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Abstract

In this study, biotinylated dextran amine (BDA) was microinjected into the left cortical motor area of
the canine brain. Fluorescence microscopy results showed that a large amount of BDA-labeled
pyramidal cells were visible in the left cortical motor area after injection. In the left medulla
oblongata, the BDA-labeled corticospinal tract was evenly distributed, with green fluorescence that
had a clear boundary with the surrounding tissue. The BDA-positive corticospinal tract entered into
the right lateral funiculus of the spinal cord and descended into the posterior part of the right lateral
funiculus, close to the posterior horn, from cervical to sacral segments. There was a small amount
of green fluorescence in the sacral segment. The distribution of BDA labeling in the canine central
nervous system was consistent with the course of the corticospinal tract. Fluorescence labeling for
BDA gradually diminished with time after injection. Our findings indicate that the BDA anterograde
tracing technique can be used to visualize the localization and trajectory of the corticospinal tract in

the canine central nervous system.
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INTRODUCTION

The corticospinal tract (CST) is a nerve tract
that descends from the cerebral motor
cortex and projects to anterior horn motor
neurons of the spinal cord in mammals,
mainly controlling voluntary skeletal muscle
movements. Injury to the CST can cause
loss of motor function. Previous studies on
spinal cord injury indicate that the recovery
of voluntary movement following spinal cord
injury primarily depends on the regeneration
of the CST™. Important morphological
indices of CST regeneration are the
anatomical localization of axon fibers and
the reconstruction of neural circuitry.
Therefore, the normal anatomical
localization of the CST in the spinal cord is
important for studies on CST regeneration
and reconstruction following spinal cord
injury.

Reproducible methods are required for
monitoring the regrowth of CST processes
to permit the evaluation of therapeutic
strategies that stimulate CST regeneration.
The commonly used myelin staining method
is not able to accurately display the
localization or structure of the CST in the

white matter of the spinal cord®”. Since the
1970s, horseradish peroxidase has been
widely used for nerve tract tracing. However,
there are some disadvantages, such as
difficulty in determining proper injection site,
long injection time, transneuronal transport
and low sensitivity. Researchers have also
used CST specific markers, such as protein
kinase Cy, for immunolocalization of the
CcSTE but have failed to successfully use
the method in dogs and human beings
(unpublished data). In recent years, medical
imaging techniques, such as diffusion tensor
imaging, magnetic resonance tractography
and transcranial magnetic stimulation,
combined with computer three-dimensional
reconstruction technology, have been used
to study the morphological localization of the
CcSTM* |n addition, manganese-enhanced
magnetic resonance imaging has been used
to visualize the CST in living rats™. The
neuronal tracer biotinylated dextran amine
(BDA) is more frequently used in tracing
experiments in rodents, such as rats and
mice, than in large animals, such as dogs
and cats™*®. These methods permit good
localization of the CST in the brain, as well
as in the cervical and superior thoracic

segments of the spinal cord, but do not allow
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proper visualization of the CST in the inferior spinal cord.
Due to the fact that BDA-positive cells are mainly located
in the CST below the medulla oblongata, this study
aimed to anatomically localize the CST using BDA
anterograde tracing of pyramidal cells in the canine
cortical motor area (where the CST originates).

RESULTS

Quantitative analysis of experimental animals

A total of eight dogs were included in this study, and two
animals each were selected for BDA anterograde tracing
at 14, 28, 42 and 49 days after injection. All eight dogs
were involved in the final analysis, with no loss.
BDA-labeled pyramidal cells in the canine cerebral
cortex

A number of BDA-labeled pyramidal cells were stained
green in the left motor area of the cerebral cortex where
the BDA was injected (Figure 1). The positive cell bodies
had a pyramidal shape, and the axons appeared as
elongated stripes.

Figure 1 Biotinylated dextran amine fluorescence
labeling of pyramidal cells in the canine motor cortex.
Positive labeling is visible in green. Arrows indicate the
bodies of pyramidal cells (scale bar: 100 um).

BDA-labeled pyramidal cells in the canine medulla
oblongata CST

BDA fluorescence labeling showed that the CST was
distributed uniformly in the left pyramids of the medulla
oblongata, while no positive staining was visible in the
right hemisphere. The labeled CST was clearly
distinguishable from the surrounding tissue and had a
clear boundary (Figure 2). At the decussation in the
lower part of the medulla oblongata, the green
fluorescence-labeled axons traveled obliquely through
the ventral midbrain aqueduct in the medulla oblongata
and traversed across to the lateral funiculus of the
contralateral spinal cord (Figure 3). The CST then
descended along the posterior part of the lateral
funiculus of the spinal cord near the posterior horn of the
spinal gray matter in the cervical, thoracic, lumbar and
sacral segments.
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Figure 2 Biotinylated dextran amine fluorescence
staining in the pyramid (Py) of the medulla oblongata
(scale bar: 500 um). Positive labeling is in green.

Dorsal

Ventral

Figure 3 Biotinylated dextran amine fluorescence
staining at the decussation of the pyramid. Positive
labeling is in green.

(A) Staining at the decussation of the pyramid of canines
(scale bar: 500 pm).

(B) An enlarged picture (red rectangle shown in A) of the
green fluorescent area in A (scale bar: 100 pum).

Distribution and temporal profile of BDA labeling in
the canine spinal cord

BDA fluorescence staining showed that the left lateral
funiculus, the bilateral anterior funiculi and the posterior
funiculi of the spinal cord were not labeled with BDA. In
the right lateral funiculus of the spinal cord, the CST
gradually shifted dorsally as it descended from cervical to
sacral segments. At the fourth thoracic segment, the
CST was located in the lateral funiculus near the spinal
dorsal horn, while in the lumbar and sacral segments, the
CST was less prominent than in the cervical and thoracic
segments, and only several fluorescent fibers were
observed in the sacral segments (Figure 4). The
distribution of BDA labeling in the central nervous system
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of the dog was consistent with the trajectory of the CST.
At 14 days after injection of BDA into the motor cortex,
fluorescence labeling appeared in the motor cortex, the
pyramids and the cervical spinal cord. No positive
staining was visible below the thoracic segments.
However, BDA labeling was visible in the eighth thoracic
segment at 28 days and in sacral segments at 42 days.
BDA labeling faded in all segments by 49 days, and no
fluorescence was observed in the lumbar and sacral
segments.

Dorsal

Figure 4 Biotinylated dextran amine fluorescence
staining at the fourth cervical segment of the canine spinal
cord. Positive labeling is in green.

(A) Positive labeling (arrow) is present in the lateral
funiculus near the spinal cord dorsal horn (scale bar:
500 pm).

(B) An enlarged picture of the arrowhead in A (scale bar:
100 pm).

DISCUSSION

A number of studies have shown that the localization of
the CST in the spinal cord varies significantly between
different species of mammals. In rodents such as rats
and mice, the CST travels across the pyramidal
decussation and enters the contralateral posterior
funiculus of the spinal cord, descending into lumbar and
sacral segments™*®?Y. In contrast, in the majority of
carnivores and primates, the pathway taken by the CST
is different. For example, in cats, dogs, monkeys, gorillas
and humans, the CST travels through the pyramidal
decussation to the dorsal side of the lateral funiculus of

the spinal cord, forming the lateral corticospinal tract
which descends to sacral segments#2?.

In the present study, an adapted BDA anterograde
tracing method®*! was employed to observe CST
localization in the central nervous system. The path of
the CST determined by this method was consistent with
previous reports. To avoid the limitations of classical
histochemical staining using diaminobenzidine,
streptavidin-fluorescein isothiocyanate®®?” was used to
visualize biotin-conjugated BDA, and the positive signal
was easily observed under the fluorescence microscope
at 488 nm excitation. In this study, the BDA-labeled CST
was visible as a green fluorescent belt, uniformly and
intensely distributed in the pyramid on the ventral aspect
of the medulla oblongata in the injected side. No positive
staining was present in the contralateral side. It was also
observed that, at the pyramidal decussation at the lower
end of the medulla oblongata, the labeled axons traveled
through the ventral aspect of the central canal of the
medulla oblongata, crossed over to the contralateral side
and entered the lateral funiculus. The labeled fibers then
descended close to the posterior horn of the spinal gray
matter via the posterior part of the lateral funiculus in the
cervical, thoracic, lumbar and sacral segments. No
staining was observed in the bilateral anterior funiculi or
the posterior funiculi. This fluorescence labeling method
is simpler than immunohistochemical staining, and can
exhibit a sharp border around the positive area. In our
case, the labeling was easy to observe, and we obtained
satisfactory results. Compared with other neural tracing
methods, such as florescence red or gold, or
virus-mediated tracing, the BDA labeling method is more
convenient and provides satisfactory results.

After BDA absorption, time is required for the pyramidal
neurons to transport the BDA to the distal part of the
axons. Therefore, it is necessary to investigate the time
required for BDA transport from the cerebral cortex to
each spinal segment. This study revealed that at 14 days
after BDA injection into the motor cortex, fluorescence
was visible in the motor cortex, pyramids and cervical
spinal cord, while no staining was visible below the
thoracic segments. BDA labeling descended to the
eighth thoracic segment at 28 days and to the sacral
segments at 42 days. BDA fluorescence was not obvious
in any segment at 49 days, and no positive staining was
present in lumbar and sacral segments. This may be
associated with CST length, speed of axonal transport,
and influence of metabolic factors®?®*?%. Therefore, to
accurately evaluate BDA tracing of nerve fiber bundles,
factors such as injection method, BDA dosage and
concentration, and experimental procedure for label
detection should be taken into consideration.

In summary, the BDA anterograde fluorescence tracing
method is not only able to clearly display location,
pathway, morphology and fiber connectivity, but also can
be applied to studies addressing CST injury and
regeneration. The ability of BDA-labeled nerve fibers to
grow through the injured region is used to judge nerve
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fiber regeneration and the reconstruction of nerve fiber
circuitry®®*2, Thus, the BDA fluorescence tracing
technique is suitable for studies of CST anatomy, fiber
connectivity, physiological function, and nerve injury and
repair.

MATERIALS AND METHODS

Design

An animal study.

Time and setting

The experiment was performed at the Department of
Human Anatomy, Institute of Neurobiology, Jiangsu Key
Laboratory of Neuroregeneration, Medical School,
Nantong University, China, from May 2009 to September
2010.

Materials

A total of eight healthy adult mongrel dogs, aged 4 years,
clean grade, weighing 4.8-5.2 kg, three males and five
females, were provided by the Laboratory Animal Center
of Nantong University, China (license No. SYXK (Su)
2007-0021). All animals were kept in an environment
with a 12-hour light/dark cycle, allowing free access to
food and water. All animal experiments were conducted
according to protocols approved by the United States
National Institutes of Health Guide for the Care and Use
of Laboratory Animals.

Methods

BDA anterograde tracing

Each canine was anesthetized with an intraperitoneal
injection of 3% sodium pentobarbital (1 mL/kg) and then
mounted with a stereotaxic device (Kiangwan, Shanghai,
China). A piece of skull of 10 mm diameter was cut off by
skull perforation (Al Biological Research, Shanghai,
China) to expose the left cortical motor area®*>%. 10%
BDA (10 000 molecular weight; N-7167, Molecular
Probes, Carlsbad, CA, USA)® solution was slowly
injected into the cerebral motor cortex at 24 sites to a
depth of 2.5 mm. Each site received 0.5 uL BDA solution.
After injection, the brain surface was covered with a thin
sterile absorbable gelatin sponge, and the scalp was
sutured. At 14, 28, 42 and 49 days after injection, two
canines each were anesthetized by intraperitoneal
injection of the compound anesthetic Chlorpent

(0.2 mL/100 g) and perfused transcardially for 1 hour
with 0.9% saline (4°C) and then 4% phosphate-buffered
paraformaldehyde (pH 7.4). Subsequently, the whole
brain and spinal cord were dissected, fixed for 24 hours
and paraffin embedded. 30 pm-thick coronal sections
were prepared using a Leica cryostat (Leica, Wetzlar,
Germany). All the sections were kept at 4°C until use.
BDA fluorescence staining

Sections were rinsed in 0.01 M phosphate-buffered
saline, incubated in streptavidin-fluorescein
isothiocyanate (1:500; Invitrogen, Carlsbad, CA, USA;
code No: 43-4311, diluted with 0.01 M phosphate-
buffered saline containing 0.3% Triton X-100) for

24 hours at room temperature. After rinsing with 0.01 M
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phosphate-buffered saline, sections were mounted and
observed under a Leica DMR fluorescence microscope
(Leica, Wetzlar, Germany) with excitation at 488 nm.
Image acquisition and processing

Because of the limitations of the fluorescence
microscope, images of each section were acquired under
a 10 x objective lens with Leica Qwin image processing
software (Leica) and spliced into a complete image to
provide accurate CST localization in the brain and spinal
cord. All images were obtained with the same imaging
conditions, and saved as JPG files with a resolution of
2272 x 1 704 pixels.
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