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Introduction
Brain tumors are a serious medical issue that are responsible for more deaths in adolescents and
children than any other cancer, causing 29.9 percent of deaths in 2014 in adolescents and children in the
United States (Curtin et al., 2016). Brain cancer also afflicts two percent of all cancer patients in the
United Kingdom (McKinney, 2004). The treatment for brain cancer is a multidisciplinary treatment,
involving surgery followed by chemotherapy and/or radiation therapy (McFaline-Figueroa & Lee, 2018).
One commonly used chemotherapeutic drug is mitomycin C (Stewart et al., 1986).
Mitomycin C (MMC) is an anticancer drug that induces apoptosis in mitotic cells by alkylating
DNA to form crosslinks (Paz et al., 2012). These crosslinks begin that pathway of apoptosis in the cell,
observable by the blebs on the apoptotic cell’s surface. (Barros et al., 2003). This mechanism of action
targets cells during mitosis, hence why it is used as an antitumor agent. MMC is also used in neural
cultures to inactivate feeder cells and any remaining stem cells (Ponchio et al., 2000). Neurons are not
affected by the DNA crosslink mechanism of action of MMC as the neurons are non-mitotic so the DNA
remains safe in the nucleus, however, neurons could still be affected by other potential mechanisms of
action of MMC. One such potential mechanism that is being investigated is the mechanism-based
inhibition of thioredoxin reductase, which induces apoptosis (Paz et al., 2012). This mechanism does not
require the cell to be mitotic. While the effects of mitomycin C on mitotic cells are known, the effects on
non-mitotic cells are currently being investigated.
This study is a preliminary investigation of the effects of mitomycin C on neurons. This study
was done in vitro using human neurons differentiated in culture from human induced pluripotent stem
cells that were treated with doses of MMC. Live imaging was taken of the cultures, from which a neurite
curvature index and an apoptotic index were produced. In order to understand the effects of the
chemotherapeutic drug mitomycin C on neurons, we tested the hypotheses that repeated doses of
mitomycin C will induce apoptosis in cultures of post-mitotic human mixed cortical neurons, and
repeated doses of mitomycin C will not perturb neurite outgrowth in human mixed cortical neurons in
culture.

Materials and Methods
Materials
Cell culture materials are detailed in the protocol for culturing cells (Morris, 2020). Neurons for
this experiment were grown in an air growth media also called L15 neuronal growth medium (NGM) at
37ºC in an air incubator. This L15 NGM was supplemented with glutamine, glucose, nerve growth factor,
fetal bovine serum, a penicillin/streptomycin solution, and an antimycotic agent. To conduct the MMC
treatment, a bottle of 1000x mitomycin C from Streptomyces caespitosus was obtained from SigmaAldrich Chemical Company [m4287]. To conduct the trypan blue treatment, a 0.4% solution of trypan
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blue in phosphate buffered saline (PBS) was made using solid trypan blue provided by Wheaton College
Biology Department. Hanks’ Balanced Salt Solution (HBSS) was used to conduct washes and was
provided by Wheaton College Biology Department. Imaging was conducted using a Nikon Eclipse TS100
inverted microscope equipped with phase optics and an LWD 40x/0.55 Ph1 ADL objective and a
Diagnostic Instruments (DI) Idea 3.0 Mp Color Mosaic camera with a DI 0.5x C-mount adapter driven by
DI Spot software version 4.6.1.26 on an Apple iMac7.1 computer using OS X 10.5.8. The analysis was
done using ImageJ software and Microsoft Excel.
Methods
Cell Culture Conditions and Treatments
Cells were cultured in accordance with a concurrently published procedure (Morris, 2020). All
wells were treated with a dose of 1µg/ml MMC on day 5. The wells were given an additional dose of
1µg/ml MMC on day 8, one well was given an additional dose of 1µg/ml MMC on day 11, and one well
was given an additional dose of 3.2µg/ml MMC on day 11. All experimental wells and two control wells
from an L15 NGM control plate were treated with trypan blue to distinguish between the alive and dead
cells on day 12.
MMC Additional Treatment Protocol
Day 8
To achieve the desired dose of 1ug/ml, the dose was doubled to 2µg/ml in the working solution.
The 2µg/ml MMC working solution was made by adding 2.2µl of MMC into 1100µl of L15 NGM. Using
a p1000 micropipette, 250µl of MMC working solution was pipetted into the desired well slowly on top
of the 250µl of L15 NGM already in the well. This step was repeated so that all wells were treated at
about the same time. The 8-well plate was placed in the air incubator for 1 hour. After removing the well
plate from the incubator, one well at a time, using a Pasteur pipette, all of the liquid was removed and
expelled into a waste beaker. Immediately, the well was washed one time with HBSS by slowly expelling
the solution into the well, so it filled at least halfway to the top of the well. The HBSS was removed with
a Pasteur pipette and 250µl of fresh L15 NGM was pipetted into the well. The process of washing and
adding growth medium was repeated so each well received one wash.
Day 11
The first MMC working solution was made by adding 1.2µl of MMC to 260µl of L15 NGM. The
second MMC working solution was made by adding 0.6µl of MMC to 300µl of L15 NGM. The two wells
were treated following the same procedure as day 8.
Trypan Blue Treatment Protocol
0.4% trypan blue in PBS was made by dissolving 0.152g of solid trypan blue in 38ml of PBS.
Using the p1000 micropipette, 250µl of trypan blue solution was slowly pipetted into the desired well on
top of the 250µl of L15 NGM already in the well. The plunger was gently pressed several times to mix
the trypan blue in with the growth media. Immediately after, a Pasteur pipette was used to remove all
liquid from the well and expelled into a waste beaker. As soon as the liquid was removed from the well,
another Pasteur pipette was used to wash with HBSS by slowly expelling the solution into the well so it
filled at least halfway to the top of the well. A second wash with HBSS was completed the same way by
removing all the liquid from the well and adding sufficient HBSS. After the second wash, the remaining
liquid was removed, and the well was immediately imaged. This process was repeated for each additional
well, one at a time.
Data Collection
Imaging Timeframe
Cells were imaged on day 7 before additional MMC treatment, on day 9 and 11 after one
additional treatment, on day 12 after two additional MMC treatments, and on day 12 and 13 after the
trypan blue treatment.
Imaging Cells with a Spot Camera on an Inverted Microscope
To set up the microscope for a good quality image, the light was turned on, the well was placed
on the stage, the desired well was located, the lens was focused, and the phase rings were aligned. Once
an area of cells was discovered and looked clear through the eyepiece, the microscope was toggled to
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photo view so the live image would appear on the computer screen in the Spot application. The live image
was white balanced, and if it looked clear and showed the desired cells, an image was taken. If a better
image was required, the microscope was toggled back to the binocular view and re-focused. Once an
image was captured, it was saved to the computer to be used for analysis. Several images in multiple areas
of each well were captured.
Data Analysis
Neurite Curvature Index
To analyze the effect of additional MMC treatments on the neurites, a curvature index was
generated to compare the shape of the neurites between the experimental and control conditions. A
curvature index was determined by measuring the length along the neurite from a determined start and
endpoint and dividing that value by the value for the direct length from the determined start to endpoint.
Neurites from two images were compared: one image taken of MMC experimental cells on day 11 and
one taken by collaborator Nicholas Kelly of his control cells on day 11. An image of a stage micrometer
at 40x was used to set the scale in millimeters in ImageJ. The start point was determined by the point at
which the neurite leaves a cluster of cells, or the last visible point before the neruite exited the field of
view. The end point was determined by the neurite becoming indistinguishable in a bundle of cells.
Neurites were chosen for measurement based on the clarity of the start and end point. Neurites were
measured using the segmented line tool in ImageJ. Data was imported into Microsoft Excel where the
curvature index was calculated. Using functions in excel, a two-tailed unequal variance Student's
t-test was performed. Additionally, a bar graph was generated using the mean curvature indexes.
Apoptotic Index
To analyze the apoptotic effect of additional MMC treatments on neurites, an apoptotic index was
generated to compare the number of apoptotic blebs between the experimental and control conditions. An
apoptotic index was determined by converting the images from light microscope to 16 bit. The threshold
of these 16-bit images was then automatically adjusted in ImageJ, using the auto adjust threshold function
built into ImageJ. The particle analyzer ImageJ plugin was then run on the adjusted images, excluding any
particle that was less than ten square pixels. This list of particles was then divided into particles greater or
equal than 60 pixels squared and less than 60 pixels squared. The particles greater than or equal to 60
pixels squared were determined to belong to viable cells, and the particles less than 60 pixels squared
were determined to belong to blebs, based on results of trypan blue staining. The total area of viable cell
particles was then divided by the total area of bleb particles to determine the apoptotic index. 6 images
were used for this analysis, four of condition wells on day 12 and two of Nicholas Kelly’s control wells.
Data was imported into Microsoft Excel where the apoptotic index was calculated, as well as a one-way
ANOVA between the three conditions. Additionally, a bar graph was generated using the mean apoptotic
indexes.

Results
To test the hypotheses that repeated doses of MMC will induce apoptosis in cultures of postmitotic human mixed cortical neurons and will not perturb neurite outgrowth in human mixed cortical
neurons in culture, control cells were grown for 12 days in culture at which point, they showed normal
blebbing and normal neurite growth in live cell imaging (figure 1). To model chemotherapy, experimental
cells were given two additional doses of the chemotherapeutic drug MMC on day 8 and day 11 at which
point, they showed extensive blebbing (figure 2) and abnormal neurite growth patterns in live cell
imaging (figure 1).
To quantify cell survival after multiple MMC treatments, an apoptotic index was generated based
on degrees of blebbing, and the neurons treated with additional doses of MMC showed a greater average
apoptotic index than that of the control neurons (figure 4). To quantify the degree of change of neurite
morphology, a curvature index was generated and a comparison between control and experimental
neurons showed a significance (figure 3). It appears that the experimental neurons had significantly more
curvature than the control neurons (figure 1).
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Figure 1: Transmitted light image comparison of control neurons (left) and MMC-treated neurons
(right) on day 11. In the transmitted light image on the left, the control neurons exhibit normal neurite
growth with specific examples pointed out by the arrows. In the image on the right, the neurons treated
with an additional dose of MMC show abnormal neurite growth with notable examples pointed out by the
arrows.

Figure 2: Transmitted light of trypan blue stained experimental neurons on day 13. In the
transmitted light image above blebbing can be seen in the red oval, as evidenced by the dark blue trypan
blue staining. A viable cell can be seen in the yellow circle, as evidenced by the lack of blue staining.
Notice the large amount of blebbing in the experimental wells on day 13.
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Figure 3: Comparison of neurite curvature index between Mitomycin C and control neurons on day
11. Notice that the average curvature index of the neurons treated with additional doses of MMC is
greater than that of the control neurons. Control data are derived from measurements of 12 neurites in one
image captured from one trial. Experimental data are derived from measurements of 12 neurites in one
image captured from one trial. [n=12, MMC avg=1.38, Control avg=1.03, p value=0.0278]
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Figure 4: Comparison of apoptotic index between Mitomycin C treatments and control neurons on
day 12. Notice that the average apoptotic index of the neurons treated with additional doses of MMC is
greater than that of the control neurons. Control data are derived from measurements of 2 images from
one trial. Experimental data for 1 µg/ml are derived from measurements of 2 images from 1 trial.
Experimental data for 3.2 µg/ml are derived from measurements of 2 images from 1 trial. Data was not
significant [n=6, 1 µg/ml avg=6.04, 3.2 µg/ml avg=9.31 Control avg=1.62, p value=0.182]

Discussion and Conclusion
The preliminary data generated here did not support the paired hypothesis that, repeated doses of
Mitomycin C will induce apoptosis in cultures of post-mitotic human-induced mixed cortical neurons and
repeated doses of Mitomycin C will not perturb neurite outgrowth in the same cultures. The results
generated in this experiment show evidence that the postmitotic neurites did not undergo increased levels
of apoptosis with additional MMC doses. This result is consistent with previous studies that showed
neural stem cells treated with MMC go on to differentiate and retain their function (Hiller et al., 2020).
MMC is an alkylating agent that inhibits DNA synthesis and primarily targets mitotic cells (Tomasz,
1995). Other studies have also shown that MMC tends to down and up-regulate certain genes within
targeted cells, and usually downregulate genes that have to do with cell division and metabolic processes,
and upregulate those involved in growth factor activity (Felfly et al., 2011; Hiller et al., 2020). With
regards to this current study, it, therefore, remains evident that even with multiple doses of MMC, treated
neurons continue to grow and differentiate.
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The experimental data showed that the cells did not show a significant difference in the apoptotic
indexes of the treatment groups and the control, but showed some abnormalities with regards to overall
structure and neurite growth, as was shown in figure 1. Since the control cells did not show this
abnormality, it can therefore be concluded that based on the evidence presented, the additional MMC
doses had something to do with the rather unusual curvature the neurites exhibited. Multiple trials to
further test this observation were beyond the scope of this preliminary study and can be suggested for
potential future experiments. MMC’s ability to upregulate and downregulate certain genes within cells
can lead to treated cells having different gene expression levels. (Felfly et al., 2011) This might serve as
an explanation of why the post-mitotic neurites in this study that received additional MMC doses look
different from the control group. MMC might have altered expression levels of structural and growth
genes in the neurons.
As much as our data were consistent with other studies and the results generated lead to the
conclusions proposed in this paper, there is room for expansion. The current study was preliminary and
many of the observed results can be further studied and expanded upon. A future experiment could
explore the curvature phenomenon and potentially run the study for a longer period to see if the mature
proteins in the curved neurons serve the same purpose and function as in non-curved neurons. These
experiments could also look into carrying out immunofluorescence to identify particular proteins involved
in neuron structure like microtubules and actin. This might reveal what happens to the neurites exposed to
MMC in post-mitotic phases. Additional research would not only help better understand the mechanism
of MMC and its effects in mixed cortical neurons but will also further enhance studies looking at
additional chemotherapeutic drugs that can pass the blood brain barrier and therefore be used for brain
cancer treatments.
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