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Abstract

Studying the process of myelination during early brain development is an essential part of
understanding several key topics, such as memory, learning, demyelinating diseases,
traumatic brain injury, and brain plasticity. In this study, a novel method of culturing murine
brain slices is presented and characterised which provides a stable, three-dimensional, in
vitro model for studying oligodendrocyte maturation in the neocortex. The slices were from
transgenic PLP-dsRED mice and were stained using a fluorescent anti-MBP (Myelin basic
protein) marker to visualise oligodendrocyte morphology and track the progress of

myelination.

Oligodendrocyte differentiation and myelination were examined qualitatively where images
were ranked on a scale of 1-4 based on differentiation and myelination levels. It was found
that the optimal time window for making viable slice cultures was at postnatal days 3-4, as

this gave better oligodendrocyte maturation than slices taken later, at postnatal day 7.

To appraise this method’s success as a technique for testing the effects of drug treatments
on oligodendrocytes, slices were treated with factors expected to modulate myelination.
Both TTX (Tetrodotoxin), which has been shown to block oligodendrocyte proliferation and
myelination, and BDNF (Brain-derived neurotrophic factor), which enhances the
maturation and myelination of oligodendrocytes, were used in this study. Using the
fluorescent imaging technique and ranking system, it was concluded that TTX had a
negative impact on the level of differentiation and myelination in the neocortex, whereas

BDNF had no effect.

These findings were followed by analysing the expression of key oligodendrocyte genes.

gPCR was used to determine how TTX and BDNF treatments influenced the expression of



oligodendrocyte lineage maturation markers PDGFRa (Platelet-derived growth factor
receptor A), Enpp6 (Ectonucleotide pyrophosphatase/phosphodiesterase 6), or MOG
(Myelin oligodendrocyte glycoprotein). In agreement with the imaging data, BDNF showed
no significant effect on oligodendrocyte genes. In contrast, TTX treatment reduced the
expression of MOG in the brain slices, indicating that this neurotoxin reduced the number
of oligodendrocyte lineage cells that reached the final myelinating stage of maturity. These
results are consistent with findings that oligodendrocyte differentiation is stimulated by
axon activity, and that blocking that with TTX reduces myelination. Moreover, they confirm
that the neocortical slice culture system is a suitable platform for ex vivo studies of
oligodendrocyte and myelin plasticity and should prove useful for further research to
increase the depth of knowledge of myelin development, and for testing potential drug

treatments for oligodendrocyte-related disorders.
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1.0 - Introduction

Oligodendrocytes produce the myelin sheath in the central nervous system (CNS),
providing rapid saltatory conduction as well as insulation against ion leakage in axons,
resulting in highly accurate, efficient, and coordinated transferals of action potentials in the
CNS (Kuhn et al., 2019). Higher cognitive functions, such as memory and learning, are
reliant on this function of OLs (Oligodendrocytes) since they rely on synchronous firing of
axons in brain circuits (Pajevic et al., 2014, Geraghty et al., 2019). By altering the
thickness of the myelin sheath on their associated axons, oligodendrocytes can minutely
tune the rate of action potential conduction to allow for complex associations to form
between regions of the brain (Smith and Koles, 1970, Barres and Raff, 1993, Ronzano et
al., 2020). Therefore, understanding how oligodendrocyte lineage cells develop and

mature is essential for understanding brain function.

To study interactions between oligodendrocytes, neural circuits, and myelination in vitro, it
is essential to have a three-dimensional model which mimics in vivo conditions as closely
as possible. Unlike homogenic cell cultures, organotypic slice cultures maintain the
structure and circuitry of the brain to allow for more in-depth studies of the progression of
oligodendrocyte differentiation from oligodendrocyte precursor cells (OPCs) to mature,
myelinating OLs, as well as the effects of drug treatments on myelination (Humpel, 2015,

Croft et al., 2019, Gahwiler et al., 1997).

Consequently, it is essential to develop and characterise a reliable slice culture method
which is optimised to provide the best possible conditions for cell survival and
development. Considerations such as the most appropriate time interval to collect the

slices is very important for ensuring the integrity of the model slice, since the early brain is



extremely sensitive to time windows and milestones of development. Similarly, brain
tissues become more sensitive as they age, hence optimal slicing can occur in a relatively
brief time window (Lipton et al., 1995, Gahwiler et al., 1997). This is true for the
cerebellum, where it has been previously found that Purkinje cell survival in postnatal
slices is determined by the age at which the slices are made, with optimal survival at
postnatal day (P) 7-10, with reduced cell viability when slices are taken either earlier or

later than this (Dusart et al., 1997).

In the current literature, most studies focus on cerebellar oligodendrocytes since the
cerebellar slice models are the most well-characterised. This means that there are few
studies investigating neocortical and forebrain regions, even though these regions are vital
for higher cognitive functions and have the potential to provide insight into key
neurodegenerative and neurodevelopmental disorders. By developing and characterising
this method for culturing slices, with a particular focus on myelination in the forebrain, this
project aims to address this gap in knowledge in the field by providing a technique for

future research.

Oligodendrocyte maturation can be tracked by studying the expression of a selection of
marker genes which are specific to certain stages in the differentiation of oligodendrocyte
lineage cells. Since they are almost exclusively expressed in oligodendrocyte lineage cells
in the brain, this means that they can be used as marker genes even in organotypic
cultures with multiple cell types. Platelet-derived growth factor receptor A (PDGFRa) is
highly expressed in OPCs and is downregulated in mature or myelinating oligodendrocytes
(Hart et al., 1989, Rivers et al., 2008). Ectonucleotide pyrophosphatase/
phosphodiesterase 6 (Enpp6) is expressed in newly formed oligodendrocytes and pre-

myelinating oligodendrocytes but not in either OPCs or myelinating oligodendrocytes (Xiao



et al., 2016, Zhang et al., 2014). Myelin oligodendrocyte glycoprotein (MOG) and myelin
basic protein (MBP) are both only expressed once the oligodendrocyte reaches the
myelinating stage of its maturation (Hughes and Stockton, 2021, Solly et al., 1996), so the
presence of either of these indicates that the oligodendrocytes in the sample are in the
final stages of differentiation (Karlsson et al., 2021, Sjostedt et al., 2020). In the present
study, these markers were used to judge the level of differentiation for neocortical slice
cultures, using immunofluorescence imaging for the expression of MBP, and gPCR

guantification of marker gene expression for PDGFRa, Enpp6, and MOG.

TTX (Tetrodotoxin) is a potent antagonist of voltage-gated Na* channels, which inhibits
neuronal activity by preventing neuronal action potentials. Previous research has found
that TTX significantly reduced the numbers of OPCs by 80% when injected directly into the
nerve of a rat, since the blockage in axonal activity blocks the stimulation of OPCs, and
subsequently reduces mitosis and proliferation of these cells (Barres and Raff, 1993).
Similarly, in demyelinating diseases such as multiple sclerosis (MS), the reduced
conductivity of the demyelinated axons may be one of many factors contributing to the
reduction in OPC population since the cells are not being stimulated to proliferate or
differentiate into myelinating oligodendrocytes, which hinders recovery (Yalgin and Monje,
2021). Thus, TTX provides an effective way to directly test the involvement of neuronal

activity in oligodendrocyte development and myelination.

BDNF (Brain-derived neurotrophic factor), a trophic factor synthesised in several regions
of the mammalian brain and whose release is closely associated with neural activity
(Zheng and Wang, 2009), on the other hand, has previously been found to have the
opposite effect, as studies have found that BDNF has a role in enhancing oligodendrocyte

survival through its activation of the TrkB (Tropomyosin receptor kinase B) receptor which,



when activated, triggers downstream effects relating to differentiation, cell viability, and
brain plasticity (Yalgin and Monje, 2021). Additionally, BDNF has been found to increase
the rate of regeneration and maturation in OPCs, which leads to enhanced myelination in
the brain (Xiao et al., 2010). In fact, previous research concluded that enhanced BDNF
expression can slow down the progression of experimental autoimmune encephalomyelitis
(EAE) in mouse models, an experimental model for many human demyelinating diseases,
such as MS, suggesting that the ligand may have the potential for therapeutic benefits for
patients with demyelinating conditions (Makar et al., 2008). Moreover, BDNF levels are
found to be reduced in several brain disorders including traumatic brain injury, making it an
attractive target for potential therapeutic interventions and further study to understand
these conditions (Yang et al., 1996). Therefore, treating brain slices with BDNF and
studying the effect on oligodendrocyte differentiation may give more insight into the

potential of this morphogen as a future treatment for conditions such as MS.

In this MRes project, Simoni and Yu’s method of preparing organotypic hippocampal slices
from rat brains on a semipermeable membrane was modified for murine whole-brain
coronal slices (De Simoni and My Yu, 2006). Slices prepared at different postnatal time
windows in the mouse’s life were imaged and ranked by level of oligodendrocyte
maturation and myelination stage to determine which gave the most effective slice model
for studying cortical oligodendrocyte development. Additionally, results from different total
number of days cultured in vitro were compared to determine the stages of
oligodendrocyte differentiation which could be expected at each time point, as well as the
number of days in vitro it takes to reach peak levels of differentiation. All this
characterisation will benefit people using this technigue in the future to make judgements

on their experimental design.



Aside from the primary aim of refining the various methods which can be used to study
myelination, this study aimed to establish the value of the slice model for testing the effects
of drugs on the development of neocortical myelin for future research. Therefore, the
effects of treating the cultured slices with tetrodotoxin (TTX) and brain-derived
neurotrophic factor (BDNF) on cortical oligodendrocyte maturation were studied. If the
slice culture was successful, one would expect to see that slices cultured with TTX would
have lower levels of oligodendrocyte maturation and myelination, whereas the slices

treated with BDNF would have higher levels.

Alongside this, slices cultured with these two treatments underwent qPCR testing for the
marker genes mentioned above: PDGFRa, Enpp6, and MOG. This would give an
additional insight into whether they affected myelination, with the TTX slices expected to
have reached a lower level of myelination, and the BDNF to have enhanced
oligodendrocyte maturation. Combined, these methods aimed to determine whether this
culture method was an appropriate technique for testing the effects of drugs on

oligodendrocytes and activity in the neocortex.



2.0 - Method

2.1 - Animals

All mice used in this study were bred and housed on-site at the University of Birmingham’s
Biomedical Services Unit and euthanised in compliance with methods outlined in Schedule
1 of the UK Government Animals (Scientific Procedures) Act of 1986. Brains were isolated
from mouse pups at postnatal day (P) 3-4 for most of the experiments, and P7 for
experiments examining the viability of older tissue. PLP-dsRED transgenic mice were
obtained from the group of Prof Frank Kirchhoff (University of Saarland, Germany) and
bred under a Home Office project licence allowing for the maintenance and breeding of
genetically modified mice. All animal use in the study was approved by the University of

Birmingham’s Animal Welfare and Ethical Review Board.

2.2 - Genotyping

PLP-dsRED mice were genotyped using DNA extracted from ear biopsy samples. The
DNA was extracted by adding the ear biopsy sample into a PCR tube containing 75ul of
base solution (Made of 50x base stock solution containing 0.5M EDTA and NaOH) and put
into the thermal cycler at 95°C for 30 minutes. 75l of neutralisation solution (Made of 50x
neutralisation buffer containing Tris and HCI) was added to each tube, and then the tubes

were vortexed briefly.

The extracted DNA was then amplified via thermal cycling by adding (In ul) 6.25ul GoTaq
Green master mix (Promega, M5122), 1ul forward and reverse dsRed primer mix (Table
1), and 2.75ul nuclease-free H20 per 2.5ul DNA. Gel electrophoresis was carried out with

a 1% agarose gel prepared in TAE buffer containing SYBR safe DNA gel stain. The



samples were loaded and run (100V, ~45 min) against a 100bp DNA ladder. A positive
DNA sample from a previous litter was also run to confirm successful PCR reactions and
reduce the risk of false negatives being reported. Finally, the gel was imaged using the
Genebox system to confirm the presence or absence of dsRED expression in each animal.
This protocol ensured a reliable supply of dsRED positive to maintain the colony and
produce litters expressing dsRED for these experiments and other research projects using

the PLPdsRED line.

2.3 - Forebrain slice preparation

Brain slice samples were prepared as rapidly as possible following the death of the animal
to ensure tissue viability. All instruments were sterilised with 70% ethanol and allowed to
dry prior to the dissection to prevent contamination. Per day, 3 brains taken from mice of
the same litter were dissected, each generating around 5 viable slices per pup on average.
This number was chosen as the slicing, plating, and then cleaning and preparing the
equipment for the next pup to be delivered took an hour or more per brain, so dissecting
additional brains would have been difficult to achieve in a day without a second vibratome
and researcher available. There may be limitations to using such a small number of pups,
since biological variations in just one of the brains used could cause a large difference in
the results. To overcome this as much as possible, brain slices from different pups were

spread equally across treatment conditions.

The skin from the head of the mouse was cut away and an incision was made along the
sagittal suture and then perpendicular to this incision until the skull could be peeled back.

The brain was rapidly removed from the head and immediately placed in ice-cold artificial



cerebrospinal fluid (aCSF) containing (Per 2000mL) 1ml MgSOa4, 10ml MgCl2, 2ml CaClz,
1ml Penicillin-Streptomycin, and 100ml of the 10x stock solution, as well as 1.8g of (D)-
glucose and double-distilled H2O added to make up to 1L. The 10x stock solution
contained (Per 1000mL) 72.5g NaCl, 21.8g NaHCOs3, 2.2g KCI, and 1.92g NaH2PO4, made
up to 1L with H20. The aCSF was bubbled through with a mixture of 5% CO2 / 95% Oo..
The cerebellum was removed, and the rostral edge of the brain was glued to the vibratome
stage (Campden Instruments, 7000smz) ready for slicing. Coronal slices 350um thick were
cut whilst the brain was submerged in the same ice-cold artificial CSF with constant
bubbling. Slices were then moved to a 35mm culture dish using a Pasteur pipette with the

end cut off.

2.4 — Slice plating and tissue culture

All tissue culture procedures were performed inside a culture hood with all instruments and
surfaces sprayed with ethanol to minimise the risk of infection. Culture plates were
prepared as follows: Culture inserts (Millipore, PICMORG50) were added to 6 well plates
containing 1000pl of culture medium at least an hour prior to plating, preferably the day
before, to allow the media to equilibrate and maximise contact between the insert and
medium. The culture medium contained (Per 50ml) 25m| MEM, 11.5ml EBSS, 12.5ml
heat-inactivated horse serum, as well as 0.5ml Penicillin-Streptomycin, and 0.325g (D)-
glucose. The media was filtered through a syringe filter twice to ensure it was sterile and

was kept refrigerated between uses.

To plate slices, another 1000yl of the culture medium (room temperature) was added onto

the top of the culture insert so freshly prepared brain slices could be carefully transferred



from the aCSF and floated on top of this media. Up to 3 slices could be added per insert
since each slice had to be given enough space so that they could be cut out at a later
stage. Once three slices had been positioned in the insert, the culture medium was slowly
removed from inside the insert until the slices were in contact with the membrane. After
slice plating, culture plates were stored in a humidified incubator at 37°C and 5% CO2 /
95% O2. The culture medium was changed every 2-3 days and the slices were maintained
for up to 10-11 days in vitro (DIV) prior to analysis. In some experiments, slice cultures
were removed for analysis at 3DIV so that earlier stages of oligodendrocyte development

could be studied.

For experiments involving ligand treatment, 20ng/mL of BDNF, or 1uM of TTX were added
directly to the culture medium starting from 1DIV, up to and including the final culture

change. Like the control slices, their medium was refreshed every 2 to 3 days.

2.5 — Immunohistochemistry and Imaging

2.5.1 — Immunofluorescent staining of myelin basic protein

Slices were fixed using 4% paraformaldehyde (PFA) solution, 1ml of which was added
both to the well and on top of the insert so that both sides of the membrane and slice were
submerged. After 20 minutes of fixing, the PFA was removed, and the slices were
thoroughly washed using 1ml of phosphate-buffered saline (PBS) solution added to the
bottom of the well and on top of the insert and left for 5 minutes. After the PBS wash had
been completed 3 times, the slices were cut out using a scalpel and placed onto a

hydrophobic film for staining.



Firstly, the slices were incubated (room temperature, 4 hours) in a blocking solution
containing PBS with 0. 2% Triton X-100 and 10% normal goat serum (NGS). Following
blocking, the slices were incubated overnight at 4°C in rat anti-MBP (Merck, MAB386,
diluted 1:200 in blocking solution). The next day, following thorough washing with PBS, the
slices were incubated in a secondary antibody, anti-rat-488 (Invitrogen, A11006),
diluted1:500 in blocking solution, for 4 hours at room temperature. Following this

incubation slices were washed thoroughly with PBS again.

Slices were mounted onto microscope slides using a drop of aqueous mounting medium
and a coverslip was carefully placed on top of the slice before being left to set overnight in
the refrigerator to avoid any movement which could damage the sample. When not being
imaged, the slices were kept inside a dark box at 4°C to protect them from photobleaching,

preserve the tissue, and keep the antigens/antibodies in good condition.

2.5.2 - Imaging

Prior to imaging, the label on the glass slide was covered with tinfoil and each was
randomly assigned a letter to prevent bias during imaging and analysis. Images were
taken as a Z-stack of around 25-75 images (5-15um) with a confocal microscope (DSD
Revolution, Andor Technologies) equipped with a 20x air objective (0.5 N.A.) using the 488
and 594 channels to capture the MBP and dsRED expression respectively. This was to
ensure that the entire network of processes throughout the layers of the slice was captured
since this was a 3D model where the interaction between cells was very important. Images
were taken at regular intervals along the neocortex, 3 images per hemisphere

symmetrically, giving 6 images per full slice, with all images being taken in roughly equal

10



positions in the cortex across every slice (Figure 1). Since each brain could produce

around 5 slices, this meant up to 30 images could be generated per pup.

Part way through the project the confocal microscope’s CCD camera developed a fault,
leaving the system inoperable. It was therefore necessary to complete the project using a
widefield microscope (Zeiss Axioplan 2) equipped with a 20x objective. Using this system,
it was possible to capture widefield images of MBP expression of a suitable quality for the
analysis of myelination (see section 2.5.3), However, widefield images were not found to

be suitable for cell counting from dsRED images (see section 2.5.4).

Positions 1 and 6 = Lateral

Positions 2 and 5 = Middle

Positions 3 and 4 = Medial

Figure 1: A line drawing showing an outline of a typical coronal mouse brain slice. The cortex is
outlined, and the 6 points at which images were taken on each slice in this study are labelled. On
the right, the names given to each of these positions when they were being analysed are listed.
This outline was adapted from images provided by the Allen Mouse Brain Atlas.

2.5.3 — Qualitative image analysis

The files were imported into Fiji/lmageJ and split into separate channels using the Bio-

Formats Importer plugin and the colour was adjusted so that the 488/MBP channel was

green and the 594/dsRED channel would be displayed as red. After being saved as

11



separate .tif files, the Blind Analysis Tools plugin was used to blind the images. Finally,
each Z-stack was combined into a single image using the Z-project tool to generate the
max intensity for analysis. This step was not necessary for images taken on the widefield

microscope since only single plane images were produced by this imaging mode.

Oligodendrocyte differentiation and myelination were assessed qualitatively from the
dsRED and MBP images using a qualitative ranking approach. The ranking categories
were developed prior to this experiment by looking through the images of a previous pilot
study and noting the characteristics of various stages of maturation. Examples of each
ranking can be seen in Figures 2 and 3. After all the images were ranked for a particular
experiment, the resulting data were unblinded, and differences in ranking scores were

explored statistically (see Statistical Analysis subsection).

2.5.4 dsRED cell counts

The number of dsRED cell bodies was analysed by cell counting. To produce the cell
count data, the dsRED maximum intensity images were used and adjusted by setting a
threshold and adjusting until only the cell bodies were visible and as much background
noise as possible was removed. The ITCN: Image-based Tool for Counting Nuclei plugin
was then used to generate cell counts automatically. To ensure this method was
generating accurate results, the results of the automatic cell counter were compared to the
numbers of dsRED positive cells counted manually from a selection of images. In initial
tests, the settings of the ITCN plugin were adjusted until the numbers were satisfactorily

similar to the manual counts. This cell count method, as well as the dsRED rankings, were

12



only used for the images taken in a Z-stack since the widefield images were only taken on

a single focal plane where many of the dsRED cells were out of focus.

Figure 2: A table showing example images for each dsRED ranking. The criteria for each rank are
as follows:

(A) Rank 1 = No cells or cells with very short processes

(B) Rank 2 = Cells with exclusively non-linear processes, longer processes are thin and are not
directional

(C) Cells have some linear, mature processes but they remain non-directional

(D) Processes that are both linear and clearly directional, as though lined up as part of a circuit

13
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ble showing example images for each MBP ranking. The criteria for each rank are

Figure 3: A ta
given below:

(A) Rank 1 = No cells or dim cells with very short processes

(B) Rank 2 = Cells with exclusively non-linear processes or an abundance of unbound MBP
sheets

(C) Rank 3 = Cells have some linear, mature processes but they remain non-directional

(D) Rank 4 = Processes that are both linear and clearly directional, as though lined up as part
of a circuit
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2.5.6 Further time points

To collect data on a wider range of time points, MBP ranking data from a previous study
was also collected. These slices had been cultured and prepared in the same way and
stained with MBP. However, the slices in this set of slides had been fixed at 3, 7, and
15DIV, giving additional insight into the stages at which myelination occurs. Only widefield
imaging and MBP ranking were available for these samples, and there were a total of 3

slices for each group, giving 18 rankings per time point.

2.5.5 Statistical analysis of images

To analyse the data collected from the imaging, results were entered into IBM SPSS
statistics 27. Since the ranking data was ordinal, T-tests or ANOVA would not have been
appropriate, so instead Mann-Whitney (For comparing 2 groups) and Kruskal-Wallis tests
(For comparing multiple groups) were carried out. Similarly, Kruskal-Wallis tests were used
for analysing the cell count data, since histograms and normality tests (Kolmogorov-
Smirnov and Shapiro-Wilk) showed that the data was not normally distributed. If there was
a significant difference found between groups, pairwise comparison post hoc tests were
carried out to identify the group differences. The P values were automatically adjusted

using the Bonferroni correction to compensate for the risk of type 1 errors.

When generating bar charts to display the distribution of dsRED and MBP rankings, there
were sometimes disparate numbers of images across groups, for example, the P4 slices
had 30 whilst the P7 slices only 15 (See figure 11). Rather than showing the number of
images in each group given each ranking, percentages were calculated and plotted. This

resulted in the graphs being easier to interpret since the distribution of rankings could be

15



compared to each other as they showed the proportion of images in each group that were

assigned each rank.

Rankings were given to the overall image rather than to individual cells. Although ranking
individual cells may have given a more complete picture of the maturation and myelination
stage, this was not performed for a number of reasons. Firstly, in the MBP channel it is
difficult to pick out individual cells due to the unbound sheets of MBP obscuring the view.
This is the same reason why cell counts for these images were not performed. In the
dsRED channel, it also becomes difficult to distinguish which of the processes belong to
which cell in more densely populated images (See figure 6C for an example), making
ranking each individual cell difficult. Furthermore, as with the cell counts, this method
would only have been able to be carried out on images taken with the confocal
microscope, whereas giving an overall rank was possible for widefield images taken after
the original microscope malfunctioned. Therefore, it was decided that ranking whole
images based on several cellular features was the best option for this study, as well as

being much more time efficient for the large number of images being studied.

Lastly, when groups were being compared to one another, it was important to compensate
for any possible variations in slice quality, so in addition to the main figures generated from
the compiled data from all the images, a separate box plot was generated consisting of the
distribution of the median rankings or cell counts per slice. Medians were plotted rather
than means for the rankings and cell counts because the rankings were ordinal, and the
cell counts were not normally distributed. Additionally, Kruskal-Wallis tests were used to
compare median results since the conditions for a parametric test were not met for the

same reasons.
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2.6 — Gene expression analysis for markers of oligodendrocyte differentiation

2.6.1 - Neural dissociation

Neural dissociation was carried out using a modified version of the instructions outlined in
the neural tissue dissociation kit P (Miltenyi Biotec, 130-092-628) protocol. The brain slices
were removed from the membrane of the culture inserts using a metal spatula and the
tissue was placed into 1950ul enzyme mix 1, containing 50ul enzyme P and 1900ul buffer
X in a 35 mm dish. The slice was then diced into small pieces using two sterile needles.
Typically, 3 slices were processed together. The tissue was then transferred into a 15ml
tube and placed into a water bath set to 37°C for 10 minutes with regular inversion to
gently agitate the cells. The solution was then pipetted several times using a 1000uL
pipette, after which 30ul of enzyme mix 2 (containing 20ul buffer Y and 10ul enzyme A)
was added and the process of water bath incubation with regular inversion was repeated

for another 10 minutes.

Finally, the resulting solution was mixed again using a 1000pl pipette until the tissue was
fully dissociated into a cell suspension with a cloudy appearance. The solution was then
passed through a cell strainer (70um pore size) which had been pre-moistened with
Hank’s balanced salt solution (HBSS with calcium) into a 50mL tube, followed by another
10ml of HBSS. The suspension was centrifuged for 10 minutes at 300xg, and, without
disturbing the pellet (typically not visible), as much supernatant as possible was removed
and discarded. The remaining sample was then lysed by adding 350uL of buffer RA1 from
the NucleoSpin RNA kit, plus 7ul of the reducing agent dithiothreitol. After vortexing

samples were stored at -80 degrees pending further processing.
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2.6.2 - RNA purification

The RNA was extracted using the materials provided and the method outlined in the
NucleoSpin RNA (Macherey-Nagel, 740955) kit for RNA purification of cultured cells and
tissues. After cell lysis, the lysate was filtered through the filter provided in the kit by
centrifugation at 11,000xg for 1 minute. 350yl of sterile 70% ethanol was added, resulting
in a stringy precipitate which was disaggregated by pipetting up and down 5 times. Next,
the solution was loaded onto a NucleoSpin RNA column and centrifuged at 11,000xg for
30 seconds. 350ul of membrane desalting buffer (MDS) was loaded onto the same column

and once again centrifuged at 11,000xg for 1 minute.

95ul of rDNase reaction mixture, made by mixing 10ul rDNase and 90ul reaction buffer for
rDNase per sample, was added to the RNA column and left to incubate at room
temperature for 15 minutes to fully digest the DNA. The column was then washed with
200ul buffer RAW?2 by loading and centrifugation for 30 seconds at 11,000xg, then by
loading 600ul buffer RA3 and centrifugation again at 11,000xg for another 30 seconds. For
the final wash, 250ul was loaded and centrifugation was performed for 2 minutes at
11,000xg. Once the column had been completely washed and dried by these steps, the
RNA was eluted by loading 60ul RNase-free H20 onto the column and centrifuging one
final time for 1 minute at 11,000xg. The resulting solution contained purified RNA, and the

concentration and purity were tested using a NanoPhotometer (Implen).

2.6.3 - First-strand cDNA synthesis
The purified RNA was converted into first-strand cDNA through two stages. For the first

stage, 10pg-250ng of purified RNA was added to a mixture of (Per 13pl reaction) 1l
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primer mix and 1yl 10mM dNTP mix and made up to 13pl using distilled, sterile, nuclease-
free H20 into a microcentrifuge tube. The primer mix was made up of a 50:50 mix of
random primers and oligo(DT) primers. Each tube was heated to 65°C in a thermal cycler
for 5 minutes before being placed in ice for at least a minute. For the second stage, a 7l
mixture of 4pl 5x first-strand buffer, 1ul 0.1M DTT, 1yl RNaseOUT recombinant RNAse
inhibitor, and 1ul Superscript Il RT was added to each tube. The total volume in each tube
was now 20ul and was mixed by gentle pipetting up and down. Since random primers
were used, the samples had to be incubated at 25°C for 5 minutes before being heated to
50°C for 45 minutes in the thermal cycler. Finally, the reaction was inactivated by heating it
to 70°C for 15 minutes. The cDNA produced was then once again tested for purity and
concentration using the Implen NanoPhotometer before it could be used as a template for

gPCR amplification.

2.6.4 - qPCR

The gqPCR protocol was carried out in triplicate for each sample as described in the
instruction manual for the Luna Universal gPCR master mix (New England Biolabs,
M3003), with slight modifications. A 384 well plate was used with each reaction well
containing a reaction mixture of 10ul. Before the reaction mix could be made, the
concentrations of the cDNA had to be adjusted so that a total of around 80ng of template
DNA was used per reaction. cDNA was diluted to 80ng/uL by diluting the first-strand cDNA
product into RNase-free H20. Primers which had stock concentrations of 100puM were
diluted to a 10uM solution using RNase-free H20. Each 10l reaction mix contained Syl

Luna Universal gPCR master mix, 0.25pl forward primer, 0.25ul reverse primer (Giving a
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final primer concentration of 250nM in a 10ul reaction mixture), ~80ng template cDNA, and

nuclease-free H20 of variable volumes to achieve a final reaction volume of 10pl.

For this study, the primers for Enpp6, MOG, and PDGFRa were used (Table 1), as well as
an additional housekeeping primer, actin. These three genes were used as maturity
markers to determine the relative maturation of the oligodendrocytes within the slice
samples, with PDGFRa being expressed in oligodendrocyte precursor cells, Enpp6
expressed exclusively in newly differentiated oligodendrocytes, and MOG expressed once

the oligodendrocyte has matured to the myelinating stage.

A total of 3 control samples, 4 BDNF treated samples, and 4 TTX treated samples were
loaded in triplicate into a 384 well gPCR plate. Each sample represented a sample pooled
from 3 brain slices. No template controls containing H20, primers and reaction enzymes
were also loaded in triplicate for each primer pair. Once all the wells were loaded, a
transparent adhesive film was placed on top of the plate and air bubbles and gaps were
removed using an access card or similar. The plate was briefly centrifuged for a minute at
around 3,000 rpm before being inserted into the QuantStudio 5 gPCR machine

(Thermofisher).

A standard comparative gPCR protocol was used: The initial step consisted of heating the
sample to 50°C for 1 minute, then 95°C for one minute to provide an initial denaturation
step. Cycles of denaturation for 15 seconds at 95°C, followed by extension for 30 seconds
at 60°C were then repeated 40 times. Finally, a melt curve protocol was applied where
samples were heated to 95°C for 16 seconds and cooled to 60°C for 1 minute. This was
followed by the final dissociation step which involved heating the sample to 95°C for 15

seconds. The results were downloaded and converted into an excel file for analysis.
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Gene \[1=] Forward/Reverse Sequence

name accession no

PDGFRa | NM_011058.3 @ Forward CCATCGAGACAGGTTCCAGTAGT
Reverse GGTCCGAGGAATCTATACCAATGT

Enpp6 NM_177304.4 | Forward GCACGGATAGACAACGAACTC
Reverse ACATCCACGGATCTGATTGGA

MOG NM_018014.2 @ Forward CCCTGCTGGAAGATAACACTGTT
Reverse CAGCCAGTTGTAGCAGATGATCA

Table 1: The primers used in this study.

2.6.5 - Analysing the Cq values

The average Cq value for each sample was calculated, followed by the AACq value, using
the average Cq value for the housekeeper gene, actin, and the average ACq of the control
samples as a calibrator. Following this, the fold change was calculated using the formula
27-(AACq). Finally, to adjust these values for statistical analysis, the Log of each value
was calculated. Following this, the results were inserted into an SPSS file. Due to the
small sample sizes (n = 3-4), it was decided that a one-way ANOVA test would not be
appropriate as there was no reliable way to determine if the data was normally distributed,
either with tests of normality or by eye with histograms. Therefore, Kruskal-Wallis tests
with post hoc pairwise comparisons were performed to analyse differences in gene

expression between groups.
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3.0 - Results

3.1 Characterisation of slice cultures

3.1.1 Slice cultures taken at P4 and fixed at 3DIV

To explore how myelination in slice cultures develops the longer they are cultured for, it
was necessary to collect data about the morphology and myelination stages of slices from
earlier time periods to compare these results to those taken from more mature slices.
Therefore, a subset of the slices were fixed at the early time point of 3DIV, and stained for
MBP with anti-MBP and a fluorescent secondary antibody so its expression could be
visualised, along with the fluorescent reporter gene dsRED. Since MBP shows myelination
and dsRED shows the morphology of oligodendrocytes, then being able to visualise these
gives an insight into the maturation of the oligodendrocytes in the cortex. Once the slices
were imaged, both the MBP and dsRED rankings were collected, as outlined in the section
2.5.3, and analysed. It was expected that both rankings would be low at this time point but
could be compared to samples taken at more mature stages to chart the maturation of

oligodendrocytes in these slice cultures.

At 3DIV, dsRED signals were almost entirely absent from the image fields. In contrast,
MBP staining revealed the presence of numerous MBP+ cells where MBP was restricted
to the soma. Any processes which were seen on the oligodendrocytes were short and
spindly, and there were very few of them. Overall, these MBP+ cells have the appearance
of very immature OL. Qualitative analysis of the 3DIV slices revealed uniform rank scores
of 1 for both dsRED and MBP, thus myelination was effectively absent in these slices.
Therefore, despite the small sample size (12 images from 2 brain slice cultures), these

data clearly show that cortical myelination is absent at 3DIV.
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3.1.2 Slice cultures taken at P4 and fixed at 11DIV

The remaining slices, which were not fixed at 3DIV, were kept in culture until they had
reached 11DIV. This was so that data from more mature slices could be collected,
analysed, and compared to slices made at different time points to provide a picture of the
stages of maturation in this slice culturing method. After immunostaining for MBP and
subsequent imaging using a microscope, their MBP and dsRED expression were ranked,
and the number of dsRED positive cells in each image field was counted using the ITCN
plugin described in section 2.5.4. Collecting this data would provide a baseline for
comparing different conditions, such as the 3DIV condition described in 3.1.1, as well as

characterising this slice culture method.

For this experiment, 5 brain slices with 6 imaging fields each (See figure 1) were
photographed, giving a total of 30 images to analyse. In the dsRED channel, there was an
average cell count of 3.87 (SD = 4.531) per field, and the average ranking for the maturity
of the dsRED positive oligodendrocytes pictured was 2.60 (SD = 1.248). In the MBP
channel, the average ranking for the myelination stage of the cells was 3.20 (SD = 0.664).
The distribution of the cell counts (Shown in figure 5) showed a skew towards lower cell
densities, with fields scored as rank 1 (none to a few dsRED cells) being the most
common. As for the dsRED myelination scores, ranking of 1 (n=10), and 4 (n=8) were the
most frequent (n=8), whereas very few images were given the ranking of 2 (n=2). On the
other hand, in the MBP field, the rank of 3 was the most common rank by some margin,
with 19 of the 30 images given this rank. Early stages of myelination were uncommon, with

ranks 1 and 2 having just 1 field each.
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Figure 4: Example images showing the median ranking for MBP (Rank 3) and dsRED (Rank 3).
Image A is from the MBP channel, whereas B is from the dsRED channel. These two images were
taken at the same position, which can be seen in the colocalization of the MBP and dsRED signal
on the cell on the right-hand side of the image.
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Figure 5: Bar charts displaying the distribution of the rankings for the P4 11DIV slices. Most
images were given the 3@ MBP rank, whereas the rankings for dSRED were more evenly spread
out. (A) shows the number of images given each MBP rank for this set of data. (B) shows the
number of images given each dsRED rank. For both rankings, the total number of images was 30.
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Statistical tests were performed to determine whether the position in the cortex (lateral,
middle, medial) influenced the dsRED and MBP ranking, or the cell count of dsRED-
positive cells. This was crucial to characterise this slice culture method, as it would
determine whether future experiments would have to account for regional differences in
maturation profile when using this system. A Kruskal-Wallis test found there was no
significant difference between the dsRED rankings across the 3 positions in the neocortex,
H(2) = 3.324, p(Asymptotic) = 0.190. A Kruskal-Wallis test on the MBP rankings also found
that there was also no significant difference between the 3 positions in the slice and the
level of myelination, H(2) = 0.785, p(Asymptotic) = 0.675. This indicates that maturation

and myelination levels in these slices are roughly equal across the entire neocortex.

On the other hand, Kruskal-Wallis testing found a significant difference between the
number of dsRED-positive cells in the different regions of the neocortex (H(2) = 13.709,
p(Asymptotic) = 0.001). Therefore, pairwise comparison post hoc tests were carried out to
discover where these differences lay. These tests revealed a significant difference
between the number of cells in the lateral (1+3) and medial (7+8) positions of the cortex
(p(Adjusted) = 0.001). However, comparison of cell counts between the middle (1.5+4) and
the medial (7£8) (p(Adj.) = 0.015), or the middle (1.5+4) and lateral (1+3) positions (p(Adj.)
= 1) indicated similar median values. Overall, these data suggest that dSRED* OL are
distributed across the cortical fields with a gradually increasing gradient from lateral to

medial locations (See figure 6 and 7).
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Figure 6: Example images showing the median number of dSRED* oligodendrocytes per field at
each position. (A) Is 1 cell in the lateral position, (B) is 1 cell in the middle position, and (C) is 7
cells in the medial position in the slice. The scale bar is in the upper left corner of each image.
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Figure 7: A greater abundance of dsRED™ oligodendrocytes in medial cortical fields. A box and
whisker plot showing dsRED cell counts collected at lateral, middle and medial cortical locations at
11DIV. Whiskers indicate maximum and minimum values, the boxes indicate the 25" and 75™
guartiles. Middle bars and X symbols indicate the median and mean number of dsRED cells per
field respectively. *** indicates a Kruskal-Wallis test significance of p<0.001 for comparing the cell
count of dsRED cells.

3.1.3 Slice cultures fixed at 3DIV compared to 11DIV

The results of the MBP and dsRED ranking data from both time points, 3 and 11DIV, were
compared (Figure 8A and 8C). This would confirm that the slices prepared using this
method were surviving the plating process by showing that oligodendrocytes in the slices
are able to reach the myelination stage in culture. This step was vitally important, as if
there was no significant change in the myelination or maturity profile of cells after an

additional 8 days in culture, then it may have suggested that this method is not useful for

studying oligodendrocyte differentiation.

An independent samples Mann-Whitney U test found that there was a significant
difference between the dsRED rankings at the two time points (U = 300, p = 0). An
independent samples Mann-Whitney U test also confirmed a significant difference

between the MBP rankings of the 3DIV samples compared to the 11DIV samples (U =
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354, p = 0). This data clearly show that the oligodendrocytes survive plating and that they

significantly mature in the period between 3DIV and 11DIV.
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Figure 8: Oligodendrocyte maturation and myelination were at more advanced stages at 11DIV
compared to 3DIV. A box and whisker plot showing (A) The distribution of MBP rankings for 3 vs
11DIV. (B) The distribution of median MBP rankings per slice for 3 vs 11DIV (C) the distribution of
dsRED rankings for 3 vs 11DIV. (D) The distribution of median dsRED rankings per slice for 3 vs
11DIV. Whiskers indicate maximum and minimum values; the boxes indicate the 25" and 75™
guartiles. Middle bars and X symbols indicate the median and mean number of dsRED cells per
field respectively. *** indicates a Mann-Whitney U-test significance of p<0.001 for distributions of 3

vs 11DIV.
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To compensate for any possible differences in slice quality within the groups, additional
statistical tests were carried out on the median rank per slice (Figure 8B and 8D). These
were found using the 6 rankings generated per slice and generating a median value.
Mann-Whitney U tests found that there was not a significant difference between the
median dsRED rankings of the 3DIV slices compared to the 11DIV slices (U =9, p =
0.190) nor between the median dsRED ranks (U = 10, p = 0.095). However, there was a
very small sample size of only 2 slice medians for the 3DIV group, since there were only 2
slices fixed at this time period, which may explain why this result failed to reach

significance.

3.1.4 Comparing more time points (3, 7, and 15DIV)

A second set of forebrain slice cultures were also imaged and ranked to validate the
ranking method and confirm the findings described above (sections 3.1.1-3). These slices
have been used previously to explore the developmental expression of MBP at different
time points in culture (3, 7 and 15 DIV), but had not been analysed qualitatively using the
ranking approach developed during this project. Since these brain slices had been
prepared from a different litter of mice than the ones in the section above (3.1.1-3), and by
a different researcher, the ranking results could only be compared with each other rather

than with the data above.

At 3DIV, the median ranking was 1+0, and the MBP expression was confined to small cell
bodies with short, spindly processes (Figure 9A). At 7DIV, the median MBP ranking was
3+1 (Figure 9B), which finally progressed to 4+1 by 15DIV (Figure 9C). At these later

stages, longer linear processes were visible and began to line up directionally. This result
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replicates similar findings from earlier in this section (section 3.1.1-3) where at 3DIV all
images were ranked as a 1, and at 11DIV (Between 7DIV and 15DIV) the median ranking
became 3x1. This suggests that oligodendrocytes begin maturing between 3DIV and 7DIV

and that this process persists until at least 15DIV.

The MBP rank of these time points were compared (Figure 10) using Kruskal-Wallis tests
which found that were was a significant difference between the 3 groups (H(2) = 33.814, p
= <0.001), so the null hypothesis, that the number of days the slices were cultured for had
no effect on myelination, was rejected. Pairwise comparisons revealed a significant
increase in median rank scores between 3 and 7 DIV (Adjusted p = 0), and between 3 and
15 DIV (Adjusted p = 0). However, median rank scores between 7 and 15DIV were not
found to differ (Adjusted p = 0.468). As above, this confirms that the most significant
changes in MBP expression happens between 3 and 7DIV, suggesting that this is when

myelination occurs most rapidly.
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Figure 9: Example images showing myelination, labelled with MBP, progressing the longer the
slices were grown in culture. Each image was chosen to represent the median ranking for each
time point. (A) is from 3DIV, and was given a ranking of 1, (B) is from 7DIV and was given a
ranking of 3, and (C) is from 15DIV and was given the highest ranking of 4.
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Figure 10: Developmental increase in OL differentiation and myelination shown by MBP
expression. (A) Distribution of rankings for MBP imaging fields scored at 3, 7 and 15 DIV. (B) Box
and whisker plot demonstrating the distribution of ranks for MBP images ranked at 3, 7 and 15 DIV.
Whiskers indicate maximum and minimum values, boxes indicate 25" and 75" quartiles. Middle
bars and X symbols indicate the median and mean number rank scores per field respectively. ***
indicates Kruskal-Wallis test significance of p<0.001 for comparing MBP rank scores.

3.1.5 Comparison of brain slices prepared at P4 and P7

Some slices were prepared once the mice had reached postnatal day 7 rather than P4 and
cultured for 10DIV. This was to determine whether slices taken from later postnatal ages
could also be used to analyse cortical myelination. Previous unpublished observations
during pilot studies had found that slices prepares at P3-4 had better viability than those

taken from more mature animals, so it was important to validate this so that the best

possible quality and survival of slice cultures could be achieved.

dsRED and MBP signals were ranked and compared with data from P4 slice cultures
(Figure 11). A Mann-Whitney U-test found no significant difference when dsRED rankings
were compared between the P4 and P7 slices (U = 209.500, p = 0.699. However, a
comparison of MBP rank scores detected a higher median rank score in P4 vs P7 slices (U

=62.500, p = <0.001). These data suggest that myelinating oligodendrocytes had better
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survival and maturation in slices taken at the earlier postnatal age, thus subsequent

experiments were performed using this age.
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Figure 11: Greater levels of myelination observed in slices prepared from P4 brains compared to
P7. (A) Percentage of images given each dsRED rank (B) Percentage of images given each
dsRED rank (C) Distribution of dsRED rankings (D) Distribution of MBP rankings. Whiskers
indicate maximum and minimum values, the boxes indicate 25" and 75™ quartiles. Middle bars and
X symbols indicate the median and mean number rank scores per field respectively. *** indicates a
Mann-Whitney U-test significance of p<0.001 for comparing MBP ranks.
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3.2 Effect of TTX and BDNF on cortical myelination

3.2.1 Slice cultures prepared at P4 and fixed at 11DIV

To determine whether the TTX and BDNF treatments affected the maturation and
myelination profile of cortical oligodendrocytes and whether this culture method was viable
for studying the effects of drug treatments, the rankings and cell counts across treatment
groups were compared (Figure 12). Since TTX is a neurotoxin, it was hypothesised that
culturing the slices in a media containing TTX would slow down or block oligodendrocyte
maturation and myelination. On the other hand, BDNF, a trophic factor, was expected to
enhance the rate of oligodendrocyte maturation and myelination. If both of these
predictions were validated, it would suggest that this slice culture methods mimic in vivo
conditions and are suitable for testing the effects of various treatments on

oligodendrocytes.

Kruskal-Wallis tests detected a significant difference between the median dsRED ranking
scores for the different treatment groups (H(2) = 12.708, p = 0.001). The null hypothesis
that treatment had no effect on dsRED rankings was rejected, and multiple comparisons
post hoc tests were run to identify between-group differences. These tests revealed a
significant difference between the median dsRED rank scores from the TTX and control
group (Adjusted p = 0.02) and between the TTX and BDNF groups (Adjusted p = 0.002).
However, median dsRED ranking scores in the BDNF and control groups did not differ
(Adjusted p = 1). These results indicate that TTX reduced cortical myelination, while BDNF

treatment had no effect on this parameter, as shown in figures 12A and 12B.

To eliminate any potential outliners and compensate for variation between slices, the
median dsRED rank was also analysed, calculated by finding the median value out of the

set of 6 rankings per slice. Kruskal-Wallis tests found that there was no significant
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difference between the median dsRED rank (H(2) = 2.848 p = 0.241). This meant that the
null hypothesis that neither TTX nor BDNF had a significant effect on oligodendrocyte
maturity had to be accepted in this case (See figure 12C). However, doing per-slice
analysis did decrease the sample size from 24-30 images to 4-5 slices, which may have

impacted the sensitivity of the test.

As for the MBP rankings, shown in figure 13, Kruskal-Wallis tests revealed that there was
a significant difference (H(2) = 44.321, p (Exact) = <0.001) so the null hypothesis was
rejected and post hoc tests were carried out to identify between-group differences. These
tests detected a significant difference between median MBP rank scores in the TTX and
control group (Adjusted p = 0), and between the TTX and BDNF groups (Adjusted p = 0),
but not between the control and BDNF group (Adjusted p = 0.127). This result, along with
the result from dsRED analysis, suggested that TTX significantly reduced the maturation of
oligodendrocytes as well as the levels of myelination in the cortex. In contrast, treatment

with BDNF had no effect on the maturation or myelination of these cells.

Similarly, the median MBP rank scores per slice were analysed for any differences across
groups (Figure 13C). A Kruskal-Wallis test found that there was a significant difference in
median rank per slice between groups (H(2) = 11.913, p (Exact) = 0.004) so the null
hypothesis that treatment had no effect on MBP ranking medians per slice was rejected.
Post-hoc tests indicated a significant difference between the TTX and control groups
(Adjusted p = 0.005) but no difference between TTX and BDNF groups (Adjusted p =
0.020) and BDNF and control groups (Adjusted p = 1). This suggests that the control

group slices had higher median MBP rankings than either of the other groups.
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Figure 12: Results for the MBP rankings across the control, BDNF, and TTX groups at P4 and
11DIV showing that lower levels of oligodendrocyte maturation were reached in slices treated with
TTX. (A) A bar chart showing the percentage of images per group given a particular ranking, as the
number of images per group differed. (B) A box and whisker plot demonstrating the distribution of
rankings in each treatment group. (C) A box and whisker plot showing the distribution of median
dsRED ranking scores per slice in each treatment group. Whiskers indicate maximum and
minimum values, the boxes indicate 25" and 75™ quartiles. Middle bars and X symbols indicate the
median and mean number rank scores per field respectively. * indicates a Kruskal-Wallis test
significance of p<0.05 and ** indicates a Kruskal-Wallis test significance of p<0.01 for comparison
of dsRED rank scores.
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Figure 13: Results for the MBP rankings across the control, BDNF, and TTX groups at P4 and
11DIV, showing that lower levels of myelination were reached by the cortical oligodendrocytes
treated with TTX compared to the other 2 groups. (A) A bar chart showing the proportion of the
images given each rank, shown in percentages as the number of images per group differed. (B) A
box and whisker plot demonstrating the distribution of rankings in each treatment group. (C) A box
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and whisker plot showing the distribution of median MBP ranking scores per slice in each

treatment group. Whiskers indicate maximum and minimum values, the boxes indicate 25™ and
75" quartiles. Middle bars and X symbols indicate the median and mean number rank scores per

field respectively. ** indicates p<0.001 for comparison of MBP rank scores and ** indicates
p<0.005 for comparison of MBP rank medians per slice. Significances were calculated using
Kruskal-Wallis tests.
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Cell counts of dsRED* OL were recorded (See figure 14A) and statistical tests performed
to determine if the number of differentiated OL across the cortical regions. This was done
to determine whether either treatment changed the number of dsRED cells, which may
indicate toxicity or a change in the rate of proliferation. A Kruskal-Wallis test showed there
was no difference between the median number of dsRED cells among the treatment
groups (H(2) = 1.017, p = 0.601), shown in figure 14A. Therefore, the null hypothesis that

TTX or BDNF treatments had no effect on the number of differentiated OLs was accepted.

Additionally, when the median cell counts per slice were analysed (Figure 14B) a similar
conclusion was reached. A Kruskal-Wallis test showed that there was no significant
difference between the three treatment groups (H(2) = 1.201, p = 0.548) so the null
hypothesis that neither treatment had an effect on the median dsRED™* oligodendrocytes

per slice was accepted (Figure 14B).
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Figure 14: The number of cortical dsSRED* OL is not altered by BDNF or TTX treatment. Box and
whisker plots showing (A) the distribution of dsRED cell counts in each treatment group and (B) the
distribution of median dsRED cell counts per slice across treatment groups. Whiskers indicate
maximum and minimum values, the boxes indicate 25th and 75th quartiles. Middle bars and X
symbols indicate the median and mean number rank scores per field respectively.
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3.2.2 Slice cultures taken at P7 and fixed at 10DIV

Treatment studies were repeated on slices which were taken at the later age of P7 and the
results were analysed. This not only continued this study’s aim to characterise variations
on this slice culture method, but also would reveal whether drugs which affected neural
activity would affect slices prepared at a later stage of development. If, for example, TTX
had no effect on rankings compared to the control group, it may indicate that slices taken
at this time point have poor survival of neurones, leading to a reduction in neural activity,

similar to the effect achieved by the toxin.

Kruskal-Wallis tests found that there was a significant difference in the dsRED rankings
across treatment groups (H(2) = 17.904, p (A) = <0.001), shown in figure 15. Therefore,
the null hypothesis was rejected. Post-hoc tests confirmed that a significant difference
could be found between the TTX group and both the BDNF (p = 0.006) and control (p = 0)
groups. In contrast, no difference was detected between the BDNF and control groups (p =
0.977). Similar to the results reported from P4 slices, these data suggest that TTX reduced
the maturation of dsRED-positive oligodendrocytes, while BDNF treatment did not have

any effect on oligodendrocyte maturation.

In contrast to our findings from the dsRED images, a Kruskal-Wallis test did not detect a
significant difference between median MBP rank scores (H(2) = 4.757, p = 0.093,
indicating that neither BDNF nor TTX produced an effect on cortical myelination in slice

cultures prepared from P7 tissue. These results are shown in figure 16.
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Figure 15: TTX treatment reduces the maturation of dsRED* OL in the cortex. The results for the
dsRED rankings of the P7, 10DIV slices. Each treatment group had a total of 15 images. (A)
Distribution of dSRED rank scores across the 3 treatment groups. (B) Box and whisker plot to show
the spread of rankings in each group. Whiskers indicate maximum and minimum values, the boxes
indicate 25th and 75th quartiles. Middle bars and X symbols indicate the median and mean number
rank scores per field respectively. ** indicates a Kruskal-Wallis significance of p<0.001 and **
indicates a Kruskal-Wallis significance of p<0.01.
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Figure 16: Myelination in P7-derived slices was not affected by TTX treatment. (A) A bar chart
showing the number of images given each ranking across the 3 treatment groups. (B) A box and
whisker plot to show the distribution of the rankings. X indicates the average ranking, and the
boxes contain the upper and lower quartiles.
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3.3 Gene expression studies

The effect of activity-modulating drugs on the expression of the marker genes PDGFRa,
Enpp6, and MOG was analysed to give insight into the maturation of the oligodendrocytes
in these slices. The distribution of the fold-change in gene expression across the groups is
shown in figure 17. Since PDGFRa is downregulated prior to OPC differentiation, Enpp6 is
only expressed in newly formed oligodendrocytes, and MOG only in mature, myelinating
oligodendrocytes, any changes in the expression of these genes following the treatment
would indicate that there was also a change in the proportion of cells at the level of
maturation indicated by that corresponding gene marker. As shown by plots of Log fold
gene expression (2*(AACt)) (plotted on a logarithmic scale to better represent the data)
expression of PDGFRa and Enpp6 were similar across the treatment groups (Fig 17B and
17B). This result was confirmed by Kruskal-Wallis tests that revealed that median
expression was unchanged across the treatments groups for both genes (PDGFRa, H(2) =
1.803, p = 0.444; Enpp6, H(2) = 3.659, p = 0.173). Considering these results, the null
hypothesis, that treatment with TTX and BDNF had no effect on the expression of

PDGFRa or Enpp6, was accepted.

Plots of relative MOG expression indicated reduced levels in TTX-treated slices, shown in
figure 17C. In line with this observation, Kruskal-Wallis analysis revealed a significant
difference in the expression of MOG (H(2) = 7.212, p = 0.009). Post-hoc tests for multiple
comparisons were carried out to explore differences between the treatments. MOG
expression was similar between the control group and BDNF (Adjusted p = 1), and
between the control and TTX groups (Adjusted p = 0.169) but differed significantly

between the BDNF and TTX groups (Adjusted p = 0.032). Overall, these data imply that
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blockade of neuronal activity reduced levels of MOG expression in comparison to BDNF-

treated slices, but not the control group.
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Figure 17: Box plots showing the fold changes in gene expression (2*(AACt)) for each maturity
marker, and how each treatment condition affected the gene expression. Plotted on a base 10
logarithmic scale to represent the data more accurately. * indicates a Kruskal-Wallis significance of
p<0.05 for change in gene expression. (A) The fold change in expression of PDGFRa across the 3
treatment groups in P4, 11DIV slices. (B) The fold change in expression of Enpp6 across the 3
treatment groups in P4, 11DIV slices. (C) The fold change in expression of MOG across the 3
treatment groups in P4, 11DIV slices.
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4.0 - Discussion

The main findings of this study produced a clear picture of the stages of oligodendrocyte
development in subcortical slice cultures at various time points. Between 3DIV and 11DIV,
oligodendrocytes matured from early OPCs to myelinating oligodendrocytes, as
demonstrated by MBP and dsRED expression. Additionally, the postnatal age to make
slices to optimise successful maturation of oligodendrocytes was found to be at around P4,
since samples taken from P7 brains reached lower levels of MBP rank, suggesting

myelination had not progressed as much as the P4 slices.

Finally, the results of the treatment studies found that whilst TTX reduced myelination in
the neocortex, as well as the maturity of oligodendrocytes, BDNF has no effect compared

to control groups. This result was consistent across the gPCR and the imaging results.

4.1 Characterisation of slice cultures

Previous papers have described methods for culturing forebrain slices to study myelination
and these were modified and built upon to develop the methods outlined in this paper.
Rinholm et al. found that white matter tracts in their rat cortical slices, taken at P8, did not
survive the two weeks in culture. They used fluorescence intensity to quantify the amount
of MBP present in the images but did not characterise the appearance of the MBP
expression (Rinholm et al., 2011). Holloway et al. used P0-3 coronal slices from mice and
studied white matter injury, suggesting that slices made at an earlier time point expressed
better white matter viability. They measured myelination by calculating the co-localisation
between neurofilament and MBP staining but found that none was visible at 7DIV and was

abundant by 21DIV (Holloway et al., 2021). Hill et al. used PLPDsRed transgenic mice too
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and found that only a subpopulation of the CC1* oligodendrocytes they were studying
were dsRED* and suggested that dsRED may only be expressed in oligodendrocytes

which had reached the myelinating stage of differentiation (Hill et al., 2014).

This study found the optimal time to make slices to ensure survival and development of
oligodendrocytes was at postnatal day 4 as opposed to any later. Although there were no
significant differences between the maturity rank of the dsRED positive cells, the fact that
the P4 slices had a higher average MBP ranking than the P7 suggested that myelinating
oligodendrocytes had better survival and maturation when taken at this earlier time point.
One possible explanation for dsSRED not showing the same pattern may be that this
ranking system is not very sensitive to injury or axon health, as dsRED oligodendrocytes
are able to persist even when the surrounding axons are not present or unhealthy. On the
other hand, MBP, which shows myelination, will only form linear profiles if there are
healthy axons to attach to, otherwise, the MBP blooms of unbound myelin will be present
instead. These data and the findings from previous studies, such as Rinholm et al.
(discussed above) suggest that the P3-4 window of time is more suitable for studying

myelination in the subcortical white matter and deeper cortical layers.

In future experiments, the methodology used in this study may be built on to provide a
more complete picture of the maturation of oligodendrocytes. For example, tracing cellular
processes in the dsRED field and calculating the total length per image could be
performed in order to generate quantitative data relating to the amount of myelination. This

would allow parametric tests to be carried out on the data to compare different conditions.

Another alternative method for analysis would be to rank each cell in the image rather than

the image as a whole, as mentioned in section 2.5.5. The benefit of this would be that the
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researcher would be able to describe the proportion of cells which reached a certain level
of differentiation, which may be a more sensitive way of distinguishing between maturation
of cells. For example, if just one cell in the image had reached a dsRED rank of 4 and the
others were only a 2, this would be taken into account, whereas in the method where the
entire image is ranked, it would simply be recorded as a 4 according to the current ranking

system.

4.1.1 Distribution of oligodendrocytes

This study also found that there was no difference in the developmental stages of the
oligodendrocytes, or the level of myelination in the image based on position in the slice,
but that there was a difference in the distribution of oligodendrocytes across the 3 areas
imaged. The medial position of the cortex had the densest population of dsSRED-positive
cells, with the lateral position having the sparsest population. Unpublished observations by
Prof Daniel Fulton (University of Birmingham) and Prof Arthur Butt (University of
Portsmouth) have proposed that dsRED+ oligodendrocytes may be a sub-population of
OLs found in the subcortex since dsRED is not expressed universally among all OLs
studied. Additionally, observations by Hill et al. found that dSRED™* cells only appeared
later on in slice development, which once again suggests that they may be a

subpopulation of cells that have reached a higher level of maturity (Hill et al., 2014).

After considering these observations, it is possible to speculate that the variation in
distribution across the slice may indicate that this sub-population of OLs originates from
the same stream of OPC generation, possibly from the dorsal subventricular zone which

begins at birth and involves a migration of cells expressing homeobox Emx1 from the
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cortex laterally and towards the surface layers of the cortex (Kessaris et al., 2006, Rowitch
and Kriegstein, 2010). Schematics depicting this OPC generation stream show an
increased density of oligodendrocytes generated in this wave in the medial cortex, with
more OPCs in the lateral position originating from ganglionic eminences during embryo

development by P10 (van Tilborg et al., 2017).

Alternatively, given Hill et al.’s observations, it is possible that the dsRED*
oligodendrocytes are only observed once the cells are already reaching maturity (Hill et al.,
2014), so the reason for more being observed in the medial position in the slice may
suggest that these cells are responding to a gradient in a signal which promotes maturity
or differentiation into cells capable of expressing dsRED. Genotyping of these cells and
observations of dsRED populations at later time points than 11DIV may help to explain the

expression of this protein more comprehensively.

4.1.2 Effect of time in culture on oligodendrocyte maturation

Analysing the various time points confirmed that this method for culturing mouse brain
slices resulted in good survival for the cells since the oligodendrocytes were shown to
continue to mature and produce typical patterns of myelin after 3DIV. The time point data
also suggest that myelination peaks between 7-11DIV. This idea is supported by our
observation that there was no significant difference in MBP ranking between the 7DIV and
15DIV slices suggesting that oligodendrocytes reach the fully mature myelinating stage of
development before 15DIV. In contrast, tracing of MBP+ segments from the time series

described in section 3.1.4 revealed a progressive increase in the total length of segments
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between 3, 7 and 15 DIV (D. Fulton, unpublished data). Thus, the MBP ranking system

analysis may sacrifice sensitivity for speed.

Previous in vivo studies of cortical myelination of mice found that myelination first arises at
around P10 in the mouse cortex, beginning in layers V-VI (Battefeld et al., 2019), which is
the equivalent of around 7DIV if the slices are taken at P3-4. The fact that this study found
that oligodendrocytes reached the myelinating stages of their differentiation by 7DIV
indicates that this model must mimic in vivo conditions relatively well since the time point

that myelination is achieved is the same.

The new knowledge of developmental myelination in this slice model can also help guide
experimental design for future studies. For example, studies aiming to analyse early
oligodendrocyte stages can be focussed on slices cultured between 3 and 7 days, while
studies wishing to examine fully differentiated oligodendrocytes, or the early stages of
myelination can be focussed towards slices cultured between 7-11DIV. Similarly, drugs
predicted to influence immature oligodendrocytes, or boost the early stages of myelination,
can be applied at appropriate times, and their effects analysed at time points predicted to

reveal changes most effectively.

4.2 Effect of TTX and BDNF on cortical myelination

| examined the capacity for activity-dependent myelination in forebrain slice cultures by
treating slices with TTX, a neurotoxin, or recombinant BDNF, a neurotrophin whose
expression is upregulated during neuronal activity (Yalgin and Monje, 2021, Lu, 2003, Ba

et al., 2005).
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4.2.1 TTX treatments

Regarding TTX treatments, analysis of dsRED revealed oligodendrocytes which were at
earlier stages of differentiation. Similarly, analysis of MBP signals in TTX-treated slices
showed a clear reduction in myelination compared to controls. These findings were true in
slices taken both at P3 and P7, suggesting that a form of activity-dependent myelination is
present in both slice models. These results are consistent with other reports showing TTX-
sensitive myelination in slice cultures (Fannon et al., 2015, Toth et al., 2021) and

dissociated cell cultures (Lundgaard et al., 2014).

Although TTX is known to reduce the proliferation and differentiation of oligodendrocytes,
since axon conduction triggers the maturation of OPCs and is an important factor in
myelination (Barres and Raff, 1993, Gibson et al., 2014), the results of other studies have
been more mixed. Some found the opposite to be true, for example reducing neural
activity with TTX increases OPC proliferation (Fannon et al., 2015), that by increasing
action potentials, the proliferation of OPCs is reduced (Stevens et al., 2002), and even that
TTX requires the presence of neuregulin in order to reduce myelination (Lundgaard et al.,
2013). This may help to explain why the cell count of dsRED-positive oligodendrocytes did

not significantly change in TTX-treated slides.

Since TTX treatment reduced MBP and dsRED ranking but not cell count, this suggests
that whilst the toxin may slow down differentiation of the cells, it did not cause significant
cell death or prevent proliferation. This may warrant further investigation, as it may indicate
several possibilities, for example, that the oligodendrocytes which express dsRED react
differently to reduced nerve stimulation compared to most. As mentioned above (section
4.1) it has been suggested that cells expressing dsRED may be a sub-population within

cortical OLs, so may have slight functional differences based on slight variations in gene
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expression, leading to different responses to drug treatments. Alternatively, the
methodology used to automatically count cells may not be accurate, since cell count data
was also only collected for a small portion of these brain slices due to an unavoidable
malfunction with the camera on the confocal microscope, so it is possible that a more
complete picture of the drug’s effects on oligodendrocyte populations could be reached in

the future.

4.2.2 BDNF treatments

| also studied the effect of recombinant BDNF treatments on myelination. Results from
these experiments showed that BDNF had no effect on the maturation profile of
oligodendrocytes measured from dsRED signals and MBP staining. This is surprising
since many previous studies have recorded BDNF’s properties in promoting myelination in
the brain, as well as recovery from damage to neural circuitry by promoting
oligodendrocyte regeneration (Khalin et al., 2016, Fletcher et al., 2018). A possible
explanation for this discrepancy is that the murine brain releases endogenous BDNF under
stressful conditions, such as TBI (Yang et al., 1996, Chiaretti et al., 2008). These same
effects could be triggered by the process of slicing and culturing itself (Ba et al., 2005).
The slicing protocol may therefore have stimulated BDNF release masking any effects of
recombinant BDNF. However, upregulation of BDNF following injury has been reported to
be short-lived, and no longer significant after 36 hours (Oyesiku et al., 1999), hence this

explanation appears unlikely.

Returning to the BDNF results, another possible reason why this trophic factor appeared to

have no effect may be that BDNF has a short half-life, of between 2.7 minutes (Pardridge
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et al., 1994) to 1 hour (Khalin et al., 2016). In this study, recombinant BDNF was applied
every 2-3 days. Therefore, the BDNF may not be biologically active in the slice cultures for
long enough to have a significant effect on oligodendrocyte maturation. Future
experiments should examine the effect of more regular applications or test the effects of a
more stable analogue of BDNF, such as BDNF which has been modified by N-
glycosylation of the pro-domain (Mowla et al., 2001). Another possibility is that BDNF may
require the actions of other neurotrophic factors, such as CNTF, to influence OL survival

(Barres et al., 1993) and is not effective on its own.

Moreover, the high concentration of horse serum (25%) in the cell culture medium used
may have reduced the effectiveness of the BDNF treatment. Horse serum contains several
growth factors, some of which may mask the Trk-stimulating effect of BDNF. Compared to
serum-free media, using media with 25% horse serum content has been shown to
enhance the length of axons in organotypic brain slice cultures (Yang et al., 2019).
Although this doesn’t directly measure oligodendrocyte differentiation, it does indicate that
the horse serum contained growth factors which increased the maturation and survival of

neuronal cells.

Since serum-free media results in poor adhesion to the culture insert, as well as poor
maintenance of tissue morphology (Yang et al., 2019), it is unlikely that it would be
possible to completely eliminate the use of horse serum to study the effect of factors such
as BDNF, but perhaps it would be possible to explore options of using culture media
containing a smaller percentage of serum, or switching to serum-free media once the slice
is fully adhered to the insert (Gahwiler et al., 1997). This may allow for the effects of

treatments expected to enhance myelination or differentiation, such as BDNF or other
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growth factors, to be more clearly seen, as there will be a lower concentration of growth

factors from the serum.

4.3 Analysis of maturity marker gene expression

To determine the effects of TTX and BDNF treatment on OL development in these slice
cultures, changes in the expression of maturity marker genes were analysed using gPCR.
These results showed that brain slices treated with TTX had the lowest levels of MOG
expression but that this decrease did not reach significance when compared to controls.
However, this change in expression was significantly lower compared to the slices treated
with BDNF. Moreover, matching results from the qualitative analysis of MBP images, MOG
expression was not affected by BDNF treatment when compared to controls. MOG protein
is a component of compact myelin in the CNS (Johns and Bernard, 1999), hence the MOG
gene is expressed late in oligodendrocyte differentiation and can be considered a useful
gene marker for mature phenotypes (Solly et al., 1996). Reduced levels of MOG
expression imply that TTX reduced the number of oligodendrocytes reaching this stage of
differentiation and myelination. This is consistent with the earlier results of this study
showing that TTX treatment reduced MBP and dsRED rank and prevented slices from
reaching rankings indicating full differentiation, as well as previous studies into the effects

of TTX on myelination (Toth et al., 2021, Fannon et al., 2015).

Interestingly, TTX had no effect on the expression of Enpp6 or PDGFRa. PDGFRa is
expressed most early in oligodendrocyte development and not in differentiated cells so
expression shows that OPCs are present in the sample (Hart et al., 1989). After this,

Enpp6 is expressed as the cell starts to differentiate into the myelinating stage, but is not
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expressed in terminally differentiated oligodendrocytes, so represents the maturity stage
between PDGFRa and MOG expression (Xiao et al., 2016). This seems to suggest that
TTX may have the most impact on arresting maturation near the end stages of
differentiation, rather than earlier on in development since the latter would be associated

with a reduction of Enpp6 and MOG expression.

It is also arguable that these results show that TTX at this concentration did not reduce the
population of OPCs in the brain samples, since the expression of PDGFRa did not change.
This is consistent with the other findings of this study which showed that whilst TTX did
affect myelination and maturation, it did not reduce the number of cells counted, so is likely
not cytotoxic to oligodendrocytes at this concentration. Furthermore, as discussed in
section 4.2, some studies have found mixed results to TTX treatment, including increases
in OPC proliferation (Fannon et al., 2015). In addition, it is worth mentioning that although
OPC and early oligodendrocyte populations did not change, there is still a possibility that
proliferation and apoptosis rates are responding to the treatments but are cancelling each

other out in a way which would result in no net change to cell populations.

It is important to note that the decrease in MOG expression was only found when
comparing slices treated with TTX versus BDNF, and not between TTX and the control
slices. However, replication of control and TTX treatments in a separate experiment
reported a similar decrease in MOG expression that reached significance (Dabbs L and
Fulton D, unpublished data). Interestingly, the latter data was obtained with a modified
protocol (described below) that discards non-cortical regions from RNA extraction. This
observation implies that TTX has a clearer effect when samples contain regions expected
to have active neural circuits (e.g. the neocortex), an interpretation that is consistent with

the mode of action of TTX (e.g. blocking neuronal activity) (Barres and Raff, 1993).
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4.3.1 Improving qPCR methodology for future experiments

Critically, these results come from a small sample of just one set of slices, with a total
sample size of 3-4 slices per group and a biological replicate of n=3 per group (each
sample pooled from several slices). Therefore, it will be necessary to repeat this method
with a larger number of samples to determine whether these results are representative and
to confirm the effects of the drug treatments on MOG expression. Given other unpublished
results in the lab (mentioned above) it is likely that the reduction in MOG observed here

would reach significance with a larger sample size.

It may also be pertinent to explore Mbp gene expression since this would provide

guantitative data to match the qualitative MBP imaging data reported above.

Additionally, the mRNA for these analyses were extracted from the entire slice, thus
samples included material from non-cortical areas including the hippocampus, thalamus,
and basal ganglia. Therefore, it is likely that cortical signals were mixed with ‘noise’ from
other forebrain regions where oligodendrocytes may display varying responses to the
treatments due to oligodendrocyte heterogeneity in the brain (Marques et al., 2016). Since
this set of results was collected, the method used has been refined to address this issue.
In the adapted method non-cortical regions are scooped away from the insert and
discarded, and only the cortex and subcortical white matter are retained for the RNA
extraction procedure. This means that future results are guaranteed to represent gene

expression in the cortex.
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5.0 - Conclusion

This study has successfully refined methods to culture mouse brain slices, giving a
procedure that ensures the best possible survival and maturation of oligodendrocytes,
evidenced by analysis of OL differentiation (via PLP-dsRED signals), myelination (via MBP
signals) and OL gene expression markers. Collectively these data validate the slice model
as a suitable system in which to study cortical OL differentiation and myelination. This is
important because a stable and reliable in vitro model preserving the 3D structure and
anatomy of these regions can enable a range of ex vivo studies into the process of
myelination and can also be useful for understanding and treating traumatic brain injury

and demyelinating diseases.

In addition, the data characterising the effects of BDNF and TTX on oligodendrocytes and
their maturation profile, such as the expression of marker genes, is important for
understanding the pathways involved in the differentiation of these cells and highlights the
potential of this model for studies exploring mechanisms involved in activity-dependent
myelination. As always, research is ongoing and further optimisation would be beneficial to
extend these findings, for example by including larger sample sizes for the gene
expression studies or exploring the timing and duration of applications in the case of
recombinant BDNF treatments. However, the reliable and well-characterised in vitro
method of slice culturing reported here can certainly help these studies, and many others,

to be carried out more effectively.
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