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Introduction:

Alzheimer’s is a neurodegenerative disease that affects 5.8 million Americans age 65 and

older in the United States today as stated by the Alzheimer’s Association (2020). The disease is

characterized by two pathologies which are hyperphosphorylated tau tangles and β-amyloid

plaques (Weller, J., & Budson, A., 2018). Loss of pyramidal neurons in the hippocampus are

specifically important in the neuropathology of Alzheimer’s (Mann D. M., 1996). Pyramidal

cells are found in a large abundance in the central nervous system and are suggested to play an

important role in advanced cognitive functions because of their synaptic connectivity and

excitability (Wang, Ye, Kuang, Li, & Hu, 2018).

Experimental models are essential in understanding the pathology of Alzheimer’s in order

to develop new treatments. The most commonly used experimental model to study Alzheimer’s

disease are transgenic mice that overexpress human genes, which results in the formation of

amyloid plaques (Drummond, E., & Wisniewski, T., 2017). While these studies are beneficial for

the promising therapeutics of Alzheimer’s, they do not fully reflect the processes that occur in

human neurons (Penney, Ralvenius & Tsai 2019). Transgenic mice have differences in the

protein function, signal pathways, cellular processes and the interactions, which limit our

understanding of the disease in humans (Penny, et. al, 2019).

Human induced pluripotent stem cells (hiPSCs) can give us access to different cells

within the body (Yu, et. al, 2009). The cells can be created with a specific genetic background in

mind, which can be useful for modeling diseases and creating personalized drug discovery and

medicine. Typically today, stem cells are derived from adult tissue, whether this be from the skin

or the blood, and the cells will self-renew and differentiate into the specific cells needed for the

model being studied (Manos, 2020).



In order to better understand how hiPSC’s can be useful in studying Alzheimer’s, we

tested the hypothesis that human mixed cortical neurons in culture develop into pyramidal cells

using two different growth media. We used human neurons differentiated in culture from human

induced pluripotent stem cells that were fixed over varying times during a period of 14 days, to

analyze the presence of MATH2, a pyramidal neuron marker, utilizing immunofluorescence

imaging (Wu, Y. K., Fujishima, K., & Kengaku, M., 2015).

Materials and Methods:

Materials: All materials were ordered from Sigma Aldrich. A concise list of all the materials

used, and the amounts of the products can be found in the procedure for BIO 324 prepared by Dr.

Robert Morris (Morris, 2020). Live imaging was conducted on a Nikon Eclipse TS100 inverted

microscope equipped with phase optics and an LWD 40x/0.55 Ph1 ADL objective 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.

Immunofluorescence imaging was conducted on a Nikon 80i upright microscope equipped with

differential interference contrast optics and a Nikon Plan Fluor 40x/0.75 objective and a

Diagnostic Instruments (DI) Spot RT3 Slider camera with a DI O.76x HRD076-NIK adapter

driven by DI Spot software version 5.2.5 on an Apple iMac (21.5 inch, 2013) computer using OS

X 10.13.6 as well as a Nikon Eclipse E200 upright microscope equipped with phase optics and a

Nikon 40x/0.65 Ph2 DL objective and a Diagnostic Instruments (DI) Spot Insight2 camera with a

DI 1.0x C-mount adapter driven by DI Spot software version 5.2.5 on an Apple iMac (21.5 inch,

2013) computer using OS X 10.13.6.



Culture Induced from Human Pluripotent Stem Cells: Human induced pluripotent stem cells

were plated on matrigel combined with 25 mL of DMEM/F12 (Morris, 2020). These cells were

cultured as described elsewhere in this issue (Morris, 2020).

Thawing of the Cells: The cells, which had been counted using a hemocytometer, were thawed in

the petri dish with Matrigel and DMEM/F12. During this process, good aseptic technique is very

important. The thawing of the cells is considered to be day 0 in the 14 day timeline of growing

the cells (Morris, 2020).

Preparation of Growth Medium: Half of the hiPSC’s were grown in a modified Leibovitz L-15

medium, referred to as an F-plus medium. The Leibovitz L-15 medium was supplemented with

2mM glutamine, 0.6% glucose, 50ng/ml nerve growth factor, 10% fetal bovine serum, as well as

a 100μg/ml penicillin/streptomycin solution to prevent contamination from gram-negative

bacteria (Penicillin-Streptomycin P4333, n.d.) The other half of the hiPSC’s were grown in

Neuronal Maturation Medium. This medium is a serum free media which allows differentiation

of neural stem cells into functional neurons (Neuron Maturation Media., n.d.). The neuronal

precursor cells are able to differentiate into mature, functional neurons in culture with this media

(Neuron Maturation Media., n.d.) (Morris, 2020).

Upkeep of Cells: The cells were plated in the designated growth medium on the 8 well chamber

slides. On day 4 of the 14 day timeline, the cells were dissociated and passaged. On day 5, the

cells were treated with Mitomycin C [MMC], a treatment that removes mitotic cells. The cells

were first fed on day 6 with neuronal growth medium (NGM), and were continually fed every

other day until they were fixed with 4% paraformaldehyde [PFA] for immunofluorescence

imaging. Cells were fixed on days 8, 10, and 13, to show different levels of pyramidal cells over



time. These steps are more thoroughly discussed in the procedure laid out by Robert L. Morris

and EverCell Bio (Morris, 2020).

Immunofluorescence: Following fixation with 4% paraformaldehyde [PFA], the cells were

permeabilized with 3 washes of 0.1% Triton-X 100, and blocked with 3 washes of 3% Bovine

Serum Albumin [BSA]. Following this procedure of permeabilizing and blocking, the cells were

stained with the primary and secondary antibodies. The primary antibodies were left on the cells

overnight, followed by a wash using PBS-T. The secondary antibodies were applied and left on

the cells overnight, again followed by a wash of PBS-T. The primary antibodies used included

MATH2, a rabbit polyclonal antibody, and MAP2, a chicken polyclonal antibody. Corresponding

secondary antibodies were used. For MATH2, the secondary antibody AlexaFluor 555 goat

anti-rabbit which fluoresces in the color red was used. For MAP2, the secondary antibody

AlexaFluor 488 goat anti-chicken which fluoresces in the color green was used. Following the

staining procedure, the cells were prepared for observation under the microscope (Morris, 2020).

The immunofluorescence images taken were quantified using FIJI. To begin, a ratiometric image

was created of the MATH2 image divided by the DAPI image. The two images to make a ratio

from were opened, which included a red MATH2 image and a blue DAPI image. Both images

were converted 32bit images which makes the pictures appear in black-and-white (B/W). The

minimum pixels were raised from 1 to 0 to avoid divide by zero errors. Then the ratiometric

image was created by dividing the MATH2 image by the DAPI image. This was followed by

brightening the image so the details were clearly visible, by multiplying the ratio image by 10.

Then the final image was converted from a 32-bit image to an 8-bit image. To analyze the

ratiometric image further, three images were opened to merge into a three-color image, where

both the red and blue colors would be visible. The red image was from the MATH2, the blue



image was from the DAPI, and the black-and-white (B/W) image was the ratiometric image. The

MATH2 and DAPI images which were not in B/W were converted to B/W by converting the

images to 8-bit images. The new B/W images were then brightened by multiplying the images by

a factor of 3. The images were then merged into a 3-color images by assigning the designated

images to the correct channel. To analyze the stage of differentiation of the neurons, brightness

values were determined to categorize them into three stages: premature, maturing, and mature

neurons. These categories were decided based on a comparable distribution of brightness values,

and the fraction of the total nuclei that fell into each category.  Nuclei were selected for analysis

based on their appearance in the ratiometric image. Neurons that were white were considered for

the mature stage, those that were a grayish color were considered for the maturing stage, and

those that were dark, almost black were considered for the premature stage. Premature neurons

were depicted in a black color whose values range from 0-40. Maturing neurons were depicted in

a greyish color whose values range from 40-140. Mature pyramidal neurons were depicted in a

bright whitish color whose values range from 140-255. Only one trial was done to obtain the

images being analyzed.

Selecting Nuclei for Measurement: A ratiometric image of the MATH2 staining divided by the

DAPI staining from the NMM media, and one from the Leibovitz L15 media, were observed to

find nuclei for measurement. Nuclei were chosen if they were clearly visible and resembled the

predetermined structure of a nucleus. Knowledge of the three brightness categories was taken

into account to ensure the best representation of all neuron maturation levels in the sample.



Results:

To test the hypothesis that human mixed cortical neurons in culture develop into

pyramidal cells using two different growth media, human neurons were grown for 14 days in

culture, and showed pyramidal cell differentiation in both the L15 and NMM growth media

(figures 1 and 3). Cells were monitored over the 14 days after which live cell imaging had been

done and immunofluorescence was used to look for effects on neuronal growth. Cells were seen

to exhibit disproportionately brighter expression in MATH2 than in DAPI (figure 1C). DAPI was

used here as a baseline stain of all nuclei in the culture, whereas MATH2 is a stain used

specifically for nuclei of pyramidal cells (Wu, Fujishima & Kengaku, 2015). As can be seen in

figure 2, the cells exhibited various levels of differentiation throughout the culture. Quantitation

of multiple cells showed these different levels of differentiation amongst the neurons as depicted

in figures 2A and 3A. The culture is made up of 28.6% premature pyramidal cells, 36.7%

maturing pyramidal cells, and 34.7% mature pyramidal cells. As can be seen in figure 5, these

values were observed at each of the three levels of differentiation, and figure 6 exhibits the

degree to which mature pyramidal cells were observed in the two different mediums. In the

Leibovitz L-15 medium, 47.6% of the culture differentiated into mature pyramidal cells,

compared to 25% in the neuronal maturation medium. Figure 4 shows images taken of the

negative control sample for reference.
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Figure 1: Fluorescence images used for quantification of nuclei brightness. (A) The

immunofluorescence images of the DAPI staining used to quantify the nuclei of the neurons. (B)

The immunofluorescence images of the MATH2 staining used to quantify the nuclei of the

pyramidal neurons. (C) The ratiometric image of the MATH2 staining divided by the DAPI

staining. In this image, grey regions indicate evenness between the images, blue means the nuclei

are disproportionately brighter in the DAPI, and pink means disproportionately brighter in the

MATH2, as can be seen in the oval. Neurites appear white in the image because the axons

retained the antibodies in ways that they did not retain in the DAPI. This suggests that these

neurons may be mature pyramidal neurons.



A

Figure 2:  A ratiometric image of the MATH2 staining divided by the DAPI staining from the

NMM media. The red circle shows an area where the red MATH2 stain and the blue DAPI stain

were at the same level of brightness after the electronics were adjusted to have equivalent levels

of brightness, suggesting that these neurons may be maturing into pyramidal neurons. The blue

circle shows an area where the blue DAPI stain is disproportionately brighter than the red

MATH2 staining, suggesting these neurons may be premature neurons, and there may be a

possibility of differentiation to mature pyramidal neurons.



A B

Figure 3: A series of images displaying the MATH2 staining divided by the DAPI staining from

the L15 media.  (A) A ratiometric image where the red circle shows an area where the DAPI

staining is disproportionately brighter than the MATH2 staining brightness, suggesting that these

may be premature neurons which have the possibility of differentiating into pyramidal neurons.

(B) An overlaid image highlights the same information from image A, but utilizing the various

color fields corresponding to the designated staining. A more blue area represents nuclei that are

disproportionately brighter in the DAPI staining, whereas a more red area represents nuclei that

are disproportionately brighter in the MATH2 staining.



A B

Figure 4: Images of the negative control. The negative control was made by skipping the primary

staining step, and staining the sample with the DAPI, MAP2 and MATH2 secondary antibodies.

The negative control ensures that the secondary antibodies are only binding to their

corresponding primary antibody.  Shown here is an image of the red emission channel with the

MATH2 stain, and an image of the blue emission channel with the DAPI stain. The images in the

negative control showed almost no fluorescence, as expected, demonstrating that the secondary

antibodies were not binding to the antigens in the absence of the primary antibody.



Figure 5: Bar graph of the percent of neurons found in each differentiation category in the

samples. Mature, maturing and premature pyramidal categories were derived from a sample

count of 50 nuclei of the neurons in culture, representing the total amount of observed neurons in

both of the media conditions combined. The neurons were selected for measurement as is

described in the methods section. The categories were created based on a predetermined range of

brightness values of the nuclei in the sample. Observe that the values of the mature and maturing

pyramidal neurons in the cultures are similar, separated by 2%, whereas the value of premature

pyramidal neurons is noticeably less.



Figure 6: Bar graph showing the comparison of the differences in MATH2 staining that suggest

an aspect of pyramidal cell differentiation in two different media. Mature, maturing, and

premature pyramidal categories were derived from this sample count of the neurons in the

Leibovitz L-15 medium and the neurons in the neuronal maturation medium, respectively. Data

are derived from measurements of 25 individual nuclei in the neurons in each media, which were

selected as discussed in the methods section. The categories were created based on a

predetermined range of brightness values of the nuclei in the sample. Notice that the amount of

mature pyramidal neurons in the culture grown in the Leibovitz L-15 medium is noticeably

greater than the culture grown in the neuronal maturation medium. In contrast, the amount of

premature pyramidal neurons in the culture grown in the neuronal maturation medium is greater

than those grown in Leibovitz L-15 medium.



Discussion:

The current study tested the hypothesis that human mixed cortical neurons in culture

develop into pyramidal cells using two different growth media. The preliminary data generated

here supported this hypothesis. Over time, a large fraction of the human neurons induced from

hiPSCs in our cultures exhibited enhanced staining of the pyramidal cell marker MATH2 over

baseline DNA stain. Results revealed that cells grown in L15 media showed increased

differentiation of mature pyramidal neurons compared to those grown in NMM media. Universal

in both mediums, the results showed differing stages of differentiation of pyramidal neurons in

the culture.

The results of the preliminary study support the conclusion that pyramidal cells have the

possibility to differentiate in two mediums. At this time, the statistical significance of these

preliminary results cannot be determined, and a more thorough analysis of these data is

warranted. However, we have observed a pattern in the sample that may be important for

studying neurodegeneration, as it shows the presence of pyramidal cells in culture.  If this

method was extended to include more trials, the functions of pyramidal cells in Alzheimer’s

could be studied in great detail with unlimited cells. Pyramidal neurons are typically located in

subcortical areas of the brain including the hippocampus and the amygdala (Mihaljević, B., et. al,

2020). These neurons are important in high-level functions including memory and consciousness

(Neuman, K. M., et. al, 2015). Alzheimer’s is associated with alterations in these pyramidal

hippocampal neurons which leads to the changes in one’s cognitive ability (Neuman, K. M., et.

al, 2015).

Incubators are necessary for cell culturing, allowing the cells to grow in ideal conditions.

Different incubators require the use of a different growing medium. In this experiment, two



different types of incubators and two different types of growing mediums were used. CO2

incubators are most commonly used in tissue and cell culturing labs because they create an

optimal growing environment for cells by mimicking a cell’s natural environment (Lab Manager,

2011). When using a CO2 incubator, Neuronal Maturation Medium must be used to grow the

cells. When using an air incubator, Leibovitz L-15 medium is used as the growing medium. As

discovered through this preliminary study, pyramidal cells may grow on both types of mediums.

This is useful information. By knowing that pyramidal cells do not require a CO2 incubator for

proper growth and maturation, students and laboratories that do not have access to a CO2

incubator will have the ability to culture hiPSCs in Leibovitz L-15 medium using an air

incubator.

This study presents one limitation, which is sample size. In order to ensure statistical

significance, more replications of the experiment needed to be done. But, during the fixation

process, cells may have been lost off of the 8-well chamber slides, which had been fixed on

varying days. This may have been possible during the buffer changes that could have been too

vigorous. In the future, to eliminate this error, using a more gentle buffer change would be

beneficial so cells do not wash off the substratum. This information could have been beneficial in

examining the presence of pyramidal cells at these various time points.

To extend understanding on the basis of Alzheimer’s disease future experiments should

be performed. Pyramidal cells constitute the majority of cells in the cerebral cortex and are also

the only projection neurons in the cortex (Wang, Ye, Kuang, Li, & Hu, 2018). Although

pyramidal cells all have the same general structure, they differ in some physical aspects such as

the size and length of their dendrites. Some pyramidal cells reach through multiple layers of the

brain, while others have projections that only reach locally (Wang, Ye, Kuang, Li, & Hu, 2018).



Since it is well known that function is directly related to structure, it may be that pyramidal cells

of different shapes and sizes have different functions. To further the understanding of pyramidal

cells, and ultimately Alzheimer’s disease, experiments should be performed that further

characterize the pyramidal cell differentiation process that may well be occurring in these

cultures of mixed cortical neurons.
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