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Abstract 
 
Small fiber neuropathy (SFN) is an underdiagnosed condition characterized by sensory and autonomic dysfunction due to 
impairment of small nerve fibers in skin, blood vessels, and internal organs. Various underlying disorders are associated 
with SFN, and the pathophysiology of nerve fiber damage and functional impairment is the subject of extensive research. 
Diagnosis of SFN is challenging as standard electrodiagnostic techniques assess large fiber function and therefore are normal 
in SFN patients. The current gold standard for SFN diagnosis in humans is a skin biopsy, commonly obtained from the distal 
leg, hairy skin region, with evaluation of intraepidermal nerve fiber density (IENFD) using protein gene product 9.5 (PGP9.5) 
immunolabeling. While well-established in clinical practice, equivalent standardized, reproducible methods for assessing 
IENFD in experimental mouse models are lacking, which limits translational research in this field. Previous work in mice 
has relied on diverse antibodies, variable tissue sampling, and the use of confocal microscopy to trace nerve fibers. Other 
approaches have used chromogenic precipitate-based staining, which limits the ability to co-label multiple proteins. Here, 
we present a detailed, simple, and reproducible protocol for IENFD quantification of small nerves in the distal glabrous skin 
of the mouse hind paw. This protocol uses the two distal footpads, ensuring consistent sampling across animals. Prior to 
sectioning, the tissue is fixed and cryoprotected. Serial 20-μm sections are mounted on glass slides, dried, permeabilized, 
blocked, and immunostained with an anti-PGP9.5 monoclonal antibody, and then detected by binding secondary fluorescent-
labeled antibodies. Although murine hairy skin analysis may apparently show a higher translational value, as it better reflects 
human biopsy sites, it is compromised by dense hair shafts and follicles, which interrupt epidermis continuity and thus 
interfere with sampling consistency. Polyneuropathy sensory symptoms, in fact, begin at the most distal sensory site, which 
is the glabrous skin of the toes. Thus, evaluation of this anatomical location best represents the clinical realm and may have 
the best sensitivity for identifying early axonal changes. In this protocol, we focused on IENFD quantification as done in 
human samples. Mechanoreceptors such as Meissner corpuscles are detectable and quantifiable by this method, and 
represent additional value since pressure-evoked pain, transmitted by these, is often reported by affected individuals. This 
immunolabeling protocol can be completed within one day [involving a small number of animals, where all three stages can 
be performed during a long working day (approximately 12 h)], while the entire workflow, including fixation and 
cryoprotection, is completed in up to 72 h. Importantly, the dermal and epidermal small fibers can be visualized using a 
standard fluorescence microscope, thereby avoiding the need for confocal imaging while maintaining high reproducibility. 
Preliminary validation in several animal models of inflammatory neuropathy and pain demonstrated a reproducible 
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approximately 50% reduction in IENFD compared to controls, reaching statistical significance with n = 4 per group. This 
method supports SFN research and preclinical evaluation of novel therapeutics. 
 
 

Key features 
• Immunostaining protocol for visualizing small epidermal nerve fibers in mouse hind paw footpads. 
• Use of PGP9.5 labeling, with a monoclonal antibody that is used for human diagnostics, enabling translational 

comparability between mouse models and clinical studies. 
• Fluorescence microscopy analysis, without dependence on confocal imaging. 
• A rapid (12–72 h) and reproducible workflow for skin processing and intraepidermal nerve fiber quantification. 
 
Keywords: Intraepidermal nerve fiber density (IENFD), PGP9.5, Small fiber, Neuropathy, Skin, Mouse model, 
Immunofluorescence, IENFD quantification 
 
This protocol is used in: Toxicol Pathol (2020), DOI: 10.1177/0192623319855969 
 
 

Graphical overview 
 

 
 
Workflow for mouse skin tissue processing and immunostaining of intraepidermal nerve fibers using PGP9.5 labeling. 
(A) Excision of the distal footpad skin, fixation in 4% PFA, followed by rinsing in PBS on ice. (B) Cryoprotection by 
immersion in 30% sucrose at 4 °C. (C) Embedding of tissue in optimal cutting temperature compound in silicone rubber 
molds. (D) Cryosectioning of serial 20 μm sections. (E) Mounting of tissue sections on microscope slides. (F) 
Immunobinding with primary anti-PGP9.5 antibody and detection with immunofluorescent secondary antibodies. (G) 
Imaging and analysis using fluorescence microscopy. (H) Representative footpad skin section immunostained for PGP9.5, 
showing intraepidermal nerve fibers crossing the dermal–epidermal junction (marked by white dashed line), visualized by 
a 488 nm channel with a 20× objective. Scale bar, 100 µm. PFA: paraformaldehyde. PBS: Phosphate-buffered saline. PGP9.5: 
Protein gene product 9.5. 
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Background 
 
Small fiber neuropathy (SFN) is a disorder characterized by dysfunction of small sensory fibers, including thinly myelinated 
Aδ fibers and unmyelinated C fibers. Clinically, it manifests as a variable combination of sensory symptoms, such as pain, 
tingling, and burning sensations in the extremities, and may also involve autonomic dysfunction [1,2]. These symptoms 
typically present in a length-dependent, symmetric fashion, i.e., starting on the feet and progressing proximally to involve 
the knees and hands. Patients frequently report severe symptoms that can greatly affect their quality of life, highlighting the 
need for effective management of this condition.  
SFN is regarded as a common disease, with an estimated prevalence of over 100 cases per 100,000 [3] and may result from 
multiple conditions. These include metabolic disorders (commonly diabetes mellitus and pre-diabetic hyperglycemia as well 
as vitamin deficiencies), immune-mediated diseases (such as Sjögren syndrome, celiac disease, and sarcoidosis), infections 
(such as hepatitis and HIV), exposure to toxins or drugs (including chemotherapy and some antibiotics), and hereditary 
diseases (such as amyloidosis, Fabry disease, and sodium channel subunit variants) [4–8].  
Diagnosis of SFN is challenging, as the conventional electrodiagnostic examination of neuropathy with nerve conduction 
tests (NCT) and electromyography (EMG) assesses large fibers, and therefore remains normal in patients with SFN [9,10]. 
The current gold standard for diagnosing SFN in humans is a punch skin biopsy to identify skin denervation. Although 
sensory symptoms of polyneuropathy typically begin at the most distal sensory site, at the glabrous skin of the toes, and 
evaluation of this anatomical location may have the best sensitivity for identifying early axonal changes, digit skin biopsy 
is not performed in routine clinical practice due to poor healing and the absence of normative data. Commonly, a hairy skin 
punch biopsy from the lateral distal leg, 10 cm proximal to the lateral malleolus, is employed as a practical compromise, 
with available normative data. However, Meissner corpuscles, mechanoreceptors responsible for pressure and touch 
sensation, are found in glabrous but not in hairy skin [11]. This is performed using a circular 3-mm diameter blade, which 
removes a conical skin sample [5,10]. The skin is fixed and sectioned, nerve fibers are immunolabeled with antibodies 
against the pan-neuronal marker protein gene product 9.5 (PGP9.5), and the intraepidermal nerve fiber density (IENFD) is 
quantified by counting the nerve fragments that cross the dermal-epidermal junction, which is highlighted by the basal 
keratinocyte cell layer [12]. In humans, a diagnosis of SFN is confirmed when the measured IENFD is below the fifth 
percentile of age- and sex-matched healthy controls. This method was endorsed by the Peripheral Nerve Society and the 
American and European Academies of Neurology and is supported by consensus in the medical literature [12,13]. However, 
in preclinical research, a reliable, simple, and reproducible method for assessing IENFD in mice using anti-PGP9.5 
monoclonal antibodies has not yet been established. 
Most rodent studies have examined glabrous (hairless) skin from the hind paw, but often without specifying the exact 
anatomical location (e.g., metatarsal pads or flat skin regions), distinguishing between distal and proximal pads, or reporting 
the sample dimensions. Some studies employ the whole hind limb immersed in fixation, while more commonly, the skin is 
removed before fixation. Zamboni’s or paraformaldehyde fixative is variably used, and skin size collection may include 
either a dissected region of varying size or 2- to 3-mm skin punches [11]. Skin section thicknesses ranging from 5 to 50 μm 
are employed, using either free-floating or slide-mounted methods, with varying anti-PGP9.5 antibodies. These antibodies 
are labeled and visualized using chromogenic or fluorescent markers. Multiple groups used manual IENFD quantification 
counting rules, which are similar to those described for human patients [14]. However, others included free intraepidermal 
fragments that do not cross the dermal–epidermal junction as part of the total count or measured the length of fragments in 
the epidermis [15]. Some published methods used confocal microscopy to produce high-resolution images [16], which is 
time-consuming, expensive, and less practical for routine, large-scale assessment.  
In our previous study [12], IENFD quantification was performed under suboptimal conditions, including sampling from the 
central paw rather than the distal footpads, suboptimal tissue preservation, thicker sections, and different antibody and 
permeabilization settings. These factors led to weak PGP9.5 staining, low image resolution, and inconsistent fiber 
identification, necessitating larger sample sizes to reach statistical significance. These limitations motivated the development 
of the improved protocol presented in this work. Other published studies used section thicknesses between 30 and 50 μm 
[17] and applied different markers such as PGP9.5, TRPV1, or thy1-YFP [14] to visualize either total or subtype-specific 
nerve fibers. Reported IENFD values in control animals also vary widely, ranging from approximately 32–39 fibers/mm in 
dietary studies [18] to around 15 fibers/mm in other reports [19]. In the present work, we analyzed male mice aged 9–12 
weeks using 20 μm cryosections and PGP9.5 immunostaining as a pan-axonal marker, yielding control values of about 15 
fibers/mm. This alignment with lower-range control values likely reflects the use of thinner sections and standardized 
quantification criteria. Together, these methodological differences across studies highlight the importance of consistent 
sectioning and staining parameters for reliable comparison of IENFD measurements in experimental models. 
Furthermore, recent studies have introduced 3D cleared-tissue imaging methods for IENFD quantification, which typically 
yield lower fiber densities than traditional 2D section-based counting [20]. 
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Here, we present a protocol that enables skin processing and IENFD quantification within 72 h. We employed fluorescence 
immunolabeling to offer rapid application and co-labeling with additional molecular markers. This method is described in a 
step-by-step, detailed manner, providing researchers with a practical and reproducible tool to study SFN in experimental 
rodent models. 
 
 

Materials and reagents 
 
Biological materials 
 
1. C57BL/J6 or ICR 9–12-week-old mice (Harlan Laboratories) 
2. PGP9.5 (Bio-Rad, mouse anti-human protein gene 9.5, catalog number: MCA4750GA) 
3. IgG1 Alexa Fluor 488 (Jackson ImmunoResearch, catalog number: 115-545-205) 
4. Horse serum (Sigma-Aldrich, catalog number: H1270-100ML) 
 
Reagents 
 
1. Sucrose (Bio-lab, catalog number: 19220591)  
2. Paraformaldehyde (PFA) 16% w/v (Electron Microscopy Science, catalog number: 15714) 
3. Phosphate-buffered saline, 10× (PBS), commercially prepared, containing in M: NaCl 13.7, KCl 0.27, phosphate buffer 
1.19 (Bio-lab, catalog number: 001623237500) 
4. Triton X-100 (Sigma-Aldrich, catalog number: X100-500 ML) 
5. Optimal cutting temperature (OCT) compound (Scigen, catalog number: 4586) 
6. DAPI, Fluoromount (EMS, catalog number: 17984-24) 
7. 70% Ethanol (GADOT, catalog number: 830140038) 
8. Pentobarbital (CTS Chemical Industries LTD, catalog number: 2241702) 
 
Note: All reagents are stored according to the manufacturer’s recommendations. Antibodies and the blocking solution used 
for immunostaining are kept at -20 °C in single-use aliquots, avoiding repeated freeze–thaw cycles; they are stable for 
several months under these conditions. Diluted PFA 4% is kept at 4 °C. Other reagents and materials are stored at room 
temperature (RT). 
 
Solutions 
 
1. Sucrose (see Recipes) 
2. PFA (see Recipes)  
3. Blocking solution (see Recipes) 
 
Recipes 
 
1. Sucrose (100 mL) 

Reagent Final concentration Quantity or volume 
Sucrose 300 g/L (w/v), 30% 30 g 

PBS 1× 
NaCl 0.137 M 
KCl 0.0027 M 
Phosphate buffer 0.0119 M  

Up to a final volume of 
100 mL  

 
2. PFA (40 mL) 

Reagent (stock) Final concentration Quantity or volume 
PFA 16% 4% w/v 10 mL 

PBS 10× 
NaCl 1.37 M 
KCl 0.027 M 
Phosphate buffer 0.119 M  

4 mL 

Double-distilled water (DDW) - 26 mL 
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Note: PFA should be diluted on ice to prevent polymerization.  
 
3. Blocking solution (10 mL) 

Reagent Final concentration Quantity of volume 

PBS 1× 
NaCl 0.137 M 
KCl 0.0027 M 
Phosphate buffer 0.0119 M  

9.4 mL 

Horse serum 5% 500 µL 
Triton X100 0.1% 100 µL  

 
Laboratory supplies 
 
1. Immunopen (Merck, catalog number: 402176-1EA) 
2. Stain tray (M918-2 StainTray 10 slides staining system, Simport Scientific, QC, Canada) 
3. Cover slips (thickness #1.0, 0.13–0.16 mm, 24 × 50 mm) (Bar Naor, catalog number: BN1052431STC) 
4. Glass Petri dishes (Ø 55 mm) (Bar Naor, catalog number: BN120020100) 
5. Polystyrene Petri dishes (Ø 100 mm, Thermo Scientific) 
6. Flat embedding triple tapered ends clear silicone rubber mold (cryo molds) (Bar Naor, catalog number: BN70900) 
 
 

Equipment 
 
1. Nurse’s scissors (Fine Science Tools, catalog number: 14200-21)  
2. Jeweler’s forceps (Surgitrac, catalog number: SC60) 
3. Vannas scissors (Surgitrac, catalog number: SC81) 
4. Tissue forceps (Fine Science Tools, catalog number:11021-12) 
5. Binocular microscope (Nikon TMS-F No. 301752, Nikon) 
6. Shaker (ELMI, S-3.02 10L N6IL096, Ornat) 
7. Coplin jars (Bar Naor, catalog number: BN2460W) 
8. Cryostat (LEICA, CM1860 UV, Renium) 
9. Microscope (Olympus, model: BX43)  
10. Microscope objectives (UPlan FLN 4×/0.13 NA, UPlanSApon 20×/0.75 NA) 
 
 

Software and datasets 
 
1. CellSens Microscope Imaging Software (04/16/2010); requires a license 
Note: The surface length of each pad along the epidermis is measured using the Polyline tool in the CellSens Microscope 
Imaging Software. The Polyline icon is located on the left-hand side of the CellSens software interface, together with other 
drawing tools used to outline regions of interest according to the desired shape. 
 
 

Procedure 
 
A. Euthanasia and tissue dissection 
 
1. Euthanize mice by intraperitoneal injection of pentobarbital sodium (200 mg/mL stock solution, 10 mL/kg, 2,000 mg/kg; 
CTS Chemical Industries Ltd.) or other institutionally accepted procedures. 
2. Amputate the hind paws with nurses’ scissors (Figure 1) and place them on a plastic dish cooled on ice.  
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Figure 1. Dissection tools for isolation of the mouse footpads. From left to right: Nurses’ scissors, Jeweler’s forceps, 
tissue forceps, Vannas scissors, and Petri dish on a stable surface. 
 
3. Dissect the two distal glabrous footpads (#2 and #3 from medial to lateral) from each hind paw (Figure 2) under a binocular 
microscope. Remove the pads by making a deep 45° incision (Figure 2) and extract a conical-shaped tissue from the deep 
portion of the paw skin using Vannas scissors, tissue forceps, and Jeweler’s forceps (Figure 1). 
Note: Optimal sampling is achieved by cutting the glabrous skin layer together with only the very thin underlying connective 
tissue, avoiding deeper dissection toward the tendinous or bony layers of the footpad. The correct depth can be recognized 
by preserving the intact dermal-epidermal structure without visible muscle or bone exposure. 

 

 
 
Figure 2. Hind paw footpads’ dissection. (A) The palmar surface of the paw is positioned facing upward. Dashed circle 
indicates the locations of the medial (#2) and lateral (#3) distal footpads selected for sampling. A conical skin sample, 
including the pads, is excised using Vannas scissors at an approximate 45° angle. (B) Schematic representation illustrating 
the angle and orientation of the skin tissue excision.  
 
B. Tissue fixation and cryoprotection 
 
1. Transfer the dissected skin pads to an Eppendorf tube with 1 mL of 4% PFA solution and fixate the tissue for 30 min on 
ice. 
2. Transfer the tissue to an Eppendorf filled with 1 mL of PBS and let it stand for an additional 30 min on ice. 
3. Transfer the tissue to an Eppendorf filled with 1 mL of 30% sucrose solution and incubate at 4 °C for at least 1 h. The 
protocol was validated for this duration; however, incubation can be extended up to 48 h (due to technical constraints) 
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without affecting tissue morphology or staining quality. 
4. Fill a silicon mold with optimal cutting temperature compound (OCT) at RT and embed the skin in the OCT with the 
palmar surface facing up.  
5. Place molds at -20 °C on a horizontal surface, undisturbed, for a minimum of 30 min to freeze (Figure 3A). 
6. Once fully solidified, remove the OCT from the mold and transfer it to a 1.5 mL Eppendorf tube to prevent dehydration 
(Figure 3B). 
 
Estimated time: The time required for dissection and tissue transfer steps between solutions varies according to the number 
of animals processed; for a single animal, this step takes about 2 h and 15 min. 
Optional pause point: These Eppendorf tubes can be stored at -20 °C until sectioning. 
Notes:  
1. The glabrous skin of the footpad was dissected with Vannas scissors, including the epidermis and a thin layer of dermis, 
avoiding deeper connective, tendinous, or bony tissue. Correct depth was confirmed by the absence of muscle or bone 
exposure. To ensure consistency across mice, the cut was made parallel to the surface of the pad at the junction between 
the central pad and surrounding skin. 
2. Samples can safely remain in sucrose for up to 48 h without noticeable adverse effects. Since the tissue dimensions are 
very small, the tissue sinking to the bottom of the Eppendorf tube is not observed in all cases; rather, the minimal 1 h 
duration in the sucrose solution was found to be sufficient to gradually equilibrate and protect the tissue from ice crystal 
formation during freezing. Once cryoprotection is complete, tissues are embedded in OCT compound for freezing and 
sectioning. 
 
C. Cryosectioning 
 
1. Set the cryostat to -18 °C (Figure 3C). 
 

 
 
Figure 3. Tissue embedded in OCT compound positioned in the cryostat for sectioning. (A) Multiple frozen footpad 
samples embedded in OCT-filled silicon molds. (B) A frozen OCT block containing an embedded footpad sample immersed 
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in the OCT before sectioning. (C) Overview of the cryostat showing the OCT-embedded tissue block. (D) Enlarged view of 
the cold stage with the OCT-embedded tissue block positioned for sectioning. The blocks are trimmed and, therefore, the 
footpads are visible. (E) Enlarged view of the disc chuck secured in the specimen head, demonstrating tissue mounting for 
sectioning. (F) Enlarged view of the tissue demonstrating two domes (indicated by solid arrows) separated by a central 
concavity (indicated by a dashed arrow). (G) Schematic side view of the biopsy showing the optimal and non-optimal cutting 
areas. The red dashed arrows represent regions that should not be collected, while the solid green arrow indicates the optimal 
region from which sections should be collected for staining. (H) Schematic front view of the biopsy showing the height of 
the domes in the optimal sectioning area (indicated by the green arrow). OCT: Optimal cutting temperature.  
 
2. Dispense a thin, even layer of fresh OCT directly onto a pre-cooled cryostat specimen holder (disc chuck) while it is on 
the cryostat cooling stage. Carefully place the embedded tissue block onto the OCT so that it lies flat, with the skin pads 
facing upward (Figure 3D). 
3. Once the OCT layer has solidified, rotate the disc chuck to position the skin pads parallel to the sectioning plane (Figure 
3E). 
4. Trim the OCT-embedded tissue to identify the two footpads, which appear as distinct convex domes separated by a central 
concavity.  
5. Cut serial 20 µm-thick tissue sections. In our hands, approximately nine consecutive sections are required to reach the 
optimal level corresponding to the central region of the pads, where two distinct convex domes are separated by a central 
concavity (Figure 3F). The first nine sections should not be collected, as they do not represent the optimal region for analysis. 
Once this level is reached, the tissue samples are positioned at their optimal height, allowing for the collection that best 
captures the anatomical features of the domes and the central concavity (Figure 3G). The average dome height of 
approximately 450 µm was determined by measuring the distance from the top of the ridge to the level of the surrounding 
footpad skin surface (Figure 3H). The biopsy itself is collected slightly deeper than this level, which explains why the total 
tissue block dimensions often exceed 450 µm. From this optimal region, we typically collect an additional nine consecutive 
sections, yielding a total of three slides containing three sections per slide. A schematic illustration and a higher-
magnification image are provided to depict the distinct convex domes and central concavity, clarifying the anatomical 
reference used for sectioning. 
6. Mount three non-adjacent tissue sections on each slide, representing three repeated tissue samplings.  
7. Mark the slide with a pencil. 
Estimated time: The time required for cutting the tissue varies according to the number of animals processed; for a single 
animal, this step takes up to 15 min. 
Optional pause point: Store the slides at -20 °C until further use. 
 
D. Immunostaining 
 
1. Place the slides in a 55 mm glass Petri dish containing 25 mL of 0.1% Triton X-100 in PBS. Incubate for 2 h at RT with 
gentle agitation (~30 rpm). 
2. Rinse the slides three times with 25 mL of PBS for 5 min each in a Coplin jar. 
3. Outline tissue sections using a hydrophobic barrier Immunopen.  
4. Incubate in blocking solution (0.1% Triton X-100 and 5% normal horse serum in PBS), at 50 µL per slide for 1 h at RT 
without shaking in the stain tray. 
5. Incubate with the primary antibody diluted 1:200 in blocking solution, 50 µL per slide, for 1 h at RT in the stain tray. 
6. Rinse the slides three times with 25 mL of PBS for 5 min in a Coplin jar. 
7. Incubate with the secondary antibody diluted 1:400 in blocking buffer, 50 µL per slide, for 45–60 min at RT. 
8. Rinse the slides three times with 25 mL of PBS, 5 min each in a Coplin jar at RT. Keep the Coplin jar covered, as the 
secondary antibody is light sensitive. 
9. Cover sections with a glass coverslip using Fluoromount, 50 µL per slide.  
Optional pause point: Store mounted slides at 4 °C [in a light-proof (dark, closed) box] for long-term preservation until 
further use. 
Estimated time: The time required for staining the tissues is 6.5 h.  
Note: We recommend performing slide counting and quantification within one week after staining, as we observed that 
cellular morphology may change over time. After one week, some fibers that initially appeared intact showed altered 
morphology or lost their visible penetration from the dermis into the epidermis. Nevertheless, slides can still be used for 
imaging and general qualitative assessment even after several weeks, as we did not identify a specific time point beyond 
which the slides must be discarded. 
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E. Image acquisition 
 
1. Use microscope software that enables image acquisition and length measurements.  
2. Use the 4× objective lens and the DAPI (405 nm) fluorescence channel to identify two footpads in each section. DAPI 
staining highlights the nuclei, allowing clear visualization of the epidermal layer and the boundaries of the pads.  
3. Measure the linear length of each pad along the surface of the epidermis using the polylinear line tool of the CellSens 
Microscope Imaging Software. These measurements will be used to calculate fiber density (Figure 4B). 
 

 
 
Figure 4. Representative images of skin sections for intraepidermal nerve fiber analysis. (A) Length measurement of 
epidermal surface across two digital pads using microscope software (4×, DAPI 405 nm channel). (B) Higher magnification 
(20×, DAPI 405 nm channel) DAPI-labeled basal keratinocyte cell layer. The papillary appearance of the dermis is 
highlighted by DAPI labeling. (C) 488 nm channel for detection of PGP9.5. Anti-PGP9.5 exhibits some nonspecific binding 
to dermal connective tissue, which can aid in identifying the dermal–epidermal junction and visualizing nerve fibers crossing 
it. At 20× magnification (20×), Meissner’s corpuscles can also be identified in the epidermis (white arrow). DAPI (4′,6-
diamidino-2-phenylindole). PGP9.5: Protein gene product 9.5. Scale bars: 200 µm (A) and 100 µm (B and C).  
 
Note: Since counting the ridges represents the most critical step for the success of the protocol, samples or slides with folded 
or poorly stained ridges were excluded from the analysis. 
 
4. Use the 20× objective lens to identify the dermal-epidermal junction lined by the basal cell layer (Figure 4B). 
5. Use the 488 nm fluorescence channel to detect PGP9.5 labeled axons (Figure 4C). Note that not all axons are visible at 
the same focus plane; thus, focus adjustments are required to inspect all fibers within the thickness of the tissue.  
6. Longitudinally scan each pad and manually count the fibers that clearly cross the dermal-epidermal junction and traverse 
the basal cell layer of the epidermis. Only fibers that unambiguously penetrate the dermal–epidermal junction should be 
counted (see counting criteria, Figure 5). Do not count fibers that do not clearly penetrate the dermal–epidermal junction 
(Figure 5Aa). Any segment that penetrates the basal cell layer is counted (Figure 5Aa). Nerve fibers that do not cross into 
the epidermis (Figure 5Ab) and nerve fibers that are present within the epidermis without a clear crossing point (Figure 5Af) 
are not counted.  
Notes:  
1. Do not include fragments, tangential profiles, or fibers associated with adnexal structures such as sweat glands.  
2. Adjust the focal plane during counting to visualize fibers at different tissue depths, ensuring that all intraepidermal fibers 
are detected.  
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3. The entire tissue fits within three frames of view. Although images are not captured, fibers are counted manually at 20× 
magnification, using the stage control wheel to map and count along the entire tissue. 
 
Estimated time: The time required for scanning and counting the fibers varies according to the number of animals; for a 
single animal, this step takes 10 min. 
Note: Images were acquired using the CellSens software (Olympus). Comparable results can be obtained using alternative 
platforms such as ImageJ/Fiji, Zen (Zeiss), or NIS-Elements (Nikon). To ensure reproducibility, all images should be 
acquired at a resolution of at least 0.3 µm/pixel using a calibrated fluorescence microscope (20–40× objective). Calibration 
with a micrometer scale prior to acquisition is recommended to confirm spatial accuracy. 
 

 
 
Figure 5. Illustration of intraepidermal nerve fiber counting criteria. (A) Schematic representation of intraepidermal 
nerve fibers that are considered for quantification: a) A nerve fiber that crosses the dermal–epidermal junction is counted; 
b) a nerve fiber in the dermis that does not cross the dermal–epidermal junction is not counted; c) a nerve fiber in the dermis 
that crosses the keratinocyte cell layer is counted, but a branch that remains in the dermis is not; d) a nerve fiber that branches 
below the dermal-epidermal junction is counted as two nerve fibers; e) a nerve fiber that branches above the junction is 
counted as a single nerve; and f) a nerve fiber that is present in the epidermis without a clear crossing through the dermal-
epidermal junction is not counted. (B) Immunofluorescence images of glabrous skin showing PGP9.5-immunolabeled 
epidermal small fibers. White boxes represent recognized fibers corresponding to the above-mentioned criteria. Note that a 
Meissner corpuscle is seen in glabrous skin (in box a, between two small fibers) and may be quantified for additional analysis. 
(C) Combined staining of DAPI and PGP9.5. The papillary appearance of the dermis is highlighted by DAPI labeling, while 
PGP9.5 stains dermal nerve fibers. This allows for a clear distinction between the two layers and the trajectory of the nerve 
fibers. Blue arrows indicate nerve fibers that originate in the dermis: the lower blue arrow points to a fiber within the dermis, 
while the upper blue arrow marks its continuation into the epidermis. In contrast, the white arrows point to fibers located in 
the epidermis without a clear crossing through the dermal–epidermal junction. DAPI (4′,6-diamidino-2-phenylindole). 
PGP9.5: Protein gene product 9.5. Scale bars: 100 µm (B) and 20 µm (C).  
 
 

Data analysis 
 
Intraepidermal nerve fiber (IENFD) quantification 
1. Quantification is performed by counting the number of fibers crossing the epidermal basal cell layer, i.e., entering the 
epidermis from the dermis region. 
2. Count the number of fibers crossing the epidermal basal layer along the skin of the footpad.  
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3. Measure the length of the epidermis along the skin of the footpad.  
4. Calculate fiber density using the formula:  
 

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =
𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿ℎ 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 (𝑚𝑚𝑚𝑚) 

 
Note: Repeat the footpad analysis in at least three samples. 
5. Determine the final fiber density by averaging three measurements. 
6. The three-dimensional density is determined by dividing the above number by the tissue thickness, i.e., by 20 μm. 
Note: After collecting all data, the values obtained from the three tissue slides were averaged. The resulting means were 
then analyzed using appropriate statistical tests, such as two-way ANOVA or t-tests, depending on the number of 
experimental groups. 
 
 

Validation of protocol 
 
• Tissue sampling, processing, and immunofluorescence staining: 
Previous work [12] established a rigorous workflow for preparing glabrous footpad skin, detailing dissection, fixation, 
embedding, sectioning, and permeabilization steps that are critical for preserving tissue integrity. Importantly, the study 
validated that precise sectioning combined with standardized immunolabeling reliably reveals small-diameter intraepidermal 
nerve fibers with high reproducibility. These findings provided a methodological foundation for our protocol, ensuring that 
the early preparation and staining steps are technically robust and capable of generating accurate and reproducible 
visualization of epidermal innervation. 
 
• Anti-PGP9.5 antibody for small fiber identification: 
The monoclonal anti-PGP9.5 antibody, widely regarded as the gold standard in human clinical evaluation, enables clear 
labeling of C and Aδ fibers and supports accurate visualization and quantification comparable to validated protocols using 
thick or thin skin biopsies [11,16]. In our protocol, 20 μm cryosections of mouse glabrous (footpad) skin are processed using 
Triton-based permeabilization with controlled shaking, followed by blocking and same-day incubation with both primary 
and secondary antibodies. This streamlined approach ensures high specificity, reproducibility, and direct applicability to the 
murine setting while maintaining alignment with established standards. Our staining also enabled the clear visualization of 
Meissner corpuscles—mechanoreceptors located in the dermal papillae that are directly associated with C fibers. Both 
structures play an essential role in sensing tactile and nociceptive stimuli in the paw. The staining method thus serves as a 
marker not only for thin fiber quantification but also for the reliable identification of Meissner corpuscles, another advantage 
of the approach. In addition to intraepidermal nerve fibers and Meissner corpuscles, we also observed that PGP9.5 
immunostaining highlighted sweat glands. 
 
• Reproducibility and statistical validation of thin fiber quantification: 
In order to validate our results, fiber quantification was independently assessed by an additional evaluator who was blinded 
to the identity of the slides. The majority of our experiments were performed on 12-week-old ICR mice, with a dataset 
comprising more than 30 animals. Quantification was based on the average of two glabrous pads per sample, providing a 
consistent measure of intra-sample variability. We compared the two footpads within the same paw and found no significant 
differences in measured parameter(s) (p > 0.05). Therefore, sampling both footpads increases the likelihood of obtaining a 
technically successful measurement while also providing biological replication that supports the robustness of the findings. 
In control animals, the average fiber count per two glabrous pads was approximately 15 ± 5 fibers. For quantification, both 
evaluators performed counts on three replicates from a single slide of each sample. Each replicate included two glabrous 
pads, and the average of the counts was used due to their high consistency. Quantification reproducibility was assessed by 
two independent examiners, showing high inter-rater reliability (r > 0.9) and a mean standard deviation below 10% across 
samples, indicating robust consistency of the IENFD analysis. The minimal deviation observed between the two independent 
counts further confirms that the staining is clear, reproducible, and robust, with fibers appearing distinct and reliably 
quantifiable.  
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General notes and troubleshooting 
 
General notes 
 
1. Animal species and models: This protocol was optimized in 9–13-week-old male ICR mice. However, it may be adapted 
to other strains, sexes, or species (e.g., rats). When inducing disease models (e.g., diabetic, inflammatory, or neurotoxicity), 
consider that the effect of systemic pathology or treatment regimens may alter tissue morphology and staining outcomes. 
2. Behavioral pre-testing: Pre-experimental assessments such as hot plate, von Frey, or other sensory tests may alter 
peripheral nerve physiology and potentially confound histological outcomes. If behavioral testing is required, this should be 
standardized across groups and reported explicitly. 
3. Tissue handling: The footpad tissue is small and fragile. Use fine scissors and handle samples carefully to avoid 
mechanical damage that can compromise section quality. 
4. Embedding orientation: Proper positioning of the tissue in the OCT mold is essential. The sample needs to be oriented to 
match the full cutting plane of the blade, ensuring that both epidermal ridges are sectioned onto the slide. Incorrect 
orientation may result in uneven sections and fewer optimal sections for analysis.  
5. Detection method: Both chromogenic and fluorescence-based approaches can be applied. Fluorescence provides higher 
sensitivity and allows multiplex co-staining but requires access to a fluorescence microscope. Chromogenic detection with 
3,3′-diaminobenzidine (DAB) may serve as an alternative for laboratories limited to light microscopy. However, DAB-based 
staining has different sensitivity and limited co-staining application. In either case, secondary antibodies and fluorophores 
are light-sensitive and should be incubated and stored in the dark. 
6. Sampling options: Our protocol similarly applies IENFD quantification to both distal footpads (#2 and #3), as we did not 
detect differences between these. Use of proximal pads may be employed following comparison and validation. 
7. Co-staining approaches: To refine the analysis, consider co-staining of the basement membrane with antibodies against 
collagen 4 [21] or additional axonal markers that label peptidergic C-fibers, such as substance P, or against subtypes of small 
fibers [22]. This can enhance the characterization of pathological changes and aid in elucidating the underlying mechanisms. 
8. Embedding molds: For orientation control, we use a clear silicone rubber mold with an asymmetric structure, which 
facilitates both stabilization of the sample and recognition of the correct orientation of the footpads. Other mold materials 
may be suitable alternatives provided they are biologically inert, compatible with freezing, and do not damage the tissue. 
Importantly, the mold should possess an asymmetrical feature to allow unambiguous orientation during sectioning. 
 
Troubleshooting 
 
Despite the advantages of this protocol, several technical challenges may arise that may affect the integrity and reliability 
of the results. 
The main limitation of the technique is the limited number of sections available from each pad for analysis. Accordingly, 
for evaluation with multiple markers, additional animals would be required.  
While this method follows similar steps to those used for human skin analysis, several differences should be pointed out: (1) 
the footpads we use are glabrous skin, while in humans, hairy skin from the distal leg is used. (2) Our protocol employs 20-
μm-thick sections, while in humans, 50-μm sections are most commonly used. (3) We mount skin directly to slides following 
sectioning, while human skin processing commonly employs the immunolabeling of free-floating sections, and only 
subsequent mounting on slides.  
We use 20-μm-thick cryosections to promote adherence to slides. These sections can be easily disrupted during staining, 
particularly during washing. Excessive agitation or improper slide handling may cause loss or distortion of sections, 
compromising data quality. Gentle handling and minimizing washing steps help reduce the risk of tissue damage at this 
stage. Quantification of IENFD presents an additional source of variability. The analysis relies on manual fiber counting, 
with an inherent degree of subjectivity and potential for observer bias. To address this limitation, it is strongly recommended 
that fiber counting be performed by at least two independent observers who are blinded to experimental conditions. This 
practice improves both the consistency and the reproducibility of the results.  
Quantification of intraepidermal nerve fiber density may be employed for other mouse strains or rodent models. However, 
several limitations need to be acknowledged. Each strain may have a different normal range of nerve density, which may 
differ between genders. Furthermore, the density of nerve fibers may decline with age, as occurs in humans, and may be 
altered by weight. Palm skin thickness may be increased in some strains, and thus, fixation and incubation time with 
antibodies may need adjustments. Structural disruption of the epidermis, as may occur by local subcutaneous injection, 
dermal ointment application, or trauma, may obscure the dermal–epidermal junction, limiting identification of nerve fiber 
insertion points to the epidermis. Additionally, certain systemic or metabolic diseases such as amyloidosis, Fabry disease, 
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or other neuropathic conditions may alter epidermal structure and neuronal marker expression, thereby affecting staining 
quality and quantification accuracy. Consequently, when applying this protocol to other strains and distinct models, 
comparisons with appropriate control animals and further optimization may be required to ensure accurate and reproducible 
quantification. 
 

Problem Cause Solution 
1. Preservation and storage: 
Poor tissue morphology or ice crystal 
artifacts. 
 

Incorrect embedding 
orientation, dull blades, or 
embedded tissue not cooled 
enough during cutting. 

Freeze tissue immediately in OCT and 
transfer quickly to storage at -80 °C. 
Avoid repeated freeze–thaw cycles. 

2. Sectioning 
• Sections appear uneven, folded, or torn. 

Incorrect embedding 
orientation, dull blades, or 
embedded tissue not cooled 
enough during cutting. 

Ensure correct alignment of the footpad in 
the mold, use sharp cryostat blades, and 
maintain the cryostat at approximately –
20 °C to allow embedded tissue blocks to 
equilibrate before cutting.  

• Loss of the dome footpad area or partial 
sections. 

Improper positioning of the 
sample in the OCT. 

Ensure correct positioning of the sample 
in the OCT. 

3. Immunostaining 
• Weak or inconsistent staining of nerve 
fibers. 

Antibody degradation, 
insufficient permeabilization, 
or inadequate blocking. 

Over-concentration of primary or 
secondary antibodies, prolonged 
incubation times, or tissue 
autofluorescence can result in a high 
background signal. To minimize this, 
optimize antibody dilutions, shorten 
incubation periods if necessary, include 
appropriate negative controls, and reduce 
exposure to limit tissue autofluorescence. 

• High background fluorescence or 
nonspecific signal. 

Over-concentration of 
primary/secondary antibodies, 
prolonged incubation, or 
autofluorescence. 

Optimize antibody dilution, shorten 
incubation if needed, include negative 
controls, and minimize tissue 
autofluorescence by reducing exposure. 

4. Image acquisition and computer 
analysis 
• Poor resolution or unclear visualization 
of small fibers. 

Suboptimal microscope 
settings (e.g., gain, exposure, 
filter alignment). 

Adjust exposure and gain carefully, use 
the appropriate filter sets for the selected 
fluorophores, ensure the objective is 
clean, and calibrate the microscope 
regularly. 

• Difficulty quantifying IENFs. 
Overlapping fibers, 
background signal, or low 
contrast. 

Apply standardized counting rules, try 
contrast enhancement, and confirm 
counts with a blinded (to the experimental 
groups) evaluator to ensure 
reproducibility. Consider staining another 
slide of the same sample. 
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