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Abstract
Current anatomical and histological descriptions of the lumbar sympathetic trunk
suggest that its neuronal cell bodies are located in discrete ganglia linked to each other by
nerve fibres. Despite well-documented variations in the morphology of the lumbar
sympathetic trunk (e.g., number and placement of ganglia), a detailed histological
examination of the arrangement of neuronal cell bodies within the trunk is lacking. Thus, the
present study aims to examine the microscopic organization of the lumbar sympathetic trunk
using standard histological techniques (n=1). A 95mm length of the sympathetic trunk (from
L3-L5) was serially-sectioned (5μm thick) in the longitudinal plane and stained with
Hematoxylin & Eosin to visualize the location of neuronal cell bodies. Neurons were present
in 94/95mm of the trunk with the average millimeter containing 1832 neurons. The presence
of neurons throughout the “interganglionic” space may have implications for future
investigations of sympathetic activity and functional deficits in this region.
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Chapter 1

1

Literature Review
The following will briefly review the gross anatomical constituents of the nervous

system as well as some of the pathways involved in the output of nervous information. The
focus will be on the sympathetic division of the nervous system including its origins in the
spinal cord, the passage of fibres through the sympathetic trunk, the usual morphology of the
sympathetic trunk as well as some of its variations, and its embryological development.
Particular interest will be paid to the lumbar region of the trunk.

1.1 General Nervous System Organization
The nervous system is divided into the central nervous system (CNS), consisting of
the brain and spinal cord, and the peripheral nervous system (PNS), made up mainly of the
cranial and spinal nerves (deGroot, 1991). Visually, nervous tissue can be classified as white
or grey matter. Found both in the CNS and PNS, white matter is mostly made up of
myelinated nerve fibres or axons while grey matter mainly consists of neuronal cell bodies
(Kiernan, 2009). If the neuronal cells of grey matter aggregate into groups or clusters in the
CNS, this arrangement is called a nucleus. Generally, the neuronal cell bodies within a
nucleus are of a uniform shape and function. If a compact group of neuronal cell bodies is
found in the PNS it is called a ganglion (deGroot, 1991). The CNS is most importantly
involved in the interpretation, and integration of incoming sensory stimuli along with the
production of outgoing signals. The PNS on the other hand is mainly made of nerves which
serve to carry these important signals (both motor and sensory information) to and from the
CNS (Marieb et al., 2012). Within the motor division of the PNS, the nervous system is
functionally separated into the somatic motor system and the autonomic motor system.
The somatic motor system is voluntarily controlled by the individual and acts to direct
the contractions of skeletal muscle throughout the body. Skeletal muscle control is extremely
important for locomotion, mastication, and breathing among other functions. The autonomic
motor system is not under conscious control. It involuntarily manages the function of smooth
muscle, cardiac muscle, and glands within the body (deGroot, 1991; Hollinshead, 1974;
Kiernan, 2009; Marieb et al., 2012; Ross & Pawlina, 2011). Furthermore, within the
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autonomic motor system there is a sympathetic and parasympathetic portion. Both of these
divisions are regularly involved in homeostasis but each is increasingly activated in different
situations. The parasympathetic nervous system is integral for conservation of energy within
the body, to help people “rest and digest”, whereas the sympathetic nervous system mobilizes
energy in emergency situations known as the “fight or flight” response (Marieb et al., 2012).

1.2 Sympathetic Nervous System Organization
The source of sympathetic innervation for the entire body is fairly limited. The origin
of sympathetic outflow has been found to be localized within neuronal cell bodies in the
lateral gray horn (intermediolateral cell column) of the spinal cord between the first thoracic
level and the second (deGroot, 1991; Hollinshead, 1974; Thompson, 1977) or third lumbar
level (Kiernan, 2009; Marieb et al., 2012; Martini et al., 2009; Moore et al., 2010). These
neuronal cell bodies are the primary, presynaptic, or preganglionic cells in the sympathetic
nervous systems two neuron chain from CNS to target organ (deGroot, 1991; Marieb et al.,
2012). To reach spinal nerves/levels more rostral or caudal to this spatially constrained
source, the preganglionic fibres from the spinal cord must enter and be conducted along the
sympathetic trunk. To reach the sympathetic trunk, preganglionic fibres first travel from the
spinal cord (T1-L2/3) through the ventral roots and the myelinated white rami
communicantes (deGroot, 1991; Hollinshead, 1974; Thompson, 1977). Once they have
joined the sympathetic trunk, preganglionic fibres have a variety of paths whereby they can
send their sympathetic information out of the trunk to reach its destined effector organ. One
possibility is that presynaptic fibres synapse and travel out of the ganglion found at the same
spinal level it entered the sympathetic trunk. Presynaptic fibres can also travel to superior or
inferior ganglia along the sympathetic trunk where they may form a synapse and exit at those
levels as postsynaptic fibres. Furthermore, presynaptic fibres may exit the trunk without a
synapse by travelling along a splanchnic nerve toward ganglia nearer to the thoracic or
abdominal viscera (Hollinshead, 1974; Martini et al., 2009; Moore et al., 2010). If a
preganglionic fibre forms a synapse inside the sympathetic trunk it will exit as an
unmyelinated postganglionic fibre within the grey rami communicantes and join a spinal
nerve (Hollinshead, 1974; Kiernan, 2009; Thompson, 1977). When a single preganglionic
fibre synapses within the sympathetic trunk, it interacts with multiple postganglionic
neuronal cell bodies (at a ratio of about 1:32) causing a lot of divergence to allow the
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relatively small number of sympathetic neurons to control a large number of target organs
across the entire body (deGroot, 1991; Kiernan, 2009; Martini et al., 2009). Kiernan (2009)
notes that divergence cannot be the lone reason for this neuronal arrangement. He suggests
the same divergence could be achieved through simpler means and that the arrangement of
the two-neuron chain, with its numerous postganglionic fibres, is evidence for integration and
comparison of neural input.

1.3 General Sympathetic Trunk Structure and Morphology
The sympathetic trunks are bilateral structures spanning the length of the lateral
borders of the spinal column from the cervical to sacral regions. From a gross anatomical, as
well as histological, perspective, multiple textbooks describe this structure in a very
dichotomous fashion. The current literature claims that the trunk is made up of a series of
ganglia (approximately one for each spinal nerve) which are connected by intervening nerve
fibres (Hollinshead, 1974; Kiernan, 2009; Marieb et al., 2012). These ganglia are
macroscopic swellings that are considered as anatomically distinct collections of neurons
(Junqueira et al., 1992; Martini et al., 2009; Ovalle & Nahirney, 2008) and are often
described as appearing like a row of beads on a string – where the beads are the ganglia and
the string portions are primarily made of preganglionic axonal fibres separating the ganglia
(Hollinshead, 1974; Marieb et al., 2012; Martini et al., 2009; Moses et al., 2005) (See figure
1.3). A number of sources clearly state that neuronal cell bodies of postganglionic neurons in
the sympathetic pathway are only found within ganglia (Martini et al., 2009; Moore et al.,
2010; Moses et al., 2005; Ross & Pawlina, 2011). When addressing the two-neuron chain of
the sympathetic nervous system, Thompson (1977) states that “the only principle which can
be said to apply completely is that there is one synapse only and it may be located in any
convenient ganglion.” Because synapses are occurring inside the ganglia, grey rami
communicantes can be found coming off of every ganglion along the chain. Conversely,
white rami communicantes can only be seen at the spinal levels where sympathetic
information is entering the trunk from the spinal cord (levels T1-L3). Splanchnic nerves are
also closely associated with ganglia along the trunk. In most individuals, three thoracic and
four lumbar splanchnic nerves can be found exiting the trunk from ganglionic origins
(Mirilas & Skandalakis, 2010). Additionally, the sympathetic trunk also contains visceral
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afferent fibres that are not carrying sympathetic information away from the spinal cord but
rather carry sensory information from thoracic, abdominal, and pelvic organs to the CNS (Fu
& Longhurst, 1998; Guo & Longhurst, 2000; Moore et al., 2010).

Figure 1.3: A common "beads on a string" representation of the sympathetic trunk (Feigl et al., 2014).
This shows the Lumbar Sympathetic Trunk (LST) between the psoas major muscle and the IVC.

1.4 Lumbar Sympathetic Trunk Morphology and Variability
To reach the lumbar region, the thoracic sympathetic trunks must pass through the
diaphragm and enter the abdomen. They access the abdomen by running behind the medial
arcuate ligaments of the diaphragm. The lumbar sympathetic trunks continue inferiorly along
the fronts of the vertebral bodies and medial to the psoas major muscle and posterior to the
aorta and inferior vena cava (Gandhi et al., 2013; Hollinshead, 1974; Mirilas & Skandalakis,
2010). The most common descriptions of the lumbar sympathetic trunk maintain that it has
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four symmetrically placed ganglia on either side resting on the first four lumbar vertebral
bodies (Gandhi et al., 2013; Mirilas & Skandalakis, 2010; Yeager & Cowley, 1948). Yet,
Yeager & Cowley (1948) asserted that the lumbar region of the sympathetic trunk is “the
most variable portion of the sympathetic system, and one of the most variable structures in
human anatomy.” In their research, the number of lumbar sympathetic ganglia ranged from 2
– 5 while others have recorded 2 – 6 ganglia in the region (see figure 1.4) with only 46.6% of
specimens presenting with four ganglia (Gandhi et al., 2013; Mirilas & Skandalakis, 2010).
This ganglionic discrepancy can be attributed to the fusion of primitive sympathetic ganglia
during development (Hollinshead, 1974; Yeager & Cowley, 1948). Even the sizes of lumbar
sympathetic ganglia are quite erratic ranging from 6 – 33 mm in length (mean of 17 mm) and
3 – 12 mm in width (mean of 5 mm) (Gandhi et al., 2013). Similarly, the number of rami and
splanchnic nerves entering and exiting the lumbar ganglia fluctuates between individuals.
Ganglia were observed having anywhere from 2 – 7 rami attaching to them (see figure 1.4)
(Yeager & Cowley, 1948). These rami can be connecting to two or more lumbar spinal
nerves making identification of ganglia unreliable (Hollinshead, 1974). For example, in some
cases, rami from the first lumbar ganglion will attach to both the spinal nerve of T12 and L1
(Mirilas & Skandalakis, 2010). Furthermore, a recent article has shown that the presence of
accessory lumbar splanchnic nerves is quite common (Beveridge et al., 2014). They observed
accessory L2 splanchnic nerves on the left side in 6/7 specimen as well as L1 and right L2
splanchnic nerves at a lower rate. These accessory nerves seem to be splanchnic nerves that
do not originate from macroscopic ganglionic swellings but rather the interganglionic space
along the sympathetic trunk.
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Figure 1.4: Drawings from Yeager & Cowley (1948) showing diversity in lumbar sympathetic trunk
morphology. Note the between and within subject differences of the sympathetic trunks.

1.5 Sympathetic Trunk Embryology
All cells of the nervous system are derived from the dorsal ectoderm of the embryo
(Kiernan, 2009). The neuroectoderm forms a neural plate that quickly turns into the neural
groove, which will fold into the neural tube around the 3rd week after fertilization. Each side
of the neural tube has an accompanying neural crest. The neural crests are made of
neuroectodermal cells that are not part of the neural tube. These neural crests are the
embryological precursors to many structures including the cranial nerves, dorsal root ganglia,
glial cells, and the autonomic ganglia (Kiernan, 2009; Schoenwolf et al., 2009). The neural
crest cells involved in forming the sympathetic ganglia migrate toward the dorsal aorta
(Goldstein & Kalcheim, 1991; Kameda, 2014). In a murine model, it was shown that the

7

neural crest cells aggregating in the area of the dorsal aorta initially appear in the thoracic
region before being seen elsewhere. It was also observed that the precursor to the
sympathetic trunk, the sympathetic primordium, was a thin uniform column in the cervical
region (Kameda, 2014). This migration of neural crest cells as well as the development of
segmental somites occurs in a cranio-caudal direction (Schoenwolf et al., 2009).
To develop into the highly organized structure seen in the adult human body, there are
many signaling factors that aid in controlling neural crest cell migration. Dutt et al. (2006)
claimed that there are multiple factors regulating neural crest cell migration and highlighted
class 3 semaphorins as one of these regulators. They showed that neural crest cells avoid
semaphorin 3A and semaphorin 3F in vitro (Dutt et al., 2006). Kameda (2014) confirmed that
in knockout mice lacking semaforin 3F and/or neuropilin 2 “neural crest cells migrate
uniformly through both the anterior and posterior sclerotome.” Furthermore, they discovered
that loss of semaphorin 3A, semaphorin 3F, neuropilin 1, and neuropilin 2 all impair
sympathetic gangliogenesis. Another source would agree that semaphorins are negative
chemotactic molecules that help guide the axonal development of the sympathetic system by
inhibiting the growth cone of axons from inappropriate regions or by guiding the growth
through “repulsive corridors” (Schoenwolf et al., 2009).

1.6 Study Rationale
Current textbook descriptions provide a simple explanation of the morphology and
histology of the lumbar sympathetic trunk and sympathetic trunk as a whole. The main
depiction is that of ganglia being connected by nerves (like beads on a string). Generally,
they do not mention the vast morphological variability of the lumbar region (in regard to
ganglia number, ganglia size, number of rami communicantes, and accessory splanchnic
nerves) that is documented in the literature. Furthermore, they make the claim that the
macroscopic swellings along the sympathetic trunk are the ganglia, which are defined as
distinct collections of neuronal cell bodies. Yet, in the cadaver lab, it was observed that in
multiple lumbar sympathetic trunks, there was a dark grey colouration that was continuous
throughout the length of the tissue, and, in the nervous system, grey matter is associated with
neuronal cell bodies. This observation, in combination with the well-documented variations
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in the literature necessitated a detailed look at the histological organization of the lumbar
sympathetic trunk to determine whether it matched the straightforward dichotomous textbook
description or if it differed somehow. The need for this examination was only enhanced by
evidence of neurons in interganglionic space previously recorded once in the cervical region
(Hoffman, 1957) and once in the Lumbar region (Webber, 1955). Having a diffuse spread of
neuronal cell bodies in the lumbar sympathetic trunk may help explain how an individual
with a single ganglion in the region can have the same function as an individual with up to 7
ganglia in the same space (Wrete, 1959). In samples that contained a dark/grey colour
throughout the length of the tissue, we expected to find neuronal cell bodies spread through
the trunk rather than being localized in discrete aggregations in ganglia along the trunk.

1.7 Purpose, Hypothesis, and Objectives
The purpose of the present study is to closely examine the histological organization of
the lumbar sympathetic trunk to verify the location of neuronal cell bodies throughout its
length.
Hypothesis:
Based on the documented morphological variations of the lumbar sympathetic trunk,
we hypothesize that neuronal cell bodies will be present throughout the entire length of the
lumbar sympathetic trunk, unlike conventional textbook descriptions.
Objectives:
1) To create detailed serial sections of the lumbar sympathetic trunk.
2) To comprehensively visualize the microscopic arrangement of neuronal cell bodies
within the lumbar sympathetic trunk.

9

Chapter 2

2

Materials and Methods
This chapter will review the steps taken to collect, section, stain, and visualize the

sympathetic trunk used in this study.

2.1 Tissue Collection/Dissection
Lumbar sympathetic trunk tissues were obtained from the right side of one 97-yearold male embalmed donor body provided by the Western University body bequeathal
program in London, Ontario, Canada. The sympathetic trunk sample was taken from the L3L5 region of a donor body that had been previously dissected by graduate and professional
students. Small and large bowel resections (approximately from the duodenum to the sigmoid
colon) had been performed on the specimen during prior dissections giving a direct view of
the retroperitoneal space. Lumbar sympathetic trunks were harvested from the antero-lateral
aspect of the lumbar vertebrae medial to the origin of the psoas-major muscle. Counting
lumbar vertebrae in reverse from the sacral promontory localized the general locations of the
samples removed. Pictures of the harvested lumbar sympathetic trunk were taken on a Nikon
D80 Camera with an AF-S Nikkor 18-70 mm lens before being cut into 2.5 – 4 cm pieces
(see figure 2.1). Each piece was marked with a spot of dye on the superior end before being
placed into cassettes (superior side toward the label). The pieces were stored in 10% formalin
prior to being sent for processing and embedding in paraffin wax by the Department of Oral
Pathology.
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Figure 2.1: A 10 cm length of lumbar sympathetic trunk cut into 4 pieces, marked with dye on the
superior end before being placed in individuals cassettes (seen in the top left of the image) and sent
for embedding. These pieces were labeled A-D from superior to inferior.

2.2 Histological Sectioning
The embedded samples were serially sectioned (collecting 1 of every 2 and later 1 of
every 4 sections) on a Microm HM-325 Microtome at a thickness of 5 µm. Neuronal cell
bodies can range in size from 5-140 µm thick (Marieb et al., 2012), but multipolar neurons in
the autonomic ganglia are a minimum of 20 µm thick (Kiernan, 2009). Thus, by sectioning 5
µm slices it would be difficult to overlook the presence of neuronal cell bodies within the
tissue. Sliced sections were floated in a warm water bath before being placed on Fisherbrand
Superfrost Plus Microscope slides and dehydrated in an oven at 37°C overnight. The most
superior part of the section was always nearest to the frosted portion of the slide.
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2.3 Histological Staining and Visualization
All sections were stained with Hematoxylin and Eosin (H&E). The H&E protocol
used was a standard regressive method (see appendix A). After H&E staining, neuronal cell
bodies could be identified by characteristics previously described in literature such as large
eccentric nuclei with prominent nucleoli surrounded by Nissl bodies and cytoplasmic
lipofuscin (Junqueira et al., 1992; Ovalle & Nahirney, 2008; Ross & Pawlina, 2011). After
staining, slides were imaged and photographed at 25x magnification using a Leica systems
DMIRE2 microscope with an attached DFC295 camera and Leica Application Suite
(V.4.1.0) software. To ensure a high quality, images were saved as TIFF files. The Leica
software was used to manipulate brightness, saturation, white balance, and contrast of the
images being taken. A few images were also taken at 100x and 200x magnification to
confirm the characteristics of the cells seen at 25x magnification.

2.4 Photoshop Editing
Adobe Photoshop CS6 was used as a tool to edit the photographs taken on the
microscope. The first step taken was to select which microscope slides would be compiled
into composite images. To make comparisons between images easy, the slides that were
selected contained a majority of the length of tissue that was sectioned. Slides that contained
the majority of the tissue were also selected because they had the requisite continuous view
of the tissue that the Photoshop software needs to overlap when creating composites. On
average, the depth of these slides made up 41.3% of the depth of the collected tissue. Using
the Photoshop photomerge tool, the individual TIFF images of the stained slides were
combined into single panoramic images. The Leica Application Suite software allowed for
the creation of stitched images but simultaneously compressed the image files. This produced
low quality images and necessitated the need for the use of Photoshop.
After their creation, composite images were overlapped and aligned into a stack to
standardize them for comparisons (see figure 2.4.2). Each of the images had slight
differences in their orientation and length. By rotating the images of different depths, and
adjusting them to overlay recognizable landmarks across depths, the photos could be stacked
on top of each other. The landmarks used for alignment were often blood vessels and/or the
cut edges of the section of sympathetic trunk that was dissected out. More than one landmark
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would be matched for each of the images. After aligning the panoramic images into a stack,
white grid lines spaced at 1000 µm (1mm, 435 pixels) was superimposed on each individual
image (see figure 2.4.1). The grid allowed for comparison between near identical 1000 µm
sections of the tissue across multiple depths. A line of the grid near the centre of the length of
tissue was selected as the 0 line. From the 0 line, 1000 µm divisions toward the superior
portion of the slide would be labeled -1, -2, -3, and so on whereas 1000 µm ranges to the
inferior would be categorized 1, 2, 3, etc. These grid divisions would then denote the same 1
mm length of the sympathetic trunk at all depths being quantified in a single piece of the
tissue (A-D).
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Figure 2.4.1: Slide 25 from 1705RLD before and after Photoshop alignment and grid inclusion. The
bottom image was rotated to match its neighbouring depths. Scale bars are 1mm.

14

A

B

C

D

Figure 2.4.2: An example of images from different depths being aligned in Photoshop to allow for
easy and accurate cross-depth comparison and the addition of neuronal cell bodies across depths.
Pieces A-D arranged from left to right.
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2.5 ImageJ Image Processing
After Photoshop editing, panoramic images were analyzed using the free ImageJ
software from the National Institute of Health (which can be downloaded here:
http://imagej.nih.gov/ij/download.html). Once the images were uploaded to ImageJ, the first
step was to convert the colour photos into 16-bit greyscale images. To accomplish this in
ImageJ you must select the “Image” dropdown menu and then hover over “Type” before
selecting 16-bit. Some ImageJ resources from the NIH ImageJ website suggested use of 8-bit
images for this procedure, but the additional shades of grey seen in the 16-bit format were
useful in accurately applying a colour threshold to the images. Thresholds were placed on
greyscale images to highlight features of interest. To do so, select the “Image” dropdown
menu on ImageJ and hover over “Adjust” before selecting “Threshold.” After the threshold
toolbox appeared, the lower slider was used to alter the maximum threshold value in order to
highlight the darker neuronal cell bodies within the image (see figure 2.5.1). Due to the
unique colour composition of each image, a single standard threshold range could not be
globally applied. The slight differences in tissue thickness, amount of stain retained, possible
tissue damage, as well as microscope photo settings (brightness, contrast, and white balance)
necessitated the use of a multitude of unique threshold settings. To overcome this problem,
all measurements were taken by a single researcher to remain consistent. Once the colour
threshold was applied, the scale of the images (in inches by default in ImageJ) must be set to
micrometers. To do so, select the “Analyze” dropdown menu and then click on “Set Scale.”
For the images taken at 25x magnification, the scale was set to 0.435pixels/µm. After
applying a conservative threshold and setting the scale, the number of cell bodies was
quantified using the “Analyze Particles” feature from the “Analyze” dropdown menu of
ImageJ. Next, in the “Analyze Particles” pop up box, the size range was set to 134.852119.96 µm2 and circularity from 0-100. Furthermore, select the “Display Results” check box
and the choose the output option “Show Outlines.” This setting produces an additional image
that outlines the portions of the original greyscale image that have been quantified using the
“Analyze Particles” function that was employed. The image of outlined cells was used for a
quick visual confirmation of what was being quantified, and, if necessary, used to exclude
parts of the tissue that were obviously incorrectly counted as cell bodies (see figure 2.5.2).
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Figure 2.5.1: Slide 29 from 1705RLC after being turned into a 16-bit greyscale image and after a
colour threshold was applied to highlight the darker neuronal cell bodies. Scale bar is 1 mm.
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Figure 2.5.2: An image of the outlined "Analyze Particles" output showing which structures within
the image had been counted. The long straight outline in the top left of the image is a false positive
result that would be excluded from the count. Image from a 1 mm length of 1705RLA Slide 24.
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2.6 ImageJ Accuracy and Reliability
2.6.1

Setting the Scale and Finding the Distribution of Neuronal Cell
Body Sizes
To accurately quantify the number of neuronal cell bodies within the sympathetic

trunk using the ImageJ software, a proper micrometer scale had to be applied to the images
and a range of neuronal cell body sizes was needed. A 0.1 mm scale was photographed (See
Appendix B) to determine how many pixels in the image at 25x magnification were equal to
1 µm. The average number of pixels making up a 100-micrometer portion of this scale after 3
measurements was determined by the ImageJ measuring tool to be 43.5 pixels. This meant
that a single micrometer is equal to 0.435 pixels in images taken at this magnification.
The scale that was calculated was then used for measuring the diameters of neuronal
cell bodies in micrometers. After measuring 40 neuronal cell bodies selected from the tissue
(see figure 2.6.1), the average radius of the cells was 14.72 µm, the average area of the cells
was 749.55 µm ranging from 134.85-2119.96 µm2, and there was a standard deviation of
±478.21 µm2. The distribution of cell body area created from this data was used to inform the
area ranges selected to test the ImageJ cell count accuracy. To have confidence in the
presence of neuronal cell bodies, the area range selected and the colour threshold applied to
the photos had to be a conservative one that was more likely to come up with false negatives
than false positives.
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Figure 2.6.1: The distribution of neuronal cell body areas calculated from 40 selected neurons in the
lumbar sympathetic trunk.

2.6.2

Effects of Various Area Ranges on Particle Analysis
In an attempt to collect the most accurate cell counts while remaining conservative,

multiple area ranges were input into the particle analysis tool of ImageJ to be applied to a
small sample of the tissue. First, an expert researcher manually analyzed and counted the
cells in the images to set the standard before applying the various particle analysis settings.
The counts analyzed by the ImageJ software were compared to the manual count. The
difference between the absolute number counts as well as the percent of cells over or under
counted were quantified.
The initial five test images consisted of one field of view of the microscope at 25x
magnification at a given depth. Another five comparisons were done from samplings of small
portions of an image chosen from a single composite/panoramic created on Photoshop. Four
ranges of area were tested in this manner: 1 standard deviation from the mean cell body area,
1.5 standard deviations from the mean cell body area, 1.5 standard deviations from the mean
cell body area with an increased lower range value, and, finally, a range spanning the
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smallest to largest recorded areas of the cell bodies measured to find average cell body size
(data tables can be found in Appendix C). Counting cell bodies that fell within 1 standard
deviation from the mean cell body area ended up missing 54.6% of the possible cells within
the image on average (range = 29.7-72.7%). In contrast, increasing the size range to 1.5
standard deviations from the mean resulted in an average overestimation of the cells in the
image by 146.3% (range = 123.8-185.2%). It was observed that 1.5 standard deviations
below the mean cell body area was significantly lower than the smallest recorded cell body
size. This resulted in the inclusion of many small non-cellular particles in the ImageJ particle
analysis. In an attempt to reduce this error, the next area range tested was 1.5 standard
deviations above the mean and a capped lower range subjectively chosen to be slightly larger
than the smallest cell body area that was recorded. This range resulted in an average
undercounting of 22.4% of the cells (range = 5.5-40.2%). The final range tested against the
manual count was the physiological range inclusive of all cell body areas recorded from
smallest to largest. This range was the most accurate, only missing an average of 16.4% of
the cells within the images (range = 3.7-33%).
After the initial 5 measurements the two most accurate area ranges were tested again
on a composite image. Small areas of the image were selected arbitrarily, manually counted
and compared to the ImageJ software. The results were similar with the 1.5 standard
deviation range (with the increased minimum value) missing 26.2% of the cells and the full
cell body range missing 14.8% of the cells on average. Combining all 10 measurements,
using the 1.5 standard deviation from the mean (with increased lower value) missed 24.3% of
the possible cells on average while using the full range of cell body areas missed 15.6% of
the cells on average. Comparing these results with a paired t-test showed that these averages
were significantly different from one another (see figure 2.6.2 and appendix D), and the full
range of cell body areas was used for this study since it had more accurate results while
remaining conservative.
The ten measurements that were used to test which area ranges would be the most
accurate to use in ImageJ also acted to validate the researcher’s colour thresholding. As
previously stated, the colour threshold for each image must be set on a case-by-case basis due
to individual differences between slides. Each of these 10 measurements was individually
given a threshold and each of them gave a conservative estimate of the cell bodies present
within the image. This showed that the researcher could consistently set the colour threshold
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at a conservative level that would prove useful in counting the cells without creating false
positives. To test the ability of the researcher to conservatively threshold conservatively and
consistently even further, 20 more measurements were quantified. One image was quantified
20 times after linear changes were individually made in Photoshop to the contrast, exposure,
and saturation levels of the photos. Regardless of how the photo was manipulated, the
researcher always applied a colour threshold that was conservative and relatively consistent.

Percent of Cell Bodies Missed by ImageJ Depending on Cell Body
Area Range (n=10)

Figure 2.6.2: The percent of total cells within the image that went uncounted by the ImageJ
software based on the range of area (µm2) input into the "Particle Analysis" settings (n=10). The
smaller range missed 24.3% on average while the larger range missed 15.6% on average. The percent
of neurons not counted by the two ranges were significantly different after a paired t-test was
performed (* p=0.019). The larger physiological range was more accurate on average and was
therefore used in the subsequent data collections.
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Chapter 3

3

Results
Once sectioned and stained, slides were taken to be reviewed and photographed under

the microscope in order to track the presence of cell bodies within the sympathetic trunk. The
tissue examined was a 95mm length of lumbar sympathetic trunk from between spinal levels
L3-L5 that was found to have neuronal cell bodies throughout the vast majority of its length.

3.1 Visual Confirmation of Neuronal Cell Body Presence
H&E staining is popularly used in many situations because it does a good job of
reliably staining a wide variety of cells and tissues. In addition to staining neurons, H&E also
stains many other cells (including glial cells), which could possibly be confused with
neuronal cells. When reviewing the microscopic slides at only 25x magnification it is
difficult to see the details within the stained cells. Accordingly, images were taken at 100x
and 200x magnification in order to properly display the histological elements within the cells
being visualized and to confirm them as neuronal cells. The high magnification images
clearly display the eccentric nuclei, prominent nucleoli, and surrounding Nissl bodies and
lipofuscin that are expected to be seen in sympathetic neurons (see figure 3.1).
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Figure 3.1: Neurons in the lumbar sympathetic trunk at 100x magnification and 400x magnification
(inset) with 100 µm scale bars. Note the eccentric nuclei and prominent nucleoli of the cells
surrounded by Nissl bodies and lipofuscin. Images taken from 1705RLC Slide 51.

3.2 Visual Tracking of Neurons in the Tissue
Each slide had to be imaged multiple times in order to capture its entirety. Moreover,
each slide only shows a tiny snapshot at a single depth of the tissue. Looking through a single
piece of sympathetic tissue at all of the depths available provided a more complete
representation of the location of neuronal cell bodies (see figure 3.2.1).
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Figure 3.2.1: The images are ordered from A-D by increased depth of the same area of the tissue.
Neuronal cell bodies (the small dark spots in the images) can be found across the entire length of the
tissue being photographed. Images are all taken from the superior end of 1705RLB at 25x
magnification. Scale bar is equal to 1 mm.

If possible, based on the nature of the slides, multiple images of a single slide were
taken and combined into a composite image. This allowed for a single complete view of the
given depth. The stitched images allowed for easier review and comparison of subsequent
depths of the tissue (see figure 3.2.2).
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Figure 3.2.2: Composite or stitched images of sample1705RLC at 3 different depths (slides: 24, 37,
and 53 from top to bottom). Neurons (dark spots) can be seen along the vast majority of the length of
the photographed tissue. Images taken at 25x magnification, scale bars are 1 mm.
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While qualitatively and visually evaluating the images, it was observed that there was
only a small section of the lumbar sympathetic trunk that seemed to be completely devoid of
neuronal cell bodies and another slightly larger section that contained very few neuronal cell
bodies. Combined, these two areas added up to approximately 3.8 mm of the chains length –
a mere 4% of the chains total length. The single section devoid or nearly devoid of neuronal
cell bodies along the length of the sympathetic trunk examined was at the most superior end.
The photo evidence shows that, in at least a single case, the distribution of neuronal cell
bodies is throughout almost the entire length of the lumbar sympathetic trunk. These results
refute the common belief that neurons in the sympathetic trunk are solely localized within the
macroscopic swellings of the trunk called ganglia.
Portions of the chain histologically resembled the classic description of ganglia that
can be found in the current literature. There were areas of the tissue where the width of trunk
would slightly balloon outward and the density of neurons within seemed to increase (see
figure 3.2.3). Yet, these areas were not the exclusive location of neurons in the sympathetic
trunk.

Figure 3.2.3: The image of what was considered a ganglion due to the swelling of the sympathetic
trunk and the high density of neuronal cell bodies (small dark spots). This image is from sample
1705RLA in the centre of slide 34 at 25x magnification. The scale bar represents 1 mm.

3.3 ImageJ Quantification of Neuronal Cell Bodies in the
Lumbar Sympathetic Trunk
ImageJ software was used to quantify the number of neuronal cell bodies per
millimeter of the lumbar sympathetic trunk in 41.3% of the depth of the collected tissue. This
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was done to more persuasively quantify the qualitative observations that had been made.
Overall, 95 mm were quantified. After summing the number of neuronal cell bodies in the
millimeter segments across depths (see figure 3.3.1), the average millimeter contained
1832.82 neuronal cell bodies (±1759.78; range: 0 – 7186). The median millimeter segment
contained 1282 neurons. The vast majority of millimeter segments (93.68%) contained over
100 neurons when the depths were summed. Only a single millimeter of the tissue in the
examined images was completely devoid of neuronal cell bodies through the depths
observed. The millimeter devoid of neuronal cell bodies only had visible tissue of any kind
on 12 of the quantified slides (60 µm) because it was at the very superior edge of section
“A”, which varied in position across depths due to the sectioning process. In general, because
the slices were collected serially, some of the quantified cells may have overlapped between
depths. The methods used could not account for this, but there was consistent undercounting
of the neurons present, which counter-acts this problem.
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The Distribution of Summed mm Segments of the Lumbar Sympathetic Trunk (n=95)

Figure 3.3.1: Distribution of quantified millimeter segments of the sympathetic trunk based on the
sum of neuronal cell bodies counted. The curve is not a normal distribution, but rather it has a positive
skew (mean is greater than mode).

When charted in a line graph (see figure 3.3.2), the pattern of the number of summed
neuronal cell bodies counted seems to resemble the ganglionic organization that current
textbooks describe, but they do in fact contain neuronal cell bodies in decreased densities
between the peaking ganglionic areas. Furthermore, between the L3-L5 vertebrae, where the
tissue was taken from, one would only expect to see 2 ganglia in a classical representation of
the region.
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Figure 3.3.2: Pattern of neuronal cell body density resembling a ganglionic organization. Red lines
represent where the initial cuts were made between sections of the trunk during histological
preparation. The X-axis is mm of the sympathetic trunk and the Y-axis is the number of counted
neurons after being summed across depths.
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Each individual cut piece of the trunk (A-D) had an area in which the neuronal cell
bodies were more densely arranged resembling a ganglion. To better visualize the
organization of the neuronal cell bodies at all of the individual depths quantified, with a focus
on the spaces between the high-density neuronal areas, a three-dimensional graph was
created (figure 3.3.3).

Counted Neurons

Location in mm from superior to inferior

Depth

Figure 3.3.3: 3D graph of counted neuronal cell bodies along 95mm of the lumbar sympathetic
trunk. The Y-axis represents the number of counted neuronal cell bodies; the X-axis is the location
along the sympathetic trunk in millimeters; the Z-axis is the depth of the tissue.

The three-dimensional graph makes it very clear that at some depth of the tissue the
peaking densities of neuronal cell bodies are not completely separated by areas of pure nerve
fibres. This proves that, in this case, along 95mm of the lumbar sympathetic trunk between
L3 and L5 there is a continuous presentation of neuronal cell bodies. This contradicts the
current descriptions of macroscopic swellings (ganglia) being distinct collections of neuronal
cell bodies separated by intervening nerve fibres (devoid of neuronal cell bodies).
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Chapter 4

4

Discussion
The relevance, importance, and future implications of the results will be discussed in

this chapter. With further experiments, the results of this study could have implications in
regard to the nomenclature of the lumbar sympathetic system, the definition of a ganglion,
and possibly a change in surgical considerations of the region.

4.1 Presence of Neuronal Cell Bodies in “Interganglionic”
Space – Defining a Ganglion
Observations made in the tissue from the present study clearly show that neuronal cell
bodies can be found in varying densities throughout the length of the lumbar sympathetic
trunk. Previously undocumented, this finding is one that further cements the growing
evidence that the sympathetic system is more complicated than it is currently described in
textbooks. Observations made in our research question the definition of a ganglion in the
sympathetic trunk. The basic macroscopic definition of what characterizes a ganglion is
simply a visible swelling along the nervous tissue. Although the length of a lumbar ganglion
can be quite variable, ranging from 6-33 mm (Gandhi et al., 2013), and the number of ganglia
seen in the lumbar region has been reported as anywhere from 1-7 ganglia (Wrete, 1959),
these observations are consistently being made at a macroscopic level. Yet, ganglia are
simultaneously described as histologically distinct entities where collections of neuronal cell
bodies are found (deGroot, 1991; Junqueira et al., 1992; Kraima et al., 2015). The present
study has shown that neuronal cell bodies are found in higher densities in certain parts of the
lumbar sympathetic chain but that they are also found in lesser amounts at all other lengths of
the structure. Only two other studies in the literature were found to contain similar results,
albeit only one was in the lumbar region (Webber, 1955) while the other was in the cervical
region (Hoffman, 1957). The Hoffman study (1957) noted that neuronal cell bodies were
found at all levels of the sympathetic trunk that they examined. Webber (1955) claimed that
in the lumbar sympathetic trunk sometimes ganglia were “sharply delimited” but in other
cases they observed neuronal cell bodies “scattered along the entire length of the
interganglionic portion of the trunk between two ganglia.” The areas of high neuronal density
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match up with current descriptions of ganglia, but the other areas of the chain that contain
smaller amounts of neuronal cell bodies put the histological definition of a ganglion into an
area of uncertainty. The evidence from this study shows that ganglia are not always
histologically distinct or separate from the interganglionic spaces that still contain neuronal
cell bodies. Thus, it needs to be determined if ganglia should be defined by their macroscopic
morphology or by their histological organization, which may not match as completely as the
literature would suggest.
A morphological versus histological comparison of the lumbar sympathetic trunks is
one of the future directions this study needs to explore. Although the literature reports a wide
range of morphological appearances in regard to ganglia number and location, it has even
been recorded that morphologies with a similar number of ganglia may still appear extremely
different from one another (Pick & Sheehan, 1946). This case study examined 95mm of
lumbar sympathetic trunk that was mostly uniform in width. The sample had small
macroscopic swellings that could be considered as ganglia with a relatively thick
interganglionic trunk. Other lumbar sympathetic trunks that were harvested for the study but
never histologically examined had extremely different morphologies (see figure 4.1). It may
also be possible that the 95mm tissue examined was actually one uncharacteristically large
ganglion that had fused across multiple vertebral levels, but this is unlikely considering that
the largest single ganglion seen in a previous study of 60 lumbar sympathetic trunks (238
ganglia) was 33mm (Gandhi et al., 2013).
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Figure 4.1: Different morphological appearances of the lumbar sympathetic trunks collected from
four separate cadaveric specimens. The sympathetic trunk on the far right is the tissue that was
sectioned and quantified in this study.

With further investigation, it would be important to discover whether the histological
organization that was observed is correlated with a specific morphology or if it is consistent
across morphologies. The initial impetus for this study was in the observation of huge
variation of the lumbar sympathetic trunk and the appearance of grey matter along the length
of the sympathetic trunk. Some of the morphologies that were harvested but unused in this
study did not have the grey matter appearance that partially spurred the histological
examination. In the examined tissue, the dark grey colour was predictive of the presence of
neuronal cell bodies. We believed this grey colour to be the presence of lipofuscin which
accumulates in neurons over time (Gaugler, 1997; Maxwell et al., 2007; Zivković et al.,
2008). Since lipofuscin collects in lysosomes as people age, surgeons doing procedures in the
retroperitoneal space may not observe the same colour difference that was noted in older
cadaveric specimens in their relatively younger patients. In our sample, visible bulges in the
width of grey tissue were approximately matched with areas of higher neuronal cell densities.
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Additionally, the qualitative observation of dark colour representing neuronal cell bodies in
the sympathetic nervous system has been previously observed in the literature (Beveridge et
al., 2014). If only a specific morphology was linked to the presence of neuronal cell bodies in
all areas between ganglia, then research would need to be conducted to elucidate the
prevalence of this morphology in the population.

4.2 Presence of Neuronal Cell Bodies in “Interganglionic”
Space – Embryological Origins
The development of the sympathetic trunk, as previously stated, progresses via the
differentiation and migration of neural crest cells. There are multiple factors along the way
that may facilitate the lack of consistent histological organization in the lumbar region of the
sympathetic trunk. The migration of neural crest cells is the first step in formation of the
sympathetic trunk and begins on the 22nd day of the embryos existence (Schoenwolf et al.,
2009). The segmental patterning of the peripheral nervous system, and the sympathetic trunk
in specific, is supposed to arise due to the migration of neural crest cells being limited to the
cranial half of embryonic somites (Goldstein & Kalcheim, 1991; Schoenwolf et al., 2009). If
this were to happen without fail, each vertebral level would have an associated sympathetic
ganglion. Conversely, if the neural crest cells were not properly guided to their appropriate
end locations, the developing sympathetic trunk may eventually grow into an anomalous
morphology. The somites of an embryo begin forming on day 20 post-fertilization and
continue to develop in a cranio-caudal direction until day 30 just before the sympathetic
trunks start to form on day 33 (Schoenwolf et al., 2009). During this time there are many
factors that guide neural crest cell migration. Multiple studies agree that semaphorins are a
group of guidance molecules that use neuropilin and plexin receptors to inhibit or repel
neural crest cells (Dutt et al., 2006; Kameda, 2014; Schoenwolf et al., 2009). Since the
embryo usually develops in a cranio-caudal direction, the lumbar region may be more
variable since it develops later than the cervical and thoracic areas and may possibly have
lesser concentrations of important guiding factors such as semaphorin. This may be why the
thoracic region is generally more highly organized than the lumbar region. Without
something like semaphorin inhibiting neuronal cell bodies from leaving ganglionic
aggregations, or in fact pushing them toward ganglionic aggregations, they may spread
throughout larger portions of the sympathetic trunk compromising the normal pattern of
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segmentation. It has been shown in a murine model that the sympathetic trunk develops first
in the cervical and thoracic regions before the lumbar and also that removal of semaphorin
impaired the growth of ganglia (Kameda, 2014). Perhaps this impairment of gangliogenesis
naturally occurs in the lumbar region later on in development because of a lack of guidance
molecules.
An additional embryological possibility for the diffuse neuronal cell bodies that were
observed is in the relationship between the sympathetic nervous system and the vascular
system. Embryological studies have shown that neural crest cells will aggregate on the dorsal
aorta and use the vascular system as a sort of blueprint for its own development (Goldstein &
Kalcheim, 1991; Kameda, 2014; Schoenwolf et al., 2009). In a chick model, it was suggested
that the microenvironment of the arteries protruding from the dorsal aorta affect the rostral
portion of the nearby somites, helping to organize the neural crest cells within into a
ganglionic formation (Goldstein & Kalcheim, 1991). The same study remarked that until the
arterial microenvironment can signal the migrating cells, they are spread homogenously
along the trunk. A human embryological study also found that in 10mm embryos the cervical
sympathetic trunk is a “homogenous ganglionated cord” (Wrete, 1959) and another describes
the sympathetic primordial as a “continuous column of loosely aggregated cells” (Pick &
Sheehan, 1946). Therefore, it is possible that the sympathetic trunks have a developmental
structure that would have neuronal cell bodies throughout the entire length and only separate
into ganglia at a later time. Furthermore, in humans, the ganglia of the sympathetic trunk
usually lie between segmental arterial branches coming off of the aorta (Wrete, 1959). Thus,
vascular differences along the lumbar portion of the descending aorta could account for some
of the variance that is seen in development of the lumbar sympathetic trunk and the more
homogenous spread of neuronal cell bodies. A recent study of the lumbar arteries in human
showed that below the renal vessels there was most commonly 3 pairs of arteries, but it could
range from 2-4 pairs (Beveridge et al., 2015). Furthermore, even with a strong tendency for
pairing, there were instances of unpaired lumbar arteries that may help account for side
differences in development of the lumbar sympathetic trunk. Not only the number of lumbar
arteries, but also their position along the aorta could fluctuate with a certain morphology
presenting the lumbar arteries significantly inferior along the aorta (Beveridge et al., 2015).
Moreover, some of the signaling factors for development of the sympathetic trunk are shared
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by the developing cardiovascular system. Both the semaphorin protein and its neuropilin
receptors are involved in cardiovascular as well as sympathetic development (Epstein et al.,
2015; Lampropoulou & Ruhrberg, 2014). Epstein et al. (2015) claimed that abnormalities in
semaphorin signaling are responsible for developmental patterning defects and congenital
heart disease. We can infer that the same types of semaphorin abnormalities can be
deleterious for the patterning of the sympathetic trunk as well.

4.3 Presence of Neuronal Cell Bodies in “Interganglionic
Space” – Possible Surgical Implications
When conservative treatments are not effective, sympathetic blocks and/or
sympathectomies are sometimes prescribed to patients who have few other options. Multiple
diseases can lead to sympathectomy as a treatment including: lower limb lymphedema,
complex regional pain syndrome, phantom limb pain, ischemic pain, and most commonly
hyperhidrosis (Abramov, 2014; Day, 2008; Krumova et al., 2011; Straube et al., 2013; Woo
et al., 2013). Sympathectomy is currently performed by one of the following strategies:
injection of a neurolytic chemical, radiofrequency thermocoagulation, or clipping the ganglia
with metallic clips (Day, 2008; Haynsworth & Noe, 1991; Rantanen & Telaranta, 2013).
Each of these procedures either aims to reduce the pain experienced by the patient through
neutralizing the afferent pain branches that travel within the sympathetic trunk or reduce
sweating and vasoconstriction via sympathetic outflow from the trunk. A possible side effect
of the surgery in males that is severe but not very common is retrograde ejaculation or the
inability to ejaculate. This is most likely the case in bilateral lumbar sympathectomies or
when the first lumbar ganglion is accidentally involved in the sympathectomy (Gandhi et al.,
2013; Mirilas & Skandalakis, 2010). Since the common sites of sympathetic blockades and
sympathectomies are between the L2 and L4 lumbar vertebral levels (Abramov, 2014;
Gandhi et al., 2013; Straube et al., 2013), the high variance in lumbar sympathetic trunk
morphology immediately puts the first lumbar ganglion at risk. Yet, even if the surgeon can
easily identify the first lumbar ganglion and he/she makes sure to apply the surgical
intervention inferior to it, they may still be affecting neuronal cell bodies from the first
lumbar ganglion that have migrated to the “interganglionic space” nearing the second lumbar
ganglion. We can only speculate that although the negative side effects may be less
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pronounced, the attempted interventional procedures may change the ability of the first
lumbar ganglion to function.

4.4 Strengths and Limitations
The obvious limitation of the current study is its sample size. As a case study, the
findings cannot be taken as a consistent and reliable observation that can be assumed in a
certain percent of the population. For now it can only be seen as a singular result that may or
may not be the norm. Even the morphology of the trunk that was examined could be a very
rare example of the lumbar sympathetic trunk. A second limitation was the use of H&E
staining. Although H&E does an adequate job of staining neuronal cell bodies it also stains
many other structures that were somewhat irrelevant to this study. Using a Nissl stain may
have been a more specific option to solely visualize the neuron cell bodies alone, but might
have necessitated a change in the quantification process. Another limitation was the
quantification software used. As previously mentioned, the researcher had to set unique
colour thresholds for each individual image. The lack of standardization here could have
affected the consistency of the results. There probably exists more sophisticated technology
used to more accurately count cells in H&E stained images and avoid counting cells that may
span across depths, but steps were taken to ensure that the results of this study were
conservative and consistently under-counted rather than over-counted the neurons in any
given image.
Beyond the limitations discussed above, the study did have some strengths. The
sectioning of the tissue was done at a size that ensured no neuronal cell body would be
overlooked. This was critical in order to show that we found neuronal cell bodies where they
were not expected to be. Also, the use of conservative quantification methods make it
possible that the results were actually more robust in reality than reported in this study. There
were no studies similar to this one in the literature, which makes the results of this study
novel and interesting as a case study at least. The methods used have been laid out and
should be easily reproducible in another lab.
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4.5 Future Directions
Many of the future directions have been mentioned previously. First, the study needs to
be repeated on a larger number of sympathetic trunks in order to determine if the current
findings are common or unusual. If it is not the case that all lumbar sympathetic trunks have
a diffusely spread arrangement of neuronal cell bodies, then it would be important to discover
if there is a morphological predictor of this histological appearance. For instance, perhaps
when the sympathetic trunk appears nearly uniform in width at all lengths, there are neurons
throughout the structure. Another question to be answered is whether different regions of the
sympathetic trunk have different histological organizations. Neuronal cell bodies found
throughout the cervical sympathetic trunk, outside of ganglia, has been previously reported
(Hoffman, 1957), and now the lumbar region as well. There could be a difference within
individuals between the cervical, thoracic, and lumbar regions. Or perhaps the lumbar region
develops with a more uniform appearance more often than the cervical or thoracic regions.
Another possible direction to take this project would be to use an optical clearing technique
such as CLARITY to visualize the organization of the neuronal cell bodies without disrupting
them with the sectioning process (Chung & Deisseroth, 2013). Finally, it would be an
important step to clarify the function of these neurons. We believe that they have the same
function as neurons that would normally be found in ganglia based on their histological
appearance, but there is the possibility that these neurons have different properties or
functions.

4.6 Conclusions
In the present case study, a rigorous histological examination of the lumbar
sympathetic trunk between L3-L5 vertebral levels has shown that, through 95mm, neuronal
cell bodies can be found at any point along the length of the trunk. Common descriptions of
the structure claim that neuronal cell bodies are only found in ganglia along the trunk. Our
finding of neuronal cell bodies being seen in 94 out of 95 millimeters of the lumbar
sympathetic trunk opposes previous descriptions of this nervous tissue. The lumbar
sympathetic trunk is known for its variable morphology, and the current finding increases the
complexity of the region. A new understanding of the histological organization of the lumbar
sympathetic trunk may help in explaining the embryological development of the autonomic
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nervous system, and its connection to the developing vascular system, as well as play a role
when considering the cost-benefit analysis of performing a lumbar sympathectomy.
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Appendices
Appendix A: H & E Protocol
1. Xylene 5 minutes
2. Xylene 5 minutes
3. Xylene 3 minutes
4. Absolute alcohol 2 minutes
5. Absolute alcohol 1 minute
6. 95% alcohol 2 minutes
7. 95% alcohol 1 minute
8. 70% alcohol 1 minute
9. Water 2 minutes
10. Hematoxylin 3 minutes
11. Rinse in tap water
12. 2 to 3 dips in acid alcohol (1% hydrochloric acid in 70% alcohol)
13. Rinse well in tap water
14. 2 to 3 dips in ammonium alcohol (2% ammonium hydroxide in 70% alcohol)
Dip until blue
15. Rinse well in tap water
16. Eosin 3 minutes
17. Rinse in tap water
18. 70% alcohol 10 dips
19. 95% alcohol 10 dips
20. 95% alcohol 10 dips
21. Absolute alcohol 10 dips
22. Absolute alcohol 10 dips
23. Xylene 5 minutes
24. Xylene 5 minutes
25. Mount and coverslip
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Appendix B: 0.1 mm Scale Photographed at 25x magnification
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Appendix C: Tables comparing manual cell counts by an expert against ImageJ software
analysis using various area ranges for the cell bodies.
Using	
  1	
  standard	
  deviation	
  from	
  the	
  mean	
  area	
  of	
  the	
  cell	
  bodies	
  
(271.34-‐1227.76um^2)	
  
	
  	
  
Neuron	
  Count	
  
Neuron	
  Count	
  
Difference	
  (Mine	
  -‐	
  
Slide	
  Number	
  
(Mine)	
  
(ImageJ)	
  
ImageJ)	
  
1705RLD	
  Slide	
  5	
  Inferior	
  
219	
  
123	
  
96	
  
1705RLD	
  Slide	
  12	
  Top	
  Island	
  
128	
  
90	
  
38	
  
1705RLD	
  Slide	
  72	
  Superior	
  
264	
  
72	
  
192	
  
to	
  Beyond	
  
1705RLD	
  Slide	
  74	
  Superior	
  
to	
  Beyond	
  
84	
  
35	
  
49	
  
1705RLD	
  Slide	
  81	
  Superior	
  
and	
  Beyond	
  
143	
  
45	
  
98	
  
	
  	
  
	
  	
  
	
  	
  
	
  	
  
	
  
	
  
	
  
	
  
Using	
  1.5	
  Standard	
  deviations	
  from	
  the	
  mean	
  area	
  of	
  the	
  cell	
  bodies	
  
	
  	
  
(32.24-‐1466.87um^2)	
  
Neuron	
  Count	
  
Neuron	
  Count	
  
Difference	
  (Mine	
  -‐	
  
Slide	
  Number	
  
(Mine)	
  
(ImageJ)	
  
ImageJ)	
  
1705RLD	
  Slide	
  5	
  Inferior	
  
219	
  
284	
  
-‐65	
  
1705RLD	
  Slide	
  12	
  Top	
  Island	
  
128	
  
178	
  
-‐50	
  
1705RLD	
  Slide	
  72	
  Superior	
  
to	
  Beyond	
  
264	
  
489	
  
-‐225	
  
1705RLD	
  Slide	
  74	
  Superior	
  
84	
  
104	
  
-‐20	
  
to	
  Beyond	
  
1705RLD	
  Slide	
  81	
  Superior	
  
and	
  Beyond	
  
143	
  
220	
  
-‐77	
  
	
  	
  
	
  	
  
	
  	
  
	
  	
  
	
  
	
  
	
  
	
  
Using	
  1.5	
  Standard	
  deviations	
  from	
  the	
  mean	
  area	
  of	
  the	
  cell	
  bodies	
  with	
  an	
  increased	
  
lower	
  range	
  (150-‐1466.87um^2)	
  
Neuron	
  Count	
  
Neuron	
  Count	
  
Difference	
  (Mine	
  -‐	
  
Slide	
  Number	
  
(Mine)	
  
(ImageJ)	
  
ImageJ)	
  
1705RLD	
  Slide	
  5	
  Inferior	
  
219	
  
190	
  
29	
  
1705RLD	
  Slide	
  12	
  Top	
  Island	
  
128	
  
121	
  
7	
  
1705RLD	
  Slide	
  72	
  Superior	
  
to	
  Beyond	
  
264	
  
158	
  
106	
  
1705RLD	
  Slide	
  74	
  Superior	
  
to	
  Beyond	
  
84	
  
64	
  
20	
  
1705RLD	
  Slide	
  81	
  Superior	
  
143	
  
101	
  
42	
  
and	
  Beyond	
  
	
  	
  
	
  	
  
	
  	
  
	
  	
  
	
  
	
  
	
  
	
  
	
  
Using	
  the	
  entire	
  range	
  of	
  recorded	
  cell	
  body	
  
	
  	
  
	
  	
  

	
  	
  
%	
  Missed	
  
43.84	
  
29.69	
  
72.73	
  
58.33	
  
68.53	
  
54.62	
  
	
  
	
  	
  
%	
  Overcount	
  
129.68	
  
139.06	
  
185.23	
  
123.81	
  
153.85	
  
146.33	
  
	
  
	
  	
  
%	
  Missed	
  
13.24	
  
5.47	
  
40.15	
  
23.81	
  
29.37	
  
22.41	
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Using	
  the	
  entire	
  range	
  of	
  recorded	
  cell	
  body	
  
area	
  (134.85-‐2119.96um^2)	
  
Neuron	
  Count	
  
Slide	
  Number	
  
(Mine)	
  
1705RLD	
  Slide	
  5	
  Inferior	
  
219	
  
1705RLD	
  Slide	
  12	
  Top	
  Island	
  
128	
  
1705RLD	
  Slide	
  72	
  Superior	
  
264	
  
to	
  Beyond	
  
1705RLD	
  Slide	
  74	
  Superior	
  
to	
  Beyond	
  
84	
  
1705RLD	
  Slide	
  81	
  Superior	
  
and	
  Beyond	
  
143	
  
	
  	
  
	
  	
  

	
  	
  

	
  	
  

Neuron	
  Count	
  
Difference	
  (Mine	
  -‐	
  
(ImageJ)	
  
ImageJ)	
  
%	
  Missed	
  
211	
  
8	
  
126	
  
2	
  

	
  

87	
  

32.95	
  

65	
  

19	
  

22.62	
  

30	
  

20.98	
  
16.35	
  

113	
  
	
  	
  

	
  	
  

150-‐1466.87um^2	
  
18	
  
16	
  
20	
  
22	
  
23	
  

	
  	
  
134.85-‐
2119.96um^2	
  

%	
  Missed	
  
12	
  
11	
  
13	
  
17	
  
21	
  

	
  
	
  	
  

3.65	
  
1.56	
  

177	
  

	
  	
  

Measures	
  of	
  arbitrary	
  selections	
  of	
  cells	
  on	
  a	
  Photoshop	
  
merged	
  TIFF	
  image	
  (slide	
  43	
  1705RLA)	
  
	
  	
   My	
  Count	
  
1	
  
2	
  
3	
  
4	
  
5	
  
	
  	
   	
  
	
  	
   	
  	
  

	
  	
  

33.33	
  
31.25	
  
35.00	
  
22.73	
  
8.70	
  
	
  

	
  
26.20	
   	
  	
  

	
  	
  
%	
  Missed	
  
18	
  
11	
  
16	
  
18	
  
22	
  

0.00	
  
31.25	
  
20.00	
  
18.18	
  
4.35	
  
	
  	
  
14.76	
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Appendix D: Paired T-test comparing the average undercounting of the two most accurate
area ranges applied to the ImageJ Particle Analysis along with a normality test.
	
  
Paired Samples Statistics
Mean
Pair 1

	
  

1501466.87
134.852119.96

	
  

N

Std. Deviation

Std. Error Mean

	
  

	
  

	
  

11.75783

3.71815

	
  

	
  

	
  

15.5540

10

12.29278

3.88732

	
  

	
  

	
  

	
  

	
  

150-1466.87 &
134.85-2119.96

	
  

	
  

10

N

	
  

	
  

24.3050

	
  

Paired Samples Correlations
Pair 1

	
  

Correlation

10

Sig.

.678

	
  

	
  

.031

	
  

	
  
	
  

	
  
	
  

	
  
	
  

	
  
	
  

	
  
	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Paired Samples Test
Paired Differences

Std.
Deviation

Mean
Pair 1

	
  
	
  

1501466.87 134.852119.96

	
  
	
  

95% Confidence
Interval of the
Difference

8.7510
0

Std. Error Mean

9.66447

	
  
	
  

	
  
	
  

3.05617

	
  
	
  

Lower

Upper

1.837
45

15.66455

	
  
	
  

	
  
	
  

Tests of Normality
Kolmogorov-Smirnov

a

Statistic
df
Sig.
150*
.167
10
.200
1466.87
134.85.219
10
.191
2119.96
*. This is a lower bound of the true significance.
a. Lilliefors Significance Correction

	
  

Shapiro-Wilk
Statistic

df

Sig.

t

Sig. (2tailed)

df

2.863

9

.019

	
  
	
  
	
  

	
  
	
  
	
  

	
  
	
  
	
  

	
  

	
  

	
  

	
  

	
  

	
  

.936

10

.508

	
  

	
  

	
  

.893

10

.184
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Education
Masters of Science in Clinical Anatomy
September 2013 - Anticipate completion in June 2015
Department of Anatomy and Cell Biology, University of Western Ontario (UWO), London,
Canada
Focus of the degree was on structure and function of all body regions and the relative
positions and relations of each structure to its surroundings from a clinical perspective.
Included gross anatomy, histology, and learning how to teach anatomy effectively.
Additionally, a research project was conducted that taught me valuable research skills
and techniques including histological preparation and staining as well as microscope
skills and using ImageJ software.

Bachelor of Physical and Health Education (High Honours)
September 2008 – June 2013
Faculty of Kinesiology and Physical Education, University of Toronto (UofT), Toronto,
Canada
A study of sport and human kinetics from both a scientific and social equity approach.
This comprehensive program included courses on anatomy, biomechanics, coaching,
sport psychology, sport medicine, communication and conflict resolution, social
inequality, and biomedical ethics among other topics.

Bachelor of Education
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September 2008 – June 2013
Ontario Institute for Studies in Education, UofT, Toronto, Canada
This was a five-year concurrent teacher education program successfully taken
simultaneously with my Bachelor of Physical and Health Education undergraduate
degree at the University of Toronto. Learned and practiced lesson planning, assessment
and evaluation techniques, classroom management skills, backwards design methods,
and the process of teaching games for understanding.

Teaching Experience
Teaching Assistant for Graduate Students in Anatomy
January 2015 – May 2015
Anatomy 9560, UWO, Department of Anatomy and Cell Biology
Guided clinical anatomy and pathology assistant students during laboratory hours to help
identify structures on a cadaver and describe their function. Focuses of the course were
the abdomen as well as head and neck regions. The musculoskeletal, circulatory, and
nervous system components were all included in our observations and discussions along
with clinical aspects of the relevant anatomy.

Teaching Assistant for 1st and 2nd year Medical Students Anatomy
September 2014 – December 2014
Anatomy, UWO, Department of Anatomy and Cell Biology
Lead medical students through cadaveric dissections as well as clinical case studies.
Fostered discussion about case studies while promoting critical thinking during
diagnosis.

Undergraduate Anatomy Lecture
October 2014
Anatomy 3319, Western University, Department of Anatomy and Cell Biology
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Prepared and presented a one hour lecture on the cranial nerves for a class of
undergraduate students both face to face and using the online Blackboard Collaborate
software.

Teaching Assistant for Undergraduate Histology Online
June 2014 – August 2014
Anatomy 3309, UWO, Department of Anatomy and Cell Biology
Prepared and presented pre-lab talks to undergraduate students online using Blackboard
Collaborate software. Also had online office hours to answer student questions.
Furthermore, I prepared and marked online assignments and quizzes.

Teaching Assistant for Occupational Therapist Anatomy
September 2013 – December 2013
Anatomy 9524, UWO, Department of Anatomy and Cell Biology
Guided Graduate students during laboratory hours to help identify structures on a
cadaver and describe their function. Focuses of the course were the limbs, back, gluteal
region, and thoracic wall. The musculoskeletal, circulatory, and nervous system
components were all included in our observations and discussions along with clinical
aspects of the relevant anatomy.

Teaching Assistant for Undergraduate Anatomy
September 2013 – May 2014
Anatomy 3319, UWO, Department of Anatomy and Cell Biology
Instructed and demonstrated anatomical lessons in a laboratory setting to third and fourth
year undergraduate students using the whiteboard, handouts, worksheets, models, and
prosected cadaveric specimens. Presented information in a clear manner and responded
to student questions.

Teaching Assistant for Undergraduate Anatomy
September 2012 – May 2013
Anatomy126, UofT, Faculty of Kinesiology and Physical Education
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Acted as a lab demonstrator to aid first year undergraduate students in identifying
structures on prosected specimens and then discussed their functions.

Teaching Practicum: High School Setting
Grade 9 Healthy Active Living Education, Grade 9 General Science, Grade 9 Geography,
Grade 12 Exercise Science
2012, 2013 (2.5 months combined)
Don Mills Collegiate Institute, Toronto, Canada
York Humber High School, Toronto, Canada
Accepted the responsibilities of a full time teacher. Created unit plans, lesson plans,
assessments, and evaluations and subsequently executed those plans in the classroom.
Was available for consultation from students during lunch and spare hours. Participated
in extracurricular activities such as the staff-student volleyball game.

Leadership and Volunteer Experience
Vice President Communications
May 2011 – May 2012
Physical and Health Education Undergraduate Association, UofT, Faculty of Kinesiology
and Physical Education
Responsible for administrative duties, managing student council e-mail accounts,
recording minutes at council meetings, planning and executing U of T undergraduate
events, and sitting on Faculty Council Meetings. Also played a key role in getting
information out to the student body through newsletters, e-mails, and in-class
announcements (elected volunteer position).

Yearbook Committee Chair and Editor in Chief
Academic year 2011 – 2012
UofT, Faculty of Kinesiology and Physical Education
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Ensured high quality page designs and layouts, communicated effectively with the
manufacturing company to create the best possible yearbook, delegated various tasks to
those most suited for the job (volunteer position).

Orientation Committee Member
June – September 2010
UofT, Faculty of Kinesiology and Physical Education
Planned and organized various events and meals for the enjoyment and education of the
incoming students involved in orientation week (appointed volunteer).

Outdoor Project Counselor
August of 2010 and 2011
ODP200, UofT, Faculty of Kinesiology and Physical Education
Hiked and canoed with undergraduate students on a 5-day camping tutorial. Planned
routes and logistics (food, tents, first aid, etc) in advance. Worked as an effective team
member to lead the students and troubleshoot logistical and first aid problems in an adhoc fashion (selected volunteer).

Intramural Captain and Referee
2009 – 2013
UofT, Faculty of Kinesiology and Physical Education
As a captain, I led both men’s and coed basketball teams to playoffs, finals, and/or
championships every season, encouraging participation and excellence among my peers.
(volunteer)
As a referee, I officiated men’s, women’s, and coed basketball games. Handled
university property, and completed administrative duties while acting professionally
towards participants and colleagues.
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Given to support graduate students who are enrolled in programs preparing them for
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physical and health education within the university community. (No monetary value)
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Dalt and Marnie White Award
2008
UofT, Faculty of Kinesiology and Physical Education
Given to the student entering first year who has demonstrated participation in school
activities and leadership in the organization and support of athletics. ($1000)

R. Tait McKenzie Society Admission
2008
UofT, Faculty of Kinesiology and Physical Education
Admitted into the Faculty’s honour society to bring together exceptional students with
faculty.

Workshops and Certifications
Western Certificate in University Teaching and Learning
March 2015
UWO, Teaching Support Centre
Attended workshops revolving around improving university teaching, created a teaching
portfolio that includes a teaching philosophy and prospective course syllabus, taught an
undergraduate lecture.

Protecting Your Digital Self Workshop
November 2013
UWO, Schulich Medicine and Dentistry, Continuing Professional Development
Gained technical knowledge in regards to online risks and methods of malware
prevention.

Facilitating Discussions in the Intercultural Classroom Workshop
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November 2013
UWO, Teaching Support Centre
Learned of various communication styles and took part in creating strategies for conflict
resolution and how to encourage participation between individuals with different
communication preferences.

Accessibility at Western – Accessibility in Teaching Certification
September 2013
UWO, Resources and Operations
Discussed different learning styles and how, as a teacher, I can maximize learning for
different people by understanding their accessibility needs and adapting to them.

Comprehensive WHMIS Training Certification
September 2013
UWO, Resources and Operations
Cemented my knowledge of basic laboratory safety labels and procedures.

Safe Campus Community – Preventing Harassment, Violence, and
Domestic Violence Certification
September 2013
UWO, Resources and Operations
Learned how to identify signs and symptoms of violence and harassment as well as
possible strategies on how to address those issues in the workplace professionally.

Biosafety Training Certification
September 2013
UWO, Resources and Operations
Completed this course with a more in depth look on how to properly handle biologically
dangerous materials in a laboratory setting.

“Equity Miles” Education and Discussion Series
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March 2012
UofT, Faculty of Kinesiology and Physical Education, Co-Curricular Diversity and Equity
Program
Participated in discussions of multiple populations facing social and physical barriers in
our current society. Gained an understanding of current issues and learned how to take
other perspectives and advocate for equity in my community.

Workshop on Teaching Sexual Health Education
January 2012
UofT, Ontario Institute for Studies in Education
Acquired techniques and methods for professionally presenting sexual education
material to a classroom. Focused on learning how to make the classroom a comfortable
and safe place where open discussion is encouraged and learned how to field possibly
embarrassing questions effectively.

Coaching in Ontario Schools Certification
April 2012
The Ontario Federation of School Athletic Associations
Brief workshop discussing laws and ethics in coaching in Ontario.

National Coaching Certification Program Fundamental Movement Skills
Level One Workshop and Multi-Sport Competition: Intro Part A and B
2009 and 2011 respectively
UofT, Faculty of Kinesiology and Physical Education
Learned basic skills involved in training for sport including topics such as adolescent
development, nutrition, training techniques, and mental health issues among other
subject matters.

Introduction to Inclusion: Level One Workshop
October 2010
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Variety Village, Toronto
Became more aware of diversity issues in physical activity and how to adapt activities,
instructional techniques, and physical spaces to accommodate diversity within a
population of participants.

Centre for Leadership Training and Education (CLTE) Weekend
January 2009
UofT, CLTE
Focused on improving presentation, communication, and interpersonal skills.

