
 
 

 

The impact of medulloblastoma-derived 

extracellular vesicles on the development 

of primary cortical neurones 

 

 

Sophie McCann 

Student ID Number - 20131577 

 

 

Thesis submitted to the University of Nottingham for the 

Degree of Master of Research  

 

 

September 2023 (resubmitted with corrections in March 

2024) 

 

 

Word Count (inclusive of figure legends, tables and 

references) – 26,143 

 

 

Assoc. Prof. Gareth Hathway  

Assoc. Prof. Federico Dajas-Bailador 

 



Sophie McCann – MRes Thesis 

Abstract 

 

Even though paediatric brain tumour survivors are more likely to be 

diagnosed with a neurodevelopmental or major psychiatric disorder later in 

life (Hsu et al., 2023), how tumour cells communicate with and alter the 

development of cortical neurones is poorly understood. One potential 

mechanism may be intercellular signalling mediated by the secretion of 

extracellular vesicles (EVs) by cancerous cells within the brain. EVs are 

small lipid vesicles that can contain proteins, lipids and RNA and have been 

shown to mediate intercellular signalling between peripheral cancer cells and 

neuronal models, promoting neurite outgrowth (Amit et al., 2020; Kovacs et 

al., 2020; Lucido et al., 2019; Madeo et al., 2018). However, it is unknown 

whether EVs derived from paediatric medulloblastoma cells have a similar 

effect on mouse primary cortical neurones.  

 

To answer this question, EVs were isolated from two medulloblastoma cell 

lines (which were derived from a primary tumour and a recurrent tumour from 

the same patient) using size exclusion chromatography. Medulloblastoma 

was chosen for this study as it is a highly prevalent and highly survivable 

paediatric brain cancer. The EVs were then applied to mouse primary cortical 

neurones (C57BL/6J) after characterising the EVs using nanoparticle 

tracking analysis (NTA). The morphology of these neurones was then 

analysed at several time points using immunocytochemistry.   

 

After 24 hours, EVs from both medulloblastoma cell lines accelerated the 

rate of neuritogenesis in the cortical neurones when compared to the vehicle 

treated group (One-way ANOVA, p < 0.05). EVs from the recurrent cell line 

increased axon length in the mouse primary cortical neurones after 24 hours 

(Kruskal-Wallis test, p < 0.01). The recurrent cell line released more EVs 

than the primary cell line, but this was not statistically significant (One-way 

ANOVA, p > 0.05). Importantly, the EV and protein fractions isolated from 

fresh medulloblastoma cell culture medium did not affect the growth or 

morphology of the cortical neurones (Kruskal-Wallis test, p > 0.05), 
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suggesting that these findings were not due to any bovine-derived 

contaminants in the medium.  

  

The results presented show that EVs released from medulloblastoma cell 

lines can increase the proportion of mouse primary cortical neurones that 

had at least one neurite and also increase axon length. However, more work 

is needed to identify the mechanisms behind this and to establish whether 

this intercellular communication can contribute towards the established 

relationship between paediatric brain cancer and neurodevelopmental 

disorders. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Sophie McCann – MRes Thesis 

Contents Page 

 

1. Introduction .............................................................................................. 1 

1.1 The prevalence, economic impact and mortality of paediatric cancers in 

the UK ......................................................................................................... 1 

1.2 Medulloblastoma ................................................................................... 1 

1.2.1 Genetic mutations and altered signalling in medulloblastoma 

subgroups ................................................................................................ 2 

1.2.2 Chromosomal changes ................................................................... 3 

1.2.3 Cellular origin .................................................................................. 3 

1.2.4 Demographic and prognosis ........................................................... 4 

1.3 Current treatment for medulloblastoma ................................................. 6 

1.3.1 Personalised treatment plans .......................................................... 6 

1.3.2 Caveats of genetic subgrouping ...................................................... 7 

1.4 Cancer and neurodevelopment ............................................................. 8 

1.5 Neuronal development, polarisation and maturation ........................... 10 

1.6 Altered brain connectivity in neurodevelopmental disorders ............... 14 

1.7 Extracellular vesicles .......................................................................... 14 

1.7.1 Cancer-derived extracellular vesicles............................................ 16 

1.7.2 Chemotherapy modifies extracellular vesicle release ................... 18 

1.7.3 Isolating extracellular vesicles ....................................................... 18 

1.7.4 Storing extracellular vesicles ......................................................... 20 

1.7.5 Characterising the physical properties of extracellular vesicles .... 21 

1.7.6 Characterising the proteomics, cargo and RNA profiles of 

extracellular vesicles .............................................................................. 22 

1.7.7 New techniques for extracellular vesicle isolation and 

characterisation ...................................................................................... 24 

1.8 Using medulloblastoma cell lines and primary neuronal culture .......... 26 

1.9 Aims and hypotheses .......................................................................... 27 

2. Methods .................................................................................................. 28 

2.1 Animals ............................................................................................... 28 

2.2 Culture of mouse primary cortical neurones ........................................ 28 

2.2.1 Coating of plates and coverslips ................................................... 29 

2.2.2 Dissection of the mouse cortices .................................................. 29 

2.2.3 Dissociation of the mouse cortices ................................................ 30 



Sophie McCann – MRes Thesis 

2.2.4 Plating of mouse primary cortical neurones .................................. 31 

2.3 Medulloblastoma cell lines .................................................................. 31 

2.3.1 Maintenance of cells ..................................................................... 31 

2.3.2 Collection of conditioned medium ................................................. 32 

2.4 EV isolation ......................................................................................... 33 

2.5 Nanoparticle Tracking Analysis ........................................................... 34 

2.6 Dosing mouse primary cortical neurones with medulloblastoma-derived 

EVs ........................................................................................................... 36 

2.6.1 Preparation of the EV samples used ............................................. 36 

2.7 Cell fixation and immunocytochemistry ............................................... 37 

2.8 MemBright Staining ............................................................................. 39 

2.9 Microscopy and quantification of neuronal morphology ...................... 40 

2.10 Statistical analysis ............................................................................. 41 

3. Results .................................................................................................... 42 

3.1 Mouse primary cortical neurones undergo neuronal polarisation in vitro

 .................................................................................................................. 42 

3.2 Medulloblastoma cell lines release particles which are consistent with 

the size distribution of extracellular vesicles ............................................. 45 

3.3 Medulloblastoma EVs from both primary and recurrent tumour cells 

increase neuritogenesis in primary cortical neurones after 24 hours ........ 47 

3.4 Medulloblastoma EVs from recurrent tumour cells increase axon 

length, but not dendrite length, in primary cortical neurones after 24 hours

 .................................................................................................................. 49 

3.5 The addition of medulloblastoma-derived EVs had no effect on axon 

length or mean branch length after 72 hours ............................................ 52 

3.6 The addition of medulloblastoma-derived EVs had no effect on axon 

length or mean branch length after 120 hours .......................................... 54 

3.7 EVs isolated from 10% EV-depleted medium and 10% bovine growth 

serum (BGS) supplemented medium have no effect on neuritogenesis or 

axon length ............................................................................................... 56 

4. Discussion .............................................................................................. 61 

4.1 Key findings ........................................................................................ 61 

4.1.1 Characterisation of D425 and D458 extracellular vesicles ............ 61 

4.1.2 The effect of medulloblastoma EVs on mouse primary cortical 

neurone development ............................................................................ 62 

4.1.3 The effect of extracellular vesicle and protein fractions isolated from 

fresh medulloblastoma cell culture medium on mouse primary cortical 

neurones ................................................................................................ 65 



Sophie McCann – MRes Thesis 

4.2 Limitations ........................................................................................... 66 

4.2.1 Using cell lines derived from a Group 3 medulloblastoma tumour 66 

4.2.2 Using a cross-species model of extracellular vesicle signalling .... 66 

4.2.3 Adding a single addition of high concentration medulloblastoma 

extracellular vesicles to the mouse primary cortical neurones ............... 67 

4.3 Future directions ................................................................................. 68 

4.3.1 Extracellular vesicle characterisation ............................................ 68 

4.3.2 Integrating more controls into the experimental design ................. 69 

4.3.3 Functional studies, improved analysis of neuritogenesis and 

investigating underlying mechanisms .................................................... 70 

4.4 Final conclusions ................................................................................ 71 

5. References .............................................................................................. 73 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Sophie McCann – MRes Thesis 

List of Figures 

 

Figure 1. The cellular origin of medulloblastoma in humans …………..……..4  

Figure 2. The process of neuronal development and polarisation …….…....12 

Figure 3. Extracellular vesicle biogenesis ………………………………….….15 

Figure 4. The development of mouse primary cortical neurones over one 

week ……………………………………………………………………………….43 

Figure 5. Mouse primary cortical neurones undergo typical polarisation in 

vitro ………………………………………………………………..………..….44-45 

Figure 6. D425 and D458 cell lines release extracellular vesicles (EVs) which 

can be quantified using nanoparticle tracking analysis (NTA) …………..46-47  

Figure 7. Extracellular vesicles (EVs) released from medulloblastoma cells 

increase neuritogenesis in mouse primary cortical neurones after 24 hours 

…………………………………………………………………………….........48-49  

Figure 8. Extracellular vesicles (EVs) from the recurrent medulloblastoma 

cell line increase axon length but not dendrite length ………….……...…50-52 

Figure 9.  Medulloblastoma-derived EVs have no effect on axon length or 

mean branch length after 72 hours ……………………………..………….53-54 

Figure 10. There was no effect of the medulloblastoma-derived extracellular 

vesicles (EVs) on axon length after 120 hours ...55-56 

Figure 11. Extracellular vesicles (EVs) isolated from fresh DMEM 

supplemented with 10% EV-depleted bovine growth serum (BGS) or 10% 

BGS have no effect on neuritogenesis after 24 hours ……………..…..57-58 

Figure 12. Extracellular vesicles (EVs) isolated from fresh DMEM 

supplemented with 10% EV-depleted bovine growth serum (BGS) or 10% 

BGS have no effect on axon length or mean branch length after 24 hours 

…………………………………………………………………………..…..….59-60 

 

List of Tables  

 

Table 1. The three essential categories of extracellular vesicle and non-

extracellular vesicle markers as required by MISEV2018 …………………...23 

 

 



Sophie McCann – MRes Thesis   1 

1. Introduction 

 

1.1 The prevalence, economic impact and mortality of paediatric 

cancers in the UK  

 

Every year in the UK, 375,000 people are diagnosed with cancer but less 

than 1% of these cases will be diagnosed in children. The most common 

cancers in children are leukaemia and other blood cancers, central nervous 

system (CNS) tumours and lymphomas (Cancer Research UK, 2022). The 

additional costs of caring for a child with cancer can put significant financial 

strain on families, with many having to spend hundreds of pounds per month 

on travel, accommodation, extra food costs and childcare to support their 

child (Young Lives vs Cancer & CLIC Sargent, 2017). Forty-two percent of 

parents stop working during their child’s illness and 66% take unpaid leave, 

inevitability contributing to the financial burden put on families.  

 

Approximately 250 children die every year from cancer in the UK but since 

the 1970s there has been a 68% decrease in paediatric cancer mortality 

rates due to the improved diagnosis and treatment of paediatric cancer 

(Cancer Research UK, 2022). As a result, more and more children are 

surviving their childhood cancer with 72% of patients diagnosed between 

1997 and 2001 surviving for at least 20 years (National Cancer Registration 

and Analysis Service, 2021). Consequently, there is a need to better 

understand the long-term neurodevelopmental effects of paediatric cancer, in 

particular brain cancer, on survivors.  

 

1.2 Medulloblastoma  

 

One such brain cancer is medulloblastoma, a solid CNS cancer which arises 

in the cerebellum (Roussel & Hatten, 2011). It is much more prevalent in 

children than adults, with children between the ages of 1 and 9 being ten 

times more likely to be diagnosed with it compared to those over 19 years of 

age (Smoll & Drummond, 2012). As a result, the majority of medulloblastoma 

research focuses on paediatric medulloblastoma, with it being the most 



Sophie McCann – MRes Thesis   2 

common malignant paediatric brain tumour accounting for 20% of all brain 

tumours in children (Rossi et al., 2008). It is also more common in males 

than females (Ostrom et al., 2015).  

 

1.2.1 Genetic mutations and altered signalling in medulloblastoma 

subgroups  

 

Previously, medulloblastoma was classified by morphology but with the 

development of new sequencing technologies, medulloblastoma can now be 

subdivided into four distinct genetic groups: Wingless (Wnt), Sonic hedgehog 

(Shh), Group 3 and Group 4 (Pollack et al., 2019). Each group is 

characterised by different transcriptome profiles and chromosomal changes 

but also by their prognoses, cellular origin and demographic affected (Taylor 

et al., 2012). The idea of genetic subgroups within medulloblastoma first 

arose from the observation that there are several genetic conditions which 

are associated with increased risk for medulloblastoma (such as Gorlin and 

Turcot Syndrome) (Carta et al., 2020). However, it was the profiling of 

messenger RNA (mRNA) transcriptomes that enabled the definite 

classification of the four subgroups. Both the Wnt and Shh subgroups have 

clear changes in gene signalling. Wnt medulloblastoma is characterised by 

mutations in the APC and beta-catenin (CTNNB1) genes whereas Shh 

medulloblastoma is associated with mutations in genes which alter Shh 

signalling such as PTCH1, PTCH2, SUFU and SMO (Taylor et al., 2012). 

One study found that 15 out of 15 Wnt medulloblastoma cases had CTNNB1 

mutations and 8 out of 22 Shh medulloblastoma cases had mutations in the 

PTCH1 gene. Importantly, these mutations were unique to each subgroup 

(Jones et al., 2012). Overactivation of these signalling pathways drives the 

formation of medulloblastoma (DeSouza et al., 2014). Less is known about 

which specific pathways are affected in Group 3 and Group 4 

medulloblastoma as sequencing has not yet identified any one common 

gene mutation. However, pathway analysis has suggested that the pathways 

involved may include DNA repair, neuronal electrical activity, chromosome 

organisation and regulation of translation (Cavalli et al., 2017).  
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1.2.2 Chromosomal changes  

 

Chromosomal changes are commonly reported in all 4 subgroups of 

medulloblastoma. The most distinct is the deletion of one copy of 

chromosome 6 in Wnt medulloblastoma. Monosomy 6 is found in around 

85% of Wnt medulloblastoma cases (Jones et al., 2012). However, it has 

also been identified in a very small proportion of Shh and Group 3 

medulloblastoma cases, so it is not completely restricted to the Wnt 

subgroup. Shh medulloblastoma is associated with the loss of chromosome 

9q and Group 3 and Group 4 medulloblastoma are associated with the gain 

of chromosomes 7q, 7p and 17q (Kool et al., 2012). Again, no one 

chromosomal change is completely unique to one subgroup.  

 

1.2.3 Cellular origin  

 

Medulloblastoma is classified as an embryonal tumour, meaning that the 

cancer cells originate from cells that arose during embryonic development 

(McGovern et al., 2014). All four subgroups arise from cells which are 

present in the developing cerebellum (Figure 1). For example, Shh 

medulloblastoma originates from granule neurone precursor cells (GNPCs) 

(Oliver et al., 2005) which are located in the external granule cell layer of the 

developing cerebellum before they differentiate and migrate along the radial 

processes of Bergmann glial cells to the internal granule cell layer (Tamayo-

Orrego & Charron, 2019). The other three subgroups (Wnt, Group 3 and 

Group 4) all originate from the rhombic lip which is present in the developing 

cerebellum (Haldipur et al., 2019). Wnt medulloblastoma arises from the 

ventricular zone whereas Group 3 and Group 4 are thought to originate from 

the subventricular zone (in particular from progenitors of unipolar brush cells) 

(Gibson et al., 2010; Hendrikse et al., 2022; Smith et al., 2022).  
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1.2.4 Demographic and prognosis  

 

Interestingly, the four subgroups of medulloblastoma differ by age and sex 

affected. Shh medulloblastoma is most common in infants under 3 years old 

and teenagers over the age of 16. Conversely, Group 4 medulloblastoma is 

more common between the ages of 5 and 13. Group 3 medulloblastoma is 

more commonly found in infants and young children and Wnt 

medulloblastoma is more common in older children aged 10 to 12 (Cho et al., 

2011; Kool et al., 2012; Northcott et al., 2011). Notably, Wnt 

medulloblastoma is rarely observed in young infants.  

 

Figure 1. The cellular origin of medulloblastoma in humans. 

Medulloblastoma originates in the cerebellum from embryonic cells. Sonic 

hedgehog medulloblastoma is thought to arise from granule neurone 

precursor cells in the external granule cell layer. Wingless 

medulloblastoma originates from the ventricular zone of the rhombic lip 

whereas Group 3 and Group 4 medulloblastoma arise from the 

subventricular zone. Diagram made using BioRender, based on Haldipur 

et al., 2019. 

Figure 1 
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In general, medulloblastoma affects around 1.7 more males than females but 

again, this varies between subgroups (Juraschka & Taylor, 2019). Both Wnt 

and Shh medulloblastoma have an equal sex ratio (Kool et al., 2012) but 

Groups 3 and 4 affect significantly more males than females (T. Sharma et 

al., 2019). Some have suggested that the X chromosome may harbour 

tumour suppressor genes as up to 80% of females with Group 4 

medulloblastoma show loss of one X chromosome (Gururangan & 

Schroeder, 2014; Northcott et al., 2011).  

 

The genetic classification of medulloblastoma may also predict the prognosis 

and survival of the patient. For example, Wnt medulloblastoma has a 10-year 

survival rate of 95% in children aged 3 to 16, compared to only 50% of 

patients with Group 3 medulloblastoma (Kool et al., 2012). Wnt 

medulloblastoma and non-metastatic Group 4 (with chromosome 17 gain or 

chromosome 11 loss) are defined as low risk, metastatic Shh and Group 4 

were defined as high risk and metastatic Group 3 and Shh TP53-mutation 

medulloblastoma have the worst prognosis (Ramaswamy et al., 2016). The 

presence of mutated TP53 has been identified as a critical risk factor for 

those with Shh medulloblastoma. One study found that overall survival at 5 

years was only 41% for Shh TP53-mutant patients compared to 81% for 

patients with SSH TP53-wildtype medulloblastoma (Zhukova et al., 2013). As 

TP53 encodes a transcription factor which controls cell division and cell 

death (Aubrey et al., 2016), it is understandable that mutated versions of this 

gene are involved in oncogenic activity. Additionally, specific protein and 

metabolic signalling pathways which are associated with poorer prognoses 

have been identified in each subgroup (Park et al., 2019). For example, 

upregulation of NOTCH signalling in Group 4 medulloblastoma and 

glutamate metabolism in Shh medulloblastoma.  

 

As medulloblastoma has an overall 5-year survival rate of around 70% 

(Johnston et al., 2018), many children survive into their teenage years or 

beyond. As our ability to diagnose and treat medulloblastoma improves, the 

number of survivors will continue to grow and so will the number of 
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individuals who are affected by the neurodevelopmental consequences of 

early life medulloblastoma.   

 

1.3 Current treatment for medulloblastoma  

 

Medulloblastoma treatment consists of resection of the tumour followed by 

chemotherapy and craniospinal irradiation (Choi, 2023). Two of the most 

commonly used chemotherapeutic agents are vincristine and cisplatin (ISPN, 

2017). Other chemotherapeutic agents used are lomustine and 

cyclophosphamide but the exact regime depends on the individual tumour. 

Cisplatin causes DNA damage which triggers apoptosis whereas vincristine 

inhibits mitosis by binding to tubulin and preventing mitotic spindle formation 

(Dasari & Bernard Tchounwou, 2014; Martino et al., 2018). Vincristine is also 

known to be neurotoxic and can cause axonal degeneration (Gomez-Deza et 

al., 2023). In the early 1990s, several studies showed that chemotherapy 

combined with craniospinal irradiation improved outcomes, leading to the 

implementation of combined therapy as the standard treatment for 

medulloblastoma (Evans et al., 1990; Tait et al., 1990).  

 

1.3.1 Personalised treatment plans  

 

There are currently several ongoing clinical trials which are trying to 

determine whether personalised treatment plans based on medulloblastoma 

subgroup have better outcomes for patients. For example, one study 

attempted to treat Wnt medulloblastoma with chemotherapy and surgery only 

(without radiation treatment) but was suspended as two patients relapsed 

early into the study (NCT02212574). Another is treating Wnt 

medulloblastoma patients with reduced radiation and chemotherapy to try 

and minimise the side effects of treatment. However, at present, no results 

have been posted (NCT02724579). Several more personalised treatment 

clinical trials are ongoing but none have yet identified any treatment 

regimens that notably improve patient outcomes (Ghasemi et al., 2022; 

Thompson et al., 2020).  



Sophie McCann – MRes Thesis   7 

1.3.2 Caveats of genetic subgrouping  

 

There are several caveats of genetic subgrouping which should be 

discussed. Firstly, Wnt and Shh signalling overlaps. One study identified that 

medulloblastoma mutant SUFU cannot reduce beta-catenin signalling unlike 

wildtype SUFU (Taylor et al., 2004). This results in an overactivation of both 

Shh and Wnt signalling. There is also evidence that Wnt signalling can 

reduce the proliferation of cancerous Shh medulloblastoma murine granule 

neurone precursor cells (Pöschl et al., 2014). If Wnt and Shh signalling are 

intertwined, then this may complicate the classification of Wnt and Shh MBs 

into distinct subgroups.  

 

There is also significant debate around the true number of medulloblastoma 

subgroups. Although the four main subgroups are well established, how 

these groups are further divided into subtypes varies. For example, one 

study identified 12 subtypes (2 Wnt, 4 SSH, 3 Group 3 and 3 Group 4) 

(Cavalli et al., 2017), another identified 8 subtypes within Group 3 and Group 

4 (T. Sharma et al., 2019) and another identified 9 subtypes in total 

(Schwalbe et al., 2017). One reason for the variation in the number of 

subtypes identified is the fact that different studies use samples from 

different treatment centres, introducing variability. The methods used to 

classify the different samples into subtypes vary as well. For example, 

Cavalli et al. used RNA sequence, DNA sequence and methylation profile in 

their classification method whereas Sharma et al. used a DNA methylation-

based classifier.  

 

Interestingly, one recent study has suggested that rather than being two 

distinct subgroups, Group 3 and Group 4 make up a spectrum on which 

transcriptome profile, DNA methylation, age, cellular origin and even 

prognosis can be placed (Williamson et al., 2022). This may explain why it 

has been so difficult to identify unique transcriptome profiles for Group 3 and 

Group 4 medulloblastoma and why automatic classifiers have struggled to 

distinguish between the two groups of medulloblastoma (Rathi et al., 2020). 
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Additionally, this may allow treatment to be individually personalised, based 

on where the tumour is located on the spectrum.  

 

1.4 Cancer and neurodevelopment  

 

Neurodevelopmental disorders are associated with impaired behavioural, 

cognitive and communication skills as a result of abnormal brain 

development (Mullin et al., 2013). These conditions usually arise in childhood 

but can continue to affect individuals all throughout their adult life. Common 

neurodevelopmental disorders include Attention-Deficit Hyperactivity 

Disorder (ADHD), Autism Spectrum Disorder (ASD) and other 

communication, learning and motor disorders (Francés et al., 2022). ADHD 

has an estimated global prevalence of 5.9% in young people (Faraone et al., 

2021) and ASD has an estimated global prevalence of 1% (Zeidan et al., 

2022). ADHD is commonly associated with hyperactivity and impulsivity but 

other lesser known symptoms can be observed such as emotional regulation 

difficulties and executive dysfunction (Groves et al., 2022). ASD is 

characterised by social communication deficits, poor nonverbal 

communication behaviours, sensory processing issues and by having special 

interests (Lauritsen, 2013).  

 

Despite their contrasting nature, cancer and neurodevelopment share 

several underlying mechanisms which drive the growth, proliferation and 

migration of cells (Nussinov et al., 2022). There is a clear link between 

cancer and neurodevelopmental disorders as patients with ASD are more 

likely to be diagnosed with cancer between the ages of 15 and 19 compared 

to individuals of the same age who do not have a neurodevelopmental 

disorder (Chiang et al., 2015). Likewise, individuals with ADHD are at a 

greater risk of colorectal cancer compared to matched individuals who do not 

have ADHD.  

 

Interestingly, the connection is also observed in the other direction. It is well 

stablished that paediatric brain tumour survivors (PBTS) have an increased 

incidence of symptoms of neurodevelopmental disorders (Hsu et al., 2023). 
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One study found that 23.8% of PBTS met the criteria of ADHD (Hardy et al., 

2018), compared to between 2% and 7% of children globally (Sayal et al., 

2018). For medulloblastoma in particular, 12% of the children had ADHD. It 

has also been observed that PBTS have poor facial recognition, social 

functioning and social attention, comparable with children with ASD (Brodsky 

et al., 2018; Hocking et al., 2020).  

 

This connection is highlighted by the significant number of genes which are 

implicated in both cancer and neurodevelopmental disorders. For example, 

dysfunctional mTOR signalling is implicated in both paediatric brain tumours 

and ASD, as well as learning difficulties. This is not surprising as mTOR is 

highly involved in neuronal differentiation (D. Y. Lee, 2015). Additionally, 

mutations in the PTEN gene (a tumour suppressor gene that encodes a 

protein that acts upstream of mTOR) are found in individuals with paediatric 

brain tumours, ASD and ADHD (D. Y. Lee, 2015). PRUNE1 mutations are 

also implicated in the formation of medulloblastoma and neurodevelopmental 

disorders (Bibbò et al., 2021).  

 

Although there appears to be a genetic link between paediatric brain tumours 

and neurodevelopmental disorders, not every case of cancer, ADHD or ASD 

arises from mutations in these specific genes. Consequently, it can be 

suggested that other underlying factors might connect these conditions and 

that the tumour itself could contribute to the development of 

neurodevelopmental disorders. It can be argued that missed education and 

reduced socialisation, as a result of time spent in hospital during childhood, 

drives the emergence of neurodevelopmental disorders later in life. However, 

this does not appear to always be the case as different types of tumour are 

associated with different levels of risk for neurocognitive dysfunction later in 

life (Hsu et al., 2023). However, it should be noted that there is some 

evidence which suggests that childhood trauma (which is likely experienced 

by those diagnosed with paediatric cancer) can increase the risk of ADHD 

diagnosis later in life (Vrijsen et al., 2018). 
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One recent long-term longitudinal study observed that childhood brain cancer 

was one of two cancer types (the other being childhood 

lymphatic/haematopoietic cancer) with the highest number of major 

psychiatric disorder diagnoses (Hsu et al., 2023). Childhood brain cancer 

was associated with the highest risk of ADHD, Obsessive Compulsive 

Disorder and Post Traumatic Stress Disorder. This suggests that PBTS have 

a greater risk of developing neurodevelopmental disorders when compared 

to survivors of other childhood cancers. Additionally, compared to other 

childhood cancers, survivors of paediatric CNS tumours (including 

medulloblastoma) have fewer friends and interact with their friends less 

(Schulte et al., 2018). The differences between different types of childhood 

cancers suggests that these neurodevelopmental disorders are not simply a 

consequence of the social and neurobiological effects of experiencing cancer 

and long-term hospitalisation at a young age. 

 

Medulloblastoma is also linked to broader cognitive deficits such as impaired 

verbal memory and reduced processing speed (Palmer, 2008). One potential 

confounding factor is the effect of cancer therapies on the developing brain 

as it is well established that radiation treatment contributes to cognitive 

impairments observed in PBTS (Pazzaglia et al., 2020). However, one study 

found that the prevalence of ADHD did not differ between children who had 

undergone craniospinal radiation for their paediatric brain tumour and those 

who did not (Hardy et al., 2018). Therefore it is important to investigate 

whether the tumour itself is able to contribute to the development of 

neurocognitive and social deficits independently of treatment.    

 

1.5 Neuronal development, polarisation and maturation  

 

In the developing brain, the production of mature cortical neurones occurs in 

four distinct stages: proliferation, migration, differentiation and polarisation. 

Radial glial progenitor cells generate immature cortical neurones via 

asymmetric proliferation (Hansen et al., 2010). These excitatory neurones 

can then migrate towards the developing cortex via somal translocation, or 

by migrating along radial glial cells through the ventricular and intermediate 
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zones and subplate to eventually form the cortical plate (Stiles & Jernigan, 

2010). This occurs in an ‘inside-out’ manner where the neurones located in 

the deepest part of the cortex (layer VI) are generated first and then 

neurones generated later migrate past these cells to the outer layers of the 

cortex. This results in the formation of six cortical layers: the molecular (I), 

external granular (II), external pyramidal (III), internal granular (IV), internal 

pyramidal (V) and multiform (VI) layers (Cechetto & Topolovec, 2002; 

Cooper, 2008) (Figure 2A). Inhibitory neurones on the other hand migrate 

tangentially from other areas of the developing brain (Tanaka et al., 2009). 

Terminal differentiation then occurs in which the neurones increase in size 

and complexity (Fernández et al., 2016).  

 

Polarisation occurs during terminal differentiation and refers to the process 

during which an immature neurone develops a single primary axon and 

dendrites which protrude from the soma (Sakakibara & Hatanaka, 2015). In 

vivo, the formation of synapses enables these mature neurones to form 

complex networks with other neurones and interneurones. Neuronal 

polarisation in vitro is comprised of five distinct stages which were first 

described in 1988: lamellipodia formation, the development of immature 

neurites, axon specification, axonal and dendritic growth and maturation 

(Dotti et al., 1988) (Figure 2B). Although first used to describe hippocampal 

neurones in culture, the same process of polarisation has been observed in 

cortical neurones (Hirai et al., 2011).  
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Figure 2. The process of neuronal development and polarisation. A 

schematic diagram depicting the migration of developing neurones along 

radial glial cells to form the cortical plate (A). The cortex is formed ‘inside-

out’ meaning that the oldest neurones remain in the deepest layers of the 

cortex. A schematic diagram showing the polarisation of neurones in vitro 

(B). Once plated, primary neurones undergo polarisation resulting in the 

formation of a single primary axon. Stage 5 reflects a mature neurone in 

culture. Diagram made using BioRender, (B) based on Dotti et al., 1988.  

Figure 2 

A 

B 
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However, the process of neuronal polarisation in vivo may differ from in vitro 

studies. Retinal ganglion cells (a type of neuronal cell located in the retina) 

do not develop immature neurites before the specification of an axon in vivo 

but rather the first neurite to emerge becomes the axon (Zolessi et al., 2006). 

Nevertheless, both in vivo and in culture, CNS neurones develop a single 

axon during the process of polarisation making in vitro cell culture a useful 

model for studying neuronal polarisation.     

 

The emergence of a single elongated axon during polarisation is mediated by 

a range of intracellular signalling pathways and extracellular signalling 

molecules. For example, the small GTPase RhoA has been shown to restrict 

the growth of the axon during polarisation by promoting the formation of an 

actin arc. This encases the microtubule bundles, preventing the extension of 

the growth cone (Dupraz et al., 2019). Other intracellular signalling 

molecules involved in neuronal polarisation include PTEN and GSK3 (Hur & 

Zhou, 2010; Kath et al., 2018). Extracellular signalling molecules such as 

Wnt are also involved in polarisation. Wnt3a promotes neuronal polarisation 

as inhibiting Wnt3a signalling reduces the proportion of polarised neurones 

(Stanganello et al., 2019). 

 

Within the cell, microRNAs (miRNAs) are able to control the translation of 

these proteins and modify neuronal polarisation and axon growth. A recent 

study from the Dajas-Bailador lab found that adding a miRNA-26a mimic to 

mouse primary cortical neurones increased axon length and promoted 

formation of multipolar neurones by inhibiting GSK3 activity (Lucci et al., 

2020).  

 

The process of neuronal polarisation appears to be very plastic in nature as 

cutting the axon at stage 3 or 4 causes one of the dendrites to elongate and 

form a new axon (Bradke & Dotti, 2000). It has been suggested that the 

length of the immature neurites is maintained by a balance of positive and 

negative signalling (Arimura & Kaibuchi, 2007).  

 

 



Sophie McCann – MRes Thesis   14 

1.6 Altered brain connectivity in neurodevelopmental disorders  

 

Altered brain connectivity has been implicated in neurodevelopmental 

disorders including ADHD and ASD (Kana et al., 2014; Konrad & Eickhoff, 

2010). Axonal abnormalities are present in both ADHD and ASD, with one 

study finding that neurones from ADHD and ASD rodent models have shorter 

axon initial segments (AIS) compared to wildtype animals (Usui et al., 2022). 

Neurodevelopmental disorders are also associated with dysregulated 

synapse formation and there is evidence of abnormal synaptogenesis in both 

ADHD and ASD (Guang et al., 2018; Washbourne, 2015).  

 

As a paediatric cancer, medulloblastoma often emerges during an important 

time of neuronal growth and synaptogenesis (Bianchi et al., 2013; Gilmore et 

al., 2018). It may be that medulloblastoma is able to disrupt the balance of 

signalling mechanisms that control neuronal polarisation and axonal growth, 

contributing to the development of neurodevelopmental disorders in PBTS. 

Among many possible mechanisms to mediate this link, the secretion of 

extracellular vesicles (known to be actively secreted by cancer cells), has 

emerged as a potential mechanism for the delivery of signalling molecules 

which can affect neuronal development.   

 

1.7 Extracellular vesicles  

 

Extracellular vesicles (EVs) are small lipid vesicles that can contain proteins, 

lipids, mRNA and small non-coding RNA (van Niel et al., 2018). The first 

observation of EVs was recorded in 1983 when it was noted that immature 

red blood cells could release EVs via the fusing of multivesicular bodies 

(MVBs) to the plasma membrane, releasing EVs into the extracellular space 

(Harding et al., 1983; Pan & Johnstone, 1983). EVs were later divided into 

three subtypes: exosomes, microvesicles and apoptotic bodies (Doyle & 

Wang, 2019). Exosomes are the smallest of the EV subtypes with a diameter 

of 30 to 150nm, compared to a diameter of 100nm to 1µm for microvesicles. 

The biogenesis of exosomes and microvesicles also varies (Figure 3).  
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Exosomes are released from MVBs which fuse with the plasma membrane, 

releasing the exosomes into the extracellular space (van Niel et al., 2018). 

By contrast, microvesicles are formed by the budding of the extracellular 

membrane and rely on the action of calcium-dependent enzymes such as 

calpain which enable the release of microvesicles from lipid rafts (Pasquet et 

al., 1996).  

 

EVs mediate intercellular signalling via several different pathways. For 

example, EVs can fuse with the plasma membrane of the recipient cell 

enabling the transfer of signalling molecules or ligands embedded within the 

lipid bilayer of the EV can bind to receptors on the recipient cell (Buzás et al., 

2018; Joshi et al., 2020). Alternatively, EVs are endocytosed by the recipient 

cell. For example, clathrin-mediated endocytosis prevents damage to the EV 

membrane as EVs are transported into the recipient cell inside clathrin-

coated vesicles. Intact EVs can be observed inside the recipient cell using 

Figure 3. Extracellular vesicle biogenesis. Extracellular vesicles (EVs) 

can be subdivided into microvesicles and exosomes. Microvesicles are 

released by the budding of the plasma membrane whereas exosomes are 

released from multivesicular bodies which fuse with the plasma 

membrane, releasing them into the extracellular space. EVs can contain 

RNA (including mRNA and small non-coding RNA), proteins, small 

metabolites and lipids. Diagram made using BioRender.  

s 

Figure 3 
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transmission electron microscopy (Joshi et al., 2020). EVs can also interact 

with the extracellular matrix via integrin receptors (Altei et al., 2020). It has 

been shown that EVs are released by all cell types studied, including cancer 

cells (Kalluri & LeBleu, 2020). Cancer-derived EVs (also known as 

oncosomes) can transfer oncogenic receptors, alter the microenvironment 

surrounding the tumour, promote the innervation of tumours by nerves and 

even induce neuronal cytotoxicity (Al-Nedawi et al., 2008; Huang et al., 2022; 

Madeo et al., 2018; W. Zhou et al., 2022). 

 

It is well established that EVs released from multiple cell types can 

significantly affect the growth and development of neurones. For example, 

glial cells in Drosophila melanogaster release EVs containing the miRNA 

miR-274 which can promote the growth of synaptic boutons in neurones 

(Tsai et al., 2019). Similarly, small EVs secreted by astrocytes promote 

synapse formation in primary cortical neurones (Patel & Weaver, 2021). 

Neuronal EVs can also affect the activity and growth of glial cells. EVs 

released from neurones can promote myelin maintenance in 

oligodendrocytes and promote synaptic pruning by microglia (Bahrini et al., 

2015; Domingues et al., 2020). Neuronal EVs can also have an effect on 

other neurones, promoting neurogenesis and synaptogenesis (P. Sharma et 

al., 2019). These studies highlight the complex and diverse effects that EVs 

released by cells in the CNS can have on neurones.  

 

1.7.1 Cancer-derived extracellular vesicles  

 

As EVs can cross the blood-brain barrier (Banks et al., 2020), several studies 

have investigated whether EVs released from cancer cell lines can stimulate 

neurite outgrowth in PC12 cells (an immortal cell line which originates from a 

rat pheochromocytoma (Koike, 1983)). One study found that in vitro, EVs 

from high-grade serious ovarian cancer (HGSOC) cell lines can stimulate 

neurite growth when compared to EVs from control fallopian tube cell lines 

(Kovacs et al., 2020). The same result is observed when EVs from cervical 

cancer cell lines, a murine cell model of carcinoma or human head and neck 

cancer patients are used (Lucido et al., 2019; Madeo et al., 2018). Crucially, 
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these studies all used PC12 cells as their neuronal model rather than primary 

cell culture. Upon stimulation with nerve growth factor, PC12 cells 

differentiate into neurone-like cells. However, using PC12 cells as a neuronal 

model for the investigation of polarisation and neurite growth has significant 

limitations as they do not accurately replicate the morphology or function of 

genuine neurones (Wiatrak et al., 2020) and are normally only used to model 

peripheral sensory neurones (Convertino et al., 2018). Notably, one study, 

using EVs from oral cavity squamous cell carcinoma, used primary cell 

culture to assess neuronal morphology. However, they used mouse primary 

dorsal root ganglion (DRG) culture rather than primary cortical culture (Amit 

et al., 2020). Although somewhat relevant since DRG culture is used to 

investigate peripheral sensory neurones, these results cannot be directly 

applied to neurones of the CNS.  

 

A more recent study has identified that EVs isolated from glioblastoma cell 

lines and human glioblastoma patients can induce neuronal cytotoxicity in 

human primary neurones (cultured for 8 days from P0) and embryonic 

mouse brain slices (W. Zhou et al., 2022). This appears to contradict the 

other studies which found that cancer-derived EVs promote neuronal growth. 

One possibility is that neuronal toxicity contributes to the highly fatal nature 

of glioblastoma which is reflected by its poor 5-year survival rate of only 7% 

(Miller et al., 2021). Although this study was investigating a type of brain 

cancer, glioblastoma and medulloblastoma differ in several important ways. 

Firstly, glioblastoma primarily affects adults (Miller et al., 2021) whereas 

medulloblastoma is a paediatric disease. This means that medulloblastoma 

has the potential to influence early brain development in patients whereas 

glioblastoma does not. Secondly, glioblastoma is highly fatal compared to 

medulloblastoma. Medulloblastoma has an overall 5-year survival rate of 

70%, compared to only 7% for glioblastoma (Johnston et al., 2018; Miller et 

al., 2021). Thirdly, glioblastoma is glial in origin whereas medulloblastoma is 

an embryonal tumour (Kim et al., 2021). Equally, due to the heterogeneous 

nature of brain cancers, results relating to glioblastoma cannot be applied to 

medulloblastoma. As medulloblastoma has a high survival rate and the 

potential to alter brain development at a key developmental stage, it is 
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important to determine whether medulloblastoma EVs can alter cortical 

neurone development as more patients survive and live to see the potential 

neurodevelopmental consequences.  

 

1.7.2 Chemotherapy modifies extracellular vesicle release 

 

Treatment of cancer cells with a chemotherapeutic agent is known to 

increase the release of EVs compared to treatment with a vehicle control. 

One study found that treating human prostate cancer cells with Doxorubicin 

resulted in the production of up to 30 times more EVs over a 24 period 

(Aubertin et al., 2016). Additionally, cancer cells can expel chemotherapeutic 

molecules via EVs. Human ovarian carcinoma (HOC) cells which have 

developed resistance to cisplatin, secrete EVs which contain approximately 

2.6 times as much cisplatin compared to HOC cells which are not cisplatin-

resistant (Safaei et al., 2005). Consequently, it is possible that EVs released 

from drug-resistant medulloblastoma cell lines will also contain 

chemotherapeutic molecules, with the potential ability to affect neuronal 

growth and survival.  

 

1.7.3 Isolating extracellular vesicles  

 

There are numerous methods for the isolation of EVs from conditioned cell 

culture media or biofluids, all of which have their own advantages and 

limitations. Differential ultracentrifugation uses high powered centrifugation to 

isolate the EVs into a single pellet. First, the cell culture medium or biofluid is 

spun at 1500 x g for 10 minutes to pellet and remove any cell debris, 

followed by centrifugation of the supernatant at 10,000 to 20,000 x g for up to 

30 minutes. Finally the supernatant is spun again at 100,000 x g for at least 

70 minutes (Momen-Heravi et al., 2013). The pellet (which contains the EVs) 

is then resuspended in buffer ready for EV characterisation or functional 

studies (Momen-Heravi, 2017).  

 

Size exclusion chromatography (SEC) is a more recent method that enables 

the isolation of particles (including EVs) based on their size from conditioned 
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medium or biofluid. SEC uses columns which are filled with porous beads. 

The sample is loaded at the top of the column (followed by buffer) and as the 

sample moves through the column smaller particles enter the pores of the 

beads, slowing their passage. The void fraction is eluted first followed by 

several EV fractions and then smaller particles (including proteins) (Böing et 

al., 2014). SEC can now be performed using an automated fraction collector 

(AFC) which ensures precise collection of fractions and reduces the time 

needed to isolate EVs.  

 

Another method for EV isolation is ExoQuick which utilises the precipitation 

method of EV isolation. Briefly, the conditioned medium or biofluid is 

incubated overnight with the ExoQuick solution (which contains a unique 

polymer that precipitates the EVs) and is then spun at 3,000 x g for 30 

minutes to produce a pellet containing the EVs (Veerman et al., 2021). 

 

All of these methods have their limitations. Ultracentrifugation can result in 

contamination of the EV sample by protein aggregates, damage the EVs and 

often produces a low yield of EVs (Lamparski et al., 2002). It can also be 

quite time consuming due to the multiple spin steps and requires an 

ultracentrifuge. Although SEC has been found to produce EV fractions which 

have greater levels of the EV marker CD81 when compared to 

ultracentrifugation, it may also result in more contamination by lipoproteins 

and greater protein contamination in the later EV fractions (Takov et al., 

2019). Unlike differential ultracentrifugation, the low spin speed used for 

ExoQuick means that damage to EVs is less likely to occur. However, 

ExoQuick produces less useful miRNA sequencing data compared to SEC, 

despite producing a greater yield of EVs (Veerman et al., 2021; Yang et al., 

2021). This is because SEC produces purer isolates and the smallest 

amount of non-specific miRNA. This suggests that SEC may be the optimal 

method of EV isolation for generating miRNA data especially as automated 

SEC ensures reproducibility between laboratories. All of these isolation 

methods are routinely used in EV research and as suggested by one study 

which compared five different methods of EV isolation, the best isolation 
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method may differ between researchers depending on their sample type and 

research aims (Veerman et al., 2021).  

 

1.7.4 Storing extracellular vesicles  

 

Although there are several well-established methods for EV isolation, a way 

to store EVs (particularly in the long term) that does not result in changes in 

EV size, concentration or cargo has not been established. One study 

demonstrated that storage of EVs at 4°C, -20°C or -80°C for up to 4 weeks 

maintains the size distribution of the EVs but that the total EV number 

decreases by than more than 40% in a time-dependent manner. -80°C was 

recommended for the long-term storage of EVs. Additionally, this study found 

that after 4 weeks of storage the cellular uptake of EVs is reduced (Wu et al., 

2021). However, others have shown that EV concentration does not change 

when EVs are stored for 4 weeks at 4°C or at -80°C (Deville et al., 2021). 

The reason for the contrasting nature of these two studies is unclear as both 

used differential ultracentrifugation to isolate the EVs and nanoparticle 

tracking analysis (NTA) to quantify the concentration of EVs in the sample. 

However, even if EVs can be successfully stored for up to 4 weeks it appears 

that beyond that changes to EV characteristics are much more difficult to 

prevent. One study clearly demonstrated this by testing 8 different storage 

conditions but they found no way to prevent the decrease in EV sample 

quality after 6 months (Gelibter et al., 2022).  

 

The use of cryoprotectants may improve the storage of EVs. For example, 

one study found that simply storing EVs at -80°C in a 5% sucrose solution, 

rather than phosphate buffered saline, maintained the concentration of EVs 

in the sample for 9 weeks. CD63 and CD81 (commonly used markers of 

EVs) were also enriched in the sucrose-stored samples (Walker et al., 2022). 

Trehalose has also been used to preserve frozen EVs. By adding 25 mM of 

trehalose to the EV storage buffer the EV concentration remained stable 

after 4 freeze-thaw cycles (a process which is known to reduce the stability 

of the sample) (Bosch et al., 2016).   
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1.7.5 Characterising the physical properties of extracellular vesicles   

 

After the isolation of EVs from conditioned cell culture medium or biofluid the 

characterisation of EVs is an important step to determine their morphology, 

abundance and the presence of established markers. One of the most 

commonly used techniques to quantify the concentration and size of EV 

samples is NTA. NTA uses a laser and camera to calculate the size of 

individual particles based on their Brownian motion. By injecting a small 

sample of EVs (0.5 ml) the user can quickly determine the size distribution, 

concentration and colloidal stability (by using Zeta-potential to measure the 

surface potential of the EVs) of the EVs within the sample (Filipe et al., 2010; 

Midekessa et al., 2020). NTA can also be used in conjunction with 

fluorescent dyes or antibodies to tag EVs and reduce the likelihood that 

contaminants in the sample are recognised as particles (Thane et al., 2019). 

However, NTA cannot be used to determine the morphology of EVs.  

 

Cryo-electron microscopy (Cryo-EM) is often used to visualise the 

morphology of EVs. Cryo-EM works by flash-freezing a sample to form a 

layer of ice as thick as a single molecule (Milne et al., 2013). This enables 

the visualisation of subcellular particles, such as EVs. One drawback of cryo-

EM is that the images produced have very low contrast, but it remains an 

indispensable tool for visualising EVs. Using cryo-EM it has been shown that 

EVs have a diverse morphology including ovals, tubules and double EVs 

(where a smaller EV is located within a larger one) (Zabeo et al., 2017). 

Notably, the ‘Minimal Information for Studies of Extracellular Vesicles – 2018’ 

(MISEV2018) published by the International Society of Extracellular Vesicles 

(ISEV) recommends cryo-EM as the gold-standard for the visualisation of 

single vesicles (Théry et al., 2018).  

 

Advanced flow cytometry techniques are now being used in order to better 

visualise and characterise EVs. High-sensitivity flow cytometry (HS-FCM) 

can be used to quantify the size of individual EVs (Deville et al., 2021; Stoner 

et al., 2016). Imaging flow cytometry can also be used to visualise individual 

EVs within a sample by using fluorescent dyes or antibodies which either 
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label all EVs or specific EV markers (such as the tetraspanins) (Lannigan & 

Erdbruegger, 2017; Tertel et al., 2020). It can also identify whether an EV is 

double-positive for two specified markers (Woud et al., 2022). Another new 

technique is tunable resistive pulse sensing (tRPS) which measures the size 

and zeta-potential of individual EVs as they pass through a nanopore by 

recording the change in current caused by ionic flow (Maas et al., 2017). Izon 

have recently developed a commercially available tRPS system (EXOID from 

Izon Science) which aims to provide a standardised approach to EV 

measurement. Importantly, tRPS appears to be better able to distinguish 

between subgroups of uniform polystyrene beads of different sizes when 

compared to NTA (Vogel et al., 2021).  

 

Membrane dyes such as MemBright can also be used to visualise isolated 

EVs as they emit a fluorescent signal when they come into contact with a 

plasma membrane (Collot et al., 2019). This dye has enabled the 

visualisation and spatiotemporal tracking of EVs which have been isolated 

and incubated with MemBright within living zebrafish embryos, allowing the 

authors to follow the path of EVs through the bloodstream and determine 

which cell types the EVs are taken up by using fluorescent microscopy 

(Hyenne et al., 2019). It can also be used to visualise the uptake of EVs by 

primary mouse hippocampal and cortical neurones in culture (Antoniou et al., 

2023).       

 

1.7.6 Characterising the proteomics, cargo and RNA profiles of 

extracellular vesicles  

 

Known protein markers of EVs can be useful in determining the presence of 

EVs within a sample. MISEV2018 (Théry et al., 2018) categorises these 

markers into 5 categories, 3 of which should be reported by any study which 

claims to show the presence of EVs (Table 1). Western blotting is often used 

to identify the presence of these markers within a sample (Kowal et al., 

2017). Western blotting uses both gel electrophoresis and 

immunocytochemistry principles to visualise the presence of proteins and 

can be used to estimate the abundance of the protein within the sample. 
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After lysis and centrifugation of the EV sample, proteins are loaded onto a 

gel and subjected to gel electrophoresis before being transferred to a 

membrane. The membrane is then blocked and incubated in the primary 

antibodies needed to visualise the chosen EV markers. After washing the 

membrane is incubated in a solution of secondary antibodies which are 

conjugated to a reporter enzyme or a fluorescent dye which enables the 

visualisation of proteins on the membrane (Iavello et al., 2016). 

 

 

 

Table 1. The three essential categories of extracellular vesicle and 

non-extracellular vesicle markers as required by MISEV2018. 

Category Examples of markers 

Transmembrane proteins which are found 

within the bilayer membrane of extracellular 

vesicles 

CD63 

CD81 

CD82      

Transferrin receptor 

(TFR2) 

Sonic Hedgehog (SHH) 

Acetylcholinesterase 

(found in neuronal 

extracellular vesicles)  

Proteins known to be found in the cytosol of 

extracellular vesicles 

ESCRT-I 

ESCRT-II 

ESCRT-III 

ALIX  

FLOT1 

FLOT2  

Proteins associated with common 

contaminates of extracellular vesicle samples 

such as lipoproteins and albumin. This helps 

to determine the purity of the sample   

Albumin (ALB) 

Apolipoprotein A1 

Apolipoprotein A2  
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Mass spectrometry can be used to provide a more detailed characterisation 

of the protein, lipid and metabolite contents of EVs (Jalaludin et al., 2023). 

Mass spectrometry has been used to identify potential cancer-specific EV 

biomarkers for a range of cancers including bladder, colon, breast and 

ovarian (Bandu et al., 2019). Mass spectrometry works by deflecting 

vaporised ionised molecules using a magnetic field. The deflection recorded 

enables the characterisation of the molecules within the sample (Olshina & 

Sharon, 2016). However, mass spectrometry cannot characterise single EVs, 

something which can now be achieved with single EV sequencing-based 

protein analysis. This method may help us to better understand the 

heterogenous nature of EVs. By tagging individual EVs with unique antibody-

DNA tags it is possible to perform next-generation sequencing on individual 

EVs to determine the expression profiles of different proteins across a 

sample (Ko et al., 2021).   

 

Quantitative reverse transcription polymerase chain reaction (RT-qPCR) is 

commonly used to determine the levels of different mRNAs in a sample of 

EVs but can also be used to assess levels of different miRNAs (H. Lee et al., 

2020). To perform RT-qPCR, the isolated RNA is converted into 

complementary DNA (cDNA) using primers and reverse transcriptase. This is 

followed by amplification of the cDNA by DNA polymerase which is 

monitored by a fluorescent probe. The number of cycles it takes for the 

cDNA fluorescence to reach a set threshold reflects the original quantity of 

cDNA, and therefore mRNA, in the sample (Adams, 2020). However, it 

should be noted that increased mRNA expression does not always directly 

translate to increased protein level (Koussounadis et al., 2015). Although, it 

should be noted that RT-qPCR is much more sensitive than western blotting 

so a protein that is not identified by western blot may still be present within 

the EV if the mRNA is detected by RT-qPCR (O’Brien et al., 2020).  

 

1.7.7 New techniques for extracellular vesicle isolation and 

characterisation  
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Despite the numerous techniques for EV isolation and characterisation, 

several new techniques are being developed which attempt to streamline this 

process. One such technique is electric field-induced release and 

measurement, or EFIRM. Magnetic beads conjugated to an anti-CD63 

antibody were used to capture EVs and then a non-uniform electric field was 

applied to disrupt the membrane of the EVs and release RNA and proteins 

from within the EV. These RNA and proteins then bind to detector electrodes 

which can quantify the amount present in the sample (Wei et al., 2013). This 

technique could be used to rapidly check for EV tumour biomarkers present 

in both blood and saliva.     

 

Increasingly, microfluidic devices are being used to isolate EVs. One study 

combined immuno-affinity and a microfluidic device called the OncoBean to 

capture EVs within the device, which could later be released for downstream 

analysis or functional studies. Using antibodies against the common EV 

markers CD9, CD63 and CD81 (which were conjugated to desthiobiotin) they 

could coat the OncoBean with these antibodies via dethiobiotin-avidin 

binding. After injecting the sample and immobilising the EVs via the 

desthiobiotin-conjugated antibodies, the EVs could then be released by 

adding biotin which binds more strongly to avidin, displacing the 

desthiobiotin-conjugated antibodies (Lo et al., 2020). This method enables 

the isolation of EVs and reduces the risk of contamination by similarly sized 

molecules or protein contaminates. Similarly, the exosome total isolation chip 

(exoTIC) utilises a microfluidic device to isolate EVs. The exoTIC device 

contains several nanoporous membranes to filter and isolate EVs from 

conditioned medium or biofluid. As the device contains several membranes 

with pores of different sizes, different size populations of EVs can be isolated 

individually. It also produces a much greater yield of EVs compared to 

traditional ultracentrifugation (Liu et al., 2017).  

 

However, these newer techniques are limited by their availability and cost. 

When compared to more typical EV isolation and characterisation methods it 

may be that, at present, the cost of these methods outweighs the advantages 

that they have over more traditional techniques.  
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1.8 Using medulloblastoma cell lines and primary neuronal culture  

 

When studying medulloblastoma, many researchers use medulloblastoma 

cell lines which are derived from human tumours and maintained as 

continuous cell lines. Continuous cell lines emerge when a random genetic 

mutation occurs, enabling the continuous cell division of a particular cell. 

Although there are many medulloblastoma cell lines, a comprehensive 2016 

review identified that out of 44 established medulloblastoma cell lines, only 

18 have been classified into subgroups (Ivanov et al., 2016). Two of these 

cell lines (D425 and D458) are classified as Group 3 medulloblastoma and 

originate from the same 6-year-old male patient. However, one cell line is 

derived from the original medulloblastoma tumour (D425) and the other from 

a recurrent tumour (D458) (He et al., 1991). The primary tumour was located 

in the posterior fossa and the recurrent tumour cells were isolated from the 

cerebrospinal fluid 6 months after diagnosis (after chemotherapy and 

radiation treatment were unsuccessful). This makes these cell lines 

particularly useful as it may be possible to use them to investigate the 

differences between primary and recurrent medulloblastoma. Cell lines have 

the advantage of being more readily available than human tumour tissue and 

in principle, ensure that experiments are reproducible as there should be little 

variation between cultures from the same line. However, using different cell 

culture media, different coating agents and different plating densities can 

produce variation within a single cell line (Hirsch & Schildknecht, 2019).  

 

Cross-species application of human EVs to rodent neuronal models is well 

established, including the use of rodent primary culture (Amit et al., 2020; 

Kovacs et al., 2020; Lucido et al., 2019). Using mouse primary cortical 

neurones enables the study of neurones in their earliest stages of 

development (Lesuisse & Martin, 2002). Mouse cortical neurones are a well-

established model in neuroscience research and are similar in morphology 

and gene expression to human neurones (Hodge et al., 2019). Although 

human and mouse neurones are not identical (for example, human dendrites 

are longer and thicker (Ofer et al., 2022)), primary mouse neurones are an 
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invaluable model which can be used to investigate a wide range of biological 

mechanisms.  

 

1.9 Aims and hypotheses  

 

It has been identified that EVs from both peripheral and central tumours can 

alter neuronal development, either by stimulating neurite outgrowth or by 

inducing neuronal cytotoxicity (Kovacs et al., 2020; Lucido et al., 2019; 

Madeo et al., 2018; X. Zhou et al., 2020). Although these studies 

demonstrate that EVs derived from cancer cell lines and patient samples can 

alter neuronal morphology, it has not been established whether EVs from 

medulloblastoma cell lines can alter neuronal growth and development in the 

same way (despite evidence that PBTS are more likely to develop 

neurodevelopmental disorders than healthy children (Hsu et al., 2023)).  

 

The normal development of mouse primary cortical neurones in culture was 

characterised by quantifying axon length, mean branch length and the 

proportion of polarised neurones. EVs were collected from the primary and 

recurrent medulloblastoma cell lines and the size distribution and size of the 

particles was measured using NTA to ascertain any differences in EV 

production between the two cell lines. MemBright, a fluorescent membrane 

probe (Collot et al., 2019), was used in an attempt to visualise the EVs. The 

primary hypothesis was that EVs derived from medulloblastoma cell lines 

would affect neuronal development and axonal growth in mouse primary 

cortical neurones. To test this, EVs from the medulloblastoma cell lines were 

added to the cortical neurones and a well-established immunocytochemistry 

protocol was used to quantify any changes in neuronal development (axon 

length, mean branch length, neuronal polarisation and neuritogenesis) after 

24, 72 and 120 hours. It was also necessary to confirm that molecules found 

within the fresh medulloblastoma cell culture medium (which may be 

inadvertently isolated with the medulloblastoma EVs) were not responsible 

for any observed effects.  
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2. Methods  

 

2.1 Animals  

 

C57BL/6J mice (Charles River, UK) were housed in the Biomedical Services 

Unit at the University of Nottingham and treated according to the ethics and 

welfare regulations of the Animals (Scientific Procedures) Act 1986.  

 

2.2 Culture of mouse primary cortical neurones  

 

Required media, solutions and reagents: 

 

- Poly-l-ornithine (PLO) (P4638-100mg, Sigma-Aldrich). Stock solution 

1mg/ml in dH2O. Stored at -20°C. Working solution 50µg/ml in dH2O – 

filter sterilised before use. Stored at 4°C 

- Hanks’ Balanced Salt Solution (HBSS) (H9394, Sigma-Aldrich). 

Stored at 4°C  

- Dulbecco’s phosphate-buffered saline (DPBS) (D8537-500ml, Sigma). 

Stored at 4°C 

- Trypsin (T9201, Sigma-Aldrich). 10mg/ml in DPBS – filter sterilised 

before use. Stored at -20°C 

- HyPure™ Particle-free water (Cytiva). Stored at room temperature   

- Deoxyribonuclease (DNAse) (D5025-15KU, Sigma-Aldrich). 5mg/ml in 

HyPure™ Particle-free water (Cytiva). Stored at -80°C 

- Trypsin inhibitor (T9003, Sigma). 10mg/ml in DPBS – filter sterilise 

before use. Stored at -20°C 

- Neurobasal medium (21103-049, Gibco). Stored at 4°C 

- Supplemented neurobasal medium. Glutamax (35050-061, Gibco) 1% 

(v/v) and B27 supplement (50x) (17504-044, Gibco) 2% (v/v) in 

neurobasal medium. Stored at 4°C  

- Chemgene™ (Medimark International™) 

- 70% ethanol in dH2O 
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Before each use, the class II biological safety cabinet (BSC) was wiped down 

with Chemgene (5%) and sprayed with 70% ethanol. Aseptic techniques 

were adhered to throughout the dissection and cell culture process.  

 

2.2.1 Coating of plates and coverslips  

 

The day before embryonic tissue was harvested, 19mm round glass 

coverslips were placed into a petri dish containing 70% ethanol and left for 

30 seconds to sterilise. Using a pair of forceps, the coverslips were 

transferred to a 12-well plate and left to dry. 0.5ml of the Poly-L-ornithine 

(PLO) working solution (0.05mg/ml in dH2O) was added to each well and the 

plates were placed into an incubator and left overnight (37°C, 5% CO2). On 

the morning of tissue collection, in the BSC, the PLO was removed from the 

plates and each well was rinsed twice with sterile dH2O. The plates were left 

to dry in the BSC until the primary cortical neurones were plated.   

 

2.2.2 Dissection of the mouse cortices  

 

Schedule 1 killing of the pregnant adult female mouse was performed by a 

trained individual. The abdomen was sprayed with 70% ethanol in 

preparation for the removal of the uterus. The skin was cut using scissors 

and forceps were used to expose the uterus. The uterus was cut away from 

the abdominal cavity and placed into a 90mm petri dish filled with 

approximately 20ml of HBSS. Using two pairs of forceps, a trained individual 

then carefully removed the embryos from the uterus and amniotic sac and 

immediately decapitated them using a pair of scissors. Each head was 

transferred to an empty petri dish where the brain was removed and 

immediately transferred to another petri dish containing HBSS. To remove 

the brain, a pair of forceps were used to hold the head in place whilst spring 

scissors were used to cut through the skin and cartilage from posterior to 

anterior along the midline. The brain was then gently removed from each 

embryo using a curved Iris tool and placed into another petri dish containing 

HBSS. 
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Under a dissection microscope, the cortices were isolated using two pairs of 

forceps to split the cortices along the superior sagittal sinus and pull them 

away from the surrounding brain areas. The meninges were gently pulled 

away from the cortices and up to 6 individual cortices were placed into a 

sterile nunc containing 2ml of HBSS.  

 

2.2.3 Dissociation of the mouse cortices  

 

Back in the BSC, the cortices were dissociated into small fragments using 

two pairs of forceps and then 200µl of trypsin (final concentration – 1mg/ml) 

and 20µl of DNAse (final concentration - 50µg/ml) were added to each nunc. 

Each nunc was gently agitated and then placed in the incubator for 30 

minutes.  

 

After 30 minutes, 100µl of trypsin inhibitor (final concentration – 5% vol) was 

added to each nunc before the contents were transferred to separate 50ml 

falcon tubes containing 6ml of neurobasal medium. If the tissue sank to the 

bottom of the tube, most of the medium was carefully removing using a 10ml 

stripette, leaving around 1ml of medium in the tube. 10µl of DNAse was 

added and the tube agitated gently. If the tissue did not sink to the bottom of 

the tube, the same volume of DNAse was added without any medium being 

removed. 5ml of neurobasal medium was then added to each tube and 

again, most of the medium was removed leaving approximately only 1.5ml of 

medium. Another 10µl of DNAse was added before the tissue was triturated 

using a 2ml stripette to gently draw up and expel the tissue around 10 times 

until no visible pieces of tissue were left. Next, each tube was topped up to a 

total volume of 10ml with neurobasal medium and spun in a centrifuge 

(Eppendorf 5810, D462 rotor) for 5 minutes at 250 x g to pellet the cells. The 

supernatant was carefully removed without disturbing the pellet and 1ml of 

supplemented neurobasal medium was added per brain and the pellet 

resuspended to create the stock cell suspension. A cell count was performed 

using a TC20™ Automated Cell Counter (Bio-Rad) and then the stock 

suspension was diluted if necessary to produce a cell stock of 10,000,000 

cells per ml.  
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2.2.4 Plating of mouse primary cortical neurones  

 

For low density 12-well plates, the stock suspension was diluted 1:12 in 

supplemented neurobasal medium and then this was diluted again at a 

concentration of 1:12 to create the final cell suspension (1:144). 1ml of the 

final cell suspension was then added to each well before the plate was 

placed back in the incubator.  

 

2.3 Medulloblastoma cell lines  

 

Required media, solutions and reagents:  

- Dulbecco’s Modified Eagle Medium (DMEM) (41966029, Gibco™, 

ThermoFisher Scientific). Supplemented with 10% Bovine growth 

serum (BGS) to produce complete medium. Stored at 4°C   

- HyClone bovine growth serum (BGS) (SH30541.03, ThermoFisher 

Scientific). Stored at -20°C until use in complete medium  

- Trypsin-EDTA solution (T4171, Sigma-Aldrich). Stored at -20°C until 

use and then stored at 4°C. 5ml trypsin-EDTA added to 45ml of HBSS 

to produce x1 trypsin-EDTA solution (v/v) 

- HBSS (24020117, Gibco™, Fisher Scientific). Stored at 4°C until 

opened and then stored at room temperature  

- EV-depleted medium (ultracentrifuge 50ml of BGS at 100,000 x g for 

18 hours at 4°C (Optima™ LE-80K ultracentrifuge, Beckman Coulter, 

SW41TI rotor) and carefully remove the supernatant leaving at least 

1cm at the bottom of the tube. Filter sterilise twice before adding to 

DMEM to produce 10% EV-depleted BGS in DMEM) 

- Trypan Blue (25-900-Cl, Corning). Stored at room temperature  

 

2.3.1 Maintenance of cells  

 

The D458 and D425 cell lines were passaged twice a week (Monday and 

Thursday) with the Monday split being a 1:8 split and the Thursday being 

1:10 to make up for the slight differences in time between them. This 
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ensured that the cells were approximately 70% confluent whenever they 

were split. The medium was removed from each flask and added to a 50ml 

falcon tube. The T75 flask was then washed with 5ml HBSS by gently 

rocking the flask side to side and this was then added to the same falcon 

tube. This ensured that all of the non-adherent cells were collected. 3ml of 

trypsin was added to each flask and the flasks were placed back into the 

incubator (37°C, 5% CO2) for 4 minutes. After 4 minutes, the flasks were 

removed and gently tapped to ensure that all the cells had lifted off from the 

base of the flask (this was checked under a microscope and the flasks were 

placed back into the incubator for another minute if necessary). 3ml of 

complete medium was then added to each flask to inactive the trypsin before 

the back of the flask was washed with this complete medium/trypsin solution 

to ensure that all of the cells were detached. All the liquid was transferred to 

the falcon tube and then spun in a centrifuge (Sigma 3-16 centrifuge, 11180 

rotor) at 220 x g for 5 minutes at room temperature to pellet the cells. During 

this time, new T75 flasks were prepared by adding 9.5ml of DMEM (BGS 

10%) to each one and labelling them with the cell line, date, passage number 

and split ratio. The supernatant was carefully removed from the pelleted cells 

and discarded into a waste bucket before the cells were resuspended in 5ml 

(for a 1:10 split) or 4ml (for a 1:8 split). 0.5ml of the cell stock was then 

added to each flask to make a total volume of 10ml. On the Monday, each 

cell line was split into 3 flasks to provide the 2 T75 flasks needed for EV 

isolation and one flask to keep the cell line going.  

 

2.3.2 Collection of conditioned medium  

 

24 hours after splitting, the cells were approximately 30% confluent and 

ready to have their medium changed to EV-depleted medium in preparation 

for EV collection. The medium was removed from each flask and added to a 

50ml falcon tube (one tube for each cell line). The flasks were then washed 

twice with 5ml HBSS to ensure that any free-floating bovine-derived EVs 

found in the BGS had been removed. The medium and washes were then 

spun at 220 x g for 5 minutes to pellet the cells that were non-adherent. 5ml 

of EV-depleted medium was added to each flask to prevent the cells from 
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drying out. The supernatant was then carefully removed and the cell pellet 

was resuspended in 10ml EV-depleted medium (as the pellet contained two 

flasks worth of cells). 5ml of these cells were then added back to each flask 

containing the adherent cells to produce a final volume of 10ml.  

 

48 hours later, the medium was removed and then spun at 110 x g for 5 

minutes to pellet the cells. The medium was then transferred to a new tube 

which was spun at 1500 x g for 10 minutes to pellet any cell debris. This 

medium containing the EVs was then transferred to another tube and was 

stored in the fridge at 4°C until EV isolation. The cell pellet from the first spin 

was resuspended in 10ml HBSS and combined with the cells from the flasks 

following trypsinisation. 10µl of these cells were added to 10µl of Trypan 

Blue before a cell count and cell viability check was performed using an 

automated cell counter (CellDrop™ Automated Cell Counter, DeNovix) with 

the focus set to 645 on the Trypan Blue setting.  

 

2.4 EV isolation 

 

Required solutions and reagents: 

- Dulbecco’s phosphate-buffered saline (DPBS) (D8537-500ml, Sigma). 

Stored at room temperature once opened and only opened in a BSC 

(sterile)  

- NaOH (S5881-500g, Sigma-Aldrich) 0.5M in dH2O. Stored at 4°C 

- Sodium Azide (71920, Aldrich). Stored at room temperature  

- 70% ethanol in dH2O 

 

To concentrate the 20ml of collected medium for EV isolation, each sample 

was transferred to a protein concentrator (10kDa PES MWCO 5-20ml, 

Pierce). This was undertaken in a BSC to prevent contamination of the 

samples. The concentrators were spun at 3600 x g for approximately 45 

minutes, or until the sample had been concentrated to 0.5ml (GT4R 

centrifuge, Fisherbrand). In the BSC, the 0.5ml of concentrated medium was 
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transferred to a 1.5ml Eppendorf tube and then stored at 4°C for no more 

than 2 weeks before use. 

 

EV isolation was performed using the Izon Automatic Fraction Collector 

(AFC) with Legacy 70nm columns (which have an optimum isolation range of 

70nm to 1000nm). The columns were stored at 4°C until use when they were 

left at room temperature for 15 minutes to equilibrate. To start, the AFC 

carousel was aligned and calibrated as per the manufacturer’s instructions. 

The upper and lower caps were removed and the column was mounted to 

the AFC. The AFC was set to collect 6 fractions, each 0.5ml in volume with 

the default buffer volume (2.7ml). This enabled the collection of 3 EV 

fractions (EV1, EV2 and EV3) and 3 protein fractions (P1, P2 and P3). To 

clean the column before the first sample collection, it was flushed with 10ml 

of 0.5M NaOH followed by 20ml of DPBS. Six sterile 1.5ml Eppendorf tubes 

were loaded into the carousel as instructed by the AFC with the lids facing 

inwards. The column was then primed with approximately 5ml of sterile 

DPBS and 0.5ml of the sample was loaded onto the top of the column using 

a filtered tip (to reduce the risk of contamination). Once the sample had been 

completely drawn into the column, 6ml of DPBS was added. The AFC then 

collected the 6 fractions in order as the sample moved through the column. 

Once complete, the Eppendorf tubes were labelled (EV1 – P3), removed and 

placed into the fridge at 4°C. Between samples, the column was cleaned as 

described above. After the final clean, 12ml of sodium azide in DPBS (0.05% 

w/v) was flushed through the column until only 2ml remained above the frit. 

The column was then removed from the AFC, the caps were replaced and 

the column was placed back into the fridge at 4°C. Each column was used a 

maximum of 5 times as per the manufacturer’s instructions. The AFC valve 

and nozzle were cleaned using 5ml of distilled water followed by 5ml of 70% 

ethanol to prevent the formation of salt crystals.  

 

2.5 Nanoparticle Tracking Analysis 

 

Required solutions and reagents: 

- HyPure™ Particle-free water (Cytiva). Stored at room temperature   
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- DPBS (D8537-500ml, Sigma). Stored at room temperature once 

opened  

- Alignment suspension polystyrene beads (70325C, Applied 

Microspheres). Stored at 4°C 

 

Nanoparticle tracking analysis was performed using the ZetaView (Analytik 

Ltd.). The ZetaView cell was rinsed with particle-free water from the reservoir 

for 60 seconds whilst 20ml of particle-free water was injected into the front 

port using a 20ml syringe. When the rinse was finished the ZetaView 

performed a cell quality check to ensure that the cell was clear of debris and 

ready for experiments. The alignment suspension was then prepared using 

alignment suspension polystyrene beads and particle-free water. To make a 

final dilution of 1:250,000, 10µl of the alignment suspension polystyrene 

beads were added to 10ml of particle-free water in a tube. The tube was 

rocked gently to ensure that the beads were evenly distributed without 

introducing microbubbles. 80µl of this solution was added to 20ml of particle-

free water in another tube. Again, the tube was rocked gently to mix the 

solution. 2ml of this final dilution was then injected into the front port using a 

syringe before the ZetaView performed focus optimisation and calibration. 

The temperature was then set to 25°C and the cell was flushed with DPBS 

(both using the pump and injecting 20ml of DPBS into the front port using a 

20ml syringe). Flushing with the same buffer that the sample is suspended in 

prevents ionic drift once the sample is loaded. Approximately 750µl of 

sample was then injected into the front port using a syringe before video 

acquisition was run. A standard operating procedure was used with 11 

positions and 3 cycles selected (camera sensitivity - 80, frame rate – 30 

frames per second, shutter speed - 100). Video acquisition was then run to 

count the number of particles per ml and measure the size of each particle. 

This was repeated for all three EV fractions isolated from each sample. 

Between each sample, the ZetaView was flushed with DPBS to prevent 

contamination from the previous sample. Once the final measurement was 

complete, the ZetaView was flushed with particle-free water from the 

reservoir whilst at least 3 x 1ml of particle-free water was injected through 
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the front port using a syringe. This was then immediately followed by 4 x 

20ml syringes of air to dry out the cell.  

 

2.6 Dosing mouse primary cortical neurones with medulloblastoma-

derived EVs 

 

To assess the effect of medulloblastoma-derived EVs on cortical neurone 

development, cells were dosed on Day 2 (24 hours after seeding) with either 

100µl of D458 EV2, D425 EV2, D458 mixed protein fractions, D425 mixed 

protein fractions, DPBS (as the vehicle solution) or left as a control well. Two 

wells were used for each condition to produce two technical replicates. 

 

2.6.1 Preparation of the EV samples used 

 

For the mixed protein fractions, 150µl of each protein fraction was added to a 

single Eppendorf and gently mixed to produce a mixed protein fraction that 

could be added to the cells. 100µl of the mixed protein fraction was added to 

each well. EV2 was used to dose the cells and was diluted using sterile 

DPBS to ensure a consistent number of EVs between experiments. For the 

D425 cell line EV2 was diluted down to 1.2x1010 EVs per ml and for the D458 

cell line the EV2 fraction was diluted down to 4x1010 EVs per ml when 

possible. 100µl was then added to each well. Where dilution was not 

possible (due to a lower number of EVs) 100µl of the isolated EV2 fraction 

was added.  

 

For the medium control experiments, EVs and protein fractions were isolated 

from 20ml of fresh 10% BGS in DMEM and 20ml of fresh 10% EV-depleted 

BGS in DMEM. As described above, cells were dosed on Day 2 with either 

100µl of 10% BGS/DMEM EV2, 10% EV-depleted BGS/DMEM EV2, 10% 

BGS/DMEM mixed protein fractions, 10% EV-depleted BGS/DMEM mixed 

protein fractions, DPBS (as the vehicle solution) or left as a control well. 
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2.7 Cell fixation and immunocytochemistry  

 

Required solutions and reagents:  

 

- Paraformaldehyde (P/0840/53, FisherChemical) 4% (w/v) in 1x PBS 

and 2.7% (w/v) sucrose. Stored at 4°C and can be kept for up to 1 

week    

- PBS (BR0014G, Oxoid). Made up to 1x PBS in dH2O and then 

autoclaved before use. Stored at room temperature 

- Triton X-100 (Sigma). Stored at room temperature 

- Glycine (G8898-1kg, Sigma). Stored at room temperature  

- Sucrose (S7903-1kg, Sigma). Stored at room temperature 

- Bovine serum albumin (BSA) (A7906-100g, Sigma-Aldrich) 3% (w/v) 

in PBS. Stored at 4°C   

- Acetylated tubulin primary antibody (T7451, Sigma-Aldrich). Stored at 

-20°C  

- Goat anti-mouse IgG (488) (A11001, AlexaFluor-488, Invitrogen). 

Stored at 4°C   

- DAPI (D9542-10mg, Sigma). Stored at -20°C 

- Phalloidin (P1951-1mg, Sigma). Stored at -20°C  

- VectaShield mounting media (Vector). Stored at 4°C 

 

- Buffer 1: 10mM glycine in PBS. Stored at 4°C   

- Buffer 2: 10mM glycine and 0.2% Triton X-100 in PBS. Stored at 4°C 

- Buffer 3: 0.1% Triton X-100 in PBS. Stored at room temperature  

 

Cells were fixed using PFA either 24, 72 or 120 hours after dosing, 

depending on the experiment. The medium was removed from the cells and 

PBS was gently added using a plastic pipette and then removed using a 

vacuum pump to wash the cells. Just enough 4% PFA (at room temperature) 

was added to each well to submerge the coverslip and after 30 minutes the 

PFA was removed. The coverslips were then washed 3 x 5 minutes with 

PBS, 3 x 5 minutes with buffer 1 and then incubated in buffer 2 for 30 
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minutes at room temperature to permeabilise the membranes of the cells. 

Next, the coverslips were incubated in 3% (w/v) BSA at room temperature for 

30 minutes. This process of blocking prevents non-specific binding of the 

primary or secondary antibody as the BSA binds to non-specific binding sites 

within the cells. The primary antibody (anti-acetylated tubulin) was then 

prepared in 3% BSA at a concentration of 1:300 with a total volume of 

approximately 30µl per coverslip. Within a humified opaque incubation 

chamber, approximately 25µl of the primary antibody solution was pipetted 

onto parafilm with one droplet for each coverslip. With a pair of forceps, each 

coverslip was then gently touched to absorbent paper roll to remove excess 

BSA and then transferred and placed cell side down on the parafilm on top of 

the antibody solution. The lid was then replaced on the incubation chamber 

and then it was placed in the fridge overnight at 4°C for approximately 18 

hours.  

 

The next day, the coverslips were transferred into 12-well plates from the 

incubator chamber cell side up. The coverslips were then washed with buffer 

3 for 3 x 5 minutes. The following secondary antibody and stains were 

prepared in 3% BSA (again with a total volume of 30µl per coverslip):  

 

- Goat anti-mouse IgG (488) (1:300)  

- DAPI (1:300) 

- Phalloidin (1:200)   

 

As described before, approximately 25µl per coverslip of the secondary 

antibody solution was pipetted onto a piece of parafilm within the incubator 

chamber, being careful to keep the lid on the incubation chamber to prevent 

the fluorophores from photobleaching. The coverslips were then placed cell 

side down on top of the droplets and incubated for 90 minutes at room 

temperature. After 90 minutes, the coverslips were returned to the 12-well 

plate cell side up, washed for 3 x 5 minutes with buffer 3 and then the wells 

were filled with 1ml of PBS. To mount the coverslips, 22µl of VectaShield 

mounting media was pipetted onto a glass slide and the coverslips were 

touched to absorbent paper roll to remove any excess PBS before being 
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placed gently onto the mounting media. Two coverslips were mounted onto 1 

glass slide. The slides were left to dry in a dark box at room temperature 

overnight before being transferred to a 4°C fridge for storage until imaging. 

 

2.8 MemBright Staining  

 

Required solutions and reagents:  

 

- BioTracker™ MemBright 560 Live Cell Dye (SCT084, Sigma-Aldrich). 

Supplied at 200µM in DMSO. Stored at -20°C 

- DPBS (D8537-500ml, Sigma). Stored at room temperature once 

opened  

 

To visualise and confirm the presence of medulloblastoma EVs, the 

fluorescent membrane probe MemBright was used (Collot et al., 2019). After 

isolation, the three EV fractions were concentrated down to between 100µl 

and 500µl using a 500µL protein concentrator (Vivaspin 500 - 10kDa MWCO, 

Cytiva) at 4,000 x g to 5,000 x g (Eppendorf 5415R microcentrifuge). 

MemBright was added to the concentrated EV fractions to produce a final 

concentration of 200nM and the EVs were left to incubate with the dye for 30 

minutes at room temperature (Hyenne et al., 2019). After 30 minutes, 15ml of 

DPBS was added to rinse the EVs and an ultracentrifuge (Optima™ LE-80K, 

Beckman Coulter, SW55TI rotor) was used to pellet the EVs (100,000 x g for 

70 minutes at 4°C) (Mary et al., 2020). The excess buffer was then removed 

and the pellets resuspended in sterile DPBS. As a negative control, the same 

concentration of MemBright was incubated with just DBPS, ultracentrifuged 

and resuspended in the same way as the EV sample. To visualise the dyed 

EVs, an imaging spacer (Grace Bio-Labs, Secure Seal™ Imaging Spacer 

13mm x 0.12mm) was stuck onto a microscope slide that had been sterilised 

with 70% ethanol to create a chamber for the MemBright-EVs. 20µl of the 

MemBright-EV solution was pipetted into the centre (after gentle vortexing to 

break up any large clumps of EVs) and a 22mm square glass coverslip was 

placed on top to seal the chamber. The EVs and control sample were 

visualised using a fluorescent microscope with an LED light source (Axio 
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Vert.A1, Zeiss™) with a x63 oil immersion lens. A sample of just DPBS was 

also imaged.  

 

2.9 Microscopy and quantification of neuronal morphology  

 

For each condition there were two technical replicates per experiment where 

possible (in some cases one technical replicate was lost due to 

contamination of the well). For each technical replicate, 10 images were 

taken (except for EV dosing at day 5 and day 7 where only 5 images were 

taken due to time constraints) at x20 magnification on a fluorescent 

microscope with an LED light source (Axio Vert.A1, Zeiss™). For x63 images 

an oil-immersion lens was used.    

 

Fiji ImageJ version 1.53 and the neuroanatomy SNT plugin (Arshadi et al., 

2021) were used to produce traces of individual axons. SNT enables partially 

automated tracing of axons to produce accurate traces which can be saved 

and measured. An axon was defined as a neurite which was at least 3 times 

the length of any other immature neurites protruding from the soma (Lucci et 

al., 2020). Each axon was traced by hand (assisted by the automated tracing 

function) and then the SNT programme was used to measure the length of 

each axon (defined as the longest path) and the mean length of all the 

branches. To quantify the proportion of polarised neurones for each image, 

the total number of neurones and the number of polarised neurones was 

counted (i.e. any neurone with an axon at least three times the length of any 

other immature neurites protruding from the soma (Lucci et al., 2020)). This 

enabled the calculation of the proportion of polarised neurones: 

 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑜𝑙𝑎𝑟𝑖𝑠𝑒𝑑 𝑛𝑒𝑢𝑟𝑜𝑛𝑒𝑠

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑛𝑒𝑢𝑟𝑜𝑛𝑒𝑠
= 𝑃𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝑜𝑓 𝑛𝑒𝑢𝑟𝑜𝑛𝑒𝑠 𝑝𝑜𝑙𝑎𝑟𝑖𝑠𝑒𝑑 

 

To asses neuritogenesis, neurones were counted if they had at least one 

neurite which was at least as long as the diameter of the soma (Gertz et al., 

2010). A similar calculation to the one above was used to calculate the 

proportion of neurones with immature neurites. Neuritogenesis was not 
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analysed past 24 hours after the addition of medulloblastoma EVs as it is a 

useful measure to capture only the earliest stages in the process of 

polarisation. To assess dendrite length, dendrites protruding from the soma 

of polarised neurones were measured. The quantification of neuronal 

morphology was performed blind where possible to experimental group, cell 

line and timepoint to reduce bias. To trace some of the axons, two adjacent 

images had to be stitched together in ImageJ. To achieve this, the Pairwise 

Stitching plugin within ImageJ was used. 

  

2.10 Statistical analysis  

 

N refers to the number of biological replicates (between 3 and 5 depending 

on the experiment). To assess normality, the Kolmogorov-Smirnov test was 

used. If data were considered normal, an ordinary one-way ANOVA was 

used to determine differences between experimental conditions followed by 

Bonferroni’s test for post-hoc analysis. For non-parametric data, the Kruskal-

Wallis test was used followed by Dunn’s post hoc test for multiple 

comparisons. If only two groups were being compared, a Mann-Whitney test 

was used as the data were non-parametric. In the case of two independent 

variables, a two-way ANOVA followed by Bonferroni’s post-hoc test was 

used. p was considered significant when less than 0.05 and all tests were 

two-tailed. Data was analysed using GraphPad PRISM 9.5.1.   
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3. Results  

 

3.1 Mouse primary cortical neurones undergo neuronal polarisation in 

vitro  

  

In order to establish how mouse primary cortical neurones grow and develop 

over time in vitro, mouse primary cortical neurones (harvested at E16.5) 

were cultured on PLO-coated coverslips in 12-well plates and fixed at several 

timepoints (Figure 4A) to observe the normal growth and development of 

these neurones without any intervention or treatment over the course of a 

week. Immunocytochemistry was performed to visualise the neurones and 

analyse their morphological development (Figure 4B). An antibody that 

detects acetylated tubulin was used to visualise the neurones as acetylated 

tubulin is highly expressed in the axon (Baas et al., 2016). Additionally, a 

fluorescently-labelled version of the phallotoxin phalloidin (which selectively 

binds to F-actin structures) was used to visualise actin filaments within the 

neurones. Using these two fluorescent probes in conjunction provides a 

detailed look at the structure of the primary cortical neurones. As DAPI binds 

to DNA, it was used to visualise the nucleus of each cell and confirm the 

presence and location of the soma.  

 

To analyse the changes in morphology of the neurones, three parameters 

were measured – axon length, mean branch length and the proportion of 

polarised neurones. A neurone was considered to be polarised if it 

possessed a single primary axon i.e., a process that was at least three times 

the length of any other neurites protruding from the soma (Lucci et al., 2020) 

(Figure 5A). If the neurone was polarised, the length of the axon and any 

branches extending from it were measured. The first images were taken on 

Day 2 to allow the neurones to adhere to the coverslips and to begin to 

extend projections. All the values were normalised to the mean of the values 

at Day 2 from the same culture to account for variability between biological 

replicates, which normally arises as a result of slight differences in seeding 

densities and fixing times. All three parameters measured increased from 
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Day 2 to Day 7 (Figure 5B, C & D). The typical stages of neuronal 

polarisation were observed (Figure 5E).  

Figure 4. The development of mouse primary cortical neurones over 

one week. Cortical neurones were cultured for 7 days in standard 

conditions (see Methods 2.2) (A). To visualise and characterise changes 

in morphology over 1 week, immunocytochemistry was used to visualise 

the cortical neurones at different time points (B). Green – acetylated 

tubulin, red – actin and blue – DAPI. Images taken using a CCD camera 

at x20 magnification on a fluorescent microscope with a LED light source. 
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3.2 Medulloblastoma cell lines release particles which are consistent 

with the size distribution of extracellular vesicles  

 

Two medulloblastoma cell lines were cultured for EV collection and isolation 

– the primary tumour cell line D425 and the recurrent tumour cell line D458. 

EVs were collected once per week as described in Methods 2.3. 

Nanoparticle tracking analysis (NTA) was used to quantify the number of 

EVs found in each EV fraction (EV1 to EV3). Although the D458 cell line 

released more EVs (Figure 6A & B), a two-way ANOVA revealed that there 

were no significant differences in the number of EVs in each fraction 

between the D425 and D458 cell lines (F(2,39) = 0.3785, p = 0.6874). The 

particle size distribution of both cell lines is consistent with the expected 

profile of EVs, with EVs from both cell lines found to have a peak mode 

diameter of 105nm (Figure 6C). To further confirm the presence of EVs, the 

fluorescent plasma membrane probe MemBright was used to stain EVs 

released from the D458 cell line which were then visualised using a 

fluorescent microscope with an LED light source and a x63 oil-immersion 

lens (Figure 6D). In the sample containing D458 EVs, a considerable number 

of small particles (likely EVs) were observed that were not present in the 

Figure 5. Mouse primary cortical neurones undergo typical 

polarisation in vitro. Mouse primary cortical neurones were grown in 

culture for 7 days and fixed at various timepoints. Immunocytochemistry 

was performed to visualise the neurones (see Methods 2.2 and 2.7). A 

schematic illustration of the process of neuronal polarisation (A). ImageJ 

was used to quantify neuronal morphology including the proportion of 

polarised neurones (B), axon length (C) and mean branch length (D). 

Mouse primary cortical neurones in culture show typical neuronal 

morphology and polarisation (E). Green – acetylated tubulin, red – actin 

and blue – DAPI. For (E), images were taken using a CCD camera at x63 

magnification on a fluorescent microscope with a LED light source. 

Significant differences were calculated using a Kruskal-Wallis test 

followed by Dunn’s post hoc test for multiple comparisons (* = p ≤ 0.05, ** 

= p ≤ 0.01, *** = p ≤ 0.001 **** = p ≤ 0.0001). Data are the normalised 

mean of between 3 and 5 independent biological replicates with error bars 

indicating mean ± SEM.  
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DPBS/MemBright or untreated DPBS. Large clumps were observed in both 

the EV sample and the DPBS/MemBright suggesting that they are clumps of 

unbound dye that were not removed in the washing process.  
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3.3 Medulloblastoma EVs from both primary and recurrent tumour cells 

increase neuritogenesis in primary cortical neurones after 24 hours  

 

EVs, the mixed protein fraction or DPBS (vehicle) were added to mouse 

primary cortical neurones on Day 2 of culture and the cells were fixed 24 

hours later (see methods). All conditions appeared to have similar normal 

neuronal morphology (Figure 7A). Analysis of neuronal morphology revealed 

that addition of EVs from both the primary (D425) and recurrent (D458) 

medulloblastoma cell lines increased the proportion of neurones which had 

developed at least one neurite (independent of whether it was an immature 

neurite or an axon) when compared to the vehicle (DPBS) treated neurones 

(Figure 7B). To assess neuritogenesis rather than axon length or 

polarisation, a neurite was defined as a process which was at least as long 

as the diameter of the soma (Gertz et al., 2010). Notably, this effect was not 

observed in the mixed protein fractions isolated from the conditioned cell 

culture medium (p > 0.05).  

 

Figure 6. D425 and D458 cell lines release extracellular vesicles 

(EVs) which can be quantified using nanoparticle tracking analysis 

(NTA). D425 and D458 cells were grown in culture and EVs were isolated 

from the conditioned medium using size exclusion chromatography (see 

methods 2.3 and 2.4). NTA was used to quantify the concentration of EVs 

in the samples isolated from the two medulloblastoma cell lines. The 

number of particles released per cell was calculated for each fraction 

(EV1-EV3) (A) and for the fractions combined (B). NTA was also used to 

generate the size distribution of both cell lines (C) and MemBright was 

used to confirm the presence of lipid bioparticles (D). For (D), images 

were taken using a CCD camera at x63 magnification on a fluorescent 

microscope with a LED light source. Red – MemBright. A two-way 

ANOVA was used to test for significant differences between the EV 

fractions with Bonferroni’s post hoc test. For the combined EV fractions a 

Mann-Whitney test was used. Data are the mean values from 3 ZetaView 

cycles for 7 or 8 EV collections from different cell passages where (B) is 

the sum of the values in (A). Error bars indicate mean ± SEM. Size 

distribution data is derived from the average of 3 independent samples 

which contain EV1, EV2 and EV3.    
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3.4 Medulloblastoma EVs from recurrent tumour cells increase axon 

length, but not dendrite length, in primary cortical neurones after 24 

hours 

 

EVs derived from the D458 recurrent cell line increased axon length in the 

primary cortical neurones after 24 hours when compared to the vehicle 

treated neurones (Figure 8A). This was not observed in neurones treated 

with EVs from the primary cell line (D425) or in either of the groups treated 

with the mixed protein fractions (p > 0.05). In order to identify whether the 

increase in axon length was specific to the axon or part of a more globalised 

increase in the length of neuronal processes, the mature dendrites protruding 

from the soma of polarised neurones were measured. Despite increasing 

axon length in the cortical neurones, EVs derived from the D458 cell line did 

not alter dendrite length as no significant difference was identified between 

the vehicle treated and D458 EV treated groups (p > 0.05) (Figure 8B). 

Additionally across these three conditions, there did not appear to be any 

changes in neuronal morphology (Figure 8C). There was no difference in the 

proportion of polarised neurones between any of the groups treated with 

either EVs or mixed protein fractions when compared to the vehicle treated 

cells (p > 0.05) (Figure 8D). Although a Kruskal-Wallis test suggested that 

Figure 7. Extracellular vesicles (EVs) released from medulloblastoma 

cells increase neuritogenesis in mouse primary cortical neurones 

after 24 hours. Mouse primary cortical neurones were grown in culture for 

24 hours before being treated with either vehicle (DPBS), EVs (EV2) or 

the mixed protein fraction (P1-P3) isolated from D425 and D458 cells (see 

Methods 2.6). Twenty-four hours later the cells were fixed, and 

immunocytochemistry was used to visualise the neurones (A). White – 

acetylated tubulin. Images taken using a CCD camera at x20 

magnification on a fluorescent microscope with a LED light source. The 

proportion of neurones with at least one neurite was calculated for each 

condition and normalised to the untreated control (B). A neurite was 

defined as any projection that was at least as long as the diameter of the 

soma. Significant differences were calculated using a one-way ANOVA 

with Bonferroni’s post hoc test (* = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001 

**** = p ≤ 0.0001). Data are the normalised mean of 3 or 4 independent 

biological replicates with error bars indicating mean ± SEM. 
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there was a difference in mean branch length between the different treatment 

conditions (p = 0.0274), post-hoc testing revealed that there was no 

difference in mean branch length between any of the conditions (p > 0.05) 

(Figure 8E).  
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3.5 The addition of medulloblastoma-derived EVs had no effect on axon 

length or mean branch length after 72 hours   

 

Despite the increase in axon length in the D458 EV treated group compared 

with the vehicle treated group after 24 hours, this effect was not observed 

after 72 hours (p > 0.05) (Figure 9A). Similarly, there was no difference in 

mean branch length in either of the EV treated groups when compared to the 

control and vehicle treated groups (p > 0.05) (Figure 9B). Although the D458 

mixed protein fraction did increase the mean branch length of the neurones 

after 72 hours when compared to the control neurones, this was not 

significantly different from the vehicle treated group (p > 0.05). Regarding the 

proportion of polarised cells, there were no significant differences between 

any of the conditions (p > 0.05) (Figure 9C).  

 

 

Figure 8. Extracellular vesicles (EVs) from the recurrent 

medulloblastoma cell line increase axon length but not dendrite 

length. EV fractions from two medulloblastoma cell lines (D425 and D458) 

were isolated using size exclusion chromatography and added to mouse 

primary cortical neurones. Neurones were treated with either vehicle 

(DPBS), EVs (EV2) or the mixed protein fraction (P1-P3) (see Methods 

2.6). Immunocytochemistry followed by image analysis (see Methods 2.9) 

was used to assess neuronal morphology after 24 hours. (A) shows that 

only EVs from the D458 cell line had a significant effect on axon length in 

the primary cortical neurones after 24 hours. However, dendrite length did 

not change (B). Similar neuronal morphology was observed in all tested 

conditions (C). Green – acetylated tubulin, red – actin and blue – DAPI. 

Images taken using a CCD camera at x63 magnification on a fluorescent 

microscope with a LED light source. There was no significant difference in 

the proportion of polarised neurones between the D458 EV treated 

neurones and the vehicle treated neurones (D). Additionally, there was no 

significant difference in mean branch length (E) between any of the 

conditions. Significant differences were calculated using a Kruskal-Wallis 

test followed by Dunn’s post hoc test (* = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 

0.001 **** = p ≤ 0.0001). Data are the normalised mean of 3 or 4 

independent biological replicates with error bars indicating mean ± SEM. 
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3.6 The addition of medulloblastoma-derived EVs had no effect on axon 

length or mean branch length after 120 hours 

 

After 120 hours, no difference in axon length was observed in either of the 

EV treated groups when compared to the control or vehicle treated groups (p 

> 0.05) but a significant decrease in axon length was observed in the 

neurones treated with the D425 mixed protein fraction (p < 0.0001) (Figure 

10A).  

 

Figure 9.  Medulloblastoma-derived EVs have no effect on axon 

length or mean branch length after 72 hours. Mouse primary cortical 

neurones were grown in culture for 24 hours before being treated with 

either vehicle (DPBS), EVs (EV2) or the mixed protein fraction (P1-P3) 

isolated from D425 and D458 cells (see Methods 2.6). Seventy-two hours 

after dosing, there was no significant difference in axon length between 

any of the conditions (A). There was no significant difference in mean 

branch length between the D458 P1-P3 treated neurones and the vehicle 

treated neurones (B). Additionally, there was no significant difference in 

the proportion of polarised neurones between the conditions (C). 

Significant differences were calculated using a Kruskal-Wallis test 

followed by Dunn’s post hoc test (* = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 

0.001 **** = p ≤ 0.0001). Data are the normalised mean of between 3 and 

5 independent biological replicates with error bars indicating mean ± SEM.  
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Additionally, there was a significant increase in mean branch length in the 

D458 EV treated neurones after 120 hours when compared to the vehicle 

treated neurones (p = 0.0462), but not the control neurones (p > 0.05) 

(Figure 10B). Also, the neurones treated with D425 EVs had a greater 

proportion of polarised neurones when compared to the control neurones, 

but not the vehicle treated neurones (p > 0.05) (Figure 10C).  
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3.7 EVs isolated from 10% EV-depleted medium and 10% bovine growth 

serum (BGS) supplemented medium have no effect on neuritogenesis 

or axon length  

 

To ensure that the increase in neuritogenesis and axon length observed after 

24 hours was being driven by EVs released from the medulloblastoma cells 

Figure 10. There was no effect of the medulloblastoma-derived 

extracellular vesicles (EVs) on axon length after 120 hours. Mouse 

primary cortical neurones were grown in culture for 24 hours before being 

treated with either vehicle (DPBS), EVs (EV2) or the mixed protein fraction 

(P1-P3) isolated from D425 and D458 cells (see Methods 2.6). One 

hundred and twenty hours after dosing, only the mixed protein fraction 

from the D425 cells had a significant effect on axon length (A). There was 

no significant difference in mean branch length between the D458 EV 

treated neurones and the untreated control neurones (B). Similarly, there 

was no significant difference in the proportion of polarised neurones 

between the D425 EV treated neurones and vehicle treated neurones (C). 

Significant differences were calculated using a Kruskal-Wallis test 

followed by Dunn’s post hoc test (A & B) or a one-way ANOVA with 

Bonferroni’s post hoc test (C) (* = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001 

**** = p ≤ 0.0001). Data are the normalised mean of between 3 and 5 

independent biological replicates with error bars indicating mean ± SEM.  
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lines and not by EVs or other bovine-derived contaminants from the 10% EV-

depleted bovine growth serum (BGS) medium, a similar experiment was 

performed with the isolated EV and protein fractions from 20ml of fresh 10% 

BGS in DMEM and 20ml of fresh 10% EV-depleted BGS in DMEM. There 

was no significant difference in the proportion of neurones which had 

developed at least one neurite between any of the treatment conditions (p > 

0.05) (Figure 11A). All conditions appeared to have similar neuronal 

morphology (Figure 11B).  
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Likewise, there was no significant difference in axon length (Figure 12A), 

mean branch length (Figure 12B) or the proportion of polarised neurones 

(Figure 12C) between any of the conditions (p > 0.05).  

 

Figure 11. Extracellular vesicles (EVs) isolated from fresh DMEM 

supplemented with 10% EV-depleted bovine growth serum (BGS) 

or 10% BGS have no effect on neuritogenesis after 24 hours. EV 

and protein fractions were isolated from fresh cell culture medium 

containing either 10% EV-depleted BGS or normal BGS. Mouse 

primary cortical neurones were grown in culture for 24 hours before 

being treated with either vehicle (DPBS), EVs (EV2) or the mixed 

protein fraction (P1-P3) isolated from the cell culture media. Twenty-

four hours later, the neurones were fixed and immunocytochemistry 

was performed to assess neuronal growth and development. There 

were no significant differences in neuritogenesis between the 

conditions (A). Immunocytochemistry was used to stain for acetylated 

tubulin (B) and similar neuronal morphology was observed in all 

tested conditions. Images taken using a CCD camera at x20 

magnification on a fluorescent microscope with a LED light source. 

White – acetylated tubulin. Significant differences were calculated 

using a one-way ANOVA with Bonferroni’s post hoc test (* = p ≤ 0.05, 

** = p ≤ 0.01, *** = p ≤ 0.001 **** = p ≤ 0.0001). Data are the 

normalised mean of 3 independent biological replicates with error bars 

indicating mean ± SEM.  
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Figure 12. Extracellular vesicles (EVs) isolated from fresh DMEM 

supplemented with 10% EV-depleted bovine growth serum (BGS) or 

10% BGS have no effect on axon length or mean branch length after 

24 hours. EV and protein fractions were isolated from fresh cell culture 

medium containing either 10% EV-depleted BGS or normal BGS. Mouse 

primary cortical neurones were grown in culture for 24 hours before being 

treated with either vehicle (DPBS), EVs (EV2) or the mixed protein fraction 

(P1-P3) isolated from the cell culture media. Twenty-four hours later, the 

neurones were fixed and immunocytochemistry was performed to assess 

neuronal morphology (see Methods 2.7). There were no significant 

differences in axon length (A), mean branch length (B) or the proportion of 

polarised neurones (C) between any of the groups. Significant differences 

were calculated using a Kruskal-Wallis test followed by Dunn’s post hoc 

test (* = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001 **** = p ≤ 0.0001). Data are 

the normalised mean of between 3 independent biological replicates with 

error bars indicating mean ± SEM.  
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4. Discussion  

 

Survivors of paediatric brain tumours are more likely to develop symptoms of 

neurodevelopmental disorders later in life than the rest of the population 

(Hardy et al., 2018; Hsu et al., 2023). To explore the neurobiological basis of 

this connection, EVs were isolated from two medulloblastoma cell lines and it 

was investigated whether they could alter the development and morphology 

of mouse primary cortical neurones in vitro. Here it was demonstrated that 

medulloblastoma-derived EVs promote neuritogenesis and increase axon 

length in mouse cortical neurones, supporting the original hypothesis that 

medulloblastoma EVs can alter neuronal development in a manner similar to 

other cancers studied. However, there was no meaningful change (where the 

neurones treated with EVs were significantly different from both the control 

and vehicle treated groups) observed in the proportion of polarised cortical 

neurones or in the mean branch length of the axons.      

 

4.1 Key findings  

 

4.1.1 Characterisation of D425 and D458 extracellular vesicles  

 

For this study EVs from two well characterised medulloblastoma cell lines 

were used, D425 cells which originate from a primary tumour in the 

cerebellum and D458 cells which originate from a recurrent tumour in the 

cerebrospinal fluid (CSF) from the same patient. Both of the cell lines 

released particles which matched the established size distribution of EVs 

(approximately 30 to 1000nm) (van der Pol et al., 2012). Other studies which 

have investigated medulloblastoma-derived EVs using NTA have identified 

the peak of the size distribution to be 126nm or between approximately 50 

and 200nm (Epple et al., 2012; Jackson et al., 2023). This is relatively similar 

to the peak of 105nm identified in this study. Slight differences in size 

distribution peaks may be a result of differences in isolation methods and cell 

lines used. A recent study found that D458 cells produce approximately 55% 

more EVs than D425 cells (Jackson et al., 2023). Although this study 

observed a similar increase of 66%, this was not statistically significant. One 
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possibility is that contaminants within the buffers and samples used for NTA 

(such as salts, microbubbles and protein aggregates) were recognised as 

particles by the NTA scatter mode and skewed the data (Filipe et al., 2010). 

Despite this, small lipid structures were visualised within the D458 EV 

sample using MemBright (a fluorescent plasma membrane probe). This 

suggests that EVs were present within the EV samples as MemBright has 

been successfully used in previous studies to visualise EVs (Hyenne et al., 

2019; Mary et al., 2020).  

 

4.1.2 The effect of medulloblastoma EVs on mouse primary cortical 

neurone development  

 

First, the normal development of mouse primary cortical neurones in vitro 

was established over a period of 7 days. An increase in axon length, mean 

branch length and the proportion of polarised neurones was observed - as 

expected. The distinct stages of neuronal polarisation were also observed 

including the formation of lamellipodia, the growth of immature neurites and 

the formation of a distinct axon. The neuronal development and morphology 

observed was similar to other studies which have used mouse primary 

cortical neurones (Dajas-Bailador et al., 2008; Lesuisse & Martin, 2002; 

Lucci et al., 2020; Parker et al., 2018).  

 

The next step was to establish whether adding medulloblastoma-derived EVs 

to mouse primary cortical neurones would alter the development of the 

neurones. Twenty-four hours after the addition of EVs from both cell lines, 

there was an increase in neuritogenesis when compared to the control and 

vehicle treated groups. To quantify neuritogenesis, the proportion of 

neurones which had at least one neurite (i.e., an immature neurite or an 

axon) was calculated. By quantifying neuritogenesis in this way, it was 

possible to capture the earliest stages of the process of polarisation by 

identifying the proportion of cells which had developed past the lamellipodia 

stage.  
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The finding that medulloblastoma-derived EVs can promote neuritogenesis 

after 24 hours is consistent with the results of work with EVs derived from 

head and neck squamous cell carcinoma, cervical cancer and ovarian cancer 

using PC12 cells as a neuronal model (Kovacs et al., 2020; Lucido et al., 

2019; Madeo et al., 2018). This suggests that the increase in neuritogenesis 

observed in the mouse primary cortical neurones is not limited to one 

particular cancer and may be a more general property of cancer-derived 

extracellular vesicles.  

 

EVs from the D458 cell line increased axon length after 24 hours when 

compared to the control and vehicle treated groups but did not have any 

effect on dendrite length, suggesting an axonal-specific response rather than 

a globalised increase in the growth of cell processes. However, by 72 hours 

there was no significant difference in axon length between any of the 

conditions.  

 

There was no significant difference in axon length after 72 hours and as 

previous studies did not look beyond 48 hours (Kovacs et al., 2020; Lucido et 

al., 2019; Madeo et al., 2018), it is difficult to compare the effect of 

medulloblastoma EVs to other cancer EVs in this case. However, it is 

possible that the effect would have been sustained if the cortical neurones 

had been continuously dosed or exposed to medulloblastoma EVs – as 

would happen in vivo. 

 

The fact that the increase in axon length at 24 hours was only observed in 

the cortical neurones treated with EVs derived from the D458 cell line 

suggests that the recurrent cell line produces EVs that have a different and 

more growth promoting effect than EVs from the primary cell line. This may 

be due to differences in EV cargo, and therefore function, between the two 

cell lines. For example, it has been shown that exosomes released by the 

D458 cell line express greater levels of EMMPRIN than exosomes released 

from the D425 cell line (Jackson et al., 2023). EMMPRIN, an extracellular 

matrix remodelling endopeptidase (Kaushik et al., 2015), is involved in 
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promoting cancer invasion and migration which might help to explain the 

growth promoting effects.  

 

When investigating polarisation of the neurones, there were no significant 

differences in the proportion of polarised cells between the EV and vehicle 

treated neurones at any of the time points investigated. After 120 hours the 

D458 EVs increased the mean branch length of the cortical neurones when 

compared to the vehicle treated neurones, but not the completely untouched 

control neurones.  

 

Unexpectedly, the D425 mixed protein fraction reduced axon length after 120 

hours. Medulloblastoma cells are known to secrete proteins, including 

proteins which can induce oxidative stress in neural stem cell progenitors (N. 

Sharma et al., 2016). However, although this finding might prompt greater 

understanding of the proteins released from these cells, the physiological 

relevance of this is questionable as it is unclear if proteins secreted by 

medulloblastoma cells in the cerebellum could travel undisrupted to the 

cortex, unlike EVs which are known to travel long distances in the CSF 

(Muraoka et al., 2020). Despite this, this finding was significant and 

reproducible so may warrant more investigation.  

 

The effect of brain cancer-derived EVs on primary neurones has been 

investigated in the context of glioblastoma but these EVs promoted neuronal 

apoptosis and necrosis rather than growth (W. Zhou et al., 2022). This is 

likely a reflection of the very different natures of medulloblastoma and 

glioblastoma. Whereas medulloblastoma is a highly survivable paediatric 

brain cancer, glioblastoma predominantly affects adults and is one of the 

deadliest cancers with only 5% of patients surviving for more than 5 years 

(Tamini & Juweid, 2017). In vitro it has been demonstrated that glioblastoma 

EVs induce neuronal death by promoting oxidative stress (Genc et al., 2022). 

 

Unlike previous studies on the effect of EVs from other cancers on neurone-

like cells, this study was able to quantify neuronal morphology in a more 

comprehensive way by using mouse primary cortical neurones rather than a 
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non-polarising cell model. For example, previous studies have demonstrated 

that EVs derived from head and neck squamous cell carcinoma, cervical 

cancer and ovarian cancer can promote neuritogenesis (Kovacs et al., 2020; 

Lucido et al., 2019; Madeo et al., 2018). These studies used PC12 cells as 

their neuronal model which originate from a rat pheochromocytoma (a 

neuroendocrine tumour) and can differentiate into neurone-like cells which 

extend neurites but do not undergo axon development (Votin et al., 2005). 

Consequently, these cells are morphologically distinct from cortical neurones 

and this previous analysis of neurone-like morphology was not based on 

polarised cells. Likewise, studies which have used mouse dorsal root 

ganglion (DRG) neurones as their neuronal model (Amit et al., 2020) have 

not been able to investigate changes in polarisation as DRG neurones are 

multipolar when cultured in vitro (Clark et al., 1993). Therefore, this study is 

one of the first to investigate the effects of cancer-derived EVs on neuronal 

morphology using a cell model which more accurately reflects the 

development of cortical neurones in vivo.  

 

Overall, these results support the hypothesis that medulloblastoma cells 

release EVs which are able to alter the development of cortical neurones, 

potentially contributing to the increased incidence of neurodevelopmental 

disorders seen in PBTS by changing the network structure of the cortex at a 

neuronal level.  

 

4.1.3 The effect of extracellular vesicle and protein fractions isolated 

from fresh medulloblastoma cell culture medium on mouse primary 

cortical neurones  

 

Importantly, this study has shown that EVs isolated from fresh DMEM 

supplemented with 10% BGS or 10% EV-depleted BGS do not have any 

effect on neuritogenesis, polarisation, axon length or mean branch length 

after 24 hours. This confirms that bovine contaminants in the medium (such 

as proteins, lipids and EVs) are not responsible for the differences in 

neuronal morphology and growth that were observed 24 hours after adding 

the medulloblastoma EVs. However, as these experiments were conducted 
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independently from those using medulloblastoma EVs it is not possible to 

compare the effects of the medium EVs and the medulloblastoma EVs 

directly, something that would need to be rectified in the future.  

 

4.2 Limitations  

 

4.2.1 Using cell lines derived from a Group 3 medulloblastoma tumour  

 

This study has several limitations. The cell lines used in this study originate 

from a Group 3 medulloblastoma tumour. As Group 3 tumours have the 

worst prognosis (Ramaswamy et al., 2016), it would be more clinically 

relevant to use a cell line derived from a subgroup with a better prognosis 

(such as Wnt or TP53-wildtype Shh) to investigate the long-term 

neurobiological effects of medulloblastoma on survivors. Consequently, more 

suitable cell lines such as MED5R (Wnt) and DAOY (Shh) (Ivanov et al., 

2016) should be used in any future studies. This study used 2D cell culture 

rather than 3D for both the medulloblastomas cell lines and mouse primary 

cortical neurones. To create a more physiologically relevant model, 3D cell 

culture models could be used in the future. This is of particular importance 

for EV studies as several studies have shown that cell culture technique can 

significantly affect EV composition, yield and function (Jalilian et al., 2022; 

Kusuma et al., 2022; Thippabhotla et al., 2019). Regarding neuronal culture, 

even small 3D cultures produce complex electrical activity that is not 

observed in 2D monolayer culture (Ming et al., 2020).   

 

4.2.2 Using a cross-species model of extracellular vesicle signalling 

 

Although cross-species EV studies are common, it would be ideal to use 

human neurones (derived from induced pluripotent stem cells) rather than 

mouse neurones. Even though 79% of neural genes have a similar pattern of 

expression in humans and mice (Zeng et al., 2012), even small differences in 

amino acid sequence can change the function of the resulting protein in 

mice. For example, in Alzheimer’s disease, the human amyloid precursor 
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protein (APP) forms aggregates but the same does not occur in the mouse 

brain due a difference of only 17 amino acids (Xu et al., 2015). These small 

differences are of particular importance when studying miRNAs (small non-

coding RNAs that can regulate translation) as although many human 

miRNAs have mouse orthologues, not all do (although some have been 

shown to have a highly conserved sequence and function) (Haviv et al., 

2018; Rahmanian et al., 2019). Consequently, it would be more biologically 

relevant to apply human medulloblastoma EVs to human cortical neurones. 

However, this is not to say that mouse primary cortical neurones are not a 

useful model. Cross-species findings are not unique to medulloblastoma. 

Like this study, Amit et al. used mouse primary neurones (dorsal root 

ganglion neurones rather than cortical) and EVs derived from human tumour 

cell lines. As this study also observed neuritogenesis this suggests that the 

cross-species effect of cancer EVs on neurones is not limited to 

medulloblastoma. Additionally, Zhou et al. observed consistent results across 

human primary neurones, mouse brain slices and neuroblastoma cells when 

applying human glioblastoma EVs, supporting the idea that mouse brains 

and neurones are still a useful model for EV work.  

 

4.2.3 Adding a single addition of high concentration medulloblastoma 

extracellular vesicles to the mouse primary cortical neurones   

 

Another limitation of this study is that the medulloblastoma-derived EVs were 

only added to the cortical neurones once. To make these experiments more 

physiologically relevant, it would be better to repeatedly dose the cells with a 

smaller concentration of EVs to mimic more closely what occurs in vivo. As 

EVs are endocytosed relatively quickly (one study observed uptake between 

0 and 4 hours of incubation (Joshi et al., 2020)), it may be that after the initial 

dose the concentration of medulloblastoma-derived EVs in the cortical 

neurone cell culture medium decreases quickly. This could be investigated 

using fluorescently labelled medulloblastoma EVs in conjunction with 

nanoparticle tracking analysis to quantify EV concentration over time. This 

may help to explain why the increase in axon length was not seen after 24 

hours. As the neurones grow and develop rapidly, the effect of the earlier EV 
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dose may be lost as the neurones ‘recover’ and return to the normal rate of 

growth. Another option would be to co-culture the medulloblastoma cells with 

the neurones so that they are continuously exposed to the EVs. However, 

the cell culture conditions would need to be suitable for both cell types and it 

would be difficult to isolate the effect of EVs from the effect of other secreted 

molecules (such as proteins).  

 

By using EVs isolated from concentrated medulloblastoma conditioned 

medium, this study may have failed to reflect the concentration of 

medulloblastoma EVs that neurones would be exposed to in the brain. One 

study measured the concentration of EVs in the CSF from patients with brain 

tumours and with brain metastasis (K.-Y. Lee et al., 2020). They found that 

the average concentration of EVs in the CSF from patients with brain 

metastasis was 2.49x108 EVs per ml and approximately 3x108 EVs per ml for 

those with brain tumours. This study used a maximum concentration of 

4x1010 EVs per ml which is over 100 times more concentrated than what is 

found clinically. As a result, any future work should either use a more 

physiologically relevant concentration of EVs or perform a dose response 

curve to investigate the effect of medulloblastoma-derived EVs on mouse 

primary cortical neurones at different concentrations.  

 

4.3 Future directions  

 

4.3.1 Extracellular vesicle characterisation 

 

More work needs to be done to characterise the EVs released from the 

medulloblastoma cells as this was beyond the scope of the present study. 

This can be achieved in several ways. Firstly, mass spectrometry or western 

blot can be used to identify known protein markers of EVs such as CD63, 

CD81 and ALIX. Additionally, these techniques can be used to identify 

markers of common contaminants such as lipoproteins – lipid structures that 

closely resemble EVs (Simonsen, 2017; Zhang et al., 2020). Transmission 

electron microscopy or cryo-electron microscopy can be used to visualise the 

structure of EVs and confirm the presence of the phospholipid bilayer 
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membrane. This study used ‘scatter mode’ NTA to quantify the number of 

particles released and the size distribution. However, a ‘fluorescent mode’ 

can be used in which an antibody against a specific EV marker is conjugated 

to a fluorophore and used to visualise only the particles that are positive for 

that protein. This provides more accurate values as it does not measure 

contaminants within the sample. These methods of characterisation are all 

recommended by MISEV2018 and should be adhered to where possible 

(Théry et al., 2018).  

 

4.3.2 Integrating more controls into the experimental design  

 

Although this study did perform controls to see whether EVs or other bovine-

derived contaminants from the cell culture medium could affect neuronal 

development, these experiments were performed independent of the 

medulloblastoma-derived EV treatments. As a result, it is not possible to 

directly compare the effect of contaminants within the cell culture medium 

and the medulloblastoma EVs which should be rectified in any future studies. 

It will also be necessary to perform medium controls at all time points studied 

(not just at 24 hours) but this was beyond the scope of this study due to time 

constraints. Few studies include medium controls but it is recommended by 

MISEV2018 to use non-conditioned medium as a negative control (Théry et 

al., 2018). They also recommend comparing the functional effects of the total 

conditioned cell culture medium, the conditioned cell culture medium with the 

EVs removed and the isolated EV fractions which could be incorporated into 

future work.  

 

Additionally, as noted by the MISEV2018 guidelines (Théry et al., 2018), it is 

difficult to attribute distinct functions to different cell types without testing a 

range of cell types and cell lines (such as cancer-derived EVs promoting 

neuritogenesis or other changes in neurone growth and development). 

Consequently, it would be useful to include EVs from another cell type to act 

as a control. For example, one study investigating the effect of non-small cell 

lung cancer-derived EVs on non-tumourigenic cells used EVs from lung 

epithelial cell lines as a control (Hasan et al., 2022). However, there are 
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limited cell types which would produce EVs that are physiologically relevant 

to cortical neurones due to their relatively inaccessible location within the 

CNS. Also, there is no guarantee that the EVs from the chosen control cell 

line are ‘inert’ and have no effect on the growth of mouse primary cortical 

neurones in vitro.  

 

4.3.3 Functional studies, improved analysis of neuritogenesis and 

investigating underlying mechanisms  

 

This study only considered the morphological changes of the mouse primary 

cortical neurones, but it would be interesting to investigate whether 

medulloblastoma EVs also elicit functional changes. Calcium imaging can be 

used to record the levels of calcium within a cell as a measure of electrical 

activity (Clarkson et al., 2017). Alternatively, a multiple electrode array or 

patch clamp could be used to record the electrical activity of the cells directly 

(Hales et al., 2010; Noguchi et al., 2021). It would also be important to 

investigate whether the mouse primary cortical neurones, which have been 

exposed to medulloblastoma EVs, behave in a similar way to neuronal 

models of ADHD and ASD. For example, induced pluripotent stem cell 

derived neurones from ASD patients show calcium signalling hyperactivity 

when cultured in vitro (Avazzadeh et al., 2019).  

 

This lab has experience of culturing mouse primary cortical neurones in 

microfluidic chambers which enable the separation of the cell body and axon 

(Lucci et al., 2020). These could be used to add EVs to the axons or the cell 

bodies of the neurones and identify whether any morphological changes are 

mediated by uptake at the axon or at the cell body.  

 

Although analysis of neuritogenesis was able to capture early changes in the 

process of polarisation, more work is needed to fully comprehend the 

differences that were observed. For example, it would be beneficial to count 

the number of immature neurites protruding from each cell, measure the 

length of each individual neurite, identify the proportion of cells that are at 

each distinct stage of polarisation and identify any multipolar neurones. To 
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do this, an antibody to visualise JIP-1 could be used, a protein which 

localises in the neurite that will become the developing axon (Dajas-Bailador 

et al., 2008). This would enable us to identify whether medulloblastoma-

derived EVs result in multipolar neurones and investigate the changes in 

neuritogenesis more thoroughly.  

 

These findings suggest that medulloblastoma-derived EVs can alter neuronal 

development but the mechanism behind this has not yet been investigated. 

EVs are known to contain a range of proteins, lipids and nucleic acids – all of 

which could contribute to the changes in neuronal growth. One idea would be 

to look at whether these EVs contain miRNAs known to be involved in 

regulating cell growth and development such as miR-21, miR-199a-3p and 

miR-26a (Jiang et al., 2015; Kar et al., 2021; Lucci et al., 2020). This would 

complement yet unpublished work produced by the Dajas-Bailador lab which 

suggests that miRNAs within EVs can regulate axon development in mouse 

primary cortical neurones. Also, other medulloblastoma cell lines could be 

used to see if there are any consistent differences between primary and 

recurrent tumours, different disease subgroups and cell lines with different 

known mutations.  

 

4.4 Final conclusions  

 

Cancer research has long focused on cancer treatment and prevention, for 

obvious reasons, but more work needs to be done to understand the long-

term biological effects on survivors who experienced cancer at a young age. 

This study has identified that EVs derived from both primary and recurrent 

medulloblastoma tumour cells are able to increase neuritogenesis in mouse 

primary cortical neurones after 24 hours. EVs derived from the recurrent cell 

line also increased axon length in the mouse primary cortical neurones after 

24 hours. It has long been known that PBTS are more likely to develop 

symptoms of neurodevelopmental disorders but the underlying biological 

mechanisms of this are poorly understood. If EVs released from 

medulloblastoma cells can permanently alter the neuronal structure of the 

cortex, although this is yet to be seen, it may be necessary to prevent EV 
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release from the tumour to reduce the risk of the emergence of 

neurodevelopmental disorders and cognitive impairments later in life. 

Overall, this study has uncovered an unknown ability of medulloblastoma 

EVs to alter cortical neurone development and is as a steppingstone towards 

a better understanding of the long-term neurobiological effects of paediatric 

medulloblastoma on survivors.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Sophie McCann – MRes Thesis   73 

5. References 

 

Adams, G. (2020). A beginner’s guide to RT-PCR, qPCR and RT-qPCR. The 
Biochemist, 42(3), 48–53. 

Al-Nedawi, K., Meehan, B., Micallef, J., Lhotak, V., May, L., Guha, A., & Rak, J. 
(2008). Intercellular transfer of the oncogenic receptor EGFRvIII by 
microvesicles derived from tumour cells. Nature Cell Biology, 10(5), 619–624. 

Altei, W. F., Pachane, B. C., dos Santos, P. K., Ribeiro, L. N. M., Sung, B. H., 
Weaver, A. M., & Selistre-de-Araújo, H. S. (2020). Inhibition of αvβ3 integrin 
impairs adhesion and uptake of tumor-derived small extracellular vesicles. Cell 
Communication and Signaling, 18(1), 158. 

Amit, M., Takahashi, H., Dragomir, M. P., Lindemann, A., Gleber-Netto, F. O., 
Pickering, C. R., Anfossi, S., Osman, A. A., Cai, Y., Wang, R., Knutsen, E., 
Shimizu, M., Ivan, C., Rao, X., Wang, J., Silverman, D. A., Tam, S., Zhao, M., 
Caulin, C., … Myers, J. N. (2020). Loss of p53 drives neuron reprogramming in 
head and neck cancer. Nature, 578(7795), 449–454. 

Antoniou, A., Auderset, L., Kaurani, L., Sebastian, E., Zeng, Y., Allahham, M., 
Cases-Cunillera, S., Schoch, S., Gründemann, J., Fischer, A., & Schneider, A. 
(2023). Neuronal extracellular vesicles and associated microRNAs induce 
circuit connectivity downstream BDNF. Cell Reports, 42(2). 

Arimura, N. & Kaibuchi, K. (2007). Neuronal polarity: from extracellular signals to 
intracellular mechanisms. Nature Reviews Neuroscience, 8(3), 194–205. 

Arshadi, C., Günther, U., Eddison, M., Harrington, K. I. S., & Ferreira, T. A. (2021). 
SNT: a unifying toolbox for quantification of neuronal anatomy. Nature 
Methods, 18(4), 374–377. 

Aubertin, K., Silva, A. K. A., Luciani, N., Espinosa, A., Djemat, A., Charue, D., 
Gallet, F., Blanc-Brude, O., & Wilhelm, C. (2016). Massive release of 
extracellular vesicles from cancer cells after photodynamic treatment or 
chemotherapy. Scientific Reports, 6(1). 

Aubrey, B. J., Strasser, A., & Kelly, G. L. (2016). Tumor-Suppressor Functions of 
the TP53 Pathway. Cold Spring Harbor Perspectives in Medicine, 6(5). 

Avazzadeh, S., McDonagh, K., Reilly, J., Wang, Y., Boomkamp, S. D., McInerney, 
V., Krawczyk, J., Fitzgerald, J., Feerick, N., O’Sullivan, M., Jalali, A., Forman, 
E. B., Lynch, S. A., Ennis, S., Cosemans, N., Peeters, H., Dockery, P., O’Brien, 
T., Quinlan, L. R., … Shen, S. (2019). Increased Ca2+ signaling in NRXN1α+/− 
neurons derived from ASD induced pluripotent stem cells. Molecular Autism, 
10(1), 52. 

Baas, P. W., Rao, A. N., Matamoros, A. J., & Leo, L. (2016). Stability properties of 
neuronal microtubules. Cytoskeleton, 73(9), 442–460. 

Bahrini, I., Song, J., Diez, D., & Hanayama, R. (2015). Neuronal exosomes facilitate 
synaptic pruning by up-regulating complement factors in microglia. Scientific 
Reports, 5(1), 79–89. 

Bandu, R., Oh, J. W., & Kim, K. P. (2019). Mass spectrometry-based proteome 
profiling of extracellular vesicles and their roles in cancer biology. Experimental 
& Molecular Medicine, 51(3), 1–10. 

Banks, W. A., Sharma, P., Bullock, K. M., Hansen, K. M., Ludwig, N., & Whiteside, 
T. L. (2020). Transport of Extracellular Vesicles across the Blood-Brain Barrier: 
Brain Pharmacokinetics and Effects of Inflammation. International Journal of 
Molecular Sciences, 21(12). 

Bianchi, S., Stimpson, C. D., Duka, T., Larsen, M. D., Janssen, W. G. M., Collins, 
Z., Bauernfeind, A. L., Schapiro, S. J., Baze, W. B., McArthur, M. J., Hopkins, 
W. D., Wildman, D. E., Lipovich, L., Kuzawa, C. W., Jacobs, B., Hof, P. R., & 
Sherwood, C. C. (2013). Synaptogenesis and development of pyramidal 



Sophie McCann – MRes Thesis   74 

neuron dendritic morphology in the chimpanzee neocortex resembles humans. 
Proceedings of the National Academy of Sciences, 110, 10395–10401. 

Bibbò, F., Sorice, C., Ferrucci, V., & Zollo, M. (2021). Functional Genomics of 
PRUNE1 in Neurodevelopmental Disorders (NDDs) Tied to Medulloblastoma 
(MB) and Other Tumors. Frontiers in Oncology, 11. 

Böing, A. N., van der Pol, E., Grootemaat, A. E., Coumans, F. A. W., Sturk, A., & 
Nieuwland, R. (2014). Single-step isolation of extracellular vesicles by size-
exclusion chromatography. Journal of Extracellular Vesicles, 3(1). 

Bosch, S., de Beaurepaire, L., Allard, M., Mosser, M., Heichette, C., Chrétien, D., 
Jegou, D., & Bach, J.-M. (2016). Trehalose prevents aggregation of exosomes 
and cryodamage. Scientific Reports, 6(1). 

Bradke, F. & Dotti, C. G. (2000). Differentiated neurons retain the capacity to 
generate axons from dendrites. Current Biology, 10(22), 1467–1470. 

Brodsky, C., Shabason, E. K., Minturn, J. E., Blum, N., Schultz, R., Herrington, J. 
D., & Hocking, M. (2018). Facial processing abilities and social functioning in 
pediatric brain tumor survivors, children with autism spectrum disorder, and 
typically developing children. Journal of Clinical Oncology, 36(7), 157–157. 

Buzás, E. I., Tóth, E. Á., Sódar, B. W., & Szabó-Taylor, K. É. (2018). Molecular 
interactions at the surface of extracellular vesicles. Seminars in 
Immunopathology, 40(5), 453–464. 

Cancer Research UK. (2022). Children’s cancer statistics. 
https://www.cancerresearchuk.org/health-professional/cancer-
statistics/childrens-cancer 

Carta, R., Del Baldo, G., Miele, E., Po, A., Besharat, Z. M., Nazio, F., Colafati, G. S., 
Piccirilli, E., Agolini, E., Rinelli, M., Lodi, M., Cacchione, A., Carai, A., Boccuto, 
L., Ferretti, E., Locatelli, F., & Mastronuzzi, A. (2020). Cancer Predisposition 
Syndromes and Medulloblastoma in the Molecular Era. Frontiers in Oncology, 
10. 

Cavalli, F. M. G., Remke, M., Rampasek, L., Peacock, J., Shih, D. J. H., Luu, B., 
Garzia, L., Torchia, J., Nor, C., Morrissy, A. S., Agnihotri, S., Thompson, Y. Y., 
Kuzan-Fischer, C. M., Farooq, H., Isaev, K., Daniels, C., Cho, B.-K., Kim, S.-K., 
Wang, K.-C., … Taylor, M. D. (2017). Intertumoral Heterogeneity within 
Medulloblastoma Subgroups. Cancer Cell, 31(6), 737-754.e6. 

Cechetto, D. F. & Topolovec, J. C. (2002). Cerebral Cortex. In Encyclopedia of the 
Human Brain (pp. 663–679). Elsevier. 

Chiang, H.-L., Liu, C.-J., Hu, Y.-W., Chen, S.-C., Hu, L.-Y., Shen, C.-C., Yeh, C.-M., 
Chen, T.-J., & Gau, S. S.-F. (2015). Risk of Cancer in Children, Adolescents, 
and Young Adults with Autistic Disorder. The Journal of Pediatrics, 166(2), 
418-423.e1. 

Cho, Y.-J., Tsherniak, A., Tamayo, P., Santagata, S., Ligon, A., Greulich, H., 
Berhoukim, R., Amani, V., Goumnerova, L., Eberhart, C. G., Lau, C. C., Olson, 
J. M., Gilbertson, R. J., Gajjar, A., Delattre, O., Kool, M., Ligon, K., Meyerson, 
M., Mesirov, J. P., & Pomeroy, S. L. (2011). Integrative Genomic Analysis of 
Medulloblastoma Identifies a Molecular Subgroup That Drives Poor Clinical 
Outcome. Journal of Clinical Oncology, 29(11), 1424–1430. 

Choi, J. Y. (2023). Medulloblastoma: Current Perspectives and Recent Advances. 
Brain Tumor Research and Treatment, 11(1), 28. 

Clark, P., Britland, S., & Connolly, P. (1993). Growth cone guidance and neuron 
morphology on micropatterned laminin surfaces. Journal of Cell Science, 
105(1), 203–212. 

Clarkson, B. D. S., Kahoud, R. J., McCarthy, C. B., & Howe, C. L. (2017). 
Inflammatory cytokine-induced changes in neural network activity measured by 
waveform analysis of high-content calcium imaging in murine cortical neurons. 
Scientific Reports, 7(1). 

Collot, M., Ashokkumar, P., Anton, H., Boutant, E., Faklaris, O., Galli, T., Mély, Y., 



Sophie McCann – MRes Thesis   75 

Danglot, L., & Klymchenko, A. S. (2019). MemBright: A Family of Fluorescent 
Membrane Probes for Advanced Cellular Imaging and Neuroscience. Cell 
Chemical Biology, 26(4), 600-614.e7. 

Convertino, D., Luin, S., Marchetti, L., & Coletti, C. (2018). Peripheral Neuron 
Survival and Outgrowth on Graphene. Frontiers in Neuroscience, 12. 

Cooper, J. A. (2008). A mechanism for inside-out lamination in the neocortex. 
Trends in Neurosciences, 31(3), 113–119. 

Dajas-Bailador, F., Jones, E. V., & Whitmarsh, A. J. (2008). The JIP1 Scaffold 
Protein Regulates Axonal Development in Cortical Neurons. Current Biology, 
18(3), 221–226. 

Dasari, S. & Bernard Tchounwou, P. (2014). Cisplatin in cancer therapy: Molecular 
mechanisms of action. European Journal of Pharmacology, 740, 364–378. 

DeSouza, R.-M., Jones, B. R. T., Lowis, S. P., & Kurian, K. M. (2014). Pediatric 
Medulloblastoma - Update on Molecular Classification Driving Targeted 
Therapies. Frontiers in Oncology, 4. 

Deville, S., Berckmans, P., Van Hoof, R., Lambrichts, I., Salvati, A., & Nelissen, I. 
(2021). Comparison of extracellular vesicle isolation and storage methods 
using high-sensitivity flow cytometry. PLOS ONE, 16(2). 

Domingues, H. S., Falcão, A. M., Mendes-Pinto, I., Salgado, A. J., & Teixeira, F. G. 
(2020). Exosome Circuitry During (De)(Re)Myelination of the Central Nervous 
System. Frontiers in Cell and Developmental Biology, 8. 

Dotti, C., Sullivan, C., & Banker, G. (1988). The establishment of polarity by 
hippocampal neurons in culture. The Journal of Neuroscience, 8(4), 1454–
1468. 

Doyle, L. & Wang, M. (2019). Overview of Extracellular Vesicles, Their Origin, 
Composition, Purpose, and Methods for Exosome Isolation and Analysis. Cells, 
8(7). 

Dupraz, S., Hilton, B. J., Husch, A., Santos, T. E., Coles, C. H., Stern, S., 
Brakebusch, C., & Bradke, F. (2019). RhoA Controls Axon Extension 
Independent of Specification in the Developing Brain. Current Biology, 29(22), 
3874-3886.e9. 

Epple, L. M., Griffiths, S. G., Dechkovskaia, A. M., Dusto, N. L., White, J., Ouellette, 
R. J., Anchordoquy, T. J., Bemis, L. T., & Graner, M. W. (2012). 
Medulloblastoma Exosome Proteomics Yield Functional Roles for Extracellular 
Vesicles. PLoS ONE, 7(7). 

Evans, A. E., Jenkin, R. D. T., Sposto, R., Ortega, J. A., Wilson, C. B., Wara, W., 
Ertel, I. J., Kramer, S., Chang, C. H., Leikin, S. L., & Hammond, G. D. (1990). 
The treatment of medulloblastoma. Journal of Neurosurgery, 72(4), 572–582. 

Faraone, S. V., Banaschewski, T., Coghill, D., Zheng, Y., Biederman, J., Bellgrove, 
M. A., Newcorn, J. H., Gignac, M., Al Saud, N. M., Manor, I., Rohde, L. A., 
Yang, L., Cortese, S., Almagor, D., Stein, M. A., Albatti, T. H., Aljoudi, H. F., 
Alqahtani, M. M. J., Asherson, P., … Wang, Y. (2021). The World Federation of 
ADHD International Consensus Statement: 208 Evidence-based conclusions 
about the disorder. Neuroscience & Biobehavioral Reviews, 128, 789–818. 

Fernández, V., Llinares‐Benadero, C., & Borrell, V. (2016). Cerebral cortex 
expansion and folding: what have we learned? The EMBO Journal, 35(10), 
1021–1044. 

Filipe, V., Hawe, A., & Jiskoot, W. (2010). Critical Evaluation of Nanoparticle 
Tracking Analysis (NTA) by NanoSight for the Measurement of Nanoparticles 
and Protein Aggregates. Pharmaceutical Research, 27(5), 796–810. 

Francés, L., Quintero, J., Fernández, A., Ruiz, A., Caules, J., Fillon, G., Hervás, A., 
& Soler, C. V. (2022). Current state of knowledge on the prevalence of 
neurodevelopmental disorders in childhood according to the DSM-5: a 
systematic review in accordance with the PRISMA criteria. Child and 
Adolescent Psychiatry and Mental Health, 16(1), 27. 



Sophie McCann – MRes Thesis   76 

Gelibter, S., Marostica, G., Mandelli, A., Siciliani, S., Podini, P., Finardi, A., & 
Furlan, R. (2022). The impact of storage on extracellular vesicles: A systematic 
study. Journal of Extracellular Vesicles, 11(2). 

Genc, S., Pennisi, M., Yeni, Y., Yildirim, S., Gattuso, G., Altinoz, M. A., 
Taghizadehghalehjoughi, A., Bolat, I., Tsatsakis, A., Hacımüftüoğlu, A., & 
Falzone, L. (2022). Potential Neurotoxic Effects of Glioblastoma-Derived 
Exosomes in Primary Cultures of Cerebellar Neurons via Oxidant Stress and 
Glutathione Depletion. Antioxidants, 11(7). 

Gertz, C. C., Leach, M. K., Birrell, L. K., Martin, D. C., Feldman, E. L., & Corey, J. 
M. (2010). Accelerated neuritogenesis and maturation of primary spinal motor 
neurons in response to nanofibers. Developmental Neurobiology, 70(8), 589–
603. 

Ghasemi, D. R., Fleischhack, G., Milde, T., & Pajtler, K. W. (2022). The Current 
Landscape of Targeted Clinical Trials in Non-WNT/Non-SHH Medulloblastoma. 
Cancers, 14(3), 679. 

Gibson, P., Tong, Y., Robinson, G., Thompson, M. C., Currle, D. S., Eden, C., 
Kranenburg, T. A., Hogg, T., Poppleton, H., Martin, J., Finkelstein, D., Pounds, 
S., Weiss, A., Patay, Z., Scoggins, M., Ogg, R., Pei, Y., Yang, Z.-J., Brun, S., 
… Gilbertson, R. J. (2010). Subtypes of medulloblastoma have distinct 
developmental origins. Nature, 468(7327), 1095–1099. 

Gilmore, J. H., Knickmeyer, R. C., & Gao, W. (2018). Imaging structural and 
functional brain development in early childhood. Nature Reviews 
Neuroscience, 19(3), 123–137. 

Gomez-Deza, J., Slavutsky, A. L., Nebiyou, M., & Le Pichon, C. E. (2023). Local 
production of reactive oxygen species drives vincristine-induced axon 
degeneration. Cell Death & Disease, 14(12), 807. 

Groves, N. B., Wells, E. L., Soto, E. F., Marsh, C. L., Jaisle, E. M., Harvey, T. K., & 
Kofler, M. J. (2022). Executive Functioning and Emotion Regulation in Children 
with and without ADHD. Research on Child and Adolescent Psychopathology, 
50(6), 721–735. 

Guang, S., Pang, N., Deng, X., Yang, L., He, F., Wu, L., Chen, C., Yin, F., & Peng, 
J. (2018). Synaptopathology Involved in Autism Spectrum Disorder. Frontiers in 
Cellular Neuroscience, 12. 

Gururangan, S. & Schroeder, K. (2014). Molecular variants and mutations in 
medulloblastoma. Pharmacogenomics and Personalized Medicine. 

Haldipur, P., Aldinger, K. A., Bernardo, S., Deng, M., Timms, A. E., Overman, L. M., 
Winter, C., Lisgo, S. N., Razavi, Silvestri, E., Manganaro, L., Adle-Biassette, 
H., Guimiot, F., Russo, R., Kidron, D., Hof, P. R., Gerrelli, D., Lindsay, S. J., 
Dobyns, W. B., … Millen, K. J. (2019). Spatiotemporal expansion of primary 
progenitor zones in the developing human cerebellum. Science, 366(6464), 
454–460. 

Hales, C. M., Rolston, J. D., & Potter, S. M. (2010). How to Culture, Record and 
Stimulate Neuronal Networks on Micro-electrode Arrays (MEAs). Journal of 
Visualized Experiments, 39. 

Hansen, D. V., Lui, J. H., Parker, P. R. L., & Kriegstein, A. R. (2010). Neurogenic 
radial glia in the outer subventricular zone of human neocortex. Nature, 
464(7288), 554–561. 

Harding, C., Heuser, J., & Stahl, P. (1983). Receptor-mediated endocytosis of 
transferrin and recycling of the transferrin receptor in rat reticulocytes. Journal 
of Cell Biology, 97(2), 329–339. 

Hardy, K. K., Willard, V. W., Gioia, A., Sharkey, C., & Walsh, K. S. (2018). Attention-
mediated neurocognitive profiles in survivors of pediatric brain tumors: 
comparison to children with neurodevelopmental ADHD. Neuro-Oncology, 
20(5), 705–715. 

Hasan, H., Sohal, I. S., Soto-Vargas, Z., Byappanahalli, A. M., Humphrey, S. E., 



Sophie McCann – MRes Thesis   77 

Kubo, H., Kitdumrongthum, S., Copeland, S., Tian, F., Chairoungdua, A., & 
Kasinski, A. L. (2022). Extracellular vesicles released by non-small cell lung 
cancer cells drive invasion and permeability in non-tumorigenic lung epithelial 
cells. Scientific Reports, 12(1), 972. 

Haviv, R., Oz, E., & Soreq, H. (2018). The Stress-Responding miR-132-3p Shows 
Evolutionarily Conserved Pathway Interactions. Cellular and Molecular 
Neurobiology, 38(1), 141–153. 

He, X. M., Wikstrand, C. J., Friedman, H. S., Bigner, S. H., Pleasure, S., 
Trojanowski, J. Q., & Bigner, D. D. (1991). Differentiation characteristics of 
newly established medulloblastoma cell lines (D384 Med, D425 Med, and 
D458 Med) and their transplantable xenografts. Laboratory Investigation; a 
Journal of Technical Methods and Pathology, 64(6), 833–843. 

Hendrikse, L. D., Haldipur, P., Saulnier, O., Millman, J., Sjoboen, A. H., Erickson, A. 
W., Ong, W., Gordon, V., Coudière-Morrison, L., Mercier, A. L., Shokouhian, 
M., Suárez, R. A., Ly, M., Borlase, S., Scott, D. S., Vladoiu, M. C., Farooq, H., 
Sirbu, O., Nakashima, T., … Taylor, M. D. (2022). Failure of human rhombic lip 
differentiation underlies medulloblastoma formation. Nature, 609(7929), 1021–
1028. 

Hirai, S. -i., Banba, Y., Satake, T., & Ohno, S. (2011). Axon Formation in 
Neocortical Neurons Depends on Stage-Specific Regulation of Microtubule 
Stability by the Dual Leucine Zipper Kinase-c-Jun N-Terminal Kinase Pathway. 
Journal of Neuroscience, 31(17), 6468–6480. 

Hirsch, C. & Schildknecht, S. (2019). In Vitro Research Reproducibility: Keeping Up 
High Standards. Frontiers in Pharmacology, 10. 

Hocking, M. C., Parish-Morris, J., Schultz, R. T., Minturn, J. E., Brodsky, C., 
Shabason, E. K., & Herrington, J. D. (2020). Diminished social attention in 
pediatric brain tumor survivors: Using eye tracking technology during 
naturalistic social perception. Neuropsychology, 34(3), 350–358. 

Hodge, R. D., Bakken, T. E., Miller, J. A., Smith, K. A., Barkan, E. R., Graybuck, L. 
T., Close, J. L., Long, B., Johansen, N., Penn, O., Yao, Z., Eggermont, J., Höllt, 
T., Levi, B. P., Shehata, S. I., Aevermann, B., Beller, A., Bertagnolli, D., 
Brouner, K., … Lein, E. S. (2019). Conserved cell types with divergent features 
in human versus mouse cortex. Nature, 573(7772), 61–68. 

Hsu, T.-W., Liang, C.-S., Tsai, S.-J., Bai, Y.-M., Su, T.-P., Chen, T.-J., & Chen, M.-
H. (2023). Risk of Major Psychiatric Disorders Among Children and 
Adolescents Surviving Malignancies: A Nationwide Longitudinal Study. Journal 
of Clinical Oncology, 41(11), 2054–2066. 

Huang, Y., Kanada, M., Ye, J., Deng, Y., He, Q., Lei, Z., Chen, Y., Li, Y., Qin, P., 
Zhang, J., & Wei, J. (2022). Exosome-mediated remodeling of the tumor 
microenvironment: From local to distant intercellular communication. Cancer 
Letters, 543. 

Hur, E.-M. & Zhou, F.-Q. (2010). GSK3 signalling in neural development. Nature 
Reviews Neuroscience, 11(8), 539–551. 

Hyenne, V., Ghoroghi, S., Collot, M., Bons, J., Follain, G., Harlepp, S., Mary, B., 
Bauer, J., Mercier, L., Busnelli, I., Lefebvre, O., Fekonja, N., Garcia-Leon, M. 
J., Machado, P., Delalande, F., López, A. A., Silva, S. G., Verweij, F. J., van 
Niel, G., … Goetz, J. G. (2019). Studying the Fate of Tumor Extracellular 
Vesicles at High Spatiotemporal Resolution Using the Zebrafish Embryo. 
Developmental Cell, 48(4), 554-572.e7. 

Iavello, A., Frech, V. S. L., Gai, C., Deregibus, M. C., Quesenberry, P. J., & 
Camussi, G. (2016). Role of Alix in miRNA packaging during extracellular 
vesicle biogenesis. International Journal of Molecular Medicine, 37(4), 958–
966. 

ISPN. (2017). Chemotherapy Protocols for Medulloblastomas in Children. 
https://ispn.guide/tumors-of-the-nervous-system-in-children/chemotherapy-for-



Sophie McCann – MRes Thesis   78 

tumors-in-the-nervous-system-of-children-homepage/management-with-
chemotherapy-of-tumors-in-the-nervous-system-of-children/chemotherapy-for-
medulloblastomas-in-children/chemother 

Ivanov, D. P., Coyle, B., Walker, D. A., & Grabowska, A. M. (2016). In vitro models 
of medulloblastoma: Choosing the right tool for the job. Journal of 
Biotechnology, 236, 10–25. 

Jackson, H. K., Mitoko, C., Linke, F., Macarthur, D., Kerr, I. D., & Coyle, B. (2023). 
Extracellular Vesicles Potentiate Medulloblastoma Metastasis in an EMMPRIN 
and MMP-2 Dependent Manner. Cancers, 15(9). 

Jalaludin, I., Lubman, D. M., & Kim, J. (2023). A guide to mass spectrometric 
analysis of extracellular vesicle proteins for biomarker discovery. Mass 
Spectrometry Reviews, 42(2), 844–872. 

Jalilian, E., Massoumi, H., Bigit, B., Amin, S., Katz, E. A., Guaiquil, V. H., Anwar, K. 
N., Hematti, P., Rosenblatt, M. I., & Djalilian, A. R. (2022). Bone marrow 
mesenchymal stromal cells in a 3D system produce higher concentration of 
extracellular vesicles (EVs) with increased complexity and enhanced neuronal 
growth properties. Stem Cell Research & Therapy, 13(1), 425. 

Jiang, J.-J., Liu, C.-M., Zhang, B.-Y., Wang, X.-W., Zhang, M., Saijilafu, Zhang, S.-
R., Hall, P., Hu, Y.-W., & Zhou, F.-Q. (2015). MicroRNA-26a supports 
mammalian axon regeneration in vivo by suppressing GSK3β expression. Cell 
Death & Disease, 6(8), e1865–e1865. 

Johnston, D. L., Keene, D., Strother, D., Taneva, M., Lafay-Cousin, L., Fryer, C., 
Scheinemann, K., Carret, A.-S., Fleming, A., Afzal, S., Wilson, B., Bowes, L., 
Zelcer, S., Mpofu, C., Silva, M., Larouche, V., Brossard, J., & Bouffet, E. 
(2018). Survival Following Tumor Recurrence in Children With 
Medulloblastoma. Journal of Pediatric Hematology/Oncology, 40(3), e159–
e163. 

Jones, D. T. W., Jäger, N., Kool, M., Zichner, T., Hutter, B., Sultan, M., Cho, Y.-J., 
Pugh, T. J., Hovestadt, V., Stütz, A. M., Rausch, T., Warnatz, H.-J., Ryzhova, 
M., Bender, S., Sturm, D., Pleier, S., Cin, H., Pfaff, E., Sieber, L., … Lichter, P. 
(2012). Dissecting the genomic complexity underlying medulloblastoma. 
Nature, 488(7409), 100–105. 

Joshi, B. S., de Beer, M. A., Giepmans, B. N. G., & Zuhorn, I. S. (2020). 
Endocytosis of Extracellular Vesicles and Release of Their Cargo from 
Endosomes. ACS Nano, 14(4), 4444–4455. 

Juraschka, K. & Taylor, M. D. (2019). Medulloblastoma in the age of molecular 
subgroups: a review. Journal of Neurosurgery: Pediatrics, 24(4), 353–363. 

Kalluri, R. & LeBleu, V. S. (2020). The biology , function , and biomedical 
applications of exosomes. Science, 367(6478). 

Kana, R. K., Uddin, L. Q., Kenet, T., Chugani, D., & MÃ¼ller, R.-A. (2014). Brain 
connectivity in autism. Frontiers in Human Neuroscience, 8. 

Kar, A. N., Lee, S.-J., Sahoo, P. K., Thames, E., Yoo, S., Houle, J. D., & Twiss, J. L. 
(2021). MicroRNAs 21 and 199a-3p Regulate Axon Growth Potential through 
Modulation of Pten and mTo r mRNAs. Eneuro, 8(4). 

Kath, C., Goni-Oliver, P., Müller, R., Schultz, C., Haucke, V., Eickholt, B., & 
Schmoranzer, J. (2018). PTEN suppresses axon outgrowth by down-regulating 
the level of detyrosinated microtubules. PLOS ONE, 13(4). 

Kaushik, D. K., Hahn, J. N., & Yong, V. W. (2015). EMMPRIN, an upstream 
regulator of MMPs, in CNS biology. Matrix Biology, 44–46, 138–146. 

Kim, H. J., Park, J. W., & Lee, J. H. (2021). Genetic Architectures and Cell-of-Origin 
in Glioblastoma. Frontiers in Oncology, 10. 

Ko, J., Wang, Y., Sheng, K., Weitz, D. A., & Weissleder, R. (2021). Sequencing-
Based Protein Analysis of Single Extracellular Vesicles. ACS Nano, 15(3), 
5631–5638. 

Koike, T. (1983). Nerve growth factor-induced neurite outgrowth of rat 



Sophie McCann – MRes Thesis   79 

pheochromocytoma PC 12 cells: Dependence on extracellular Mg2+ and 
Ca2+. Brain Research, 289(1–2), 293–303. 

Konrad, K. & Eickhoff, S. B. (2010). Is the ADHD brain wired differently? A review 
on structural and functional connectivity in attention deficit hyperactivity 
disorder. Human Brain Mapping, 31(6), 904–916. 

Kool, M., Korshunov, A., Remke, M., Jones, D. T. W., Schlanstein, M., Northcott, P. 
A., Cho, Y.-J., Koster, J., Schouten-van Meeteren, A., van Vuurden, D., 
Clifford, S. C., Pietsch, T., von Bueren, A. O., Rutkowski, S., McCabe, M., 
Collins, V. P., Bäcklund, M. L., Haberler, C., Bourdeaut, F., … Pfister, S. M. 
(2012). Molecular subgroups of medulloblastoma: an international meta-
analysis of transcriptome, genetic aberrations, and clinical data of WNT, SHH, 
Group 3, and Group 4 medulloblastomas. Acta Neuropathologica, 123(4), 473–
484. 

Koussounadis, A., Langdon, S. P., Um, I. H., Harrison, D. J., & Smith, V. A. (2015). 
Relationship between differentially expressed mRNA and mRNA-protein 
correlations in a xenograft model system. Scientific Reports, 5(1). 

Kovacs, A., Vermeer, D. W., Madeo, M., Reavis, H. D., Vermeer, S. J., Williamson, 
C. S., Rickel, A., Stamp, J., Lucido, C. T., Cain, J., Bell, M., Morgan, M., Yoon, 
J.-Y., Mitchell, M. A., Tulina, N., Stuckelberger, S., Budina, A., Omran, D. K., 
Jung, E., … Vermeer, P. D. (2020). Tumor-infiltrating nerves create an electro-
physiologically active microenvironment and contribute to treatment resistance. 
BioRxiv, preprint. 

Kowal, E. J. K., Ter-Ovanesyan, D., Regev, A., & Church, G. M. (2017). 
Extracellular Vesicle Isolation and Analysis by Western Blotting (pp. 143–152). 

Kusuma, G. D., Li, A., Zhu, D., McDonald, H., Inocencio, I. M., Chambers, D. C., 
Sinclair, K., Fang, H., Greening, D. W., Frith, J. E., & Lim, R. (2022). Effect of 
2D and 3D Culture Microenvironments on Mesenchymal Stem Cell-Derived 
Extracellular Vesicles Potencies. Frontiers in Cell and Developmental Biology, 
10. 

Lamparski, H. G., Metha-Damani, A., Yao, J.-Y., Patel, S., Hsu, D.-H., Ruegg, C., & 
Le Pecq, J.-B. (2002). Production and characterization of clinical grade 
exosomes derived from dendritic cells. Journal of Immunological Methods, 
270(2), 211–226. 

Lannigan, J. & Erdbruegger, U. (2017). Imaging flow cytometry for the 
characterization of extracellular vesicles. Methods, 112, 55–67. 

Lauritsen, M. B. (2013). Autism spectrum disorders. European Child & Adolescent 
Psychiatry, 22(S1), 37–42. 

Lee, D. Y. (2015). Roles of mTOR Signaling in Brain Development. Experimental 
Neurobiology, 24(3), 177–185. 

Lee, H., He, X., Le, T., Carnino, J. M., & Jin, Y. (2020). Single-step RT-qPCR for 
detection of extracellular vesicle microRNAs in vivo: a time- and cost-effective 
method. American Journal of Physiology-Lung Cellular and Molecular 
Physiology, 318(4), L742–L749. 

Lee, K.-Y., Im, J. H., Lin, W., Gwak, H.-S., Kim, J. H., Yoo, B. C., Kim, T. H., Park, 
J. B., Park, H. J., Kim, H.-J., Kwon, J.-W., Shin, S. H., Yoo, H., & Lee, C. 
(2020). Nanoparticles in 472 Human Cerebrospinal Fluid: Changes in 
Extracellular Vesicle Concentration and miR-21 Expression as a Biomarker for 
Leptomeningeal Metastasis. Cancers, 12(10). 

Lesuisse, C. & Martin, L. J. (2002). Long-term culture of mouse cortical neurons as 
a model for neuronal development, aging, and death. Journal of Neurobiology, 
51(1), 9–23. 

Liu, F., Vermesh, O., Mani, V., Ge, T. J., Madsen, S. J., Sabour, A., Hsu, E.-C., 
Gowrishankar, G., Kanada, M., Jokerst, J. V., Sierra, R. G., Chang, E., Lau, K., 
Sridhar, K., Bermudez, A., Pitteri, S. J., Stoyanova, T., Sinclair, R., Nair, V. S., 
… Demirci, U. (2017). The Exosome Total Isolation Chip. ACS Nano, 11(11), 



Sophie McCann – MRes Thesis   80 

10712–10723. 
Lo, T.-W., Zhu, Z., Purcell, E., Watza, D., Wang, J., Kang, Y.-T., Jolly, S., Nagrath, 

D., & Nagrath, S. (2020). Microfluidic device for high-throughput affinity-based 
isolation of extracellular vesicles. Lab on a Chip, 20(10), 1762–1770. 

Lucci, C., Mesquita-Ribeiro, R., Rathbone, A., & Dajas-Bailador, F. (2020). 
Spatiotemporal regulation of GSK3β levels by miRNA-26a controls axon 
development in cortical neurons. Development. 

Lucido, C. T., Wynja, E., Madeo, M., Williamson, C. S., Schwartz, L. E., Imblum, B. 
A., Drapkin, R., & Vermeer, P. D. (2019). Innervation of cervical carcinoma is 
mediated by cancer-derived exosomes. Gynecologic Oncology, 154(1), 228–
235. 

Maas, S. L. N., Broekman, M. L. D., & de Vrij, J. (2017). Tunable Resistive Pulse 
Sensing for the Characterization of Extracellular Vesicles (pp. 21–33). 

Madeo, M., Colbert, P. L., Vermeer, D. W., Lucido, C. T., Cain, J. T., Vichaya, E. G., 
Grossberg, A. J., Muirhead, D., Rickel, A. P., Hong, Z., Zhao, J., Weimer, J. M., 
Spanos, W. C., Lee, J. H., Dantzer, R., & Vermeer, P. D. (2018). Cancer 
exosomes induce tumor innervation. Nature Communications, 9(1). 

Martino, E., Casamassima, G., Castiglione, S., Cellupica, E., Pantalone, S., 
Papagni, F., Rui, M., Siciliano, A. M., & Collina, S. (2018). Vinca alkaloids and 
analogues as anti-cancer agents: Looking back, peering ahead. Bioorganic & 
Medicinal Chemistry Letters, 28(17), 2816–2826. 

Mary, B., Ghoroghi, S., Hyenne, V., & Goetz, J. G. (2020). Live tracking of 
extracellular vesicles in larval zebrafish (pp. 243–275). 

McGovern, S. L., Grosshans, D., & Mahajan, A. (2014). Embryonal Brain Tumors. 
The Cancer Journal, 20(6), 397–402. 

Midekessa, G., Godakumara, K., Ord, J., Viil, J., Lättekivi, F., Dissanayake, K., 
Kopanchuk, S., Rinken, A., Andronowska, A., Bhattacharjee, S., Rinken, T., & 
Fazeli, A. (2020). Zeta Potential of Extracellular Vesicles: Toward 
Understanding the Attributes that Determine Colloidal Stability. ACS Omega, 
5(27), 16701–16710. 

Miller, K. D., Ostrom, Q. T., Kruchko, C., Patil, N., Tihan, T., Cioffi, G., Fuchs, H. E., 
Waite, K. A., Jemal, A., Siegel, R. L., & Barnholtz‐Sloan, J. S. (2021). Brain 
and other central nervous system tumor statistics, 2021. CA: A Cancer Journal 
for Clinicians, 71(5), 381–406. 

Milne, J. L. S., Borgnia, M. J., Bartesaghi, A., Tran, E. E. H., Earl, L. A., Schauder, 
D. M., Lengyel, J., Pierson, J., Patwardhan, A., & Subramaniam, S. (2013). 
Cryo-electron microscopy - a primer for the non-microscopist. FEBS Journal, 
280(1), 28–45. 

Ming, Y., Hasan, M. F., Tatic-Lucic, S., & Berdichevsky, Y. (2020). Micro Three-
Dimensional Neuronal Cultures Generate Developing Cortex-Like Activity 
Patterns. Frontiers in Neuroscience, 14. 

Momen-Heravi, F. (2017). Isolation of Extracellular Vesicles by Ultracentrifugation 
(pp. 25–32). 

Momen-Heravi, F., Balaj, L., Alian, S., Mantel, P.-Y., Halleck, A. E., Trachtenberg, 
A. J., Soria, C. E., Oquin, S., Bonebreak, C. M., Saracoglu, E., Skog, J., & Kuo, 
W. P. (2013). Current methods for the isolation of extracellular vesicles. Bchm, 
394(10), 1253–1262. 

Mullin, A. P., Gokhale, A., Moreno-De-Luca, A., Sanyal, S., Waddington, J. L., & 
Faundez, V. (2013). Neurodevelopmental disorders: mechanisms and 
boundary definitions from genomes, interactomes and proteomes. 
Translational Psychiatry, 3(12), e329–e329. 

Muraoka, S., Jedrychowski, M. P., Yanamandra, K., Ikezu, S., Gygi, S. P., & Ikezu, 
T. (2020). Proteomic Profiling of Extracellular Vesicles Derived from 
Cerebrospinal Fluid of Alzheimer’s Disease Patients: A Pilot Study. Cells, 9(9). 

National Cancer Registration and Analysis Service. (2021). Children, teenagers and 



Sophie McCann – MRes Thesis   81 

young adults UK cancer statistics report 2021. 
http://www.ncin.org.uk/cancer_type_and_topic_specific_work/cancer_type_spe
cific_work/cancer_in_children_teenagers_and_young_adults/ 

Noguchi, A., Ikegaya, Y., & Matsumoto, N. (2021). In Vivo Whole-Cell Patch-Clamp 
Methods: Recent Technical Progress and Future Perspectives. Sensors, 21(4). 

Northcott, P. A., Korshunov, A., Witt, H., Hielscher, T., Eberhart, C. G., Mack, S., 
Bouffet, E., Clifford, S. C., Hawkins, C. E., French, P., Rutka, J. T., Pfister, S., 
& Taylor, M. D. (2011). Medulloblastoma Comprises Four Distinct Molecular 
Variants. Journal of Clinical Oncology, 29(11), 1408–1414. 

Nussinov, R., Tsai, C.-J., & Jang, H. (2022). Neurodevelopmental disorders, 
immunity, and cancer are connected. IScience, 25(6). 

O’Brien, K., Breyne, K., Ughetto, S., Laurent, L. C., & Breakefield, X. O. (2020). 
RNA delivery by extracellular vesicles in mammalian cells and its applications. 
Nature Reviews Molecular Cell Biology, 21(10), 585–606. 

Ofer, N., Benavides-Piccione, R., DeFelipe, J., & Yuste, R. (2022). Structural 
Analysis of Human and Mouse Dendritic Spines Reveals a Morphological 
Continuum and Differences across Ages and Species. Eneuro, 9(3). 

Oliver, T. G., Read, T. A., Kessler, J. D., Mehmeti, A., Wells, J. F., Huynh, T. T. T., 
Lin, S. M., & Wechsler-Reya, R. J. (2005). Loss of patched and disruption of 
granule cell development in a pre-neoplastic stage of medulloblastoma. 
Development, 132(10), 2425–2439. 

Olshina, M. A. & Sharon, M. (2016). Mass spectrometry: a technique of many faces. 
Quarterly Reviews of Biophysics, 49, e18. 

Ostrom, Q. T., de Blank, P. M., Kruchko, C., Petersen, C. M., Liao, P., Finlay, J. L., 
Stearns, D. S., Wolff, J. E., Wolinsky, Y., Letterio, J. J., & Barnholtz-Sloan, J. 
S. (2015). Alex’s Lemonade Stand Foundation Infant and Childhood Primary 
Brain and Central Nervous System Tumors Diagnosed in the United States in 
2007–2011. Neuro-Oncology, 16(10). 

Palmer, S. L. (2008). Neurodevelopmental impact on children treated for 
medulloblastoma: A review and proposed conceptual model. Developmental 
Disabilities Research Reviews, 14(3), 203–210. 

Pan, B.-T. & Johnstone, R. M. (1983). Fate of the transferrin receptor during 
maturation of sheep reticulocytes in vitro: Selective externalization of the 
receptor. Cell, 33(3), 967–978. 

Park, A. K., Lee, J. Y., Cheong, H., Ramaswamy, V., Park, S.-H., Kool, M., Phi, J. 
H., Choi, S. A., Cavalli, F., Taylor, M. D., & Kim, S.-K. (2019). Subgroup-
specific prognostic signaling and metabolic pathways in pediatric 
medulloblastoma. BMC Cancer, 19(1), 571. 

Parker, S. S., Moutal, A., Cai, S., Chandrasekaran, S., Roman, M. R., Koshy, A. A., 
Khanna, R., Zinsmaier, K. E., & Mouneimne, G. (2018). High Fidelity 
Cryopreservation and Recovery of Primary Rodent Cortical Neurons. Eneuro, 
5(5). 

Pasquet, J.-M., Dachary-Prigent, J., & Nurden, A. T. (1996). Calcium Influx is a 
Determining Factor of Calpain Activation and Microparticle Formation in 
Platelets. European Journal of Biochemistry, 239(3), 647–654. 

Patel, M. R. & Weaver, A. M. (2021). Astrocyte-derived small extracellular vesicles 
promote synapse formation via fibulin-2-mediated TGF-β signaling. Cell 
Reports, 34(10). 

Pazzaglia, S., Briganti, G., Mancuso, M., & Saran, A. (2020). Neurocognitive 
Decline Following Radiotherapy: Mechanisms and Therapeutic Implications. 
Cancers, 12(1), 146. 

Pollack, I. F., Agnihotri, S., & Broniscer, A. (2019). Childhood brain tumors: current 
management, biological insights, and future directions. Journal of 
Neurosurgery. Pediatrics, 23(3), 261–273. 

Pöschl, J., Bartels, M., Ohli, J., Bianchi, E., Kuteykin-Teplyakov, K., Grammel, D., 



Sophie McCann – MRes Thesis   82 

Ahlfeld, J., & Schüller, U. (2014). Wnt/β-catenin signaling inhibits the Shh 
pathway and impairs tumor growth in Shh-dependent medulloblastoma. Acta 
Neuropathologica, 127(4), 605–607. 

Rahmanian, S., Murad, R., Breschi, A., Zeng, W., Mackiewicz, M., Williams, B., 
Davis, C. A., Roberts, B., Meadows, S., Moore, D., Trout, D., Zaleski, C., 
Dobin, A., Sei, L.-H., Drenkow, J., Scavelli, A., Gingeras, T. R., Wold, B. J., 
Myers, R. M., … Mortazavi, A. (2019). Dynamics of microRNA expression 
during mouse prenatal development. Genome Research, 29(11), 1900–1909. 

Ramaswamy, V., Remke, M., Bouffet, E., Bailey, S., Clifford, S. C., Doz, F., Kool, 
M., Dufour, C., Vassal, G., Milde, T., Witt, O., von Hoff, K., Pietsch, T., 
Northcott, P. A., Gajjar, A., Robinson, G. W., Padovani, L., André, N., 
Massimino, M., … Pomeroy, S. L. (2016). Risk stratification of childhood 
medulloblastoma in the molecular era: the current consensus. Acta 
Neuropathologica, 131(6), 821–831. 

Rathi, K. S., Arif, S., Koptyra, M., Naqvi, A. S., Taylor, D. M., Storm, P. B., Resnick, 
A. C., Rokita, J. L., & Raman, P. (2020). A transcriptome-based classifier to 
determine molecular subtypes in medulloblastoma. PLOS Computational 
Biology, 16(10). 

Rossi, A., Caracciolo, V., Russo, G., Reiss, K., & Giordano, A. (2008). 
Medulloblastoma: From Molecular Pathology to Therapy. Clinical Cancer 
Research, 14(4), 971–976. 

Roussel, M. F. & Hatten, M. E. (2011). Cerebellum: Development and 
Medulloblastoma. Current Topics in Developmental Biology, 94, 235–282. 

Safaei, R., Larson, B. J., Cheng, T. C., Gibson, M. A., Otani, S., Naerdemann, W., & 
Howell, S. B. (2005). Abnormal lysosomal trafficking and enhanced exosomal 
export of cisplatin in drug-resistant human ovarian carcinoma cells. Molecular 
Cancer Therapeutics, 4(10), 1595–1604. 

Sakakibara, A. & Hatanaka, Y. (2015). Neuronal polarization in the developing 
cerebral cortex. Frontiers in Neuroscience, 9. 

Sayal, K., Prasad, V., Daley, D., Ford, T., & Coghill, D. (2018). ADHD in children 
and young people: prevalence, care pathways, and service provision. The 
Lancet Psychiatry, 5(2), 175–186. 

Schulte, F., Brinkman, T. M., Li, C., Fay-McClymont, T., Srivastava, D. K., Ness, K. 
K., Howell, R. M., Mueller, S., Wells, E., Strother, D., Lafay-Cousin, L., 
Leisenring, W., Robison, L. L., Armstrong, G. T., & Krull, K. R. (2018). Social 
adjustment in adolescent survivors of pediatric central nervous system tumors: 
A report from the Childhood Cancer Survivor Study. Cancer, 124(17), 3596–
3608. 

Schwalbe, E. C., Lindsey, J. C., Nakjang, S., Crosier, S., Smith, A. J., Hicks, D., 
Rafiee, G., Hill, R. M., Iliasova, A., Stone, T., Pizer, B., Michalski, A., Joshi, A., 
Wharton, S. B., Jacques, T. S., Bailey, S., Williamson, D., & Clifford, S. C. 
(2017). Novel molecular subgroups for clinical classification and outcome 
prediction in childhood medulloblastoma: a cohort study. The Lancet Oncology, 
18(7), 958–971. 

Sharma, N., Colangelo, N. W., de Toledo, S. M., & Azzam, E. I. (2016). Diffusible 
Factors Secreted by Glioblastoma and Medulloblastoma Cells Induce Oxidative 
Stress in Bystander Neural Stem Progenitors. ASN Neuro, 8(4). 

Sharma, P., Mesci, P., Carromeu, C., McClatchy, D. R., Schiapparelli, L., Yates, J. 
R., Muotri, A. R., & Cline, H. T. (2019). Exosomes regulate neurogenesis and 
circuit assembly. Proceedings of the National Academy of Sciences, 116(32), 
16086–16094. 

Sharma, T., Schwalbe, E. C., Williamson, D., Sill, M., Hovestadt, V., Mynarek, M., 
Rutkowski, S., Robinson, G. W., Gajjar, A., Cavalli, F., Ramaswamy, V., 
Taylor, M. D., Lindsey, J. C., Hill, R. M., Jäger, N., Korshunov, A., Hicks, D., 
Bailey, S., Kool, M., … Clifford, S. C. (2019). Second-generation molecular 



Sophie McCann – MRes Thesis   83 

subgrouping of medulloblastoma: an international meta-analysis of Group 3 
and Group 4 subtypes. Acta Neuropathologica, 138(2), 309–326. 

Simonsen, J. B. (2017). What Are We Looking At? Extracellular Vesicles, 
Lipoproteins, or Both? Circulation Research, 121(8), 920–922. 

Smith, K. S., Bihannic, L., Gudenas, B. L., Haldipur, P., Tao, R., Gao, Q., Li, Y., 
Aldinger, K. A., Iskusnykh, I. Y., Chizhikov, V. V., Scoggins, M., Zhang, S., 
Edwards, A., Deng, M., Glass, I. A., Overman, L. M., Millman, J., Sjoboen, A. 
H., Hadley, J., … Northcott, P. A. (2022). Unified rhombic lip origins of group 3 
and group 4 medulloblastoma. Nature, 609(7929), 1012–1020. 

Smoll, N. R. & Drummond, K. J. (2012). The incidence of medulloblastomas and 
primitive neuroectodermal tumours in adults and children. Journal of Clinical 
Neuroscience, 19(11), 1541–1544. 

Stanganello, E., Zahavi, E. E., Burute, M., Smits, J., Jordens, I., Maurice, M. M., 
Kapitein, L. C., & Hoogenraad, C. C. (2019). Wnt Signaling Directs Neuronal 
Polarity and Axonal Growth. IScience, 13, 318–327. 

Stiles, J. & Jernigan, T. L. (2010). The Basics of Brain Development. 
Neuropsychology Review, 20(4), 327–348. 

Stoner, S. A., Duggan, E., Condello, D., Guerrero, A., Turk, J. R., Narayanan, P. K., 
& Nolan, J. P. (2016). High sensitivity flow cytometry of membrane vesicles. 
Cytometry Part A, 89(2), 196–206. 

Tait, D. M., Thornton-Jones, H., Bloom, H. J. G., Lemerle, J., & Morris-Jones, P. 
(1990). Adjuvant chemotherapy for medulloblastoma: The first multi-centre 
control trial of the International Society of Paediatric Oncology (SIOP I). 
European Journal of Cancer and Clinical Oncology, 26(4), 463–469. 

Takov, K., Yellon, D. M., & Davidson, S. M. (2019). Comparison of small 
extracellular vesicles isolated from plasma by ultracentrifugation or size-
exclusion chromatography: yield, purity and functional potential. Journal of 
Extracellular Vesicles, 8(1). 

Tamayo-Orrego, L. & Charron, F. (2019). Recent advances in SHH 
medulloblastoma progression: tumor suppressor mechanisms and the tumor 
microenvironment. F1000Research, 8. 

Tamini, A. F. & Juweid, M. (2017). Epidemiology and Outcome of Glioblastoma. In 
Glioblastoma (pp. 143–153). Codon Publications. 

Tanaka, D. H., Yanagida, M., Zhu, Y., Mikami, S., Nagasawa, T., Miyazaki, J., 
Yanagawa, Y., Obata, K., & Murakami, F. (2009). Random Walk Behavior of 
Migrating Cortical Interneurons in the Marginal Zone: Time-Lapse Analysis in 
Flat-Mount Cortex. The Journal of Neuroscience, 29(5), 1300–1311. 

Taylor, M. D., Northcott, P. A., Korshunov, A., Remke, M., Cho, Y.-J., Clifford, S. C., 
Eberhart, C. G., Parsons, D. W., Rutkowski, S., Gajjar, A., Ellison, D. W., 
Lichter, P., Gilbertson, R. J., Pomeroy, S. L., Kool, M., & Pfister, S. M. (2012). 
Molecular subgroups of medulloblastoma: the current consensus. Acta 
Neuropathologica, 123(4), 465–472. 

Taylor, M. D., Zhang, X., Liu, L., Hui, C.-C., Mainprize, T. G., Scherer, S. W., 
Wainwright, B., Hogg, D., & Rutka, J. T. (2004). Failure of a medulloblastoma-
derived mutant of SUFU to suppress WNT signaling. Oncogene, 23(26), 4577–
4583. 

Tertel, T., Bremer, M., Maire, C., Lamszus, K., Peine, S., Jawad, R., Andaloussi, S. 
E. L., Giebel, B., Ricklefs, F. L., & Görgens, A. (2020). High‐Resolution 
Imaging Flow Cytometry Reveals Impact of Incubation Temperature on 
Labeling of Extracellular Vesicles with Antibodies. Cytometry Part A, 97(6), 
602–609. 

Thane, K. E., Davis, A. M., & Hoffman, A. M. (2019). Improved methods for 
fluorescent labeling and detection of single extracellular vesicles using 
nanoparticle tracking analysis. Scientific Reports, 9(1). 

Théry, C., Witwer, K. W., Aikawa, E., Alcaraz, M. J., Anderson, J. D., 



Sophie McCann – MRes Thesis   84 

Andriantsitohaina, R., Antoniou, A., Arab, T., Archer, F., Atkin-Smith, G. K., 
Ayre, D. C., Bach, J.-M., Bachurski, D., Baharvand, H., Balaj, L., Baldacchino, 
S., Bauer, N. N., Baxter, A. A., Bebawy, M., … Zuba-Surma, E. K. (2018). 
Minimal information for studies of extracellular vesicles 2018 (MISEV2018): a 
position statement of the International Society for Extracellular Vesicles and 
update of the MISEV2014 guidelines. Journal of Extracellular Vesicles, 7(1). 

Thippabhotla, S., Zhong, C., & He, M. (2019). 3D cell culture stimulates the 
secretion of in vivo like extracellular vesicles. Scientific Reports, 9(1). 

Thompson, E. M., Ashley, D., & Landi, D. (2020). Current medulloblastoma 
subgroup specific clinical trials. Translational Pediatrics, 9(2), 157–162. 

Tsai, Y.-W., Sung, H.-H., Li, J.-C., Yeh, C.-Y., Chen, P.-Y., Cheng, Y.-J., Chen, C.-
H., Tsai, Y.-C., & Chien, C.-T. (2019). Glia-derived exosomal miR-274 targets 
Sprouty in trachea and synaptic boutons to modulate growth and responses to 
hypoxia. Proceedings of the National Academy of Sciences, 116(49), 24651–
24661. 

Usui, N., Tian, X., Harigai, W., Togawa, S., Utsunomiya, R., Doi, T., Miyoshi, K., 
Shinoda, K., Tanaka, J., Shimada, S., Katayama, T., & Yoshimura, T. (2022). 
Length impairments of the axon initial segment in rodent models of attention-
deficit hyperactivity disorder and autism spectrum disorder. Neurochemistry 
International, 153. 

van der Pol, E., Böing, A. N., Harrison, P., Sturk, A., & Nieuwland, R. (2012). 
Classification, Functions, and Clinical Relevance of Extracellular Vesicles. 
Pharmacological Reviews, 64(3), 676–705. 

van Niel, G., D’Angelo, G., & Raposo, G. (2018). Shedding light on the cell biology 
of extracellular vesicles. Nature Reviews Molecular Cell Biology, 19(4), 213–
228. 

Veerman, R. E., Teeuwen, L., Czarnewski, P., Güclüler Akpinar, G., Sandberg, A., 
Cao, X., Pernemalm, M., Orre, L. M., Gabrielsson, S., & Eldh, M. (2021). 
Molecular evaluation of five different isolation methods for extracellular vesicles 
reveals different clinical applicability and subcellular origin. Journal of 
Extracellular Vesicles, 10(9). 

Vogel, R., Savage, J., Muzard, J., Della Camera, G., Vella, G., Law, A., Marchioni, 
M., Mehn, D., Geiss, O., Peacock, B., Aubert, D., Calzolai, L., Caputo, F., & 
Prina‐Mello, A. (2021). Measuring particle concentration of multimodal 
synthetic reference materials and extracellular vesicles with orthogonal 
techniques: Who is up to the challenge? Journal of Extracellular Vesicles, 
10(3). 

Votin, V., Nelson, W. J., & Barth, A. I. M. (2005). Neurite outgrowth involves 
adenomatous polyposis coli protein and β-catenin. Journal of Cell Science, 
118(24), 5699–5708. 

Vrijsen, J. N., Tendolkar, I., Onnink, M., Hoogman, M., Schene, A. H., Fernández, 
G., van Oostrom, I., & Franke, B. (2018). ADHD symptoms in healthy adults 
are associated with stressful life events and negative memory bias. ADHD 
Attention Deficit and Hyperactivity Disorders, 10(2), 151–160. 

Walker, S. A., Davidovich, I., Yang, Y., Lai, A., Goncalves, J. P., Deliwala, V., 
Busatto, S., Shapiro, S., Koifman, N., Salomon, C., Talmon, Y., & Wolfram, J. 
(2022). Sucrose-based cryoprotective storage of extracellular vesicles. 
Extracellular Vesicle, 1. 

Washbourne, P. (2015). Synapse Assembly and Neurodevelopmental Disorders. 
Neuropsychopharmacology, 40(1), 4–15. 

Wei, F., Yang, J., & Wong, D. T. W. (2013). Detection of exosomal biomarker by 
electric field-induced release and measurement (EFIRM). Biosensors and 
Bioelectronics, 44, 115–121. 

Wiatrak, B., Kubis-Kubiak, A., Piwowar, A., & Barg, E. (2020). PC12 Cell Line: Cell 
Types, Coating of Culture Vessels, Differentiation and Other Culture 



Sophie McCann – MRes Thesis   85 

Conditions. Cells, 9(4), 958. 
Williamson, D., Schwalbe, E. C., Hicks, D., Aldinger, K. A., Lindsey, J. C., Crosier, 

S., Richardson, S., Goddard, J., Hill, R. M., Castle, J., Grabovska, Y., Hacking, 
J., Pizer, B., Wharton, S. B., Jacques, T. S., Joshi, A., Bailey, S., & Clifford, S. 
C. (2022). Medulloblastoma group 3 and 4 tumors comprise a clinically and 
biologically significant expression continuum reflecting human cerebellar 
development. Cell Reports, 40(5). 

Woud, W. W., van der Pol, E., Mul, E., Hoogduijn, M. J., Baan, C. C., Boer, K., & 
Merino, A. (2022). An imaging flow cytometry-based methodology for the 
analysis of single extracellular vesicles in unprocessed human plasma. 
Communications Biology, 5(1), 633. 

Wu, J.-Y., Li, Y.-J., Hu, X.-B., Huang, S., & Xiang, D.-X. (2021). Preservation of 
small extracellular vesicles for functional analysis and therapeutic applications: 
a comparative evaluation of storage conditions. Drug Delivery, 28(1), 162–170. 

Xu, G., Ran, Y., Fromholt, S. E., Fu, C., Yachnis, A. T., Golde, T. E., & Borchelt, D. 
R. (2015). Murine Aβ over-production produces diffuse and compact 
Alzheimer-type amyloid deposits. Acta Neuropathologica Communications, 
3(1), 72. 

Yang, Y., Wang, Y., Wei, S., Zhou, C., Yu, J., Wang, G., Wang, W., & Zhao, L. 
(2021). Extracellular vesicles isolated by size-exclusion chromatography 
present suitability for RNomics analysis in plasma. Journal of Translational 
Medicine, 19(1), 104. 

Young Lives vs Cancer & CLIC Sargent. (2017). Cancer Costs: The financial impact 
of treatment on young cancer patients and their families. 
https://www.younglivesvscancer.org.uk/wp-content/uploads/2018/08/Cancer-
Costs-Report-2017.pdf 

Zabeo, D., Cvjetkovic, A., Lässer, C., Schorb, M., Lötvall, J., & Höög, J. L. (2017). 
Exosomes purified from a single cell type have diverse morphology. Journal of 
Extracellular Vesicles, 6(1). 

Zeidan, J., Fombonne, E., Scorah, J., Ibrahim, A., Durkin, M. S., Saxena, S., Yusuf, 
A., Shih, A., & Elsabbagh, M. (2022). Global prevalence of autism: A 
systematic review update. Autism Research, 15(5), 778–790. 

Zeng, H., Shen, E. H., Hohmann, J. G., Oh, S. W., Bernard, A., Royall, J. J., 
Glattfelder, K. J., Sunkin, S. M., Morris, J. A., Guillozet-Bongaarts, A. L., Smith, 
K. A., Ebbert, A. J., Swanson, B., Kuan, L., Page, D. T., Overly, C. C., Lein, E. 
S., Hawrylycz, M. J., Hof, P. R., … Jones, A. R. (2012). Large-Scale Cellular-
Resolution Gene Profiling in Human Neocortex Reveals Species-Specific 
Molecular Signatures. Cell, 149(2), 483–496. 

Zhang, Y., Deng, Z., Lou, D., Wang, Y., Wang, R., Hu, R., Zhang, X., Zhu, Q., 
Chen, Y., & Liu, F. (2020). High-Efficiency Separation of Extracellular Vesicles 
from Lipoproteins in Plasma by Agarose Gel Electrophoresis. Analytical 
Chemistry, 92(11), 7493–7499. 

Zhou, W., Lovasz, D., Zizzo, Z., He, Q., Coughlan, C., Kowalski, R. G., KennedyI, P. 
G. E., Graner, A. N., Lillehei, K. O., Ormond, D. R., Youssef, A. S., Graner, M. 
W., & Yu, X. (2022). Phenotype and Neuronal Cytotoxic Function of 
Glioblastoma Extracellular Vesicles. Biomedicines, 10(11). 

Zhou, X., Mansori, I., Fischer, T., Witte, M., & Staiger, J. F. (2020). Characterizing 
the morphology of somatostatin‐expressing interneurons and their synaptic 

innervation pattern in the barrel cortex of the GFP‐expressing inhibitory 
neurons mouse. Journal of Comparative Neurology, 528(2), 244–260. 

Zhukova, N., Ramaswamy, V., Remke, M., Pfaff, E., Shih, D. J. H., Martin, D. C., 
Castelo-Branco, P., Baskin, B., Ray, P. N., Bouffet, E., von Bueren, A. O., 
Jones, D. T. W., Northcott, P. A., Kool, M., Sturm, D., Pugh, T. J., Pomeroy, S. 
L., Cho, Y.-J., Pietsch, T., … Tabori, U. (2013). Subgroup-Specific Prognostic 
Implications of TP53 Mutation in Medulloblastoma. Journal of Clinical 



Sophie McCann – MRes Thesis   86 

Oncology, 31(23), 2927–2935. 
Zolessi, F. R., Poggi, L., Wilkinson, C. J., Chien, C.-B., & Harris, W. A. (2006). 

Polarization and orientation of retinal ganglion cells in vivo. Neural 
Development, 1(1), 2. 

 


