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A B S T R A C T

Background: Currently, assessment of unmyelinated axon regeneration is limited to electron microscopy (EM),
which is expensive, time consuming and not universally available. This study presents a protocol to estimate the
number of unmyelinated axons in a regenerating peripheral nerve without the need for electron microscopy.
New method: The common peroneal nerve of Sprague-Dawley rats was transected, repaired and regenerated for 4
weeks. Two distal adjacent segments of the regenerating nerve were then processed for either conventional
histomorphometry using toluidine blue or immunolabeling of neurofilament protein. Myelinated axon and total
axon counts were obtained, respectively, to generate estimates of unmyelinated axon numbers, which were then
compared to unmyelinated axon counts using EM from the same specimens. For comparison, unmyelinated
axons were counted in an uninjured rat laryngeal nerve.
Results: After 4 weeks of regeneration, the estimated number of regenerating unmyelinated axons was
4044 ± 232 using this technique, representing 81.3% of the total axonal population. By comparison, the pro-
portion of unmyelinated axons in the uninjured laryngeal nerve was 55% of the total axonal population.
Comparison with existing method: These estimates correlate with electron microscopy measurements, both in
terms of the proportion of unmyelinated axons and also by linear regression analysis.
Conclusions: The neurofilament staining method correlates with electron microscopy estimates of the same nerve
sections. It is useful for the efficient counting of unmyelinated axons in the regenerating peripheral nerve and
can be used by laboratories that do not have access to EM facilities.

1. Introduction

The peripheral nervous system retains the intrinsic capacity to re-
generate unlike the central nervous system. This capacity to regenerate
is limited however, by mechanical, physiological and molecular factors
that various technologies can potentially manipulate to improve out-
comes. Investigating new technologies and studying the natural history
of peripheral nerve regeneration requires reliable metrics of evaluating
both the extent of regeneration at the cellular level and also physiolo-
gical functional recovery. Standard methods of investigation include

histomorphometry, retrograde labeling, various microscopy and ima-
ging techniques (Wood et al., 2011). These validated techniques enable
counting of regenerating axons distally in a recovering nerve, the
number of neurons that regenerate their axons, and the histologic
patterns of nerve regeneration, respectively.

Histomorphometry is an established and validated technique
(Hunter et al., 2007) based on toluidine blue staining of nerve cross-
sections that allows for enumeration of total numbers of regenerated
myelinated axons in a regenerating nerve. However, this technique does
not provide information on patterns of unmyelinated fiber
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regeneration. In fact, very little data exists in the literature on patterns
of unmyelinated axon regeneration despite the large proportion of
unmyelinated vs. myelinated axons in mammalian systems; with ratios
ranging from 3:1 in cats to 9:1 in rabbits (Lisney, 1989). The proportion
of unmyelinated to myelinated axons in humans is not known. Ac-
cordingly, there may be a wealth of valuable information to be gained
by studying patterns of unmyelinated and total nerve fiber regeneration
(ie: both myelinated and unmyelinated) in a variety of experimental
settings. Furthermore, an improved understanding of unmyelinated
axon regeneration may yield clinically relevant data regarding the de-
velopment of pain as well as regeneration of sensory and autonomic
nerves. Currently, assessment of unmyelinated axon regeneration is
limited to electron microscopy (EM) which is both expensive, time-
consuming and relies on extrapolated estimates of axon density based
on multiple samples from a single nerve section (Geuna et al., 2000;
Gunderson, 1978; Kaplan et al., 2010; Larsen, 1998; Raimondo et al.,
2009).

We describe a new method for estimating unmyelinated and total
(myelinated plus unmyelinated) axon counts within a regenerating
nerve. The method is based on comparing immediately adjacent nerve
cross sections in a regenerating nerve. Unmyelinated axon number is
calculated as the difference between counts of total axon number (from
neurofilament stained sections) and counts of myelinated axons (from

toluidine blue stained sections). We show that this technique quantifies
myelinated and unmyelinated axons in a regenerating peripheral nerve
and that these counts correlate with those of electron microscopy. This
technique is more widely accessible, less expensive and less time con-
suming than EM.

2. Materials and methods

A single cohort of 7 rats underwent surgical transection of their
common peroneal (CP) nerves followed by immediate repair. All ex-
perimental rats were in the weight range of 250–300 g. All protocols
used in this study were approved by the Hospital for Sick Children’s
Laboratory Animal Services Committee (Toronto, Canada), and adhered
strictly to the Canadian Council on Animal Care guidelines.

2.1. Surgical model of nerve regeneration

The rats were anaesthetized with inhaled isofluorane gas and the
plane of anesthesia titrated to respiratory rate. The bilateral hindlimbs
were shaved from the greater trochanter to immediately distal to the
knee. A skin incision was made 5mm below a line connecting the
greater trochanter and the knee joint, followed by blunt separation
along the septum between the biceps femoris and the vastus lateralis

Fig. 1. Immunohistochemical procedure for generating total axon counts. Formalin fixed nerve sections 10mm distal to the repair site stained for medium-chain
neurofilament primary antibodies and counterstained with hematoxylin (left two columns). To produce colour images for hematoxylin and/or NF controls in the left
3 columns, slides were scanned using a 3DHistech Pannoramic 250 Flash II Scanner. Images were acquired using a Zeiss 20x/0.8 lens and a CIS VCC-FC60FR19CL
camera, and stitched together in Adobe Photoshop. For counting purposes, no hematoxylin counterstain was used. This created a cloud of pigmented points (middle
right column), which was imaged at 100x magnification in black and white (far right column) to allow counting of axons with semi-automated software (Image pro-
analyzer). Scale bar represents 200 μm and 25 μm for the upper and lower rows, respectively.
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muscles to expose the sciatic nerve. Exposure was achieved from the hip
to the knee joint and tissue retractors were inserted. The CP nerve was
separated from the tibial (TIB) nerve using blunt dissection as far
proximally as possible without compromising the epineurium.
Approximately 5mm distal to this bifurcation, the CP nerve was
transected sharply with iris scissors followed by immediate repair using
two epineurial 9-0 Nylon microsutures. The wound was closed in layers.
Routine post-operative monitoring and analgesia with meloxicam (˜
0.5 mg/kg) was provided during recovery.

2.2. Tissue collection

After 4 weeks of regeneration, the same surgical approach was used
to expose the repaired CP nerve under sterile conditions. The CP nerve
was exposed and a 2mm long segment removed 10mm distal to the
original repair site. This specimen was divided in half and the proximal
1mm piece fixed in 2% solution of glutaraldehyde in preparation for
histomorphometry processing. The distal 1 mm sample was fixed in
10% formalin in preparation for immunohistochemical processing.

2.3. Toluidine blue staining and myelinated axon counting with light
microscopy

The histomorphometry samples were post-fixed with 1% osmium
tetroxide, ethanol dehydrated, and embedded in Araldite 502
(Polyscience Inc., Warrington, PA). Semi-thin sections were cut using a
LKB II Ultramicrotome (LKB-Produckter A.B., Broma, Sweden) and then
stained with 1% toluidine blue for examination by light microscopy. At
100X overall magnification, a tiled composite image of the entire nerve
cross-section was captured using Image-Pro Analyzer version 9.0
(Media Cybernetics, Rockville, MD) and the number of axons evaluated
using semi-automated software designed in MatLab (Mathworks Inc,
Natick, MA). These nerve cross-sections were evaluated for the total
number of myelinated axons contained within them.

2.4. Neurofilament staining and total axon counting with light microscopy

The nerve sample for immunohistochemical analysis was fixed for a
minimum of 48 h prior to processing and stained with neurofilament
primary antibodies (Cedarlane Laboratories) (Fig. 1). The samples were
processed by incubating in buffered formalin, graded ethanol dehy-
dration, xylene and paraffin treatment. Processing was performed by a
Leica Peloris tissue processor (Leica Biosystems, Saint Louis, MO). After
processing, tissue was embedded in paraffin and sectioned at 4 μm with
a Thermoscientific Micron HM-355 S Semi-automated microtome
(Thermo Fisher Scientific, Inc.) and mounted on Fisher-Brand Superior
Plus glass slides. Certain slides (controls) were counterstained with
hematoxylin. For slides used in analysis, no counterstain was used, only
chromagen labeled primary anti-neurofilament antibodies. Cover-
slipped slides were imaged to create black and white tiled images of
entire nerve cross-sections at 100x magnification in a similar fashion to
the histomorphometry sections. Axon counting was performed using
Image-Pro Analyser software (MediaCybernetics, Rockville, Maryland).

Estimates of unmyelinated axon numbers were generated by
counting total axon numbers from neurofilament stained sections
(Fig. 2A & B) and subtracting the number of myelinated axons counted
on histomorphometry (Fig. 2C).

2.5. Axon counting in uninjured nerve using electron microscopy

The laryngeal nerve of two Sprague Dawley rats were harvested for
exhaustive manual counting of total myelinated and unmyelinated
nerve fibers, the gold standard technique. The laryngeal nerve was
chosen as it is a small, mixed motor and sensory nerve with a diameter
of approximately 200 μm, where all nerve fibers can be practically
counted within a tiled composite image. A 2mm segment of laryngeal

nerve was harvested and fixed in 2% glutaraldehyde solution, post-
fixed with osmium tetroxide, sectioned, mounted on a Formvar support,
and stained with lead citrate. Tiled composite images were generated at
5000x magnification by splicing individual frames together using
Adobe Photoshop, version CS3 (Adobe Inc.) (Fig. 3A & B). Individual
myelinated and unmyelinated nerve fibers were counted directly from
these images.

2.6. Axon counting in regenerating nerve using electron microscopy

The 4-week regenerated nerve specimens were processed in a si-
milar fashion to those described above, except that these sections were
mounted on a 200-slot mesh grid. Images at 3000x magnification were
captured at regular intervals, centered within every third frame of the
slot-mesh to replicate the conditions of an unbiased counting frame.
These images were calibrated to scale, axons were counted within the
sampling frame and density estimates derived from each image.
Consistent with stereological principles, all axon profiles in contact
with the lower and left margin of the frame were included with the
count and those touching the right and upper margin were excluded.
The mean myelinated and unmyelinated axon density was calculated
from 6 to 7 individual images for each section. Myelinated and un-
myelinated axon numbers were then calculated by multiplying the
mean axon density by the cross-sectional area of the specimen.

2.7. Statistical analysis

Standard descriptive statistics including mean and standard error
the mean were used to compare nerve fiber numbers between groups.
EM and neurofilament staining derived estimates of unmyelinated
nerve fiber numbers were compared using a linear regression analysis.
Statistical comparison between electron microscopy and neurofilament-
stained estimates was carried out using a paired Student’s t-test.

3. Results

Seven regenerating common peroneal (CP) nerves in the rat were
prepared and processed to estimate the number of unmyelinated nerve
fibers using stains for toluidine blue and neurofilament. Nerve cross-
sections from these rats were then prepared for electron microscopy
(EM) for statistical comparison. Three rat laryngeal nerves were first
used to quantify the relative proportions of myelinated and un-
myelinated axons in an uninjured mixed sensory and motor nerve using
the gold standard technique, directly counting all axons with EM.

A single tiled composite image was created for each laryngeal nerve
cross section, which was used to directly count each myelinated and
unmyelinated axon. These tiled composite images revealed hetero-
geneity in nerve fiber morphology with respect to size and myelination
(Fig. 3A). Unmyelinated axons were readily observed at 5000x mag-
nification, featuring axoplasm, smaller size, frequent mitochondria and
no myelin (Fig. 3B). We observed that the absolute number of axons
varied in proportion to the size of the nerve, but the proportion of
myelinated to unmyelinated fibers was similar. The mean proportion of
myelinated axons was 44.6 ± 4.1% (± SEM) and the mean proportion
of unmyelinated axons was 55.4 ± 4.1% in an uninjured rat laryngeal
nerve (Fig. 3C).

Black and white whole-section composite images of neurofilament-
stained cross-sections were compared with toluidine blue stained cross-
sections from the same nerve. There was an increased density of the
axons stained with neurofilament compared with the myelinated nerve
fibers observed in histomorphometric cross-sections (Fig. 2B and C).
This comparison was quantified by subtracting the number of myeli-
nated nerve fibers (histomorphometry sections) from the total number
of neurofilament stained axons; the difference representing the estimate
of unmyelinated fiber numbers for each nerve (Fig. 4A). Using this
technique the estimated mean number of unmyelinated axons in the 4-
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week regenerating CP nerve in this sample was 4044 ± 232 (± SEM).
The relative proportion of unmyelinated axons at this time point (˜83%)
in regeneration is considerably increased compared with the uninjured
laryngeal nerve (˜55%) and those values published in the literature
(62–67%) (Jenq et al., 1987; Jenq and Coggeshall, 1985; Toft et al.,
1988). These proportions were consistent between both neurofilament
estimates and EM estimates of the same nerve sections after 4 weeks of
regeneration (Fig. 4B).

Estimates from this neurofilament-histomorphometry technique
were compared statistically with EM estimates from the same sections.
We observed that these two techniques correlated well through linear
regression in estimating the number of unmyelinated axons (Fig. 5A).
However, each technique produced different values for the estimated
number of unmyelinated axons. Similarly, myelinated axon estimates
from EM cross-sections correlated directly with the total numbers of
myelinated axons counted with histomorphometry (gold standard)
(r= 0.61); however, they differed in their absolute number (Fig. 5B).
This difference was significant when compared with a paired Student’s
t-test (Fig. 5D). Comparison of unmyelinated axon density yielded
numbers that were more similar in absolute value (Fig. 5C), which
raises the question of whether surface area and subtle processing dif-
ferences accounts for the discrepancy.

4. Discussion

This study was successful in establishing a protocol for efficiently
counting the number of unmyelinated axons in a cross-section of a

regenerating nerve, a measurement currently under-reported in the
literature. This technique relies on a comparison between a neurofila-
ment antibody-stained section (myelinated and unmyelined axons) and
toluidine blue stained sections (myelinated axons only) from im-
mediately adjacent positions along the length of a repaired peripheral
nerve (Figs. 1, 2 and 4). This technique is best applied to regenerating
nerves and not uninjured nerves, as the latter can have high density of
all fiber types that may cause confluent staining of neurofilament an-
tibody and obscured counts.

These estimates of unmyelinated common peroneal (CP) nerve re-
generation were compared with the ratios of myelinated to un-
myelinated axons in an uninjured rat laryngeal nerve (Fig. 3). The rat
laryngeal nerve was selected as it has both sensory function to the rat
glottis, motor innervation to the laryngeal musculature and is small
enough to allow for a composite tiled image of its full cross sectional
area (Hishida et al., 1997; Rhee et al., 2004). Furthermore, the ratio of
myelinated to unmyelinated fibers in the uninjured laryngeal nerve was
not substantially different (49% : 51%) to the ratio found in the unin-
jured common peroneal nerve (36% : 64%) (Hishida et al., 1997; Jenq
et al., 1987). To support the reproducibility of our EM technique, the
number of myelinated laryngeal nerve axons observed in this study
(605) was also consistent with values published in the literature (Lima
et al., 2007).

Little data exists on the relative proportion of myelinated and un-
myelinated fibers in the regenerating nerve. In this study, we observed
that the number of unmyelinated axons in the laryngeal nerve was
approximately 55% of the total axonal population (Fig. 3), similar to

Fig. 2. Tiled composite images of neurofilament stained common peroneal nerve sections are compared with conventional histomorphometry. Semi-thin nerve cross
sections 10mm distal to the repair site were harvested 4 weeks after repair and immunostained for neurofilament. (A) Representative complete tiled image of whole
nerve cross-sections. (B) Magnified image of area outlined in ‘A’ depicting individual axons that have regenerated 4 weeks after immediate repair. (C) Sections from
an immediately adjacent segment of regenerating nerve were processed in glutaraldehyde for conventional histomorphometry against which total axon counts from A
were compared. Note that orienting these minute specimens for paraffin embedding during IHC staining led to a somewhat flattened appearance of otherwise true
cross sections.
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those published in the literature (51%) (Hishida et al., 1997). Four
weeks after transection and repair of the common peroneal nerve, the
proportion of unmyelinated axons increased considerably in the distal
nerve stump, accounting for 83% of the total fiber population. This
proportion represents an increase in approximately 20% from the pre-
injury ratio reported in the literature and substantial change from the
ratio observed in the laryngeal nerve sections (Fig. 4). Very few studies

were identified that quantified this relationship.
The proportion of unmyelinated axons that comprise a peripheral

nerve is substantial (˜55% uninjured laryngeal nerve; ˜83% of early
regenerating common peroneal nerve). This large population of un-
myelinated nerve fibers, many of which are cutaneous sensory nerve
fibers, further emphasize the importance of obtaining a better under-
standing of their patterns of regeneration. The patterns of regeneration

Fig. 3. Direct counting of all myelinated and unmyelinated axons from tiled composite images of uninjured rat laryngeal nerve sections reveal a substantial
proportion of unmyelinated axons. A) Tiled composite electron microscopy image of the rat laryngeal nerve. B) Higher magnification view of region highlighted in A
which reveals many unmyelinated (arrowhead) and myelinated fibers (asterisk). C) Representative proportions of myelinated and unmyelinated fibers counted
exhaustively in tiled composite images of uninjured rat laryngeal nerve branches. Note that the mean number (red dashed line) of unmyelinated axons in these
sections comprises 55% of the total axonal population.

Fig. 4. Estimates of unmyelinated
nerve fibers in the 4 week regenerating
common peroneal nerve using the
neurofilament-histomorphometry com-
parison method. (A) Unmyelinated
nerve fiber number estimates are re-
presented by the arithmetic difference
of the total nerve fiber count and the
myelinated nerve fiber count derived
from histomorphometry. (B) The per-
centage of unmyelinated nerves in the
total nerve population is substantial
and correlates well with EM estimates
derived from the same population.
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in unmyelinated axons are not well studied. Ratios of myelinated to
unmyelinated axon numbers will vary between species and function of
the nerve, ranging from 1:0.4 (rat muscle) to 1:9 in rabbit (Jenq and
Coggeshall, 1985; Lisney, 1989). Data for similar ratios in the rat are
sparse. Jenq and Coggeshall (1985) examined proportions of myeli-
nated and unmyelinated axons regenerating across a nerve gap and
noted that proportions of axon populations was strongly influenced by
the function of the nerve. In this study, the pre-injured rat laryngeal
nerve contained a ratio of 1:1.3 (myelinated: unmyelinated nerve fi-
bers) and the early regenerating CP nerve contained a ratio of 1:9. This
relative increase in unmyelinated axon number may be explained by
preferential axonal sprouting of unmyelinated axons compared with
myelinated ones distal to the repair site. Interestingly, distal axonal
sprouting and similar ratios of myelinated:unmyelinated axons (1:10)
were observed after 4 weeks in a rat peroneal nerve crush model (Toft
et al., 1988), consistent with findings in this study.

Unmyelinated axon numbers were calculated as the difference be-
tween total axon counts from neurofilament-stained nerve cross-sec-
tions and myelinated axon counts from toluidine blue stained sections.
Estimates of axon number obtained from these two methods correlated
statistically with a moderately strong r-value of 0.71 and 0.61 for un-
myelinated and myelinated axon counts, respectively. Specifically,
nerve cross sections with greatest number of axons tended to have the
highest counts using either technique. (Fig. 5). However, the absolute
axon counts for the estimates derived by these two methods were sig-
nificantly different by paired t-test comparison (Fig. 5). Interpretation
of this discrepancy is difficult considering that there is no consistently
agreed upon values reported in the literature. The few instances where
unmyelinated axon number is quantified in the distal common peroneal
nerve post-repair range broadly from 2170 to 10,011 (Jenq et al., 1987;
Toft et al., 1988). Electron microscopy techniques in these studies
varied greatly. There are several possible factors that contribute to this

observed variation in this study. Morphological bias, defined as the over
representation of smaller objects within large sample size areas (Geuna
et al., 2000), may have contributed to this overestimation in our elec-
tron microscopy technique. Further, underestimation of neurofilament
counts may have contributed due to coalescence of chromagen signal
when unmyelinated axons were closely packed together. Embedding
technique is also known to influence the density of countable struc-
tures, especially at the periphery of sections, biasing counting techni-
ques like the 2D optical dissectors by as much as 25% (Deniz et al.,
2018; Gardella et al., 2003).

Stereology of the peripheral nervous system aims to determine the
number and the morphological characteristics of regenerating nerve
fibers (Kaplan et al., 2010). Stereological techniques have evolved over
time. These include the ‘ratio technique’ that multiplies axon density
within a sample area by cross sectional area of the section (Kupfer et al.,
1967; Mayhew, 1988), fractionator techniques to overcome inherent
bias (Deniz et al., 2018; Gundersen, 1986; Mayhew, 1988), unbiased
counting frames (Canan et al., 2008; Gunderson, 1978; Larsen, 1998)
and semiautomated software techniques (Hunter et al., 2007). Such
stereological techniques however, are nonetheless confounded by their
own sources of error that are influenced by such factors as size and
morphological recognition of cellular anatomy, species of animal, the
embedding technique and tissue deformation, and the size of the sam-
pling area (Deniz et al., 2018; Farel, 2002; Gardella et al., 2003; Kaplan
et al., 2010; von Bartheld et al., 2017).

There has been much debate over which of these stereological
methods is the most ideal (Farel, 2002; Raimondo et al., 2009). The
most straightforward and accurate method is to directly count all nerve
fibers in a cross-section (Farel, 2002). However, given their small size
and lack of myelin, counting all unmyelinated axons would rely on
electron microscopy. At present, the use of electron microscopy is
limited to qualitative observations of nerve ultrastructure to

Fig. 5. Comparison between neurofila-
ment-histomorphometry technique and
electron microscopy when examining
myelinated and unmyelinated axons
counts in the recovering peroneal
nerve. (A) Unmyelinated axon counts
from the same nerve specimen were
obtained using the two different tech-
niques and compared. Good correlation
was observed by linear regression. (B)
Electron microscopy (EM) estimates
were compared with the ‘true’ number
of myelinated nerve fibers and found to
correlate well on linear regression. (C)
Unmyelinated nerve fiber density with
the two techniques did not correlate as
well, perhaps due to differences in
embedding technique; (D) EM esti-
mates of myelinated nerve fiber
number were significantly different
from the ‘true’ numbers derived from
toluidine blue stained sections.
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complement enumeration by other means (Gomez-sanchez et al., 2017;
Hoben et al., 2018; Rui et al., 2018), generating estimates of un-
myelinated axon density without extrapolation to whole nerve counts
(Duchesne et al., 2016) and high throughput enumeration of myeli-
nated axons (Bond and Parkinson, 2018). Directly counting all un-
myelinated axons in a nerve cross-section using electron microscopy
would be prohibitively time and labor intensive. Accordingly, this
reality has limited our study of unmyelinated axon regeneration, until
now.

This study presents an efficient method of enumerating both total
and unmyelinated nerve fiber populations by directly counting all re-
generating myelinated and unmyelinated axons. This technique avoids
the extrapolations and bias inherent in many of the stereological
techniques employed today. Previous attempts at using neurofilament
staining to characterize nerve regeneration across a whole nerve cross-
section led to rapid enumeration, but no critical discrimination between
myelinated and unmyelinated nerve fiber populations (Heijke et al.,
2000). The technique presented here uses a simple comparison between
neurofilament and toluidine blue stained nerve sections. The advantage
beyond simply estimating unmyelinated axon number is that the in-
vestigator can still derive all the conventional metrics of histomor-
phometry, such as myelin thickness and G-ratio. The assumptions made
in this technique are that the number of axons does not change in a
clinically significant way in the ˜ 1mm interval between sections and
that there is no difference in total axon number when resin (EM/to-
luidine blue) vs paraffin (immunohistochemistry) is used for embedding
(Raimondo et al., 2009). This technique was validated against EM es-
timates of the same slides. While the EM estimates tended to be higher
than expected for reasons discussed above, the strengths of the sam-
pling strategy included systematic unbiased sampling using slot mesh
grid placed randomly across the nerve cross-section.

5. Conclusions

This study presents a novel imaging protocol to estimate un-
myelinated axon number that avoids extrapolating small sample esti-
mates from within a heterogeneous regenerating nerve cross section.
Further, it provides a method to measure unmyelinated nerve re-
generation without the need for EM which can be expensive, time
consuming and have limited accessibility. The value of this technique
may be viewed as a repurposing of common laboratory stains to mea-
sure something once limited to electronic microscopy. This is more
resource efficient and less costly. Further, this study quantified myeli-
nated and unmyelinated nerve fiber numbers in the regenerating rat CP
nerve, data that is scarcely reported elsewhere in the literature.
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