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Rat NaV1.7 loss-of-function genetic model:
Deficient nociceptive and neuropathic pain
behavior with retained olfactory function
and intra-epidermal nerve fibers
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Abstract

Recapitulating human disease pathophysiology using genetic animal models is a powerful approach to enable mechanistic

understanding of genotype–phenotype relationships for drug development. NaV1.7 is a sodium channel expressed in the

peripheral nervous system with strong human genetic validation as a pain target. Efforts to identify novel analgesics that are

nonaddictive resulted in industry exploration of a class of sulfonamide compounds that bind to the fourth voltage-sensor

domain of NaV1.7. Due to sequence differences in this region, sulfonamide blockers generally are potent on human but not rat

NaV1.7 channels. To test sulfonamide-based chemical matter in rat models of pain, we generated a humanized NaV1.7 rat

expressing a chimeric NaV1.7 protein containing the sulfonamide-binding site of the human gene sequence as a replacement for

the equivalent rat sequence. Unexpectedly, upon transcription, the human insert was spliced out, resulting in a premature stop

codon. Using a validated antibody, NaV1.7 protein was confirmed to be lost in the brainstem, dorsal root ganglia, sciatic nerve,

and gastrointestinal tissue but not in nasal turbinates or olfactory bulb in rats homozygous for the knock-in allele (HOM-KI).

HOM-KI rats exhibited normal intraepidermal nerve fiber density with reduced tetrodotoxin-sensitive current density and

action potential firing in small diameter dorsal root ganglia neurons. HOM-KI rats did not exhibit nociceptive pain responses in

hot plate or capsaicin-induced flinching assays and did not exhibit neuropathic pain responses following spinal nerve ligation.

Consistent with expression of chimeric NaV1.7 in olfactory tissue, HOM-KI rats retained olfactory function. This new genetic

model highlights the necessity of NaV1.7 for pain behavior in rats and indicates that sufficient inhibition of NaV1.7 in humans

may reduce pain in neuropathic conditions. Due to preserved olfactory function, this rat model represents an alternative to

global NaV1.7 knockout mice that require time-intensive hand feeding during early postnatal development.
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Introduction

To address the ongoing public health crisis driven by
opioid abuse and addiction, it is essential to identify
new targets and therapies for chronic pain, a critical
unmet medical need afflicting over 100 million
Americans.1–3 Improved understanding of pain neurobi-
ology has provided opportunities to test novel hypothe-
ses in the clinic in cohorts afflicted by neuropathic pain
arising from damage to the somatosensory system that is
particularly recalcitrant to treatment.4 However, failure
of a large number of these new molecular entities high-
lights the complexity of drug development in this space.5

By focusing drug development efforts on targets with
human genetic validation, the success rate to progress
from Phase 1 to drug approval nearly doubles,6–8 point-
ing to a key strategy for new pain target selection.

The voltage-gated sodium ion channel NaV1.7 regu-
lates action potential (AP) firing in nociceptor neurons
within the peripheral nervous system and represents a
particularly attractive drug target for the development
of novel analgesic therapies due to its exquisite valida-
tion via human genetics.9,10 Gain-of-function mutations
drive spontaneous or evoked pain in primary erythrome-
lalgia, paroxysmal extreme pain disorder, and small fiber
neuropathy,11–13 whereas loss-of-function (LOF) muta-
tions result in congenital insensitivity to pain (CIP) with
anosmia.14–16

Attempts to identify antagonists of NaV1.7 for pain
has yielded diverse and selective pharmacological tools
that bind different sites and block different channel
gating states.17–19 Potent and selective antagonists in
the sulfonamide chemotype stabilize NaV1.7 in an inac-
tivated conformation via interaction with a site within
the fourth voltage-sensor domain.20–25 Lack of robust
block of rat NaV1.7 channels by sulfonamides is due to
key amino acid sequence differences in this region and
has resulted in the utilization of mouse pharmacody-
namic and efficacy models to evaluate pre-clinical
target engagement in vivo.21,23,24,26,27

Mouse models with various NaV1.7 genetic deficien-
cies have helped to identify key pain endpoints and
behaviors, which are dependent on proper channel func-
tion. Global NaV1.7 knockout (KO) in mice recapitulat-
ed the CIP phenotype with anosmia.28 These animals
require daily hand feeding using an artificial mouse
milk formulation for a period of up to three weeks to
increase viability; this need is hypothesized to be driven
by their anosmic profile in addition to their inbred genet-
ic background. Conditional KO of NaV1.7 in specific
dorsal root ganglia (DRG) neuronal sub-populations
mitigated pain behavior following both inflammatory
and nerve injury insults29–32 and inducible KO of
NaV1.7 in adult mice identified NaV1.7-dependent end-
points in the absence of any potential confounding

compensatory changes that may arise during develop-
ment of the nervous system.33 However, the global
NaV1.7 KO mouse is difficult to rear, and the condition-
al NaV1.7 KO mice may not totally recapitulate the
human CIP phenotype because of tissue- or age-
dependent loss of NaV1.7. There is a need for additional
animal models to support research on NaV1.7.

Here, we describe the generation and characterization
of the first rat model with a regional deficiency in
NaV1.7. We initially set out to generate a humanized
NaV1.7 rat expressing a chimeric NaV1.7 protein con-
taining human exon 26 in place of the rat equivalent
sequence, encoding for the sulfonamide-binding region,
to enable in vivo prosecution of sulfonamide-based
chemical matter in rat pain models. Unexpectedly, the
inserted human exon 26 was spliced in a tissue-specific
manner, resulting in a premature termination codon
prior to the fourth voltage-sensor domain. Using a val-
idated selective C-terminal-detecting NaV1.7 monoclo-
nal antibody, we confirmed loss of detectable protein
in the nervous system except for olfactory sensory neu-
rons where the intended chimeric NaV1.7 protein was
detected, albeit at lower levels. Consistent with these
findings, rats homozygous for the knock-in allele
(HOM-KI) were deficient in both nociceptive and neu-
ropathic pain behavior yet retained olfactory function.
This novel model represents an additional tool to eval-
uate NaV1.7-dependent pain biology in rats and, due to
retention of olfactory function, offers an advantage to
the global NaV1.7 KO mouse that requires time-
intensive hand feeding during early development.

Materials and methods

Animal model generation

The Scn9atm1(Scn9a*26)rScn9a.AMG/Charles River
Laboratories (CRL) Sprague Dawley (SD) rat model
was designed by Amgen, adapted and executed by
SAGE Labs, Sigma-Aldrich (now a subsidiary of
Horizon Discovery, Saint Louis, MO, USA) using zinc
finger nuclease (ZFN)-based technology. Briefly, exon 25
of the rat Scn9a gene was replaced with the human
SCN9A exon counterpart (exon 26; see Figure 1).
Using alternative splicing prediction algorithms, we val-
idated our genetic approach in ensuring that we would
not impact the predicted splice donor/acceptor domains
in the rat gene. ZFN pairs targeting the rat Scn9a exon
25 were assembled and ZFN mRNAs were transcribed
using T7 RNA polymerase-based in vitro transcription
method. Each ZFN pair was validated in cultured rat C6
cells by Surveyor nuclease assay. The mRNAs of the
active ZFN pair targeting the middle region of the
exon (CACCATCATGGTTCTTATAtgcctcAACATGG
TAA CCATGATG, ZFN binding sites in uppercase)
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Figure 1. Strategy to generate humanized chimeric NaV1.7 rat. (a) Rat NaV1.7 exon 25 (blue vertical line) was replaced with the
corresponding sequence in human NaV1.7, which is human exon 26. (b) Schematic representation of the Human NaV1.7 exon 26 sequence
(blue shading) inserted into rat NaV1.7 sequence (white shading) to generate the resulting chimeric NaV1.7 channel. (c) Predicted topology
of rat NaV1.7 protein with insertion of human exon 26 coding sequence (blue shading) comprised of the first two transmembrane domains
and S2-S3 intracellular loop of domain IV. (d) Representative restriction digest analysis of PCR products originating from genomic DNA
from HOM-KI (A and B), HET (C) and WT (D) rats. (e) Open-field basic movement assessment. HOM-KI (5997� 220 counts) and WT
(5318� 281 counts) rats had similar levels of exploratory movement (t18¼ 1.9, p¼ 0.07, unpaired t-test, n¼ 10/group). (f) Open-field
rearing count assessment. HOM-KI (215� 7 counts) and WT (196� 10 counts) rats had similar rearing counts (t18¼ 1.6, p¼ 0.13,
unpaired t-test, n¼ 10/group). (Data are mean� SEM).
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along with donor DNA plasmid comprising a human
SCN9A exon sequence were microinjected into pronuclei
of fertilized one-cell embryos from SD rats. In sum, 25 to
30 eggs were transplanted into each pseudo-pregnant
female. Resulting live births were screened for correction
integration by polymerase chain reaction (PCR) with Cel-
1 recombinant nuclease and junction primer pairs, restric-
tion enzyme NdeI digestion, and sequencing of the region
flanking the integration site. A total of 57 chimeric ani-
mals were screened. Founder 54 displayed the expected
integration profile and was selected and backcrossed to a
wild-type (WT) SD rat. A large cohort of heterozygous
(HET) animals was generated for breeding purposes.
HET�HET breeding gave rise to the expected
Mendelian ratios [1:2:1; wild type (WT)/ heterozygous
(HET) / homozygous (HOM)]. All animal work was per-
formed in accordance with the approved animal protocols
overseen by SAGE Labs’ Institutional Animal Care and
Use Committee and by the Veterans Administration
Connecticut Healthcare System Institutional Animal
Care and Use Committee.

Husbandry

The colony was housed and bred at CRL in accordance
with the Guide for the Care and Use of Laboratory
Animals, 8th Edition (National Research Council
Committee for the Update of the Guide for the and
Use of Laboratory, 2011). All animals were housed in
individual isolator units maintained under positive pres-
sure with a separate conditioned and high-efficiency par-
ticulate air-filtered air supply. Within the isolator,
animals were housed in solid bottom, polycarbonate
cages with wire bar lids. Food was provided ad libitum.
Water was provided by water bottles and the bedding in
all cages was removed and replenished at least once per
week. Feed was a commercial, gamma-irradiated, natu-
ral ingredient rodent chow (vacuum-packed) with 18%
protein and 5% fat. Bedding was a hard wood shaving
(Aspen) that is irradiated and vacuum-packed. At
Amgen, adult male and female rats weighing 220 to
400 g were used for experiments and were cared for in
accordance to the Guide for the Care and Use of
Laboratory Animals, 8th Edition (National Research
Council Committee for the Update of the Guide for
the and Use of Laboratory, 2011). Animals were
group-housed at an Association for Assessment and
Accreditation of Laboratory Animal Committee accred-
ited facility in nonsterile ventilated micro-isolator hous-
ing on corn cob bedding. All research protocols were
approved by Amgen’s Institutional Animal Care and
Use Committee. Animals had ad libitum access to pel-
leted feed (Harlan Teklad 2020X, Indianapolis, IN) and
water (on-site generated reverse osmosis) via an auto-
matic watering system. Animals were maintained on a

12:12 h light: dark cycle in rooms at 21� 3�C, 50� 20%
room humidity and had access to enrichment opportu-
nities (nesting materials and plastic domes). All animals
were sourced from approved vendors who meet or
exceed animal health specifications for the exclusion of
specific pathogens. HOM-KI rats exhibited spontaneous
scratching and nails were clipped to minimize wounds.
Spontaneous scratching behavior was never observed
during pain behavioral testing. For this reason, scratch-
ing behavior did not confound any behavioral test con-
ducted. Animals with significant scars were excluded
from behavioral assays. Although experimenters did
not know the genotypes of randomized rat cohorts
during testing, it was not possible to use animals without
any scars and, for this reason, experiments could not be
truly blinded. Animals were allowed at least 1week accli-
mation to the facility prior to any procedures. Following
completion of behavioral measurements, animals were
euthanized with carbon dioxide. All behavioral data
were scored by a trained observer blind to the genotype.
Global NaV1.7 KO mice were bred and cared for as
previously described.28

At the Yale University Center for Neuroscience and
Regeneration Research, all animal studies and proce-
dures followed a protocol approved by the Veterans
Administration Connecticut Healthcare System
Institutional Animal Care and Use Committee. Adult
male and female rats weighing 220 to 400 g were used
for experiments and were cared for in accordance to the
update of Guide for the Care and Use of Laboratory
Animals. Animals were group housed at an
Association for Assessment and Accreditation of
Laboratory Animal Committee accredited facility in
nonsterile solid bottom polycarbonate cages with wire
bar lids on corn cob bedding; bedding in all cages was
removed and replenished at least once per week. Food
(Teklad 2018 18% protein rodent diet by Envigo) and
water (water bottles) was provided ad libitum. Animals
were maintained on a 12:12 h light: dark cycle in rooms
at 21� 3�C, 50� 20% room humidity and had access
to enrichment opportunities in the form of nesting
materials.

Genotyping

DNA from tail clips or ear samples was extracted using the
KAPA Hot Start Mouse Genotyping Kit (KAPA
Biosystems). The following primers (IDT DNA,
Coralville, IA), originally designed by SAGE, were used
to genotype all animals: hScn9a-SAGE-F: 50-TCTC
AACTCCTCCCAGAACC-30; and hScn9a-SAGE-R: 50-
ACGGCCTTACCTACAATGGA-30 under a standard
5 step PCR program. Briefly, DNA denaturation was per-
formed at 95�C for 3min and 96�C for 15 s; annealing at
62�C for 30 s with a 0.5�C drop in temperature per cycle
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beginning at cycle 2, extension at 72�C for 1.5min for a

total of 37 cycles, including the final extension step at 72�C
for 7min. The resulting PCR products were further proc-

essed using Rsal restriction digestion to identify the endog-

enous rat (WT) allele. The expected calculated product

sizes were of 402 base pairs (bp) for the mutant allele

and 217bpþ 165bp for the WT allele (Figure 1(d)).

HOM-KI rats are SD-Scn9atm1 (SCN9A*26/SCN9A*26) HET

rats are SD-Scn9atm1 (SCN9A*26/þ). WT rats are

SD-Scn9aþ/þ.

Initial transcript assessment for characterization. Rat DRGs

from all spinal levels of each genotype were dissociated as

previously described.28 RNA was isolated using a RNeasy

kit (Qiagen Inc.—USA, Germantown,MD) and Covaris S2

Focused Ultrasonicator (Covaris, Woburn, MA) in 400 ml
of RLT w/beta-mercaptoethanol (BME) buffer. The con-

centration of RNA was assessed by NanoDrop

(ThermoScientific, Waltham, MA) and 1mg of RNA was

converted to cDNA using an Advantage RT-for-PCR kit

with random hexamers—(CloneTech/Takara, Mountain

View, CA) cDNA fragments, spanning the area of interest

were amplified with the following primers: 50 cDNA

primer—50ATAGATA ATTTCAACCAACAGAAAA30

and 30 cDNA primer—50TGTCCCCTACCCTGTTCC

GAGT30 using Q5 High-Fidelity DNA Polymerase with

Q5 High GC Enhancer (NEB, Ipswich, MA). Amplified

cDNA fragments were analyzed by 1% TAE agarose gels

and sequenced.

Western blots

Samples were isolated and lysed in 1% Triton-X-100,

25mM Hepes, 150mM NaCl, 1mM EDTA buffer, 1

Complete EDTA-free Tablet (Sigma Aldrich, St. Louis,

MO) using a Covaris S2 Focused Ultrasonicator

(Covaris, Woburn, MA). Protein concentration was mea-

sured using bicinchoninic acid assay kit (ThermoFisher

Scientific, Waltham MA). NaV1.7 was immunoprecipi-

tated with 10 mg NaV1.7 Ab (Neuromab, Cat no. 75–

103, the University of California (UC) Davis/National

Institutes of Health (NIH) NeuroMab Facility, Davis,

CA) or (Millipore Sigma Cat no. AB5390, Burlington,

MA) or (Pan-Nav Ab, Alomone Labs, Cat no. ASC-

003, Jerusalem, Israel) overnight at 4�C, followed by

PeggySue (ProteinSimple, San Jose, CA) blotting with

anti-NaV1.7 Ab (Neuromab, Cat no. 75–103, UC Davis/

NIH NeuroMab Facility, Davis, CA) followed by

Streptavidin (SA)-horse radish peroxidase (HRP) anti-

mouse IgG HþL (ProteinSimple, San Jose, CA) detec-

tion. Nav stable cells lines were as previously described.26

Immunohistochemistry

All animals used for histology purposes, except for intra-
epidermal nerve fiber (IENF) analysis (see details
below), were transcardially perfused using phosphate-
buffered saline (PBS) (Life Technologies, Grand
Island, NY) followed by fresh 4% paraformaldehyde/
PBS (EMS, Hatfield, PA), until the liver was cleared of
all signs of blood (�50–75 ml of solution). Tissues from
WT and HOM-KI adult (10–12-week-old) rats were
post-fixed in same fixation solution overnight, rinsed in
PBS (3� 10min) and embedded in paraffin or cryopro-
tected in 30% sucrose/PBS for at least 24 h, until the
tissue sunk to the bottom of the vessel for embedding
in Tissue Freezing Media (ThermoFisher Scientific,
Pittsburg, PA). Paraffin blocks were kept at room tem-
perature, while frozen blocks were placed in a �20�C
freezer to set and stored therein until ready to use.
Long-term storage of samples, when required, was
done at �80�C. Tissue blocks were sliced into 40 mM
sections on a Leica VT1000S vibratome or 25 mm sec-
tions on a Leica CM1850 cryostat (Leica Biosystems,
Buffalo Grove, IL), placed onto glass microscope slides
(Ink Jet Plus, Thermo Fisher Scientific, Pittsburg, PA),
and air dried for 30min at room temperature. All immu-
nostaining incubations were performed at room temper-
ature, unless otherwise noted. Slides were rehydrated in
descending concentrations of ethanol to diH2O (100%
ethanol; 100% ethanol; 95% ethanol; 95% ethanol; 80%
ethanol; 70% ethanol; running diH2O; 3min per bath)
then processed through a Borg Decloaker for antigen
retrieval (Biocare BD1000G1). Samples were then
blocked for 30min in Tris-NaCl-blocking (TNB) buffer
(0.1M Tris-HCL (pH 7.5))/0.15 M NaCl/0.5% (w/v)
blocking reagent (PerkinElmer FP1012). A second
blocking step was deemed necessary to block nonspecific
rat IgG on the surface of the sectioned tissue using
rodent block R (BioCARE Cat no. RBR962 G, H, L)
for 30min followed by three 5-min washes in Tris-
buffered saline (TBS) buffer. NaV1.7 was detected with
a selective anti-NaV1.7 antibody (NeuroMab, Cat no.
75–103 mouse monoclonal IgG1; @ 5 mg/ml in TNB
block) overnight at 4�C. An isotype control was also
used as an additional control in identical conditions
(anti-Mouse IgG1 (BD Bioscience 554121)). Primary
antibody incubations were followed by three 5min
washes in TBS and a 1 h incubation in Biotinylated
horse anti-mouse solution (Vector BA2001; rat
absorbed; 1 mg/ml diluted in TNB block) followed by a
10min Peroxidazed 1 reaction (Biocare PX968M) and
two 5min washes in 1�TBS. Slides were then incubated
for 30min in a SA-HRP solution (PerkinElmer
NEL75000; 1:200 in TNB block) washed twice in 1�
TBS and amplified using Tyramide Signal
Amplification (TSA) Biotin reagent (PerkinElmer

Grubinska et al. 5



SAT70001EA; 1:50) followed by two washes in 1� TBS.

A second identical round of amplification (wash/SA-

HRP/wash TSA/wash) was required due to the low

affinity of the Nav1.7 antibody against the Nav1.7 rat

protein. This second amplification was identical to the

first detailed above, with only the TSA kit differing

(Perkin Elmer, NEL744001KT, Cyanine 3 system,

dilute 1:50 in amplified diluent). Finally, samples were

placed under running water for 10min and mounted in

Prolong Gold containing 4’, 6-diamidino-2-phenylindole

(DAPI, ThermoFisher Cat no.P36935). Imaging was

performed using a Zeiss LSM800 equipped with Zen

Blue software (Carl Zeiss). Pixel quantification was per-

formed using the Zen Blue analysis module and image

assembly performed (with no correction steps) using

Adobe Creative Cloud/Photoshop software.

Immunohistochemistry for IENF density in skin

Rats (9–10weeks of age, both male and female) were

deeply anesthetized with ketamine/xylazine (80/5mg/kg,

i.p.) and transcardially perfused with 0.01M PBS

(pH 7.4) followed by ice-cold 4% paraformaldehyde in

0.14M Sorensen’s phosphate buffer (pH 7.4). Foot pad

skin tissues were removed, immersion-fixed in 4% para-

formaldehyde (total fixation time 20min), and cryo-

protected with 30% (w/v) sucrose in PBS overnight at

4�C. Tissue sections were cut on a cryostat at 10mm
and mounted on slides (Fisher Scientific, Pittsburgh,

PA). Sections were immediately processed for detection

of target protein or stored at �20�C for future use.
Sections were incubated in the following solutions: (1)

blocking solution (PBS containing 4% normal donkey

serum, 2% bovine serum albumin, 0.1% Triton X-100,

and 0.02% sodium azide) for 1 h at room temperature;

(2) rabbit monoclonal anti-PGP 9.5 antibody (1:300,

Abcam, Cat no. ab108986, Batch no. GR3231441-1) in

blocking solution at 4�C overnight; (3) PBS, 3� 10min

each; (4) Alexa Fluor 546-conjugated donkey anti-rabbit

IgG (HþL) secondary antibody (Invitrogen) at 1:1000
dilution in blocking solution for 1 h at room tempera-

ture; (5) PBS, 3� 10min. Tissue sections were mounted

in antifade mounting medium with DAPI (Vectashield,

Vectorlabs) and were examined with a Nikon Eclipse

E800 fluorescence microscope or a Nikon C1 confocal

microscope (Nikon USA, Melville, NY).

Light microscopic analysis of axons of sciatic nerve

Rats were deeply anesthetized with ketamine/xylazine

(80/5mg/kg, i.p.) and transcardially perfused with

0.01M PBS (pH 7.4) followed by ice-cold 4% parafor-

maldehyde in 0.14M Sorensen’s phosphate buffer (pH

7.4). Left and right sciatic nerves were dissected carefully

from the mid-thigh level (distal to the trifurcation) and

transferred to 2% paraformaldehyde plus 2% glutaral-

dehyde in 0.14M Sorensen’s phosphate buffer (pH 7.4)

at 4�C overnight. Samples were then post-fixed with 1%

osmium (Polysciences, Warrington, PA, USA), dehy-

drated and blocked in 0.5 cm segments and embedded

in Epox-812 (Ernest F. Fullam, Latham, NY, USA)

using standard plastic embedding protocols. Semithin

sections (1 mm) were collected from each tissue block

and counterstained with methylene blue and azure II

(0.5% each in 0.5% borax) for light microscopy.
Axon diameters were calculated from axonal cross-

sectional area measured by ImageJ software. For each

animal, 1200 to 1800 axons were measured from four

photomicrographs (40�) taken at random areas in

tibial and common peroneal nerve cross-sections.

Axonal size distributions were presented in 1mm bins.

Data are expressed as the mean� standard error of the

mean (SEM).

DRG RNA isolation for ddPCR

DRGs, pooled from cervical, lumbar, thoracic, and

sacral levels, were dissected from four WT and four

HOM-KI rats. All DRGs from individual animals

were collected in 1.5mL microcentrifuge tubes contain-

ing 500 mL of RNALater buffer (ThermoFisher Cat no.

AM7021), stored at 4�C overnight, and transferred to

�20�C until processing. DRGs were removed from

RNALater solution using forceps cleaned with RNase

AWAYTM (ThermoFisher Cat no. 7002) followed by

70% isopropanol, blotted on a fresh Kimwipe (Fisher

Scientific Cat no. 06–666), and placed in a new 1.5mL

RNase-free microcentrifuge tube (Kimble Cat no.

749520–0090) containing 350 ml of RLT Plus buffer

(Qiagen Cat no. 74134) with 1% BME (Sigma-Aldrich,

Cat no. M3148). DRGs were homogenized using an

RNase-Free Disposable PELLET PESTLEVR (Kimble

Cat no. 749520–0090) attached to a PELLET

PESTLEVR Cordless Motor (Kimble Cat no. 749540–

0000) until the lysate was clear and no particulate

matter was visible. The homogenate was run through a

QIAshredder column (Qiagen Cat no. 79654) for 2min

at full speed in a benchtop centrifuge and the flow-

through was retained. RNA was then isolated using

the Qiagen RNeasy Mini Plus kit (Qiagen Cat no.

74134) according to manufacturer’s instructions. The

resulting RNA was quantified using 1 ml on a

NanoDrop Spectrophotometer (Cat no. ND-1000).

RNA integrity was assessed with an Agilent RNA

6000 Nano Kit (Agilent Cat no. 5067–1511), and RNA

chips run on an Agilent Bioanalyzer 2100 (Agilent Cat

no. G2939BA).
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cDNA synthesis

Furthermore, 500ng of total RNA was taken from each
DRG sample for synthesis of first-strand cDNA using the
SuperScriptTM III kit (Invitrogen Cat no. 18080–093).
SuperScript reverse transcriptase was replaced by an
equal volume of nuclease-free water for the generation
of a reverse transcriptase negative control for each
sample. Upon completion of the synthesis reaction, each
cDNA sample was diluted with 180ml of IDTE pH 8.0
1�Tris-EDTA (TE) Solution (IDT Cat no. 11–05-01–13)
to obtain a final concentration of 5 ng/ml. The diluted
cDNA was kept on ice for use in subsequent ddPCR
and stored at �20�C.

ddPCR

ddPCR reactions were setup and run according to manu-
facturer’s protocol using ddPCRTM Supermix for Probes
(Bio-Rad Cat no. 1863025). Onemicroliter of cDNA tem-
plate and 1.25ml each of 6-fluorescein amidite (FAM)-
labeled target gene and hexachrome-fluorescein (HEX)-
labeled internal control gene primer/probe assays were
added to each reaction. Reactions were emulsified into
droplets according to manufacturer’s protocol using
QX200TM Droplet DigitalTM PCR System (Bio-Rad Cat
no. 1864001) and placed in a C1000 thermocycler for PCR
amplification (Bio-Rad Cat no. 1851196). Following com-
pletion of PCR, the reaction plate was placed in a QX200
reader and droplets were analyzed for presence or absence
of amplification. Primers and probes were designed using
Primer3 (http://bioinfo.ut.ee/primer3/) or were purchased
as pre-designed PrimeTime qPCR Assays (Integrated
DNA Technologies [IDT], Coralville, IA). The
PrimeTime assays were modified to have a primer/probe
ratio of 3.6. Data from the QX200 droplet reader were
analyzed on QuantaSoft software V1.5.38.1118 (included
in Bio-Rad Cat no. 1864001). The threshold for calling
positive droplets was set based on no template control
and reverse transcriptase negative control wells. For each
sample, the ratio of NaV gene to an internal control gene
was determined by dividing the FAM concentration by the
HEX concentration. Final ratios were graphed, and
unpaired t-tests were calculated using GraphPad Prism
v7.02 (GraphPad; La Jolla, CA).

Electrophysiology

Isolation of DRG neurons for whole-cell voltage clamp record-

ings. DRG neuron isolation and whole-cell patch clamp
electrophysiology recordings were conducted using small
diameter neurons (20–30mm) cultured for two to eight -
days as previously described.26 Neurons were held at
�120mV and stepped to a voltage corresponding to the
peak inward sodium current for each individual neuron,
which ranged from �30 to 0mV as determined from

current/voltage relationships. Fast-inactivating currents
sensitive to tetrodotoxin (TTX-S) currents were defined
as peak currents blocked by 0.5mM TTX, and slow-
inactivating currents resistant to tetrodotoxin (TTX-R)
currents were defined as residual currents following TTX.

Isolation of DRG neurons for current clamp. DRGs from 4- to
8-week-old WT or HOM-KI rats were harvested and
dissociated as described previously34 with minor altera-
tions. In brief, adult rat DRGs were treated in a 20-min
incubation at 37�C with 1.5mg/mL collagenase A
(Roche, Indianapolis, IN, USA) and 0.6mM EDTA,
followed by a 17-min incubation at 37�C in 1.5mg/mL
Collagenase D (Roche), 0.6mM EDTA, and 30U/mL
papain (Worthington Biochemical, Lakewood, NJ,
USA). DRGs were then centrifuged and triturated in
0.5mL of DRG media containing 1.5mg/mL bovine
serum albumin (low endotoxin) and 1.5mg/mL trypsin
inhibitor (Sigma, St. Louis, MO, USA). Cell suspension
was seeded onto poly-D-lysine/laminin-coated coverslips
(BD), and incubated at 37�C in a 95% air/5% CO2 (vol/
vol) incubator.

Whole-cell current-clamp recordings and data analysis.

Membrane potentials were recorded from 20 to 30 mm
diameter DRG neurons in the current-clamp configura-
tion using an EPC-10 amplifier and the PatchMaster
program (HEKA Elektronik, Holliston, MA, USA) at
room temperature 3 to 15 h after culture. Patch pipettes
were pulled from borosilicate glass (1.65/1.1 outside
diameter/inside diameter; World Precision Instruments,
Sarasota, FL, USA) using a Sutter Instruments P-97
puller and had a resistance of 0.6 to 1.7MX when
filled with internal solution, which contained (in mM)
140 KCl, 3Mg-ATP, 0.5 EGTA, 5 HEPES at pH 7.3,
adjusted to 310 mOsm using dextrose. External bath
solution contained (in mM) 140 NaCl, 3 KCl, 2 CaCl2,
2 MgCl2, 10 HEPES at pH 7.3, and was adjusted to
320 mOsm using dextrose. Current-clamp recordings
were sampled at 50 KHz and filtered using two Bessel
filters at 10 and 2.9 KHz. Small DRG neurons (<30 mm
in diameter) with stable (<10% variation) resting mem-
brane potentials (RMPs) more hyperpolarized than
�40mV were included in the analysis. Cells with an
input resistance lower than 300 MX were excluded
from analysis. Input resistance was determined by the
slope of a linear fit to hyperpolarizing responses to cur-
rent steps from �5 pA to �40 pA in �5 pA increments.

Rheobase was defined as the first injection step that
resulted in AP firing without subsequent failure and was
determined by a series of depolarizing current injections
(1ms) that increased incrementally by 25 pA. APs were
defined as rapid increases in membrane potential
to>þ40mV with a total amplitude >80mV. AP fre-
quency was determined by quantifying the number of
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APs a neuron fired during a 1000ms current injection.
AP amplitudes, slopes, and half-widths were calculated
in the FitMaster program (HEKA Elektronik,
Holliston, MA, USA).

Current-clamp data are presented as mean� standard
error and significance is assayed via Student’s t-test,
unless otherwise noted. All data except firing frequency
curves were analyzed in the FitMaster program (HEKA
Elektronik, Holliston, MA, USA) and Microsoft Excel.
Firing frequency curves were analyzed by two-way anal-
ysis of variance (ANOVA) with repeated measures in
OriginPro (OriginLab Corporation, Northampton,
MA, USA). All data were visualized using IgorPro
(WaveMetrics, Lake Oswego, OR, USA) with error
bars showing standard error. Spontaneous AP firing
was analyzed for significance using z-test.

Behavioral Testing

Open-field activity. Rats were acclimated to the testing room
for 1h and individually placed in an open-field apparatus
consisting of a Plexiglas box (41 cm L� 41 cm W� 38 cm
H) surrounded by a frame consisting of 48 photocells
arranged with 16 in the vertical dimension and 32 in the
horizontal dimension (Kinder Scientific, Poway, CA).
Photobeam breaks were used as an indication of locomo-
tor activity including basic movement, rearing (counts),
and rearing time (sec) over 30min.

Hot plate. Hot plate paw withdrawal latencies were mea-
sured with an Ugo Basile hot/cold plate model 35100
(Columbus Instruments). Animals were habituated to
the testing room for 1 h prior to being placed in the
center of the hot plate pre-set at 50�C with all four
paws touching the surface. The latency for the animal
to jump, tap, and/or lick a hind paw was then recorded.
Each animal was assessed during three separate trials
with at least 10min between trials. The mean response
time was recorded as that animal’s latency to respond to
the heat stimulus. The hotplate was wiped down after
each trial to remove odor cues. A latency cut-off of 60 s
was used to prevent tissue damage.

Olfaction test. To test the animals for olfactory function, a
buried food test was used. On three consecutive days,
three days prior to test day, one BioServ chocolate
Supreme Mini-Treat (Bio-Serv, Frenchtown, NJ) was
placed on the floor in the animal’s home cage, along
with standard rodent chow, and left overnight. Each
morning, the cage was checked to ensure the treat was
completely consumed. On the evening before the test, the
rodents were food deprived to increase the motivation to
eat. On test day, animals were acclimated to the testing
room for 1 h in standard polycarbonate clear cages
(dimensions: 2000 � 1600 � 8.500) testing chambers with a

wire mesh top. Each cage was filled to 7.62 cm with
clean corncob bedding. At the start of the test, the rat
was placed in the center of a new cage and allowed to
freely explore for 5min. At the end of 5min acclimation,
the rat was briefly removed from the test cage and one
Supreme Mini-Treat was buried 5 cm from a random
corner, 1 cm deep. The rat was then reintroduced to
the testing cage and the latency to find and begin to
eat the Supreme Mini-Treat was recorded as the end-
point. A 15-minute cut-off was used for the assay.

Capsaicin-induced flinching. Rats were acclimated to test
box for 30min. Capsaicin (2 mg/50 mL; Millipore Sigma
Cat no. M2028-50mg,) disolved in 10% ETOH
(Spectrum Chemical MFG Corp; Cat no. ET108)/1%
Tween 80 (Spectrum Chemical MFG Corp; Cat no.
PO138)/89% PBS (Invitrogen; Cat no. 10010–031) was
injected intra-plantar into the ventral left hind paw.
Each rat was observed and flinching behavior was
recorded for 1min.

Spinal nerve ligation. Spinal nerve ligation (SNL) surgery
was performed using aseptic surgical techniques and a
stereomicroscope.35 Spinal nerve injury was caused by
ligating the left L5 and L6 spinal nerves, with special
care to avoid damage to the L4 spinal nerve or surround-
ing area. Under gaseous anesthesia with a mixture of O2

and isoflurane (3% for induction and 2% for mainte-
nance), skin was excised and the longissimus lumborum
muscle, part of articular processes (L4-S1), and the
fascia above L6 spinal nerve were carefully removed.
This procedure provided a clean and spacious working
area to enable complete resection of the L6 transverse
process, and to separate the L5 spinal nerve from the L4
spinal nerve without damage to L4. The L5 and L6
spinal nerves were each tightly ligated with 6–0 silk
thread. The entire surgery procedure beginning from
anesthesia and ending with wound clipping of the out-
side skin lasted 15min or less.

von Frey behavioral testing. Two weeks postsurgery,
mechanical sensitivity was measured by determining
the median 50% foot withdrawal threshold for von
Frey filaments using the up-down method.36 Rats were
placed in a plastic testing box on a metal mesh floor. von
Frey filaments (Semmes-Weinstein monofilaments from
Stoelting) were applied to the middle glabrous area
between the footpads of the plantar surface of the
injured hind paw. This plantar area was touched with
a series of nine recently calibrated von Frey filaments
with approximately exponentially incremental bending
forces (von Frey filament numbers: 3.61, 3.8, 4.0, 4.2,
4.41, 4.6, 4.8, 5.0, and 5.2; equivalent to: 0.41, 0.63,
1.0, 1.58, 2.51, 4.07, 6.31, 10 and 15.8 g). The von Frey
filament was presented perpendicular to the plantar
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surface with sufficient force to cause slight bending, and
held for approximately 3–4 seconds. Abrupt withdrawal
of the foot accompanied by a pain indicative behavior
(namely, paw flinching, shaking or licking for more than
2 seconds) was recorded as a response. Any postsurgery
rat that displayed a mechanical threshold of more than
3.16 g or less than 0.7 g was eliminated from the study.

Cold plate behavioral testing. Rats were acclimated for
20min to the test box and then placed onto a 4�C cold
plate (IITC Life Science, Woodland Hills, CA). The time
for rats to lift or lick a hind paw was recorded with a
5min cut-off time.

Formalin test. Formalin-induced flinching was measured
using the Automated Nociception Analyzer (ANA)
(University Anesthesia Research & Development
Group, La Jolla, CA). A small metal band was attached
to the plantar surface of the test hindpaw with one drop
of super glue. Rats where then habituated to the testing
chamber for 30min prior to test onset. At test time, each
animal was gently wrapped in a towel with the test paw
exposed. Fifty microliters of 2.5% formalin solution
(Electron Microscopy Sciences, Hatfield, PA. Cat no.
15742–10) were injected into the dorsal surface of the
test paw. Animals were immediately returned to the test-
ing chamber and flinching behavior was scored by the
ANA software for 40min.

Statistical analysis. Data are expressed as mean�SEM.
Behavioral results were generally analyzed using t-tests
or a one-way ANOVA with Dunnett’s multiple compar-
isons post hoc test for significance unless otherwise
noted. Statistical calculations and graphs were made
using GraphPad Prism 5.01 (GraphPad Software Inc,
San Diego, CA).

Results

We set out to design a model to enable in vivo prosecu-
tion of sulfonamide-based chemical matter in rat pain
assays. Expression of a chimeric NaV1.7 protein would
be driven from the endogenous rat NaV1.7 promotor
and contain all rat coding exons apart from rat exon
25, which would be replaced by the equivalent human
coding sequence in exon 26. These exons encode for the
sulfonamide-binding region in the fourth voltage-sensor
domain (Figure 1(a) to (c)). Rats were generated using
ZFN-based technology and genotyped (Figure 1(d)).
HOM-KI rats developed into adults that displayed
normal open-field basic movement and rearing behaviors
comparable their WT counterparts (Figure 1(e) and (f)).

To evaluate the distribution of endogenous and chimeric
NaV1.7 rat protein in WT and HOM-KI animals, a NaV1.7
antibody was required. Due to high protein sequence

homology between the NaV channel isoforms, utilization
of a selective anti-NaV1.7 antibody was mandatory to
avoid any confounding signal stemming from other NaV
channel family members. We first screened dozens of inter-
nal and commercial antibodies to identify an antibody that
was selective for NaV1.7 in stable cell lines overexpressing
human NaV1.1–1.7 (Figure 2(a) and (b)) and that labeled
WT but not global mouse NaV1.7 KO DRG neurons
cultured in vitro for fivedays (Figure 2(c)). The antibody,
confirmed for immunocytochemistry and immunofluores-
cence applications, recognized endogenous human and
mouse protein in fixed cultured cells. By aligning the C-
terminal, cytoplasmic antigen used to generate the anti-
body against human, cyno, dog, rat, mouse, and rabbit
NaV1.7 sequences (Supplemental Figure 1(A)), we hypoth-
esized that the antibody would cross-react with NaV1.7
from these diverse mammalian tissues. This was confirmed
in the species tested by detection of NaV1.7 immunoreac-
tivity in DRG and/or sciatic nerve of human, cyno, rat,
and mouse (Supplemental Figure 1B-I). Finally, the anti-
body specificity was validated for Western blot and immu-
noprecipitation applications under denaturing conditions
in NaV overexpressing HEK293 stable cell lines (Figure
2(d) and (e)).

Having identified and validated a selective NaV1.7 anti-
body, we evaluated the endogenous and chimeric NaV1.7
protein distribution in WT and HOM-KI rat peripheral
and central nervous system tissues by immunohistochem-
istry (IHC). In WT rats, we detected NaV1.7 immunoreac-
tivity in the hypothalamus (large arrow in Figure 3(A) and
higher magnification in panel C), solitary tract and area
postrema (small arrow in panel A and higher magnifica-
tion in panel D). To our surprise, the corresponding
regions in HOM-KI rats were devoid of NaV1.7 immuno-
reactivity (Figure 3(A0)) and resembled isotype control pat-
terns (Figure 3(B) for WT and 3B0 for HOM-KI). NaV1.7
immunoreactivity was detected in the nasal turbinates, pri-
marily in the sensory nerve bundles of the lamina propria
(Figure 4(A)), olfactory bulb (Figure 4(C)), DRG (Figure
5(A)), and sciatic nerve (Figure 5(C)) in WT rats. Oddly,
HOM-KI animals retained NaV1.7 immunoreactivity in
olfactory turbinates (Figure 4(A0)) and olfactory bulb
(Figure 4(C0)) but were devoid of NaV1.7 immunoreactiv-
ity in DRG (Figure 5(A0)) and sciatic nerve (Figure 5(C0)).
Regions of the digestive system known to express NaV1.7
were evaluated (jejunum, ileum, cecum and colon) and,
unlike WT tissues, HOM-KI tissues were also devoid of
NaV1.7 immunoreactivity (Supplemental Figure 2).

Based on the unexpected differences in NaV1.7 immu-
noreactivity between WT and HOM-KI rat tissues, we
evaluated NaV1.7 transcript levels in olfactory epithelium
(OE) and DRG. Using rat and human stable cell lines as
positive controls, we compared cDNA products obtained
in DRG from each genotype by reverse transcription-
polymerase chain reaction (RT-PCR) (Figure 6(a)). WT
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Figure 2. Validation of NaV1.7-specific monoclonal antibody on intact and denatured NaV1.7 protein. (a) Positive NaV1.7 immunocyto-
chemistry signal in HEK293 cells overexpressing hNaV1.7 (left panel) but not in corresponding parental HEK293 cells (right panel) used as a
negative control. (b) Lack of immunocytochemistry signals in hNaV1.1, hNaV1.2, hNaV1.3, hNaV1.4, hNaV1.5, and hNaV1.6 stable cell lines.
(Scale bars¼ 200mm for panels A and B). (c) NaV1.7 immunofluorescence signal was observed in adult mouse DRG neurons cultured in vitro
for five days from WT (left) but not in NaV1.7 global KO samples (right). Diffuse nonspecific signals from neuronal cell bodies are present in
both WT and NaV1.7 KO neurons, while bright neurite labeling is only seen in WT neurons. (Scale bars ¼ 200mm for panels A and B and
20mm in panel C). (d) Western blot demonstrating specificity of antibody for human NaV1.7 in HEK293 stable cell lysates (Lane 1: parental
HEK293; Lane 2: hNaV1.7; Lane 3: hNaV1.6; Lane 4: hNaV1.5; Lane 5: hNaV1.4; Lane 6: hNaV1.1). (e) NaV1.7 antibody (NeuroMab, Cat no.
75–103) utility for immunoprecipitation (IP) and immunoblotting (IB) hNaV1.7, but not hNaV1.5, from over-expressing HEK293 cell lysates
(Lane 1: HEK293 parental (negative control); Lane 2: hNaV1.7; Lane 3: hNaV1.5). WT: wild type; DRG: dorsal root ganglia.
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and HET DRG gave rise to a band of the expected size.

However, a smaller band was detected in HET and HOM-

KI tissue, indicative of a truncated transcript. Sequencing

the truncated band revealed removal of the human exon

26 and retention of an additional nucleotide from the rat

sequence that led to a frame-shift, predicted introduction

of six novel amino acids and two early stop-codons

(Figure 6(a)). Thus, this product lacks the entire

Figure 3. NaV1.7 immunostaining of brain. (A and A0). NaV1.7 immunoreactivity in the hypothalamus (weaker signal, larger arrow head),
in the solitary tract and area postrema (shorter arrow head) of WT but not HOM-KI rats. (B and B0) Corresponding isotype control IHC.
(C) Higher magnification of the adult WT hypothalamus, showing weaker NaV1.7 immunoreactivity. (C0) Corresponding isotype control.
(D) Higher magnification of adult WT dorsal brainstem, consistent with the area postrema (D0) Corresponding isotype control. Scale bars
200mm. Scale bars 5mm in A, A0, B, and B0 and 200 mm in C, C0 , D, and D0. Three rats of each genotype and gender were evaluated. HOM-
KI: rats homozygous for the knock-in allele; WT: wild type.
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sulfonamide-coding region in the fourth voltage-sensor
domain. Using an array of primers specific for rat or
human exons (Table 1), we evaluated the presence/absence
of rat or human transcript regions in WT and HOM-KI

NaV1.7 immuno-positive (OE) and immuno-negative
(DRG) tissues (Figure 6(b) and (c)). The OE of HOM-
KI rats expressed human exon 26 while WT tissue did not,
whereas human exon 26 in DRG was nearly undetectable.

Figure 4. NaV1.7 immunostaining in olfactory epithelium and olfactory bulb. (A and A0). NaV1.7 immunoreactivity in nasal turbinates
(nerve bundles of the olfactory sensory neurons) from WTand HOM-KI rats. (B and B0). Corresponding isotype control stains. Note the
nonspecific reaction product present in salivary glands (*), which is also visible in the isotype controls for each genotype. (C and C0) NaV1.7
immunoreactivity in olfactory bulb from WTand HOM-KI rats. (D and D0) Higher magnification of NaV1.7 immunoreactivity in olfactory
bulb from WT and HOM-KI rats. Scale bars¼ 2mm for panel A through C0 and 200mm in panels D and D0. Three rats of each genotype
and gender were evaluated.
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NaV1.7 amplicons upstream and downstream of the inser-
tion were present in WT and HOM-KI tissues at similar
levels. Using primer sets for the nine other members of the
voltage-gated sodium channel family, we observed that rat

Scn1a (NaV1.1), Scn8a (NaV1.6), Scn10a (NaV1.8), Scn11a
(NaV1.9), and NaX (also known as NaG or NaV2.1) tran-
scripts were expressed at similar levels between WT and
HOM-KI DRGs (Figure 6(d); p> 0.05 unpaired t-test for

Figure 5. NaV1.7 Immunostaining in DRG and sciatic nerve. (A and A0) NaV1.7 immunoreactivity in DRG fromWT but not HOM-KI rats.
(B and B0). Corresponding isotype control sections. (C and C0) NaV1.7 immunoreactivity in sciatic nerve from WT but not HOM-KI rats.
(D and D0) Corresponding isotype control sections. Scale bars 200mm. Three rats of each genotype and gender were evaluated. HOM-KI:
rats homozygous for the knock-in allele; WT: wild type.
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each gene). Collectively, these data demonstrate that chi-
meric NaV1.7 transcript is present in HOM-KI OE and
that the transcriptional profile of other NaV isoforms is
not impacted in HOM-KI DRGs.

Electrophysiological properties of DRG neurons,
including sodium channel current density and AP
firing, were evaluated to understand the functional
impact of splicing human exon 26 from HOM-KI rats.

Figure 6. NaV1.7 transcript analysis in sensory tissues. (a) RT-PCR analysis of adult WT vs. HOM-KI DRGs and reference human and rat
NaV1.7 stable HEK293 cell lines. Full-length bands were detected in WT, HET tissue samples as well as in positive controls (stable cell lines)
(463 bp) in addition to an unexpected truncated band in HOM-KI and HET samples only (193 bp). Sequence of truncated RT-PCR band
revealed splicing out of human exon 26 plus an additional guanine nucleotide from rat exon 26 with a resulting frameshift (black arrow),
insertion of six novel amino acids, and pre-mature stop codons (white arrow). (b and c) NaV1.7 amplicons in WT and HOM-KI using
primers positioned in various rat or human NaV1.7 exons upstream and downstream of the insertion in olfactory epithelium (OE) (b) and
DRG (c). RT-PCR products were detected for rat NaV1.7 amplicons prior to and following human exon 26 in WTand HOM-KI tissue. An
amplicon between rat exon 24 and human exon 26 was nominally detected in DRG tissue but was present in OE tissue in HOM-KI rats. (d)
RT-PCR of NaV isoforms in DRG tissue. No compensatory expression changes were observed for non-NaV1.7 isoforms in HOM-KI rats.
Data are mean� SEM, four rats of each genotype (two males and two females) were evaluated. HOM-KI: rats homozygous for the knock-
in allele; WT: wild type; OE: olfactory epithelium; DRG: dorsal root ganglia.
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Figure 7. Reduced HOM-KI DRG neuron excitability. (a) TTX-R and TTX-S current densities in small diameter DRG neurons
isolated from WT and HOM-KI rats. Representative traces (left) and summarized data (right). A significant reduction of TTX-S
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Whole-cell patch clamp recordings from small diameter
cell bodies of acutely dissociated DRG neurons showed
TTX-S and TTX-R in both WT and HOM-KI litter-
mates. TTX-S current density was significantly lower
in HOM-KI neurons compared to WT neurons, suggest-
ing that some TTX-S current, encoded by NaV1.7, was
lost in HOM-KI DRG neurons, whereas the density of
TTX-R current was not statistically different between
HOM-KI and WT DRG neurons (Figure 7(a)).
The RMP of DRG neurons from HOM-KI rats was
3.29mV more hyperpolarized, a difference that was
not significantly different from that of WT littermates
(HOM-KI �59.09� 1.52mV, n¼ 26, compared to WT
�55.81mV� 1.29, n¼ 31, p¼ 0.10, two-tailed unpaired
Student’s t-test). Spontaneous AP firing was significantly
greater in WT DRG neurons (24.39%; 10/41 neurons)
compared to HOM-KI DRG neurons (3.70%; 1/27 neu-
rons, p¼ 0.023, two-proportion z-test). The threshold
current needed to evoke AP firing in HOM-KI DRG
neurons was larger, as reflected by the elevated rheobase
(Figure 7(b) and (d)). The evoked AP firing frequency in
response to a series of depolarizing 1000ms current
injections (25–500 pA) was significantly higher across
the range of input stimuli in WT compared to HOM-
KI neurons (Figure 7(c) and (e)). Direct comparison of
AP characteristics did not show statistically significant
differences in the slope of the pre-AP rising phase, time
to AP peak, AP overshoot, or AP half-width (Table 2).

Collectively, these data indicate that small diameter
DRG neurons from HOM-KI rats exhibit lower
TTX-S sodium channel current densities, elevated
thresholds to fire APs, and reduced AP firing rates
reflecting lower overall neuronal excitability. No abnor-
malities were found during analysis of nerve fibers by
light microscopy on epoxy-embedded sciatic nerve sam-
ples. Unmyelinated axons could clearly be identified in
cross sections of sciatic nerve and the size distribution of
myelinated axon diameters was similar between HOM-
KI and WT littermates (Figure 7(f) and (g)).

We next evaluated olfactory and peripheral sensory
function at the behavioral level in HOM-KI rats. Unlike
global NaV1.7 KO mice, HOM-KI rats retained olfac-
tory function and were able to find a buried food pellet
like WT rats (Figure 8(a)). HOM-KI rats showed severe
sensory deficits to thermal and chemical nociceptive
assays, as demonstrated by the lack of response to a
50�C heat stimulus (Figure 8(b)) and nominal response
to capsaicin intraplantar injection (Figure 8(c)). HOM-
KI rats also had significantly fewer flinches than WT rats
in both phases 1 and 2a of the formalin test (Figure 8
(d)). Sensory innervation of the epidermis, required for
detection and initiation of pain signaling, was evaluated
in WT and HOM-KI skin biopsies. The average IENF
density in HOM-KI was not different from that of WT
samples (Figure 8(e) and (f)). Thus, the lack of pain
behavior in HOM-KI rats was not attributable to lack

Table 2. Action potential characteristics of DRG neurons from WT and NaV1.7 HOM-KI rats.

Slope (mV/ms) Time to peak (ms) Overshoot (mV) Half-width (ms)

WT 3.39� 0.90 38.15� 7.08 54.26� 1.57 2.37� 0.23

HOM-KI 3.55� 0.71 26.72� 5.76 51.38� 1.57 3.00� 041

p-value 0.89 0.22 0.20 0.18

HOM-KI: rats homozygous for the knock-in allele; WT: wild type.

Figure 7. Continued.

current density, but not TTX-R current density, was observed in HOM-KI rats (*p< 0.05; two-tailed unpaired t-test; n¼ 14 neurons
per group). Two rats of each genotype with mixed gender were evaluated. Data are mean� SEM. (b) Representative traces illustrating
threshold to action potential firing for wild-type (black) and HOM-KI (red) neurons determined by 1ms current injections.
(c) Representative traces of action potential firing in response to 1000ms of 250 pA current injection in both wild-type (black) and
HOM-KI (red) neurons. (d) HOM-KI small diameter DRG neurons exhibited a significant increase in current threshold to action
potential firing (HOM-KI 841.30� 90.35 pA, n¼ 23, compared to WT 569.23� 50.94 pA, n¼ 26, p¼ 0.0096, two-tailed unpaired
Student’s t-test). (e) Action potential firing in response to 1000ms current injections from 25 to 500 pA was reduced in DRG
neurons from HOM-KI animals (significant by two-way repeated measures ANOVA with Tukey and Bonferroni tests, p¼ 0.0054).
Shaded regions represent error bars (� 1 SEM) of the action potential firing frequency curves for wild-type (black) and HOM-KI
(white) DRG neurons. For (b) to (e), neurons from five rats of each genotype (three males and two females) were evaluated by
current clamp. (f) Representative images of tibial nerve cross sections by light microscopy at 100�. There is no apparent difference in
gross morphology of myelinated and unmyelinated axons between WT controls and HOM-KI animals. Arrows indicate groups of
unmyelinated axons (Scale bar¼ 10mm). (g) Quantification of myelinated axon number and size in sciatic nerve from WT controls and
HOM-KI rats. Myelinated axon diameter distributions in WT and HOM-KI rats show no statistical difference using multiple unpaired t
test. For (f) and (g), three rats of each genotype (two males and one female in WT group; one male and two females in HOM-KI
group) were evaluated. HOM-KI: rats homozygous for the knock-in allele; WT: wild type; TTX-S: fast-inactivating currents sensitive
to tetrodotoxin; TTX-R: slow-inactivating currents resistant to tetrodotoxin.
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Figure 8. Behavioral profiling of WT and HOM-KI rats. (a) Olfactory test. WT (49.8 � 11.4 s) and HOM-KI (45.8 � 5.8 s) rats were
equally able to detect a buried food pellet (t16 ¼ 0.329, p¼ 0.75, unpaired t-test; n¼ 8 WTand n¼ 10 HOM-KI). (b) Hot plate test. HOM-
KI rats (60 s) did not respond to a 50�C heat stimulus, reached the 60 s cut-off time and were significantly different than WTrats (27.1 �
2 s) (****Mann–Whitney U¼ 0, p¼ 0.00001; n¼ 9 WT and n¼ 10 HOM-KI). (c) Capsaicin chemical challenge. HOM-KI rats (1.5 � 1.5
flinches) displayed significantly reduced capsaicin-induced flinching compared to WT rats (18.5 � 2.2 flinches) (****Mann–Whitney U¼ 8,

18 Molecular Pain



of epidermal nerve fibers. HOM-KI rats were evaluated

for their ability to develop neuropathic pain behaviors

using the SNL model. WT rats displayed allodynia to

tactile and cold stimuli one to three weeks following

SNL surgery. HOM-KI rats, however, did not show

signs of hypersensitivity to mechanical stimulation fol-

lowing SNL surgery, and displayed similar pre- and

post-SNL tactile threshold levels (Figure 8(g)).

Moreover, HOM-KI rats were not responsive to a 4�C
cold plate following SNL surgery and reached the 5-min

assay cut-off time (Figure 8(h)). Taken together, these

data suggest that HOM-KI rats do not develop neuro-

pathic pain behavior in the absence of detectable NaV1.7

protein in peripheral sensory neurons.

Discussion

Comparison of the phenotypes of NaV1.7-deficient rats,

described herein, NaV1.7 global KO mice and humans

with CIP due to LOF NaV1.7 mutations reveal a number

of behavioral similarities including lack of acute thermal

pain responses, intact motor function, and normal non-

noxious tactile stimuli responses.14,15,28,37,38 These find-

ings support an evolutionarily conserved function of

NaV1.7 in nociceptive pain signaling between rodents

and humans. However, rats deficient in NaV1.7 retain

olfactory function, unlike global KO mice or humans

with CIP that both exhibit anosmia.16,28,39 This differ-

ence is most likely attributable, at least in part, to the

genetic background of the rats in addition to the func-

tional expression of some chimeric NaV1.7 protein in rat

olfactory sensory neurons but not in other tissue

reported to express NaV1.7, as demonstrated at both

the transcript level by PCR and/or the protein level by

IHC using a specific antibody directed to the C-terminus
of the NaV1.7 protein.

A number of mouse genetic models with tissue-specific
or inducible deletion of NaV1.7 have been
generated. Tissue-specific deletion of NaV1.7 in NaV1.8-
positive neurons, Advillin-positive neurons, or Wnt1-
positive neurons impacted nociceptive, inflammatory,
and neuropathic pain behavior in various assays.29–32

The specific level of NaV1.7 reduction achieved with
these approaches is critically dependent on the quantita-
tive neuronal co-expression profile of NaV1.7 with each of
these markers driving Cre-dependent genetic recombina-
tion as well as the efficiency of Cre recombination in
each of these cell types. Lack of robust co-expression
can result in residual NaV1.7 derived from cells not
expressing these markers, whereas incomplete efficiency
of Cre recombination can result in residual NaV1.7 in
cells co-expressing these markers.40 Both scenarios can
underestimate the absolute contribution of NaV1.7 to
behavioral endpoints.

Inducible deletion of NaV1.7 provides an alternative
method to interrogate NaV1.7-dependent pain behavior
in adult animals without any confounds of compensato-
ry changes that may occur during nervous system devel-
opment and maturation as a result of NaV1.7 absence.
To this point, NaV1.8 genetic deletion was reported to be
associated with an increase in NaV1.7 transcript levels
and TTX-S currents in DRG neurons.41 Tamoxifen-
inducible deletion of NaV1.7 in adult mice also impacted
nociceptive, inflammatory, and neuropathic pain behav-
ior in various assays but, similar to the rat model gen-
erated herein, did not impact olfactory function.31,33 It is
conceivable that tamoxifen biodistribution to olfactory
sensory neurons or efficiency of Cre-mediated gene
recombination restricted the level of NaV1.7 knockdown

Figure 8. Continued.

p¼ 0.0001, n¼ 11/group). (d) Formalin test. HOM-KI rats had significantly less flinching behavior than WT rats in phase 1 (0–10min,
HOM-KI: 133.7 � 7, WT: 213.6 � 18, **unpaired t test, t¼ 0.001) and phase 2a (11–40min, HOM-KI: 187.6 � 46, WT: 785.4 � 46, ****
unpaired t test, t¼ 0.00000006) of the formalin test (n¼ 10 for WT, n¼ 9 for HOM-KI). (e) Representative images of IENF in hind paw
skin biopsies from WTand HOM-KI rats (9–10weeks old). IENFs labeled with the pan-axonal marker PGP9.5 (orange) extended from the
subdermal plexus into the epidermis (nuclei labelled with DAPI in blue). The dashed line indicates the dermis to epidermis division. HOM-
KI rats exhibit normal nerve innervation. Confocal microscopy at 40� (Scale bar ¼ 20 mm) (f) Quantification of intra-epidermal nerve fiber
density of hind paw skin biopsies. IENF density in HOM-KI samples (21.90� 0.69 fibers/mm) was not statistically different from WT
samples (21.94� 1.29 fibers/mm) using Mann–Whitney U test. Rectangles represent male samples while circles represent female samples.
For (e and f), 3 WTand 2 HOM-KI (one male and two females in WT group; two females in HOM-KI group) rats were evaluated. (g) Spinal
nerve ligation—tactile allodynia. HOM-KI rats did not display tactile allodynia as measured with von Frey filaments at eight days (12.2 �
0.8 g, p¼ 0.84) or 15 days (13.82 � 0.76 g, p¼ 0.084) post-SNL surgery compared to pre-SNL baseline (11.57 � 1.2 g), indicating lack of
development of neuropathic pain whereas WT controls developed tactile allodynia at 8 days (4.3 � 0.5 g, ****p¼ 0.000003) and 15 days
(5.3 � 0.8 g, ****p¼ 0.00009) post-surgery which was significantly different compared to pre-surgery baseline (10.2 � 1.2 g) (Two-way
repeated measures ANOVA followed by Tukey’s multiple comparison test, main effect of time F (2,40) ¼ 6.6762, p¼ 0.003, main effect of
genotype F (1,20) ¼ 36.222, p¼ 0.00007, n¼ 11/group). (h) Spinal nerve ligation—cold plate. HOM-KI rats did not respond to a 4�C cold
plate and all reached the 300-s cut-off time. This was significantly different from WT controls (mean ¼ 204 � 24 s) (***Mann–Whitney
U¼ 10, p¼ 0.0007; n¼ 10/group) 20 days post-SNL surgery. Data are mean � SEM unless otherwise stated. HOM-KI: rats homozygous
for the knock-in allele; WT: wild type; SNL: spinal nerve ligation.
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achieved in these sensory neurons. In our rat model,
preliminary Western blotting data of NaV1.7 protein
level in OE lysates showed reduction of NaV1.7 protein
levels by �70% (data not shown), whereas in tamoxifen-
inducible NaV1.7 KO mice, NaV1.7 transcripts were
reduced by �50%.33 Collectively, these data indicate
that more than 50% to 70% reduction of NaV1.7
mRNA/protein is necessary to impact olfactory function
in rodents and that the residual chimeric protein
detected in HOM-KI rat olfactory tissue is functional.

Neuropathic pain behavior, as measured by cold allo-
dynia in response to acetone, was partially reversed by
tamoxifen following spared nerve injury while mechani-
cal allodynia was partially reversed by tamoxifen after
chronic constriction nerve injury31 but not spared nerve
injury.33 When tamoxifen was used to delete NaV1.7
prior to spared nerve injury, there was a more robust
deficit in the development of cold compared to mechan-
ical allodynia.33 It is not clear why there were different
responses to different modalities, but the absolute level
of NaV1.7 knockdown achieved in neurons necessary for
cold allodynia could be greater than in those for
mechanical allodynia. Single cell transcriptional profil-
ing of NaV1.7 expression post-tamoxifen could discern
any cell type-specific variation of NaV1.7 knockdown
efficiency. By contrast, in our rat genetic model, using
SNL, development of tactile allodynia was completely
abolished and response times to a 4�C cold plate chal-
lenge reached a 5-min cut-off. Although it is difficult to
draw generalized conclusions across these studies that
utilized different nerve ligation injury models and testing
regimens, the herein described NaV1.7 HOM-KI rat
model did not display any neuropathic pain behavioral
responses, thereby establishing that NaV1.7 is necessary
for neuropathic pain in this species. While the involve-
ment of NaV1.7 in human neuropathic pain is still not
completely understood, our data suggest that sufficient
pharmacologic inhibition of NaV1.7 function in humans
could reduce pain in neuropathic conditions stemming
from damage to sensory neurons. This contention ulti-
mately requires prosecution of NaV1.7-specific inhibitors
in clinical trials using human neuropathic pain cohorts
to be properly addressed.

Notably, both HOM-KI rats reported here and global
NaV1.7 KO mice exhibited spontaneous scratching
behavior in their home cages.28 Spontaneous scratching
may be attributable to the interplay between pain and
itch with loss of afferent pain input into the spinal cord
disinhibiting itch circuity.42 Concomitantly, loss of pain
may lead to overgrooming and inability to perceive
tissue damage which occurs during this rodent activity.
In human NaV1.7 CIP individuals, self-mutilation of the
tongue and fingers due to biting has been reported14,43

but spontaneous scratching events have not been noted.
Pruritis has been reported in disclosed adverse events in

clinical trials with a 1.6 g dose of the NaV1.7 selective
sulfonamide inhibitor PF-0508771 from Pfizer in two of
five individuals in an erythromelalgia cohort but not
with a 150mg BID dose in a painful diabetic neuropathy
cohort.44,45 Pruritis was not listed as an adverse event in
healthy volunteers with the NaV1.7 sulfonamide inhibi-
tor GDC-0276 from Genentech.46

Early nerve conduction studies and biopsies in CIP
patients with SCN9A mutations reported nerve fibers of
normal morphology and size distribution.14,15,47 Skin
innervation, as assessed by PGP9.5 immunostaining,
has also been reported as normal in a three-year-old
male CIP subject with SCN9A mutations.48 These obser-
vations suggest that nerve innervation is not impaired in
NaV1.7 associated CIP subjects. However, a recent
report on SCN9A-related human CIP cases suggests
that the pain insensitivity is associated with structural
loss of IENFs.43 This suggestion is supported by another
recent case report of reduction of IENFs in a 10-year-old
female CIP subject.49 These recent case reports raise the
important question: does the painless phenotype caused
by loss of NaV1.7 function require structural impairment
of IENFs? In the NaV1.7 HOM-KI rats, we did not find
a deficiency in IENF density, indicating that pain insen-
sitivity in rats does not require structural loss of IENFs.
Similarly, in a previously described global NaV1.7 KO
mouse model, the skin innervation was reported to be
normal.28 We cannot rule out the possibility that there is
a species difference between humans and rodents, but
certainly in both rats and mice, structural impairment
of IENFs is not a prerequisite for NaV1.7-mediated
painless phenotypes. Similarly, in small diameter DRG
neurons from HOM-KI rats, a reduction, but not
absence, of both TTX-S current density and AP firing
frequency was observed. These observations echo find-
ings previously described in both global NaV1.7 KO
mice28 as well as human iPSC-derived nociceptors
expressing a SCN9A LOF mutation,43 and indicate
that pain insensitivity does not require complete absence
of TTX-S currents or DRG neuron excitability. Absence
or loss of function of NaV1.7 as a threshold channel for
AP nociceptor firing, by producing ramp currents in
response to slow depolarization due to slow onset of
closed-state inactivation, and as a channel contributing
to the upstroke of APs may account, in part, for the pain
insensitivity phenotypes in humans and rodents.50,51 In
summary, the rat NaV1.7 genetic model described here
represents a powerful tool for pre-clinical experiments in
the analgesia space for interrogating NaV1.7-dependent
behavioral endpoints as well as assessing on-target vs
off-target toxicology findings with selective or non-
selective NaV1.7 inhibitors. It will be interesting to
determine if visceral pain as well as chemotherapy and
cancer-induced bone pain endpoints are impacted in the
chimeric rat NaV1.7 model, as these have been reported to
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be NaV1.7-independent using a tissue-specific NaV1.7 KO
approach.31,52,53 Due to the fortuitous finding that rats
retained olfactory function, intensive animal husbandry
efforts are not required to breed this model, thereby offer-
ing an advantage to NaV1.7 global KO mice that demand
daily hand feeding during early development for success-
ful generation of experimental cohorts.
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