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 Characterisation of 3D cultures at a later stage of differentiation in 
vitro 
At 12 weeks post differentiation the 3D cultures were stained with all the above mentioned 

markers not just to analyse the long term progress of the diffrentiation of iPSC derived NSCs 

but also to check for any differences in the control and AD cell lines. 

At 12 weeks post differentiation the relative proportion of B3 Tubulin of the 3D-control line 

hN9 and the 3D-AD lines- hAD2 and hAD3 were analysed. There is no significant difference 

across the different cells lines at this given timepoint (Fig 3.12). 

 
Figure 3.12:  Immunofluorescence images of the week 12 (3D cultures) post differentiation  IF staining for 
B3 Tubulin (red) and its analysis (n=3). The nucleus is stained blue with dapi. (Scale=20µm). The data 
was normally distributed.  One-way Anova was used for analysis with Bonferroni’s multiple comparison 
post-hoc test was performed. 
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There is no differences between the 3D-control groups for the relative proportions of MAP2 at 

12 weeks post differentiation. However, there is a significant difference between the 3D-hAD3 

and 3D-hAD4 cell lines at 12 week post differentiation (Fig 3.13). 

 
Figure 3.13:  Immunofluorescence images of the week 12 (3D cultures)  post differentiation – IF staining 
for MAP2 (green) and its analysis (n=3). The nucleus is stained blue with dapi. (Scale=20µm). The data 
was normally distributed. One-way Anova with Bonferroni’s multiple comparison post-hoc test was used 
for analysis. 
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At 12 weeks post differntiation there is no difference between the 3D-control lines for the 

relative proportions of Nestin. However, there is a significant difference beween the  3D-AD 

cell lines hAD3 and hAD4. Similar to the MAP2 expression pattern, there is a difference in the 

Nestin expression levels of  AD-cell lines hAD3 and hAD4 at 12 weeks post differentiation 

(Fig 3.14). 

 
Figure 3.14:  Immunofluorescence images of the week 6 (3D cultures) post differentiation – IF staining for 
Nestin (red) and its analysis (n=3). The nucleus is stained blue with dapi. (Scale=20µm). the data was 
normally distributed. One-way Anova with Bonferroni’s multiple comparison post-hoc test was used for 
analysis*p<0.05, ** p<0.01 
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At 12 weeks post differentiation the relative proportion of GFAP of the 3D-control line hN9 

and the 3D-AD lines- hAD2 and hAD3 were analysed. There is no significant difference across 

the different cells lines at this given timepoint (Fig 3.15). 

 

 
Figure 3.15:  Immunofluorescence images of the week 6 (3D cultures) post differentiation – IF staining for 
GFAP (green) and its analysis (n=3). The nucleus is stained blue with dapi. (Scale=20µm). The data was 
normally distributed. One-way Anova was used for analysis with Bonferroni’s multiple comparison post-
hoc test was performed. 
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 A time-based progression of neuronal differentiation in 3D cultures 
in vitro 
In order to show a time dependent development of the 3D cultures the relative proportions of 

the different markers studied above for each cell line was plotted over time.  

 There overall trend seen in this data is an increase in the relative proportion of MAP2 from 

week 0 to week 12 post differentiation in vitro (Fig 3.16). There is no significant increase in 

the relative proportions of MAP2 in hN8-3D cultures overtime and hN9-3D cultures over week 

0 and week 6 post differentiation. However, there is a significant increase in the relative 

proportions of MAP2 between week 0 and week 6 as well as week 0 and week 12 in hAD2, 

hAD3-3D and hAD4-3D.  Similarly, in the control cell line 3D-hN9, there is a significant 

increase in the expression levels of MAP2 between week 0- and 12-weeks post differentiation 

in the 3D cultures. In both these controls the progression of MAP2 expression is as expected.  

 
 

Figure 3.16: Time based analysis of the neuronal marker MAP2 observed in the 3D cultures of hN8, hN9, 
hAD2, hAD3 and hAD4 at timepoints 0, 6- and 12-weeks post differentiation. The data for HAD2, HAD3 
and HAD4 were normally distributed hence One-way Anova with Bonferroni’s multiple comparison post-
hoc test was used for analysis. The data for HN8 and HN9 were not normally distributed hence the 
Kruskal-Wallis test with Dunn’s correction was used for analysis. *p<0.05, ** p<0.01, *** p<0.001. 
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The AD cell lines hAD2, hAD3 and hAD4 show a similar trend in the progression from week 

0 to 6wk to 12wk post differentiation. There is a significant increase in the relative proportion 

of MAP2 from week 0 to week 6 and week 0 to week 12 post differentiation in all the AD cell 

lines.  This gives great confidence regarding the development of the 3D cultures whether 

control or AD cell line is progressing as expected with time, although it looks like there is not 

much difference between the 6week and 12week timepoints across the cell lines.  Nevertheless, 

the measurements of the relative proportion of MAP2 positive cells at 18 weeks post 

differentiation would give an even better picture of the progress of differentiation of the 3D 

cultures in vitro. 

A similar pattern is observed with the neuronal marker B3 Tubulin (Fig 3.17). There is a 

significant increase in the relative proportion of B3 Tubulin in the 3D-hN9 at 12-week post 

differentiation when compared to week 0 timepoint. Although not a statistical difference but 

there is a slight increase in the relative B3 Tubulin proportions in 3D-hAD2 over time. On the 

contrary, there is a significant increase in the relative proportions of B3 Tubulin at 6-week post 

differentiation and 12-week post differentiation when compared to week 0 timepoint in 3D-

hAD3 cell line. However, like seen in the MAP2 progression of development in the 3D cultures 

there seems to be no significant difference between timepoints 6- and 12-weeks post 

differentiation across the cell lines. 

 
 
There is a decrease in the relative proportions of GFAP across all cell lines at week 6 and 12 

when compared to week 0 post differentiation (Fig 3.17). This could possibly because GFAP 

is not just identified as an astrocyte specific marker but also as a stem cell/ radial glial marker. 

At week 0 the antibody must stain mostly neural stem cells that are primed for astroglial 

differentiation. Hence it follows a pattern similar to the neural stem cell marker Nestin. There 

is a significant difference in the relative proportions of GFAP between 0-6- and 0-12-week post 

differentiation across cell lines 3D-hN9 and 3D-hAD3. However, unlike the other markers we 

have seen there seems to be an opposite effect i.e. increase in relative proportions of GFAP 

between timepoints 6- and 12-weeks post differentiation across cell lines. This is in line with 

aging, since the number of astrocytes is known to increase with age in humans.  
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Figure 3.17: Time based analysis of the neuronal marker B3 Tubulin and GFAP observed in the 3D cultures 
of hN9, hAD2, hAD3 and hAD4 at timepoints 0, 6- and 12-weeks post differentiation.  All the data except 
HAD3-GFAP were normally distributed hence One-way Anova with Bonferroni’s multiple comparison 
post-hoc test was used for analysis. For HAD3-GFAP Kruskal-Wallis test with Dunn’s correction was used 
for analysis. *p<0.05, ** p<0.01, *** p<0.001. 
 
 

 
There is a gradual decrease in the expression levels of Nestin from week 0 to 6- and 12-weeks 

post differentiation (Fig 3.18). This is a clear indication that the optimized differentiation 

protocol efficiently differentiates iPSC derived NSCs to neurons and glia. Although it remains 

to see if a later timepoint like 18 weeks would further reduce the expression levels of Nestin 

across cell lines. There are quiescent stem cell niches in the adult human brain and that could 

possibly be what we see in these 3D cultures. 3D cultures may facilitate a small population of 

stem cells to remain quiescent over time in vitro. As seen in the figure, there is a significant 

decrease in the relative proportions of Nestin in the 6 week- 3D-hN9 and 3D-hAD4 cultures 

when compared to week 0 timepoint. There is a significant decrease in the relative proportions 

of Nestin in the 12 week-3D-hN9, 3D-hAD2 and 3D-hAD4 cultures when compared to week 

0 timepoint. Although there is no significant difference between 6 week and 12-week post 

differentiation timepoints across cell lines.  
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Figure 3.18: Time based analysis of the NSC marker Nestin observed in the 3D cultures of hN9, hAD2, 
hAD3 and hAD4 at timepoints 0, 6- and 12-weeks post differentiation. The data of HN8,HN9, HAD3 and 
HAD4 were normally distributed hence a One-way Anova with Bonferroni’s multiple comparison post-hoc 
test was used for analysis. The data for HAD2 was not normally distribued and Kruskal-Wallis test with 
Dunn’s correction was used for analysis. *p<0.05, ** p<0.01, *** p<0.001. 
 
 

 

 3D cultures show better Neuronal Differentiation compared to 2D 
Cultures at 6 weeks post differentiation in vitro 
In order to compare and contrast the best and most efficient culture format for neuronal 

differentiation in vitro, the relative proportions of the different markers were analysed across 

culture types (2D and 3D). 

The neuronal differentiation markers MAP2 and B3 Tubulin were compared for the same cell 

lines between 2D and 3D cultures (Fig 3.19). Unpaired two tailed-t test was used to analyse the 

difference between 2D and 3D at 6 weeks post differentiation. On analysis we observe that the 

relative proportions of B3 Tubulin is higher in the 3D culture compared to the 2D cultures. 

There is a significant increase in the relative proportion of B3 Tubulin positive cells at 6 weeks 

post differentiation in control 3D-hN9 cell line. Although there is no statistical difference, there 
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is an increase in the relative proportion of B3 Tubulin in 3D-hAD3 at 6 weeks post 

differentiation. 

Similarly, there is a higher proportion of MAP2 in the 3D cultures as compared to the 2D 

cultures of the same cell lines. There is a no significant difference in the relative proportions 

of MAP2 positive cells in the control cell line hN8 when grown in 3D cultures rather than 2D 

cultures. However, there is a significant increase in the relative proportions of MAP2 in the 

control hN9 cell line when grown in 3D cultures. Moreover, a similar trend in (although not a 

significant) increase is seen in the AD cell line 3D -hAD3 at 6 weeks post differentiation. 

 

 

 
Figure 3.19: 2D (green) vs 3D (red) analysis of the neuronal markers  B3 Tubulin and MAP2 at 6 weeks 
post differentiation (n=3). Unpaired t test was used to analyse differences between the two groups. All 
data except MAP2-HN8 and MAP2-HAD3 were normally distributed, hence unpaired two tailed t-test with 
Welch’s correction was used for analysis. For MAP2-HN8 and MAP2-HAD3 Mann-Whitney test was used 
for analysis. *p<0.05. 

 

The neural stem cell marker Nestin was also analysed in the same manner for the cell lines 

hN8, hN9 and hAD3 (Fig 3.20).  Unpaired two tailed-t test was used to analyse the difference 

between the two groups at 6 weeks post differentiation. There is no significant difference 
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observed in the relative proportions of Nestin seen in the same cell line when grown in either 

a 2D or a 3D culture format.  

 

 
Figure 3.20: 2D (green) vs 3D (red) analysis of the neural stem cell markers Nestin at 6 weeks post 
differentiation (n=3). The data was normally distributed.  Unpaired t test with Welch’s correction was used 
to analyse differences between the two groups.  

Similarly, there was no statistical difference observed for GFAP in the cell lines hN9 and hAD3 
when grown in 3D cultures vs 2D cultures (Fig 3.21).  
 

 

Figure 3.21: 2D (green) vs 3D (red) analysis of the astrocytic marker GFAP at 6 weeks post differentiation. 
the data for HN9-GFAP was normally distributed. Unpaired t test with Welch’s correction was used to 
analyse differences between the two groups. The data for HAD3-GFAP was not normally distributed hence 
Mann Whitney test was used for analysis. 
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Table 3.6: Table summarising the 2D and 3D-IF-data for the markers  - Nestin, MAP2, B3Tubulin and GFAP 
at timepoints week 0, -week 6 and week 12 post differentiation of the 2D and 3D cultures for each cell line 
namely hN8, hN9, hAD2, hAD3 and hAD4 (n=3). Each value is the ratio of the relative proportion of the 
Marker/DAPI. Key- *=values 0.1-0.59, **=values 0.6-0.89 and ***=values from 0.9-1.90. “-“=experiment not 
performed. 
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 Total Tau expression at 6 weeks post differentiation in vitro 
 

In order to determine the best method for cultures for in vitro neuronal differentiation, an 

analysis of Total Tau was performed between the cell lines grown in 2D and 3D culture 

formats. Western blot was performed to quantify any differences between the Total Tau levels 

in each cell line grown in 2D and 3D (Fig 3.22). 

 

Figure 3.22: Western Blots of cell lines grown in 2D and 3D cultures at 6 weeks post differentiation. Each 
gel lane was loaded with 15µg of protein. The blots were stained for Total Tau (Dako) and housekeeping 
protein β-Actin. All Total Tau values were calculated against the loading control actin. (M=Marker) 

 
 
The Total Tau/Actin values were calculated for each cell line and an unpaired- t-test was used 

to analyse the difference in the two groups for each cell line. There is an increase in the Total 

Tau levels especially in 3D-hN8, 3D-hAD2 and 3D-hAD4 cell lines when compared to their 

2D cultures, although only significant for hAD4 (Fig 3.23).  



Chapter 3 

175 
 

 
Figure 3.23: 2D (green) vs 3D (red) analysis of Total Tau  at 6 weeks post differentiation. All data were 
normally distributed.  Unpaired t test with Welch’s correction was used to analyse differences between 
the two groups. *p<0.05 
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3.7 Discussion 

 Stemness - 2D vs 3D neural cultures 
iPSC derived NSC express high levels of NSC marker-Nestin, at week 0 post differentiation 

which decreases gradually with differentiation over time in both 2D and 3D cultures. The IF 

analysis of Nestin in the 2D cultures shows not much of a difference between the groups at 6 

weeks post differentiation but quite a significant reduction from the week 0. The IF analysis of 

Nestin in the 3D cultures shows a gradual decrease in the proportion of Nestin positive cells in 

3D cultures over time. At 6 weeks post differentiation, although there is no significant 

difference in the proportion of Nestin positive cells across cell lines but there is a significantly 

lower proportion in 3D-hAD4 when compared to 3D-hAD3 cultures. Although not statistically 

significant hAD3 seems to have more Nestin positive cell population than the rest of the cell 

lines at 6 weeks post differentiation. Similarly, at 12 weeks post differentiation there seems to 

be a significant difference between 3D-hAD3 and 3D-hAD4 cultures. Compared to the other 

cell lines 3D-hAD3 has a higher proportion of Nestin positive cells at 12 weeks post 

differentiation. When the timeline of differentiation is considered Nestin expression seems to 

reduce in the first 6 weeks post differentiation. However, it does not decrease much further at 

12 weeks post differentiation. Unfortunately, due to time restrains the 18 weeks post 

differentiation could not be processed and analysed, although, the information from this late 

timepoint would have been crucial. When the IF analysis for Nestin in the 2D cultures was 

compared to that in the 3D cultures at 6 weeks post differentiation, there is slightly higher 

proportion of Nestin positive cells in the 3D cultures. This is seen not just in the control groups 

hN8 and hN9 but also in the AD cell line hAD3. Hence this expression corelates to the 3D 

method of culturing. However, the higher proportion does not seem to be a significant 

difference between the 2D and the 3D cultures across groups. This shows that a small 

population of cells do remain undifferentiated in the 3D cultures over time in vitro. One 

possible reason would be that the 2D cultures get more exposure to the growth factors 

compared to the tightly compacted 3D cultures. Another explanation would be that NSCs 

behave like stem cells in the adult human brain where a small proportion remain silent in a 

niche like environment. 

In the study performed by Marchini et al 2020, where they performed a similar set of 

experiments to characterise their HYDROSAP based 3D cultures over timepoints -day 1, - 
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week1 and -week 6 in vitro, they have shown a similar trend of expression of Nestin in their 4 

different hNSC cultures over time, (Marchini, Favoino and Gelain, 2020). All the four hNSC-

HYDROSAP cultures show a high proportion of Nestin at 1DIV and gradually reduce 

overtime. Similar to what we see in our 6week-2D and 3D cultures, they see a small population 

of cells positive for Nestin at 6 weeks post differentiation in all the four different hNSCs. The 

study claims that this property of maintaining. Stemness is attributed to the softness of the 3D- 

matrix, which is in line with their previous studies (Marí-Buyé and Semino, 2011; Sahab Negah 

et al., 2017). Unfortunately, they have not grown the cells longer in culture to see if the Nestin 

expression reduces further or remains the same. 

The same group has compared 2D cultures with 3D cultures at week1 and they see a similar 

increase in the expression levels of Nestin in the 3D cultures as compared to the 2D cultures. 

However, week 1is still a very early timepoint and show that probably the rate of differentiation 

is faster in 2D cultures due to the complete exposure of growth factors each cell gets as opposed 

to that in the 3D cultures (Marchini, Favoino and Gelain, 2020) 

There are many studies showing the effect of matrix stiffness on the differentiation of stem 

cells. Soft substrates with less cell contractility foster the pluripotency of stem cells (Gerardo 

et al., 2019). There is a strong correlation between stemness and intracellular contractility. The 

extracellular mechanical cues has an influence on the intracellular stiffness and contractility 

The cytoskeleton translates these mechanical signals from the ECM to the nucleus which in 

turn plays a vital role in influencing the shape of the cell, shape of the nucleus, size of the cell 

and the nucleus. This shows that factors linking the nucleus and the cytoskeletal elements play 

a vital role in differentiation. This could be one possible explanation to the different stages of 

morphological and cytoskeletal changes we see in our 3D cultures. In the initial stages, the 

cultures plated out in a soft Matrigel substrate express high levels of Nestin and are more stem 

cell like phenotype with large nucleus. As time progresses in vitro there are cytoskeletal 

changes occurring in the cultures where it looks like the cells try to become more compact and 

condense, trying to detach and pull away from the chamber walls trying to form a rounded 3D 

structure by 6 weeks post differentiation. This we suppose is a stage where the Matrigel is 

replaced with the cells own ECM during differentiation, replacing the soft Matrigel with 

something stiffer over time allowing the cells to become more contractile with rigid nucleus as 

they differentiate in 3D cultures. Studies show that this the stiffness of the matrix also correlates 

with the stiffness of the nuclei. The nuclei of the stem cells are softer and become stiffer as 

they become committed to a particular fate (Pajerowski et al., 2007; Mazumder et al., 2010). 
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Hence it can be agreed upon that softness directly correlates to stemness and stiffness inversely 

correlates to differentiation in stem cells. This could be a possible reason why we see more 

Nestin positive cells in our 3D cultures (softer) compared to the 2D cultures grown on a more 

rigid plastic surface.  

 Neural Differentiation- 2D vs 3D cultures 
B3 Tubulin, an early immature neuronal marker, was observed at week 0 post differentiation 

and gradually increases with time in both 2D and 3D cultures.  However, there is no significant 

change in the proportions between the cell lines at this timepoint. The IF analysis of B3 Tubulin 

in the 2D cultures, shows no difference between the control groups but there seems to be a 

significant difference in 2D cultures between the control 2D-hN9 and the AD cell line 2D-

hAD3 at 6 weeks post differentiation. The IF analysis of B3 Tubulin in the 3D cultures shows 

a gradual increase in the proportion of B3 Tubulin positive cells in 3D cultures over time. 

Although there seems to be no difference between the cell lines, the proportion of B3 Tubulin 

positive cells in the 3D-hAD4 cells at 6 weeks post differentiation seems to be lower than the 

rest of the cell lines. At 12 weeks post differentiation however, a similar pattern of expression 

is found, there is no significant difference across the cell lines. When considering the timeline 

for differentiation, B3 Tubulin expression across cell lines seems to follow a similar pattern. 

There is a gradual increase from week 0 to week 6 post differentiation, however there is not 

much increased expression beyond this point at 12 weeks post differentiation. When the IF 

analysis for B3 Tubulin in the 2D cultures was compared to that in the 3D cultures at 6 weeks 

post differentiation, a higher proportion of B3 Tubulin positive cells is seen in the 3D cultures 

compared to the 2D cultures.  

In the Marchini study, they found a similar increase from day 1 to 6 weeks in their 3D cultures 

in vitro. The increase in the percent positive B3 Tubulin cells is not drastic but a gradual one. 

Similarly, when they compared their 2D cultures to the 3D at week 1 in vitro, two out of four 

cell lines showed a higher percent of B3 Tubulin positive cells in 3D as compared to 2D 

cultures (Marchini, Favoino and Gelain, 2020). 

MAP2, a late maturity marker, was seen as early as 0-week post differentiation and gradually 

increases with time in vitro in both 2D and 3D cultures. The IF analysis of MAP2 in the 2D 

cultures at 6 weeks post differentiation shows no difference across the groups but an increase 

in relative proportions when compared to 0-week post differentiation cultures. The IF analysis 

of MAP2 in the 3D cultures also shows an increase in MAP2 positive cells at 6 weeks post 
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differentiation when compared to the 0-week post differentiation cultures. However, there is a 

significantly higher proportion of MAP2 positive cells in the control 3D-hN8 cultures when 

compared to the hAD4 cells line at 6 weeks post differentiation at 12 weeks post differentiation 

however there seem to be no difference across the groups but a significantly higher proportion 

in 3D-hAD3 compared to 3D-hAD4 cell lines was observed. When the timeline of 

differentiation is considered there is a significant increase in the relative proportion of MAP2 

positive cells between 0- and 6-weeks post differentiation but there is not much further increase 

at 12 weeks post differentiation across groups. In such a situation the information from 18 

weeks post differentiation would be crucial to know if the proportion of MAP2 positive cells 

increase or plateau at this stage of differentiation, but unfortunately due to time restraints the 

samples could not be processed. When the IF analysis for MAP2 in the 2D cultures was 

compared to that in the 3D cultures at 6 weeks post differentiation, there is a significant increase 

in the relative proportion of MAP2 positive cells in 3D cultures across cell lines- hN9 and 

hAD3 as compared to the 2D cultures. This increase in the proportion of MAP2 cells is 

attributed to the 3D method of neural culture. This is one of the reasons why 3D cultures are 

more physiologically representative in supporting the NSCs to differentiate and mature in vitro. 

In the Marchini study, they see a similar increase in percentage of MAP2 positive cells in their 

3D cultures in two out of four cell lines over time in vitro lines showed a higher percent of B3 

Tubulin positive cells in 3D as compared to 2D cultures. 

 Astroglial Differentiation - 2D vs 3D cultures 
GFAP expression is seen at week-0 post differentiation and gradually decreases with time in 

both 2D and 3D cultures. The iPSC derived NSC seem to express a high proportion of 

astrocytic marker GFAP, at week 0 post differentiation. Although there seems to be no 

significant difference in the relative proportions between the different cell lines at week 0 post 

differentiation. The IF analysis of GFAP in the 2D cultures at 6 weeks post differentiation 

shows higher proportion of GFAP positive cells in the control groups when compared to the 

AD cell line 2D-hAD3. There seems to be a significantly lower proportion of astrocytes in the 

AD culture 2D-hAD3 as compared to the control 2D-hN8 cultures. The IF analysis of GFAP 

in the 3D cultures shows no significant difference across the cell lines except for 3D-hAD3 

cultures which seem to have a higher proportion than the rest of the cell lines at 6 weeks post 

differentiation. At 12 weeks post differentiation there is a slightly higher proportion of GFAP 

positive cells in the cell line 3D-hAD3. When the timeline for differentiation is considered 

there is a steep decrease of GFAP positive cells from week 0 to week 6 but then slight increase 
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in the proportions at 12 weeks post differentiation. Unfortunately, as mentioned before, the 18 

weeks information would have been insightful to see how this trend progresses over time in 

vitro. In recent years, the role of radial glial cells as stem cells has become more evident which 

primarily was thought to be as guiding and supporting cells to the migrating neurons during 

embryonic development. GFAP is not just an astrocytic marker but also a marker seen in the 

radial glial cells (Levitt and Rakic, 1980) (Hartfuss et al., 2001) the higher proportion at week 

0 post differentiation could reflect the population of undifferentiated stem cells as well as 

astrocytes in cultures. Perhaps, co-staining with a marker representing mature astrocytes like 

S100-β would shed more light on the actual phenotype of the cells. When the IF analysis for 

GFAP in the 2D cultures was compared to that in the 3D cultures at 6 weeks post 

differentiation, there seems to be a decrease in the proportions of GFAP positive cells in the 

3D cultures of control-hN9 but a higher proportion in the 3D cultures of the AD cell line hAD3. 

However, more information from the other cell lines would have been more insightful. Due to 

the lack of time more samples could not be processed and analysed for GFAP. In the Marchini 

study, they see a rise in two out of four different hNSC cell lines in the proportions of GFAP 

positive cells between Day1 and week1 but with a slight decrease at week 6 when compared to 

week 1 in vitro across all cell lines. When they compare their 2D cultures against their 3D 

cultures they see lower proportions of GFAP positive cells in their 3D in three out of four hNSC 

lines at 1 week in vitro. There are studies which show astrocytes prefer stiffer matrices unlike 

neurons that prefer softer matrices(Georges et al., 2006; Saha et al., 2008; Leipzig and 

Shoichet, 2009).  The results we see could be a reflection of these factors of matrix stiffness 

playing a role in in vitro differentiation. This could be a possible reason why there are 

comparably higher expression of GFAP expression in the 2D cultures on stiffer plastic.  

 Tau in 2D vs 3D cultures 
We see a higher proportion of Tau expressing cells in three out of four cell lines in 3D cultures 

compared to the 2D cultures. Tau is a protein that belongs to the MAPT protein family like 

MAP2 both of which are neuron specific and hence would follow a similar pattern during 

development (Dehmelt and Halpain, 2004).  For instance, in Ngamkham et al 2017 study, there 

is an increase in Tau and MAP2 positive cells in their 3D cultures with aligned electro-spun 

fibres (10% poly l-lactide) used to cultures hESCs, as opposed to their 2D cultures 

(Ngamkham, Rivolta and Battaglia, 2017). 

In conclusion, we have achieved our primary aim for this Chapter which was to quantify our 

findings for both the 3D and 2D cultures so as to be able to compare between the two culture 
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methods. On comparison, we thus conclude that the 3D cultures are efficient for long term 

differentiation in vitro. We have successfully analysed the differentiation of the 3D cultures 

over a period of 12 weeks in vitro using markers such as MAP2, Nestin, GFAP and B3 Tubulin.  

 Summary and Future Work 
 

Based on the results from this Chapter combined with the initial results seen with the pilot 

experiments (Chapter 2) where we see a difference in the Total Tau levels in 3D cultures 

between control and AD cell lines as early as 6 weeks post differentiation and the  expression 

of the adult-specific- 4R tau isoform seen in the 3D cultures (Chapter 2 and 4) which has never  

been demonstrated in a physiologically represented 2D neural culture system as early as 6 

weeks post differentiation before, we strongly believe that the 3D cultures are the best method 

available to study and model a neurodegenerative disease since it is the  physiologically closest 

system we have to represent an brain tissue in vitro. Although 2D cultures portray an unrealistic 

picture of cells and their function in vivo they are important additional tools for cell-based 

studies such as assessing a differentiation protocol in vitro. 

There are still some unanswered questions related to the 3D culture system developed here. 

For instance, an assessment of the change in matrix stiffness and the periodic change in the 

ECM seen in the 3D cultures. An assessment of the proliferation rate of each cell line before 

and during neural induction might help us better understand the rate of differentiation seen in 

the cultures. There is a need to better understand the neurite extension and branching pattern 

seen in these cultures. Ultimately, validating these finding against human resected tissues 

would give an overall impression of the age and maturity of these cells. 
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4 Chapter 4 – Early Pathological Changes 
 

4.1 Introduction 
The main aim of this Chapter is to investigate any early biochemical changes seen in the 

optimised and standardised 3D cultures. The main risk factor for AD is age. In AD patients, 

the clinical manifestations that appear later in life seems to start with changes at the molecular 

and biochemical levels early on and gradually progresses into the clinical symptoms. A suitable 

model is crucial to detect these early changes happening at the molecular and biochemical 

levels.  

Aβ oligomers have been implicated in AD pathophysiology. To determine the presence of the 

Aβ oligomers, a pilot experiment was performed by Dr. Elodie Siney. hAD2 was cultured and 

differentiated by Dr. Elodie Siney (using 100ng/ml RA). Lysates from hAD2 and control neural 

precursor cells (hfNSCs)- 3D cultures at 6 weeks post differentiation were used for 

fractionation. Equal volumes of each fraction were loaded. The blot was run against a human 

purified Aβ ladder as positive control and stained with Aβ 6E10 antibody (Cambridge 

Biosciences, 803001), which detects the amino acid sequence 1-17 of the human Aβ peptide. 

As seen in the figure 4.1, there are no bands detected in the control cell lines, however, there 

are bands present in the S1 fraction of hAD2 cell line (barely visible in S2 fraction). The 

majority of the protein is expressed in S1 while there are very low levels detectable in the S2 

and S3 fractions. 
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Figure 4.1: Western blot of Aβ in hAD2-AD and control 3D cultures at 6 weeks post differentiation, blot 
done by Dr. Elodie Siney, data from pilot experiment. The blots are stained with 6E10 (1:1000). A 
recombinant human purified Aβ marker was used as positive control. 

 

 
To further detect the presence of Aβ isoforms in the media secreted by the 3D cultures, week 

1 and week 11 post differentiation media samples of hAD2-L286V and control NPC were used 

for mesoscale analysis against Aβ40 and Aβ42 (Fig 4.2). The cultures were grown by Dr. 

Elodie Siney and the mesoscale was performed in collaboration with Prof Jessica Teeling. The 

data on analysis shows that Aβ40 and Aβ42 are secreted in the media. Due to different dilutions 

used for different samples, no comparison can be made from absolute concentrations of either 

Aβ40 or Aβ42. However, ratio of Aβ42/40 can be considered. There is a clear difference 

between the Aβ42/40 ratio levels in the media collected from AD and the control 3D cultures 

irrespective of the timepoint. The AD cultures express a higher ratio of Aβ42/40 right from the 

early week 1 timepoint and this ratio stays high at the later week 11 timepoint. However, this 

was a pilot study (n-1) and more needs to be done in terms of repeatability and comparison 

with the other cell lines. 

hAD2 

 

hAD2 
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Figure 4.2: Mesoscale analysis of Aβ40 and Aβ42 levels in the media collected from hAD2-AD and control 
3D cultures at week1 and 11 post differentiation (n=1 culture sample with 3 mesoscale measurement 
technical repeats) These cultures were grown by Dr. Elodie Siney, data from pilot studies. 

 

Given that the 3D cultures derived from iPSCs from AD-patients with PSEN1 mutations 

showed signs of Aβ-associated pathological changes early during differentiation in our 

preliminary studies, the next question was to determine if any pathological changes were seen 

in Tau early during differentiation of the 3D cultures in vitro. This in vitro human 3D neural 

culture model described so far will provide a great platform to answer the following questions: 

 

• Is there a change in the Total Tau or phospho Tau expression early on during 

differentiation and maturation?  

• Are the AD cell lines prone to Tau aggregation during differentiation and maturation?  

• Do the Tau isoforms have any changes in solubility during differentiation and 

maturation?  

• Are the AD cell lines predisposed to changes in Aβ production? 

• Are the cultures predisposed to changes in Aβ42/40 ratio during differentiation and 

maturation? 
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4.2 Aims 
 

To analyse the early-stage pathogenesis of AD in the 3D cultures:  NPCs derived from three 

iPSCs of AD patients with PSEN1 mutations L286V, A246E and M146L and from two  healthy 

individuals, differentiated in 3D cultures, will be investigated at different time points for: 

 

- difference in the expression of total tau AD vs control cell lines at early time points 

- difference in aggregation of tau in AD vs control cell lines at early time points 

- difference in expression of 3R Tau isoform in AD vs control cell lines 

- difference in expression of 4R Tau isoform in AD vs control cell lines 

- difference in phosphorylated tau in AD vs control cell lines 

 

 

4.3 Methods  
All the 3D cultures used for this Chapter were from the experimental set described in the 

previous Chapter (Chapter 3-Methods section). Please refer the methods section for details on 

the method followed for: 

 

 Western Blotting  
Western Blot was performed on fractionated lysates from 3D cultures from the 6-week cultures. 
 

4.3.1.1 Sample Preparation for Western Blot – Lysate Fractionation 
The samples for lysate fractionation were prepared as described in Chapter 2- Part B with 

modifications (Fig 4.3).  Three fractions (S1, S2, and S3) were recovered from each sample 

processed. 3D cultures (1 well) were lysed using the TBST/SDS/Urea extraction method. The 

samples were homogenised in the TBS/Lysis Buffer (Table 2.17). All volumes of 

homogenisation for all fractions were determined based on the BCA-total protein readout of 

the respective cell line. 

The cells were homogenized at 4°C in TBS Lysis buffer in Beckman’s eppendorf tubes with 

plastic pestle (Fig 2.17). The lysate was then ultra-centrifuged at 186,000g for 2 hours at 4°C. 

The supernatant (S1-TBS soluble fraction) was stored at -80°C. The pellet was resuspended in 

5% SDS/TBS buffer (Table 2.17) and rehomogenised. The lysate was then ultra-centrifuged at 
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186,000g for 2 hours at 25°C. The supernatant (S2- SDS-soluble fraction) was stored in -80°C. 

The subsequent pellet was resuspended in 100 μl SDS/TBS buffer again and ultra-centrifuged 

at 186,000g for 1 hour at 25°C. Since this was a wash spin, the supernatant was discarded and 

the pellet rehomogenised in UREA buffer (Table 2.17) and agitated for 12-18 hours at room 

temperature to resuspend in buffer. Once the lysate (S3-SDS insoluble) dissolves completely 

the lysates are suspended in equal volumes of 2 x Loading Buffer (LB) and boiled for 5 min at 

95°C. S3 fraction was then stored at -80°C. This is done for all the fractions before they are 

stored in -80°C. 

 

Figure 4.3: A schematic illustration of the serial extraction of fractions from 3D cultures . Created with 
BioRender.com 

 

 For total protein blots, 15 µg of sample with equal volume of loading dye (2xSDS dye) were 

resolved in a 10% polyacrylamide gel. For the fractions, protein fractions (10 µl protein fraction 

and 10 µl loading dye-2xSDS dye) S1, S2 and S3 were resolved in a 10% polyacrylamide gel. 

For the WB technique, refer Chapter 2-Part B-2.4.1.3 Details of the Abs used for WB are 

provided in Table 2.21. 
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4.3.1.2 Statistical analysis 
 

All values are presented as the mean ± standard error of the mean. To compare differences 

between the groups, statistical analysis was performed using GraphPad Prism version 8.4 

(GraphPad software, Inc). For normally distributed data, One-way Anova was used for 

statistical analysis with Bonferroni’s multiple comparison for comparison across groups. For 

non-parametric data Kruskal Wallis test with Dunn’s correction was performed. For 

comparison between two groups (control lines vs AD) a two-tailed unpaired t-test was 

performed.  

 

4.4 Results 
 

4.4.1.1 There is more Total Tau in the 3D- AD cultures at 6 weeks post 
differentiation 
As seen previously in Chapter 1, we saw an increase in the total tau expression in AD cell lines, 

but since it was a pilot experiment to optimize the characterization techniques in 3D cultures, 

the total protein estimates were not performed and experiments were mostly an N=1. In this 

experiment, all 5 cell lines samples (min N=3 for each cell line) were run at the same time 

under the same conditions to analyse the expression levels of total tau protein across the groups. 

The 3D culture lysates were evenly loaded at 15µg per well across all cell lines. At 6 weeks 

post differentiation both the controls and AD cell lines express total tau (Fig 4.4). 

 
Figure 4.4: Western blot and analysis of Total Tau (Dako) in 3D cultures at 6 week post differentiation 
(n=3). The blots are stained with Dako Tau (55kDa) and β-Actin (42kDa). 15ug of protein from total lysates 
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of each group was loaded in each gel lane. Data was normally distributed. One-way Anova with 
Bonferroni’s multiple comparison post-hoc test was used for analysis M = marker. *p<0.05, ** p<0.01, *** 
p<0.001. 

 

As seen in the graph, there is more total tau expression in the AD cell lines compared to the 

control cell lines grown in 3D cultures at 6 weeks post differentiation. There is a significant 

difference between the control cell line hN9 and the AD lines hAD4 and hAD3, and there is a 

significant difference between hN8 and hAD2.  

 

 

 

 

4.4.1.2 There is more aggregated Tau in 3D-AD cultures at 6weeks post 
differentiation 
 

In AD brains, tau undergoes conformational changes to form monomers, oligomers and fibrils. 

When tau undergoes conformational changes it tends to form insoluble aggregates. Abnormally 

aggregated tau is a pathological feature in AD, which is thought to happen years before the 

clinical features manifest. In this experiment, biochemical characterisation  of insoluble tau 

using buffers of increasing detergent strength combined with very high speed 

ultracentrifugation provides a platform to understand the progression of pathology in terms of 

aggregation. The TBS soluble-S1 fraction shows the presence of monomeric tau. The TBS 

insoluble/SDS soluble – S2 fraction shows the presence of oligomers. The Urea soluble S3 

fraction shows the prescence of insoluble aggregated tau.  In order to check the proportion of 

tau in each of the three fractions, all cell lines were fractionated (normalised based on their 

total proteinn concentration estimate with BCA assay) and equal volumes loaded across all cell 

lines. In fractionated lystes the β-actin (gel loading control) is seen to be variable from fraction  

to fraction, as expected, as well as sample to sample. Hence as a general practice, it is not 

commonly used as a reliable tool to normalize the fractions. Each fraction is calculated and 

measured as a ratio of the fraction over total tau, which is a sum of all the fractions - S1+S2+S3 

(normalized against the actin from the total lysates). 
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Figure 4.5: Western blot of fractionated lysates of 3D cultures at 6 weeks post differentiation (n=3 culture 
samples) to analyse the relative proportion of soluble and insoluble tau across cell lines. The blot is 
stained with Dako Tau (55kDa). Equal volumes (normalised against β-Actin- total lysate) loaded across 
fractions in each well. Each fraction is measured as a ratio over Total Tau where it is the sum of all 
fractions – S1+S2+S3.All data were not normally distributed. Kruskal Wallis test with Dunn’s correction 
was performed to analyse all fractions. 
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When analysed, it is observed that the major proportion of soluble tau is found in the S1 and 

S2 fractions both in the control and AD lines grown in 3D cultures at 6 weeks post 

differentiation. Further, there is only a small proportion of insoluble tau detected in the S3 

fraction when compared to the S1 fractions and the S2 fractions, as seen in the figure above. 

On analysis, there is no significant difference in the fractions across cell lines at this timepoint. 

However, the proportion of insoluble tau found in the S3 fraction is  at least 2 to 3 fold more 

in the AD cell lines when compared to the control lines (Fig4.6) . 

 

 
 

Figure 4.6: Comparative analysis of the fractions from control and AD lines grown in 3D cultures at 6 
weesk post differentiation (n=3culture samples) to analyse the solubility of tau. Each fraction is measured 
as a ratio over Total Tau where it is the sum of all fractions – S1+S2+S3. All data except S1 fraction were 
normally distributed. Unpaired t-test with Mann-Whitney test for S1 fraction was performed whereas 
Welch’s correction was used for other fractions. ** p<0.01. 

 

When an unpaired two-tailed t-test (with Welch’s correction) was performed between the 

combined control and AD cell lines there is a very significant increase in the proportion of 

insoluble aggregated tau in the S3 fraction in the AD lines as compared  to the control lines at 

6 weeks post differentiation in the 3D cultures. 
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4.4.1.3 3D cultures express 3R Tau isoforms at 6 weeks post differentiation 
 
 
Tau exist as 6 isoforms in the human adult brain, three of which are 3R tau and three are 4R 

tau. The two isoforms are differentially regulated during development. Hence, this experiment 

was performed not just to check for the prescence of the isoform in the 3D cultures at the given 

timepoint but also to answer the question whether there is a difference in solubility of these 

isoforms between the control and the AD cell lines during differentiation.  

 

 
 

Figure 4.7: Western blot of fractionated lysates of 3D cultures at 6 weeks post differentiation to analyse 
the relative proportion of soluble and insoluble 3R tau across cell lines. The blot is stained with RD3 (45-
65kDa, phosphorylated forms 68-72kDa). Equal volumes (normalised againstβ-Actin- total lysate) loaded 
across fractions in each lane M=marker.   

 
To understand the solubility of tau isoform 3R tau in the different fractions across cell lines, 

the same procedure was followed as the previous experiment and the blots stained with 3R Tau 

antibody (Fig4.7). This antibody will detect both the phosphorylated and non-phosphorylated 

isoforms of tau. The immunogen corresponds to amino acids 209-224 

(KHQPGGGKVQIVYKPV) of human tau. This sequence spans amino acids 267-316, omitting 

the second repeat domain where it bridges RD1 and RD3. 
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On analysis, we found that the 3R tau isoforms follow a similar trend to the Total Tau fractions 

in solubility (Fig4.8). Majority of the protein is found in the S1 and S2 fractions while 

comparatively only a small proportion is found in the unsoluble aggregated S3 fraction. 

Although there is no statistical difference in the S3 fractions there seems to be some trend  

between the control and the AD cell lines. 

 

 

 
 
Figure 4.8: Western blot analysis of fractionated lysates of 3D cultures at 6 weeks post differentiation 
(n=3 culture samples) to analyse the relative proportion of soluble and insoluble 3R tau across cell lines. 
Each fraction is measured as a ratio over Total Tau where it is the sum of all fractions – S1+S2+S3.One-
way Anova was used for analysis. All data were normally distributed. One-way Anova with Bonferroni’s 
multiple comparison post-hoc test was used for analysis. 
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When an unpaired two-tailed t-test (with Welch’s correction) (Fig4.9) was performed between 

the combined control and AD cell lines across all the fractions there seems to be a significant 

increase in the proportion of insoluble aggregated tau in the S3 fraction and a significant 

decrease in the S2 fraction in the AD lines as compared  to the control lines at 6 weeks post 

differentiation in the 3D cultures. 

 

 
Figure 4.9: Comparative analysis of the fractions from control and AD lines grown in 3D cultures at 6 
weeks post differentiation (n=3 culture samples). Each fraction is measured as a ratio over Total Tau 
where it is the sum of all fractions – S1+S2+S3.All data except for the S3 fraction were normal. Unpaired 
t-test with Welch’s correction was used except for S3 fraction wherein Mann-Whitney test was performed 
to analyse all fractions. *p<0.05 

 

4.4.1.4 3D cultures express 4R tau isoforms at 6 weeks post differentiation 
 
4R tau are adult specific isoforms of tau. Unlike 3R tau which begin its expression early during 

the foetal stage, 4R tau is only found in the adults. The presence of the isoform itself gives a 

clear indication of the maturity of the 3D cultures. Further, 4R tau is implicated in AD. Hence, 

this experiment was performed not just to check for the prescence of the isoforms in the 3D 

cultures at the given timepoint but also to answer the question whether there is a difference in 

solubility of these isoforms between the control and the AD cell lines this early in 

differentiation. Also, this experiment becomes exceedingly crucial since no other 3D models 

have shown the presence of 4R tau this early in maturation in vitro in a physiologically relevant 

model. 
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To understand the solubility of 4R tau isoforms in the different fractions across cell lines, the 

same procedure was followed as the previous experiment and the blots stained with 4R Tau 

antibody (n=3 culture samples) (Fig 4.10). This antibody will detect both the phosphorylated 

and non-phosphorylated isoforms of tau. The immunogen corresponds to amino acids 275-291 

(VQIINKKLDLSNVQSKC) of human tau. Region is flanking junction coded by adjacent 

exons 9 & 11 with the inclusion of exon 10. 

Figure 4.10: Western blot of fractionated lysates of 3D cultures at 6 weeks post differentiation (n=3 culture 
samples) to analyse the relative proportion of soluble and insoluble 4R tau across cell lines. The blot is 
stained with RD4 (45-65kDa, phosphorylated forms 68-72kDa). Equal volumes (normalised againstβ-
Actin- total lysate) loaded across fractions in each well. Faint 4R tau bands are seen at 55kDa. Each 
fraction is measured as a ratio over Total Tau where it is the sum of all fractions – S1+S2+S3.All data 
except S2  fraction were normally distributed. One-way Anova with Bonferroni’s post-hoc test was used 
for analysis except for S2 fraction wherein Kruskal Wallis test with Dunn’s correction was performed 
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On analysis we found that the 4R tau isoforms are expressed in all fractions across all cell lines 

at around 55kDa at 6 weeks post differentiation in 3D cultures. However, it does not follow the 

same pattern of expression as seen before with Total Tau and 3R tau. The intensity of the bands 

is faint in comparison, however there is a laddering pattern seen in the S2 and S3 fractions 

across cell lines. On analysis, we found no statistical difference across the different cell lines 

for each fraction.  

 

 

4.4.1.5 Phosphorylated tau in 3D CULTURES 
 
Phosphorylation of tau is considered an important aspect of tau induced toxicity in the disease 

progression. Thus, it was crucial to check if there were any differences between the control and 

AD lines in the early and late timepoints. PHF1 is an AD associated phosphorylation epitope 

– Ser 396/Ser404.  

 
 

Figure 4.11: Western blot and analysis of PHF1 Tau in 3D cultures at 6 weeks post differentiation (n=3 
culture samples). The blots are stained with PHF1 Tau (55kDa) and β-Actin (42kDa). 15ug of protein from 
total lysates of each group was loaded in each well. One-way Anova with Bonferroni’s post-hoc test was 
used for analysis. 

 

The total lysates from each cell line were used to analyse the expression of PHF1 across the 

cell lines in 3D cultures at 6 weeks (Fig 4.11) and 12 weeks post differentiation (Fig 4.12). 

PHF1 is seen in both the controls and the AD-3D cultures as early as 6 weeks post 

differentiation. Although there seems to be more expression in the AD lines in the blots there 
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is no statistical difference between the AD and the control lines at 6 weeks post differentiation 

due to high sample variability. This could possibly be because of the lower amounts of protein 

detected in controls. The PHF1 6-week blots are not ideal, this is mainly due to sample 

degradation on account of its poor quality due to batch variations seen in our latest purchase of 

cell lines from Axol Biosciences. Hence, not the best of the samples could be used for the PHF1 

experiments. During culture and expansion phase few cell lines especially HN9 was 

particularly hard to revive and expand since there was not much viable cells in the vials. At 12 

weeks post differentiation, there seems to be PHF1 expression in all cell lines. However, there 

seems to be no significant difference across the groups.  

 

 

 

 
Figure 4.12: Western blot and analysis of PHF1 Tau in 3D cultures at 12 weeks post differentiation (n=3 
culture samples). The blots are stained with PHF1 Tau (55kDa) and β-Actin (42kDa). 15ug of protein from 
total lysates of each group was loaded in each well. Since data was not normally distributed a Kruskal 
Wallis test with ~Dunn’s correction   was used for analysis. 
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4.5 Discussion 

 Tau and Phospho-Tau in FAD-AD cultures 
Tau, a protein that is an integral part of the microtubule associated transport structure, is 

implicated in AD. Total Tau expression in the soluble lysates (total lysates) is seen at 6 weeks 

post differentiation in both the 2D and the 3D cultures. Moreover, there is more Tau expressed 

in the AD cell lines as compared to the control lines at both 6 weeks and 12 weeks post 

differentiation in 3D cultures. This is a pattern only seen in our 3D cultures as opposed to the 

6 week -2D cultures where there is not much of a difference between the different cell lines. 

Similar to the MAP2 expression in the 2D vs 3D cultures, Tau – also a member of the MAPT 

family, follows the same trend of expression in our cultures.  

Hyperphosphorylation of Tau is one of the features seen in AD brains. The phosphorylation of 

Tau at specific epitopes plays an important role deciding either normal function or disfunction 

of the protein. Tau phosphorylation at specific residues such as PHF1-Ser 396/Ser404 (Otvos 

et al., 1994) and AT8- Ser202/Thr205 is considered an early event in the pathology of the 

disease (Braak, Braak and Mandelkow, 1994; Braak et al., 2011).  PHF1-phospho-Tau 

(Ser396/Ser404) was analysed in the total lysates of the 3D cultures. There seems to be no 

significant difference between the cell lines, as we do see high levels in our AD and control 

cell lines.  This could possibly be because phosphorylation of tau is not always associated with 

the diseased state as seen in AD and tauopathies. Tau is a phosphoprotein and is 

developmentally regulated. There is transient hyperphosphorylation seen in the foetal brain 

during development. Foetal Tau is more hyperphosphorylated than adult Tau (Goedert, 

Crowther and Garner, 1991).  However, the blot is not ideal due to poor quality of samples 

since we had issues with the quality of the cell lines brought from Axol Biosciences. We have 

shown that although there is a low expression of 4R Tau in our 3D cultures the Total Tau at 6 

weeks post differentiation is predominantly 3R Tau which is the foetal Tau form. Hence it is 

not surprising to see hyperphosphorylation at this stage of differentiation in the control cells. 

Other iPSC studies also show similar pattern of hyperphosphorylation where in the initial 35-

60 days there are no differences between the control and AD Tau phosphorylation states but as 

the cultures differentiate a difference appears in the control and AD lines around 100 days in 

vitro (Muratore et al., 2014; Raja et al., 2016). This developmental phosphorylation state is 

transient and reversible whereas the irreversible phosphorylation of Tau in the AD brain is 
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what characterize the pathological phenotype. A detailed study of the levels of tau in soluble 

and insoluble fractions would be more insightful.  

Increasing amount of Tau protein in the CSF and blood plasma is something seen in AD 

patients and there is an ongoing research to translate this into early biomarkers for the disease 

(Blennow et al., 1995; Sunderland et al., 2003). The Total tau protein levels in CSF show 

strong correlation with the severity of the disease, and even more so with the neuronal damage 

level. However, phospho-Tau is implicated in the formation of neurofibrillary tangles (Hesse 

et al., 2001). Both tau and phospho-tau increase in the CSF in AD (Sjögren et al., 2001). 

Testing if Tau and phospho-Tau are released into the media over time in the 3D cultures would 

be a great tool to study the underlying pathophysiological state of the diseased cells in vitro. 

 

 Aggregation of Tau and its isoforms at an early stage of 
differentiation in vitro 
NFTs are a primary hallmark of the neurodegenerative disease AD. Tangles are aggregated and 

hyperphosphorylated forms of tau. When the 3D cultures were analysed and quantified for the 

insoluble aggregated tau fraction in the cultures, it was observed that there was a higher 

proportion of detergent insoluble/urea soluble fractions (S3) in the AD lines as compared to 

the control lines at 6 weeks post differentiation in vitro. A similar pattern of aggregation is seen 

in the S3 fraction of the 3R tau isoforms at 6 weeks post differentiation. The 4R Tau isoforms 

have a different pattern of expression. Although present, the 4R Tau expression level is low 

compared to the 3R Tau levels. There is almost equal proportion of the 4R soluble proteins in 

each of the S1, S2 and the S3 fractions unlike what is seen for Total Tau and 3R Tau 

(approximately 50% in the S1 fraction, 40% in the S2 fraction and 10-15% in the S3 fraction). 

Hence, it could be summarised that the majority of the Total Tau seen in the 3D cultures must 

be predominantly 3R Tau isoforms. Comparing the known molecular weight of 4R Tau 

isoforms with that stained by the isoform specific antibody RD4 in our 3D cultures, it is 

suggestive that the cultures must be transitioning to the expression of 4R tau and therefore do 

not be express all the 4R isoforms, rather just faintly expresses the 0N4R and possibly the 

1N4R isoforms. This could have been clarified if the samples were treated with phosphatase to 

show individual bands representing individual isoforms compared against a recombinant Tau 

ladder. Unfortunately, due to lack of time this could not be performed.  The poor quality of the 

4R Tau antibody could be the reason for seeing a lot of the non-specific bands across the gels, 
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which is not what we see with the other antibodies. The fact that the amount of the target protein 

is quite low in our samples does make the situation further difficult to assess. However, there 

is a study that validated the quality and specificity of tau antibodies (including 4RTAU-05-

804) and  state that the antibody in question is weak but rather specific to tau (Ercan et al., 

2017). The consideration that should also be kept in mind while analysing this data is that the 

quality of the cell-lines were not ideal to begin with, there were batch quality issues with the 

cell-lines later brought form Axol biosciences. These could be some the reasons why the quality 

of this data is not ideal. Furthermore, analysis of the gene expression of the 3R and 4R isoforms 

at 0 weeks and 6 weeks could be more informative if there was a transition from an early 

predominant 3R tau phase to an equimolar 3R: 4R phase in the cultures as is seen 

developmentally in humans. However, this is yet another proof that although the 6 weeks is a 

very early timepoint in the differentiation timeline, the cultures have a more physiological 

environment in the 3D culture system and the differences can be seen very early in the 3D 

cultures as compared to the traditional 2D cultures and other cultures, requiring a minimum of 

200 or even more days in vitro to show the prescence of the 4R isoforms (Miguel et al., 

2019)(Lovejoy et al., 2020). Unfortunately, due to shortage of time the 12- and 18-week 

samples could not be analysed further.  

 

 Presence of Aβ in early 3D- hAD2 cultures. 
 

Aβ is a protein peptide produced by the sequential cleavage of APP by β-secretases and γ-

secretases generating Aβ species of different lengths. Aβ peptide accumulation in the amyloid 

plaques is one of the hallmarks of AD brains. Aβ can aggregate to form soluble oligomeric 

species and insoluble/fibrillar aggregated species. These aggregated forms of Aβ are toxic to 

the neurons.  

In the pilot study of this 3D model, the 3D cultures were fractionated using increasing strength 

of different detergents for biochemical analysis. Western blot analysis with anti Aβ antiboy-

6E10 showed Aβ in the S1-TBS soluble fraction and S2-SDS insoluble/TBS soluble fraction 

and barely visible levels in the S3-detergent insoluble/Urea soluble fraction of the hAD2 

samples. In addition to the Aβ-monomeric peptide, which is approximately 4kDa, a higher 

molecular weight dimer and trimer in the soluble fractions. The control cells don’t seem to 

express any Aβ. The absence of Aβ in the control cells could possibly be because the controls 
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used in this experiment were a foetal hNSC rather than age-matched iPSC-derived NSC. A 

better understanding could be gathered if this experiment is repeated with the current set of AD 

cell lines and age-matched iPSC-derived lines with enough repeats for statistical analysis. 

A similar study was performed by Choi et al 2014 showing a similar pattern of expression in 

their 3D cultures. The control lines -ReN-G (GFP) and ReN-m-(mCherry) show barely visible 

Aβ bands whereas the AD-lines ReN-GA (APPSL/GFP), ReN-mGAP 

(APPSL/GFP+PS1E9/mCherry) and HReN-mGAP (GFP+APPSL/ PS1E9/mCherry) 

show slightly darker bands, the darkest being the HReN-mGAP. They have a slightly different 

extraction protocol with their SDS- soluble fraction correlating to our S2 fraction and the FA-

soluble corresponding to our S3 fraction. They see a 4th-band for the tetramer as well at 6-week 

differentiation. Nonetheless, it is important to remember that their cell lines, including the 

controls, overexpress AD genes. Their AD lines have been transfected with one or two FAD-

mutations to force the pathology in vitro and the results we see could be an outcome of the 

overexpression of multiple mutations in the same cell, which is not generally seen in AD 

patients (Choi et al., 2014a). 

 

 Altered 42/40 ratio in early 3D- hAD2-L286V cultures. 
An altered Aβ42/40 ratio is commonly seen in FAD patients. An increase in Aβ42/40 is a 

phenomenon seen both in vitro and in vivo for AD models with-L286V mutation (Citron et al., 

1997; Murayama et al., 1999). In the pilot experiments we see an increase in the ratio of 

Aβ42/40 in the 3D-L286V cell line as compared to the control cell line. This increase in the 

ratio was seen as early as week1 as well as at later timepoint week 11.  However, this is a n=1 

experiment (performed by Dr. Elodie Siney) which needs to be validated in the other AD- cell 

lines with appropriate controls and enough repeats for statistical analysis.  

In conclusion, we successfully achieved the aim of finding differences in total tau expression 

and differences in aggregation of tau between control and AD cell lines grown in 3D early 

during differentiation. The prescence of 4R tau is questionable and the cultures predominantly 

express 3R Tau. We did see similar differences in aggregation as seen in total Tau in AD and 

control cell lines. 
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4.5.4.1 Summary and Future Work 
The pilot studies on the 3D-neural culture model give us confidence that there are early changes 

in pathology in the 3D cultures which should be validated with further probing and include 

more timepoints to have a better understanding of the key players in the pathology of the 

disease. The fact that we see early changes in tau and its isoforms in cell lines predominantly 

with PSEN1 mutations is promising and requires an in-depth investigation of the biochemistry 

of Aβand its changes seen in these 3D-cultures. These findings could be key to unanswered 

questions, especially regarding the interactions of Aβ and Tau during early development of the 

disease.  
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5 Chapter 5 - Discussion 
 

5.1 iPSC-based in vitro human AD model 
Development of a human in vitro model which replicates the principal pathophysiological 

hallmarks of the disease if not all is rather challenging. However, it is vital to understand the 

underlying mechanisms driving AD pathology. The iPSC technology provides several 

advantages over other cell or tissue based in vitro models. iPSCs like ESCs are pluripotent and 

can be used to generate functionally defined and region-specified cell types. Modelling diseases 

with iPSCs provides deep insight into the onset or early stages of development of the pathology 

even before the symptoms would manifest. iPSCs are the best source of isogenic models and 

can be used to analyse patient-specific and physiologically relevant pathology underlying the 

disease. Moreover, they are not associated with the same ethical concerns as the ESCs for their 

use in research and clinic. Apart from these key features, what really makes iPSCs unique is 

their ability to generate patient-specific or disease-specific models which can replicate or 

mimic some aspects of the phenotype in vitro. This becomes a game changer when considering 

creating models to study Sporadic-AD. More than 95% of AD cases are sporadic with age, 

lifestyle and the APOE-E4 allele as risk factors.  APOE-E4 allele is present in only 45-65% of 

SAD cases (Hall and Roberson, 2012b; Rincon and Wright, 2013) and has a limited 70% 

homology with its murine counterpart (Tai et al., 2011). Unfortunately, this makes modelling 

SAD quite challenging. With iPSCs it becomes quite easy to replicate the SAD genetic 

background simply by using patient-specific cells for reprogramming.  

Here, we have developed a human 3D neural culture model using iPSC-derived NSC from 

healthy individuals and AD patients with Presenilin-1 mutations-L286V, A246E and M146L, 

maintained for 18 weeks post 3D plating in vitro. PSEN1 mutations are the most common 

causes of the FAD which accounts for EOAD. Pedigree analysis reveals that more than 70% 

of FAD pedigrees show linkage to the PSEN1 locus rather than APP locus (Adkinson, 2012). 

Is 3D better than 2D culture system for neuronal differentiation in vitro? 

 Most of the in vitro research in this field of study has been carried out in 2D cultures. Although 

2D cultures have played a major role in the current understanding of the disease, they seem to 

lack certain key pathology phenotypes in vitro. We believe that, in order to generate mature 

and electrophysiologically functional neurons, a 3D culture system would provide a better 
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platform for the cells to grow and differentiate in their own 3D defining space. 3D cultures 

could be developed with specific conditions including material for scaffold, the extra-cellular 

matrix components and growth factors depending on the cell/tissue type of interest. These 

conditions could be modified as per the need of the study. 3D cultures could integrate a 

heterogeneous population of cell types dispersed in three dimension enhancing cell-cell 

communication in the intracellular niche. This provides for the better maturation and 

functionality of cells which would closely mimic the in vivo microenvironment. 3D cultures 

could be more advantageous in modelling pathologies like AD as they provide a conducive 

niche for the neurons to accumulate the pathological hallmarks over time, a factor which is 

lacking in a typical 2D culture system. For instance, the Choi et al. study was the first to show 

in vitro the evidence of both extracellular accumulation of Aβ deposition and aggregation of 

hyperphosphorylated tau filaments (Choi et al., 2014a).  To investigate the best possible 

method of culture a pilot experiment with iPSC-derived NSC from healthy individuals and AD 

patients with Presenilin-1 mutations-L286V, A246E and M146L which were maintained for 6 

weeks in both 2D and 3D culture formats keeping the same cultures conditions were analysed. 

We see a robust differentiation in 3D cultures compared to the 2D cultures, with higher 

proportions of neurons seen in the 3D cultures. 

5.2 An in vitro 3D human neural culture system. 
In this study, human iPSCs-derived NPCs were expanded in 2D for 6 days in culture. Cells 

were then differentiated in thick layer of Matrigel providing a 3D scaffold. Matrigel was used 

as a scaffold because of its heterogeneous composition of proteins that provides a favourable 

microenvironment to the cells. Matrigel has proteins common to the extracellular matrix found 

in the brain like laminin, entactin, heparin-sulphate proteoglycans and collagen. These provide 

a surface for attachment, growth, differentiation and migration.  Time points week 1, week 6, 

week 12 and week 18 were used for biochemical and immunohistochemistry analysis.  

The human 3D neural culture model was characterised using immunofluorescence technique 

for an array of biomarkers at different time points to follow the differentiation of cells in vitro. 

Β3 tubulin, a Class III isoform of the tubulin protein family, is one of the components of the 

microtubule assembly. Β3 tubulin is primarily expressed in neurons (Lee et al., 1990). It’s  role 

in neuronal development allows for it to be utilized as an early biomarker in identification of 

early neuronal lineage. 3D cultures express β3 tubulin at 6 weeks and 12 weeks post 3D plating. 

Microtubule-associated protein 2 (MAP2), a protein implicated in stabilization of microtubules 

(Takemura et al., 1995) has been used as a biomarker for mature neuronal phenotype (Izant 
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and McIntosh, 1980).  MAP2 plays a major role in the neuronal growth, differentiation and 

plasticity of neurons (Johnson and Jope, 1992). It is a cytoskeletal protein whose expression 

seen in the progenitor or immature cells but develops as the cells are more differentiated and 

found in the cell bodies and dendritic compartment of neurons (Dehmelt and Halpain, 2005). 

3D cultures express MAP2 as early as week 6 post 3D plating, highlighting the presence of 

differentiated neurons. Synapsin 1, is a protein that belongs to the Synapsin family of proteins. 

Synapsin is a family of neuro-phosphoproteins associated with the cytoplasmic surface of the 

synaptic membrane (Huttner et al., 1983). This family of proteins is implicated in the formation 

of synapses and regulation of neurotransmitter release at the pre-synaptic nerve terminals. The 

3D cultures express VGLUT1 at 6 weeks post 3D plating. VGLUT 1 plays an important role 

in glutamate transport. Glutamate is the major excitatory transmitter in the vertebrate nervous 

system. Glutamate is recycled by vesicular glutamate transporters (VGLUTs) to maintain 

synaptic efficacy (Bellocchio et al., 2000; Takamori et al., 2000). VGLUT 1 is a vesicle bound 

sodium dependent phosphate transporter that is expressed specifically in excitatory neurons 

(Ni et al., 1994). The 3D cultures express this presynaptic marker Synapsin 1 as early as 6 

weeks post 3D plating, indicating some synapse formation. The 3D cultures also show 

expression of GFAP at 6 weeks post 3D plating. GFAP is an unique intermediate filament 

protein used to distinguish between astrocytes and other glial cells (Eng et al., 1971). Presence 

of astrocytes in cultures is advantageous as they are prime in the modulation of synaptic 

efficacy and GFAP plays an important role in astrocyte-neuronal interaction as seen in the CNS 

(McCall et al., 1996; Pfrieger and Barres, 1997). Astrocytes increase the number and maturity 

of functional synapses in vivo and in vitro thus making them active participants in synaptic 

plasticity (Ullian et al., 2001). Expression of Nestin in cultures is the indication of presence of 

Neural Progenitor or Stem Cells (Lendahl, Zimmerman and McKay, 1990). Nestin-expressing 

cells are vital in their capacity to differentiate into neural and glial cells. A high percentage of 

cells in the 3D cultures show Nestin expression at 6 weeks and 12 weeks post 3D 

differentiation. The persistence of this subpopulation of undifferentiated cells in the 3D cultures 

was concerning and one of the major reasons to optimize the differentiation protocol to ensure 

that most of the undifferentiated cells become committed to differentiate. The protocol was 

optimized and a RA concentration of 0.5µM was confirmed as the best dose to generate 

maximum percent of neurons with a higher percent of supporting astrocytes accompanied by 

the decline of undifferentiated cells.  
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Any model can only be completely reliable when it has been reproducible. Once the 3D culture 

system was standardised and the differentiation protocol was optimized, the model was 

validated using the same iPSC derived cell lines for differentiation with the optimized protocol 

at timepoints 0week, 6week, 12week and 18week post differentiation. Unfortunately, due to 

shortage of time 18week samples could not be processed. The cultures revealed a robust 

differentiation with the expression of neuronal markers B3 Tubulin and Map2 increasing up 

from week 0 through week 6 to week 12 post differentiation. Whereas the expression of 

astrocytic marker decreased from week 0 to 6 and then steadily increased to week 12. There 

was a steady decline of the NSC marker Nestin from week 0 to week 6 and 12 post 

differentiation. Thus, we have a heterogeneous human neural culture model which shows 

evidence of progression towards maturity and synapse formation as early as 6 weeks post 3D 

plating.  

 

 

5.3 Modelling AD in an in vitro 3D human neural culture system. 
Western blot analysis showed that the 3D cultures of all five cell lines express total tau protein 

at 6 weeks post 3D plating. The total tau is highly expressed in the AD cell lines as compared 

to the control cell lines at 6 weeks post differentiation (normalised to β-actin or GAPDH which 

were used as housekeeping protein). To have a better understanding of the solubility of Total 

Tau and its isoforms cell lysates were serially extracted into three fractions. The lysates were 

fractionated into S1, S2 and S3, S1 being the TBS soluble fraction, S2 – SDS soluble fraction 

and S3- the Urea soluble/ SDS insoluble fraction. The S1 fraction contains the monomers while 

the S2 fraction contains monomers and the stable forms of oligomers and higher molecular 

weight proteins whereas the S3 contains the insoluble proteins and aggregates. SDS is an 

anionic detergent which solubilises oligomeric forms of protein which could also include 

membrane bound forms of protein. Urea is a chaotropic reagent which denatures the insoluble 

aggregated, fibrillary forms and amyloidogenic forms of proteins (Bandopadhyay, 2016). 3R 

tau, the foetal isoforms of the protein are seen in the fractions and total lysate of all the cell 

lines at 6 weeks and 12 weeks post 3D plating. The 4R tau-the adult isoforms of the protein tau 

were seen at 6 weeks across all fractions. 4R Tau were also seen in AD cell line hAD2 at 18 

weeks post differentiation (Chapter 2). There is more aggregated Total tau in the AD cell lines 

compared to the control lines at 6 weeks post differentiation. Similarly, more aggregated 3RTau 
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was seen in the AD cell lines as compared to the control lines. However, since the expression 

of 4R tau was faint compared to the 3R tau the quantification cannot be conclusive.   

 

PHF-1 recognises hyperphosphorylated sites Ser396 and/or Ser404 on tau protein (Otvos et al., 

1994). Tau is abnormally hyperphosphorylated and aggregated in the form of paired helical 

filaments (PHFs) which progresses to form tangles in AD (Grundke-Iqbal et al., 1987). PHF-1 

is expressed in the AD cell line hAD2 at 6 weeks post 3D plating. There is a slight but not 

significant increase in the PHF1 in AD lines when compared to controls at 6 weeks and 12 

weeks post differentiation. Pilot experiment on hAD2-L286V (performed by Dr. Elodie Siney) 

showed the presence of Aβ oligomers as early as 6 weeks post differentiation and an increase 

in Aβ42/40 ratio as early as week 1 and maintained at week 11 post differentiation. However, 

these experiments need to be validated across all the cell lines with statistical repeats. 

Thus, we have a model that expresses total tau as well as its 3R and 4R isoforms and shows 

evidence of tau phosphorylation and aggregation as early as 6 weeks in the 3D culture, Aβ 

oligomers at 6 weeks post differentiation in hAD2 and an increase in Aβ42/40 ratio. However, 

further studies and investigation of other pathological markers like AT8 and AT100 in 3D 

cultures will be required.  

 

5.4 Unique features of the AD-3D – in vitro human neural culture system. 
Unlike some of the studies carried out in this particular field of research, this model does not 

rely on overexpression of FAD mutations which accelerates the progress of the pathology in a 

non-physiological way (Choi et al., 2014c; Verheyen et al., 2015). Our model is driven by the 

presence of the mutation in the patient from whom the iPSC was developed. Patient-derived 

iPSCs in the 3D cultures allows for developing certain key aspects of the disease in vitro in a 

more physiologically relevant manner without the need to genetically manipulate and force the 

disease phenotype. One of the challenges in modelling an age-related neurodegenerative 

disease like AD is to generate aged and mature neurons. Although  the research groups trying 

to develop 3D-AD culture models have shown maturity in their cultures with different mature 

neuronal differentiation markers, none of them have shown protein level expression that 

recapitulate the physiological levels of the adult 4R tau isoform seen in the human brain (Choi 

et al., 2014a; Lee et al., 2016; Raja et al., 2016). However, there are few studies that see the 
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protein level expression of 4R Tau in their 3D/organoid models, but not all the isoforms seem 

in the adult but either due to long term cultures of 365 days (Sposito 2015), or long term use of 

Brain-Phys to see expression at 25 weeks (Miguel et al., 2019) or after 300 days (Lovejoy et 

al., 2020). Although, we possibly do not see all the isoforms we do see a transition into 4R tau 

as early as 6-week post differentiation. This clearly shows that the 3D environment provides 

better differentiation and more efficient maturation and aging of the neurons. However, certain 

studies have shown that premature neuronal differentiation might occur early during 

development in AD patients with PSEN1 mutations both in vitro and in vivo  (Veeraraghavalu 

et al., 2010; Yang et al., 2016). This could possibly be one of the reasons for seeing early 

pathogenic differences between the control and the AD cell lines in 3D cultures.  

Cerebral organoids are widely used to study brain development (Chambers, Tchieu and Studer, 

2013; Paşca et al., 2015). The foundation of organoids was built on the need of human culture 

models which could recapitulate physiological as well as pathological conditions in vitro. It 

also develops from the initial work of 2D neural cultures mimicking tissue like structures 

namely rosettes during in vitro differentiation which later led to embryoid body (EB) induced 

differentiation of cells (Zhang et al., 2001; Eiraku et al., 2008). These were the ground studies 

that influenced the onset of cerebral organoids, spheroids and 3D cultures either embedded in 

matrix or agitated in suspension cultures. There is a constant effort to make improvements in 

this area of research since then, especially when it comes to directed differentiation of a specific 

brain region. Forebrain, midbrain and hippocampal organoids are among some of the organoids 

been reported in the past few years (Di Lullo and Kriegstein, 2017). Most of the protocols 

follow spontaneous or undirected differentiation, which effectively develops into different 

structural areas of the brain but in a very uncontrolled and random pattern making it difficult 

to predict the proportion of cells types in each culture. This variation is one of the biggest 

limitations of using organoids. However, this makes them very interesting for developmental 

studies and less predictable towards neurodegenerative studies. A certain proportion of cells in 

the organoids tend to differentiate into non-ectodermal cell types (Camp et al., 2015). However, 

efforts are being made to narrow down the specificity of cell type differentiation using 

exogenous factors (Sloan et al., 2017). Recently, efforts are being made to differentiate 

organoids into brain specific region and then in a later step fuse these different region-

organoids (Bagley et al., 2017). A sophisticated model of organoids demonstrated accelerated 

accumulation of amyloidogenic Aβ peptides in AD or Down’s Syndrome -iPSC derived 

organoids when compared to controls such as healthy iPSC or mouse ESCs and iPSCs. AD-
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organoids also showed prominent structures similar to plaques and NFTs in AD rather than 

controls. These features were also absent in iPSCs derived from patients suffering from 

Creutzfeldt-Jakob disease (Gonzalez et al., 2018). In another study, Park et al developed a new 

way to integrate 3 cell types together using microfluidics system. A 3D- human triculture model 

involving neurons, astrocytes and the other critical player of AD -microglia was developed. 

The system shows migration of microglia along with the AD phenotypes such as Aβ 

aggregation, tau hyperphosphorylation, neuroinflammation, axonal cleavage and release of NO 

all-together causing a toxic environment for AD cultures (Park et al., 2018). Organoids directed 

towards Choroid Plexus epithelium could be a new approach to understand the CSF and blood-

brain barrier aspect of the disease. Another limitation of organoids are its necrotic cores. This 

could be due to the lack of perfusion in cultures, something that physiologically resembles 

vasculature. Efforts are now being made to overcome this challenge by engineering organoids 

with vasculture (Jacob et al., 2020; Pellegrini et al., 2020). 

 

Thus, our human 3D iPSC-derived neural culture model is a promising, robust and 

physiologically relevant system with is a heterogeneous mix mature neurons and astrocytes 

including both excitatory and inhibitory neurons, expressing some features of the Tau and Aβ 

pathology as early as 6 weeks in vitro without forcing pathology using genetic manipulation. 

The expression of 4R tau is indicative of the maturation of these neurons. However, further 

investigation at later timepoints with phosphatase treatment to determine the expression of all 

6 isoforms needs to be done. 

 

 

 

 

 

 

 

 

 

 

 



Chapter 5 

209 
 

 

5.5 Limitations 
 

The general concerns around iPSCs are their line variability and reduced efficiency in 

producing neurons as compared to ESCs, along with their latency in producing mature neurons 

(Hu et al., 2010). One of the major reasons for line variability is the differences due to the 

genetic background of the donors (Burrows et al., 2016; Kilpinen et al., 2017). It is reported 

that the variation in phenotype due to (healthy) inter-individual variation makes up for a 

significant 23%. Non-genetic factors like the protocols and conditions used for induction and 

differentiation itself could result in variations(Schwartzentruber et al., 2018) although there is 

less variation in lines generated from the same individual (Rouhani et al., 2014). With new 

advances in the iPSC technology there is a reduction in these variabilities to some extent by 

including non-viral and non-integrating systems to reprogram these cells in vitro (Hu, 2014) 

Using isogenic lines where possible is another way to reduce variability. With the advent of 

CRISPR/Cas9 gene editing becomes a critical tool to develop mutant lines either by editing in/ 

out mutations from lines to better understand the disease aetiology (Cong et al., 2013)(Paquet 

et al., 2016). These edited lines along with isogenic controls are a great tool to study individual 

mutations and investigate their impact on cortical development and function. In the 3D cultures 

we do see some slight variations which could possibly be reduced to a certain extent by using 

isogenic controls to our AD lines.  

There is no doubt that the 3D cultures have the potential to be developed into models for various 

diseases, but the limitations include the technical difficulties that come with it.  Due to the 

thickness of the cultures the cultures have low optical transparency especially while taking high 

resolution images. Some studies have a way around this limitation by having both a thick 3D 

culture system for biochemical analysis and thin layer 3D cultures for staining and 

electrophysiological experiments (Choi et al., 2014a). The cell density plays a very important 

role in rate of proliferation and differentiation and this might differ between thin and tick 

cultures. Such studies don’t have a method to neutralise the differences seen due to changes in 

thickness. There are advances in this area of research and possibly could help improve the 

clearance techniques for improved imaging of thick 3D cultures (Du et al., 2018).  

Another limitation of the iPSC-disease modelling system is the in vivo age and maturity of the 

neurons for modelling age-related diseases like AD, Parkinson’s disease and ALS.  Even 
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though the differentiation in 3D/spheroid/organoid systems shows improvement in maturation 

and function these cultures are not equivalent to the state of maturation seen at age 65 years 

and above in humans, the age around which the symptoms of the SAD become evident. As 

stated, before expression of 4R tau isoforms is an indication of maturity in the neurons. There 

are studies with cell cultures with extended period of time– such as 365 days (Sposito et al., 

2015) and 300 days (Lovejoy et al., 2020) to finally see the 4R tau isoforms being expressed. 

Studies have explored ways to achieve neuronal maturity faster in culture by forcing expression 

of the protein progerin implicated in pe-mature ageing syndrome Progeria (Miller et al., 2013) 

or by exposing cells to toxins like reactive oxygen species (Campos, Paulsen and Rehen, 2014) 

to recapitulate changes induced due to stress. Another approach is to generate induced Neurons 

(iNs), inspired by the principles of iPSC technology. Exploring the concept of cellular 

plasticity, iNs are generated by directly forcing fibroblasts to transdifferentiate into neurons by 

overexpressing genes such as Brn2, Ascl1, and Myt1l (BAM) thereby skipping the middle 

primitive phase seen in iPSC generation (Vierbuchen et al., 2010). However, there are 

limitations involving the use of iNs, iNs are generated as post-mitotic cells and hence cannot 

be expanded. The fibroblasts are also limited in their capacity to proliferate and enter 

senescence after a few cycles. Hence one of the major issues of iNs is a limited number of 

starting cells.  The iNs also need to be co-cultured with astrocytes for at least 5-6 weeks to 

induce matured physiological functions (Mertens et al., 2018). This said there is a possibility 

that the 3D cultures won’t fully express late-stage plaques and tangles as seen in post-mortem 

brain slices of AD patients. The time in culture may not be sufficient enough as compared to 

the years it takes for these hallmarks to appear in the human pathology state. Nonetheless, 3D 

cultures could be a great platform to study the early or preclinical changes that the system 

undergoes even before the pathology becomes evident.  

Another possible limitation of the model is the absence of microglia in the cultures. Microglia 

are resident macrophages in the brain which are activated in response to disease or damage. In 

recent years, it has become evident that microglia play a major role in the AD pathogenesis, 

especially its association to amyloid plaques. Activated microglia is a common pathological 

feature of several neurodegenerative diseases including AD. However, it is still unknown if 

they are a boon or bane or simply neutral in their role in neuropathology development 

(Tremblay and Sierra, 2014). Thus, modelling a pathology independent of a key player may 

hinder the complete replication of pathogenic phenotypes desired for the model. It is rather 

challenging to include microglia in a neural differentiation model. During development, 
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microglia originate from embryonic mesoderm unlike the neurons and astrocytes that develop 

from the neuroectoderm. They populates the human brain during the 4th and the 24th week of 

gestation (Menassa and Gomez-Nicola, 2018).  NSCs are limited in their potency to 

differentiate into neural cell types hence iPSC derived NSCs cannot be differentiated into 

microglia in the same culture conditions. The possible approach would be to co-culture mature 

microglia along with mature neurons and astrocytes differentiated from the same iPSCs but in 

separate culture systems which limits the interaction of these cell types early during 

differentiation. Park et al 2018 have developed a triculture system where they coculture 

neuronal progenitor cells with adult microglia in a microfluidic system to show microglial 

migration (Park et al., 2018)  

Lack of vascularisation is another limitation of the 3D cultures. The circulatory system plays a 

major role in providing nutrition, gaseous exchange and extraction of waste. This could 

possibly be one of the reasons why spheroid cultures which are generally large (approximately 

400µm in diameter) have a necrotic centre (Sutherland et al., 1981). Worsdorfer et al  has 

showed endothelial cell-cell junctions, a basement membrane, luminal caveolae and 

macrovesicles as well as a typical blood Bessel ultrastructure in human tumor as well as neural 

organoids (Wörsdörfer et al., 2019). The other possible approach would be the use of 

microfluidic systems. There are several studies that integrate microfluidic systems with 3D 

cultures which could be customisable as per the research questions. This could also solve the 

commonly seen issues of contamination in stem cell cultures by reducing the day to day 

handling of cultures for media changes. Another limitation of 3D culture is the technical 

difficulties to performing electrophysiological studies. The dense nature of the 3D cultures not 

only makes it optically difficult to probe but also hard to clamp on in 3D cultures as opposed 

to the 2D cultures where cells are firmly attached to the coverslips.  

One of the major limitations of this project is the small sample size. Since the cell lines are 

expensive and cannot be expanded beyond a limit in culture, we are restricted by cell numbers 

to carry out different analysis on the cultures. The 3D cultures have a heterogeneous population 

of cells. However, we are not sure what different type of cells are present in the culture also 

which cortical layer phenotype they differentiate into. Lastly, our model does not completely 

replicate the in vivo human neural tissue. In order to validate the extent of similarity or 

difference, studies to compare and contrast these 3D cultures with human resected brain tissue 

will have to be undertaken.  
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5.6 Future Work 
 

Further work needs to be done not just in characterising the cell types to have a complete profile 

of the nature of the cultures but also to complete Western Blot analysis to study the solubility 

of Tau and is isoform at 12- and 18-weeks post differentiation. Work also needs to further 

investigate the Aβ pathology across cell lines to analyse Aβ oligomers using Western Blot 

technique and ratio of Aβ42 over Aβ40 by Meso-scale analysis. To analyse tau pathology, 

analysis with specific antibodies such as AT8 and AT100 is required. For functional analysis 

of the neurons, Whole-Cell Patch-Clamp technique is required. Further characterisation of pre-

synaptic and post-synaptic proteins to better understand the synaptic functions of the cells also 

needs to be done.  
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