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1. Introduction

Opioids have long been the standard of care for moderate-to-severe acute pain [44] and 

have also been used to temper chronic pain symptoms [36]. However, given their high 

abuse liability and other deleterious side effects, there is an urgent need for alternatives. The 

voltage gated sodium channel isoform Nav1.7 is highly expressed on nociceptive sensory 

afferents [4] and critically involved in transmission of pain signals from the site of injury 

to the spinal cord [16,20]. The role of Nav1.7 in pain is validated by human genetics as 

loss-of-function mutations result in a congenital insensitivity to pain [12], an effect that has 

been recapitulated in rodents [21,22], while gain-of-function mutations cause extreme pain 

syndromes [13,17,52].

Voltage-gated sodium channel isoforms (Nav1.x) share a common topology, with 4 

homologous domains, each with 6 transmembrane alpha helices [6]. The nine mammalian 

isoforms (Nav1.1–1.9) have high homology at known small molecule binding sites, 

making selective inhibition of a single isoform challenging. Several small molecule Nav1.7 

inhibitors have successfully achieved selectivity by targeting the voltage sensor in domain 

IV (VSD IV). These compounds bind to and stabilize the inactivated state of the channel 

[1]. Potency is significantly enhanced when assayed in physiological protocols that bias the 

channel towards the inactivated state [29]. While these compounds have shown promising 

efficacy in preclinical studies, none have yet shown consistent efficacy in clinical trials [35].

The natural guanidinium toxins saxitoxin (STX) and tetrodotoxin (TTX) bind to voltage-

gated sodium channels at a site comprised of the domain I–IV S5–S6 extracellular pore 

loops. Selective inhibition of NaV1.7 can be achieved by taking advantage of a two amino 
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acid sequence motif in the domain III pore loop, T1398/I1399, which is specific to primate 

Nav1.7 [38,47]. Due to the presence of this motif, STX is >100X less potent against human 

Nav1.7 (hNav1.7) compared to other TTX-sensitive Nav isoforms (Nav1.1-1.4, Nav1.6) 

[48]. Through a series of chemical modifications, we identified ST-2262, a STX analog that 

is highly selective for Nav1.7 over the other human Nav1.x isoforms, and is equipotent in 

protocols that favor the resting and inactivated states [38]. While a promising candidate for 

therapeutic development, ST-2262 has insufficient potency against mouse or rat Nav1.7 to 

conduct a comprehensive pain behavior evaluation in rodents.

Further exploration of guanidinium toxins as selective inhibitors of Nav1.7 has led to the 

discovery of ST-2530, a fully synthetic analogue of STX that does not lose the same degree 

of potency against rodent Nav1.7 as earlier compounds. This finding has allowed us to 

evaluate the pharmacodynamic consequences of selective inhibition of Nav1.7 in a range 

of mouse pain behavior models and across different modalities, including aversive thermal, 

mechanical and chemical stimuli. ST-2530 was broadly efficacious in acute, postoperative 

incisional, and neuropathic pain models at doses that had no effect on general behavioral 

assays or olfaction, a potential liability of Nav1.7 inhibition [49]. These studies indicate 

that selective, pharmacological inhibition of Nav1.7 at the channel pore may be an effective 

strategy to reduce pain sensation.

2. Methods

2.1 Animals

C57Bl/6 mice were housed in a vivarium at Montana State University (Bozeman, MT) , 

University of New England (Biddeford, ME), or Murigenics (Vallejo, CA) in standard 

polycarbonate cages at up to 4 per cage with same-sex littermates and maintained on a 

12h light/dark cycle with ad libitum access to food and water. Mice housed at Montana 

State University and University of New England were fed PicoLab Rodent Diet 20 (Purina 

LabDiet, St. Louis, MO) and 2018 Teklad Global 18% Protein Rodent Diet (Envigo, 

Indianapolis, IN), respectively, both of which contain soy. All experimental procedures 

were approved by an Institutional Animal Care and Use Committee in accordance with 

the National Institutes of Health’s Guide for the Care and Use of Laboratory Animals and 

conducted at an AAALAC-accredited facility.

2.2 Cell Culture

Whole cell recordings were carried out on human embryonic kidney 293 (HEK) or 

Chinese Hamster Ovary (CHO) cells that stably expressed one human NaV1.x isoform. 

The following cell lines were utilized: NaV1.1 – CHO, division arrested, purchased from 

Charles River Laboratories (CRL, ChanTest, Cleveland, OH), Catalog #CT4178; NaV1.2 – 

CHO, division arrested, CRL, Catalog #CT4010; NaV1.3 – CHO, division arrested, CRL, 

Catalog #CT4157; NaV1.4 – HEK, shared by academic resource [34]; NaV1.5 – HEK, SB 

Drug Discovery (Glasgow, UK), Catalog #SB-HEK-hNaV1.5; NaV1.6 - HEK, SB Drug 

Discovery. Catalog #SB-HEK-hNaV1.6; NaV1.7 - HEK, SB Drug Discovery. Catalog #SB-

HEK-hNaV1.7; NaV1.8/β1 – HEK, Eurofins Discovery Services (St. Charles, MO), Catalog 

#CYL3025. Stably transfected competent cells were maintained at 37°C in Dulbecco’s 
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Modified Eagle’s Medium (DMEM; Thermo Fisher, Waltham MA) supplemented with 

10% fetal bovine serum (Thermo Fisher), 100 U/mL penicillin G sodium, 100 μg/mL 

streptomycin sulfate (VW, Radnor, PA), 500 μg/mL G418 (Thermo Fisher), and blasticidin 

S hydrochloride (for cell lines from SB Ion Channels; VWR). Division arrested cells 

were maintained at 37°C for 2–3 days in Ham’s Nutrient Mixture F-12 (VWR) media 

supplemented with 10% fetal bovine serum, 100 U/mL penicillin G sodium, 100 μg/mL 

streptomycin sulfate.

For recordings with mouse NaV1.7, CHO cells were transiently transfected with plasmids 

encoding the corresponding genes. The following transgenes were utilized: Scn9a Mus 
musculus – TransOMIC (Huntsville, AL), Clone #BC172147; pcDNA3.1(+)IRES GFP 

– Addgene (Watertown, MA), Catalog #51406. CHO cells were plated into a 96-well 

plate at 80–90% confluency. The cells were rinsed in phosphate-buffered saline (PBS) 

followed by the addition of opti-MEM media (Thermo Fisher) and the transfection mix with 

reagents from the Lipofectamine 3000 kit (Thermo Fisher). Transfection mix contained the 

plasmid encoding the gene of interest along with the plasmid encoding green fluorescent 

protein (GFP). Cells were incubated for 3 days to allow the heterologous expression. GFP 

expression was used to identify transfected cells on the day of the experiment.

2.3 Manual Patch Clamp Electrophysiology

On the day of testing, cells were rinsed with PBS, lifted from the plate with Detachin 

(VWR), resuspended in fresh media, and 30 μl were plated onto 5 mm glass cover slips 

(Bellco Glass, Vineland, NJ). After cells adherence, the cover slip was transferred to the 

testing chamber and continuously superfused with extracellular solution, which contained 

(in mM): NaCl (135), KCl (4.5) CaCl2 (2), MgCl2 (1), HEPES (10); pH 7.4. Cells were 

patch clamped with borosilicate glass pipettes pulled to a tip diameter yielding a resistance 

of 1.0–2.0 MΩ, and filled with an internal solution that contained (in mM): CsF (125), 

NaCl (10), EGTA (10), HEPES (10), pH 7.2. In some experiments ST-2530 was dissolved 

in DMSO in a 10 mM stock and then subsequently was serially diluted in the extracellular 

solution. In other experiments, ST-2530 was dissolved directly in extracellular solution and 

serially diluted. Alone, the maximum DMSO concentration of 1% had no effect on sodium 

currents (data not shown).

Channel currents were measured using whole-cell patch-clamp electrophysiology with either 

a HEKA EPC 9 amplifier with built-in ITC-16 interface (HEKA Elektronik Dr. Schulze 

GmbH, Germany) or Axon CNS Multiclamp 700B amplifier with Axon Digidata 1550A 

data acquisition system (Molecular Devices, San Jose, CA). The output was filtered with a 

low-pass, four pole Bessel filter with a cutoff frequency of 10 kHz and was sampled at 20–

50 kHz. Pulse stimulation and data acquisition were controlled with Pulse software (v8.40; 

HEKA Elektronik) or with the pClamp Clampex data acquisition module (v11.0; Molecular 

Devices). All measurements were performed at room temperature (20–22°C). Recordings 

began at least 5 min after establishing the whole-cell and voltage-clamp configuration. Cells 

with access resistance < 5 MΩ were used for the study. Series resistance compensation 

circuit was turned on and set at 80% and 100 μsec.
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Cells were held at −110 mV, and the voltage dependence of activation (Vact) was determined 

with a series of voltage steps. The voltage step that elicited the maximal current (−20 to +10 

mV depending on the isoform) was subsequently used to evoke a channel current from its 

resting state. Cells were hyperpolarized to -140 mV for 105 ms to deactivate all channels, 

and then currents were evoked from the resting state every 3 seconds with a depolarizing 

step to the voltage of maximal activation for 10 ms.

Once the baseline evoked current was stable in amplitude, ST-2530 was washed onto the 

cell. Following stable inhibition, a half-log higher concentration was perfused onto the 

cell. Between 1 and 5 concentrations were washed onto each cell, with 100 μM being 

the maximum concentration tested. Drug was then washed out until the cell returned to 

a stable current. Saxitoxin (Millipore Sigma, Burlington, MA) or tetrodotoxin (Abcam, 

Cambridge, MA) was used as a positive control for all NaV1.x isoforms except Nav1.8; a 

single concentration near the IC50 for each isoform was tested either prior to or following 

ST-2530 perfusion or washout. For Nav1.8 recordings, tetrodotoxin (1 μM) was added to 

the extracellular solutions to inhibit any tetrodotoxin-sensitive Nav isoforms potentially 

expressed as background in the cell line.

Recorded peak current data were baseline-normalized. In some cells, the steady state 

current following test article washout differed from the initial baseline current. For these 

recordings, drift correction was applied to account for the change in baseline by fitting the 

initial baseline current and washout steady state current to a linear equation. The steady 

state current before and after test article application was used to calculate the percentage 

of current inhibited at each concentration. Percent inhibition as a function of compound 

concentration was pooled from all recorded cells and the resulting data set was fit to a four-

parameter logistic curve using least squares regression in GraphPad Prism, version 7 (San 

Diego, CA) to produce a single IC50 curve and asymmetrical (likelihood) 95% confidence 

interval. If less than 50% inhibitory response was observed at the highest concentration 

tested, the IC50 was reported to be greater than this concentration.

Association and dissociation kinetics were estimated using the Solver add-in for Excel 

(Microsoft, Redmond, WA). The association constant (Kon in min−1M−1) and dissociation 

constant (Koff in min−1) were estimated by minimizing the sum of squared errors between 

the recorded peak current values and the following kinetic model [28]:

I(t) = I(t − 1) − Kon∗C∗I(t − 1) + Koff∗(I(t0) − I(t − 1))

where I(t) is the estimated peak current at time t (min), I(t−1) is the estimated peak current 

at the previous time point, I(t0) is the baseline peak current before addition of the drug, C is 

the drug concentration (M). The kinetic model relies on the following assumptions: i) drug 

association is a pseudo-first order process, dependent on the concentrations of the free drug 

and of the unbound ion channel, which is represented by the amplitude of the peak current, 

and ii) drug dissociation is a first order process, dependent on the concentration of the drug–

ion channel complex, which is represented by the inhibited current. Kd was then determined 

by dividing Koff by Kon. Pore blockers of ion channels are generally non-competitive 
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inhibitors of ion flux, and therefore %inhibition of current accurately reflects ligand binding. 

A similar approach has been used to estimate the association and dissociation rates of STX 

and TTX against variants of rat NaV1.4 [39]. In this study, Kd estimates from kinetics 

closely matched equilibrium IC50. For msNav1.7 recordings, IC50 and Kd were determined 

in most cells. In 2 recordings, the washout period was not sufficient to calculate the Koff; in 

these cases only IC50 was determined.

2.4 Behavioral Assays

Male C57Bl/6 mice aged 6-15 weeks old were used for all experiments. All behavioral 

assessments were performed in lights-on conditions and the investigator was blinded as 

to treatment group with the exception of the tail flick experiment and the Hargreaves 

experiment with PF-05089771. ST-2530 was administered by subcutaneous (SC) injection to 

the nape of the neck. PF-05089771 was administered by oral gavage (PO). Group sizes were 

7-12 animals per condition. Studies were conducted at Montana State University except 

where noted.

2.4.1 Thermal Plantar Test (Hargreaves)—This model was performed as previously 

described [23]. Mice were placed in a small transparent acrylic enclosure on a glass floor 

warmed to 30°C (IITC Life Science, Woodland Hills, CA). Prior to thermal stimulation, 

mice were allowed at least 45 minutes in the enclosure for acclimation. The hind paw was 

stimulated with a focused, radiant heat light source until animals withdrew the paw away 

from the thermal stimulus. For each testing time point, there were two stimuli, one per hind 

paw, that were averaged together to determine the withdrawal latency. A 20 second cutoff 

time was used to prevent tissue damage. For the study assessing multiple doses of ST-2530, 

the experiment was conducted using a within-subjects design with at least 3 days between 

test sessions, with dosing order varied per animal. For the study examining the interaction 

between ST-2530 and naloxone, a between-subjects design was used.

2.4.2 Tail Immersion—This model was performed similar to previously described and 

conducted at the University of New England COBRE Behavioral Core [26]. Following a 30 

minute acclimation period in the test room, mice were grasped by the nape of the neck, the 

distal 1/3 of the tail was immersed into a water bath warmed to 52°C, and the latency for the 

mouse to flick the tail out of water was measured. A 10 seconds cut-off was used to prevent 

tissue damage.

2.4.3 Tail Pinch—This model was performed as previously described [20]. Mice were 

placed in a novel cage with bedding. The test article, ST-2530, or vehicle was administered 

SC. After 30 minutes, a 1.5-inch bulldog clamp that supplies 500–900 grams pressure 

(Roboz, RS-7440-35, Gaithersburg, MD) was placed on the proximal end of an unrestrained 

mouse’s tail. The latency to bring the nose within 1 cm of the clamp was measured. To avoid 

tissue damage, the maximum trial time was 15 seconds.

2.4.4 Formalin Test—This study was performed similar to previously described and 

conducted at the University of New England COBRE Behavioral Core [25]. 10% Neutral 

Buffered Formalin, 200 grade, was purchased from Sigma (St. Louis, MO) and diluted 
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prior to use. Mice were allowed to acclimate to the test room for 30 minutes. Subjects 

were administered test compound SC, and then 15 minutes later were placed into the novel 

test chamber. Following 15 minutes of acclimation in the chamber, mice received 10 μl of 

2.5% formalin into the dorsal surface of the left hind paw. Subjects were videotaped for 45 

minutes in the chamber and time spent licking or biting the affected paw was measured. 

Data was recorded in 5 minute bins.

2.4.5 Incisional Pain Assay—This study was performed as previously described [41]. 

Briefly, under isoflurane anesthesia and following sterile preparation, a 5 mm incision was 

made with a No. 11 scalpel blade through the skin and fascia on the plantar surface of the 

left hind paw, starting around 2 mm from the heel and extending towards the toes. The 

underlying muscle was slightly pulled with curved forceps, and then the skin was sutured 

using a single 6-0 nylon suture and topical antibiotic ointment was applied. Mice were 

assessed on the Hargreaves assay on both hind paws prior to the surgical procedure and 

beginning 48 h following the procedure for 5 consecutive days. At each test time point, there 

were 2 stimuli per paw that were averaged together, with an intra stimulus interval of at least 

2 minutes.

2.4.6 Spared Nerve Injury—This model was performed as previously described [40]. 

Briefly, under isoflurane anesthesia the left thigh was shaved and after sterile preparation, 

the skin and the underlying biceps femoris muscle was incised and the sciatic nerve at its 

trifurcation point was exposed. The tibial and common peroneal nerves were ligated using 

8-0 silk and then severed, leaving the sural nerve intact. The muscle and skin were sutured 

using 6-0 polyglycolic acid and 5-0 nylon sutures, respectively, and then topical antibiotic 

was applied.

To assess mechanical sensitivity, paw withdrawal threshold to Von Frey monofilaments 

(0.04, 0.07, 0.16, 0.4, 0.6, 1, 1.4, 2, and 4 gram filaments) was determined using the 

modified up-down method [7]. Prior to testing, subjects were habituated on the mesh wire 

floor for at least 45 minutes. Mechanical withdrawal testing was conducted prior to and 

10 days following the SNI procedure to determine baseline withdrawal thresholds before 

and after injury. The mechanical withdrawal threshold of the contralateral paw was assessed 

as a control for nerve injury. On days 14, 18, 22 and 26 post-SNI procedure, withdrawal 

threshold was assessed before and after dosing. On all testing days and at each time point, 

the mechanical withdrawal threshold was determined for each paw.

2.4.7 Open arena assessment—This model was performed similar to previously 

described [27]. Locomotor activity and rearing were measured in a 45 X 45 cm open field 

with a grid of 16 X 16 infrared beams, spaced 2.5 cm apart (Panlab, Harvard Apparatus, 

Barcelona, Spain). A lower and upper frame of infrared beams tracked horizontal movement 

(spontaneous locomotion) and vertical movement (rearing), respectively. Subjects were 

administered ST-2530 or vehicle SC, placed into the open arena after 30 minutes and 

movement was tracked for 5 minutes. For each dose tested, the experiment was conducted 

using a crossover-design in which half of the subjects received active compound and half 

received vehicle on test session 1. Treatment was reversed for test session 2.
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2.4.8 Rotarod—The experiment was conducted as previously described [45]. Motor 

coordination was assessed using a rotarod (IITC Life Science) that accelerated from 4 to 40 

RPM over 5 minutes. Subjects had one training session on the rotarod for 5 minutes at a 

constant speed of 5 RPM. On the following day, subjects received an SC dose of ST-2530 or 

vehicle and then 30 minutes later were challenged to the accelerating rotarod. A single trial 

was used in an effort to capture the effect of the drug on motor coordination at time point 

near maximum plasma whole blood exposure.

2.4.9 Olfaction—The experiment was conducted as previously described [51]. Subjects 

were fasted overnight and the following day received vehicle or ST-2530 SC 30 minutes 

prior to the buried food test. The latency to find a buried palatable food pellet (piña colada 

mini supreme treat, Bio-Serv) was determined with a maximum test time of 15 minutes.

2.5 Pharmacokinetic Study

The in-life portion of this study was conducted at Murigenics (Vallejo, CA). Mice received 

3 mg/kg ST-2530 SC. Blood draws (100 μl via retro-orbital puncture) were taken up to 2 

times per mouse and there were 4 mice per time point (pre-dose, 5, 15, 30, 60 120 min), 

for an n=12. Whole blood was collected into K2-EDTA coated vials that contained 10 mM 

ammonium acetate buffer (1:1 v/v).

Whole blood samples were analyzed by Quintara Biosciences (Hayward, CA). A 20 μl 

aliquot of the blood/buffer sample was treated with 100 μl acetonitrile containing internal 

standard (verapamil). The mixture was vortexed on a shaker for 15 min and then centrifuged 

at 4000 rpm for 15 min. An aliquot of 70 μl of the supernatant was mixed with 70 μl 

water and injected for LC-MS/MS analysis. Samples were analyzed on a Qtrap 6500+ triple 

quadrupole mass spectrometer (Sciex, Framingham, MA) using a Turbo Spray IonDrive 

electrospray ion source equipped with an ExionLC system. Chromatographic separation was 

performed on an Acquity UPLC BEH C18, 50 X 2.1 mm, 1.7 μm column (Waters, Milford, 

MA). A gradient method consisting of mobile phase A (water with 0.1% formic acid) and 

mobile phase B (acetonitrile with 0.1% formic acid) was initiated at 15% B, increased to 

95% B from 0.2 to 1.2 minutes, and remained at 95% through 1.7 minutes. The flow rate 

was 0.5 ml/min. Calibration standards and quality control samples were prepared by adding 

2 μl of the test compound standard solution to 18 μl of blank 1:1 whole blood:buffer matrix 

and were processed with the unknown samples in the same batch.

2.6 Protein Binding Assay

This study was conducted at Quintara Biosciences (Hayward, CA). Rapid equilibrium 

dialysis (RED) device inserts along with a Teflon base plate (Pierce, Rockford, IL) were 

used for binding studies. Mouse whole blood was obtained from BioIVT (Westbury, NY) 

and diluted with an equal volume of PBS, pH 7.4, for ease of handling. DMSO stock (1 

mM) of ST-2530 was spiked into whole blood to a concentration of 1 μM. An aliquot (100 

μL) was transferred to into the sample chamber and PBS buffer, pH 7.4, was placed into 

the adjacent chamber. The plate was sealed with a self-adhesive lid and incubated at 37°C 

on an orbital shaker (250 rpm) for 4 hours. After 4 hours, aliquots were taken from both 

the sample and buffer chamber. An equal volume of buffer was added to the diluted blood 
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samples and diluted blood was added to the buffer samples. The resulting samples were 

analyzed by LC-MS/MS.

2.7 Drugs

ST-2530 was prepared by SiteOne Therapeutics by methods similar to those previously 

described [38] (Figure 1A). For in vivo studies, ST-2530 was dissolved in 4.5% mannitol/10 

mM sodium acetate, pH 5.6 and sterile filtered, and was administered SC at a volume of 

10 ml/kg. Naloxone HCl (Patterson Veterinary Supply, Devens, MA) was purchased as a 

0.4 mg/ml solution in saline, diluted to 0.2 mg/ml in sterile saline, and administered IP at a 

volume of 10 ml/kg. PF-05089771 (Alomone Labs, Jerusalem, Israel) was dissolved in 30% 

2-hydroxypropyl-beta-cyclodextrin (HPBCD), pH 10 with KOH, and administered PO at a 

volume of 10 ml/kg.

2.8 Statistical Analysis

Statistical comparisons were run using GraphPad Prism, version 7. In the open arena 

assessment, a within-subjects design was used to compare vehicle to ST-2530, and 

significance was determined with a paired-t-test. In the rotarod, buried food test, and tail 

pinch, data were analyzed with a one-way ANOVA, with Dunnett’s post-hoc multiple 

comparison test to compare dose groups to vehicle. For the Hargreaves assay with ST-2530, 

a within-subjects design was used and significance was determined with a two-way repeated 

measure ANOVA, with Dunnett’s multiple comparison test to compare latency at time points 

post dose to latency at baseline within the same dose group. In the Hargreaves assay with 

naloxone/saline dosing, a two-way ANOVA with Bonferroni multiple comparison was used. 

For the Hargreaves with PF-05089771, tail flick, and formalin assays, significance was 

assessed with a mixed ANOVA with Dunnett’s test, comparing post-dose time points to 

baseline in the tail flick and Hargreaves, and dose groups to vehicle in the formalin test. 

In the incision and SNI studies, to compare effect on the injured paw, a two-way repeated 

measures was used with Bonferroni multiple comparison test. To assess effect of ST-2530 

on each test session, a mixed ANOVA with Dunnett’s test was used, comparing post-dose 

time points to baseline values within the same dose group. Data are expressed ± SEM with 

the exception of IC50 values, where variability is represented by the 95% CI. In statistical 

assessments, the α value was set to 0.05.

3. Results

3.1 ST-2530 is a potent and selective Nav1.7 inhibitor

The potency of ST-2530 against Nav1.7 and selectivity over off-target sodium channel 

isoforms was assessed with whole cell patch clamp electrophysiology on recombinant cell 

lines stably or transiently expressing the channel of interest. ST-2530 was evaluated with a 

resting state protocol in which there was a single depolarizing step from a hyperpolarized 

resting membrane potential to the voltage of max activation for each channel, ranging 

from −20 to +10 mV. This protocol contrasts with voltage clamp protocols frequently used 

to evaluate other selective Nav1.7 inhibitors, such as the arylsulfonamide class, in which 

a conditioning pre-pulse is incorporated to bias the channel toward the inactivated state 

[29]. Against human Nav1.7 (hNav1.7), ST-2530 had slow association and dissociation 
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kinetics (Figure 1B), making accurate determination of IC50 challenging due to the long 

wash-in time required to achieve steady state inhibition. Therefore, for hNav1.7 recordings, 

association and dissociation rate constants were estimated by fitting a curve to recorded 

peak value currents following a single ST-2530 concentration and washout, respectively, an 

analysis that has been used for acylsulfonamide Nav1.7 inhibitors [3]. With this approach, 

the Kd was determined to be 25 ± 7 nM (n=4, Table 1). The dissociation rate of ST-2530 

extrapolates to a ligand/protein half-life (t1/2) of 63 ± 16 min. Against mouse Nav1.7 

(msNav1.7), the dissociation and association rates were faster than against the human 

channel, with the t1/2 off of 7.6 ± 0.9 min. The Kd at msNav1.7 was greater than at the 

human channel (250 ± 40 nM, n=5, Table 1). Since binding kinetics against msNav1.7 were 

faster, steady state inhibition and consequently accurate determination of IC50 was feasible. 

The IC50 was 290 nM (95% CI 220–340, n=7), Table 2, Figure 1C), which is in close 

alignment with the Kd value.

ST-2530 was highly selective for hNav1.7 over all other human Nav isoforms tested, with 

>500X selectivity over Nav1.1 (20 μM, 95% CI 18–23, n=6), Nav1.3 (16 μM, 15–17, n=5) 

and Nav1.6 (17 μM, 14–20, n=6) and >1000X over the over tested Nav isoforms (Table 2, 

Figure 1C). All off-target isoforms had fast association and dissociation kinetics allowing for 

standard IC50 determination using multiple test concentrations. ST-2530 was also evaluated 

on a commercially available radioligand binding assay panel against 68 different rat and 

human protein targets, including μ-, δ-, and κ-opioid receptors, and L- and N-type voltage-

gated calcium channels (LeadProfilingScreen, Eurofins, Taipei, Taiwan). ST-2530 (10 μM) 

did not produce >50% inhibition against any of the targets in the panel (Table S1). These 

results indicate that ST-2530 is a highly potent and selective human Nav1.7 inhibitor and 

while the test article is less potent against msNav1.7, the reduction in potency is less 

dramatic than other compounds in the series [38].

3.2 Effect of ST-2530 on locomotion and olfaction

ST-2530 was evaluated on a range of in vivo assays. Initially, the dose at which there 

were no confounding effects on general behavior was determined. Mouse spontaneous 

locomotion and rearing 30 minutes after SC dosing of ST-2530 was assessed in an open 

field arena. Behavior was evaluated for 5 minutes. Compared to vehicle control, 3 mg/kg 

ST-2530 did not significantly affect locomotor activity (paired t-test: t(11)=0.74, p=0.47, 

Figure 2A) or rearing (paired t-test: t(11)=0.49, p=0.63, Figure 2B), whereas 10 mg/kg 

significantly attenuated these behaviors (paired t-test: locomotion – t(7)=9.94, p<0.001; 

rearing – t(7)=9.09, p<0.001; Figure 2A,B). Furthermore, while 3 mg/kg ST-2530 did not 

impact motor coordination on the accelerating rotarod, 10 mg/kg reduced the latency to fall 

(one-way ANOVA: F(2,21)=6.32, p=0.007; Figure 2C). These assays suggest that 3 mg/kg, 

but not 10 mg/kg, does not perturb spontaneous activity or motor coordination.

Loss of function mutations and genetic knockout of Nav1.7 in humans and mice, 

respectively, cause anosmia [21,49]. We therefore assessed whether ST-2530 produced 

anosmia in mice. ST-2530 or vehicle was dosed SC 30 minutes prior to the buried food 

test. While neither 1 nor 3 mg/kg ST-2530 altered subjects’ ability to find a buried treat, 10 

mg/kg significantly increased the time required to find the hidden treat (one-way ANOVA: 
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F(3,24)=9.90, p=0.002, Figure 2D). While motor deficits may confound the results of 10 

mg/kg ST-2530 on the buried food test, these assays indicate that 3 mg/kg ST-2530 does not 

affect general mouse behavior.

3.3 ST-2530 reduces behavioral responses to aversive thermal, mechanical and chemical 
stimuli

ST-2530 was assessed on a number of mouse acute pain models with different stimulus 

modalities. Based on the results from the locomotor and olfaction assays (Figure 2), 

the highest dose tested was 3 mg/kg. ST-2530 was first evaluated on the Hargreaves 

assay in which the latency to remove a hind paw from an aversive thermal stimulus 

is measured. ST-2530 dose-dependently increased the withdrawal latency to the thermal 

stimulus, with a peak effect lasting from 15 to 60 minutes post-dose (two-way RM ANOVA: 

time – F(5,55)=7.19, p<0.001; dose – F(3,33)=19.5, p<0.001; time X dose interaction – 

F(15,165)=3.36, p<0.001; Figure 3A). As a comparator, we assessed PF-05089771, an 

arylsulfonamide Nav1.7 inhibitor that has a state-dependent IC50 against hNav1.7 of 11 

nM and near equal potency against mNav1.7 [2], on the Hargreaves assay. Following PO 

administration, PF-05089771 at a dose of 100 mg/kg, but not 30 mg/kg, increased thermal 

withdrawal latency, an effect that persisted through the final testing time point of 120 

minutes (mixed ANOVA: time – F(4,128)=4.27, p=0.003; dose – F(2,32)=7.45, p=0.002; 

time X dose interaction – F(8,128) = 2.30, p=0.025; Figure 3B). While efficacy can be 

achieved in the Hargreaves assay with PF-05089771, a much higher dose is required when 

compared to ST-2530.

Previously, it has been shown that transgenic mice with loss of Nav1.7 expression in sensory 

neurons have higher expression of Met-enkephalin and that treatment with the mu opioid 

receptor antagonist naloxone reverses the phenotype of insensitivity to aversive thermal 

stimuli [33]. To test whether μ-opioid receptor activation is required for the analgesic effect 

of ST-2530, naloxone (2 mg/kg) or saline was administered IP along with 3 mg/kg ST-2530 

or vehicle SC, 30 minutes prior to the Hargreaves assay. Naloxone had no effect on the 

increase in withdrawal latency to the thermal stimulus mediated by ST-2530 (Two-way 

ANOVA: ST-2530 – F(1,24)= 43.0, p<0.001; no naloxone effect or interaction; Figure 3C), 

indicating that analgesia in the Hargreaves assay is independent of μ-opioid activation.

The effect of ST-2530 was evaluated on the tail immersion assay. ST-2530 dose-dependently 

increased the latency to flick the tail out of 52°C water (mixed ANOVA: time – 

F(9,252)=44.1, p<0.001; dose – F(3,28)=33.8, p<0.001; time X dose interaction – 

F(27,252)=14.0, p<0.001, Figure 3D). The maximum effect was observed from 20 to 60 

minutes post dose and, at a dose of 3 mg/kg SC, the increase in latency was apparent for 

up to 150 minutes post dose. These findings indicate that ST-2530 reduces sensitivity to 

different types of aversive thermal stimuli.

To evaluate whether ST-2530 affects behavioral responses to an aversive mechanical 

stimulus, mice were assessed on the tail pinch assay. Thirty minutes following SC 

administration of ST-2530 or vehicle a bulldog clamp was placed on the proximal end of the 

tail. The latency to bring the nose within 0.5 cm of the clamp was measured. ST-2530 dose-

dependently increased the latency to respond to the clamp (one-way ANOVA: F(2,21)=11.8, 
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p<0.001, Figure 3E), indicating that ST-2530 has an antinociceptive effect on an aversive 

mechanical stimulus. Next, we evaluated whether ST-2530 affects behavioral responses to 

the chemical irritant formalin (37% w/w formaldehyde). Formalin was injected into the 

plantar surface of the hind paw of mice administered ST-2530 or vehicle, and the time spent 

licking the paw over the next 45 minutes was counted. Formalin causes a biphasic response 

with an early, acute phase and a late, inflammatory phase [42]. At the dose of 3 mg/kg, 

ST-2530 significantly reduced the time spent attending to the formalin-injected paw in the 

late phase (10–45 minutes after formalin injection; mixed ANOVA: time – F(1,28)=75.7, 

p<0.001, Figure 3G). There was also a reduction for the early phase (0–5 minutes), but 

this did not meet statistical significance. These results are consistent with findings on other 

Nav1.7 inhibitors that have been assessed on the formalin assay [3,19,50]. In summary, 

ST-2530 was broadly analgesic to acute aversive thermal, mechanical and chemical stimuli.

3.4 ST-2530 is analgesic in an incisional pain model

The effect of ST-2530 on thermal hypersensitivity was assessed in a postoperative pain 

model. The hind paw incision in mice is an established model of postoperative pain that 

causes reversible edema around the wound site and increases sensitivity to both mechanical 

and thermal stimuli [10,41]. Under anesthesia, a 5 mm incision was made on the plantar 

surface of the left hind paw, and following the procedure subjects were allowed 48 hours to 

recover. Hargreaves testing commenced after the recovery period and was conducted once a 

day for five consecutive days. The thermal sensitivity of both the left and right hind paws 

was evaluated.

Overall, the incisional procedure produced a robust thermal hypersensitivity in the left, 

injured hind paw when compared to the right, uninjured hind paw (two-way RM ANOVA: 

test day – F(5,115)=11.8, p<0.001; paw – F(1,23)=131, p<0.001; test day X paw interaction 

– F(5,115)=11.4, p<0.001. Figure 4A) At 48 hours post-procedure, prior to administration of 

ST-2530 or vehicle, a significant hypersensitivity to thermal stimuli was evident in the left 

hind paw when compared to the right paw. The hypersensitivity was apparent until 6 days 

post-procedure, at which time there was no significant difference in withdrawal latency at 

the left versus right paw (Figure 4A).

ST-2530 or vehicle was dosed once on each day after the recovery period in which thermal 

hypersensitivity was present. On each test session, ST-2530 dose-dependently reversed the 

thermal hypersensitivity induced by the incisional injury to the left hind paw (Figure 4B). 

An antinociceptive effect was also observed at the uninjured hind paw, evidenced by a 

significant increase in the thermal withdrawal latency over the baseline response (Figure 

4C). At 48 hours post-incision, 3 mg/kg ST-2530 significantly increased thermal withdrawal 

latency in both the left injured paw (mixed ANOVA: time – F(4,84)=6.87, p<0.001; dose 

group – F(2,21)=6.59, p=0.006; dose group X time interaction – F(8,84)=3.78, p<0.001; 

Figure 4B.i.) and the right uninjured paw (mixed ANOVA: dose group – F(2,21)=10.3, 

p<0.001; dose group X time interaction – F(8,84)=2.66, p=0.012; Figure 4C.i.). At 6 days 

post-incision on test day 5, the effect of ST-2530 on withdrawal latency to thermal stimulus 

persisted on both the injured left paw (mixed ANOVA: time – F(4,84)=9.79, p<0.001; dose 

group – F(2,21)=8.68, p=0.002; dose group X time interaction – F(8,84)=2.83, p=0.008; 
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Figure 4B.iv.) and the uninjured right paw (mixed ANOVA: dose group – F(2,21)=12.9, 

p<0.001; dose group X time interaction – F(8,84)=5.27, p<0.001, Figure 4C.iv.). These 

results demonstrate that ST-2530 reverses thermal hypersensitivity induced by an incisional 

injury, and consistently produces an analgesic response to an aversive thermal stimulus over 

multiple consecutive test days.

3.5 ST-2530 reverses mechanical allodynia induced by the spared nerve injury

To determine whether ST-2530 affects allodynia associated with a peripheral nerve injury, 

we utilized the spared nerve injury (SNI) in mice, a neuropathic pain model that causes 

robust and long-lasting mechanical allodynia in the affected limb [40]. Under anesthesia, 

two of the three branches of the left sciatic nerve, the tibial and common peroneal 

nerves, were severed, leaving the sural nerve intact. This nerve injury produces mechanical 

allodynia that is localized to the lateral portion of the affected hind paw [5]. To verify that 

the SNI procedure produced mechanical allodynia, both subjects’ hind paws were tested 

using Von Frey monofilaments before and 10 days following the SNI procedure, and the 

50% withdrawal threshold was determined using the modified up-down method [7]. The 

SNI procedure on the left hind limb produced a significant reduction in the withdrawal 

threshold in the left hind paw when compared to the right hind paw, and this allodynia was 

present for the entirety of the experiment, up to 26 days post-procedure (mixed ANOVA: test 

day – F(5,75)=10.97, p<0.001; paw – F(1,15)=111, p<0.001; test day X paw interaction – 

F(5,75)=9.062), Figure 5A).

Beginning on day 14 and continuing through day 26 post-SNI procedure, the withdrawal 

threshold on both paws was assessed every four days before and after mice received either 

3 mg/kg ST-2530 or vehicle. Mice that received ST-2530 exhibited an increased withdrawal 

threshold to mechanical stimulus in the left hind paw (Figure 5B). This effect was apparent 

on all test sessions including day 14 (mixed ANOVA: time – F(3,42)=2.94, p=0.043; dose 

group – F(1,14)=13.0, p=0.003; dose group X time interaction – F(3,42) = 3.48, p=0.024; 

Figure 5B.i.) and day 26 post-SNI procedure (mixed ANOVA: dose group – F(1,14)=14.8, 

p=0.002; dose group X time interaction – F(3,42)=3.44, p=0.025, Figure 5B.iv.). In contrast, 

ST-2530 had no effect on the mechanical withdrawal threshold on the uninjured right hind 

paw (Figure 5C). These data indicate that ST-2530 reverses mechanical allodynia caused by 

SNI without affecting sensitivity to non-aversive mechanical stimuli, as demonstrated by the 

absence of an effect on the mechanical withdrawal threshold on the uninjured side.

3.6 ST-2530 Pharmacokinetics

In a group of mice that did not undergo behavioral testing a pharmacokinetic (PK) 

experiment was performed to measure exposure to ST-2530 following administration of 3 

mg/kg SC (n=4 per time point, Table 3). The maximum concentration in whole blood (Cmax) 

was 2,850 ± 210 ng/ml and occurred at the 30 minute time point. In a separate experiment 

the mouse whole blood protein binding was determined to be 79.1 ± 1.4% (mean ± SD, n=2 

samples). Taking into account the bound fraction of drug in whole blood, which according 

to the free drug hypothesis is not available to engage the target [46], the unbound blood 

concentration at Cmax was estimated to be 1.00 ± 0.07 μM, approximately 4x the msNav1.7 

Kd. At this estimated level of target occupancy, we found that ST-2530 was efficacious on 
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all pain assays that were performed with no effects on locomotion, motor coordination, or 

olfaction.

4. Discussion

In this report, we describe pharmacological characteristics of ST-2530, a selective inhibitor 

of Nav1.7 discovered by rational modification of the natural product saxitoxin. Compared 

to a previously disclosed analog [38], ST-2530 exhibits superior potency against msNav1.7, 

allowing for characterization of pharmacodynamic effects on a range of mouse pain models. 

At a dose of 3 mg/kg SC, ST-2530 was broadly efficacious in mouse models of acute 

pain evoked by aversive thermal, mechanical and chemical stimuli, postoperative pain, and 

neuropathic pain. Consistent with reports of genetic NaV1.7 loss-of-function, an increase 

in the withdrawal latency to noxious heat was observed in uninjured animals [21,22]. 3 

mg/kg ST-2530 had no effects on locomotion, motor coordination, or olfaction. Based on the 

results of an independent PK study, 3 mg/kg ST-2530 produces a mean (SEM) peak blood 

concentration of 2,850 ± 210 ng/ml at 30 minutes post-dose, corresponding to an unbound 

blood concentration of 1.0 μM, or approximately 4x the in vitro IC50. The requirement to 

achieve exposure of 4x Nav1.7 IC50 for analgesia is consistent with previous results with 

acylsulfonamide inhibitors that bind to VSD IV [3]. Further work is required to explore the 

pharmacology of ST-2530 on DRG neurons, both from naïve mice and mice after injury, in 

order to correlate results in pain behavior models with effects on native DRG excitability.

Nav1.7 inhibitors described here and in a previous report [38] are differentiated from other 

isoform -selective small molecules in that they bind to the extracellular pore of the channel, 

i.e the same binding site as STX and TTX. These compounds take advantage of a 2 amino 

acid variation in hNav1.7 that is not present in other hNav isoforms or in rodent Nav1.7 

to enhance isoform selectivity [48]. Whereas the earlier compound displayed >30x reduced 

potency against msNav1.7 compared to hNav1.7 [38], the ~10x species variation in potency 

of ST-2530 combined with greater potency against hNav1.7 makes it possible to assess of 

pharmacodynamic effects in rodent pain models. Further work is required to understand why 

ST-2530 retains superior potency against msNav1.7 compared to earlier compounds and to 

reveal the molecular interactions responsible for selectivity over off-target hNav isoforms 

in the absence of the domain III TI sequence motif in the mouse channel [48]. It is also 

unclear why the association and dissociation kinetics of ST-2530 are slower in comparison 

to other small molecules that bind to the extracellular pore including ST-2262 [38], STX and 

TTX. However, given that the Kd on msNav1.7 was nearly equal to the IC50, and that the 

Hill slope of other small molecule antagonists that bind to the extracellular pore of hNav1.x 

is consistently ~1 [9,37], Kd is likely a good approximation of the IC50 of ST-2530 at 

equilibrium against hNav1.7. While the molecular interactions that account for Nav isoform 

selectivity are not fully understood, ST-2530 is a potent and selective Nav1.7 inhibitor 

that, in contrast with other small molecule inhibitors that bind to VSD IV, retains potency 

and selectivity when evaluated using a resting-state protocol [2,3,19,27,31,43]. Furthermore, 

while the state-dependent Nav1.7 inhibitor PF-05089771 had an IC50 against msNav1.7 of 

8 nM when using a protocol that biases the channel towards the inactivated state [2], an 

efficacy signal in the Hargreaves assay was only achieved with a 100 mg/kg dose delivered 

PO (Figure 3B). In contrast, ST-2530 had an IC50 against msNav1.7 of 290 nM (Table 
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2) and showed consistent efficacy on a range of pain models at 3 mg/kg administered 

SC (Figures 3–5). The stark difference in efficacious dose between these two compounds 

may be partly explained by the fact that PF-05089771 is highly protein bound, with a free 

fraction of around 0.01 [3]; however, studies have shown that the PF-05089771 unbound 

concentration required to achieve efficacy is >30X over the IC50 [3] which greatly contrasts 

with ST-2530’s estimated free concentration requirement of ~4X over the msNav1.7 IC50. 

It is possible that the ability to inhibit the channel in its resting state reduces the occupancy 

requirements for efficacy on pain models.

ST-2530 was efficacious in a range of pain behavior models believed to represent acute, 

subacute and chronic neuropathic pain states, and against different pain modalities including 

thermal, mechanical and chemical. The observation of an analgesic pharmacodynamic effect 

within 10–15 minutes after subcutaneous dosing suggests that the change in behavioral 

responses is a direct effect of inhibition of the channel. It has previously been shown that 

selective deletion of Nav1.7 from sensory neurons increases the expression of proenkephalin 

(PENK), and that pretreatment with naloxone prior to the thermal plantar test reverses the 

pro-analgesic phenotype of the Nav1.7 mutant [33]. However, this finding was not replicated 

in a rat Nav1.7 loss-of-function mutant on the hot plate test [8], in a mouse tamoxifen 

inducible Nav1.7 knockout on the Hargreaves test [14], or in wild-type mice treated with a 

sulfonamide Nav1.7 inhibitor on the tail flick assay [24]. Furthermore, in a healthy subject 

induced pluripotent stem cell (iPSC) line with a frameshift mutation in Nav1.7 that renders 

the channel functionless, there was no change in PENK mRNA expression compared to 

wild-type iPSCs, and naloxone did not reverse the reduced excitability found in the hNav1.7 

mutant iPSCs [30]. Consistent with these findings, the present study demonstrates that 

naloxone, at a dose that reversed the pro-analgesic phenotype of mutant Nav1.7 mice [33], 

has no effect on the analgesic effect of an isoform-selective Nav1.7 inhibitor in the thermal 

plantar test in mice. While it is possible that repeat dosing with ST-2530 could affect the 

endogenous opioid system, these results indicate that ST-2530 is acutely analgesic, and that 

antinociceptive effects are mediated directly by inhibition of Nav1.7.

There is an especially urgent need for more effective pharmacotherapies for the treatment 

of neuropathic pain [18]. A key finding in the present study is that ST-2530 reversed 

mechanical allodynia following SNI without affecting the withdrawal threshold to non-

noxious mechanical stimuli in the uninjured hind limb. As there are CNS circuit 

maladaptations associated with neuropathic pain [11], it has been unclear whether Nav1.7 

inhibition would be an effective strategy for treatment. In a transgenic mouse model with 

adult-onset tamoxifen-inducible Nav1.7 deletion, wild-type and inducible knockout mice 

that underwent SNI showed similar levels of mechanical allodynia following treatment 

with tamoxifen, whereas cold allodynia was reversed in the inducible knockout [45]. Other 

evidence indicates that Nav1.7 is required for mechanical allodynia in neuropathic pain 

phenotypes. In a rat Nav1.7 loss-of-function model, mechanical allodynia did not develop 

following spinal nerve ligation [22]. While It is unclear why these transgenic rodent 

models have divergent effects on the development of mechanical allodynia, there may be 

subtle differences in the location and extent of Nav1.7 deletion or loss-of-function [22,45]. 

Interestingly, in a neuropathic pain model in which the spinal nerve was transected at the 

L5 segment, mechanical allodynia developed normally in sensory nerve specific Nav1.7 
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knockout mice, but did not develop in mice with Nav1.7 ablated from both sensory and 

sympathetic nerves [32]. Collectively these results indicate that Nav1.7 is required for 

mechanical allodynia in certain neuropathic pain phenotypes and that inhibition by ST-2530 

is sufficient to reverse allodynia associated with neuropathic insult.

While doses of ST-2530 evaluated in pain behavior models did not affect locomotion, 

motor coordination or olfaction, a higher dose reduced locomotor activity, rearing and 

performance on the rotarod and olfactory test. The increased latency on the buried food test 

could be attributed to reduced olfactory sensitivity, but the reduction in motor activity with 

10 mg/kg ST-2530 confounds interpretation. The mechanism responsible for the decrease 

in locomotion is unclear. Assuming dose-proportional pharmacokinetics, Cmax following 

the 10 mg/kg dose (~3.3 μM) would remain well below the IC50 against off-target hNav 

isoforms, however the IC50s against off-target msNav isoforms were not determined. Given 

the results from the radioligand binding assay panel of rat and human protein targets, there 

is no evidence that ST-2530 has significant affinity for non-Nav1.x off-target proteins (Table 

S1) but, again, the possibility of species variation in potency confounds interpretation. 

Further studies are needed to determine the mechanism underlying the effect on locomotion 

at a supra-pharmacological dose.

The present study demonstrates that ST-2530, a selective inhibitor of Nav1.7 derived 

from saxitoxin, is analgesic in a range of mouse behavioral models that represent acute 

and chronic pain. While the success of Nav1.7 inhibitors that have reached the clinic to 

date has been limited, these drug candidates were compromised by poor pharmacological 

characteristics, such as insufficient selectivity over off-target Nav1.x isoforms [15], or poor 

pharmaceutical properties, such as very high protein binding that led to high exposure 

requirements [3]. Our work indicates that selective pharmacological inhibition of Nav1.7 is 

possible with agents that likely bind to the extracellular pore, the so-called ‘site 1’ binding 

site shared by saxitoxin and tetrodotoxin [38]. With adequate Nav isoform selectivity and 

unbound drug concentrations around 4x Nav1.7 IC50, analgesic efficacy is possible in a 

broad range of acute and pain models by inhibition of Nav1.7.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Electrophysiological characterization of ST-2530 against Nav isoforms. (A) Chemical 

structure of ST-2530. (B) Representative current trace from a recording with ST-2530 

against hNav1.7, showing recorded peak current values (black) and estimated association 

and dissociation kinetics (yellow). During recording STX (200 nM) was perfused onto 

the cell (red line) as a positive control, and following washout ST-2530 (300 nM) was 

perfused (blue line). Koff and Kon were estimated by fitting first-order and second-order rate 

constants to the observed washout and wash-in kinetics, respectively. Kd was determined 
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from their ratio. (C) Dose-response relationship of ST-2530 against hNav1.1–1.8 and 

msNav1.7. *hNav1.7 association kinetics were slow and consequently steady state inhibition 

was not achieved. I/Imax was estimated (blue open squares) by modeling association 

and dissociation kinetics, and determining the asymptote of the numerical model. A dose-

response curve (dotted blue line) was fit with Hill coefficient equal to 1. (D) Representative 

waveforms of hNav1.1–1.8 and msNav1.7 at baseline (black) and following exposure to 

ST-2530 (red; 300 nM for hNav1.7 and msNav1.7, 30 μM for all other isoforms). Time scale 

– 5 ms for all isoforms except hNav1.8 (10 ms).
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Figure 2. 
Effect of ST-2530 on locomotor behavior and olfaction. (A,B) Spontaneous locomotion, as 

quantified by number of beam breaks (A), and number of rears (B) 30 minutes after SC 

dosing of ST-2530 (3 mg/kg – purple square, n=12; 10 mg/kg – red circle, n=8) or vehicle 

(open circle). *** - p<0.001. (C) Latency (in seconds) to fall off a rotarod accelerating 

from 4 to 40 RPM over 5 minutes (n=8 per group). Dunnett’s multiple comparison test, 

comparing dose groups to vehicle: ** - p<0.01. (D) Latency (in minutes) to find a buried 
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food treat in a novel cage (n=7 per group). Dunnett’s multiple comparison test, comparing 

dose group to vehicle: *** - p<0.001.
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Figure 3. 
Effect of ST-2530 on acute pain assays. (A) Withdrawal latency (in seconds) to an 

aversive thermal stimulus on the hind paw (Hargreaves assay, n=12) before and after 

SC administration of ST-2530. Dunnett’s multiple comparison test, comparing post-dose 

timepoint to baseline value for each dose group: * - p<0.05, ** - p<0.01, *** - p<0.001. 

(B) Withdrawal latency in the Hargreaves assay (n=11-12) before and after PO dosing of 

PF-05089771. Dunnett’s: *** - p<0.001. (C) The Hargreaves assay 30 minutes after SC 

administration of ST-2530 (3 mg/kg) or vehicle (SC) and IP naloxone (2 mg/kg) or saline 

(IP) (n=7 per group). Bonferroni’s multiple comparison test: ** - p<0.01; *** - p<0.001. (D) 

Latency (in seconds) to flick tail out of 52°C water (n=8 per group). Dunnett’s, comparing 

post-dose timepoint to baseline value for each dose group: * - p<0.05, ** - p<0.01, ***- 
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p<0.001. (E) Latency to bring nose within 0.5 cm of a bulldog clamp placed on the proximal 

end of the tail. Dunnett’s: *** - p<0.001. (F,G) Time (in seconds) spent licking hind paw 

following formalin injection, shown in 5 minute bins (F) or in the early (0–5 min) and late 

(10–45min) phases (G) (n=8 per group). Dunnett’s comparing dose groups to vehicle: * - 

p<0.05.
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Figure 4. 
Effect of ST-2530 on the thermal hypersensitivity in an incisional pain model. (A) 

Withdrawal latency to a thermal stimulus on the left and right hind paw before and after 

the incision procedure on the left hind paw (n=24 subjects; all 3 groups combined during 

baseline, pre-dosing timepoint). Bonferroni’s multiple comparison test comparing left and 

right paw: *** - p<0.001. (B,C) Withdrawal latency to a thermal stimulus on the left (B) 

and right hind paw (C) on test sessions post-incisional procedure (n=8 per group). Dunnett’s 

multiple comparison test, comparing post-dose timepoint to baseline value for each dose 

group: * - p<0.05, ** - p<0.01, *** - p<0.001.
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Figure 5. 
Effect of ST-2530 on mechanical allodynia produced by SNI. (A) Withdrawal threshold to 

a mechanical stimulus on the left and right hind paw before and after the SNI procedure on 

the left hind limb (n=16 subjects; 2 groups combined during baseline, pre-dosing timepoint). 

Bonferroni’s multiple comparison test comparing left and right paw: ** - p<0.01 *** - 

p<0.001. (B,C) Withdrawal threshold to a mechanical stimulus on the left (B) and right hind 

paw (C) on test sessions on days 14 (i), 18 (ii), 22 (iii), and 26 days (iv) post-SNI procedure 

(n=8 per group). Dunnett’s multiple comparison test, comparing post-dose timepoint to 

baseline value for each dose group: * - p<0.05, ** - p<0.01, *** - p<0.001. Y-axes in all 

graphs are in logarithmic scale.
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Table 1:

ST-2530 Kd values for hNav1.7 and msNav1.7

Isoform (# cells) Kd (nM) Koff (min−1) Kon (min−1nM−1) t1/2off (min)

hNav1.7 (4) 25 ± 7 0.013 ± 0.002 0.00068 ± 0.00022 63 ± 16

msNav1.7 (5) 250 ± 40 0.097 ± 0.013 0.00041 ± 0.00003 7.6 ± 0.9

Values are mean ± SEM
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Table 2:

ST-2530 IC50s against Nav1.1-1.6, 1.8 and msNav1.7

Isoform IC50 (μM) 95% CI # of cells

hNav1.1 20 18–23 6

hNav1.2 36 31–42 5

hNav1.3 16 15–17 5

hNav1.4 92 80–110 6

hNav1.5 >100 5

hNav1.6 17 14–20 6

hNav1.8 >100 4

msNav1.7 0.29 0.22–0.34 7

Note: 100 μM was highest concentration tested
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Table 3:

Whole blood concentration levels of ST-2530 following 3 mg/kg SC administration

t(min) Blood Conc. (ng/ml) Cu (μM)*

5 1110 ± 30 0.39 ± 0.01

15 2100 ± 150 0.73 ± 0.05

30 2850 ± 210 1.00 ± 0.07

60 1020 ± 220 0.36 ± 0.08

120 220 ± 60 0.08 ± 0.02

Values are mean ± SEM (n=4 per timepoint)

Cu – unbound blood concentration

*
79.1% mouse whole blood protein binding
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