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Introduction 

Neurodegenerative disease results from aging and may be triggered by neural impact 
injuries, due to a commonality of dysfunction in axonal mitochondria. Mitochondria generate the 
cell’s adenosine triphosphate (ATP) using an ATP synthase enzyme, powered by a proton 
gradient, producing an electrochemical gradient in the inner membrane of the organelle via 
oxidative phosphorylation (Friedman, 2014). Axonal swellings called varicosities are a 
characteristic of Parkinson’s disease (PD), traumatic brain injury (TBI), and concussion (Gu et 
al., 2017) that may correlate to dysfunction of mitochondria. 

PD is a prevalent neurodegenerative disorder, effecting as many as 7-10 million people 
worldwide, and about one million people in the United States. The incidence of development 
increases with age; only an estimated four percent of diagnosed individuals are younger than the 
age of 50 (Hirsch, 2016). Dysfunction of mitochondrial activity is a common developmental 
factor and characteristic of PD (Perier, 2012). There are associations between PD and the 
inhibition and dysfunction of complex I in the electron transport chain, affecting respiration as a 
consequence of mitochondrial aging. This impairment increases reactive oxygen species (ROS) 
production (Perier, 2012), which is regularly detected in aged tissue and most likely attributes to 
aging (Maynard, 2009). In addition, the mitochondrial theory of aging suggests that oxidative 
damage occurring during oxidative phosphorylation, generates causation of aging (Cui, 2012). 
For this reason, mitochondria are understood to have a crucial role in the aging process, and may 
be affected by the presence of axonal varicosities developed in aged neurons.  
 TBI and concussion creates a depolarizing change in membrane potential, due to an 
impacting force which triggers downstream effects increasing ATP generation from 
hyperglycolysis. As result, Ca2+ accumulates and becomes isolated in the mitochondria, 
impairing oxidative phosphorylation and decreasing production of ATP. Microtubule 
disassembly and formation of axonal varicosities are induced by the mechanical force of the 
injury (Giza, 2001). Increased levels of Ca2+ within the axon can inflict microtubule collapse 
which is associated with the induction of axonal varicosities (Gu et al., 2017). Microtubule 
degradation may induce mitochondrial dysfunction, given that axonal mitochondria utilize 
microtubules for transportation from the soma to the synapse (Friedman, 2014). 
 Varicosities and mitochondrial dysfunction are noted as common properties of both PD 
and concussion pathophysiology. The purpose of this study is to compare mitochondrial activity 
in axons with varicosities developed by age to varicosities induced by applied mechanical force. 
This was conducted in young and aged Gallus gallus neurons. Young experimental neurons were 
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defined as three days post-dissection and were subjected to applied mechanical force to induce 
varicosities. Aged neurons were defined as 17 days post-dissection and developed varicosities 
via aging. Quantification of mitochondria will be completed using Rhodamine 123 labeling, and 
mean gray value, correlated to brightness, will be indicative of mitochondrial activity. I 
hypothesized that the concussed day three experimental neurons will have a higher overall 
brightness than the aged day 17 neurons, and that the axonal varicosities will be dimmer than 
non-varicosity regions of the axon in both experimental groups. 
 
Materials and Methods 
Gallus gallus Embryo Dissection: 

Dorsal root ganglia and sympathetic nerve chains were extracted from the spine of 10 day 
old Gallus gallus embryos. The dissection, coverslip treatment, and plating was 
completed following the, “Primary Culture of Chick Embryonic Peripheral Neurons 1: 
Dissection” (Morris, 2019) IACUC approved protocol.  

 
Experimental Design: 

Aged neurons were defined as 17 days post-dissection and young neurons were defined 
as three days post-dissection. Aged neurons were used as an experimental model for 
Parkinson’s disease, and younger neurons were used for application of mechanical force 
as an experimental model after concussions. Aged neurons were incubated at 37°C and 
grown in F+ growth medium for 17 days. Aged neurons were then imaged for developed 
varicosities and analysis of labeled axonal mitochondrial activity with a chip chamber 
slide on an upright microscope. Day 17 neurons were used to represent aged neurons as 
they display axonal varicosities promoted by aging when uninjured: a property of aged 
axons and PD. Young neurons were imaged on an inverted scope before and after they 
were subjected to mechanical force application to observe induced axonal varicosities. 
Young neurons were then imaged for induced varicosities and analysis of labeled axonal 
mitochondrial activity with a chip chamber slide on an upright microscope at 40X 
magnification in transmitted light and fluorescence. 

 
Procedure for Building Mechanical Force Applicator Apparatus to Induce Varicosities: 
 
Apparatus methods and construction adapted from Y. Gu (2017) and designed in collaboration 
with Lilly Callahan, Morgan Karnes, and Laura Scheidemantel  

 
A 9” glass pipette was heated and pulled to achieve a tip diameter of ∼300 µm. This 
pipette was connected to 6mm inner diameter Tygon tubing (76.5 cm lengthwise) tightly. 
A 20 cc syringe was connected tightly to the other end of the Tygon tubing by fashioning 
a collar of aquarium tubing, completing the sealed apparatus. The entire force applicator 
was sterilized by flooding ethanol through the apparatus, and drying it with a sterile air 
flow using a 0.22 µm filter unit and tubing attached to an air valve. The pipettes were 
separately sterilized via autoclave. Apparatus was constructed by attaching the pipette-
end to a micromanipulator on a magnetic base ring stand and the 20 cc syringe-end to a 
clamp on a magnetic base ring stand. Both stands were magnetized to a mobile metal 
sheet for stabilization. 
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The vertical distance between the pipette tip and cultured neurons was set at 2 mm. This 
was calibrated by placing an empty 35 mm petri dish with a coverslip under the apparatus 
and lowering the pipette tip to touch the surface of the coverslip, using the 
micromanipulator. The x, y, and z plane position settings were recorded. The pipette was 
then raised such that the empty petri dish could be replaced with the cultured neurons, 
and the pipette was lowered by the micromanipulator 2 mm above the recorded y plane 
height. The growth medium was pushed to axons by gravity, letting the liquid flow onto 
the culture. Pressure was calibrated by measuring the distance from the height of the 
liquid in the 20 cc syringe to the tip of the pipette. The pressure was applied at 
approximately 190 mmH2O based on the height of the aqueous solution in the system but 
was not measured directly at the point of outflow. This was tested according to the Y. Gu, 
2017 protocol as an optimal pressure for inducing varicosity formation. 

  

Rhodamine 123 Preparation and Staining:  

Procedure for Rhodamine 123 staining was completed as described by Celeste Karpow (2008), 
and performed in collaboration with Caitlin Daley and Erika Fitzpatrick 

Working solution: A stock solution of Rhodamine 123 at a concentration of 100 µg/mL 
was present in the lab. This was diluted 1:100 by the addition of 0.02 ml (20 µL) of the 
Rhodamine 123 stock solution to 2 mL of F+ growth medium in a falcon tube, yielding 2 
mL of 1 µg/mL of Rhodamine 123. The falcon tube was wrapped in aluminum foil to 
prevent photo bleaching. About 2 mL of the 1 µg/mL working solution was added to each 
culture’s coverslip. Once the Rhodamine 123 was added to the cultures, they were 
covered with foil and incubated at 37° C for 10-15 minutes. The Rhodamine 123 solution 
was removed with a pipette, and the cover slips were washed with HBSS in triplicate 
with a five to seven-minute incubation time between washes.  

Chip Chamber Procedure: 
 
Control and experimental cell coverslips were made into chip chambers to be imaged on 
an upright microscope. A blank slide was cleaned with a Kimwipe and coverslip chips 
were aligned in a square shape about the size of a coverslip’s perimeter in the center of 
the slide using blunt forceps. Cultured cells were retrieved from the incubator and the 
growth medium was removed from the petri dish until a meniscus was formed with the 
coverslip via pipette. A small amount of this growth medium was placed in the center of 
the coverslip chips on the slide. Using blunt forceps, the coverslip was raised out of the 
petri dish and the bottom side of the coverslip (not containing cells) was gently wiped 
with a Kimwipe. Slowly and swiftly, the cell side of the coverslip was rested down on top 
of the coverslip chips by letting one edge of the coverslip make contact with one edge of 
the coverslip chips and slowly lowering the coverslip down. The coverslip was then 
aligned using blunt forceps and any excess growth medium was cleared using a Kimwipe. 
Heated VALAP was swiped along the edges of the coverslip on the slide to seal all edges 
of the coverslip.  
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Fluorescence Imaging Methods:  

Imaging procedure completed in reference to publication by Celeste Karpow (2008), and 
outlined in collaboration with Caitlin Daley and Erika Fitzpatrick. Imaging was performed in the 
Wheaton College Imaging Center for Undergraduate Collaboration. 

Cultures were imaged with fluorescence using chip chambers on slides for all 
experimental and control cultures. A Nikon Eclipse E200 upright microscope equipped 
with a SPOT Insight FireWire 2 megasample Color Mosaic camera was set with a 
Holmes stage heater and a temperature probe to maintain ~37°C; optimal for imaging live 
cells. Slides were secured on the microscope stage and covered with foil to prevent 
photobleaching. While the Apple Macintosh desktop computer was turned off, the Chiu 
Technical Corporation Mercury-100W bulb light source was powered on, after which the 
microscope, camera, and computer were powered on. The cells were focused at 40X 
magnification with the condenser set to Phase 2. Once focused on an axon, the live image 
was viewed on the Spot Imaging™ software, version 5.2.5. A transmitted light image 
was captured. The light source was then covered with a cap, the imaging software was 
affixed to the “fluor_green” profile, exposure time set to 1000ms, and the filter wheel set 
to 3. The microscope shutter was opened and a picture was obtained. The shutter was 
immediately closed to avoid photo bleaching.  

  
Data Quantification: 
 Overview 

Mean brightness measurements were made in: 
o Control group, defined as day 3 uninjured axons 
o Concussive Force experimental group, defined as day 3 mechanically injured axons 
o Aged experimental group, defined as day 17 uninjured axons  
Data are derived from measurements of brightness in: 
o 3 varicosities and 29 non-varicosity regions of 1 axon in 1 trials for the day 3 

uninjured control condition 
o 10 varicosities and 44 non-varicosity regions of 1 axon in 1 trial for the day 3 

mechanically injured condition 
o 4 varicosities and 10 non-varicosity regions of 1 axon in 1 trial for the day 17 

uninjured condition 
Data quantification and image analysis were completed using ImageJ (version 1.52r 26) 
on an Apple Macintosh Macbook Pro. Images that were quantified were the most 
focused, defined as clear axonal images captured on the 40x objective of an upright 
microscope. Any data that did not fit these criteria were not considered for analysis. 
 
Focused transmitted light images were analyzed on ImageJ to measure the width along 
the axon at all regions where a varicosity was suspected, and of the adjacent axon. A 
suspected varicosity is defined as a noticeably swollen area on the axon that appears 
~200% the width of its adjacent axon. Every suspected varicosity on a focused axon of a 
transmitted light image was measured in pixels and compared to its adjacent axon. The 
region was deemed a varicosity if its width was confirmed to be ~200% the width of its 
adjacent axon. This was done along the entire focused axon of the transmitted light image 
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for analysis of control and experimental data (day 17 aged neurons and day 3 injured 
neurons). 
 
The transmitted light image’s corresponding fluorescence image was analyzed by 
measuring the mean gray value (brightness) at every individual glowing region on the 
axon that was defined as focused in accordance with its transmitted light image. 
Measuring every glowing region along this axon eliminated bias in data collection. Any 
area subjected to measurement on the fluorescence image was compared to the 
corresponding transmitted image visually in order to determine which brightness values 
match which region on the axon, therefore determining which brightness values were of 
varicosities or of non-varicosity regions. Any measures of brightness located within a 
confirmed varicosity from the transmitted image was pooled and calculated as data for 
average brightness of varicosities. Any measures of brightness located outside of 
varicosities along the axon was pooled and calculated as data for average brightness of 
non-varicosity regions of the axons. This was completed for all quantifiable images of the 
control, aged experimental group, and the applied mechanical (concussive) force 
experimental group. 
 
Determining Varicosities 
A transmitted image was downloaded onto the computer and opened in the ImageJ 
software. The picture was zoomed to 150% and the line segment tool of ImageJ was 
selected to measure the widths of the suspected varicosities and of their adjacent axons. 
The outlining edge of the cell’s axon was defined as where the cell becomes noticeably 
darker than the phase halo around it. The line segment tool was used to plot a line across 
the width of the axon, from one edge of the cell’s axon to the other. The line length was 
obtained by utilizing the shortcut, “Command”à “M.” The segments were numbered by 
clicking the Analyze option on the toolbar followed by set measurements. The “Add to 
overlay” option was selected. In the present study, the unit of measurement was pixels. 
Lengths collected were measurements of width of varicosities and adjacent axons. This 
process was repeated to collect data for all suspected varicosities on the axon within the 
field of view of the image. The results were saved and downloaded to a Microsoft Excel 
sheet, and the widths of suspected varicosities were compared to the widths of their 
corresponding adjacent axons. A varicosity was defined as being ~200% the width of its 
adjacent axon, as adapted by Y Gu, 2017. 

 
Fluorescence Image Analysis  
A fluorescence image was downloaded onto the computer and opened in the ImageJ 
software. The “Analyze” option of the toolbar was selected, followed by Set 
Measurements. The options for area, min & max gray value, mean gray value, and 
display label were selected. The picture was zoomed to 1200% and the freehand segment 
tool of ImageJ was selected. Every glowing region on the axon that was defined as 
focused in accordance with its transmitted light image was traced with the freehand tool 
and measured using the shortcut, “Command”à “M.” The results were saved and 
downloaded to a Microsoft Excel sheet. Mean gray value was defined as a measure of 
brightness, in which an increased mean gray value indicates an increased mean 
brightness. The mean brightness quantifies mitochondria activity, therefore the mean 
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brightness in the varicosities and in adjacent axons were averaged. These values were 
used for comparison. This procedure was carried out for all control and experimental 
varicosities that were quantified. 

 
Results 
 Mitochondrial activity in axonal varicosities were observed in one control and two 
experimental groups. A culture (non-treated, three-day post-dissection) was imaged on an 
inverted scope before and after mechanical force was applied for the purpose of displaying and 
distinguishing the difference and degree of induced axonal varicosities (Figure 1). The control 
was observed in transmitted light and fluorescence with an upright microscope, exhibiting less 
varicosities and dimmer brightness than experimental groups (Figure 2 A and B). The concussive 
force experimental group was observed showing varicosities induced by mechanical force on 
three-day post-dissection Gallus gallus neurons, as pictured in transmitted light and fluorescence 
(Figure 2 C and D). The aged experimental group was also observed in transmitted light and 
fluorescence, showing varicosities promoted via aging on 17-day post-dissection Gallus gallus 
neurons (Figure 2 E and F). Note the similar pattern observed for both experimental groups; both 
the concussive force experimental group and aged experimental group exhibit average brightness 
levels of mitochondria to be higher within varicosities than in non-varicosity regions of the axon. 
The unaffected control culture displayed almost the same mean brightness in varicosity and non-
varicosity regions of the axon was observed (Figure 3). In addition, there was a higher net 
brightness between the two experimental groups in varicosities than in non-varicosity regions. 
Both the values calculated for varicosities and for non-varicosities are given by a higher average 
brightness for the aged experimental group (Figure 4). It is notable that the average brightness 
values were overall higher for the day 17 aged neuron’s axons in comparison to that of the day 3 
injured neuron’s axons.  
 

   
(A) (B) 
 
Figure 1. Transmitted light image of a young axon before (A) and after (B) application of 
mechanical force. A control, day 3 untreated cell culture was imaged via inverted microscope 
(A) before the application of mechanical force, and (B) afterwards in the same region for the 
purpose of identifying and verifying the induction of axonal varicosities. Note the increase in 
abundance of varicosities after application of mechanical force, as indicated by the arrows. 
Reader should note that scale bar is 14.70 um. 
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(A)     (B)                     (C)                     (D)                     (E)                     (F) 
 
Figure 2. Experimental Gallus gallus neurons pictured in transmitted light and their 
corresponding fluorescence images. Control and experimental groups were labeled with 
Rhodamine 123 at a concentration of 1 µg/mL. Day three uninjured neurons are pictured in 
transmitted light (A) and in fluorescence (B). Experimental day three neurons that underwent 
applied mechanical force inducing axonal varicosities are pictured in transmitted light (C) and in 
fluorescence (D). Experimental day 17 aged neurons that developed varicosities over time are 
pictured in transmitted light (E) and in fluorescence (F). The most focused axons and varicosities 
captured were assessed for data analysis; anything out of focus was not quantified. Note that the 
height of original images is 183.60 um. 
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Figure 3. Average brightness of labeled mitochondria in varicosities and in non-varicosity 
regions for axons of control versus concussive force and aged experimental groups. Data are 
derived from measurements of brightness in 3 varicosities and 29 non-varicosity regions of 1 
axon in 1 trial for the day 3 uninjured condition (Control); 10 varicosities and 44 non-varicosity 
regions of 1 axon in 1 trial for the day 3 injured condition (Concussive Force); and 4 varicosities 
and 10 non-varicosity regions of 1 axon in 1 trial for the aged day 17 uninjured condition 
(Aging). In both experimental groups of developed axonal varicosities, there was a higher 
brightness value measured within varicosities versus the non-varicosity regions. The overall 
brightness for the aged experimental group was higher than that of the concussive force 
experimental group.  
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Figure 4. Net brightness value between concussive force and aging experimental groups of 
labeled Gallus gallus mitochondria for varicosity and non-varicosity regions of the axon. A 
higher net averaged brightness was observed in varicosities compared to non-varicosity regions 
of the axon. Both the values calculated for varicosities and for non-varicosities are given by a 
higher brightness for the aged experimental group. 
 
Discussion and Conclusions 

It was hypothesized that the day three concussive force experimental neurons will have a 
higher overall averaged brightness than the day 17 aged experimental neurons, and that axonal 
varicosities will be dimmer than non-varicosity regions in both experimental groups. Data 
gathered does not support either of the hypothesized claims.  

Rhodamine 123 is a lipophilic cationic fluorescent compound used to label mitochondria 
and to assess mitochondrial activity. The cationic charge affinity labels slightly negative 
mitochondria due to its proton gradient (Darzynkiewicz et al., 1982). Uptake of Rhodamine 123 
into the mitochondria may increase with a greater proton gradient, therefore, it is plausible that 
brighter measurements represent highly active mitochondria (Scaduto et al., 1999). In addition to 
inducing varicosities, the applied concussive force may have damaged axonal mitochondria, 
which is supported by the overall brightness for the aged experimental group observed as higher 
than the concussive force experimental group. The results may also suggest that axonal 
varicosities contain more highly active mitochondria than non-varicosity regions. However, the 
level of brightness may also correlate to abundance of axonal mitochondria, such that a brighter 
region may contain more mitochondria.  
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Axonal mitochondria are transported from the soma to the synapse via microtubules 
(Friedman, 2014). In the present study, average brightness values specific to varicosities were 
higher than that of non-varicosity regions of axons in both experimental groups (Figure 3). Since 
the frequency of mitochondrial transport solely on microtubules is observed about three times 
greater than in their absence (Morris et al., 1995), the results may suggest that higher brightness 
within varicosities exhibit an increased abundance of mitochondria in that axonal region. 
Considering the lack of microtubules from collapse at varicosity formation, it is likely that 
mitochondria are not transported as quickly or efficiently through varicosities than through non-
varicosity axonal regions. This may generate a higher abundance within the varicosity, supported 
by Figure 4 data. PD pathogenesis is linked to impaired mitochondrial trafficking (Park et al., 
2018). Compromising mitochondrial transport may negatively impact maintenance of axonal 
mitochondrial homeostasis, which may inflict neurodegenerative disease and lead to axon 
degeneration (Zheng et al., 2019). 

The likelihood for early onset of PD is shown to be associated with possessing a history 
of concussion and TBI (Maher et al., 2002). The mechanical force of the injury induces 
microtubule disassembly and varicosities (Giza, 2001). Although axons are observed to begin 
recovery after an impact injury (Gu et al., 2017), it is plausible that in the event that microtubules 
may not fully heal, the susceptibility for varicosity formation due to aging increases with a pre-
weakened axonal cytoskeleton. If given significant results, it would be reasonable to speculate 
that the link between susceptibility of PD and possessing a history of TBI or concussion may be 
the presence of a pre-weakened axonal cytoskeleton from microtubule collapse due to impact 
injury.  

 Expansion on the data collection of the present study may be constructive in several 
ways. Variability in axonal varicosity width measurement precision may be reduced by 
accounting for the difference in brightness value between the phase halo and the pigment of the 
axon. Additionally, it would be beneficial to study the presence/absence of microtubules, and the 
process of microtubule repair/regeneration using immunofluorescent staining of microtubules. 
The results of this study should be extended by studying prevention of varicosity formation by 
microtubule collapse, or mechanisms for axonal microtubule repair from concussion, as possible 
treatments for dopaminergic neurons in PD.  
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