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Introduction:
Alzheimer’s disease (AD) is the most common neurodegenerative disorder characterized
by a progressive decline in cognitive function, with age being the greatest factor (Flannery and
Trushina, 2019). Many epidemiological studies suggest that higher caffeine consumption over
decades could be an effective therapeutic against Alzheimer's disease (Ardendash et al, 2006;
Cao et al, 2009; Carman et al, 2014). According to a study by Ardendash et al (2006), when
conducting multiple cognitive tasks of spatial learning, reference memory, working memory,
recognition, and identification in transgenic mice, those that were given an average daily intake
of 1.5mg of caffeine (the human equivalent of 500mg) performed significantly better than those
not given caffeine. Transgenic mice that were given long-term caffeine administration also
resulted in lower hippocampal β-amyloid (Aβ) levels, a critical initiator that triggers the
progression of Alzheimer’s disease via accumulation (Ardendash et al, 2006; Sun et al, 2015). A
similar study in 2009 also provides evidence that long-term oral caffeine treatment in aged mice
with Alzheimer’s disease showed a decrease in Aβ in the hippocampus and cortex (Cao et al,
2009). Mitochondria were found to be the target for the amyloid precursor protein (APP) that
accumulates in the mitochondrial import channels, interacting with several proteins inside the
mitochondria, leading to their dysfunction (Pagani and Eckert, 2010). Given these results linking
Alzheimers with caffeine and mitochondria, further study in this area may support the idea that
chronic or long-term consumption of caffeine is beneficial to those predisposed to Alzheimer's
disease.
In the current study, we observed mitochondrial function and transport, as neurons are
heavily dependent on mitochondria, and support in cell function is now recognized to be
instrumental in neurodegenerative diseases (Osborn, 2010). We will be measuring mitochondrial
transport through function and velocity. Mitochondrial size appears to directly relate to their
function, quality, and distribution, and with any disturbance of axonal transport caused by
mitochondrial function being compromised, this may lead to severe consequences on the
functional state of ganglion cells (Flannery and Trushina, 2019; Osborn, 2010). Since retrograde
and anterograde transport of mitochondria along axons are continuously occurring, we used
time-lapse microscopy to display mitochondrial function and transport in Gallus gallus neurons
across different caffeine dosages and durations of exposure. We also used fluorescence
microscopy, applying the dye Rhodamine 123; a popular green fluorescent mitochondrial dye
that stains mitochondria in living cells. The number of mitochondria within a cell, or
mitochondrial content, is generally considered to be proportional to cellular capacity for
mitochondrial function (Glancy, 2020).
In tandem with these studies, we observed the effects of different caffeine dosages in
embryonic domestic chicken: Gallus gallus ganglion cells. In our study, we hypothesized that an
average level of chronic caffeine administration will reduce cell dysfunction and increase the
overall efficiency of mitochondrial function and transport in neurons.

Materials:
For our experiment, we used the following materials for data collection and data analysis: small
petri dish (35mm), large petri dish (100mm), epitube, sample tube, Pasteur pipette, pipette bulb,
pipetteman, chick neurons, growth medium (GM), Hanks Balanced Salt Solution (HBSS), nerve
growth factor (NGF), caffeine from Sigma Aldrich (C0750-100G), sterilized water, sharpened
forceps, Rhodamine 123 dye from Sigma Aldrich, valap, paintbrush, slide, coverslip, coverslip
chips, Nikon Eclipse E200 Microscope, fluorescent attachment, SPOT Idea camera model
#27.2-3.1MP, SPOT basic 5.2 application, Mac desktop computer (late 2013) with macOS High
Sierra version 10.13.6 operation system, ImageJ version 1.51, and Microsoft Excel version
16.57, SPSS version 25.

Methods:
Dissection and Equipment Sterilization:
The sterilization of all of our equipment and the dissection of 10-day-old chick embryos for the
collection of dorsal root ganglia and sympathetic nerve chains was performed using established
methods (Morris, 2022), found in the Wheaton Journal of Neurobiology Research. The cells we
used for our study were gathered by Professor Morris.
Making the Solutions:
Calculation Solution Concentrations:
We calculated the on-the-cell dosage for caffeine based on the daily caffeine dosage for house
mice of 1.5mg/mouse (Arendash, 2006). Based on the average weight of a house mouse being
0.68oz which equals approximatley 20g and assuming a 20g mouse is equivalent to 20ml of
water for dilution purposes. We calculated an on-the-cell concentration 0.075mg/ml. We,
therefore, used this as our working concentration of 75ug/ml of caffeine in GM.
Stock Solution:
We made a stock solution of 37.6mg of caffeine in 1002ul of sterile water. This gave us a final
stock concentration of 37.5mg/ml.
Working Solution:
We prepared the working solution by diluting various levels of stock solution in growth medium.
The low dose is 2ul/ml. This solution would be our average dose. We also made a 4x version of
this solution which was 8ul/ml, making this our medium dose. We then made a 40x solution to
test a high variable which was 80ul/ml. We used a pipetteman to accurately measure out the
caffeine solution and then pipette it into GM which was measured out by Professor Morris. We
used this method for all concentrations of the solution.
Applying Solutions to the Cells:
Throughout the duration of our experiment, we performed at least four buffer changes a week for
five weeks. We tested control, low (2ul/ml), medium (8ul/ml), and high doses (80ul/ml) both
acutely for 2-3 hours and chronically for the duration of a week. The acute doses required a
buffer exchange once a week while our chronic doses would be left in the incubator for a week

and required a buffer exchange every Monday, Wednesday, and Friday. Each buffer exchange
followed the same procedure. Solutions were applied by a gentle complete buffer change,
working quickly to ensure the cells did not dry out during the transfer.
Making Chip Chambers:
After treatment, cells were observed visiting chip chambers as described in this same issue
(Morris, 2022).
Rhodamine 123 Staining:
For our staining procedure, we referenced the trial and error process in Evan Cook’s Research
Notebook. We stained five dishes total, one control dish, two acute dishes (low and high dose),
and two chronic dishes (low and high dose). We used a concentration ratio of 2.4 ul of R123 in
6ml of Growth Medium, equivalent to 1ul of rhodamine 123 (R123) in 2.5ml of Growth
Medium. To stain the cells, we removed the caffeine working solution and it was placed in a
different dish to be reapplied following the R123 staining and Hank’s Balanced Salt Solution
(HBSS) washes. We applied the R123 and GM solution to the cells, incubated the cells in the
dark for 10 minutes at 37℃, and washed the R123 solution off of the cells with four washes for 5
minutes each using HBSS. Cells were kept in the dark as much as possible. After the last wash,
we added the caffeine solution that was previously removed and made a chip chamber according
to our chip chambers method (Morris, 2022).
Collecting Data:
Light Microscopy and Imaging:
After we made the chip chambers, we imaged using the Imaging Center for Undergraduate
Collaboration at Wheaton College, MA. We put the slide under a Nikon Eclipse 200 microscope
and used the lowest magnification (4x), focusing on the cells after finding them. We then
gradually increased the magnification until we were at 40x and focused on the cells. We then
switched the view from the microscope to the live video footage on the macOS High Sierra
through the application SPOT. We then refocused the image to focus on the areas that we would
be analyzing. We then took pictures every ten seconds for 50 images. Nursing the focus, as well
as the air curtain incubator, to ensure the images were clear and that the cells remained at 37℃.
Fluorescent imaging: For imaging cells stained with Rhodamine 123, we used a Nikon Eclipse
E200 microscope with a SPOT idea camera attachment. Fluorescence images were collected
using 2-second exposures and the green fluorescence filter block. would be taken over a period
of two seconds.
Analyzing the data:
Animating the Image:
Images captured using SPOT Basic (Version 5.2) software were downloaded and put into a
folder on the computer desktop. The folder was then dragged into ImageJ (Java 1.8.0_172
(64-bit)), where the images are then uploaded as a Stack. To create an animation, we clicked

“Image” in the top toolbar, then “Stacks”, to “Animation”, and onto the “Animation Options”
bar. The speed of the animation can then be adjusted. A speed of 3.000 frames per second was
selected by clicking “OK”.
Calibrating the Image: click the “Analyze” tab then click “Set Scale”. Set the distance in pixels
to 1926 and the known distance to 300 and set the unit of length to microns.
Measuring Particle Distance Traveled:
Images that are uploaded onto folders are dragged into ImageJ and are uploaded as a Stack.
Axons including only moving particles were chosen for analysis. Under the ImageJ toolbar, the
“Straight, segmented or freehand lines, or arrows'' is clicked, where a tiny line is dragged onto a
chosen mitochondria in image 1. One mitochondrion for each experimental and control group
was chosen along an axon of the ganglion cell. Any region where the axon or surrounding cells
were moving significantly was excluded from consideration. Instead, we chose axons containing
moving particles that did not move significantly in order to not skew any data. The play button
on the bottom of the image can then be used to scroll through the stack of images. While pausing
at each image, the “Analyze” button is chosen, following “Measure”. Results will display the
area, mean, min, max, angle, and length for each image measured. To determine the distance
traveled for the control, chronic average, chronic extreme, acute average, and chronic extreme,
we used the length from the results table to then create a graph with the average velocity
(microns/second) that a particle moves between each image in the stack.
Determining Particle Density:
Singular stained images were dragged into ImageJ. Axons were chosen based on the clarity of
the image, an average-sized axon while excluding axons containing background for the analysis.
To determine the threshold objectively in each image, we clicked “*Straight*, segmented or
freehand lines, or arrows' ' under the ImageJ toolbar. To determine the lightest area of the axon,
the “*Straight*, segmented or freehand lines, or arrows was dragged across this axon. After,
click “Analyze”, then “Measure”. Axons that contain background fluorescence are discarded.
The maximum pixel brightness value is used as the maximum value. Once a threshold estimate is
determined, under “Image” click “Type”, then “8-bit”. Next, choose
“Image”>“Adjust”>“Threshold”. Here the maximum threshold can be adjusted using the
maximum pixel brightness. Make sure the box next to “Dark background” is checked, creating a
white background and black fluorescent regions. After the threshold and background are set,
click “Apply”. Using the “Polygon selections” under the ImageJ toolbar, the axon is traced
closely, avoiding areas without an axon and absent mitochondria. Next choose “Analyze”, then
“Histogram” and click “List”. The histogram displays values 0-255. Value 0 is the total number
of pixels of white background area within a selected region, and represents the absence of
mitochondria within the axon. Value 255 is the total number of pixels of mitochondria present
within the axon within the selected area.

Image 1. Assessing mitochondrial abundance
Some of the axons analyzed in the study, with the binary black and white images alongside,
converted from the fluorescence images in order to detect the particle density in microns within
the area selected (the yellow box around the axon). Axons were chosen primarily by size and
clarity, such as lack of surrounding material, and lack of overlapping layers and axons.
Analyzing Data in Excel:

The length traveled by the particle along the axon in microns from frame to frame was collected.
These lengths were entered into Microsoft Excel version 16.57, alongside their ten-second
intervals of time, the interval in which the images were taken. Each length was then divided by
ten seconds in order to find the velocity of the particle analyzed within that given interval,
pictured in Figure 1. The average velocities were calculated through a sum of lengths divided by
the total length of time, pictured in Figure 2. The number of white and black pixels within the
axons selected (two per condition), as is shown in Image 2 above, were measured in ImageJ, and
entered into Excel. The number of black pixels were divided by the total number of pixels within
the selected area from Image Analysis, then multiplied by 100 for a percent ratio, standard
deviation was calculated, and the results can be found in Figure 5.

Analyzing Data in SPSS

Results:
Observations and Numbers Collected and Quantified:
To test our hypothesis, we first located cells with clear axons and moving particles, excluding
those with cells that moved significantly. Only axons containing moving particles were selected.
Large blobs would move back and forth across the upper layer of the cells, making the effects of
caffeine evident when compared to our control. This is due to the movement of mitochondria
being visible from frame to frame, and the length collected using measurements of ImageJ, as
seen in Figure 1.. In contrast, there were few obvious visible indicators of mitochondrial
abundance, such as no clear difference in brightness and density, while observing and imaging
the cells, as is shown in Figure 4.
The chronic high-dose caffeine condition in our experiment shows the most consistent
and increased levels of both velocity and mitochondrial abundance. What is notable in Figure 2
is the similar levels of particle density between the two chronic conditions, indicating that
caffeine still had an effect on the chronic average dose condition cells. Both acute conditions
remained in between the lower levels of the chronic low dose and the higher levels of the chronic
high dose condition, in both Figures 1A, 1B, and 2 of particle velocities and mitochondrial
abundance, indicating a lesser overall effect of caffeine on mitochondrial transport and
abundance when applied in acute conditions.

Figure 1. Visualization of mitochondrial transport in unstained cells

When comparing control and chronic high dose, visually there is not much movement between
images Control 2 and 3. In contrast, images Chronic High 5 and 6 show greater movement
displayed by the yellow line, used to measure velocity (microns/sec) later shown in Figure 2.

Figure 2. Total average mitochondrial velocity per caffeine condition
This bar graph shows the effect of caffeine conditions on the average mitochondrial particle
transport velocities (microns/sec). The control sets the baseline of transport velocity at
approximately 0.3 microns/sec. Notice that the chronic high dose condition has the highest
average particle velocity, and the chronic low dose has the slowest average particle transport
velocity. When conducting e (M=1.28, SD=1.5) of statistical significance between caffeine
condition and average velocity, t(4)= 1.911, p = 0.129. Data are derived from measurements of
distance traveled in microns on the axons of the cells in 50 images captured from one trial of
each caffeine condition, with a total of five particles, N=5.

Figure 3. Effect of caffeine on mitochondrial transport velocity
The line graph above gives the velocities of the mitochondrial particles in intervals of 10
seconds. The graph contains data collected over an 8.3-minute timespan. The chronic high-dose
particles have the highest stable velocity. Both acute doses and control conditions began with a
higher velocity, eventually stabilizing to a lower level than the chronic high dose condition. Data
are derived from measurements of distance traveled in microns on the axons of the cells in 50
images captured from one trial of each caffeine condition.

Figure 4. Imaging of mitochondrial density
Images 1 and 2 in this figure are transmitted and fluorescence images of our control condition.
Images 3 and 4 are transmitted and fluorescence images of our chronic low condition. These
image sets were chosen to compare a control and experimental condition with the largest contrast
in mitochondrial density. Data are derived from measurements of fluorescence density in pixels
on the axons of the cells in two images captured from one trial of each caffeine condition.

Figure 5. Effect of caffeine on mitochondrial abundance
The average mitochondrial densities for the two axons of each condition is shown. Notice that
the conditions with prolonged exposure have higher average densities of mitochondria, and the
acute conditions have similar levels to the control condition. After running a Univariate ANOVA,
and a Bonferronni post hoc test, it was found there was a significant effect in the density of
mitochondria between the acute medium and chronic low dose conditions (F(4)=7.983, p =
0.036)

Discussion:
Due to previous studies suggesting caffeine as a possible therapeutic for those
predisposed to Alzheimer’s (Ardendash et al, 2006; Cao et al, 2009; Carman et al, 2014), we
hypothesized that an average, chronic exposure to caffeine will reduce cell dysfunction and
increase the overall efficiency of mitochondrial function in neurons. We refute our hypothesis
based on our study on Gallus gallus sensory neurons. We found that once the caffeine was
increased to 4 times the low concentration, did we see an increase in mitochondrial velocity and
density.
Neuronal exposure to hippocampal β-amyloid is shown to reduce mitochondrial motility
(Calkins, 2011). According to Arendash et al (2006), long-term exposure to caffeine in AD mice
has resulted in lower levels of hippocampal β-amyloid. In another study, β-amyloid levels also
decreased in the hippocampus, as well as the cortex in aged AD transgenic mice (Cao et al,
2009).
Statistically speaking, there was no significant effect between average velocity and
caffeine conditions pictured in Figure 2. However, there was statistical significance between the
caffeine conditions and mitochondrial abundance shown in Figure 5. This led us to conclude that
caffeine had an effect on mitochondrial abundance, with only some evidence suggesting caffeine
has a consistent effect on mitochondrial transport. It is surprising there is more statistical
evidence for mitochondrial abundance being affected more by caffeine, rather than visually
convincing and easily observable live imagery of the unstained cell particle movements
correlated to caffeine conditions.
Based on Figure 2 and Figure 5, we believe that the particle density results were more
dependent on the caffeine exposure time rather than the caffeine dosage. This is because, in
Figure 5, both of our chronic results are very similar, while our acute results are similar. We
believe that our chronic results are due to increased protein synthesis. Due to the transport of
mitochondria along the axons requiring motor proteins such as kinesin, dyenine and the OMM
protein (Cenini and Voos, 2019), we believe chronic exposure of caffeine may increase the
synthesis of motor proteins, whereas the acute exposure to cells would fully metabolize the
caffeine sooner, leading to the decrease motor protein synthesis.
In Figure 1 for our acute high dish, instead of creating a target caffeine solution
containing 64ul of our working solution into 8ml of GM, instead, we added 640ul of our working
solution, creating a 40x caffeine solution. As a result, for our unstained data, we tested a different
dosage than expected which may have produced different numbers than if we had tested the
correct dosage. We can not assume whether or not the velocity would be decreased or increased
as the high dosage may have increased the velocity or totally inhibited the cells with a caffeine
overdose. We believe that for this reason, we do not have a chronic high dose as when we went
to image the cells were no longer on the slide.
In Figure 3, we believe the reason for the initial spike in velocity for control and the acute
are due to overheating. The heaters required a lot of attention in order to keep the temperature at

a stable 37℃. While focusing the microscope on the slides our attention would be diverted from
the heater allowing the cell's temperature to rise or fall drastically.
In Figure 3, notice that the chronic medium and acute high dose data is trending upwards.
This may suggest that they have not reached their theoretical maximum velocity. If we extended
the time that we collected data this possibility may change the average particle velocity. We
produced a doses higher than intended. We felt that this added to our data and in a future repeat
of this experiment there should be the presence of this high dose along with with the medium
dose instead of one or the other. This would provide a more complete set of data.
For future experiments, we would suggest repeating this same experiment, along with
repeating the same process with human cells to investigate whether or not caffeine would be an
effective therapeutic for human Alzheimer’s disease. We are interested to test our hypothesis that
velocity and density of chronically dosed cells may be due to increased protein synthesis. For
future experiments we would suggest repeating the experiment for the chronically dosed cells
while also dosing them with a protein synthesis inhibitor. If the results remained the same one
could conclude that the results were not due to increased protein synthesis. If the results
decreased then if could be concluded that protein synthesis is a caffeine effect that the cells are
experiencing. This could also link Alzheimer’s disease and its effects to protein synthesis or lack
of.
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