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Introduction: 
A prolonged elevation of glucocorticoids due to chronic stress has been correlated with 

neuropsychiatric disorders. Stress is a leading cause of anxiety and depression (Song et al., 
2018). Allostatic stress loads may predispose individuals to disease (Picard et al., 2015). Stress 
models produce biologic stress response that may lead to distinct gene dysregulation. This 
dysregulation may induce depressive-like behavior (Malki et al., 2014). Ultimately, stress can 
have detrimental effects on the brain, and these effects can increase the risk of psychopathy.  
           Mental disorders and stress may be linked through mitochondrial function. Mitochondria 
are cellular organelles responsible for energy production and cellular respiration through 
transferring energy from food and oxygen into a transmembrane electrochemical potential 
through an electron transport chain, which is then used for adenosine triphosphate (ATP) 
synthesis. Rhodamine 123, a mitochondrial stain, diffuses through the mitochondrial membrane 
to the negatively charged center (Baracca, Sgarbi, Solaini, & Lenaz, 2003; Fontaine, Devin, 
Rigoulet, & Leverve, 1997). Mitochondrial brightness, due to Rh123 intake, is directly 
proportional to mitochondrial membrane charge resulting from oxygen consumption and ATP 
production (Scaduto & Grotyohann, 1999). ATP is an energy-carrying molecule, so 
mitochondria are necessary for energy flow at the cellular and organismal level, and deficits in 
normal mitochondrial processes have negative impacts. Mitochondrial energy production and 
oxidative stress are fundamental modulators of stress adaptions. These adaptations have 
implications for understanding stress pathophysiology and mitochondrial diseases (Picard et al., 
2015). 

Mitochondrial effects by prolonged in vivo stress paradigms has been explored. Stress 
exposure facilitates depressive behavior and physiology due to mitochondrial changes. After a 
28-day stress paradigm, chronic prolonged stress causes the rats to have decreased appetite for 
sweet, rewarding food, and the stress decreases NA+, K+-ATPase activity in the rats' 
hippocampus. Overproduction of nitric oxide, which is responsible for the inhibition of the 
mitochondrial respiratory chain, compromises ATP synthesis after prolonged stress (Gamaro et 
al., 2003). 
 Despite previous findings of stress effects on mitochondria, there is a current lack of 
literature of in vitro studies that examine the chronic short-term effects of cortisol on neurons at 
the cellular level. The treatment of cortical neurons with 100nM, 500nM, or 1µM of cortisol in 
vitro increase mitochondrial membrane potential beginning 1.5 hours after treatment for 3 days. 
This increase of activity is the result of mitochondrial responses to stress mediators and neuronal 
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resilience (Du et al., 2009). This experiment aimed to test the effects of an acute high dosage of 
cortisol, a glucocorticoid, on mitochondria activity in Gallus gallus dorsal root ganglia neurons. 
After exposure for 48 hours, the mitochondrial activity was assessed with fluorescence imaging 
utilizing Rhodamine-123, a mitochondrial specific stain. Because mitochondrial activity is 
temporarily increased by introduction of chronic stress (Du et al., 2009), it was hypothesized that 
mitochondria in neurons with cortisol exposure will be brighter, thus reflect more mitochondrial 
activity. 
 
 
Methods:  
Materials 
 All materials for primary tissue culture preparation and dissection of dorsal root ganglia 
from Gallus gallus embryos are described in (Morris, 2019). The primary reagent used was 
hydrocortisone 21-hemisuccinate sodium salt (Sigma H4881) in dimethyl sulfoxide (DMSO). 
Rhodamine 123 (Rh123) in F+ growth medium was utilized for fluorescence labeling of 
mitochondria. During the fluorescence staining process, Hanks Balanced Salt Solution (HBSS) 
was used to wash the cells. All reagents and materials used during experimentation were 
provided by Dr. Robert Morris. 
 All imaging was completed in the Imaging Center for Undergraduate Collaboration 
(ICUC) at Wheaton College, Norton, Massachusetts. Materials for imaging included Apple 
computers (Scorpio and Virgo), Nikon Eclipse E200 upright microscope equipped with a SPOT 
Insight FireWire 2 megasample Color Mosaic camera at 40x objective magnification, and Chiu 
Technical Corporation Mercury-100W lamp. Spot Imaging™ software, version 5.2.5 was used 
for imaging. ImageJ (version 1.52r 26) was used for quantification. 
 
Primary Tissue Culture of Gallus gallus 
 Preparation of coverslips and harvesting of dorsal root ganglia from ten-day-old Gallus 
gallus embryos was completed as described in the protocol by Dr. Robert Morris (Morris, 2019). 
After culture, cell plates were stored in a non-CO2 incubator. Incubation temperature was set at 
37°C during the entire experiment.  Dorsal root ganglia cell cultures were provided by Dr. 
Robert Morris 24 hours in advance of reagent application. Immediately following dissection, 
cultures were placed in this incubator to allow for axon growth on the coverslip.  
 
Cortisol Application 
 The following methodology was written in partnership with Evan Lichter, Sophia Stoch, 
Sara McLeman, Michael Parrella, Jocelyn Mora, and Trevor Ragas. A stock bottle of 100mg of 
powdered cortisol was dissolved in 2ml DMSO to create the first stock solution, with a 100mM 
concentration. A second stock solution was then created to make a 1:100 dilution by mixing the 
5µL of 100mM cortisol solution with 495µL DMSO in an Eppendorf tube. A working solution 
of 4x the final concentration was then created by adding 4µL of the second cortisol stock 
solution to 0.5mL of F+ growth medium in an Eppendorf tube. The growth medium in the Petri 
dishes was measured to 1.5mL, and the working solution of 4x cortisol concentration was added 
to the cells by pipetting the liquid to the side of the dish. The final cortisol concentration on the 
cell was 2µM. A minimum of 1µM dosage models chronic stress levels, and this concentration 
of 2µM produced an observable effect on these neurons (Du et al., 2009; Hartig, Zhu, King, & 
Coffman, 2016). Creation of the carrier control dish followed the same method, however, 4µL of 
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DMSO replaced the 4µL of cortisol stock solution. Both the carrier control and cortisol treated 
cells were returned to the incubator after treatment for 48 hours. This exposure period was 
sufficient for noticeable cortisol effects on the cells.  
 
Rhodamine-123 Application 
 Rhodamine-123 was prepared and applied to both control and experimental conditions 
based on the published procedure by Celeste Karpow (2008) in collaboration with Emma 
Paolella and Caitlin Daley. A vial of rhodamine-123 (Rh123), the concentration of (100mg/ml), 
was diluted to 4x the final working concentration by mixing 20µL of this Rh123 stock solution 
with 0.5mL of F+ growth medium in an Eppendorf tube. The growth medium in the cell Petri 
dishes was measured to a volume of 1.5mL. The Rh123 working solution of 4µg/ml was then 
added to the petri dish by pipette to the side of the dish, and the dish was covered with aluminum 
foil to limit exposure to light. The treated cells with a concentration of 1µg/ml of Rh123 were 
then returned to the incubator for 15 minutes. Following this incubation period, the cells were 
washed three times with HBSS. During this washing process, the growth medium with Rh123 
was removed completely from the dish, and 2mL of HBSS is added to the side of the dish. After 
5-minutes of incubation, the HBSS was removed and replaced with 2mL of new HBSS. After the 
three washings, enough growth medium was added to the dish to remove the glass coverslip to 
create a chip chamber.  
 
Chip Chamber Construction 
 Glass slides were cleaned with a Kimwipe before the creation of the chip chamber. Chips 
were laid in a square on the slide with forceps, covering an area to outline a coverslip. A drop of 
growth medium was placed within this area of the slide with a Pasteur pipette. The coverslip was 
removed from the 35mm petri dish, after the staining and washing process with Rh123, by 
poking with the edge with forceps to allow growth medium to flow under the slide. This method 
of removal prevents the glass from breaking. The coverslip was lifted from the dish, and its back 
was wiped with a Kimwipe. It was then flipped to face toward the glass slide, tilted to set one 
side against the glass slide, and then let fall over the chips. The chip chamber was then sealed 
with VALAP. Before imaging, the chip chamber was lightly washed with distilled water and 
wiped with a Kimwipe. When the chip chamber was not in the process of being created, washed, 
or imaged, it was covered with aluminum foil to limit light exposure. 
 
Fluorescence Imaging 
 Initial location of regions with limited noise was completed with transmittance under 10x 
magnification in phase 1. Noise included a background of glial cells or neurons. The axons were 
then observed under 40x magnification in phase 2 transmittance. Various regions of axons in 
each petri dish were imaged. Two images of each region were taken with SPOT computer 
programing under 40x magnification: a transmittance image and a fluorescence image. The 
transmitted image was taken prior to the fluorescence image. Fluorescence images were taken at 
either 10000ms or 2000ms exposure in green fluorescence light. Collection of control data was 
completed in collaboration with Caitlin Daley, who captured one control image at 2000ms 
exposure. All other images were taken at 1000ms exposure. During quantification process, 
exposure in all data collected from these images was normalized for valid comparison.  
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Quantification 
All images, transmitted and fluorescence, were opened in ImageJ software for 

examination. Various criteria were required for an image to be selected for quantification. First, 
the transmitted image and its corresponding fluorescence image must have displayed an in-focus 
picture of an axon with limited noise, such as various glial cells in the background, so the 
corresponding fluorescence axon had a black background. Bundles of axons were excluded. To 
ensure that a singular axon was quantified, only axons with a pixel count of 7.5 to 20 in width on 
the transmitted image were selected. To account for the bleaching of the cells after exposure to 
light and fluorescence, only the first fluorescence imaging of each region was analyzed.  

Mitochondria identification was threefold. Fluorescent regions in the selected axon must 
be ovoid (Mutsuddy, 2018), it must have an abrupt change in darkness, and it must have a 
distinct boundary. If these conditions were not met, the fluorescent region was excluded from 
quantification. The mitochondria in each eligible axon that best fit these criteria were selected; 
not every potential mitochondrion was quantified.  

Samples of identifiable mitochondria were selected using freehand selection tool, and the 
region was analyzed (analyze>measure). The selected region was drawn approximately one 
pixel before the background became uniformly dark. This analysis produced a mean brightness, 
average grey value, of the mitochondrion. A region of the uniform background near each 
mitochondrion was also selected and analyzed. Mitochondria were identified in carrier control 
cells, defined by 48 hours of exposure to DMSO, and a cortisol treated experimental group, 
defined by 48 hours of exposure to cortisol. One control fluorescence image was taken at 
1000ms, and one control fluorescence image was taken at 2000ms. Both experimental 
fluorescence images were taken at 1000ms exposure time. Average brightness measurements 
were calculated by sampling 32 regions selected in 2 axons across 2 trials for the carrier control 
condition, and by sampling 32 regions selected in 2 axons across 2 trials for the experimental 
condition. Number of mitochondria samples collected were strictly in accordance to selection 
criteria. There was no set amount of measurements to be collected.  

Data captured in a 1000ms exposure time is valid for comparison with data captured in a 
2000ms exposure time because ratios were calculated to normalize these exposure variations and 
background fluorescence of all samples. The ratio of mitochondrion to background signals was 
calculated by dividing the average grey value of each mitochondrion to its corresponding 
average grey value of the background. These ratio values were then averaged for each condition, 
control and experimental, to create an average brightness ratio for comparison. This ratio 
quantifies the brightness of only the mitochondria, as it excludes the average grey scale of the 
background.  

 
 

Results: 
 Axonal mitochondria activity was examined in a carrier control and cortisol treated 
condition. Transmitted and fluorescence images for each condition were obtained across two 
experimentation trials. Only images that met the quantification criteria were analyzed. The 
images taken in transmitted light (1A & 2A) were taken as insight to axonal properties. Images 
taken with fluorescence (1B & 2B) depict the metabolic activity of mitochondria in those axons. 
The metabolic activity is represented as brightness from Rh123 uptake in the mitochondria. 
These fluorescence images were taken at different exposure times. Notice the brightness is 
qualitatively dimmer than the control image, but quantitatively it is greater after accounting for 
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exposure time discrepancies. Data analysis and calculation of ratios is necessary for brightness 
comparisons. The ratio of mitochondrial brightness to signal background fluorescence for carrier 
control was 5.239. This ratio for the experimental condition was 6.214. The direct comparison of 
these ratios is observable in figure 3.  
 
(A) 

 
(B) 

 
Figure 1. Control Gallus gallus neurons phase and fluorescence images. Carrier control 
conditions were treated with DMSO. After an exposure time of 48-hours, control cells were 
treated with Rhodamine 123 at a concentration of 1ug/mL. The transmitted image (A) was taken 
at 40x magnification in phase 2 optics. This image depicts a quantified control axon. The 
fluorescence image (B) was taken in partnership with Caitlin Daley. This fluorescence image 
was taken at 2000ms exposure with green fluorescence. Notice the glowing, ovoid mitochondria 
within the axon. Note that the original image length is 224.05µm. 
 
(A) 

 
(B) 

 
Figure 2. Experimental Gallus gallus neurons phase and fluorescence images. Experimental 
conditions were treated with Rhodamine 123 at a concentration of 1ug/mL and quantified after a 
48-hour cortisol exposure. The transmitted (A) image was taken at 40x magnification in phase 2 
of an experimental condition axon, treated with 2µM of cortisol. The corresponding fluorescence 
image (B) depicts mitochondria within the axon. This image was taken at an exposure of 1000ms 
with green fluorescence to observe mitochondrial brightness of the axon after exposure to 2µM 
of cortisol. Images (A & B) were cropped to display quantified axonal region. Note that the 
original image length is 224.05µm. 
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Figure 3. Comparison of Average Ratio of Signal Background Fluorescence. The mean 
differences in the proportion of mitochondrial brightness to signal background fluorescence were 
obtained by quantifying Rh123 fluorescence in carrier control and experimental conditions. The 
carrier control conditions were treated with DMSO, and the experimental conditions were treated 
with 2µM of cortisol. Data are derived from analysis of brightness of 32 mitochondrial regions 
on 2 axons for the control condition and experimental condition, in strict accordance with 
quantification criteria. Notice the ratio for the experimental condition is less than the ratio for the 
cortisol condition.  
 
 
Discussion: 

Based on the results that mitochondrial brightness levels are increased after exposure to 
cortisol, the hypothesis that cortisol exposure increases mitochondrial activity was supported. 
Cortisol was used as a model for stress during experimentation. Obtained data reveals the ratio of 
mitochondrial brightness to signal background fluorescence brightness is greater for 
mitochondria in the experimental condition than the carrier control condition. Utilization of 
Rh123 provides evidence that there is greater mitochondrial activity after exposure to 
glucocorticoids. Mechanisms of Rh123 involve the use of the mitochondrial electric potential 
that is stimulated by proton movements across the inner membrane of mitochondria during 
oxidative phosphorylation. Greater mitochondrial activity may be attributable to the cellular 
responses and adaptations to stress.  

This conclusion is consistent with previous findings. It has previously been shown that 
mitochondrial membrane potential is increased for 3 days after treatment. The present study 
observed this initial mitochondrial activity increase from chronic stress, with data collection at 
48-hours after cortisol treatment. This overlap of time further validates the results of this study. 
Limitations of sample sizes of both trials and mitochondrial selection sampling during 
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quantification exist in this preliminary study. Literature suggests, mitochondrial activity, 
however, is suggested to decrease after this third day for chronic doses (1µM). The 
mitochondrial functions have effects on this biphasic response to glucocorticoids, and neuronal 
resilience with low doses has neuroprotective effects (Du et al., 2009). This short term, acute 
stress reaction may have a temporary protective effect. The depolarization associated with ATP 
production inhibits reactive oxygen species (ROS) (Votyakova & Reynolds, 2001). As a result of 
oxidative stress, ROS surplus may reduce ATP production and promote senescence and cell 
death (Chandel & Budinger, 2007). Prolonged high dose concentrations of cortisol enhance 
neurotoxicity (Du et al., 2009). Effects of ROS production may contribute to this toxicity.  

Further research must be completed to examine how acute mitochondrial response to 
stress may contribute to psychopathy. Related research reports daily in vivo injection of 
glucocorticoids to rodents has reduced mitochondria, as examined in post-mortem hippocampal 
tissue slices. This reduction is likely a direct cause of glucocorticoid action on mitochondria 
glucocorticoid receptors (Coburn-Litvak et al., 2004). Results of the current study do not suggest 
that chronic short doses, causing increased mitochondria activity, have these negative effects on 
neurons. Two experimentations should be pursued to examine how mitochondrial homeostatic 
divergence, through activity level changes, affects neurons. In vitro studies should be conducted 
examining the mitochondrial effects of repeated acute stress exposure. In addition, a chronic 
dosage of cortisol should be examined for a prolonged period. This time extension before 
quantification may allow for observation of the second biphasic effect, when decreased 
mitochondrial activity occurs. These experiments will assist with determination of the correlation 
between neuronal mitochondrial activity and psychopathy.  
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