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SUMMARY

\Voltage-gated sodium channels (Nay/) in nociceptive neurons initiate action potentials required
for transmission of aberrant painful stimuli observed in osteoarthritis (OA). Targeting these Nay,
subtypes with drugs to produce analgesic effects for OA pain management is a developing
therapeutic area. Previously, we determined the receptor site for the tamoxifen analog, N-
desmethyl tamoxifen (ND-Tam), within a prokaryotic Nay,. Here, we report the pharmacology
of ND-Tam against eukaryotic Nays natively expressed in nociceptive neurons. ND-Tam and
analogues occupy two conserved intracellular receptor sites in domain Il and 1V of Nay/1.7 to
block ion entry using a ‘bind and plug” mechanism. We find ND-Tam inhibition sodium current
is state-dependent— conferring potent frequency- and voltage-dependent block of hyperexcitable
nociceptive neuron action potentials implicated in OA pain. When evaluated using an OA pain
mouse model, ND-Tam has long lasting efficacy which supports the potential of repurposing
ND-Tam analogues as Na,, antagonists for OA pain management.

INTRODUCTION

\oltage-gated sodium channels (Nays) are transmembrane proteins required for electrical
signaling in biology. Nays open their ion-conducting pore and selectively conduct sodium
ions in response to membrane depolarization—two features which shape the action potential
waveform required for long range signaling in vertebrate nervous systems (Catterall, 2012).
There are nine sodium channel subtypes (Nay1.1- 1.9), which are preferentially expressed
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in excitable cell types of organ systems(Goldin, 2001). In mice and humans, Nay,1.1
(SCN1A), NaV1.6 (SCN8A), Nay1.7 (SCN9A), Nay/1.8 (SCN10A), and Nay1.9 (SCN11A)
are expressed by adult sensory neurons, including dorsal root ganglia (DRG), and play a key
role in pain sensation (Toledo-Aral et al., 1997, Akopian et al., 1996, Dib-Hajj et al., 1998,
Ramachandra and Elmslie, 2016, Zhang et al., 2017). Aberrant Nay, expression patterns

in DRG neurons after inflammation contribute to hyperexcitability of sensory neurons
observed in chronic pain states, such as osteoarthritis (OA) (Zhu et al., 2020, Miller et

al., 2017). An estimated 240 million individuals worldwide have symptomatic OA, with a
higher prevalence in women (18%) than in men (10%) age 60 and older (Allen et al., 2022).
With OA global incidence rising, pain is one of the most debilitating symptoms, yet few
management options exist for patients. Conventional treatment options for OA pain relies
mainly on systemic nonsteroidal anti-inflammatory drugs, which are moderately effective
but are associated with serious long-term risks (Trelle et al., 2011, Mays, 2001, Kolasinski et
al., 2020) . Development of peripheral nerve Nay, antagonists as prototypic pain medications
has garnered considerable investment since the drug target is not associated with addiction
(Emery et al., 2016). However, concerns over drug safety related to poor Nay, subtype
specificity, and low efficacy has limited their translation for these systemically administered
compounds. Intra-articular drug delivery for OA has a number of advantages over systemic
administration, including increased local bioavailability, reduced systemic exposure, fewer
adverse events and reduced cost (Jones et al., 2019). Currently, intra-articular glucocorticoid
injections are strongly recommended as a treatment option for knee OA, albeit with short-
term efficacy(Kolasinski et al., 2020), and a number of intra-articular therapeutic candidates
for OA are currently in clinical development, including small-molecule therapies (Toyoda et
al., 2021). In this manuscript, we investigate drug targeting of recently identified receptor
found within Nays as a method to inhibit nociceptive signaling to attenuate OA-related pain.

X-ray crystallography and cryo-electron microscopy (cryo-EM) methods have led to the
structural visualization of prokaryotic and eukaryotic Nays at high-resolution (as reviewed)
(Noreng et al., 2021). These studies have advanced our understanding of biophysical
regulation of their ion conductive states, and molecular basis of drug and toxin action

(Pan etal., 2019, Yan et al., 2017, Pan et al., 2018, Jiang et al., 2020, Jiang et al.,

2021, Shen et al., 2018, Bagneris et al., 2014, Sula et al., 2017, Payandeh et al., 2011).
Results from collaboration with the Wallace group structurally identified a unique receptor
site for tamoxifen metabolites within NavMs— a prokaryotic sodium channel isolated
from Magnetococcus marinus (Sula et al., 2021). Tamoxifen, endoxifen, N-desmethyl
tamoxifen (ND-Tam) and 4-hydroxy tamoxifen (4OH-Tam) occupy a binding pocket near
the intracellular gate of the NavMs channel, which does not overlap with other known Nay,
receptor sites (Sula et al., 2021). Prokaryotic sodium channels are related to eukaryotic
Nays but structurally assemble as homotetramers, whereas the eukaryotic a-subunits are a
single peptide which form four domains (DI-1V), each containing pore (PM) and voltage
sensor modules (VSM) (Ren et al., 2001, Noda et al., 1986). Eukaryotic Nays likely
evolved after gene duplication from a common prokaryotic Nay ancestor (Vien and DeCaen,
2016). Because of their evolutionary relationship, some drug receptor sites in prokaryotic
and eukaryotic Nays are structurally similar— such as the pore fenestration residues that
bind to antiepileptic, local anesthetic and antiarrhythmic drugs (Bagneris et al., 2014).
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However, in other cases, drug receptors sites are divergent among these channels. For
example, prokaryotic Nays are completely insensitive to tetrodotoxin— a marine neurotoxin
which blocks eukaryotic Nays with variable potency among subtypes (Narahashi et al.,
1964). Another example of evolutionary divergence in pharmacology is the receptor for the
dihydropyridines, which are antihypertensive drugs that bind at distinct sites for eukaryotic
Cay1.1 channels and prokaryotic CavAb channels (Tang et al., 2016, Tang et al., 2019,

Gao and Yan, 2021). Considering these differences, we set out to functionally determine
the conservation of the tamoxifen receptor in sensory neuron Nays in terms of location

and mechanism of action. We evaluate tamoxifen analogues against human Nay, subtypes
and DRG neuronal action potential firing, leading up to the goal of evaluating their
potential as an analgesic in an OA mouse model. To avoid off-target effects associated

with tamoxifen pharmacology, we selected ND-Tam for our study since it has the lowest
affinity (> 100 times) for the estrogen receptor (ER) among all other tamoxifen metabolites
(Katzenellenbogen et al., 1984).

Potency against endogenous and expressed Nays.

The drug bound structures of NavMs crystallographically identified a unique receptor site
for tamoxifen derivative 40H-Tam and ND-Tam at 2.4 A and 3.2 A, respectively (Sula

et al., 2021). Because drug occupancy of this receptor caused long lasting inhibition of

the NavMs sodium current (Iy,), we wondered if these properties would translate into
effects against sensory neuron Nays which transmit pain signals. Accordingly, we tested

the potency of ND-Tam and 40H-Tam against endogenously expressed Nays in cultured
DRG neurons isolated from Nay/1.8-tdTomato mice by conducting whole cell voltage
clamp recordings (Figure 1A, B)(Gautron et al., 2011). Sodium currents were activated

by —10 mV depolarization trains (0.2 Hz) from a holding potential of =100 mV, and the
extracellularly applied drug effect was evaluated after 5 minutes of application (Figure 1B).
The half-maximal potency of Iy, inhibition (ICsp) for ND-Tam and 40H-Tam was 1.7 uM
+ 0.2 and 3.3 uM = 0.6, respectively (Figure 1C, Table S1). Interestingly, the majority

(86 + 5 %) of Iy, did not recover after removing ND-Tam from the bath and waiting

for 5 minutes (Figure 1B, D), which suggests a slow dissociation of the drug-receptor
complex. As discussed in the introduction, the total DRG Iy is conducted by several
voltage-gated sodium channel subtypes (Nay1.1, Nay1.6, Nay1.7, Nay,1.8 and Nay1.9). To
determine if there is any subtype specificity, we expressed human orthologues in cell lines
(HEK-293 and CHO) co-expressing the human p1 regulatory subunit (hp1) and conducted
voltage-clamp experiments. Cells expressing Nay,1.1, Nay/1.6, Nay/1.7, and Nay/1.8 channels
produced robust voltage-dependent sodium currents (Figure S1A). However, we did not
detect currents from cells expressing Nay/1.9, which is possibly due to impaired membrane
trafficking with these cells (Lin et al., 2016). We observed nominal differences in potency of
40H-Tam and ND-Tam among the human Nay, subtypes (Figure S1B), where 1Csqs ranged
from 1.9-3.4 uM for 40H-Tam and 1.7-2.4 uM for ND-Tam (Table S1). Taken together,
these results demonstrate that ND-Tam and 40H-Tam exhibit moderate potency against the
DRG sodium current when =100 mV holding potentials are applied, and little selectivity for
the Nay channel subtypes expressed in sensory neurons.
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Conservation of a tamoxifen receptor in DIl and DIV of human Nay1.7

Published crystal structures of the prokaryotic NavMs channel complexed with tamoxifen
analogs (Tamoxifen, 40H-tam, endoxifen, ND-Tam) chemically define inner (Site;j,) and
outer drug receptor sites (Sitey;) near the channel gate (Figure 2A)(Sula et al., 2021).

While no clear drug-receptor interactions were determined within Sitey;, the S6 D220 side
chain carboxylate forms hydrogen bond interactions with the ether and amine moieties of
the ND-Tam molecules found at Sitej, (Figure S2A). Sequence alignment of NavMs with
human sensory neuron Nays suggest that drug interactions are potentially conserved in
domains two (DII), three (DII1) and four (DIV) (Figure 2B). After structural alignment

of the crystalized NavMs-ND-Tam complex with the cryo-EM Nay1.7+p1+p2 channel
coordinates (Shen et al., 2019), the side chain alpha carbon distances (Ca—Ca) of S969
(DI1) and D1761 (DIV) observed in the human channel are found within 2 A of D220

in the prokaryotic sodium channel subunits (Figure S2A). However, Ca—Ca between
NavMs D220 and Nay1.7 D1458 (DI11) exceeds 5A and the hydroxyl side chain of S979
(DI) is facing away from the ND-Tam amine indicating that the distance and proton

donor orientation required for hydrogen bonding between the drug and channel is not
optimal in this structural model (Figure S2A). Nonetheless, ND-Tam and 40H-tam inhibits
Nay/1.7 Ing With a steep concentration-dependence (Hill slope coefficient = 2.2 and 1.9,
respectively), which suggests two drug binding sites within the channel. To determine if any
of the proposed receptor sites in DI, DIIl and DIV are responsible for ND-Tam Nay/1.7
antagonism, we independently neutralized each of the residues with alanine substitutions.
We observed reduced potency of Iy, inhibition (3—7 times) and a reduction in the slope for
DIl S969A and DIV D1761A sites, whereas no change in potency or slope was observed for
D1458A in domain Il (Figure 2D, Table S1). ND-Tam potency was further reduced (ICsq

= 36 uM) by more than 21-times in S969A:D1761A double mutant channels compared to
WT Nay1.7 (ICs9 =1.7 uM). To evaluate the specificity of this result, we evaluated ND-Tam
potency against local anesthetic binding site mutations (F1748A and Y1755A) located in the
DIV S6 transmembrane pore fenestration (Figure 2B) and observed little change (Figure 2D,
Table S1). These data suggest that the S6 NavMs-tamoxifen receptor site is conserved in DII
and DIV of Nay/1.7, which is located near the exit of the ion conducting pathway into the
cell. The mechanism by which ND-Tam Nay, occupancy results in Iy, inhibition is assessed
in the following section.

Structure-activity relationship indicates ‘bind and plug’ model of Nay inhibition

To explore the molecular basis of Nay, drug antagonism, we compared the direct binding

of chemical ND-Tam analogs to Nay,/1.7 channel, and functional inhibition of sodium
currents recorded from DRG neurons (Figure 3A). The parental molecular structure of ND-
Tam can be separated into the receptor-binding N-methyl 2 phenoxyethanamine (NM2P)
and triphenylene (TPE) fragments, which we call the ‘binder’ and ‘plug’, respectively.
These fragments, along with 40H-Tam and synthesized benzophenone analogs lacking

the TPE fragment, 4-hydroxy-N-desmethyl benzophenone (40OH-ND-BP) and 4-hydroxy
benzophenone (40H-BP), were tested for affinity for the human Nay,1.7 tamoxifen receptor
in a competitive binding assay using a tritium labeled tamoxifen (H3-Tam). All analogs have
affinity (Ki = 0.96-2.9 uM) with the channel, with exception of TPE (Figure 3B, Table

S2). This was an expected result given that the hydrophobic plug does not have defined
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hydrogen-bond interactions within the tamoxifen drug bound NavMs channel structures
(Figure 3A, Figure S2A). However, none of these compounds, except for 4OH-Tam and
ND-Tam, inhibit DRG neuron Iy, (Figure 3B). This was an unexpected result given the
established specific binding of NM2P, 40H-ND-BP and 40H-BP to Nay/1.7 protein, and
because the hydrogen bonds formed between the channel and analogs are expected to

be preserved. These data suggest that Nay, occupancy at the receptor site alone does not
produce sodium current antagonism. By substituting the ND-Tam molecule found in DIl and
DIV of the NavMs-Nay,1.7 aligned structures with the inert drug fragments, we observed
that the TPE hydrophobic plug moiety of 40H-Tam and ND-Tam molecules encroach

7A into the diameter of the ion-conducting pathway (Figure S2B). By comparison, the
remaining analogs (NM2P, 40H-ND-BP and 40H-BP) may occupy DIl and DIV receptor
sites but would leave the pore unobstructed in this model. Based on this limited SAR data
set, we propose that the efficacy of the analogues is dependent on the combination of the
‘channel-binding’ (NM2P) and ‘hydrophobic plug’ (TPE) chemical moieties. Features that
enhance ND-Tam potency for hyperexcitable sensory neuron sodium channels is explored in
the next section.

Nay state-dependent inhibition in sensory neurons.

Nays undergo changes in structural conformation when neuronal membranes are
depolarized. Here, Nays transition from the closed to open and inactivated states, which
initiates and terminates the repetitive depolarizing peak waveforms (i.e., spiking behavior)
observed in sensory neuron action potentials. State-dependent accessibility of receptor sites
by analgesic and antiepileptic drugs provides a selective block of Nays of hyperexcitable
sensory neuronal circuits— a mechanism which is postulated to contribute to their

clinical efficacy(Yang and Kuo, 2005, Castaneda-Castellanos et al., 2002). To test for
state-dependent block of Nays, we compared steady state voltage-dependent conductance
and inactivation before after blocking ~ 45% of the total Iy, with 1 pM ND-Tam. We
observed no change in the half-maximal activation of conductance (GV1,7), which suggests
that ND-Tam prevents DRG Nays from conducting without altering activation (Figure

4A, B). However, we observed a significant (P = 0.015) shift in half-maximal voltage
dependence of inactivation (Inact. V%) by -8 mV after ND-Tam treatment, suggesting

that drug affinity may be enhanced in the Nay, inactivated state. To evaluate the proposed
mechanism of action, we assessed ND-Tam antagonism of DRG Iy, over more depolarized
holding potentials (Figure 4C). We observed enhanced potency of inhibition (ICgg = 3.9
nM + 0.7 and 112 nM = 15) when —40 mV and —60 mV holding potentials were used,
compared to the data sets collected with a =100 mV holding potential (IC5¢ =1.7 uM £ 0.2,
Table S1). As previously reported, the primary mechanism of NavMs inhibition by ND-Tam
is stabilization of the non-conducting inactivated channel state, where the recovery rate
from this non-conducted state was delayed by ~10x. However, when assessed against DRG
neurons, ND-Tam treatment had nominal impact on the recovery time from inactivation
(Trec. = 1.1 £ 0.1 ms) when compared to untreated neurons (trec. = 1.4 £ 0.1 ms) (Figure
4D). For comparison of ND-Tam effects among clinically used compounds reported to have
voltage-dependent shifts in potency against Nays, we also tested carbamazepine (CBZ),
lidocaine (Lid.), and cannabidiol (CBD) (Ghovanloo et al., 2018, Willow et al., 1985).
Inhibition by CBD, CBZ and lidocaine was most potent when cell membranes were at
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held more depolarized potential, =60 mV (Figure S3, Table S1). However, none of these
compounds were as potent as ND-Tam, which reached half-maximal inhibition at 112

nM using this holding potential (Figure S3, Table S1). Finally, we assessed the frequency
dependence DRG Iy, inhibition by 300 nM ND-Tam at 0.1, 10 and 20 Hz (Figure S4A, B).
When expressed as a fraction of the pulse number, we observed enhanced current inhibition
at greater depolarization frequencies. Taken together, our findings indicate ND-Tam exhibits
both voltage and frequency dependent blockade, suggesting that this drug preferentially
binds to the open and inactivated Nay, states. The implication of ND-Tam inhibition of
sensory neuronal action potentials and /n vivo efficacy are considered in the following
sections.

Inhibition of sensory neuron action potentials.

In response to painful stimuli, afferent DRG neurons fire action potentials which result from
the opening and closing of ion channels, including Nays For that reason, we compared the
pharmacology of ND-Tam against cultured DRG action potentials recorded using current
clamp (Figure 5A). We then compared DRG action potential frequency and amplitude before
and after 2—4 minutes of extracellular drug treatment (Figure 5A—-C, Table S3). ND-Tam
was most potent against the firing frequency (ICsg = 119 nM + 15) elicited by 80 pA of
injected current, which recapitulated potency observed against DRG Iy, recorded with a
—-60 mV holding potential and the frequency dependence of drug block reported in our
voltage clamp experiments (Figure 5, Figure S3, Figure S4). ND-Tam also inhibited the peak
amplitude (ICsg = 0.7 uM £ 0.2) of the rapid depolarizing phase of the action potential
carried by Iy, (Figure 4C). After exchanging the drug for control saline for 2 minutes,
ND-Tam inhibition of action potential frequency and peak amplitude was persistent (Figure
5A), which is consistent with the observed slow dissociation of the drug reported in Figure
1D. Consistent with ND-tams frequency-dependent block reported in our voltage clamp
experiments, ND-Tam was a more potent inhibitor of DRG action potential parameters

than Lidocaine, CBD and CBZ (Figure 5D, E, Table S3). Approximately 10% (11/112) of
our cultured neurons exhibited spontaneous action potentials when recorded under neutral
current (i.e. no current injected). We excluded this data from the aforementioned analyses
and tested a low dose (100 nM) of ND-Tam against these hyper excited neurons (Figure

S5). Interestingly, a three-minute extracellular application of 100 nM ND-Tam reduced the
frequency of the spontaneous sensory neuron action potentials by 91% (Figure S5A, B), but
had insignificant impact on the resting membrane potential (Figure S5C). The drug vehicle
(0.001% DMSO) did not reduce spike frequency (9.2%) and amplitude (7.8 %) over the
same time course (N=3 neurons), suggesting action potential inhibition in the presence of
ND-Tam cannot be attributed to “run down” phenomena or unspecific effects of DMSO.
Importantly, action potentials in these neurons can triggered by 40 pA current injection
indicating that the cells are still viable after drug treatment despite their electrical quiescence
(Figure S5D). Our findings indicate that at low doses, ND-Tam is an effective inhibitor of
aberrant firing of hyperexcitable neurons— a feature conferred by the drugs state-dependent
block of sodium channels which manifest as voltage- and frequency-dependent inhibition

of action potentials. In the next section, we evaluate ND-Tam efficacy /7 vivo using local
administration using a mouse model of OA.
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Efficacy ameliorating arthritic pain in vivo.

Given the high potency Nay inhibition demonstrated in cultured DRG sensory neurons,

we wanted to investigate whether ND-Tam had analgesic effects /n vivo. To do this, we
used an established osteoarthritis mouse model where destabilization of the medial meniscus
(DMM) induces knee osteoarthritis and associated pain (Miller and Malfait, 2017). As
previously shown, Nay/1.8-tdTomato positive sensory neurons are present in the synovial
joint as visualized by immunohistochemistry (Figure S6) (Ishihara et al., 2021, Obeidat et
al., 2019). Previously, we demonstrated that remodeling of Nay/1.8+ nerves in the knee joint
is a key part of the pathogenesis process of osteoarthritis(Obeidat et al., 2019) and local
injection of a relatively high dose of lidocaine (20 mg/kg, ~0.85M) was able to acutely
reverse knee hyperalgesia(Miller et al., 2018). Here, we were interested to test whether
ND-Tam could also inhibit knee pain, but at a lower dose. Local injection of 50 uM
ND-Tam (~0.002 mg/kg) into the knee joint of mice 4 weeks after DMM surgery rapidly
inhibited knee hyperalgesia pain compared to injection of vehicle (= 0.008, 30 minutes
after injection) (Figure 6A, Table S4A). Therefore, we were interested to compare the
efficacy of this low dose of ND-Tam to similar low doses of CBD and lidocaine. In a direct
comparison study, we found that local injection of 50 pM ND-Tam (~0.002 mg/kg), CBD
(~0.002 mg/kg), or lidocaine (~0.001 mg/kg) all effectively inhibited knee hyperalgesia 30
minutes after injection (p = 0.002, p < 0.001, and p < 0.001 vs. vehicle, respectively) and
remained elevated compared to vehicle control through 3 hours after injection (p = 0.02, p
=0.01, and p = 0.02 vs. vehicle, respectively) (Figure 6B, Table S4B). Area under the curve
analysis of the first 3 hours post injection also demonstrated similar efficacy of all 3 drugs
(ND-Tam, CBD, lidocaine) compared to vehicle (p < 0.0001, p =0.0012, p < 0.0001 vs.
vehicle, respectively) (Figure 6C, Table S4C). Finally, as a proof of concept of a longer-term
local delivery approach, we injected a low dose (0.5 pM) of ND-Tam or lidocaine into the
knee joints of mice 4 weeks after DMM surgery each day for 3 days. Following the third
injection, mice treated with ND-Tam demonstrated two hours of analgesic relief of knee
hyperalgesia compared to only one hour for lidocaine (Figure 6D, Table S4D). Area under
the curve analysis of the first 3.5 hours post injection also demonstrated superior efficacy
of ND-Tam compared to either lidocaine or vehicle (p = 0.0001, p < 0.0001) (Figure 6E,
Table S4E). These results support the potential therapeutic development of ND-Tam for
osteoarthritis pain relief.

DISCUSSION

We have reported the pharmacology of tamoxifen analogs against sensory neuron Nays,
both in terms of their molecular receptor interactions and drug chemical properties required
for their efficacy. We have focused on the properties of ND-Tam— a first pass metabolic
product of tamoxifen that has nominal efficacy against the estrogen receptor. Through

direct binding studies, structural alignments, and functional data sets, we establish that
ND-Tam antagonizes sodium current by directly blocking the intracellular pore of Nay/1.7 at
a previously uncharacterized receptor site within domains Il and IV. In DRG sensory nerves,
ND-Tam is a more potent Nay, antagonist of sodium currents and neuronal action potential
firing than carbamazepine, lidocaine and cannabidiol— three clinically used drugs. ND-Tam
preferentially inhibits sodium channels in the open/inactivated state, a feature observed
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in anesthetic and anti-epilepsy medications. This property confers voltage- and frequency-
dependent drug inhibition of Nays, which preferentially blocks Iy, from damaged and/or
hyperexcitable neurons, as supported by our DRG current clamp results. We demonstrate
ND-Tam efficacy in ameliorating pain in a rodent osteoarthritis arthritis model when injected
into the knee joint, supporting its potential for further development and the possibility of
repurposing tamoxifen analogues for the treatment of OA associated pain.

In this study, we analyzed existing sodium channel structure coordinates to facilitate our
identification of the tamoxifen receptors in DIl and DIV of Nay1.7. Clearly, solving
high-resolution structures of sensory neuron Nays (Nay1.7, Nay1.8 and Nay1.9) bound
to ND-Tam would further elucidate the chemical interactions and space governing drug-
receptor affinity. In addition, future work should determine if drug potency and Nay, subtype
specificity can be optimized through /n sifico structure-based design of small molecule
ligands for tamoxifen receptor sites. This effort will be challenging given the high degree
of conservation of these receptor sites across Nays. Results from our small-scale SAR
study comparing binding and electrophysiology data sets establish critical aspects of Nay-
tamoxifen molecular pharmacology. We propose drug efficacy against Nays is tied to the
union of two chemical properties— the affinity of the receptor-binding NM2P moiety and
the hydrophobic bulk of TPE pore blocker. A larger analog library could be developed to
include greater diversity of ‘binder’ and pore ‘plug’ chemistries, which when tested would
elucidate the full potential of this drug-receptor interaction.

To our knowledge, clinical efficacy of tamoxifen analogues for OA pain treatment is
untested. Despite the clear need, the time and cost of developing new analgesics is
escalating (Pammolli et al., 2011, Chaplan et al., 2010). Currently, bringing a new drug

to market requires an average of ten years to develop, and typically costs more than three
billion dollars. High attrition rates among new drug candidates and changing regulatory
requirements contributes to this trend (Waring et al., 2015). Drug repurposing is the
secondary use of already developed drugs for therapeutic uses that are different from those
for which they were initially designed. Drug repurposing has advantages over conventional
drug discovery approaches, including bypassing Phase 1 clinical trials. Annually, more
than 100 million people worldwide are prescribed tamoxifen for the treatment of breast
cancer. Orally administered tamoxifen is transformed into ND-Tam and 40H-Tam by
cytochrome P450 enzymes in the liver and its systemic drug safety, pharmacokinetics

and pharmacodynamics is reported by several decades of use within a large, heterogenic
human population (Crewe et al., 2002, Jordan, 2007). Accordingly, the existing clinical
data significantly de-risks tamoxifen metabolites with potentially lower overall development
costs. Thus, there are clear benefits to repurposing and developing tamoxifen analogues as
prototypic Nay antagonist for the treatment of OA pain.

Limitations of the study.

While our results are encouraging, we must acknowledge several limitations in the current
study. Although there is strong agreement between our /n vitro data (direct binding affinity,
potency of Iy, and action potential firing inhibition) and /7 vivo OA pain mouse model
results, it is difficult determine if ND-Tam analgesic effect is exclusively due to Nay
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blockade. Indeed, other targets could be involved. Another limitation is set by ND-Tam
limited specificity against Na,, subtypes— as our results indicate potency is equal among
those found in DRG sensory neurons and possibly conserved in other Nay,s. Human genetic
variants and mouse model studies have implicated Nay,1.7, Nay/1.8, and Nay/1.9 as specific
determinants in pain signaling (Dib-Hajj et al., 2005, Faber et al., 2012, Yeomans et al.,
2005, Gingras et al., 2014, Nassar et al., 2005). These findings, coupled with known
toxicity related to systemic Na, antagonism (i.e., CNS Na,1.2 and cardiac Na,1.5), has

set the premise that nociceptive Nay, subtypes should be specifically targeted to treat
chronic pain. However, despite considerable investment, a subtype-specific drug candidate
has yet to emerge. Even without achieving Nay, subtype specificity, prototypic tamoxifen
analogues may still have therapeutic utility through local drug application. In this study,

we evaluated local injection of ND-Tam into the knee synovial capsule, which limits the
concentration of ND-Tam systemic exposure and delivers drug directly to the site of injury
in OA. This route of administration is analogous to intra-articular therapies used in the
clinic (Gerwin et al., 2006). The rate of synovial fluid lymphatic drainage largely depends
on the size of the molecule, where drug efficacy is reported 1-32 hours post injection
(Gerwin et al., 2006, Habib, 2009). Yet, the rate of ND-Tam drainage from the knee joint

is not known. Future work should address this, and safety risks related to non-specific

Na,, antagonism by ND-Tam drainage from the joint. Our results indicate ND-Tam was
more efficacious than lidocaine hours after repeated intra-articular injections, even when
using 10,000x (20 mg/kg vs 0.002 mg/kg) lower dose. Further development will focus on
developing a slow-release formulation of ND-Tam to extend the duration of effect (Janssen
et al., 2016). The effectiveness of this strategy has been demonstrated in a phase 3 trial,
where intra-articular injection of a glucocorticoid formulated with microspheres reduced
pain 12 weeks post injection (Conaghan et al., 2018). Beyond OA, musculoskeletal pain is
frequently highlighted as an unmet medical need and is a leading cause of global burden of
disease (Disease et al., 2018). Thus, for diseases like osteoarthritis with peripheral sources of
joint pain, targeting the tamoxifen receptor of Nays might be therapeutically useful.

STAR METHODS
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources should be directed to and
will be fulfilled by the lead contact, Paul DeCaen (paul.decaen@northwestern.edu)

Materials Availability—All unique reagents generated in this study are available

by request to the lead contact. Expression plasmids will be made available through
addgene.com or upon request from the DeCaen lab within 3 months of publication. The
synthesized tamoxifen analogs described in this study, including H3-Tam, are available by
request pending the compound is in supply.

Data and Code Availability—Imaging, /n vivoand electrophysiology data reported in
this paper will be shared by the lead contact upon request.

This paper does not report original code.
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Any additional information required to reanalyze the data reported in this paper is available
from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines—MDA-MB-231 cells, HEK-293 cells, Parental CHO-K1 and CHO-K1 cell lines
expressing Nay beta subunits.

Primary cell cultures—Primary cultured dorsal root ganglion neurons were isolated from
4—-6-week-old male C57/B6 mice.

Animal models—Kbnee sections from 2—4 month old NaV1.8-tdTomato, C57BL/6 mice
were used for immunohistochemistry experiments. 10-week old male C57BL/6 mice were
used in the DMM pain model.

Animals were housed with food and water ad libitum and kept on 12-h light cycles. Animal
procedures were approved by either the Institutional Animal Care and Use Committee at the
Feinberg Medical School, Northwestern University or Rush University Medical Center.

METHOD DETAILS

Isolation and primary culture of murine dorsal root ganglia sensory neurons.
—Dorsal root ganglia were isolated using a modified version of the previously described
protocol. The spinal columns of 4-6-week-old C57/B6 or Nay1.8-Tomato mice (Nay/1.8-Td)
(Gautron et al., 2011) were removed and DRG neurons from all spinal levels were isolated
for primary culture(lshihara et al., 2021). The collected DRGs, containing both neuronal and
non-neuronal cells, were acutely dissociated in DMEM with collagenase 1V (2 mg/mL) for
30 minutes, followed by papain (25 U/mL) for 30 minutes. The cells were then triturated,
filtered through a 40 um cell strainer to remove non-dissociated cells, and washed with
DMEM. The DRGs were resuspended in 70 pL of pre-warmed growth medium (DMEM
F12 + Glutamax supplemented with 0.5% FBS, 0.5% penicillin/streptomycin, 1% N-2
supplement, and B-NGF (5 ng/pL) added on the day of use) and plated on poly-I-lysine

(10 mg/mL) and laminin (25 pg/mL) prepared coverslips. The DRGs were incubated at
37°C for 2-4 hours before more growth medium was added to the wells. The cells were

then allowed to adhere to the coverslip undisturbed at 37°C for 12—48 hours, until used for
electrophysiology recordings.

Electrophysiology of endogenous and heterologously expressed sodium
channels.—Plasmids encoding the human version of channels Nay/1.1, 1.6, and 1.7

were co-transfected with IRES GFP into HEK cell lines for whole-cell voltage clamp
studies (American Type Culture Collection). Transient transfections were performed using
lipofectamine 24-48 hours prior to electrophysiology recordings. Chinese hamster ovary
(CHO) cells stably expressing human p1 and B2, were transiently transfected with plasmids
encoding for either human Nay/1.8 or Nay, 1.9 plasmids alpha subunits were used to record
sodium currents from these channel subtypes. Plasma membrane currents were recorded
using borosilicate glass electrodes polished to resistances of 2-4 mQ. Sodium currents
conducted by heterologously expressed Nays were recorded using the following solutions
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(in mM). The internal (pipette) solution contained 110 CsF, 30 NaCl, 10 HEPES, and 5
mM EGTA (ethylene glycol- aminoethyl ether-N, N, NO, NO-tetraacetic acid) and the pH
was adjusted to 7.3 using CsOH. The extracellular (bath) solution contained 150 NaCl,

10 HEPES, 1.8 CaCly, and pH was adjusted to 7.4 using NaOH. The osmolality of these
solutions was adjusted to 300 mOsm using mannitol. Endogenous DRG sodium currents
were recorded using an intracellular solution consisting of 70 CsCl, 70 CsF, 2 EGTA, 5
HEPES, and 5 NaCl; the pH was adjusted to 7.4 with CsOH. The extracellular solution
contained 125 NaCl, 25 glucose, 20 TEA-CI, 1 MgCl,, 1.8 CaCl,, 5 HEPES, and 5 CsCl;
the pH was adjusted to 7.4 with TEA-OH. DRG action potentials were measured in current
clamp mode using an intracellular solution containing 140 KCI, 10 HEPES, 5 MgCl,,

5 EGTA, 2.5 CaCly, 4 MgATP, 0.3 GTP, and the pH adjusted to 7.3 using KOH. The
extracellular solution contained 140 NaCl, 10 HEPES, 10 glucose, 5.3 KCI, 1 MgCl,,

1.8 mM CacCl, and the pH adjusted to 7.3 using NaOH. For both voltage and current
clamp recordings in DRGs, the intracellular solution osmolality was 280 mOsm and the
extracellular solution was adjusted to 325 mOsm with mannitol. Voltage and current clamp
data were collected using Multiclamp and Axopatch 200B amplifiers supplied by Molecular
Devices. Analog signals were converted to digital signals using a Digidata 1550B and
controlled using pClamp 10 software. Currents were digitized at 25 kHz and low pass
filtered at 5 kHz. All drug stocks were formulated in DMSO at 10 or 100 mM and stored
at —20C° until the day of use. All drug stocks were then diluted into extracellular saline
solutions. Drugs were applied using a gravity fed extracellular bath perfusion system with a
flow rate of 5-10 ml/minute through a 0.4 ml volume recording chamber.

Current clamp and voltage clamp data were analyzed using Clampfit (Molecular Devices)
and IGOR Pro 8.1 (Wavemetrics). Leak current was subtracted using a standard P/-4
protocol. Data from cells whose leak current exceeded —150 pA at =100 mV or whose
voltage error exceeded 10 mV were excluded from the final analysis. Series resistance (RS)
was compensated by at least 80% to limit Rs related error to < 3 mV. Rs was monitored
periodically throughout the experiment to check for shifts in voltage error. Normalized I,
inhibition was determined by taking the ratio of the current at steady state drug block (Igryg)
and control current (lgontror) and expressed as: Normalized I inhibition = 1 - (Igrug/lcontrol)-
Normalized Iy, inhibition was plotted as a function of drug concentration, and the data
were fit with the Hill equation: y = base + (max — base) / [1+(ICgo/X)"rate], where base

and max describe the lower and higher asymptotes, respectively; x is the drug concentration
and ICsx is the drug concentration that produces a 50% maximal inhibitory response, and
rate is the Hill coefficient. Percent current recovery was calculated by (Irecovery = ldrug)

x 100, where lrecovery is the recovered current measured 3-5 min after drug removal.
Normalized pre-pulse Iy, from Figure 3 was converted to normalized conductance (G)
using the following equation: G = Ing/(VM-V ey), Where Vm and V., is equal to voltage
applied across the membrane and reversal potential, respectively. The steady state voltage
dependence of activation and inactivation was fit to Boltzmann equation: G/Gmzax or 1/l max
= 1/(1 + exp((V12 — V)/K)), where V1, is equal to the half maximal activation (Act.

V1/2) or inactivation (Inact. V1;2), and K is equal to the slope. Recovery from inactivation
was estimated by fitting the Ipre_puise/ltest-pulse t0 the exponential equation: f(x) = B +
Acexp[(L/tinact)X], where x is the time between the pre- and test pulse and tjnact, is the
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half time of total current recovery from inactivation. Gibbs law of free energy was used to
calculate the free energy of drug binding: AG = -R-T-Ln(Kd), where R = 0.008314 kJ/mol,
temperature T = 297 K, and Kd is the apparent association constant estimated by the ICxp.

Nay1.7 tritium-labeled tamoxifen competitive binding assay: Membrane from MDA-
MB-231 cells, which are the triple negative (estrogen receptor negative) and infected with
lenti virus encoding for human Nay,/1.7 were prepared as follows. Cells were grown to
60-80% confluent and harvested with PBS-based, enzyme-free cell dissociation buffer
containing EGTA. Cells were then centrifuged at (14000xg, 4 °C) for 15 min. and
homogenized (Tekmar Tissuemizer). The cell homogenate was centrifuged (2000xg, 4 °C)
for 10 min. Membrane pellets were suspended in 10 ml of PBS/gram and stored at —80

°C. Total protein concentration was using the Coomassie (Bradford) method. H3-Tamoxifen
was synthesized by Tritech AG (Switzerland). On the day of the experiment, suspended
membranes expressing Nay1.7 (final protein concentration = 30 ug/well) were added to each
of a 96-well plate with 3H-Tam at 30 UM. The plates were incubated at 37 C for 1 hour,
aspirated onto filter plates, and rinsed with wash buffer. After addition scintillant (Packard
Microscint-20), radioactivity was quantified (Packard Topcount Scintillation Counter).
Counts per minute data from binding experiments were converted to percent total specific
bound (%TSB) using the following formula: % TSB=[(cpm NSB)/(TB NSB)]100, where TB
NSB is the total non-specific binding. Ki values were derived by means of the Cheng and
Prusoff equation (Cheng and Prusoff, 1973) Ki = ICsp/ 1+[analog]/Kd, using Kd values for
[3H-Tam] obtained from saturation assays.

Synthesis and procurement of Nay antagonists.—N-desmethyl tamoxifen, 4-
hydroxytamoxifen, cannabidiol, carbamazepine, N-methyl 2 phenoxyethanamine and
triphenylene and were purchased from Sigma Aldrich. The benzophenone 4-hydroxy-
tamoxifen analogs, 4-hydroxy-N-desmethyl benzophenone (4OH-ND-BP) and 4-hydroxy
benzophenone (40H-BP) were prepared by the Scheidt Lab according to literature
procedures and all characterization data matched the literature values.(Palermo et al., 2018,
Faug et al., 2010)

In vivo osteoarthritis pain model.—We used a total of n = 47 male C57BL/6 mice.
Surgical destabilization of the medial meniscus (DMM) was performed in the right knee of
10-week-old male mice, as previously described(Glasson et al., 2007) (Miller et al., 2012).
In experiment 1, a volume of 3 uL of 50 yM ND-Tam formulated in 50% EtOH or vehicle
(50% EtOH) was intra-articularly injected into the right knee of mice 4-5 weeks after DMM
surgery under isoflurane anesthesia (n = 6 mice/group). Knee hyperalgesia measurement
was performed before injection and at 30 mins, 1h, 2h, and 24h time points with a pressure
application measurement device (PAM device, Ugo Basile) with the experimenter blinded

to the treatment group, as previously described(Miller et al., 2018). In experiment 2, a
volume of 3 pL of 50 uM ND-Tam, CBD, or lidocaine formulated in 0.1% DMSO or vehicle
(0.1% DMSO) was intra-articularly injected into the right knee of mice 4 weeks after DMM
surgery under isoflurane anesthesia (n = 5 mice/group). Knee hyperalgesia measurement was
performed before injection and at 30 mins, 1h, 2h, 3h, and 24h time points with a pressure
application measurement device (PAM device, Ugo Basile) with the experimenter blinded to
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the treatment group, as previously described(Miller et al., 2018). In experiment 3, a volume
of 3 uL of 0.5 uM ND-Tam or lidocaine formulated in 0.1% DMSO or vehicle (0.1%
DMSO) was intra-articularly injected into the right knee of mice each day for 3 consecutive
days, 4 weeks after DMM surgery under isoflurane anesthesia (n = 5 mice/group). Knee
hyperalgesia measurement was performed before surgery, 4 weeks after surgery before
injections were begun, before the third injection, and at 30 mins, 1h, 2h, 3.5h, and 24h

post the third injection with a pressure application measurement device (PAM device, Ugo
Basile) with the experimenter blinded to the treatment group, as previously described(Miller
etal., 2018).

Immunolabeling of neurons in murine knee synovial joints.—Nay,1.8-tdTomato
mouse knee joints were fixed in 4% paraformaldehyde, decalcified in 10% ethylenediamine
tetraacetic acid (EDTA) for 2 weeks, rinsed in PBS and immersed for 72 h in 30% sucrose.
The tissue was embedded in OCT compound and sections cut to 20 um widths. For Tissue
sections were rinsed in PBS and incubated for 4 hours at room temperature in primary
antibody. Following PBS rinses, the slides were incubated for 2 hours at room temperature
in secondary antibody. The slides were rinsed in PBS and treated with Prolong Gold anti-
fade reagent. The following dilution of antibodies and were used: anti-sodium channel
antibody 1:500x (Sigma, S8809; anti-NeuN antibody 1:1000x (Proteintech, 26975-1-AP);
RFP-Booster 1:2000x (Chromotek, rb2AF568-50); anti-ChAT antibody 1:500x (Invitrogen,
PA5-29653); DAPI (Invitrogen, D1306) and cell membrane stain 1:1000x (Invitrogen,
C10607). The images were obtained using the Nikon A1 confocal microscope.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical methods used to determine significance are described in corresponding figure
and table legends. Briefly, electrophysiology data sets were analyzed (GraphPad or Origen)
using two tailed paired (equal sample sizes) or unpaired (unequal sample sizes) Student’s
t-tests. /n vivo data was analyzed using two-way repeated measures ANOVA (Figure 6A, B,
D); and one-way ANOVA were performed on each dataset (Figure 6C, E).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Tamoxifen metabolites inhibit endogenous voltage-gated sodium channels expressed in
murine DRG neurons.

A) DIC and fluorescence images of voltage clamped DRG neuron isolated and cultured
from an Nay/1.8-tomato mouse. Continuity with the patched neuron is indicted by the GFP
(Alexa Fluor 488 dye 1 nM) loaded into the glass patch electrode. Scale bar = 25 pym B)

Top, exemplar sodium currents (In4) recorded in control saline and two concentrations of
N-desmethyl tamoxifen (ND-Tam) from a voltage-clamped DRG neuron. Iy, was activated
by 0.2 Hz train of 50 ms depolarizations to —10 mV from —100 mV holding potential.
Bottom, time course of peak Iy inhibition during control conditions and after 5 minutes of
extracellular ND-Tam treatment. C) Resulting drug concentration- I, inhibition relationship
for ND-Tam fit to the Hill equation. Open symbols represent responses from individual

cells and filled symbols represent average response per concentration. Error is equal to
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S.E.M. (n = 11) D) A comparison of the percent Iy, recovery after 3-10 uyM ND-Tam or 1
mM carbamazepine (CBZ) inhibition. Iy, recovery was assessed after 5 minutes in control
saline post drug exposure. Fewer I, recovered from ND-Tam exposure compared to CBZ
exposure, 14.3 £ 5.4 % and 47.2 + 9.6 %, respectively, and was statistically significant. (P
=0.03). Error is equal to S.E.M. and the number of cells evaluated per treatment group is
indicated within the parentheses.
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Figure 2. The NayMstamoxifen receptor siteisconserved in domain |l and 1V of human
Nay1.7.

A) Structural alignment of human Nay/1.7 (PDB: 6J8J) and the ND-Tam bound prokaryotic
NavMs F208L channel (PDB: 6SXG)(Shen et al., 2019, Sula et al., 2021). The NavMs

and Nay1.7 channel structures are reported to be in either pre-open or inactivated states.
Inner (Sitej,) and outer (Siteg,r) ND-Tam binding sites are indicated. B) Multiple sequence
alignment of the sixth transmembrane segment (S6) from NavMs (UnitProt ID: AOL5S6)
and each domain (I-1V) of DRG sodium channels Nay,1.1 (Q99250), Nay/1.6 (Q9UQDO);
Nay1.7 (Q15858); Nay1.8 (Q9Y5Y9) and Nay,1.9 (Q9UI33) using the standard Clustal
color scheme by amino acid character. Proposed location of the ND-Tam receptor is

boxed in red. The previously identified local antiesthetic/ anti-arrhythmic receptor site is
boxed in yellow. C) Comparative ND-Tam potency for Nay1.7 channels expressing alanine
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substitutions at proposed receptors for tamoxifens, and D) local anesthetic receptor sites.
Drug concentration- Iy inhibition relationships for ND-Tam are fit to the Hill equation.
Open symbols represent responses from individual cells and filled symbols represent
average response per concentration. Error is equal to S.E.M. and the number of cells
evaluated per treatment group is indicated within the parentheses.
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Figure 3. Structurerelated activity of analogs at the Nay, tamoxifen receptor, as assessed by
competitive binding results and DRG sodium current inhibition.

A) Molecular structures of the tested tamoxifen analogues. B) Normalized sodium current
inhibition recorded DRG responses (black), and percent specific binding of tritium labeled
tamoxifen (red) to membrane preparations expressing Nay1.7, plotted as a function of
tamoxifen analog concentration. Open symbols are results recorded from individual neurons.
Filled symbols represent the average response at each concentration. Percent specific
binding was averaged from four trials. Error is equal to S.E.M.
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Figure 4. The mechanism of N-desmethyl tamoxifen inhibition of sensory neuron sodium
currents.

A) Voltage step protocol (gray) and resulting DRG Iy, traces before and after 1 uM ND-Tam
application. B) The impact of ND-Tam on voltage-dependent sodium channel function. Left,
conductance (G)-voltage and inactivation-voltage relationships were measured by plotting
the average conductance and reduction of test pulse Iy, respectively, as a function of
pre-pulse potential. Both relationships were fit to a Boltzmann equation. Open symbols
represent responses from individual cells and filled symbols represent average responses.
The half-maximal conductance-voltage relationship was not different (2= 0.90) when
measured in control saline (V1/, = —=38.3 = 0.3 mV) compared to ND-Tam conditions (V1, =
=37.7 £ 0.4 mV). Right, the test pulse current from control and drug conditions normalized
to the same scale. The voltage-dependence of inactivation in control conditions and after
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drug treatment were equal to —47.6 £ 0.4 mV and -51.9 + 0.4 mV, respectively, and were
statistically different (P=0.01), based on results from a paired two-tailed Student’s t-test. C)
\oltage-dependent inhibition of DRG In, by ND-Tam. The potency of ND-Tam inhibition
of Iyg Was assessed using the voltage protocol described in Figure 1B, while using =40 mV,
—-60 mV and -100 mV holding potentials. The resulting drug concentration-ly, relationships
were fit to the Hill equation. The corresponding ICsq for each holding potential is listed in
Supplemental Table 1 and the P-value from a two-tailed Student’s #test comparing —100
mV to —60 mV and —40 mV results are indicated on the graph. Open symbols represent
responses from individual cells and filled symbols represent average responses. D) DRG
neuron Iy, recovery from inactivation (t.ec ) before and after ND-Tam treatment. Sodium
currents were inactivated by a 4 ms pre-pulse to 0 mV followed by an identical test pulse
separated by increasing recovery times. The ratio of test pulse and pre-pulse current is
plotted as a function of recovery time and fit to a single exponential equation. Recovery

of Ing from inactivation was delayed after 3 uM ND-Tam exposure (trec. = 1.1 £ 0.1 ms)
compared to control conditions (trec. = 1.4 + 0.1 ms) and was statistically significant (P=
0.01). Error is equal to S.E.M. and the number of cells evaluated per treatment group are
indicated within the parentheses.
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Figure 5. N-desmethyl tamoxifen inhibits DRG action potential amplitude and frequency.
A) Exemplar action potentials recorded from an isolated DRG neuron in control and ND-

Tam-treated conditions using a 1 second, 80 pA injection of current. After the experiment
was complete, drug was washed out of the bath for five minutes and recovery from
inhibition was retested. Consistent with previous reports, the resting membrane potential
of the DRG neurons was —=59.2 + 5 mV (Error is equal to S.D., n = 109)(Wang et

al., 1994). B, C) The potency of ND-Tam inhibition on DRG action potential frequency
and peak amplitude. Open symbols represent responses from individual cells while filled
symbols represent average response per concentration. Error is equal to S.E.M. and the
number of cells evaluated per treatment group is indicated within the parentheses. D, E)
A comparison of the potency of lidocaine (Lid.), cannabidiol (CBD) and carbamazepine
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(CBZ) inhibition on action potential frequency and peak amplitude. Drug concentration-
Ina inhibition relationships are fit to the Hill equation. The corresponding half-maximal
inhibitory concentrations (1Csp) for each drug are listed in Supplemental Table 3. Open
symbols represent responses from individual cells and filled symbols represent average
response per concentration. Error is equal to S.E.M. and the number of cells evaluated per
treatment group are indicated within the parentheses.
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Figure 6. ND-Tam produces analgesia in mice with knee hyperalgesia 4 weeks post DMM

surgery.

A) Knee withdrawal threshold was measured 4 weeks post DMM surgery and before intra-
articular injection of vehicle (50% EtOH) or 50 uM ND-Tam and then at 30 min, 1h, 2h,
and 24h post-injection. ND-Tam provided relief from hyperalgesia compared to vehicle 30
minutes after injection (n = 6, = 0.008). B) Knee withdrawal thresholds assessed 4 weeks
post DMM surgery, before and after intra-articular injection of vehicle (0.1% DMSO), 50

UM ND-Tam, 50 uM CBD, or 50 uM lidocaine at 30 min, 1h, 2h, 3h, and 24h time
P-values are indicated on the graph for time points at which all three drugs are sign

points.
ificantly

different from vehicle. C) Area under the curve analysis of withdrawal thresholds for
vehicle, ND-Tam, CBD, and Lidocaine from 0-3 hours after injection. ND-Tam performed

similar to CBD and lidocaine over time (n =5, P=0.17, P=0.13, respectively). D)
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Knee withdrawal thresholds assessed before DMM surgery (pre-DMM), and 4 weeks post
DMM surgery, before (pre-inj) and after 3 days of intra-articular injection of vehicle (0.1%
DMSO), 0.5 pM ND-Tam, or 0.5 uM Lidocaine at 0 (day 3 before final injection), 30 min,
1h, 2h, 3.5h, and 24h time points (on day 3 after the final injection). E) Area under the curve
analysis of withdrawal thresholds for vehicle, ND-Tam, and Lidocaine from 0-3.5 hours
after the 3 injection. ND-Tam outperforms lidocaine after 3 days of repeated intra-articular
injections (n =5, £=0.0001). A, B, D) Statistical analysis is stated in the associated data
table, Supplemental Table 4; Dashed line indicates maximum of the assay = 450 g.
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Key Resource Table

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
anti-sodium channel antibody Sigma Aldrich Cat# S8809

anti-NeuN antibody

ProtienTech

Cat# 26975-1-AP

RFP-Booster

Chromotek

Cat# rb2AF568-50

anti-ChAT antibody

Invitrogen

Cat# PA5-29653

Virus strains

Lentivirus pLVX, human sodium channel beta subunit 1

Vector Builder, custom

Uniprot ID Q07699

Chemicals

H3-Tamoxifen

Tritech AG (Switzerland)

CAS# 10540-29-1

4-hydroxytamoxifen Sigma Aldrich Cat# T176
Tamoxifen Sigma Aldrich Cat# T5648
Triphenylene Sigma Aldrich Cat# T82600
Cannabidiol Sigma Aldrich Cat# C7515
Carbamazepine Sigma Aldrich Cat# C4024
4-hydroxy-N-desmethyl benzophenone (4OH-ND-BP) Scheidt Lab CAS# 110025-28-0
4-hydroxy benzophenone (40H-BP) Scheidt Lab CAS# 1137-42-4

Experimental models: Cell lines

HEK-293 cells American Type Culture Collection Cat# CRL-1573
CHO-K1 cells American Type Culture Collection Cat# CCL-61
MDA-MB-231 cells, triple negative ER receptor American Type Culture Collection Cat# HTB-26
Experimental models: Organisms/strains

C57/B6 mice Charles River Cat# eC57BL/6NCrl

C57/B6 mice Nav1.8 td-tomato

John N. Wood
University College London, London

NaV1.8-tdTomato,
Gautron et al.

Recombinant DNA

Human NaV1.1, ptracer IRES GFP

Vector Builder

Uniprot ID Q99250

Human NaV1.6, ptracer IRES GFP

Vector Builder

Uniprot ID Q9UQDO

Human NaV1.7, ptracer IRES GFP

Vector Builder

Uniprot ID Q15858

Human NaV1.8, ptracer IRES GFP

Vector Builder

Uniprot ID Q9Y5Y9

Human NaV1.9, ptracer IRES GFP

Vector Builder

Uniprot ID Q9UI33

Software and algorithms

pCLAMP 11 software, electrophysiology acquisition Molecular Devices Version 11
ClampFit software, electrophysiology analysis Molecular Devices Version 11
IGOR pro 8.1 software, electrophysiology analysis Wavemetrics Version 8.1
OrigenPro, statistical analysis OrigenLab 2022b
Prism, statistical analysis GraphPad Version 9
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