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Abstract: The present study investigated the effects of intrathecal administration of 

ProTx-II (tarantula venom peptide) and A803467 (5-[4-chloro-phenyl]-furan-2-carboxylic 

acid [3,5-dimethoxy-phenyl]-amide), selective Nav1.7 and Nav1.8 antagonists, respectively, on 

thermal hyperalgesia in a painful diabetic neuropathy model of mice. Intrathecal administra-

tion of ProTx-II at doses from 0.04 to 4 ng to diabetic mice dose-dependently and significantly 

increased the tail-flick latency. Intrathecal administration of A803467 at doses from 10 to 100 ng 

to diabetic mice also dose-dependently and significantly increased the tail-flick latency. However, 

intrathecal administration of either ProTx-II (4 ng) or A803467 (100 ng) had no effect on the 

tail-flick latency in nondiabetic mice. The expression of either the Nav1.7 or Nav1.8 sodium 

channel protein in the dorsal root ganglion in diabetic mice was not different from that in nondia-

betic mice. The present results suggest that ProTx-II and A803467, highly selective blockers of 

Nav1.7 and Nav1.8 sodium channels, respectively, in the spinal cord, can have antihyperalgesic 

effects in diabetic mice.
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Introduction
Painful neuropathy is one of the most frequent complications of diabetes mellitus. 

Streptozotocin (STZ)-induced diabetes in rodents has been extensively used to study 

neuropathic pain and to explore the efficacies of new potential therapeutic drugs through 

the use of sensory behavioral tests. Diabetic neuropathy can be easily identified in this 

model through associated sensory dysfunctions, including thermal hyperalgesia and 

mechanical allodynia in rodents.1–3

Sodium channel blockade is one of the best-known treatments for relieving 

diabetes-induced pain. Some sodium-channel blockers, such as lidocaine and 

mexiletine, effectively prevent the tactile allodynia associated with diabetes-induced 

neuropathy under clinical diabetic neuropathic pain conditions4–7 and in rodent 

models of painful diabetic neuropathy.8,9 At least nine different voltage-dependent 

sodium-channel subtypes (Nav1.1–1.9) have been identified in the nervous system. 

Each voltage-dependent sodium-channel subtype can be classified functionally as 

either tetrodotoxin (TTX)-sensitive (fast inactivating) (TTX-S) or -resistant (slow 

inactivating) (TTX-R).10–12 Seven of these subtypes are expressed in sensory neurons 

in the dorsal root ganglion (DRG), and peripheral nerve injury can alter the expression 

patterns of several types of voltage-gated sodium channels.13–15 Recently, voltage-gated 

sodium channels, especially Nav1.7 and Nav1.8, have been implicated in chronic neu-

ropathic pain.16,17 These subtypes are expressed in small nociceptive fibers, and can be 
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down- or upregulated under painful conditions.18,19 It is well 

recognized that Nav1.7 is a TTX-S channel and Nav1.8 is 

TTX-R.16,19 These channels are coexpressed in nociceptive 

neurons of the DRG.20 Nav1.7 may be involved in the initial 

phase of depolarization, and initiates action potentials.20 

Action potentials are maintained by Nav1.8 and this is fol-

lowed by hyperpolarization of the membrane.20

The precise roles of spinal Nav1.7 and Nav1.8 in the main-

tenance of thermal hyperalgesia in diabetic neuropathy are not 

clear. The present study investigated if intrathecal (IT) admin-

istration of ProTx-II (cystine knot peptides from tarantula 

venom) and A803467 (5-[4-chloro-phenyl]-furan-2-carboxylic 

acid [3,5-dimethoxy-phenyl]-amide), selective Nav1.7 and 

Nav1.8 antagonists, respectively, could reduce thermal hype-

ralgesia in a mouse model of diabetic neuropathy.21,22

Materials and methods
Animals
Male 4-week-old ICR mice (Tokyo Animal Laboratory Inc., 

Tokyo, Japan), weighing about 20 g at the start of the experi-

ment, were used. The mice had free access to food and water 

and were housed five per cage in an animal room that was 

maintained at 24°C±1°C with a 12-hour dark/light cycle. All 

behavioral experiments were performed between 10 am and 

7 pm each day. This study was carried out in accordance with 

the Declaration of Helsinki and/or according to the guidelines 

of the committee on the care and use of laboratory animals of 

Hoshi University, Tokyo, which is accredited by the Ministry 

of Education, Science, Sports and Culture.

Induction of diabetes with STZ
Mice were rendered diabetic by an intravenous injection 

of STZ (200 mg/kg) prepared in citrate buffer at pH 4.5. 

Age-matched animals were injected with vehicle alone. 

Experiments were conducted 2 weeks after the admin-

istration of STZ. Animals with a serum glucose level 

above 400 mg/dL were considered diabetic.

Assessment of thermal hyperalgesia
The antihyperalgesic response was evaluated using the 

tail-flick test (KN-205E Thermal Analgesimeter; Natume, 

Tokyo, Japan). Briefly, the mouse was gently restrained 

in a tube. The tail was positioned in a groove underneath a 

50 W projection bulb with the dorsal part of the tail facing 

the light bulb. The light and timer were monitored with the 

same switch. Twitching or movement of the tail is a typical 

response elicited by heat. When this occurred, light reached 

a photocell and the light and timer were switched off. 

Latencies of such movement were determined as the mean 

of two trials. The voltage of a 50 W projection lamp was set 

to 50 V, which gave a baseline value in nondiabetic animals 

of 10–14 seconds.3 The cut-off time was set to 30 seconds to 

prevent injury to the tail. Tail-flick latencies were measured 

before and 15, 30, 60, 90, 120, 150, and 180 minutes after 

the injection of drugs.

IT injections
Sodium-channel blockers were administered by IT injection 

as described by Hylden and Wilcox23 using a 25 µL Gastight® 

syringe (Hamilton, Reno, NV USA) and a BD Precisionglide® 

30G 1/2 inch needle (Becton Dickinson, Franklin Lakes, NJ, 

USA). The mouse was restrained manually and the needle 

was inserted between the L5 and L6 vertebrae. This site is 

near the end of the spinal cord and minimizes the risk of 

spinal damage.23 The drug solution was injected in a volume 

of 4 µL per mouse.

Western blotting
The DRG was quickly dissected 2 weeks after the administra-

tion of STZ. Western blotting was performed as described 

previously24 with some modifications. Briefly, the DRG was 

homogenized in ice-cold radioimmunoprecipitation assay 

buffer containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 

0.1% sodium dodecyl sulfate (SDS), 0.5% sodium deoxy-

cholate, 1% Triton X, 1 mM phenylmethylsulfonyl fluoride, 

25 µg/mL leupeptin, 25 µg/mL aprotinin, 10 mM NaF, and 

1 mM Na
3
VO

4
. The homogenate was then centrifuged at 

20,000× g for 20 minutes at 4°C, and the supernatant was 

retained as total tissue lysate. The protein concentration was 

measured using a BCA assay kit (Thermo Fisher Scientific 

Inc., Waltham, MA, USA). Samples were diluted with radio-

immunoprecipitation assay buffer to achieve the same con-

centration of protein (15 µg/5 µL). Samples were diluted with 

an equal volume of 2× electrophoresis sample buffer contain-

ing 2% SDS and 10% glycerol with 0.2 M dithiothreitol. 

Proteins were separated by SDS-PAGE (5%–20% gradient 

gel; Atto, Tokyo, Japan). After electrophoresis, proteins 

were transferred to a nitrocellulose membrane (Amersham 

Life Science, Arlington Heights, IL, USA) in Tris/glycine 

buffer containing 100 mM Tris, 192 mM glycine, and 5% 

methanol. The membrane was soaked in a blocking buffer 

(5% bovine serum albumin in Tris-buffered saline [TBS] 

[pH 7.6] containing 0.1% Tween-20 [TBS/T]) for 60 minutes 

at room temperature. The membrane was immunoblotted 

overnight at 4°C with rabbit antibodies against Nav1.7 

(1:500; Alomone Labs, Jerusalem, Israel) and Nav1.8 (1:500; 
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Sigma-Aldrich Co, St Louis, MO, USA). The membrane  

was then washed in TBS/T three times at 10-minute inter-

vals and incubated in horseradish peroxidase-conjugated 

goat anti-rabbit IgG (1:20,000; Cell Signaling Technology, 

Beverly, MA, USA) for 90 minutes at room temperature. 

After the membranes were washed in TBS/T five times at 

5-minute intervals and in TBS twice at 5-minute intervals, 

the antigen–antibody peroxidase complex was detected by 

enhanced chemiluminescence (Thermo Fisher Scientific) 

and immunoreactive bands were visualized by Light Capture 

(AE-6981C; Atto). The membranes were washed again in 

blocking buffer containing 0.1% sodium azide and incubated 

with antibody against GAPDH (1:100,000; Merck Mil-

lipore, Billerica, MA, USA) overnight at 4°C with gentle 

agitation. Membranes were incubated with second antibody, 

and image development was performed. The intensity of the 

band was analyzed and semiquantified by computer-assisted 

densitometry using a CS analyzer (Atto). Values for Nav1.7 

and Nav1.8 in mice DRG were normalized by the respective 

value for GAPDH.

Drugs
Tarantula venom peptide ProTx-II, which selectively interacts 

with Nav1.7 sodium channel, was purchased from Peptide 

Institute Inc. (Ibaraki, Osaka, Japan). (5-[4-chloro-phenyl]-

furan2-carboxylic acid [3,5-dimethoxy-phenyl]-amide 

(A803467), a selective Nav1.8 sodium channel blocker, and 

STZ were purchased from Sigma-Aldrich Co. ProTx-II was 

dissolved in saline. A803467 was dissolved in 30% dimethyl 

sulfoxide (DMSO) in saline. For vehicle-only control groups, 

equal volumes of DMSO or saline were injected.

Data analysis
The data are expressed as means ± standard error for ten 

mice in each group. The statistical significance of differences 

between groups was assessed with a two-way analysis of 

variance followed by the Bonferroni/Dunnett test.

Results
Thermal hyperalgesia in STZ- 
induced diabetic mice
To determine thermal hyperalgesia, all mice were examined 

with regard to their tail-flick responses to noxious thermal 

stimulation before and after STZ administration. Diabetic 

mice had lower nociceptive threshold values than did nondia-

betic mice, as evidenced by a significant (P,0.05) difference 

in the tail-flick latency between the two groups (diabetic mice, 

6.5±0.7 seconds; nondiabetic mice, 11.6±0.3 seconds).

Effects of IT ProTx-II and A803467  
on thermal hyperalgesia in STZ- 
induced diabetic mice
The tail-flick latencies in unmanipulated age-matched 

nondiabetic and diabetic mice did not differ from those in 

vehicle-only control rats that received IT DMSO or saline. 

Treatment with either ProTx-II, A803467, or DMSO did 

not caused abnormal behaviors in mice. Furthermore, mice 

were fully awake, were responsive to stimuli, and retained the 

righting reflex after the administration of these drugs.

IT administration of ProTx-II at doses from 0.04 to 

4 ng to diabetic mice dose-dependently and significantly 

increased the tail-flick latency. The antihyperalgesic effect 

of ProTx-II (4 ng) in diabetic mice peaked within 60 min-

utes after treatment (baseline, 6.6±0.2 seconds; 60 minutes, 

15.2±0.6 seconds) and gradually returned to baseline within 

150 minutes (Figure 1A). However, IT administration of 

ProTx-II to nondiabetic mice, even at a dose of 4 ng, did not 

significantly change the tail-flick latency (Figure 1B).
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Figure 1 Time course of the effect of ProTx-II on the thermal nociceptive threshold 
in diabetic (A) and nondiabetic (B) mice.
Notes: The antinociceptive effect of ProTx-II was assessed in the tail-flick test 30, 
60, 90, 120, and 180 minutes after intrathecal injection. Each point represents the 
mean with standard error of 7–10 mice. *P,0.05 versus respective vehicle (saline)-
treated group.
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After IT administration, A803467 at doses from 

10 to 100 ng to diabetic mice also dose-dependently and 

significantly increased the tail-flick latency. The antihyper-

algesic effect of A803467 (100 ng) in diabetic mice peaked 

within 30 minutes after treatment (baseline, 6.1±0.2 seconds; 

30 minutes, 14.7±0.6 seconds) and gradually returned to 

baseline within 180 minutes (Figure 2B). However, IT admin-

istration of A803467 at a dose of 100 ng had no effect on the 

tail-flick latency in nondiabetic mice (Figure 2A).

Coadministration of ProTx-II (0.4 ng, IT) and A803467 

(30 ng, IT) caused an additive antihyperalgesic effect in 

diabetic mice when the tail-flick latency was measured 

30 minutes after administration (ProTx-II alone: baseline, 

7.1±0.1 seconds; 30 minutes, 11.7±0.3 seconds, n=10; 

A803467 alone: baseline, 7.0±0.2 seconds; 30 minutes, 

12.6±0.2 seconds, n=10; ProTx-II plus A803467: baseline, 

6.3±0.3 seconds; 30 minutes, 16.8±0.5 seconds, n=10). 

However, IT coadministration of ProTx-II and A803467 

had no effect on the tail-flick latency in nondiabetic 
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Figure 2 Time course of the effect of A803467 on the thermal nociceptive threshold 
in diabetic (A) and nondiabetic (B) mice.
Notes: The antinociceptive effect of A803467 was assessed in the tail-flick test 
30, 60, 90, 120, and 180 minutes after intrathecal injection. Each point represents 
the mean with standard error of 7–10 mice. *P,0.05 versus respective vehicle  
(30% dimethyl sulfoxide)-treated group.
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Figure 3 The protein levels of Nav1.7 (A) and Nav1.8 (B) in the dorsal root 
ganglion of nondiabetic and diabetic mice.
Notes: Immunoblots are representative of the results for Nav1.7 and Nav1.8. The 
immunoblots of Nav1.7 and Nav1.8 were normalized by GAPDH. Each column 
represents the mean with standard error of eight mice.

mice (baseline, 11.9±0.3 seconds; 30 minutes, 12.4±0.2 

seconds, n=10).

Effect of diabetes on the protein  
levels of Nav1.7 and Nav1.8 sodium 
channels in DRG
Expression of the Nav1.7 and Nav1.8 sodium-channel 

proteins was examined in the spinal cords of diabetic and 

nondiabetic mice. There was no difference in the expression 

of either the Nav1.7 or Nav1.8 sodium-channel protein in the 

DRG between diabetic and nondiabetic mice (Figure 3).

Discussion
Previously, we reported that the IT administration of sodium-

channel opener fenvalerate produced characteristic behavioral 

responses which mainly consisted of hind limb scratching 

directed toward caudal parts of the body and biting or licking 

of the hind legs.25 The duration of this IT fenvalerate-induced 

characteristic behavioral response in diabetic mice was sig-

nificantly longer than that in nondiabetic mice. Furthermore, 

pretreatment with intraperitoneal morphine (1–10 mg/kg) 

dose-dependently reduced fenvalerate-induced characteristic 

behavioral response.25 We also demonstrated that fenvalerate-

induced characteristic behavioral response was reduced by 

mexiletine (10 and 30 mg/kg, intraperitoneal), a lidocaine-

like sodium-channel blocker, in a dose-dependent manner.25 

Therefore, we suggested that fenvalerate-induced behavior 

may be related to nociception caused by the activation of 

sodium channels. However, fenvalerate is known to modulate 

both TTX-R and TTX-S sodium channels in a similar 

direction.26 We recently demonstrated that the fenvalerate-
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induced nociceptive response was reduced by pretreatment 

with calphostin C, a selective protein kinase C inhibitor.25 On 

the other hand, the fenvalerate-induced nociceptive response 

was enhanced by pretreatment with protein kinase C activator, 

phorbol-12, 13-dibutyrate.25 Thio and Sontheimer reported 

that the activation of protein kinase C had different effects 

on TTX-S and TTX-R sodium currents.27 They reported 

that although phorbol 12-myristate 13-acetate reduced peak 

currents of TTX-S sodium channels, it potentiated peak cur-

rent of TTX-R sodium channels.27 TTX-R current activation 

was faster and current inactivation changed from single- to 

bi-exponential after exposure to phorbol 12-myristate 13-ac-

etate.27 In contrast, TTX-S current activation was unchanged, 

and current inactivation decreased by an average of 50% 

following exposure to phorbol 12-myristate 13-acetate.27 

Similarly, it has been reported that the activation of protein 

kinase C increased TTX-R sodium current, whereas inhibi-

tors of protein kinase C decreased TTX-R sodium current.28 

These results suggest that the sensitization of TTX-R sodium 

channels, by the activation of protein kinase C, may play 

an important role in the enhancement of the duration of 

fenvalerate-induced nociceptive behavior in diabetic mice. 

Based on these results, we concluded that TTX-R sodium-

channel function is altered in diabetes, which explains why 

neurons that participate in nociception are highly excitable 

in diabetic animals.29 On the other hand, it has been reported 

that changes in the activities of sodium channels, particularly 

TTX-R Nav1.8 sodium channels, can play an important role 

in the progression of diabetes-induced signs of pain, such as 

thermal hyperalgesia and mechanical allodynia.14,30 A803467 

was 300- to 1,000-fold more potent at blocking Nav1.8 as 

compared with its ability to block Nav1.2, Nav1.3, Nav1.5, 

and Nav1.7.31 The present study demonstrated that IT admin-

istration of A803467, a specific Nav1.8 sodium-channel 

blocker, produced a dose-dependent antinociceptive effect 

in diabetic mice, but not in nondiabetic mice. This result 

supports the above hypothesis that TTX-R Nav1.8 sodium 

channels play an important role in the progression of painful 

diabetic neuropathy.

On the other hand, although several reports have indicated 

that animals with painful diabetic neuropathy exhibited an 

increase in protein levels of Nav1.7 sodium channel in DRG 

compared to lean controls with no pain,32–34 no previous 

study has indicated that Nav1.7 sodium-channel blockade 

has a therapeutic effect against painful diabetic neuropathy. 

Interestingly but unexpectedly, we observed that ProTx-II,  

a selective blocker of Nav1.7 sodium channels, has anti-

nociceptive effects in diabetic mice with painful neuropathy. 

Although ProTx-II inhibits multiple sodium-channel 

subtypes (Nav1.1–1.8), it has been reported to be 100-fold 

more selective for Nav1.7.35,36 Thus, our data suggest that 

Nav1.7 sodium channels contribute to thermal hyperalgesia 

in diabetic mice with painful neuropathy.

The percentage of large-soma DRG neurons that express 

TTX-S Nav1.7 significantly increased in diabetic animals, 

suggesting that these alterations may underlie the increased 

sodium currents in diabetic rats. On the other hand, TTX-R 

Nav1.8 transcription and expression are decreased in diabetic 

rats30,37 with increased TTX-R sodium currents.30,38–40 In the 

present study, however, we observed that the expression of 

both Nav1.7 and Nav1.8 in the DRG of diabetic mice did not 

differ from those in nondiabetic mice. The phosphorylation 

of Nav1.7 and Nav1.8 appears to be increased in the DRG 

of diabetic rats, suggesting that changes in serine/threonine 

and tyrosine phosphorylation of voltage-gated sodium chan-

nels may play a role in the transmission of painful stimuli 

in diabetic neuropathy.30 Changes in the function of sodium 

channels, such as sodium-channel phosphorylation, but not 

the expression of channels, may contribute to painful diabetic 

neuropathy.

In summary, the present results suggest that ProTx-II and 

A803467, highly selective blockers of Nav1.7 and Nav1.8 

sodium channels, respectively, in the spinal cord, can produce 

antihyperalgesic effects in diabetic mice. Furthermore, we 

observed that coadministration of ProTx-II (0.4 ng, IT) and 

A803467 (30 ng, IT) caused an additive antihyperalgesic 

effect in diabetic mice. These data firstly provide functional 

evidence that blockade of Nav1.7 and Nav1.8 sodium chan-

nels may be appropriate targets for treating the painful clinical 

signs of diabetes.
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