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Introduction 
Mild traumatic brain injury (TBI), also called a concussion, has had high prevalence in recent 
studies concerned with the aftereffects. It is common in high impact sports and military 
personnel (Tang-Schomer, 2012). One of the primary results of concussion is axonal varicosities 
(Gu et al., 2017, Tang-Schomer, 2012). An axonal varicosity is a swelling along the axon that 
exceeds the typical diameter of the adjacent shaft of the axon (Shepherd & Harris, 1998). There 
is little known about how varicosities are created, whether it be in natural or unnatural conditions 
(Gu et al., 2017). However, one study found that varicosities followed the disruption of axonal 
transport due to microtubule breakage (Tang-Schomer, 2012). Multiple prior studies have shown 
mechanical force creating varicosities greater than those present initially before treatment (Gu et 
al., 2017, Tang-Schomer, 2012). 
 
The purpose of this study was to examine the density of varicosities along axon lengths of 
neurons before and after mechanical force was applied. Along with this, varicosities showed 
movement along axons and this was looked at further. This preliminary study tested the 
hypothesis that axons that undergo mechanical force will have a greater number of varicosities 
than those that do not undergo force, and varicosities that form from mechanical force will move 
along the axon as the cells recover. The methods for this study were modelled after those in Gu’s 
experiments on hippocampal neurons (Gu et al., 2017). Gu’s model also found that older axons 
were more resistant to mechanical stress, that microtubule disassembly and reassembly seem to 
be vital in puff-induced formation of axonal varicosities as well as recovery after, and that active 
transport through the axon may have also helped with recovery after forming varicosities (Gu et 
al., 2017). Previous study indicates that varicosities do display movement along axons, and in 
some cases will pass through other stationary varicosities (Koenig et al., 1985).  
 
In the current study, dorsal root ganglia from Gallus gallus embryos were used to test the 
hypothesis that axons that undergo mechanical force will have a greater number of varicosities 
than those that do not undergo force, and varicosities that form from mechanical force will move 
along the axon as the cells recover. G. gallus sympathetic neurons growing in vitro has proven 
effective due to a few reasons. G. gallus embryos are ready to harvest for dorsal root ganglia and 
sympathetic nerve chains after 10 days of incubation. This allows for short term experiments, 
and should incidents occur to a culture of cells, they are easily replaced. The experiment 
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performed was flowing liquid that is directed by the force of gravity over selected ganglia to 
apply mechanical force to the cells (Gu et al., 2017). This was then imaged and analyzed for the 
presence of varicosities. During the imaging process it was noted that some of the varicosities 
appeared to move in the after images. Related studies that were done in collaboration with this 
one are: a study on how the amount of pressure exerted on neurons impacts the amount of 
varicosities that arise, Lilly Callahan; a study on how varicosities affect axoplasmic transport or 
organelles in relation to Parkinson’s, Emma Paolella; a study on the formation of varicosities in 
relation to the distance from the point of mechanical force, Morgan Karnes. These studies have 
both also looked at varicosities and their effects. 
 

Materials and Methods 
Dissection 
Gallus gallus eggs were incubated for 10 days before the embryos were harvested and dissected. 
The procedure used, “Primary Culture of Chick Embryonic Peripheral Neurons 1: Dissection” is 
IACUC approved and was carefully followed. From the embryos, dorsal root ganglia and 
sympathetic nerve chains were dissected out for use. These were quickly put on coverslips in 
petri dishes that had been treated as directed in the procedure (Morris). The plated ganglia were 
put in an incubator at 37°C for at least 24 hours. 
 
Apparatus Construction 
Pipette tips were constricted by heating over flame and pulling, then broken at the desired inner 
diameter. The initial diameter they were pulled to was 50µm. However, these were later broken 
to be 300µm. The diameter of 50 proved to be too constrictive and did not allow flow; 300µm 
proved to be much more effective. The end of the pipette was fit inside of a length of 6mm 
diameter tigon tubing, the length of the tubing did not matter. 4mm diameter aquarium tubing 
was fit into the opposite end of the tigon tube. The aquarium tubing was cut flush with the tigon 
tubing so that the end is smooth with a 4mm inner diameter on the end opposite the pipette. 
Inserted into the aquarium tubing, was a 20cc syringe. The stopper was used to seal the flow and 
was taken out to create a gravity driven flow through the apparatus. Magnetic ring stands were 
used to hold the apparatus and keep it steady during use. One ring stand held the syringe with a 
clamp while the other had a micromanipulator to hold the pipette. 
 
Experiment Procedure 
The apparatus was set up on the magnetic ring stands as described above and placed next to a 
dissection scope. The use of the dissection scope was to correctly align the tip of the pipette 
where it needed to be. The micromanipulator was used to position the pipette tip .4mm away 
from the cells. The ganglia chosen for mechanical force were picked at random. The vertical 
distance between the pipette tip and the top of the liquid was originally set at 190mm; this was 
changed to 170mm for the second trial to get the liquid to properly flow through the apparatus by 
decreasing the pressure. These distances set the pressure to 190mmH2O and 170mmH2O 
respectively. The apparatus was filled with Hanks Balanced Salt Solution (HBSS), and the liquid 
was used as the mechanical force applied to the cells. The stopper was only just put into the 
syringe to keep the pressure on the liquid and prevented it from flowing. Once the dish was in 
place on the microscope and the pipette tip was aligned with the ganglion desired for testing, the 
stopper was removed from the syringe allowing the liquid to flow out onto the cells. The flow 
was allowed between 10 and 30 seconds, depending on the flow rate of the trial, before it was 
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stopped again to avoid flooding the dish. The exact amount of HBSS that went into the dish was 
unknown, and did not much matter. 
 
Imaging Procedure 
Images of the ganglia and surrounding axons were taken before and after performing the 
mechanical force procedure. These were taken on a Nikon Eclipse TS100 inverted scope at 40x 
magnification with a Model 27.2-3.1 MP Color SPOT Idea Camera. Pictures were taken, with 
SPOT IMAGING version 5.3.5, only of the chosen ganglion and of any that were close enough 
to it that could have been affected by the flow that was applied. After the first trial circumstances 
only allowed images to be taken approximately 30 minutes after the force was applied. After the 
second trial images were taken immediately after the force was applied along with 30 minutes 
after and 60 minutes after.  
 
 
Data Analysis Procedure 
Images were selected from the group of those taken before and after each trial. Some were left 
out to avoid going over the same area more than once. These images were imported into ImageJ 
version 1.52a and first measured lengths of axons of roughly 1000µm to look at more closely. 
Axons were selected for being clear in the image. It was decided that a varicosity needed to be 
150% the width of the adjacent axon. All pixel measurements taken were then converted to µm. 
This was done by importing into ImageJ a picture of a ruler slide taken at 10x power on an 
inverted scope. A line was then created across a known distance of the ruler and measured in 
pixels. From this a scale was obtained of 1.6693 pixels per µm. Since the images were taken at 
40x this was multiplied by 4 to get the conversion of 6.6772 pixels per µm. While examining the 
images taken some were overlapped over each other in photoshop if they contained a portion of 
the same area and were a few seconds apart. These were compared for movement of varicosities 
along an axon by measuring their distance from fixed points visible on the axon over time. 
Varicosity data were drawn from measurements of 270 axon lengths of about 1000µm attached 
to 2 ganglia in 6 captured images from 1 trail of applied force. The images before force was 
applied would be the control set, and the images after the force was applied was the experimental 
set. Varicosity movement were looked at from 3 images one of which was before applied force, 
and 2 of which were post applied force. From these all possible varicosities were circled to 
observe any movement of varicosities along an axon by measuring their distance from fixed 
points visible on the axon over time. If the varicosity displayed a difference of at least 3µm 
between images in position this was counted as movement. 
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Results 
Density of Varicosities 
Upon initial counting of the axons and varicosities, the sheer number of varicosities found in the 
images taken post mechanical force was observed to be of note. The images taken before 
mechanical force was applied, indicated by the B at the beginning of the image name, showed 
less varicosities over all when compared to the images taken post mechanical force, indicated by 
the P at the beginning of the image name (Figures 1 and 2). However, when it came to average 
varicosities per lengths measuring 1000µm most of the images exhibited similar numbers, the 
outlier among those is P Image5 which had a much higher average of varicosities per axon length 
(Figures 1 and 3). The data gathered showed evidence that the average number of varicosities per 
axon were overall greater after mechanical force was applied (Figure 3). When the averages of 
each before image were averaged together, and the averages of each post image were averaged 
together, the post images had an overall higher average than the before images of varicosities per 
1000µm axon length (Figure 3). 
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Figure 1. Ganglion with axons before mechanical force was applied. The drawn yellow lines indicate the 1000µm 
axon lengths. Numbers indicate both axons, and the smaller ones closer together are width measurements of 
varicosities and their adjacent axon. Note the overall lower number of varicosities. Image widths are 13,674.91µm, 
and heights are 10,256.18µm. 
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Figure 2. Ganglion with axons after mechanical force was applied. The drawn yellow lines indicate the 1000µm 
axon lengths. Numbers indicate both axons, and the smaller ones closer together are width measurements of 
varicosities and their adjacent axon. Note the large clump of varicosities located near the top of the image between 
numbers 22 and 13. Image widths are 13,674.91µm, and heights are 10,256.18µm. 
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Figure 3. Results of the numbers of varicosities compared to the number of axon lengths present in the same image. 
Each bar represents the average varicosities per 1000µm axon length for each image. The last two bars, B Img Avg 
and P Img Avg, are the average of all three images taken before mechanical force, labelled B, and all three images 
taken after mechanical force, labelled P. Data were drawn from measurements of 146 axon lengths of about 1000µm 
attached to 1 ganglia in 3 captured images taken before 1 trail of applied force, and 124 axon lengths of about 
1000µm attached to 1 ganglia in 3 captured images taken after 1 trial of applied force. Notice the post mechanical 
force’s overall average is higher than the before mechanical force’s overall average. 
 
Movement of Varicosities 
When comparing some of the images taken before and after the experiment, it was noticed that in 
a set of images taken of the same region after mechanical force that varicosities appeared to 
move after time. This was looked at more thoroughly and compared with available sets of images 
taken before mechanical force. Looking at images taken of the same region, though only a few 
seconds apart, before mechanical force was applied the varicosities already present appear 
stationary (Figures 4 and 5). The set of images taken of a region of axons after mechanical force, 
these being longer apart in time, show movement of varicosities and some even disappear 
(Figure 6). The left most circled varicosity appears to move along an axon over time towards 
what resembles a glial cell, and two circled varicosities in the first image seem to disappear in 
the second image after 30 minutes (Figure 6). 
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Figure 4. Image taken of ganglion with axons before mechanical force was applied. The pink circles indicate any 
potential varicosities. Image width is 13,674.91µm, and height is 10,256.18µm. 

 
Figure 5. Image taken of ganglion with axons before mechanical force was applied. This image was taken a few 
seconds after Figure 4. The pink circles indicate any potential varicosities. Note the lack of movement of varicosities 
between these two images. Image width is 13,674.91µm, and height is 10,256.18µm. 
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Figure 6. Images taken of ganglia with axons after mechanical force was applied. The first image on the left was 
taken right after the force was applied. The image in the middle was taken 30 minutes later, and the image to the 
right was taken 60 minutes later. The pink circles indicate any potential varicosities. Notice the varicosity most left 
in each of these images, which shows the greatest amount of movement. The left image width is 2,991.39µm, the 
middle image width is 2,851.16µm, and the right image width is 2,897.9µm. 
 

Discussion 
This study found evidence that axons that undergo mechanical force will have greater numbers 
of varicosities per 1000µm axon lengths than those that do not, and that varicosities show more 
movement after such force. The data found through these experiments supports the prior 
literature and creates new questions to be studied further. The movement observed of varicosities 
in images taken after mechanical force was applied led to the hypothesis that it had not occurred 
before mechanical force. This was backed up by comparing images taken before and after force 
was applied. Though the evidence is limited, and more data would have been preferable, it was 
not within the scope of this study. Had it been within the scope of this study to perform many 
more repetitions of the experiment and the results been the same as those achieved in the amount 
of time available making the data statistically significant, the evidence would have been much 
stronger that varicosities are a direct effect of mechanical force. A prior study found that axons 
exerted under mechanical force via stretching would cause the breaking of microtubules in the 
cell and these would then develop into periodic swellings due to the interruption of axonal 
transport (Tang-Schomer, 2012). While the method of mechanical force was different from that 
done in this study, the same principle cause applies. In Gu’s study, mechanical force applied to 
neurons created a signaling cascade that traveled down the membrane of the axon that induced 
the formation of varicosities (Gu et al., 2017). In terms of movement, varicosities observed on 
the axons of retinal ganglion cells have been studied to carry “packages” of cytomembrane along 
axons (Koenig et al., 1985). These are perhaps needed by regenerating neurons after injury, 
which is potentially the reason for it to have occurred in this study. Once these axons were hit 
with mechanical force, it is likely their microtubules broke, causing interruption of transport 
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which creates swellings. To repair from the damage packages of cytomembrane could have been 
carried along the axon to where they were needed inside the motile varicosities that were 
observed.  
 
A potential source of discrepancy in this study is that the images looked at for movement of 
varicosities were taken with different times in between, the post mechanical force images being 
taken with much more time in between than the before mechanical force images. It is possible 
that varicosities need much more time to move, though the varicosities formed in Gu’s study 
recovered relatively quickly (Gu et al., 2017). If it was within the scope of the study, more trials 
would have been done and images would be taken with the same intervals before and after to 
ensure that the variables are the same. 
 
With the observations seen in this study, I have had many more questions come up that could be 
useful for further studies. When varicosities move, what element are they travelling from and to? 
How far do they go? One could look at the starting points of varicosities and their end points, 
and measure the distance travelled. It would also be interesting to know if these moving 
varicosities carry anything; the methods for such an experiment could be derived from Koenig’s 
study. Then also comparing the contents of the moving varicosities to those that are stationary. 
By learning more about how varicosities form and function after mechanical force, we will better 
understand how they function in those that experience mild TBIs. Through further study of 
varicosities roles in concussion recovery, better steps for treating concussions can be found. 
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