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Abstract

Patients with diabetes mellitus (DM) or those experiencing the neurotoxic effects of chemotherapeutic agents may develop sensation disorders
due to degeneration and injury of small-diameter sensory neurons, referred to as small fiber neuropathy. Present animal models of small fiber
neuropathy affect both large- and small-diameter sensory fibers and thus create a neuropathology too complex to properly assess the effects of
injured small-diameter sensory fibers. Therefore, it is necessary to develop an experimental model of pure small fiber neuropathy to adequately
examine these issues. This protocol describes an experimental model of small fiber neuropathy specifically affecting small-diameter sensory
nerves with resiniferatoxin (RTX), an ultrapotent agonist of transient receptor potential vanilloid type 1 (TRPV1), through a single dose of
intraperitoneal injection, referred to as RTX neuropathy. This RTX neuropathy showed pathological manifestations and behavioral abnormalities
that mimic the clinical characteristics of patients with small fiber neuropathy, including intraepidermal nerve fiber (IENF) degeneration, specifically
injury in small-diameter neurons, and induction of thermal hypoalgesia and mechanical allodynia. This protocol tested three doses of RTX
(200, 50, and 10 µg/kg, respectively) and concluded that a critical dose of RTX (50 µg/kg) is required for the development of typical small fiber
neuropathy manifestations, and prepared a modified immunostaining procedure to investigate IENF degeneration and neuronal soma injury.
The modified procedure is fast, systematic, and economic. Behavioral evaluation of neuropathic pain is critical to reveal the function of small-
diameter sensory nerves. The evaluation of mechanical thresholds in experimental rodents is particularly challenging and this protocol describes
a customized metal mesh that is suitable for this type of assessment in rodents. In summary, RTX neuropathy is a new and easily established
experimental model to evaluate the molecular significance and intervention underlying neuropathic pain for the development of therapeutic
agents.

Video Link

The video component of this article can be found at https://www.jove.com/video/56651/

Introduction

Small fiber neuropathy involving neuropathic pain, which is evident by the degeneration of IENFs, is common in various types of conditions,
such as DM, and as a result of the neurotoxic effects of chemotherapeutic agents1,2,3,4,5. IENFs are the peripheral terminals of small-diameter
neurons located in the dorsal root ganglia (DRG), and are affected in parallel in cases of IENF degeneration6. For example, the altered upstream
genetic transcription of neuronal somata has been demonstrated by the upregulation of activating transcription factor-3 (ATF3)6,7. Moreover,
the evaluation of IENFs innervation with skin biopsy is useful for the diagnosis of small fiber neuropathy5,8,9. Traditionally, the profiles of the
IENFs on the skin biopsy have depended on immunohistochemical demonstration of protein gene product 9.5 (PGP 9.5)1,10,11. Taken together,
the pathological profiles of DRG and IENFs reflect the functional condition underlying small fiber neuropathy and may be an indicator for the
functional consequences of this type of neuropathy on small-diameter neurons.

Previously, several experimental models have addressed the issue of IENF degeneration in cases of chemotherapy-induced neuropathy12,13

and nerve injury caused by compression or transection14,15,16. These experimental models also affected large-diameter nerves; it was, therefore,
not possible to exclude the contribution of affected large-diameter nerves in the observed small fiber neuropathy; for instance, the examination
of thermosensation disorder by noxious withdrawal depends on functional motor nerve fibers17,18,19. Thus, establishing a pure small fiber
neuropathy model and systematically investigating the pathological status of both neuronal somata and their peripheral cutaneous nerve fibers in
small-diameter neurons are necessary and imperative.

RTX is a capsaicin analogue and a potent agonist to transient receptor potential vanilloid receptor 1 (TRPV1), which mediates nociceptive
processing20,21,22. Recently, peripheral RTX treatment relieved neurogenic pain23,24,25 and an intraganglionic injection of RTX induced irreversible
loss of DRG neurons22. The effect of peripheral RTX administration is dose-dependent20,26,27, which resulted in the transient desensitization
or degeneration of IENFs. Intriguingly, systematic high-dose RTX treatment led to neuropathic pain28, a symptom of small fiber neuropathy.
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These findings suggest that the treatment mode and dose of RTX produce distinct pathological effects and neuronal responses; to wit,
peripheral administration prevented pain transmission by local effects29 and affected the neuronal somata that developed neuropathic behavior6.
Collectively, these findings indicate that RTX has a multipotency effect and raised the issue whether there is a specific dose of RTX that could
systematically affect the peripheral nerves, such as the peripheral IENFs and central neuronal somata. If so, RTX might be a potential agent
to specifically affect small-diameter neurons and mimic small fiber neuropathy in the clinic. For example, DM in the clinic is a complicated
issue including metabolic disorder and neuropathology of peripheral nerves, which are the main characteristics of small fiber neuropathy. The
mechanisms of DM-associated small fiber neuropathy could not exclude the contribution of metabolic disorder that may not be the main agent
affecting peripheral nerves. Therefore, DM-associated small fiber neuropathy requires a pure animal model that could exclude the effects of
systematic metabolic disorder. This protocol describes the working dose of RTX to develop a typical small fiber neuropathy model, including
IENF degeneration and small-diameter neuron injury, as demonstrated by modified immunostaining analysis.

Protocol

All the procedures described are in accordance with ethical guidelines for laboratory animals30, and the protocol has been approved by the
Animal Committee of Kaohsiung Medical University, Kaohsiung, Taiwan.

1. Establishment of RTX Neuropathy

CAUTION: RTX is neurotoxic and hazardous. On contact, it acts as an irritant to the eyes, mucous membranes, and upper respiratory tract.
Avoid inhalation and wear lab eyeglasses and coats during RTX preparation. Rinse with plenty of water in case of skin contact or after handling.

1. Add 1 mg of RTX powder to a 200 µL of mixture of equal volume of Tween 80 and absolute ethanol (100 µL for each solvent).
2. Aliquot the RTX solution (12 µL/vial) and store at -20 °C, for up to 3 months. This constitutes the RTX stock; discard the remaining RTX

solution at expiration.
3. Dilute the RTX stock with normal saline to a final volume of 600 µL. The final concentration of the RTX solution should be 0.01%, which

equals 1 µg RTX in 10 µL vehicle solution.
4. Use 8-week-old adult male ICR mice (35-40 g) as experimental animals and administer a single dose of RTX solution (dose: 200, 50, and 10

µg/kg, respectively) intraperitoneally (i.p.) with a microinjection syringe to the mice. Mice was anesthetized by inhaler with 5 % isoflurane for
deep anesthesia. If mice showed withdrawal action of extremities during RTX injection, mice should take longer inhalation of anesthesia.  
 

Example: If the mouse weighs 40 g, then it will receive 20 µL of the RTX solution, representing the dose of 50 µg/kg.
5. Give one group of mice an equal volume of vehicle (10% Tween 80 and 10% absolute ethanol in saline solution), as a control.
6. After RTX injection, return the mice to a plastic cage on a 12-h light/12-h dark cycle and provide food and water ad libitum.

2. Evaluation of Neuropathic Behavior

NOTE: Maintain the animals in a comfortable environment (step 1.6) to allow recovery after injection. At day 7 post RTX injection (D7),
each animal performs the hot plate and von Frey hair filament tests on the same day to reduce time bias and promote the efficiency of the
behavioral tests. Bring the animals to a quiet room that is maintained at a stable humidity (40%) and temperature (27 °C) for optimizing animal
acclimatization and reducing environmental effects during the behavioral testing. Do not disturb the animals during test periods; the behavioral
tests are scheduled weekly.

1. Measurement of thermal latencies with the hot plate test
1. Place the animal gently on a metal hot plate (27 cm × 29 cm) with a transparent Plexiglas cage (length × width × height: 22 cm × 22 cm

× 25 cm; Figure 1A). Set the temperature of the metal hot plate to 52 °C.
2. Start measuring the duration of the animal's thermal latency on the hot plate with the step-on, built-in timer of the hot plate once the

animal's hindpaws touch the hot plate, and observe the responses of the animal's hindpaws. If the animal shows shaking, licking of
hindpaws, or jumping while on the hot plate, remove it and record the duration that the animal remained on the hot plate. This time
duration defines the thermal latency of an individual animal. Record the thermal latency to the nearest 0.1 s.

3. For each test session, perform three trials with 30-min intervals for response normalization after the last hot plate test. If the animal
shows no response on the hot plate, stop the session after 25 s to avoid potential tissue damage.

2. Measurement of mechanical threshold with the von Frey hair filament test
1. Put the animal on the customized metal mesh (mesh size: 5 mm × 5 mm) with a semi-transparent cylinder Plexiglas cage (diameter: 13

cm; height: 12 cm) (Figure 1B) for acclimatization for at least 2 h.
2. Apply the different calibers of the von Frey hair filaments to the plantar region of the hindpaw with the up-and-down method31. Start

initial application from the middle force of a set of von Frey hair filaments for a duration of filament application of 5-8 s.
3. Use a 2 min interval between filament applications to optimize animal normalization. Change the applied filament force based on the

animal's last response.
 

NOTE: A set of von Frey hair filaments consists of 0.064, 0.085, 0.145, 0.32, 0.39, 1.1, and 1.7 g force application. For example, if
hindpaw withdrawal occurred with an initial force of 0.32 g, then apply 0.145 g. In the absence of paw withdrawal, a 0.39 g force is then
applied. Then four additional filaments of varying forces are applied based on the preceding responses and the mechanical threshold is
calculated according to a published formula31.

4. For each test session, include the bilateral hindpaws. Perform three trials for each hindpaw. Express the average of these six
mechanical thresholds as the mean mechanical threshold (mg) of each animal.
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Figure 1. Custom-made Plexiglas cage and metal mesh for the evaluation of neuropathic pain in the mouse model of resiniferatoxin
(RTX)-induced small fiber neuropathy. (A, B) These graphs show the equipment used to measure (A) the thermal latencies by a metal hot
plate (27 cm × 29 cm) with a transparent Plexiglas cage (length × width × height: 22 cm × 22 cm × 25 cm) and evaluate (B) the mechanical
threshold by a customized metal mesh (mesh size: 5 mm × 5 mm) with a semi-transparent cylinder Plexiglas cage (diameter: 13 cm; height: 12
cm) in the mice with RTX-induced small fiber neuropathy. Please click here to view a larger version of this figure.

3. Skin Biopsy Preparation and Evaluation of IENFs Innervation

1. After behavior testing, anesthetize the animals with 5% isoflurane and sacrifice the animals by intracardiac perfusion with 0.1 M phosphate
buffer (PB) (pH 7.4) followed by 4% paraformaldehyde (4P) in 0.1 M PB.

2. Cut the first footpads of the two hindpaws after perfusion and post-fixate them in 4P for another 6 h. Transfer the footpad tissue to 0.1 M PB
at 4 °C for long-term storage.

3. Cryoprotect footpads with 30% sucrose in PB overnight and cut in a vertical to plantar surface manner in 30-µm thick slices. Label the footpad
sections sequentially, and then store in antifreeze at -20 °C.
 

NOTE: The antifreeze composition is as follows: distilled water, ethylene glycerol, glycerol, and 2x PB in a 3:3:3:1 ratio.
4. To ensure adequate sampling, select every third section of the footpad.

1. Put the chosen footpad sections on coated glass slides and air-dry them.
2. Cover a plastic coverplate on the slide and process with standard immunostaining procedures.

1. Quench the footpad sections with 1% H2O2 in methanol for 30 min and block with 0.5% nonfat dry milk and 0.1% Triton X-100 in
0.5 M Tris buffer (Tris) for 1 h.

2. Incubate footpad sections with antisera against pan axonal marker, PGP 9.5 (raised in rabbit; 1:1,000), overnight at 4 °C.
3. Incubate footpad sections with a biotinylated goat anti-rabbit IgG secondary antibody at room temperature (RT) for 1 h, and then

incubate with the avidin-biotin complex at RT for 45 min.
4. Visualize the reaction product with 0.05% 3,3'-diaminobenzidine (DAB) solution for 45 s. Then wash footpad sections with

distilled water and air-dry them for mounting.
 

NOTE: The primary and secondary antisera are diluted with 0.5% nonfat dry milk in 0.5 M Tris.

4. DRG Section Preparation and Evaluation of Injured Small-diameter Neurons

1. Dissect the 4th and 5th lumbar DRG and post-fix for another 2 h.
2. Cryoprotect DRG tissues with 30% sucrose in PB overnight and cut to an 8-µm thickness sequentially, place on microscope slides, and label.

Store DRG sections in a -80 °C freezer.
3. Immunostain DRG sections in 80 µm-intervals to ensure adequate sampling.

1. Perform DRG immunostaining procedures as those of the footpad sections, except for the double-labeling immunofluorescent
procedures. Alternatively, include ATF3 (raised in rabbit; 1:100), an injury marker, and peripherin (raised in mouse; 1:800), a small-
diameter neuronal marker in the primary antisera.

2. Incubate DRG sections with the mixture of primary antisera overnight at 4 °C.

4. Incubate DRG sections with either Texas red or fluorescein isothiocyanate (FITC)-conjugated secondary antisera (1:200), corresponding to
the appropriate primary antisera at RT for 1 h, and then mount for quantification.

Representative Results

This protocol describes a novel mouse model of RTX neuropathy, which specifically affects small-diameter neurons, including IENF
degeneration, associated with sensory disorders (Figure 2). Following the protocol described herein, animals exhibited thermal hypoalgesia and
mechanical allodynia at D7 post RTX injection. To establish this small fiber neuropathy model, three doses of RTX: 200, 50, and 10 µg/kg were
administered by the i.p. route. The RTX dose (50 µg/kg) was deemed critical and the preliminary study showed that high-dose RTX (200 µg/kg)
caused high mouse lethality (Figure 3).
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Figure 2. Scheme of the mouse model of resiniferatoxin (RTX)-induced small fiber neuropathy. The scheme shows the protocol of
established RTX-induced small fiber neuropathy. For systematic assessment, behavior evaluation, and neuropathological examination, it
included the hot plate and von Frey tests, and double-labeled immunostaining studies, respectively. Please click here to view a larger version of
this figure.

 

Figure 3. Dose-effect of resiniferatoxin (RTX) on animal lethality and behavioral dysfunction. (A) Diverse doses of RTX were administered
by intraperitoneal (i.p.) injection. The lethality of the dose effect was dose-dependent; for example, a high-dose of RTX (200 µg/kg) caused 100%
lethality. (B, C) Thermal latencies and mechanical thresholds were evaluated with the hot plate (B) and von Frey filament tests (C), respectively.
A 50 µg/kg dose of RTX induced thermal hypoalgesia and mechanical allodynia compared to the vehicle and the 10 µg/kg-administered group.
Open square, vehicle; open circle, 50 µg/kg; open diamond, 10 µg/kg. Dashed line in (B), cutoff time point of hot plate test. *** p < 0.001. Please
click here to view a larger version of this figure.

Pathologically, there was IENF degeneration and marked ATF3 induction. Double-labeling studies showed that injured neurons were specifically
peripherin(+) small-diameter neurons. In contrast, the low-dose of RTX (10 µg/kg) did not establish small fiber neuropathy, including no changes
in IENF innervation (Figure 4) and no neuronal injury (ATF3 induction) (Figure 5). Accordingly, this protocol considers the 50 µg/kg dose critical
to establishing the mouse model of small fiber neuropathy.

In summary, systematic RTX administration with a 50 µg/kg dose specifically affected small nerve fibers. For instance, it led to neuronal soma
injury and peripheral IENF degeneration, which are associated with sensory disorders.
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Figure 4. Degeneration of intraepidermal nerve fibers (IENFs) in resiniferatoxin (RTX) neuropathy. (A-C) Tissue sections from the
footpad skin of mice were immunostained with anti-protein gene product 9.5 (PGP 9.5) antisera in the vehicle (A), 50 µg/kg- (B), and 10 µg/kg-
administered (C) groups. PGP 9.5(+) IENFs arise from the subepidermal nerve plexus with a typical varicose appearance. PGP 9.5 (+) IENFs
are markedly reduced in the 50 µg/kg, but not in the 10 µg/kg group. (D) IENFs were quantitated according to the immunohistochemical results
of A-C. Open square, vehicle; open circle, 50 µg/kg; open diamond, 10 µg/kg. *** p < 0.001 compared to the vehicle group. Scale bar, 50 µm.
Please click here to view a larger version of this figure.
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Figure 5. Specificity of small-diameter neuron injury in resiniferatoxin (RTX) neuropathy. (A-C) Double-labeling immunofluorescent
staining was performed with anti-activating transcription factor-3 (ATF3; A-C, in green) and peripherin (A-C, in red) in the vehicle (A), 50 µg/kg-
(B), and 10 µg/kg-administered (C) groups. (D) The diagram indicates the density changes of ATF3(+) neurons. ATF3(+) neurons were increased
in the 50 µg/kg, but not in the vehicle and 10 µg/kg groups. Open square, vehicle; open circle, 50 µg/kg; open diamond, 10 µg/kg. *** p < 0.001
compared to the vehicle group. Scale bar, 25 µm. Please click here to view a larger version of this figure.

Discussion

Efficacious therapy of small fiber neuropathy in the clinic is required for promoting the functional recovery and life quality of patients.
Currently, there is lack of a therapeutic guide targeting sensory disorder associated with small fiber neuropathy due to lack of comprehensive
understanding of the molecular mechanisms underlying small-diameter neuronal injury. Previous models of neuropathy usually affected both
large- and small-diameter sensory nerves; for instance, the models of chemotherapy-induced neuropathy12,32,33 and mechanical-induced
neuropathy34,35. Thus, the contribution of motor weakness and large-diameter sensory nerve damage could not be completely excluded in the
behavioral testing of these neuropathy models. The present protocol describes a new model of small fiber neuropathy in mice, which only affects
small-diameter sensory nerves by providing pathological and functional evidence of IENFs degeneration.

RTX is an ultrapotent agonist of TRPV1 and a capsaicin analogue, which may cause loss of peptidergic DRG neurons in culture36 and in vivo
systems18,19. Previous studies on RTX and capsaicin have mainly focused on the morphological or functional loss of DRG neuronal cell bodies,
which revealed the role of TRPV1 in the thermal transmission response37,38,39. Moreover, a previous study demonstrated systematic high-dose
RTX treatment (200 µg/kg) in rats, induced mechanical allodynia and thermal hypoalgesia, possibly due to pathology of large-diameter nerve
fibers28. The dose of 200 µg/kg, however, is a lethal dose in mice and this current protocol developed a pure small fiber neuropathy model by
reducing the RTX dose (50 µg/kg). This dose of RTX (50 µg/kg) is critical to establishing a pure small fiber neuropathy model, which is superior
to that previously reported28, as it spares large fibers18. That is, it only affects small nerve fibers; to wit, only small-diameter neurons were injured,
as confirmed by the induction of ATF3 upregulation6,40 on small-diameter DRG neurons and IENFs degeneration6,18,19,41, associated with sensory
disorders. These pathological manifestations comprehensively mimic the clinical symptoms of small fiber neuropathy. Moreover, this current
model induced the typical neuropathology and neuropathic pain profile of small fiber neuropathy and the effects lasted for 8 weeks post RTX
treatment6,18,19. The durations of neuropathology and neuropathic pain were equivalent and could be reversed by promoting the synthesis of
nerve growth factor (NGF)18,40,41. Collectively, this protocol both established a pure small fiber neuropathy model and highlighted the possible
therapeutic potential of NGF.

Clinically, the gold standard for investigating neuropathies affecting small-diameter nociceptive nerves8,9 is biopsying limb skin for evaluating skin
innervation. Our current report applied this technique to the footpad skin of experimental animals to evaluate the skin innervation of a small fiber
neuropathy model, which could mimic the pathology of IENFs in the clinic, and also investigated the morphological profiles of DRG sections with
the injury marker, ATF3, to reveal the pathological status of neuronal somata. Notably, the spatial distributions of IENFs within the epidermis are
highly branching and the counting criteria are the major factor leading to statistical differences among groups. For example, our current protocol
counted each IENF with branching points only in the dermis and IENFs with branching points within the epidermis as a single IENF14,18,19. This
criterion may have caused a lower density of IENFs in our investigations than in those of other groups. We prepared and processed the skin
and DRG sections of experimental animals in a systematic and bulk-evaluation fashion with our current modified protocol. Accordingly, these
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systematic investigations of IENF degeneration and neuronal injury could avoid the stereological bias of functional and pathological conditions of
small-diameter neurons in small fiber neuropathy.

The functional evaluation of small-diameter nerves with behavioral testing, particularly with innoxious von Frey hair filament application, has been
traditionally applied to patients' skin for diagnosing the mechanical sensitivity underlying small fiber neuropathy. The observation of mechanical
allodynia in experimental animals is challenging due to foot grounding on the metal mesh, which is considered to be exogenous mechanical
stimulation, and the animals are highly active during tests. The current protocol optimized a specific sized mesh wire floor (5 mm × 5 mm) in a
semi-transparent plastic cage for the environmental adaptation of experimental animals for the behavioral tests. This size of the mesh floor could
reduce the exogenous stimulation of foot grounding and avoid foot-dropping.

This RTX mouse model of neuropathy could be applied to different types of small fiber neuropathy, such as diabetes, which is associated with
IENF degeneration1,42. However, this model remains limited. For example, the animal model of spinal nerve ligation43 with the characteristics of
small fiber neuropathy, referred to as the radiculopathy in the clinic, may also affect the large fibers in the spinal rootlet.
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