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Identi¯cation of motor and sensory nerves is important in applications such as nerve injury
repair. Conventional practice relies on time consuming staining methods for this purpose. Here,
we use laser scanning infrared di®erential interference contrast (IR-DIC) microscopy for label-free
observation of the two types of nerve. Ventral and dorsal nerve roots of adult beagle dogs were
collected and sections of di®erent thicknesses were imaged with an IR-DIC microscope. Di®erent
texture patterns of the IR-DIC images of the motor and sensory nerve can be distinguished when
the section thickness increases to 40�m. This suggests that nerve ¯bers in motor and sensory
nerves have di®erent distribution patterns. The result hints a potential new way for more rapid
identi¯cation of nerve type in peripheral nerve repair surgery.
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1. Introduction

Peripheral nerve system contains motor and sensory
nerves, which are classi¯ed according to the type of
the majority nerve ¯bers inside. For trauma
patients with severe peripheral nerve injuries, nerve
repair surgery may be required to reconnect divided
nerve. To get the best outcome of the repair sur-
gery, it is essential to discriminate motor and sen-
sory nerve bundles and make correct connections
between the distal and proximal part of the same
type of injured nerve bundle.1,2

Various ways have been proposed to identify
motor and sensory nerves. Sunderland examined the
sequential slices of main nerves of human and drew
the contour of fascicles inside to get a distribution
map.3,4 But individual variation and trauma in-
duced position change limit its application. Identi-
¯cation using electrical stimulation has also been
applied. With microneurography technique, ¯ne
needles are inserted into peripheral nerves and
patients are stimulated at sensory and motor nerve
¯bers and reported sensations.5 This method, how-
ever, requires the patients to remain conscious as
the injuries are fresh. Staining based on di®erent
chemical compositions, such as acetylcholinesterase
(AChE) histochemical staining, are applied.6–10

However, the procedure is time consuming due to
the trace amount of the targeting constituents and
the slow staining process.

With staining, the internal nerve ¯bers showed
similar circular shapes in the images of thin sections
of both motor and sensory nerves. By observing
thicker sections of motor and sensory nerve samples
with confocal °uorescence microscope, we showed
that there exist di®erent microstructural patterns of
the internal ¯bers between motor and sensory
nerves.11 To clearly see the nerve ¯bers inside,
immunohistology staining or °uorescence labeling
was employed.

Label-free microscopy is an important pursuit for
imaging biological samples.12,13 As a classic label-free
microscopy, di®erential interference contrast (DIC)
microscopy is widely used to observe structure in
unstained living cells and isolated organelles.14–16

Combined with infrared light source, the tissue pen-
etration depth can be improved to facilitate imaging
of thick or high scattering samples, such as living
brain slices.17 In this paper, we attempted to use laser
scanning infrared di®erential interference contrast
(IR-DIC) microscopy for label-free observation of

motor and sensory nerves. Ventral and dorsal spinal
nerve roots of beagle dog, which are composed of pure
motor and sensory nerve ¯bers, respectively, were
used as the sample. Sections of the two types of nerves
with di®erent thicknesses were prepared and imaged.
Texture patterns were analyzed, and the results
showed that di®erent texture patterns appear at
thick nerve sections and may be used for di®erenti-
ating the two types of nerves.

2. Materials and Methods

Twelve adult beagle dogs were anesthetized with
sodium pentobarbital and then killed. From all the
12 of the dogs, canalis vertebralis were opened, and
both anterior and posterior roots were harvested
from L1-S2. 126 anterior roots and 126 posterior
roots were collected. These nerves were kept in the
liquid nitrogen and unfrozen at room temperature
before section preparation. Spinal nerve roots were
excised into pieces of 1–2mm length and ¯xed in 4%
paraformaldehyde for 24 h or 95% ethanol for 20min.
After washing for three times in 0.1M PBS contain-
ing (in mmol/L): 29Na2HPO4, 2.96NaH2PO4,
and 8NaCl, the dissected nerve was marinated in
25% saccharose solution for 15min. Finally, trans-
verse sections of di®erent thicknesses were obtained
from a cryostat microtome (CM1900, Leica) and
coverslipped with glycerin. The animal experiments
were performed following procedures approved by
the institutional animal ethics committee of Nanjing
Medical University and Huazhong University of
Science and Technology.

A custom-made laser scanning IR-DIC micro-
scope was used to image sections of spinal nerve
roots. Brie°y, a Ti: Sapphire laser (Ultra II, Co-
herent) was tuned to 800 nm. The laser beam was
collimated and coupled to a laser scanning micro-
scope (BX61WI with FV300 confocal scanner,
Olympus). Laser intensity was adjusted using a
motorized ND ¯lter wheel. The microscope was
con¯gured for DIC observation, a PMT is coupled
to the transmission illumination part of the micro-
scope to detect the transmitted laser. A 40X water
immersion objective (LUMPLFLN 40XW, Olym-
pus) was used. Images were acquired with °uoview
software (Olympus). The system is shown in Fig. 1.

Texture analysis was performed for the acquired
images to visualize the layout pattern of the internal
nerve ¯bers. A neighborhood ¯ltering was carried
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out, in which the local variance of each 3-by-3
neighborhood was calculated as the new value of the
center pixel. With this method, the ¯ber boundary
can be enhanced.

Individual nerve ¯bers can be identi¯ed in the
DIC images. To give a quanti¯ed description, the
classic Otsu's method, by maximizing the fore-
ground and background variance, was used to de-
termine the image threshold for converting the DIC
images into binary images. Individual nerve ¯bers

present as connected areas in the binary images.
Two di®erent shapes, stripe and circle, were roughly
de¯ned, according to the size of their occupied areas.
The percentage of the summed areas of the two
shapes in the images was calculated to characterize
the DIC images of the ventral and dorsal nerve root
sections with di®erent section thicknesses.

3. Results

We imaged nerve sections of 10�m, 20�m, and
40�m thick with the IR-DIC microscope. Z stack
imaging across the full thickness of the nerve sec-
tions was carried out and the maximum intensity
projection images were shown in Fig. 2. As shown
in Figs. 2(c)–2(f), at 10�m and 20�m, there's no
signi¯cant di®erence in the cross-section shape of
the internal nerve ¯ber. However, at 40�m thick,
the internal nerve ¯bers in the ventral nerve root
present as stripe shapes, while those in the dorsal
nerve root still look like circular shapes (Figs. 2(a)
and 2(b)).

For images of 40�m thick sections, texture
analysis was performed as described in the methods.
As shown in Fig. 3, the boundary of the internal
nerve ¯bers can be easily seen. In ventral nerve
roots, most nerve ¯bers look like short stripes, some
show as circular shapes (Figs. 1(a) and 1(b)). On
the contrary, in dorsal nerve roots, most nerve ¯bers
look like circular shapes. It can be deduced that the
nerve ¯bers inside the ventral nerve root run in a

(a) (b)

Fig. 2. IR-DIC images of nerve sections of di®erent thicknesses. Images in the left column are results from ventral nerve root.
Images in the right column are results from dorsal nerve root. (a) and (b) show the DIC images of 40�m cross-sections. (c) and (d)
show the DIC images of 20�m cross-sections. (e) and (f) show the DIC images of 10�m cross-sections. Scale bar: 100�m.

Fig. 1. System setup of the laser scanning infrared DIC
microscope. An upright microscope with Nomarski prism based
DIC optics is used. Laser passes through a ND ¯lter and a
collimator for adjusting the laser power and beam collimation.
After that, the laser beam is coupled to a confocal scanner
connected with the microscope. A PMT with ampli¯er module
is connected to the transmission lamp port of the microscope.
The ampli¯ed signal is connected to the confocal controller and
the PC for image construction.
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(c) (d)

(e) (f)

Fig. 2. (Continued)

(a) (b)

Fig. 3. IR-DIC images and texture ¯ltered images from cross-sections of 40�m thick nerve samples. (a) and (b) are the DIC image
of ventral and dorsal root, respectively. (c) and (d) are the corresponding texture ¯ltered images from (a) and (b). Scale bar: 100�m.
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more twisted way, so that the cross-section of the
nerve ¯bers in a thicker nerve section present as
short stripes. While, the nerve ¯bers in the dorsal
nerve root run in parallel with the nerve root.

Figures 4(a) and 4(b) show color-coded binary
images by thresholding the original DIC images of
ventral and dorsal nerve roots, respectively. Nerve
¯bers present as connected areas of di®erent shapes

(c) (d)

Fig. 3. (Continued)

(a) (b)

(c) (d)

Fig. 4. Area percentage of stripe pattern in ventral nerve root and that of circular pattern in dorsal nerve root. Thresholding the
DIC images and color coded the connected area into stripe area and circular area, according to their occupied areas. (a) and (b) show
the results of ventral and dorsal nerve root of 40�m thick, respectively. (c) Percentage of stripe pattern in the DIC images of ventral
nerve root with di®erent section thicknesses. (d) Percentage of circular pattern in the DIC images of dorsal nerve root with di®erent
section thicknesses.
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in the binary images. The circular shape was
roughly di®erentiated from the stripe shape by its
smaller area, and the occupied areas were coded in
red. The stripe areas were coded in green. We added
up the occupied area of the circular shapes and that
of the stripe shapes (stripe shapes tend to connect
with the adjacent ones and their summed area can
be directly counted) to calculate the percentage of
the occupied area of the two shapes. The results
were grouped according to the section thickness. As
shown in Fig. 4(c), for the ventral nerve root, the
percentage of stripe shape increases with nerve sec-
tion thickness and reaches about 90% for nerve sec-
tions of 40�m thick. For the dorsal nerve root, the
percentage of circular shape of the internal nerve ¯ber
maintains at a level close to 90%.

4. Discussion and Conclusion

In this paper, we show that with IR-DIC, the dif-

ference between ventral and dorsal nerve roots can

be identi¯ed, using nerve sections of appropriate

thickness. At 40�m section thickness, the DIC

images of two spinal nerve roots presented two

di®erent patterns, which related to the distribution

pattern of the internal nerve ¯bers. Therefore, it is

possible to identify motor ¯bers from sensory ¯bers

with this imaging method.
Previous work focus on the molecular composi-

tion between the motor and sensory nerves. In this
way, staining is inevitable, which is time consuming
waiting for the stain to take e®ect. The sample
preparation procedure of our method is relatively
simple compared with histochemical and immuno-
logical methods. Specimen ¯xation is still required
and we compared specimen ¯xed in 4% parafor-
maldehyde for 24 h and 95% ethanol for 20min.
There was no signi¯cant di®erence in DIC imaging
results between the two ¯xation methods.

We showed that the microstructure of the two
nerves can be used for identi¯cation of the nerve
type. Nerve ¯bers were assumed to bundle together
and run in parallel with the nerve trunk. While our
result shows that nerve ¯bers in the two types of
nerve may have di®erent running patterns. With
nerve sections of a certain thickness, this di®erence
can be obviously shown in the cross-section images
of nerve sections. IR-DIC was used to get better
imaging result of the thick sample, which also
allowed a label-free microscopic imaging.

The microstructure of peripheral nerve has pre-
viously been investigated. A number of studies also
employed the process of dissecting nerves and
evaluated their cross-sectional structure.18,19 Para-
meters such as the diameter of nerve trunk and
fascicle, number of fascicles, were evaluated. It was
found that branching and plexus formation gener-
ally occur between the fascicles in the proximal part
of the nerve, and this pattern becomes less marked
distally.20 However, the relationship between nerve
type and the detailed running pattern of the nerve
¯bers inside the fascicles is still unknown.

Conventionally, staining process is required for
the microscopic imaging of peripheral nerves, and
thin sections were used in order to get better
staining result. We showed that, with thin nerve
sections, the distribution pattern of internal nerve
¯bers cannot be distinguished between motor and
sensory nerves. And due to the high scattering
properties of peripheral nerves, wide ¯eld imaging
can only be used for imaging the surface of the
sample, and the microstructure inside cannot be
identi¯ed. We have employed confocal microscope
in combination with °uorescent labeling to show the
di®erent microstructures of motor and sensory
nerves. In this paper, we showed that, if nerve sec-
tions with appropriate thickness were used, it is
possible to distinguish the two types of nerves with
direct IR-DIC imaging of unlabeled nerve sections.
The two types can be identi¯ed according to their
di®erent DIC image patterns.

Our method shows the potential to di®erentiate
between motor and sensory nerves. More detailed
work on animal model and human samples can be
carried out to explore the di®erence at more distal
locations of the peripheral nerve. The functional im-
plication for the twisted running pattern of nerve
¯bers inside the ventral nerve root can also be studied.
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