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Novel three-dimensional analysis method for accurate evaluation of
cutaneous small sensory nerve fibers in mice
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Abstract: Intraepidermal nerve fiber (IENF) density is commonly evaluated to diagnose peripheral neuropathy. However, conven-
tional two-dimensional (2D) analysis using rodent models shows high interstudy variability. Three-dimensional (3D) IENF analysis
has been proposed for human skin biopsies because the spatial location of each nerve can be easily determined. However, no studies
have compared 2D and 3D analyses of mouse cutaneous nerve fibers under the same conditions. We aimed to establish a more accurate
analysis method for mouse cutaneous nerve fibers. We used the glabrous plantar metatarsal skin of male C57BL/6J mice. The middle
area of the plantar skin was used for 2D and 3D analyses, and the marginal area was also investigated in the 3D analysis. Tissue trans-
parency, nerve fiber-specific antibodies, confocal microscopy, and IMARIS software were used for the 3D analysis. The 3D analysis
clearly defined branching points and continuity, allowing accurate IENF density measurement. Conversely, the 2D analysis could not
accurately determine IENF density because it could not detect the continuity of the nerve from the dermis to epidermis. Thus, the
actual IENF density from the 3D analysis was significantly less than that from the 2D analysis. In addition, the density and length of
IENFs in the middle area were significantly higher than those in the marginal area. This 3D approach enables the precise capture of
IENF trajectories with various parameters, establishing a standard method for evaluating peripheral neuropathy models. Furthermore,
our findings indicate that comparative studies aiming to analyze mouse IENF need to consider the site of skin sampling. (DOI: 10.1293/
t0x.2024-0085; J Toxicol Pathol 2025; 38: 167-175)
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Introduction

Small sensory nerve fibers consist of myelinated A-
delta and unmyelinated C-fibers, and selective impairment
of these fibers is called small fiber sensory neuropathy!. 2.
In human patients, small fiber sensory neuropathy is com-
monly diagnosed in metabolic diseases, such as diabetes
and obesity, and can be a side effect of chemotherapy for
advanced stage cancer3-5. The neuropathy in these diseases
is called the “dying back type”, in which axons degenerate
from the ends of the nerve fibers®-8. Intraepidermal nerve
fibers (IENFs) are susceptible to small fiber sensory neu-
ropathy, and quantification of IENF density using skin bi-
opsy of the distal leg is considered the most sensitive and
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specific diagnostic method in humans?-!l. Currently, the
guidelines proposed by the European Society of Neurology
are used to measure the IENF density in numerous clini-
cal trials related to peripheral neuropathies!2 13. Similarly,
the IENF density is frequently measured as a marker of
neuropathy in preclinical studies using rodents to elucidate
the pathophysiology of peripheral neuropathy and develop
therapeutic agents!4 15. Unlike human studies, rodent stud-
ies predominantly use glabrous plantar metatarsal skin for
convenience, and sagittal sections of the middle area of the
skin are commonly used in such studies!4. 16-25. However,
there are no standardized methods for measuring IENF den-
sity in studies using rodent models. The exact anatomical
location of the skin to be sampled, the processing methods,
and the image size used for analysis vary among studies,
resulting in wide variability in quantitative IENF density
results?!. 22,26 In fact, nerve fibers in the skin have a three-
dimensional (3D) structure, running horizontally in a mesh
pattern just below the epidermis and extending vertically
within the epidermis?’. 28, Therefore, the conventional two-
dimensional (2D) analysis method using tissue sections has
limitations in analytical accuracy, and a new method for
more precise quantification is needed. To address this issue,
a 3D analysis method for IENF density using skin biopsies
has been proposed in humans, and its usefulness has been
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demonstrated29-3l. However, a 3D analysis of cutaneous
nerve fibers, including the measurement of IENF density,
has not yet been performed in rodent models. Thus, a com-
parative analysis of mouse cutaneous nerve fibers between
2D and 3D analyses under the same conditions would reveal
both quantitative and morphological differences in meth-
odology. The purpose of this study was to establish a 3D
analysis method for more accurate qualitative and quantita-
tive evaluation and to identify the issues with conventional
2D analysis that caused data variation in previous studies.
In addition, differences in the density and length of nerve
fibers depending on the location on the skin were analyzed
using the 3D analysis.

Materials and Methods

Animals

Breeding conditions

Male C57BL/6J mice, provided by Jackson Laboratory
Japan, were housed in TPX cages under a 12-:12-h light/dark
cycle, 40—70% relative humidity, and 20—26°C temperature.
Ventilation was provided by filtered fresh air; the mice had
access to tap water and food ad libitum. Animal experiments
were performed according to the ARRIVE guidelines3? and
approved by the Animal Care and Use Committee of Setsu-
nan University (approval number: K23-20). All experiments
were carried out in accordance with the relevant guidelines
and regulations.

Reasons for male mouse selection

This study aimed to acquire normal IENF density data
to assess small fiber sensory neuropathy in metabolic dis-
eases such as diabetes using a mouse model. In patients with
diabetes, peripheral neuropathy is more prevalent in male
individuals than in female individuals33. 34, Therefore, most
diabetic peripheral neuropathy models are based on male
mice20:23-27.35-41. Male diabetic mice have been observed to
exhibit more pronounced reductions in IENFD than female
diabetic mice42. Thus, normal male mice were selected for
this study.

Tissue preparation

Mice were obtained at eight weeks of age. After a week
of acclimatization, the mice were euthanized after having
undergone carbon dioxide exposure using a gradual-fill
method. After euthanasia, the left and right glabrous plan-
tar metatarsal skin was carefully incised. The left and right
plantar regions were used for the 2D and 3D analyses, re-
spectively. Five animals were used for each analysis. The
mouse plantar metatarsal skin used in this study differs ana-
tomically from the standard human sampling site, typically
located 10 cm above the lateral malleolus, as described in
previous studies!2: 13, However, most rodent studies use skin
from the plantar region to evaluate IENF density owing to
the lack of hair in this region!4. 16-25 In this study, we simi-
larly utilized the plantar region skin to facilitate comparison
with conventional analytical methods. Additionally, given
its application to disease models such as diabetes, the plan-

tar region of the foot, where the longest sensory nerve fibers
are distributed, was deemed the optimal site for assessing
length-dependent dying back degeneration!?. 43,

Frozen section immunofluorescent staining for 2D
analysis (Fig. 1a)

The skin of the glabrous metatarsal area of the plantar
region was cut and fixed in Zamboni solution at 4°C for 6
h while attached to filter paper. The skin was washed with
20% sucrose solution, immersed overnight at 4°C. There-
after, the skin was incised in the mid-sagittal plane and
then frozen and sectioned to a thickness of 75 um. Three
randomly selected sections were immersed in rabbit anti-
PGP9.5 antibody (1:100; monoclonal antibody, abl108986;
Abcam, Cambridge, UK) overnight at 4°C. Subsequently,
the sections were immersed overnight at 4°C in a cocktail
of goat anti-rabbit IgG conjugated with Alexa Fluor 594
(1:200; polyclonal antibody, A11037; Thermo Fisher Scien-
tific, Waltham, MA, USA) as the secondary antibody and
mouse anti-pan cytokeratin antibody conjugated with Alexa
Fluor 488 (1:100; monoclonal antibody, 53-9003; Thermo
Fisher Scientific). Images were captured at five areas using a
confocal microscope (LSM 900; Carl Zeiss, Jena, Germany)
with a Plan-Apochromat 10%x/0.45 objective, and approxi-
mately 30 serial optical sections were analyzed at 1-um in-
tervals using appropriate software (ZEN; Carl Zeiss). Quan-
tification of IENF density was performed on a projection
image based on a stack of 30 serial optical sections. As the
IENFs per mm of epidermis were calculated from a projec-
tion image, the actual analysis area of the counted IENFs
was 0.03 mm?2 (Supplementary Fig. 1). Only fibers penetrat-
ing the epidermis were counted. IENFs per millimeter of
epidermis were calculated by dividing the number of IENFs
by the length of the epidermis.

Whole-mount immunofluorescent staining for 3D
analysis (Fig. 1b)

The skin of the glabrous metatarsal area of the plan-
tar region was cut and fixed with 4% paraformaldehyde
(0.1 M TBS) overnight while attached to filter paper. The
fixed skin was washed with TBS for 8 h at 4°C and then
blocked with normal goat serum for 12 h at 37°C. The skin
was then immersed in rabbit anti-beta III tubulin antibody
(1:200; polyclonal antibody, abl8207; Abcam) for 3 days at
37°C, washed with TBS for 8 h at 4°C, and immersed for 5
days at 37°C in a cocktail of goat anti-rabbit IgG conjugated
with Alexa Fluor 594 (1:200; polyclonal antibody, A11037;
Thermo Fisher Scientific) as the secondary antibody and
mouse anti-pan-cytokeratin antibody conjugated with Al-
exa Fluor 488 (1:50; monoclonal antibody, 53-9003; Thermo
Fisher Scientific). Although anti-beta III tubulin antibody,
employed as a neuronal marker in the 3D analysis, differs
from the 2D analysis marker (anti-PGP9.5 antibody), both
are pan-neuronal markers that exhibit the same immunore-
activity (Supplementary Fig. 2)4. The samples were then
washed with TBS for 8 h at 4°C and immersed in a transpar-
ency reagent (LUCID-B, Photon Tech Innovations, Tokyo,
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Fig. 1. Comparison of overall tissue processing for 2D and 3D analyses. (a) Overall tissue processing for 2D analysis. 1. Skin sampling site. The
black line is the excision line of the plantar glabrous metatarsal region of the skin. 2. Outline of the steps from skin fixation to image
analysis. 3. Analysis areas of the glabrous metatarsal region of the plantar skin. The image shows the whole section tiled after confocal
imaging. The five dotted squares were analyzed. (b) Overall tissue processing for 3D analysis. 1. Skin sampling site. The dotted line is the
excision area of the plantar glabrous metatarsal region of the skin. 2. Outline of the steps from skin fixation to image analysis. 3. Analysis
areas of the glabrous metatarsal region of the plantar skin. The image shows the whole skin tiled after confocal imaging. In the analysis,
the five blue squares were classified as the marginal area and the five yellow squares as the middle area. PFA, paraformaldehyde.

Japan) overnight at 37°C. Fluorescent-labeled cutaneous
nerve fibers were z-stacked at 0.27-um intervals with an XY
plane of 512 x 512 pixels using a confocal microscope (LSM
900; Carl Zeiss) equipped with objective plan-apochromat
40%/1.4 oil DIC. All 3D images were acquired using 1x
zoom at a frame time of 633.02 ms, with an XY plane of ap-
proximately 160 um?2 and a height of approximately 40—50
pm (from the dermis to the granular layer). A total of 10
volume images were captured continuously at five locations,
ranging from the middle to the marginal area of the glabrous
metatarsal region of the plantar skin, to observe the nerve fi-
bers passing through the epidermis and dermis. The number
of IENFs per 0.03 mm? (the actual area of epidermis ana-
lyzed in the 2D analysis) was calculated in the 3D analysis
to quantify the IENF density for comparison between the
2D and 3D analyses (Supplementary Fig. 1). For the quan-
titative analysis of cutaneous nerve fibers using 3D images,
volume rendering was performed using the IMARIS soft-
ware (Imaris 9.7; Bitplane, Belfast, UK). The nerve plexus
running in the dermis was automatically reconstructed us-
ing the “filament tracer” function and the algorithm created
by defining a threshold from the luminance values in the
image, and then only nerve fibers running just below the
epidermis were extracted. The nerve fibers that were un-
necessary due to noise were manually reworked. The nerve
fibers penetrating the epidermis were also reconstructed by
semi-automatically tracking only those fibers penetrating

the fluorescent signal area (epidermal area) of Alexa Fluor
488 using the “filament autopath” function by a certain fluo-
rescence intensity threshold. IENFs that lost connection to
the dermal nerve fibers were excluded from the quantitative
analysis. The total length of nerve fibers in the dermis, the
individual lengths of nerve fibers in the epidermis, the total
length, and the presence of branching were quantitatively
analyzed. The IENF density was calculated per mm?2 of epi-
dermal area and per mm of dermal nerve fiber length. The
number of IENFs per 0.03 mm?2 of epidermal area was also
calculated for comparison with the IENF density obtained
from the 2D and 3D analyses (Supplementary Fig. 1).

Statistics

Data are presented as mean + standard deviation. The
Wilcoxon test was used to compare the means between the
groups. Differences were considered statistically significant
at p<0.05. Statistical analysis was performed using JMP Pro
17 software (SAS Institute Japan, Tokyo, Japan).

Results

3D analysis using tissue transparency technology
reveals the 3D structure of IENFs of the glabrous
plantar metatarsal skin in mice

In the conventional 2D analysis, the dermal nerve fi-
bers extending horizontally and the IENFs running verti-
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cally in the glabrous plantar metatarsal skin were visualized
using confocal microscopy (Fig. 2a). However, the IENFs
overlapped the dermal nerve fibers that extended horizon-
tally just below the epidermis because the 2D image was
reconstructed into a projection image by overlapping the
z-stack images. Thus, it was difficult to determine exactly
which IENFs were connected to the dermal nerve fibers
at the epidermis—dermis border (Fig. 2a). Meanwhile, 3D
structural imaging revealed that nerve trunks consisting of
several large nerve fibers penetrated just below the epider-
mis, branched, and fused to form a complex meshwork of
nerve fibers in the dermis (Fig. 2b). In addition, the IENFs
branched from the nerve fiber meshwork in the dermis and
then extended spirally and vertically within the epider-
mis (Fig. 2¢). After penetrating the epidermis, the IENFs
scarcely branched, with approximately half (50.3 + 16.2%)
randomly disconnecting in the basal to granular layers
(Fig. 2d). Comparing the IENF density between the 2D and
3D analyses over the same area (Supplementary Fig. 1), the
density in the 2D analysis was 47.8 + 9.0 fibers/0.03 mm?2,
whereas that in the 3D analysis was 15.0 £ 7.6 fibers/0.03
mm?. Thus, for the same epidermal area, the IENF density
in the 3D analysis was approximately one-third of that in the
2D analysis (p<0.0001, Fig. 2e).

3D analysis of cutaneous nerve fibers using IMARIS
software provides more accurate quantitative infor-
mation than conventional 2D analysis

The IMARIS software reconstructed clear 3D images
of the dermal nerve fibers and IENFs, providing more ac-
curate quantitative data (Fig. 3a). The 3D analysis was able
to capture the mesh network of the dermal nerve fibers and
thus more accurately detect the branching points of IENFs
from the dermal nerve fibers, resulting in the identification
of the exact number of IENFs (Fig. 3a). The 3D analysis us-
ing IMARIS software not only quantified IENFs branch-
ing from the dermal nerves but also accurately measured
the complicated trajectory of the nerve fibers (Fig. 3a,
Supplementary Movie 1). As a result, in addition to measur-
ing IENF density per epidermal area (mean: 500.8 + 253.1
fibers/mm?2), accurate measurements could be obtained for
IENF density per dermal nerve length (mean: 8.7 + 4.2 fi-
bers/mm), length of a single IENF (mean: 17.7 = 4.8 um),
total length of IENFs (mean: 234.7 = 153.7 um), and total
length of dermal nerve fibers (mean: 1,486.9 + 330.6 pm)
(Fig. 3b).

1ENFs have different characteristics depending on the
location of the glabrous plantar metatarsal skin

The qualitative and quantitative 3D analysis method
we developed revealed site-specific differences in the num-
ber and length of IENFs (Fig. 4a and 4b). The mean values
related to the IENFs in the margin versus the middle areas
were as follows: 424.8 + 236.1 vs. 576.8 £+ 251.0 fibers/mm?2
(IENF density per epidermal area, p=0.0309, Fig. 4c), 7.0 £
3.6 vs. 10.3 £4.2 fibers/mm (IENF density per dermal nerve
length, p=0.0062, Fig. 4d), 15.2 + 4.5 vs. 20.1 = 3.8 mm (the

length of a single IENF, p=0.0002, Fig. 4¢), and 173.0 £ 103.4
vs. 296.4 + 137.8 mm (the total length of IENFs, p=0.0018,
Fig. 4f). For all the four parameters, the mean values in the
middle area were significantly higher than those in the mar-
ginal area. Only the frequency of fragmented IENFs was
significantly higher in the marginal area (55.9 + 18.2%) than
in the middle area (44.7 + 11.9%, p=0.0406, Fig. 4h). On the
contrary, the total length of dermal nerve fibers was 1,553.7
+ 342.3 mm in the marginal area and 1,420.2 + 310.9 mm in
the middle area, with no significant difference between the
two locations (p=0.1206, Fig. 4g).

Discussion

This study clearly demonstrated the difference between
the 2D and 3D analyses of nerve fibers throughout the gla-
brous plantar metatarsal skin in mice. The conventional 2D
analysis usually uses a single projection image from mul-
tiple z-stack images of the vertical plane of the skin. There-
fore, determining the exact continuity between horizontally
extending dermal nerve fibers and vertically branching
IENFs from a single projection image was difficult. In con-
trast, the 3D analysis accurately detected the branching
points of the IENFs from the dermal nerve fibers and clari-
fied that approximately half of the IENFs were randomly
disconnected in the epidermis. Consequently, the IENF
density in the 2D analysis was considerably higher than that
in the 3D analysis when evaluated across equivalent epider-
mal areas. This finding suggests that the 2D images may
have contained inaccurate data on IENFs that should not
have been counted. Thus, these erroneous measurements
may be responsible for the interstudy variability in IENF
density observed in previous 2D analyses of mice, in ad-
dition to the lack of standardized methods?2!- 22,26, To date,
the difficulty in achieving transparency in the epidermis and
capturing small-sized nerve fibers has prevented the estab-
lishment of a reliable method for 3D quantitative analysis
for IENFs2L 27. 45, The method developed in this study ef-
fectively reproduced the 3D nerve distribution in mice, al-
lowing the software to semi-automatically detect the exact
location of nerve branches. As a result, we established a new
3D analysis method that can accurately identify IENFs both
quantitatively and qualitatively.

Our 3D analysis method facilitated the accurate mea-
surement of not only the number of IENFs but also the length
of IENFs and dermal nerve fibers in mice. These new pa-
rameters provide a more comprehensive nerve fiber data-set
to evaluate. In addition, the quantitative analysis revealed
site-specific differences in both the density and length of
IENFs. For all parameters of IENF density and the length
of IENFs within the glabrous plantar epidermis, the mean
values for the middle area were significantly higher than
those for the marginal area. This discrepancy between skin
sites may have contributed to the variation in IENF den-
sity observed in previous studies?!: 22.26 using conventional
2D analysis. However, the exact reason for the higher IENF
density in the middle area remains unknown and should be
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Fig. 2. Comparison of confocal images between the 2D and 3D analyses. (a) 2D analysis image. Red indicates nerve fibers labeled with PGP9.5
and green indicates epidermis labeled with pan-cytokeratin. Confocal image of a longitudinal cutaneous section with maximum intensity
projection. The white dotted line indicates the length of the epidermis used to calculate the IENF density. In the magnified image of the
white line square area, the white arrow indicates the IENFs to be counted. (b—d) 3D analysis image. Red indicates nerve fibers labeled
with beta IlI-tubulin and green indicates epidermis labeled with pan-cytokeratin. (b) Vertical and horizontal images show nerve trunk
penetration (white arrowheads), branching (yellow circles), and fusion (blue circle). (c) Diagonal images indicate the continuity of IENFs
with dermal nerve fibers. In the magnified image of the white dotted line area in the diagonal image, the green framed plane indicates the
boundary between the epidermis and dermis, and the white arrows indicate IENFs. (d) Some IENFs disconnect in the basal layer (yellow
circle), granular layer (white circle), or between the layers (blue circle). (¢) Comparison of IENF density between the 2D and 3D analyses
for the same epidermal area. ****p<(0.0001, Wilcoxon test. IENFD, intraepithelial nerve fiber density.

explored in future studies. One possible explanation is the  nerve in the marginal areat. This difference in innervation
difference in innervation, as the plantar region in mice is in-  could account for the observed variation in IENF density.
nervated by the tibial nerve in the middle area and the sural Fragmented nerve fibers within the epidermis account-
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Fig. 3. Comparison of confocal and reconstructed 3D images of IENFs of the glabrous metatarsal region of the plantar skin. (a) Confocal and
reconstructed 3D images. Red in the confocal images shows nerve fibers labeled with beta III-tubulin and green shows epidermal layers
labeled with pan-cytokeratin. The reconstructed images show IENFs in green and dermal nerve fibers in red. (b) A list of parameters of
cutaneous nerve fibers that can be measured using 3D analysis and the actual values measured in the glabrous metatarsal region of the
plantar skin of five mice. IENF, intraepithelial nerve fiber; IENFD, intraepithelial nerve fiber density.

ed for approximately half of the nerve fibers observed within
the epidermis, and their numbers were significantly higher
in the marginal area than in the middle area. It is known that
IENFs in mice extend into the granular layer4’. Recent in
vivo imaging of the skin has demonstrated that newly formed
tight junctions in the granular cell layer prune and fragment
IENFs, while IENFs are also fragmented in areas without
tight junctions®. The fragmentation of IENFs is likely to
affect their organization and density#S. In the present study,
IENF fragmentation was found in the granular cell layer as
well as the basal cell layer near the basal lamina. This find-
ing is consistent with previous reports#: 47, suggesting that
IENF fragmentation occurs randomly within the epidermis
and is probably a physiological change related to epidermal

cell turnover. Furthermore, in the present study, more frag-
mentation was observed in the marginal area, which may be
related to the finding that IENF density was higher in the
middle area and lower in the marginal area, indicating that
the marginal area may be more prone to fragmentation.

The present study demonstrated that the majority of
IENFs in the mouse plantar epidermis did not branch. In
humans, IENFs exhibit substantial branching, especially in
young individuals, and this structure simplifies with age,
suggesting that the degree of nerve fiber branching may also
be an indicator of neuropathy?®. However, a limitation of
this study is that in our young adult mice, the IENFs were
sparsely branched, and the pattern was clearly different
from that of humans. Thus, further studies are needed to
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Fig. 4. Comparison of IENFs between the marginal and middle areas of the glabrous metatarsal region of the plantar skin. (a) Representative
confocal 3D images of the marginal and middle areas of the glabrous metatarsal region of the plantar skin. The five blue squares on the
whole skin represent the area analyzed as the marginal area and the five yellow squares represent the actual skin area analyzed as the
middle area. White arrows in the magnified vertical image indicate IENFs. Red in the confocal images shows nerve fibers labeled with
beta I1I-tubulin. (b) Representative reconstructed 3D images of the marginal and middle areas of the glabrous metatarsal region of the
plantar skin. The reconstructed images show IENFs in green and dermal nerve fibers in red. (c—h) Results of quantitative analyses of
cutaneous nerve fibers in the marginal and middle areas. (c) IENF density per epidermal area (fibers/mm?). (d) IENF density per dermal
nerve length (fibers/mm). (e) The length of a single IENF (mm). (f) The total length of IENFs (mm). (g) The total length of dermal nerve
fibers (mm). (h) Frequency of fragmented IENFs (%). *p<0.05; **p<0.01; ***p<0.001, Wilcoxon test. IENF, intraepithelial nerve fiber;

IENFD, intraepithelial nerve fiber density.

analyze the branching patterns of IENF with age in mice.

The newly developed 3D method enables straight-
forward and accurate morphological evaluation of periph-
eral neuropathy, minimizing measurement discrepancies
between studies compared to the 2D method. In addition,
achieving transparency in skin samples is straightforward,
without the need to prepare genetically modified mice with
fluorescent molecules knocked into their genes. This ver-
satile method holds promise for application across various
mouse disease models in future studies.
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