a) 19 nM, (¢) 0.38uM,
(») 1.05uM, (¥) 10.2uM, and @) 21.3uM.

Binding of PH]BNZA to hNa/1.7 and hNa1.5 Channels with hNav1.751 membranes (veratriding; = 11.9+ 2.8
Although PH]BPBTS binds with high affinity to rat brain M, n = 2; deltamethrin,K; = 185 + 33 nM, n = 2;
sodium channels and to cardiac Navl.5 channels stablyquinidine,K; = 8.5+ 2.7uM, n = 3; mexiletine K; = 11.8
expressed in HEK293 cells, binding of this ligand could not + 7.4 uM, n = 2; R(#)SDZ-201,K; = 21 nM; flunarizine,
be detected to membranes derived from the hNavl.7 K; = 20.3+ 1.7 nM,n = 3; tetracaineK; = 1.7+ 0.6 uM,
HEK293 cell line. Indeed, high-affinity ligands with which n = 3; phenytoinK; = 14.54+ 6.9uM, n = 2; WIN 17317-
to study Nav1.7 channels have not yet been disclosed. Having3, Ki = 10.8+ 3.8 nM,n=3; Blll 890 CL,K; = 1.9+ 1.1
determined that3H]BNZA is an appropriate ligand for  nM, n= 4 (Figure 4D). Several 1-benzazepin-2-one Navl.7
studying native brain sodium channels, its utility for char- inhibitors cause concentration-dependent inhibitiorfie{
acterizing Navl1.7 channels was investigated. Incubation of BNZA binding to hNavl.781 membranes with a well-
[BH]BNZA with membranes derived from the hNavl31/ defined range oK; values. One of the most potent com-
HEK?293 cell line leads to specific ligand association to a pounds in the functional, membrane-potential-based hNav1.7
single class of sites that displayska = 1.60+ 0.17 nM assay, compoung, displays the highest affinityk{ = 0.37
and aBmax of 1.3+ 0.9 pmol/mg of proteinr{= 3) (Figure £ 0.04 nM,n = 3) in the binding assay (Figure 5).
4A). Binding of PH]BNZA to hNavl.781 membranes High-affinity binding of PH]BNZA also occurs to hNav1.5
displays characteristics similar to those seen with rat brain channels. In this case®H]BNZA binds to a single class of
membranes. Thus?H]BNZA binding is a time-dependent  sites present in membranes derived from HEK293 cells stably
and fully reversible process characterized layand k- expressing the channel wiky, Bmax, andny values of 0.97
values of 5.3x 10° M~ min~t and 0.0063 mint, respec- =+ 0.35 nM, 0.744 0.21 pmol/mg of protein, and 0.92
tively (Figure 4B,C). Both values are approximately 2 0.10 ( = 3), respectively. However, binding ofH]BNZ
fold different from those determined for rat brain membranes to hNav1.8 channels could not be detected under many
(see above), although the equilibrium binding constdfds, experimental conditions (data not shown) consistent with the
are similar. Other sodium channel modulators that inhibit lower affinity of 1-benzazepin-2-ones for this channel
binding of PH]BNZA to brain membranes were also found subtype. These data, taken together, illustrate for the first
to inhibit with similar potencies the interaction GH]BNZA time the utility of a high-affinity ligand, JH]|BNZA, for
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Ficure 4: Binding of BH]BNZA to hNav1.781 membranes. (A) Membranes prepared from HEK293 cells stably transfected with hNav1.7/
A1 were incubated with increasing concentrations®efiBNZA for 18 h at room temperature. Specific binding dai (vere assessed

from the difference between tota®) and nonspecificl) binding. For this experiment, l&; of 1.6 nM, aBnax 0f 1.98 pmol/mg of protein,

and a Hill coefficient of 0.91 were determined. (B) hNavgTZmembranes were incubated with 0.95 nM]BNZA for different periods

of time at room temperature. Nonspecific binding was time invariant and has been subtracted from the experimental points. Inset: Linear
transformation of specific binding data according to the pseudo-first-order reaction yiglded0.01 mirr®, corresponding to & of 4.8

x 106 M~ min~1, (C) hNavl.781 membranes were incubated with 0.95 fA]IBNZA, and dissociation kinetics were initiated by addition

of 1 uM unlabeled BNZA. The samples were incubated at room temperature for the indicated periods of time. Data were fit to a single
monoexponential decay, yieldingka; of 0.0056 mir?, corresponding to &/, of dissociation of 120 min. (D) Membranes were incubated

with ~1 nM [BH]BNZA in the absence or presence of increasing concentrations of unlabeled BNZAMN 17317-3 (*), flunarizine

(0), R(+)SDZ-201 @), deltamethrin #), tetracaine 4), quinidine ), or phenytoin M) for 18 h at room temperature. Inhibition of
binding was assessed relative to an untreated control. Data were fit to a single-site inhibition model, yielgiraduis of &) 3 nM, (¥)

19 nM, ©) 45 nM, (a) 49 nM, (®) 0.40uM, (2) 2.48uM, (¥) 16.6uM, and @) 75.2 uM.

DISCUSSION

- The results reported herein concern the characterization
S= of 1-benzazepin-2-ones, a novel and potent class of inhibitors
28 of the peripheral nerve sodium channel, Navl.7. In mem-
N § brane potential, FRET-based functional assays, these com-
Z e pounds display selectivity against another peripheral nerve
T sodium channel, Nav1.8. In addition, some family members
&= also display selectivity against the cardiac Nav1.5 channel.
[BH]BNZA, a member of this class of inhibitors, was used

41 10 -9 -8 7 -6 to pharmacologically characterize for the first time a receptor

Log [Inhibitor] (M) site associated with Nav1.7 channels. The efficacy of the
FIGURE 5: Inhibition of PH]BNZA binding to hNav1.781 mem- new class of Navl.7 inhibitors in a neuropathic pain model

branes by 1-benzaz§pin-2-one. analogues. Membranes were incuis consistent with the critical role that Nav1.7 channels play
bated with~1 nM [PH]BNZA in the absence or presence of n pain signaling and provides a new chemical platform for

increasing concentrations of compoui(®), unlabeled BNZA ¢), . - . - . .
compound5 (¥), compound6 (sideways triangle), compourd! developing analgesics with an improved side-effect profile

(M), compound? (+), compoundd (a), or compound (x) for 18 compared to that of cur_rent pain medications.
h at room temperature. Inhibition of binding was assessed relative ~ State-dependent sodium channel blockers have demon-

to an untreated control. Data were fit to a single-site inhibition strated therapeutic utility as anticonvulsants, antiarrhythmics,

model, yielding 1Go values of 0.7 "M @), 2nM (@), 2.3 nM (v), and local anesthetics, and recently their use in the treatment
;ﬂd“'}"sf'g,\eﬂwé‘{s triangle), 23.5 nhuj, 45 nM (+), 108 nM @), of a number of neuropathic pain conditions has expanded

research to identify more potent and selective sodium channel
studying Nav1.7 channels and defining their pharmacology. inhibitors. Sodium channel blockers currently used in the
In addition, the ability of {H]BNZA to bind to brain and clinic are associated with a number of side effects, which
cardiac Navl1.5 channels provides an additional tool with can become dose-limiting and prevent patients from achiev-
which to identify Navl-subtype-selective inhibitors. ing adequate treatmenB39). Dose-limiting side effects



Novel Voltage-Dependent Sodium Channel Blockers Biochemistry, Vol. 46, No. 50, 200714701

typically result from sodium channel block in the central can also be demonstrated to other Navl channels, such as
nervous system and include ataxia and sedation. CurrentlyNav1.5 and those present in brain tisstfe{]BNZA could
used agents are relatively weak sodium channel blockers andalso be useful for identifying subtype-selective Navl channel
are highly brain penetrant, emphasizing the need for more modulators.
potent, selective, and potentially less brain penetrant thera- | ocal anesthetics, antiarrhythmics, and antiepileptic Nav1l
pies. Although none of the clinically used sodium channel pjocking drugs bind to overlapping receptor sites that are
blockers are subtype-selective, few cardiac side effects havepcated in the inner cavity of the pore of the sodium channel
been reported in patients without prior heart conditions.  (8). Although residues in the IVS6 segment play a critical
The contribution of individual Nav1 channel subtypes to role in drug binding, other amino acid residues in 1S6 and
transmission of pain signals remains a subject of debate. In||IS6 also contribute to the receptor site for these drugs. A
particular, Nav1.7 channels are preferentially expressed indetailed knowledge of the site of interaction of 1-benzazepin-
nociceptive dorsal root ganglion neurons and sympathetic 2-ones with Nav1 channels will require extensive mutagen-
ganglion neurons and are believed to produce thresholdesis studies, similar to those used above, to identify those
currents close to resting potentials, therefore amplifying small residues that contribute to the high-affinity site of this new
depolarizations. To date, nine mutations in Nav1.7 have beenclass of Navl inhibitors. Nonetheless, it is tempting to
shown to segregate with primary erythromelalgia, an auto- speculate that 1-benzazepin-2-ones may also share some of
somal dominant painful neuropathy that features burning painthe same determinants that are associated with the interaction
of the extremities in response to warm stimuli or moderate of local anesthetics, antiarrhythmics, and antiepileptic drugs
exercise 40—45). These mutations cause gain of Nav1.7 with Navl channels. The fact that all these agents compete
function and, in the case of the F1449V mutation, can lower for [3H][BNZA binding to Navl channels is consistent with
the threshold for single action potentials and high-frequency the existence of overlapping binding sites for these agents.
firing of dorsal root ganglion neurong4). It is interesting  However, the much higher affinity of 1-benzazepin-2-ones
to note that patients suffering from erythromelalgia benefit for Navl channels also suggests the existence of specific
in their pain relief from the use of lidocaine and mexiletine and well-defined interactions that could provide the basis
(46, 47). Another autosomal dominant disorder, paroxysmal for Navl subtype selectivity.

extreme pain disorder, results from mutations in Nav1.7 that  cjinically used sodium channel blockers preferentially bind
cause gain of channel function by interfering with channel {4 the open and inactivated states of sodium channels.
inactivation @2, 48). The_sod|um_ chgnnel bIockllng antlpon—_ 1-Benzazepin-2-one compounds share this mechanism of
vulsant carbamaz'e.plne is effgctlve in many patients with this 5tion and are at least 2 orders of magnitude more potent
syndrome. In addition, mutations that cause a loss of Nav1.7 4 currently available drugs as inhibitors of Navl.7
function have been linked to a congenital inability 10 channels. These data suggest that analogues that display
experience pain, providing supporting evidence for Nav1.7 gejectivity over cardiac Navl.5 channels and display ap-
as a critical contributor to nociception in humai3,(24). propriate pharmacokinetic and drug metabolism properties
The preliminary in vivo efficacy seen in pain animal models ~5,1d pe developed for the treatment of various pain

with 1-benzazepin-2-one Nav1.7 blockers argues that Nav1.7qnitions, including inflammatory and neuropathic pain
channels are critical components of signaling in a wide giates.

variety of pain conditions31, 32). It will be interesting to
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