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Abstract: p-TRTX-Hhnlb (HNTX-IV) is a 35-amino acid peptide isolated from the
venom of the spider, Ornithoctonus hainana. It inhibits voltage-gated sodium channel
Nav1.7, which has been considered as a therapeutic target for pain. The goal of the present
study is to elucidate the analgesic effects of synthetic u-TRTX-Hhnlb on animal models of
pain. The peptide was first synthesized and then successfully refolded/oxidized. The
synthetic peptide had the same inhibitory effect on human Navl.7 current transiently
expressed in HEK 293 cells as the native toxin. Furthermore, the analgesic potentials of the
synthetic peptide were examined on models of inflammatory pain and neuropathic pain.
p-TRTX-Hhnlb produced an efficient reversal of acute nociceptive pain in the abdominal
constriction model, and significantly reduced the pain scores over the 40-min period in the
formalin model. The efficiency of u-TRTX-Hhnlb on both models was equivalent to that
of morphine. In the spinal nerve model, the reversal effect of p-TRTX-Hhn1b on allodynia
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was longer and higher than mexiletine. These results demonstrated that p-TRTX-Hhnlb
efficiently alleviated acute inflammatory pain and chronic neuropathic pain in animals and
provided an attractive template for further clinical analgesic drug design.
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1. Introduction

Voltage-gated sodium channels (VGSCs) are essential for the initiation and propagation of action
potentials in excitable tissues, such as nerves and muscles. Considerable in vivo and in vitro studies
indicate that VGSCs play a key role in neuropathic and inflammatory pain, which begins with the
aberrant firing of action potential bursts in damaged neuronal tissue [1—4]. Of the nine subtypes of
VGSCs identified to date and designated as Nav1.1-1.9, Nav1.3, 1.7, 1.8 and 1.9 play specialized roles
in nociceptive pathways and are considered ideal targets for the development of analgesic drugs [4-7].
Compelling genetic evidence linking Navl.7 to pain in human beings has been provided by the
identification of dominant gain-of-function and recessive loss-of-function mutations in SCN94, the
gene that encodes Nav1.7 [8—10]. Dominant gain-of-function mutations of Nav1.7 have been linked to
two severe pain syndromes, paroxysmal extreme pain disorder (PEPD) and inherited erythromelalgia
(IEM). PEPD is well controlled by the VGSCs blocker, carbamazepine [9,11,12]. Treatment for IEM,
even with VGSCs blockers, e.g., lidocaine or mexiletine, is very ineffective [8,13] and, in one case,
may be the result of the decreased affinity of the mutant channel to small molecular blocker drugs [14].
Recessive loss-of-function mutations of Nav1.7 have been linked to congenital insensitivity to pain
(CIP). Mutation of the SCN94 truncates the channel protein or impairs splicing signals to prevent the
production of channel mRNA [10]. Truncated Navl.7 mutant channels do not produce functional
channels [10,15] or act as dominant negative proteins [15]. Patients do not report any form of pain, but
report intact sensory modalities, except for impaired olfaction [16], and do not display motor,
cognitive, sympathetic or gastrointestinal deficits. These studies provide strong evidence for the
importance of Nav1.7 in pain therapy.

Peptide toxins, including p-conotoxins, a-scorpion and B-scorpion toxins, sea anemone toxins, 3-spider
toxins and p spider toxins, interact with VGSCs and either block Na" currents or modulate the gating
properties of these channels [17-22]. Certain peptide toxins bind to VGSCs with high affinity and
selectivity, and some of them have been used to isolate VGSC subtypes and to explore their structure and
function. Moreover, peptide toxins have been used to develop therapeutic drugs that selectively target
certain VGSC subtypes [17-22].

p-TRTX-Hhnlb (HNTX-IV) is a 35-residue peptide from tarantula Ornithoctonus hainana
(Haplopelma hainanum) venom [23,24]. The amino acid sequence is
ECLGFGKGCNPSNDQCCKSSNLVCSRKHRWCKYEI. The peptide amidated at its C-terminal has
a high proportion of basic residues and is crosslinked by three disulfide bonds. The linkage pattern of
disulfide bridges is Cys2-Cys17, Cys9-Cys24 and Cys16-Cys31. p-TRTX-Hhnlb specifically inhibits
the neuronal TTX-S VGSCs in rat dorsal root ganglion (DRG) cells [25]. It was found that four
residues (Lys27, His28, Arg29 and Lys32) form a positively charged patch on the molecular surface
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and are critical for the inhibitory activity of p-TRTX-Hhnlb [7,26]. The four residues might interact
directly with the acidic residues in the DIIS3-S4 linker of TTX-S sodium channels and stabilize the
DIIS4 voltage sensor. Our unpublished data [27] showed that native u-TRTX-Hhnlb preferentially
inhibited Nav1.2, Navl.3 and Navl.7 compared with Navl.4 and Navl.5; Navl.7 was the most
sensitive channel to p-TRTX-Hhnlb (ICsp ~21 nM). Considering the critical role of Navl.7 in pain
pathways, we want to ask whether n-TRTX-Hhn1b possesses an analgesic effect on both inflammatory
and neuropathic pain models. In the present studies, the peptide was successfully synthesized, and its
inhibitory activity was examined on human Navl.7 expressed in HEK 293 cells. Additionally,
its analgesic properties in models of inflammatory and neuropathic pain were further determined.
The results suggested that p-TRTX-Hhnlb was indeed an attractive template for further clinical
analgesic drug design.

2. Results and Discussion
2.1. Peptide Synthesis, Folding and Characterization

Solid-phase synthesis of p-TRTX-Hhnlb, using Fmoc-protected amino acids and HOBt/TBTU
coupling, yielded a major product, as revealed by reversed-phase high-performance liquid chromatography
(RP-HPLC) analysis and matrix-assisted laser-desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF-MS) (Figure 1A,B). The measured monoisotopic molecular weight was 3992.9841 Da,
which was consistent with that calculated from the linear reduced peptide amidated at its C-terminal.
Then, the purified reduced peptide was refolded/oxidized in buffer 0.1 M Tris-HCI, 0.1 M NaCl, pH
7.8, containing 5 mM GSH and 0.5 mM GSSG for 24 h at room temperature. Purified product after
oxidization was homogeneous in analytical RP-HPLC (Figure 1C), and the monoisotopic molecular
weight was determined to be 3986.8949 Da (Figure 1D), 6 Da lower than that of the reduced peptide,
indicating that the six cysteine residues form three pairs of disulfide bonds.

Furthermore, we wanted to check if the synthetic u-TRTX-Hhnlb exhibited the same inhibitory
activity on VGSCs as the native peptide. The synthetic u-TRTX-Hhn1b was therefore submitted to patch
clamp analysis on human Nav1.7 transiently expressed in HEK 293 cells. The time-dependent inhibition
of Navl.7 by 100 nM p-TRTX-Hhnlb (ton = 20.5 £ 0.3 s) was examined, as shown in Figure 2A. The
inhibitory effect was dose-dependent (Figure 2B). The ICsy value was calculated to be approximately
21 nM. The effects of 50 nM pu-TRTX-Hhnlb on the activation and inactivation of Navl.7 were
analyzed. The half-activation voltage and half-inactivation voltage of Navl.7 after treatment with
50 nM p-TRTX-Hhnlb were —23.0 =+ 0.4 mV and —47.1 £ 0.3 mV, respectively, compared to
—20.5 £ 0.2 mV and —42.6 £ 0.2 mV, respectively, in the native toxin group (Figure 2C), indicating
that u-TRTX-Hhnlb inhibited the peak current of Navl.7 without significant alteration of the
activation and inactivation kinetics of Nav1.7. The results indicated that this peptide could be prepared
by chemical synthesis instead of purification from the crude venom, and the synthetic peptide could be

used for analgesic analysis, as described below.
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Figure 1. RP-HPLC npurification and MALDI-TOF-MS of reduced and refolded
u-TRTX-Hhnlb. (A) Purification of linear reduced peptide; (B) MALDI-TOF-MS of linear
reduced peptide; (C) purification of refolded/oxidized peptide; (D) MALDI-TOF-MS of
refolded/oxidized peptide.
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2.2. The Analgesic Effect of u-TRTX-Hhnlb on the Acetic Acid-Induced Abdominal Constriction
Mouse Model

The acetic acid-induced constriction reaction in mice, described as a typical model for inflammatory
pain, has long been used as a screening tool for the evaluation of analgesic or anti-inflammatory
agents [28,29]. The major transmission pathway of this inflammatory pain has been documented as the
pathway comprising peripheral polymodal receptors around small vessels that signal the central
nervous system via sensory afferent C-fibers that enter the dorsal horn [30]. Bradykinin, substance P
and prostaglandins [31,32] were regarded as mediators involved in the constriction responses induced
by acetic acid. Intraperitoneal injection of acetic acid into mice generates an abdominal constriction
response consisting of a wave of constriction and elongation passing caudally along the abdominal
wall, sometimes accompanied by twisting of the trunk and followed by extension of the hind limbs [28].
As shown in Figure 3, u-TRTX-Hhnlb significantly reduced these pain responses evoked by acetic
acid. The protective effect was dose dependent with a 25.2% (p < 0.05) reduction observed for
25.0 pg/kg u-TRTX-Hhnlb and a 55.6% (p < 0.01) seen for 100 pg/kg u-TRTX-Hhnlb, respectively.
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As a control, morphine at a dose of 50 pg/kg caused a 58.3% (p < 0.01) inhibition of pain responses,
which is similar with the analgesic effects of 100 pg/kg u-TRTX-Hhnlb.
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Figure 2. Inhibitory effect of synthetic p-TRTX-Hhn1b on Nav1.7 expressed on HEK 293
cells. (A) Time course of inhibition of Nav1l.7 by 100 nM p-TRTX-Hhnl1b (1., = 20.5 £ 0.3 s).
(B) The inhibition of u-TRTX-Hhnlb on Navl.7 was dose-dependent. Each data point
(mean = S.E.), which was derived from five to eight cells, shows current relative to native

toxin. Apparent ICs, values were approximately 21 nM; the inward Na' currents were

elicited by a 50-ms depolarization from a holding potential of —80 mV to —10 mV.

u-TRTX-Hhnlb did not significantly alter the activation (C) and steady-state inactivation

(D) of Navl.7. Data are plotted as a fraction of the maximum conductance. The

voltage-dependence of steady-state inactivation was estimated using a standard double-pulse

protocol, in which a 20-ms depolarizing test potential of 0 mV followed a 500-ms prepulse

at potentials that ranged from —130 to =10 mV with a 10-mV increment. Cells were held

at —100 mV.
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Figure 3. The analgesic effect of p-TRTX-Hhnlb in the mouse abdominal constriction
test. ui-TRTX-Hhnlb and morphine were administrated by i.p. injection 15 min before
acetic acid application. Data are represented as the mean + SEM of six animals per group.
** p<0.05,* p<0.01.
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2.3. The Analgesic Effect of u-TRTX-Hhnlb on the Formalin-Induced Inflammatory Rat Model

Formalin-induced paw licking is used to test the effects on peripheral pain, which typically
resembles human clinical pain conditions [33,34]. The antinociceptive effects of u-TRTX-Hhnlb on
formalin-induced paw licking are illustrated in Figure 4. Responses in two time phases, including the
early phase (0—5 min, non-inflammatory pain) and the late phase (15-30 min, inflammatory pain), are
recorded, respectively. As shown in Figure 4, it was found that in contrast to i.p. saline injection, i.p.
pre-treatment with pi-TRTX-Hhnl1b (50, 100 or 200 pg/kg) resulted in a dose-dependent suppression of
pain behaviors induced by s.c. formalin injection in the late-phase. The pain responses, including paw
licking, lifting, favoring, shaking and flinching, were inhibited in the late phases, but not in the early
phases. The column graph (Figure 4, inset) showed that the pain scores over the 40 min period in
the u-TRTX-Hhnl1b-treated group at 50, 100 and 200 pg/kg doses were 458.5 = 59.9 s (n =6, p < 0.05),
346.0 £ 46.2 s (n =6, p <0.01) and 199.8 £ 32.6 s (n = 6, p < 0.01), respectively, while that in the
control group (saline) was 569.2 = 43.5 s (n = 6). In order to determine the antinociceptive efficacy of
u-TRTX-Hhnlb, morphine was used as a positive control. As shown in Figure 4, the pain score was
225.0 = 55.8 s in 100 pg/kg morphine-treated group (n = 6, p < 0.01). The data indicated that
p-TRTX-Hhnlb at a dose of 200 pg/kg produced antinociceptive activity similar to 100 pg/kg
of morphine.

The pain response induced by formalin in the late phase was significantly inhibited by p-TRTX-Hhnlb,
while u-TRTX-Hhnl1b had little effect on the pain responses induced by formalin in the early phase
(Figure 4). The pain responses in the early phase are known as non-inflammatory, which is mediated
by nociceptors in the paw and reflects central pain, while the pain response in the late phase is
inflammatory attributed to prostaglandin (PG) synthesis [35]. The obviously antinociceptive function
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of u-TRTX-Hhnlb in the late phase suggests that p-TRTX-Hhnlb may attenuate peripheral pain
associated with inflammation.

Figure 4. The analgesic effects of ui-TRTX-Hhn1b in the rat formalin test. i-TRTX-Hhn1b
and morphine were administrated by i.p. injection 15 min before formalin. The inset shows
the sum of flinching, licking/biting in the formalin test during 40 min. Data are represented
as the mean = SEM of six animals per group. ** p <0.05, * p <0.01.
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2.4. The Analgesic Effect of u-TRTX-Hhnlb on Spinal Nerve Injury Rat Model

Several animal models of neuropathic pain were developed in the last 10—15 years, including the
sciatic nerve chronic constriction injury model (CCI) [36] and the spinal nerve ligation model
(SNL) [37]. The spared nerve injury (SNI) model is a new model of peripheral nerve damage recently
developed by Decosterd and Woolf [38]. The SNI model differs from the CCI and SNL models in the
location and form of injury. This model results in early, prolonged, robust (all animals are responders)
behavioral modifications. The mechanical (von Frey hair) sensitivity and cold responsiveness increase
in the ipsilateral sural nerve without any change in heat thermal thresholds. Furthermore, this model is
reliable and easy to duplicate. These features may enable this new animal model to be a useful tool in
screening new analgesic drugs. In the present study, we selected the SNI rat model to determine the
analgesic effects of p-TRTX-Hhnlb on neuropathic pain. SNI animals develop qualitative signs
indicative of a marked sensory hypersensitivity of the ipsilateral hind paw to the nerve injury present
24 h after the surgery.

Three days after surgery, significant mechanical allodynia would be developed on the injured hind
paw. A total of 30 rats with mechanical allodynia were divided into five groups randomly. After
intraperitoneal (i.p.) administration of different doses of p-TRTX-Hhnlb (50 pg/kg, 100 pg/kg or
200 pg/kg), the mechanical allodynia induced by SNI was depressed in a dose-dependent manner
(Figure 5). p-TRTX-Hhn1b at the highest dose 200 pg/kg significantly increased the withdrawal threshold
in response to von Frey hair stimulation 60 min after injection to 8.8 = 0.9 g compared with saline
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(14 +£04 g, p<0.01). Even at 100 min after injection of u-TRTX-Hhnlb, the withdrawal threshold
remained 4.0 £ 0.6 g (p < 0.05). The reduction in the paw withdrawal response remained significantly
different compared with the pre-injection baseline response throughout the entire testing period
(Figure 5). For the treatment with mexiletine, i.p. injection of mexiletine at a dose of 40 mg/kg
significantly increased the withdrawal threshold in response to von Frey hair stimulation 15 min after
injection to 8.9 £ 1.2 g compared with vehicle and baseline (1.4 = 0.4 g, p < 0.01); at 40 min after
injection of mexiletine, the withdrawal threshold remained (5.1 =1 g, p < 0.01), before returning to a
level non-significantly different from the baseline and vehicle at 60 min (Figure 5). Our results suggested
that p-TRTX-Hhnlb attenuated injury-induced nociceptive response. From Helle Kirstein Erichsen’s
results [39], the administration of mexiletine (37.5 mg/kg, i.p.) significantly increased the withdrawal
threshold in response to von Frey hair stimulation 15 min after injection, but 45 min after injection of
mexiletine, the withdrawal threshold returned to a level non-significantly different from the baseline
and vehicle, which was similar to our data showing that no analgesic effect was observed at 60 min
after the application of mexiletine. However, it was interesting that the antinociceptive effect of
pu-TRTX-Hhnl1b could last for more than 100 min, about two-fold longer than that of mexiletine.

Figure 5. Effect of u-TRTX-Hhnl1b in the rat spared nerve injury (SNI)-induced allodynia
model of neuropathic pain. The dose-response of the effect of p-TRTX-Hhnlb was
determined by using von Frey filaments to assess mechanical stimulation. p-TRTX-Hhnlb
significantly reversed SNI-induced allodynia at 50-200ug/kg. Data was represented as the
mean + SEM of six animals per group. ** p <0.05, * p <0.01.
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2.5. Rat Rotarod Model of Motor Coordination

In the three tests described above, no animal death was observed, but u-TRTX-Hhnlb at a dose of
0.2 mg/kg was found to cause some side effects, such as inactivity and paralysis. Therefore, the rotarod
latency test was used to access the motor side effects of u-TRTX-Hhnlb in rats. As shown in Figure 6,
compared with baseline (0 min before the injection of p-TRTX-Hhnlb), at a dose of 0.1 mg/kg,
pu-TRTX-Hhnlb induced no significant change in latencies to fall off the rotarod at 30 min and 90 min
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after drug administration, while u-TRTX-Hhnlb at a dose of 0.2 mg/kg significantly (p < 0.05)
reduced latencies at 30 min after p-TRTX-Hhn1b administration, but not at 90 min after u-TRTX-Hhn1b
administration; as the positive control drug, mexiletine at a dose of 37.5 mg/kg also led significant
latency reduction at 30 min. A decrease in fall off time is a suggestive of the depression of the central
nervous system [40]. These data show that p-TRTX-Hhnlb at a high dose might impede the
coordination and balance of rat (motor side effects). Nav1.7 is the most sensitive to p-TRTX-Hhnlb,
but the toxin also inhibits other TTX-S VGSCs in rat DRG cells at a high concentration. Three TTX-S
VGSC subtypes, Navl.1l, 1.6 and 1.7, are found in rat DRG cells. We assumed that the inhibition of
other subtypes other than Nav1.7 might lead to some side effects [41]. For example, Navl1.6 is widely
expressed in the central and peripheral nervous system. A null mutation of the Nav1.6 gene in mice
impairs synaptic transmission at neuromuscular junctions and then causes severe paralysis, muscle
atrophy and juvenile death [42]. Richard W. Carr and his colleagues confirmed the role of Nav1.6 in
mediating the symptoms of oxaliplatin neuropathy [43]. Oxaliplatin neuropathy is characterized by
sensory paresthesias and muscle cramps. It is possible that the inhibition of Nav1.6 by the toxin might
result in inactivity and paralysis in animals.

Figure 6. Motor side effects of p-TRTX-Hhnlb were examined in rats by the rotarod
latency test. At the beginning of the rotarod test, trained rats were tested 0 min before
(baseline) and 30 and 90 min after p-TRTX-Hhnlb or mexiletine administration. The
latency to fall off the rotarod apparatus was determined from the mean time in three trials
for each rat at each time. Data are represented as the mean + SEM of six animals per group.
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3. Experimental Section
3.1. Peptide Synthesis, Folding and Purification

u-TRTX-Hhnlb was synthesized starting from a PAL-PEG-PS resin on an automatic peptide
synthesizer (PerSeptive Biosystems, Foster City, CA, USA) using an Fmoc/tert-butyl strategy and the
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HOBt/TBTU/NMM coupling method. Peptide synthesis was accomplished on a 0.1-mmol scale. The
terminal Fmoc group was removed by treatment with 1:4 piperidine/N,N-dimethylformamide (v/v).
After completion of the synthesis, the peptide was cleaved from the resin with the simultaneous
removal of side chain protective groups by treatment with reagent K (82.5% trifluoroacetic acid,
5% double distilled H,O, 5% phenol, 5% thioanisole and 2.5% ethanedithiol) for 2 h at room
temperature. The resin was then filtered, and the free peptide was precipitated in cold ether at 4 °C.
After centrifugation and washing once with cold ether, the peptide was dissolved in 20% acetic acid
and lyophilized. The reduced peptides were purified by semipreparative reverse-phase HPLC (Waters
1525 HPLC, Waters Corporation, Milford, UK) using a 45-min linear gradient of 5%—-50% eluent B
(0.1% trifluoroacetic acid in acetonitrile) in eluent A (0.1% trifluoroacetic acid in double distilled H,0O)
over 45 min on a C;g column (Luna, 10 mm x 250 mm) at a 2 mL/min flow rate. Fractions were
analyzed by analytical HPLC, and more than 95% pure fractions were pooled and lyophilized. The
linear peptides were oxidized with glutathione and purified using the method recently described [44—46].
The molecular weights of the reduced peptides or oxidized peptides were checked by matrix-assisted
laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry (UltraFlex I, Bruker
Daltonics). For p-TRTX-Hhnlb, the measured molecular mass corresponded to the predicted value
within 1.0 unit, consistent with the correctness of the sequence and the complete removal of all side
chain protection groups.

3.2. Electrophysiological Assays

A human Nav1.7 channel plasmid (accession No. NM_002977) and a plasmid for green fluorescent
protein were transiently transfected into human embryonic kidney 293 (HEK293) cells using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions.
HEK293 cells were grown under standard tissue culture conditions (5% CO,; 37 °C) in DMEM
supplemented with 10% FBS. The B; subunit was cotransfected with the Nav1l.7 channel to increase
the current density. Cells with green fluorescence were selected for whole-cell patch-clamp recording
at 3672 h after transfection. Patch-clamp experiments were performed at room temperature. Suction
pipettes (2.0-3.0 MQ) were made from borosilicate glass capillary tubes using a two-step vertical
micropipette puller. The pipette solution contained (in mM): CsCl 145, MgCl,-6H,O 4, HEPES 10,
EGTA 10, glucose 10, ATP 2 (pH 7.2). The external solution contained (in mM): NaCl 145, KCI 2.5,
CaCl, 1.5, MgCl,.6H,0O 1.2, HEPES 10, glucose 10 (pH 7.4). Experimental data were collected and
analyzed using the program Pulse/Pulsefit 8.0 (HEKA Electronics, Pfalz, Germany). Macroscopic
sodium currents were filtered at 5 kHz and digitized at 20 kHz with an EPC-9 patch-clamp amplifier
(HEKA Electronics, Pfalz, Germany). Series resistance was kept near 5 MQ and compensated to
65%—70%; linear capacitative and leakage currents were digitally subtracted using the P/4 protocol.

-X h .
Dose-response curves were fitted by the Hill equation as follows: y =1/[1+ 107555071 "\where y is the

fraction of current after the application of toxin, ECs is the concentration at half-maximal efficacy, x is
the toxin concentration and h is the Hill coefficient. Both the steady-state activation and inactivation
curves were fitted by the Boltzmann equation as follows: Gy, /G, =1/(1+exp">"""%y "where

Gmax represents maximal Gnay, Vi i1s the half-maximal activation voltage, V is the membrane
potential and Ky, is the slope factor.
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3.3. Animal

The ICR mice (weight 20-25 g/each) and Sprague-Dawley rats (180-220 g/each) used in this study
were purchased from the Experimental Animal Center of SLac-kinda (Changsha, China). The animals
were maintained at 25-28 °C and allowed access to food (normal laboratory chow) and tap water
ad libitum. All of the experimental protocols to the animals were approved by the Animal Care and
Use Committee (ACUC) at the Hunan Province Animal Management Office (HPAMO). The rats were
habituated to the laboratory environment for 3 days before the sensory test. For von Frey assessment,
rats were habituated to the laboratory 2 h/day for 2 days before evaluation. Each rat was tested with
only one drug and one dose. All animal experiments were performed in a blinded manner.

3.4. Abdominal Constriction Response Caused by Acetic Acid

The abdominal constriction responses induced by intraperitoneal (i.p.) injection of 0.2 mL acetic
acid (0.8%), including contraction of the abdominal muscle and stretching of the hind limbs, were
performed according to procedures described by Collier et al. [28]. Mice (male, weighing 20-25 g)
were pre-treated with the test samples dissolved in saline by intraperitoneal (i.p.) injection for 15 min
prior to acetic acid injection. Control animals received the same volume of vehicle (saline: 0.9%
sodium chloride solution). After the challenge, mice were individually placed into open polyvinyl
cages (30 cm x 40 cm x 30 cm), and the abdominal constriction responses were counted cumulatively
during 30 min, which was represented as the sum of constriction (S). The inhibition of pain responses
was calculated by the equation as follows: inhibition of pain responses % = (Ssatine = Sdrug)/Ssaline PET
animal. One hundred percent corresponds to complete reversal of pain, equivalent to the non-injury
value, and 0% corresponds to the value from the saline group.

3.5. Formalin Test

Acute and chronic nociceptive responses were measured using the rat paw formalin test as descried
by Dubission [47] and modified by Malmberg [48]. Adult Sprague-Dawley rats (male, weighing
180-220 g) were used for this behavioral test. During the test, each rat was placed into open polyvinyl
cages (30 cm x 40 cm x 30 cm) and at least 30 min before administration of the toxin. All agents were
administered 30 min prior to s.c. intraplantar formalin injection. A volume of 50 puL formalin (5%)
solution was used as previously described [46] and injected into the plantar surface of one hind paw.
Lifting, favoring, licking, shaking and flinching of the injected paw were recorded as nociceptive
responses [49]. The total time of the nociceptive response was measured every 5 min and expressed in
min (mean = SEM). Recording of nociceptive behavior commenced immediately after formalin
injection and was continued for 40 min.

3.6. Spinal Nerve Injury Model

The spared nerve injury was produced as described previously by Decosterd and Woolf [38].
The rats (male, weighing 180-220 g) were anesthetized with ketamine (300 mg/kg) and placed on a
pad. Aseptic techniques were used, and the sciatic nerve and its three terminal branches, including the
sural, common peroneal and tibial nerves, were exposed, ligated and transected. Muscle and skin were
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closed with 4-0 polydiaxone and wound clips. Sham controls involved the exposure of the sciatic nerve
and its branches without any lesion.

Allodynia was assessed 3 days after SNI surgery, and only rats that developed allodynia, as defined
by a significant decrease in their mechanical threshold using von Frey filament, were used. Tactile
allodynia was assessed with calibrated von Frey filaments (Stoelting, Wood Dale, IL, USA) using an
up-down paradigm. Mechanical sensitivity was determined by applying a series of twenty calibrated
von Frey filaments (0.008-2 g, 2-60 g) to the plantar aspect of the left hind paw. Rats that displayed
pre-injury baseline measurements <15 g were not included in the study. A response was indicated by
brisk withdrawal of the hind paw.

3.7. Rotarod Model of Motor Coordination

Motor activity was assessed using a rotarod apparatus for rats (Coulbourn Instruments, Lehigh Valley,
PA, USA) [50]. The rotarod might be set at any speed from 0 to 50 rpm. For motor coordination
assessment, rats were trained for 2 days by walking them each day on an accelerating rotarod from 4 to
40 rpm for 10 min. Only those animals that demonstrated their ability to remain on the revolving rod
for at least four min were used for the test. At the beginning of the rotarod test, trained rats were tested
0 min before and 30 min and 90 min after p-TRTX-Hhnlb or mexiletine administration. Motor
performance was considered as the latency to fall off the rotarod apparatus determined from the mean
time in three trials for each rat at each time.

3.8. Statistical Analysis

Rats and mice were randomly assigned to each of treated or control groups, and the investigator
evaluating the animals was blinded to their treatments. Results were presented as the mean + SEM.
Statistical analysis was carried out by the Student’s t-test or a 1-way or 2-way analysis of variance
followed by Student—Newman—Keuls’ or Bonferroni posttests when appropriate. p < 0.05 was
considered to be statistically significant.

4. Conclusions

In conclusion, our results demonstrate that p-TRTX-Hhnlb could dose-dependently reverse
hyperalgesia in the abdominal constriction and formalin models of inflammatory pain and allodynia in
the SNI model of neuropathic pain. We proposed that the antinociceptive effect of u-TRTX-Hhnlb
was attributed to its ability to inhibit the TTX-S VGSCs, especially Nav1.7, in DRG neurons, thereafter
blocking the transduction of the pain pathway. Significantly, our study indicated that, as for the
analgesic effects in the three pain models tested, p-TRTX-Hhnlb might be comparable with or
superior to morphine and mexiletine, which are both clinical drugs. It should be noted that abnormal
behaviors, such as inactivity and paralysis, were observed in some mice and rats treated with the
highest dose of p-TRTX-Hhnlb. However, no animal death occurred in all tests. It was assumed that
the side effects might result from the inhibition of p-TRTX-Hhnlb on some other VGSC subtypes,
such as Navl.6. Therefore, amino acid mutations will be conducted to enhance the selectivity of
u-TRTX-Hhnlb on Navl.7, which would be expected to reduce the side effects, but the pain relief
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effect of the toxin would remain. Taken together, u-TRTX-Hhnlb efficiently alleviated acute
inflammatory pain and chronic neuropathic pain in animals and provided an attractive template for

further clinical analgesic drug design.
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