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ABSTRACT: This study proposes and validates an automated method for counting neurons in spinal cord injury (SCI) and then uses it to
examine and compare the surviving cells in common types of SCI mechanisms. Moderate contusion, dislocation, and distraction SCls were
surgically induced in Sprague Dawley male rats (n=6 for each type of injury). Their spinal cords were harvested 8weeks post injury with 5
normal weight-matched rats. The spinal cords were cut, stained with anti-NeuN antibody and fluorescent Nissl, and imaged in the dorsal and
ventral horns at various distances to the epicenter. Neurons in the images were automatically counted using an algorithm that was designed
to filter non-soma-like objects based on morphological characteristics (size, solidity, circular pattern) and check the remaining objects for the
double-stained nucleus/cell body features (brightness variation, brightness distribution, color). To validate the automated method, some of the
images were randomly selected for manual counting. The number of surviving cells that were automatically measured by the algorithm was
found to be correlated with the values that were manually measured by 2 observers (P<.001) with similar differences (P>.05). Neurons in the
dorsal and ventral horns were reduced after the SCls (P<.05). Dislocation and distraction, respectively, caused the most severe damage to
the ventral horn neurons especially near the epicenter and the most extensive and uniform damage to the dorsal horn neurons (P<.05). Our

method was proved to be reliable, which is suitable for studying different types of SCI.
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Introduction
Neurons play an essential role in the function and structure of
the spinal cord, and cell counting is very common in studies of
spinal cord injury (SCI). When the spinal cord is initially
injured, most often due to physical trauma, the spinal neurons
can be acutely damaged, which is followed by a cascade of sec-
ondary injury events that can potentially lead to further neu-
ronal damage.! The resulting damage depends on the level,
type, severity, and time of injury and possibly other factors.?
Measurement of the surviving cells is usually performed with
histology to analyze the injury and recovery mechanisms.’
However, manual cell counting is generally time-consuming
and error-prone. A reliable method to count cells automatically
would greatly benefit the field.

Numerous automated methods have been developed for
counting neurons in various research areas (eg, brain, retina,
dorsal root ganglion, cell culture, and graft).®>* Many auto-
mated methods have also been proposed for counting neurons
in the spinal cord and other types of cells after SCI (eg, mac-
microglia, lymphocytes,

rophages, and  proliferating

cells).#25-44 However, as far as we know, these methods of

* Equal contribution first authors

counting spinal neurons are only semi-automatic (eg, manual
brightness threshold settings) and/or have not been validated.
Furthermore, it is not known whether they are capable of
detecting the differences among different types of injury as it
has not been done, which would be important to analyze the
SCI mechanisms.

This study has 2 aims. The first is to propose and validate an
automated method for counting neurons in SCI. The second is
to use the method to examine and compare the surviving cells
in the common types of SCI mechanisms.

Materials and Methods

Animals

The study was approved by the UBC Committee on Animal
Care in accordance with the Guide to the Care and Use of
Experimental Animals by the Canadian Council on Animal
Care, and the raw data were generously provided by ICORD.
The study was also approved by the Ethics Committee of the
School of Biological Science and Medical Engineering of the
BUAA. A total of 23 Sprague Dawley male rats were acquired
for the experiment; 18 rats in 3 groups, respectively, received 3
types of SCI (n=6 for contusion, dislocation, and distraction;
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280¢g before surgery and 340g before euthanasia). One group
of 5 rats was uninjured (n=5 for control; 340 g before euthana-
sia). They were provided with food and water ad libitum.

Surgery

Standard surgical procedure for inducing moderate bilateral
cervical contusion, dislocation, and distraction SCIs was per-
formed in the 3 injury groups, with the injury thresholds that
were previously determined from the resulting behavioral def-
icits.? A dorsal midline incision was made from approximately
C2 to C7. For contusion, the spinal cord between C5 and C6
was exposed by laminectomy. Custom clamps held the trans-
verse processes at C4 to C7 on a stereotaxic surgical frame. A
linear actuator applied a small preload (0.03N) to the surface
of the dura mater with a spherical head impactor between C5
and C6, retracted 6 mm above the dura mater, and accelerated
into the spinal cord to 1.6 mm with a peak velocity of 1.2 m/s.
For dislocation and distraction, the posterior ligaments
between C5 and C6 were transected, and a C5/C6 facetectomy
was performed. A pair of custom clamps, respectively, held the
transverse processes at C4 to C5 on the stereotaxic surgical
frame and the transverse processes at C6 to C7 on the linear
actuator. The linear actuator applied a small preload (2N) to
the spinal column and acutely translated C6 to C7 relative to
C4 to C5, either dorsally in dislocation to 1.8 mm with a peak
velocity of 0.9 m/s or caudally in distraction to 5.6 mm with a
peak velocity of 1.3 m/s. A custom implant was used to hold
the transverse processes at C5 to C6 together after dislocation
and distraction.

Histology

The injury groups were euthanized 8 weeks post injury together
with the noninjury group. They were perfused with fixative (4%
paraformaldehyde in phosphate buffered saline, pH 7.4). The
spinal cords were harvested, post-fixed overnight in fixative,
washed in several changes of sucrose (12%, 18%, and 24%)
every 24hours, frozen in optimal cutting temperature com-
pound, and cut in cross section at 20 pm thickness.

The cut sections were blocked with normal donkey serum
(1:10; Jackson ImmunoResearch Laboratories, West Grove,
PA) and stained with primary antibodies against NeuN
(mouse host, 1:200; Millipore, Billerica, MA) in combination
with secondary antibodies conjugated with DyLight 594
(donkey host, mouse antigen, 1:200; Jackson ImmunoResearch
Laboratories) and green fluorescent Nissl (FluoroNissl; 1:200;
Molecular Probes, Eugene, OR). All the sections were stained
at the same time and under the same conditions using a stand-
ard staining procedure.?

The NeulN/FluoroNissl-stained sections were examined
under a fluorescence microscope (AxioObserver Z1 inverted
confocal; Carl Zeiss, Jena, Germany). Epicenter was identified
based on the lesion size, and images at the epicenter and 0.2,

0.6, 1, 1.6, 2.2, and 3mm rostral and caudal to the epicenter
were taken. The dorsal and ventral horns were photographed
(dorsal: Plan-Apochromat 20X, NA 0.8, 1040 X 1040 pixels,
335.40 pm X 335.40 um; ventral: Plan-Apochromat 10X, NA
0.45, 1040 X 1040 pixels, 670.80 pm X 670.80 pm) by aligning
the lateral and dorsal/ventral edges of the horns with the bor-
ders of the images. Brightness and contrast were kept constant
for all the images.

Automated Counting

Neurons in the dorsal and ventral horns were counted auto-
matically using a custom MATLAB (MathWorks, Natick,
MA) script (Figure 1). The script was designed to find neurons
based on the double-stained features of the nucleus and the rest
of the cell body (Figure 2). The number of surviving cells in the
dorsal horn, the number of surviving cells in the ventral horn,
and the number of surviving large cells (soma area >591.5 um?
or 1400 pixels) in the ventral horn were measured.

Manual Counting

One rat and 1 side of the spinal cords (left or right) were ran-
domly selected from each group (4 groups: normal, contusion,
dislocation, and distraction) for manual counting. Neurons in
the dorsal and ventral horns were counted by 2 independent
experts in histology who were blinded to the study design.
Only neurons with a clear cell body and nucleus were consid-
ered. Neurons at the image borders were neglected. The num-
ber of distinctively large neurons in the ventral horn was also
recorded.

Statistical Analysis

The correlations between automatic neuron counts by the
algorithm and manual neuron counts by the 2 observers
were assessed using Pearson correlation coefficient (r;
2-tailed, P<<.001). Their differences were analyzed by
1-way analysis of variance (ANOVA) followed by Tukey test
(P<.05). The number of surviving cells between normal
and contusion, dislocation, and distraction injury mecha-
nisms that were measured by the algorithm were compared
using the Kruskal-Wallis test followed by the Mann-
Whitney U test (2-tailed, P<.05). Data from the left and
right sides were averaged for the comparison. Analysis was
performed using SPSS (IBM, Chicago, IL).

Results
Automated Versus Manual Counting

The number of surviving cells in the dorsal horn, the number
of surviving cells in the ventral horn, and the number of surviv-
ing large cells in the ventral horn that were automatically
measured by the algorithm were highly correlated with the val-
ues that were manually measured by the 2 observers, and the
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Figure 1. Flowchart of the automated algorithm for counting neurons.
The red (for NeuN) and green (for FluoroNissl) channels of the input
image were separated into 2 images that were processed to find
soma-like objects. The red and green images were double-binarized
using Otsu method and an adaptive method (based on local first-order
image statistics) to identify bright objects from the global and local dark
background automatically. Objects that were too small and too large, had
low solidity (area + convex area <0.55), and touched the image borders
were neglected. In addition, the red image was processed using a
Circular Hough Transform—based algorithm to neglect objects containing
no circular pattern (for the nucleus). Holes in the objects were filled.
When a red soma-like object and a green soma-like object clearly
overlapped with each other, it was considered as a candidate of neuron.
When multiple red soma-like objects clearly overlapped with a single
green soma-like object (it sometimes happened when neurons were
close to each other), the green soma-like object was artificially divided in
the midline between the red soma-like objects, and they were considered
as multiple candidates of neuron. Neuronal candidates that met 1 of the 2
criteria were confirmed to be neurons: (1) red and green brightness was
nonuniform (brightness coefficient of variation >0.25) and in contrast to
each other (ratio of pixels in bright red/medium green and medium red/
bright green >0.25), and (2) an orange area existed (number of pixels in
bright red and medium green >16). These criteria were designed to
capture the features of the stained neurons that were not observed in
other undesirably stained objects. Although both stains can highlight the
soma, NeuN-stained soma generally appears to be darker in the
nucleolus, brighter in the rest of the nucleus, and darker in the rest of the
body, and the opposite is generally true in FluoroNissl-stained soma. The
first criterion was more useful to detect larger neurons, which had more
explicit brightness variation and contrast. The second criterion was more
useful to detect smaller neurons, which exhibited more consistent
nucleus in orange (small neurons generally have less FluoroNissl stain).

values between the 2 observers were also highly correlated
(Figure 3). Their differences were found to be similar (Table 1).
Interestingly, 1 observer tended to have less strict cell counting
criteria than the algorithm (M1 in Figure 3), and the other
observer tended to have stricter cell counting criteria than the
algorithm (M2 in Figure 3), making the differences between
the 2 observers greater than their differences to the algorithm,
although none of these differences were significant (Table 1).

Dorsal Horn Neurons After SCI

The number of surviving cells in the dorsal horn after contusion,
dislocation, and distraction SCIs were significantly different
from normal (Figure 4A). Neuronal reduction was found
between 2.2mm rostral and 1mm caudal to the epicenter in
contusion and dislocation, while it was found between 3 mm ros-
tral and 3 mm caudal to the epicenter in distraction, which was
more extensive longitudinally. Lesions (including the cracks in
distraction) visibly reduced the amount of tissue in the dorsal
horn near the epicenter (eg, at 1 mm), which presumably con-
tributed to the neuronal reduction (Figure 5A). The extensive
damage to the dorsal horn neurons in distraction was reflected in
the visibly low density of surviving cells far away from the epi-
center (eg, at 3mm) when comparing to normal.

The number of surviving cells in the dorsal horn was signifi-
cantly different among the different types of SCI (Figure 4A).
Particularly, although the values were similar between contu-
sion and dislocation, they were different from distraction. In
comparison with distraction, damage to the dorsal horn neu-
rons was more severe near the epicenter in contusion (between
0.6 mm rostral and 0.6 mm caudal) and dislocation (between
1 mm rostral and 0.6 mm caudal), but it was less severe far away
from the epicenter in contusion (at 3 mm rostral) and disloca-
tion (at 3mm caudal). Neuronal reduction was visibly more
uniform rostrocaudally in distraction than in contusion and

dislocation (Figure 5A).

Ventral Horn Neurons After SCI

The number of surviving cells in the ventral horn after contu-
sion, dislocation, and distraction SCIs was significantly dif-
ferent from normal (Figure 4B). Neuronal reduction was
found between 1.6mm rostral and 3mm caudal, between
3 mm rostral and 3 mm caudal, and between 3 mm rostral and
1.6 mm caudal to the epicenter in contusion, dislocation, and
distraction, respectively. Specifically, the reduction of large
neurons was, respectively, retained between 1.6 mm rostral
and 1 mm caudal, between 2.2 mm rostral and 1.6 mm caudal,
and between 1.6 mm rostral and 1.6 mm caudal to the epi-
center in contusion, dislocation, and distraction (Figure 4C).
This implied that damage to the small neurons was more
extensive than damage to the large neurons in the ventral
horn for the 3 types of SCI mechanisms. The phenomenon

was likely associated with the observation that the central
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Figure 2. Demonstration of the automated algorithm for counting neurons. In the (A) normal spinal cords, NeuN staining highlighted the (B) somas and
(D) some non-soma-like objects, while FluoroNissl staining highlighted the (C) somas and (E) many non-soma-like objects. (F-H) Simple object-filtering
was able to remove most of the non-soma-like objects in both stains. (I) The neuronal criteria helped to detect the objects that exhibited a clear nucleus
and soma. In (J) moderately injured cord sites, both staining highlighted (K-N) the somas but also more non-soma-like objects comparing to normal.

(O and P) Simple object filtering was able to remove most of the non-soma-like objects in both stains, but there were still a considerable number of them
left. (Q) Checking double-stained objects helped to remove most of the remaining non-soma-like objects. (R) The neuronal criteria helped to remove the
objects that did not exhibit a clear nucleus and soma. In (S) severely injured cord sites, both staining highlighted (T-W) many non-soma-like objects.
Simple object-filtering was able to remove most of the non-soma-like objects in both stains, but there were still (X and Y) many non-soma-like objects left,
and most of them were (Z) double-stained objects. The neuronal criteria helped to remove the remaining non-soma-like objects (aa).

lesion generally caused more severe tissue loss in the ventral
horn where it was closer to the spinal cord center with more
small neurons than where it was farther from the spinal cord
center with more large neurons (Figure 5B).

The number of surviving cells in the ventral horn was sig-
nificantly different between the different types of SCI
(Figure 4B). Dislocation caused the most severe damage to
the ventral horn neurons, as its values were lower than those
in contusion and distraction between 0.2 mm rostral and
0.2mm caudal and between 0.2mm and 0.6 mm caudal to
the epicenter, respectively. The differences were more evident
in the large neurons; the number of surviving large cells was
found to be, respectively, lower between 1 mm rostral and
2.2 mm caudal and between 0.2 mm and 1 mm caudal to the
epicenter in dislocation than in contusion and distraction
(Figure 4 C). These injury differences were noticeable around
the epicenter (eg, at 1 mm; Figure 5B). Furthermore, damage
to the ventral horn neurons was more severe in distraction

than in contusion at the epicenter (Figure 4B), but it was
more severe in contusion than in distraction at 0.6 mm cau-

dal to the epicenter (Figure 4B and C).

Discussion

This study proposed an automated method for counting
neurons in SCI based on their histochemically double-
stained characteristics. The method was validated against the
manual approach with 2 histologists, and it was proved to be
as reliable as the currently most accepted method. Moreover,
the method was very efficient; while it typically took minutes
to process an image manually by an expert, it took only sec-
onds to process an image automatically using our method
with a modern computer.

In the previous studies that used an automatic method for
counting neurons in uninjured and injured spinal cords, many
of these methods were not described in detail, and the meth-
ods that were clearly explained all relied on setting brightness
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Figure 3. Scatterplots showing the relation between automatic neuron counts by the algorithm (AA) and manual neuron counts by the 2 observers (M1
and M2) that were evaluated by Pearson correlation coefficient (r). Images of the NeuN/FluoroNissl-stained sections at various locations with respect to
the epicenter of 1 side of a spinal cord for each of the different SCI mechanisms and the control were randomly selected for the validation analysis (1
rat X 1 cord side X 13 spinal cord locations X 4 study groups=>52 data points in each scatterplot). SCI indicates spinal cord injury.

*Statistically correlated with each other (P <.001).

threshold to filter the background and then count the remain-
ing objects.*2°-27:29,30,32,34,37,40,44 Based on our results, a simple
threshold method (ie, binarization) with a marker that is
highly specific (eg, NeuN) could be suitable for counting neu-
rons in normal spinal cords; however, it would still not be
appropriate for counting neurons in injured spinal cords
(Figure 2). In our experience and the experience of others, no
marker is specific enough to only highlight the neurons in
SCI without also highlighting a considerable number of non-
neuron-like objects and artifacts. There may be an automated
way to intelligently recognize the neurons in SCI with 1
marker, but the algorithm, hardware, and work needed for
such method are probably too demanding for general use.
Our method is relatively simple; the program can be easily
written with MATLAB built-in functions, and it efficiently
identifies neurons by taking advantages of their unique fea-
tures using NeuN/FluoroNissl double-staining. Note that the

method should be insensitive to the staining procedure and
imaging settings as long as the features are detectable.

The surviving cells in the common types of SCI mecha-
nisms were examined and compared with each other using the
automated method. Distraction was found to cause the most
extensive and uniform damage to the dorsal horn neurons,
which coincides with previous findings; distraction was previ-
ously reported to cause the most extensive central lesion par-
ticularly in the dorsal region (up to 5mm rostral and caudal)
and deformation in the node of Ranvier (up to 4mm rostral)
and the least concentrated white matter damage and gray mat-
ter hemorrhage comparing to contusion and dislocation.?34
Dislocation was found to cause the most severe damage to the
ventral horn neurons especially near the epicenter, which is also
in agreement with previous findings; dislocation was previously
shown to cause the greatest overall tissue loss near the epi-
center (between 1 mm rostral and caudal) and deformation in
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Table 1. Absolute differences between automatic neuron counts by the algorithm (AA) and manual neuron counts by the 2 observers (M1 and M2).

ABSOLUTE DIFFERENCES AA-M1 AA-M2 M1-M2
Number of surviving cells in the dorsal horn 3.3+24 29+922 3.8+32
Number of surviving cells in the ventral horn 1.8+15 21+20 27+921
Number of surviving large cells in the ventral horn 0.8+0.8 1.2+11 1.0+141

The values were calculated using the data points in Figure 3 and are presented as mean =+ standard deviation. No significant differences were found among the absolute
differences of AA, M1, and M2 in the number of surviving cells in the dorsal horn, the number of surviving cells in the ventral horn, and the number of surviving large
cells in the ventral horn (P >.05).
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Figure 4. (A) Number of surviving cells in the dorsal horn, (B) number of surviving cells in the ventral horn (B), and (C) number of surviving large cells in
the ventral horn for the different SCI mechanisms (n=6) and the control (n=5). Data are presented as median with quartiles and offset horizontally for
clarity. The position along the spinal cord extended from —3mm (rostral) through +3mm (caudal) to the epicenter (0 mm). Statistical differences (P <.05)
in (A) are as follows: (1) differences from Normal: contusion -2.2, -1.6, -1, -0.6, —0.2, 0, +0.2, +0.6, +1mm; distraction -3.2, 1.6, -1, —-0.6, —-0.2, 0, 0.2,
0.6, 1 mm; distraction -3, -2.2, -1.6, -1, -0.2, 0, +0.2, +0.6, +1, +2.2, +3mm; (2) differences between contusion and dislocation: none; (3) differences
between contusion and distraction: -3, —0.6, 0, +0.2, +0.6 mm; (4) differences between dislocation and distraction: -1, -0.6, 0, +0.2, +0.6, +3mm.
Statistical differences (P <.05) in (B) are as follows: (1) differences from Normal: contusion -1.6, -1, -0.6, 0.2, 0, +0.2, +0.6, +1, +1.6, +3mm;
distraction -3, -2.2, -1.6, -1, -0.6, -0.2, 0, +0.2, +0.6, +1, +1.6, +3mm; distraction -3, -1.6, -0.6, -0.2, 0, +0.2, +0.6, +1, +1.6 mm; (2) differences
between contusion and dislocation: —0.2, 0, +0.2mm; (3) differences between contusion and distraction: 0, +0.6 mm; (4) differences between dislocation
and distraction: +0.2, +0.6mm. Statistical differences (P <.05) in (C) are as follows: (1) differences from normal: contusion -1.6, -1, —0.6, —0.2, 0, +0.2,
+0.6, +1mm; distraction -3.2, -1.6, -1, -0.6, -0.2, 0, +0.2, +0.6, +1, +1.6mm; contusion -1.6, -1, -0.6, -0.2, 0, +0.2, +0.6, +1.6 mm; (2) differences
between contusion and dislocation: -1, -0.6, 0.2, 0, +0.2, +0.6, +1, +2.2mm; (3) differences between contusion and distraction: +0.6mm; and (4)
differences between dislocation and distraction: +0.2, +0.6, and +1mm. SCl indicates spinal cord injury.
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Figure 5. Representative images of the NeuN/FluoroNissl-stained sections in the (A) dorsal horn and the (B) ventral horn for the different SCI
mechanisms and the control. SCI indicates spinal cord injury.
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the node of Ranvier at the epicenter comparing to contusion
and distraction.>* Obviously, the automated method was able
to detect the differences among different types of SCI.

The present results share many similarities with our previ-
ous results that used the same experimental setup to study the
common types of SCI mechanisms, but there are also many
differences.? The differences were mostly due to the different
ways of processing and analyzing the data. In this study, data
from the left and right sides of the spinal cord were averaged
for the analysis, but in the previous study, only data from 1 side
of the spinal cord were processed and analyzed. Although these
were bilateral injuries, differences will always exist between the
left and right sides even with precise injury induction; there-
fore, averaging the data from both sides will provide a more
accurate assessment of the injury outcomes. In addition, in this
study, a neuron was counted when the nucleus was identifiable,
but in the previous study, a neuron was counted only if its
nucleus and nucleolus were both visible to the observer, which
greatly limited the number of surviving cells that could be
found. As a result, the variation in the data was generally much
higher in the previous study than in this study. Therefore, the
exact way of processing and analyzing the cell count data is
very important, which should be clearly stated in the study.

We believe that the present method will greatly benefit the
field, and the present findings will help to better understand
the SCI mechanisms.
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