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Abstract

Gangliosides are a family of sialic acid-containing glycosphingolipids that are
enriched in the nervous system. They are located in the outer leaflet of the
plasma membrane within lipid rafts and are thought to be involved in numerous
cellular events, including proliferation, differentiation, migration and neurite
outgrowth. Gangliosides have also been shown to have neuroprotective actions
and have been considered as candidates for the treatment of several

neurodegenerative disorders.

In this thesis, the role of gangliosides in glial proliferation, migration and
differentiation as well as the regeneration of the olfactory system and
myelination were studied using mice lacking enzymes involved in ganglioside
biosynthesis. Regeneration of the olfactory system in ganglioside knockout mice
was similar to that of wild-type mice. However, proliferation of olfactory
ensheathing cells grown on collagen and the migration of Schwann cells grown
on laminin or collagen was increased in Sia T -/- mice, which lack b-series
gangliosides but have increased levels of a-series gangliosides. These findings
suggest that complex gangliosides modulate glial cell function to some extent.
However, since the effects observed were subtle, it is possible that simpler

gangliosides are able to compensate for the lack of complex gangliosides.

Axonal density and myelination were unaffected in ganglioside knockout mice.
However, the localisation of sodium channels at the node of Ranvier and
potassium channels at juxtaparanode was retarded in GalNAc T -/- mice lacking
all complex gangliosides, suggesting that complex gangliosides modulate the
formation of nodes of Ranvier. In addition, GalNAc T -/- mice had significantly
lower numbers of NG2 positive early oligodendrocyte progenitors compared to
wild-type and Sia T -/- mice, suggesting that complex gangliosides may affect

early progenitor differentiation, proliferation or survival.
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Figure 5.19. Relationship between oligodendrocytes and axons in Sia T -/- cultures.

Sia T -/- spinal cord cultures were co-labelled with 04 (green) and SMI 31 (red) after 7 and 14
DIV as well as AA3 (green) and SMI 31 (red) after 21 and 28 days in culture to observe the
relationship between oligodendrocytes and axons. Sia T -/- oligodendrocytes differentiated and
began to myelinate axons in a similar manner to that described for wild-type cultures (Figure
5.18). Scale bars = 50pum.
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Figure 5.20. Relationship between oligodendrocytes and axons in GalNAc T -/- cultures.
GalNAc T -/- spinal cord cultures were co-labelled with O4 (green) and SMI 31 (red) after 7 and
14 DIV as well as AA3 (green) and SMI 31 (red) after 21 and 28 days in culture to observe the
relationship between oligodendrocytes and axons. GalNAc T -/- oligodendrocytes differentiated
and began to myelinate axons in a similar manner to that described for wild-type cultures
(Figure 5.18). Scale bars = 50pm.
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5.2.7 Comparison of axonal density and PLP staining

The studies using confocal microscopy showed no obvious difference in the
interplay between axons and oligodendrocytes as a result of altering the
ganglioside expression. The next aim was therefore to investigate the
myelinating properties of wild-type, Sia T -/- and GalNAc T -/- oligodendrocytes.
For this purpose spinal cord cultures were double-labelled with an axonal marker
SMI 31 and the AA3 antibody that recognises PLP at 21 and 28 days in culture
(Figure 5.21). Axonal density was quantified using Image J by determining the
area of SMI 31 immunoreactivity as a percentage of the total area of the image.
The percentage of axons expressing PLP was calculated by measuring the
immunoreactivity associated with AA3, dividing it by the area obtained for
axonal density and multiplying it by a 100. The percentage of axons within a

given area and the percentage of these expressing PLP is shown in Figure 5.21.

After 21 days in culture axonal density was significantly higher in Sia T -/-
cultures compared to GalNAc T -/- and wild type cultures (p < 0.05), however,
by 28 DIV axonal density was similar in all three genotypes. Thus, although the
increase in a-series and the lack of b- and c-series gangliosides in axons of Sia T -
/- mice initially lead to increased axonal density, this increase was not
sustained. Furthermore, in agreement with the observation that
oligodendrocyte differentiation was unaffected in Sia T -/- cultures, PLP
labelling was also unaffected in Sia T -/- cultures, again suggesting that
increased a-series and lack of b- and c-series gangliosides does not affect

oligodendrocyte differentiation and axonal myelination.

The lack of complex gangliosides in GalNAc T -/- mice did not have an effect on
axonal development either. However, the percentage of axons expressing PLP
after 21 DIV was significantly lower in GalNAc T -/- (p < 0.05). However, after
28 DIV the difference was no longer statistically significant. This suggests that
the lack of complex gangliosides and the concomitant increase in simple
gangliosides, leads to delayed expression of PLP but levels are restored to those

similar to wild-type by 28 DIV.
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Figure 5.21. Axonal density and PLP labelling in wild-type, Sia T -/- and GalNAc T -/- spinal
cord cultures.

Axonal density (A) and PLP labelling (B) of wild-type, Sia T -/- and GalNAc T -/- spinal cord
cultures maintained in differentiation medium at 21 and 28 days in culture. Spinal cord cultures
from wild-type and ganglioside knockout mice were labelled with SMI 31 to detect axons and AA3
to detect PLP expression at 21 and 28 DIV. The percentage axons within a given area and the
percentage area of axons labelled with AA3 was measured as described in the Methods section.
At 21 DIV, Sia T -/- cultures showed increased axonal density compared with wild-type and
GalNAc T -/- cultures (blue *; p = 0.029), however, by 28 DIV the axonal density was similar in all
cultures. At 21 DIV, PLP labelling was significantly lower in GalNAc T -/- cultures (green *; p =
0.045), however, at 28 DIV the percentage of myelinated axons was similar in all three
genotypes.



226

5.2.8 Localisation of proteins at the node of Ranvier

As shown in Figures 5.19 to 5.21, after 28 DIV the myelin internodes were
interrupted by what appeared to be node of Ranvier. To examine whether
gangliosides play a role in node of Ranvier formation the localisation of NF155
and Caspr at the paranodes, Na, at the nodes of Ranvier and K, at the
juxtaparanodes was investigated. Wild-type, Sia T -/- and GalNAc T -/- cultures
were triple labelled with AA3 to detect myelin, Na, antibody and one of the
following antibodies: K1.2, Caspr or NF155. Cultures were also labelled with an
antibody against K,1.1, however, none of the cultures were positive for this

antibody.

As shown in Figure 5.22, Na, were distributed continuously throughout the
axonal membrane in unmyelinated axons, however, in myelinated axons
containing nodes of Ranvier, the Na, immunoreactivity was confined to the node.
As shown in Figure 5.22 (panel C) GalNAc T -/- cultures sometimes had sodium
channels distributed throughout the axonal membrane as well as concentrated at

the nodes of Ranvier. This did not occur in wild-type and Sia T -/- cultures.

The distribution of Caspr and NF155 immunoreactivity was found to be confined
to the paranodal region, on either side of the sodium channel. This pattern was

similar in all three genotypes as shown in Figures 5.24 and 5.25, respectively.

In wild-type and Sia T -/- myelinated fibres, K,1.2 immunolabelling was located
at the paranodal and juxtaparanodal regions as shown in Figure 5.25 (panels A
and B, respectively). Although, in some wild-type myelinated fibres K,1.2 were
beginning to confine to only the juxtaparanodal regions as demonstrated in
Figure 5.26.

In contrast to wild-type and Sia T -/- cultures, the K,1.2 immunolabelling in
GalNAc T -/- cultures after 28 DIV was either spread throughout the myelinated
axon as shown in Figure 5.25 (panel C), was co-localised with Na, at the node of
Ranvier or was only observed on one side of the node of Ranvier in the paranodal
and juxtaparanodal regions as shown in Figure 5.29 (panel D). However, as can
be seen in Figure 5.27, at 30 and 32 DIV in GalNAc T -/- cultures K, labelling is

also localised in the paranodal and juxtaparanodal regions.
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In summary, in wild-type and Sia T -/- mice Caspr, neurofascin 155, K,1.2, and
Na, were localised as would be expected based on in vivo observations.
However, in GalNAc T -/- myelinated axons K,1.2 immunoreactivity was not
confined to the paranodal and juxtaparanodal regions until 30 to 32 DIV.
Instead, it was spread throughout the axonal membrane and was only beginning
to localise at the juxtaparanode at 28 DIV. These results suggest that the

assembly of nodal proteins is retarded in the absence of complex gangliosides.
5.2.9 Comparison of astrocyte morphology

Several studies have shown that the addition of exogenous gangliosides can alter
the morphology of astrocytes (Hefti et al, 1985; Skaper et al, 1986; Facci et al,
1987). To determine whether the morphology of astrocytes was different in
ganglioside knockout mice compared with wild-type, astrocytes were labelled
with GFAP and their morphology studied using confocal microscopy. As shown in
figure 5.28, the morphology of astrocytes was similar in all genotypes. It has
also been shown that processes of perinodal astrocytes are in close association
with the node of Ranvier. To determine if perinodal astrocytes were present in
spinal cord cultures, these were triple labelled with AA3 to visualise myelin, SMI
31 to visualise axons and GFAP to visualise astrocytes (Figure 5.29). Although
astrocytes were present near nodes of Ranvier, it was not possible to determine
by confocal microscopy whether their processes were associated with nodes of

Ranvier (see Figure 5.29).
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Figure 5.22. Sodium channel clustering at nodes of Ranvier at 28 DIV.

Wild-type (panel A), Sia T -/- (panel B) and GalNAc T -/- (panel C) spinal cord cultures were
labelled with AA3 (red), which recognises compact myelin, and an antibody against voltage
dependent sodium channels (Na,; green). In unmyelinated fibres Na, staining was observed
throughout the axonal membrane (white arrowheads). In myelinated fibres in wild-type and Sia
T -/- cultures, Na, clustering is displayed at nodes of Ranvier (white arrows). Although GalNAc T
-/- cultures displayed Na, clustering at node of Ranvier (Figures 5.25 and 5.26), it was also
observed that some myelinated fibres in GalNAc T -/- cultures showed Na, immunoreactivity
throughout the axonal membrane (pink arrowheads) as well as at the node of Ranvier. However,
the occurrence of the latter was not quantified. Scale bar = 20 pm.
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GaINAc T -/-

Figure 5.23. The paranodal localisation of Caspr

Wild-type (panel A), Sia T -/- (panel B) and GalNAc T -/- (panel C) spinal cord cultures were
labelled with AA3 (red), which recognises compact myelin, Na, (blue) to show the node of
Ranvier and Caspr (green) at 28 DIV. It was observed that Caspr was localised at the paranodes
of myelinated fibres in all three genotypes (white arrows). Scale bar = 20 pm.
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Figure 5.24. The paranodal localisation of neurofascin 155

Wild-type (panel A), Sia T -/- (panel B) and GalNAc T -/- (panel C) spinal cord cultures were
labelled with AA3 (red), which recognises compact myelin, Na, (blue) to show the node of
Ranvier and neurofascin 155 (green) at 28 DIV. It was observed that neurofascin was localised at
the paranodes of myelinated fibres in all three genotypes (white arrows). Scale bar = 20 pm.
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Figure 5.25. The paranodal and juxtaparanodal localisation of K,1.2

Wild-type (panel A), Sia T -/- (panel B) and GalNAc T -/- (panel C and D) spinal cord cultures
were labelled with AA3 (red), which recognises compact myelin, Na, (blue) to show the node of
Ranvier and K,1.2 (green) at 28 DIV. In wild-type and Sia T -/- cultures, K,1.2 was seen in the
paranodal and juxtaparanodal area, however, in GalNAc T -/- cultures, the localisation of K,1.2
was disturbed. Instead of being only localised to the paranodes and juxtaparanodes, K, were
also spread throughout the axonal membrane (C) and node of Ranvier (D). Scale bar = 20 pm.
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merged

Figure 5.26. Juxtaparanodal localisation of K,1.2 in wild-type cultures at 28 DIV.

Wild-type spinal cord cultures were labelled with AA3 (red), which recognises compact myelin,
Nav (blue) to show the node of Ranvier and K,1.2 (green) at 28 DIV. As shown in Figure 5.25, at
28 DIV, K, was localised at paranodes and juxtaparanodes in the majority of wild-type
myelinated fibres, however, occasionally K, labelling was starting to localise to only the
juxtaparanode. Scale =20 pym.
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Figure 5.27. The localisation of Kv1.2 in GalNAc T -/- cultures at 30 and 32 DIV.

GalNAc T -/- spinal cord cultures were labelled with AA3 (red), which recognises compact
myelin, Nav (blue) to show the node of Ranvier and K,1.2 (green) at 30 DIV (panel A) and AA3
(red), SMI 31 (blue) to show the axons and K,1.2 at 32 DIV (panel B). As shown in Figure 5.25, at
28 DIV in GalNAc T -/- cultures, K, were spread throughout the axonal membrane, however, by
30 to 32 DIV K, labelling was localised to the paranode and juxtaparanode. In other words, at 30
to 32 DIV, the K, labelling in GalNAc T -/- cultures resembled that of wild-type and Sia T -/-
cultures at 28 DIV. Scale bar = 20 pm.
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~GalNAc T -/-

Figure 5.28. Morphology of astrocytes.

Spinal cord cultures obtained from wild-type (l), Sia T-/- (Il) and GalNAc T -/- (lll) mice were
labelled with the typical astrocyte marker GFAP and DAPI to show cell nuclei (in Ill) to
investigate if the morphology of astrocytes differed between wild-type and ganglioside knockout
mice. It was found that there was no difference in astrocyte morphology between wild-type and
ganglioside knockout mice. Scale bar = 50 pm.



239

- .

N
S .

Figure 5.29. Representative images of astrocytes located near node of Ranvier in wild-type
spinal cord cultures.

To investigate whether astrocyte processes were associated with node of Ranvier of Ranvier in
spinal cord cultures, wild-type cultures were labelled with GFAP to visualise astrocytes, AA3 to
visualise compact myelin and SMI 31 to visualise axons. Although the astrocytes processes were
found near nodes of Ranvier it was not possible to determine whether they were in contact.
Scale bar = 20 pm.
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5.3 Discussion

5.3.1 Ganglioside expression of dissociated spinal cord
cultures.

The The main aim of this study was to characterise the ganglioside expression of
the main cell types present within dissociated spinal cord cultures, namely
astrocytes, neurons, and oligodendrocytes. This would then allow us to
ascertain if there was differential expression between the various cell types and
also whether there was justification to carry out further studies on the various

cell types from the ganglioside transgenic mice.

Initially, the optimal culture conditions for these cultures were investigated.
Two media were tested which had subtle differences in their composition, to
ensure | had optimal conditions for myelination. Thomson et al (2006) found
that myelin formation was better in differentiation medium and was not
promoted by Neurobasal medium with B27 supplement. Although the present
study did not find any difference in axonal growth or myelination between
cultures maintained in the two media, it was decided to perform subsequent
experiments using cultures maintained in differentiation medium. The cultures
were initially established in serum-rich plating medium, and were subsequently
fed using serum-free differentiation medium such that the concentration of
serum declined with each feeding so that, by 10-12 days in vitro, it was less than
1% (Thomson et al., 2006).

5.3.1.1 Ganglioside expression of OPCs and oligodendrocytes

During nervous system development OPCs progress through a series of
morphologically and immunohistochemically distinct differentiation steps,
starting as proliferating and migrating progenitor cells and leading to mature
myelinating oligodendrocytes. Out of the four markers tested, OPCs, as labelled
by the antibody NG2, were positive for A2B5 and R24 but negative for CTx and
MOG35. As OPCs matured into oligodendrocytes, their ganglioside expression
changed. Mature myelinating oligodendrocytes no longer labelled with A2B5 and
R24 and instead labelled with CTx and MOG35. This is in agreement with

previous studies looking at ganglioside expression of oligodendrocytes, which
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also found that their ganglioside expression differs during different stages of

development.

Farrer and Quarles (1999) showed that OPCs in culture express ganglioside GT3,
O-acetyl GT3 and 9-O-acetyl GD3, all of which are down-regulated as OPCs
differentiate into oligodendrocytes but continue to be expressed when they
differentiate into type-2 astrocytes. This is in agreement with the present
study, where it was found that A2B5, which binds to GT3 and O-acetyl GT3
(Fenderson et al., 1987, Dubois et al., 1990) co-labelled with the OPC marker
NG2 and astrocyte marker GFAP, but not myelinating oligodendrocyte marker
AA3. Yim et al (1994, , 1995) showed that GD3 and GM3 are major gangliosides
in OPCs, with GM3 synthesis increasing dramatically as OPCs differentiate to
mature oligodendrocytes, whereas the level of GD3 remained relatively constant
as the cells differentiated to mature oligodendrocytes. The present study did
not investigate the expression of the simple ganglioside GM3. In agreement with
Yim et al, the present study demonstrated that GD3 was expressed in both NG2

positive OPCs as well as 04 positive oligodendrocytes.

Yu and Yen (1975) showed that GM1 is the major ganglioside in mouse myelin
and that it increases with age. This was confirmed by Cochran et al (1982) who
also showed that mouse myelin contained 59.6% GM1, 4.7% GM4, 4.2% GD3, 4.8%
GD2, 8% GD1b, 4.2% GT1b, 2.6% GQ1b, 0.3% GM3, 3.6% GM2, 8% GD1a and 4.8%
GT1a. This is partly in agreement with the present study where it was found
that myelinating oligodendrocytes contained GM1 and GD1a, however in contrast
to the study by Cochran et al (1982), the present study did not observe co-
localisation of AA3 with R24, which binds to GD3.

Ganglioside expression of oligodendrocytes suggests that simple gangliosides,
GT3 and GD3 that are recognised by A2B5 and R24, respectively, and are found
on OPCs, are more likely to be involved in modulating functions such as
proliferation and migration. Whereas complex gangliosides, GM1 and GD1a that
are recognised by CTx and MOG35, respectively, and are found on mature
oligodendrocytes, are more likely to be involved in modulating functions such as

myelination and node of Ranvier formation.



242

5.3.1.2 Ganglioside expression of astrocytes

Type-2 astrocytes are positive for A2B5 antibody labelling (Farrer and Quarles,
1999), whereas type-1 astrocytes are negative (Raff et al., 1983a, Murakami et
al., 1999). Type-2 astrocytes also express GD3 (Murakami et al., 1999). The
present study demonstrated that the majority of astrocytes within spinal cord
cultures are A2B5 negative although some A2B5 positive astrocytes were also
present. In addition, very few spinal cord astrocytes labelled with R24, which
binds to GD3. This indicates that the majority of astrocytes in spinal cord
cultures are type-1 astrocytes. The present study also found that astrocytes in
spinal cord cultures did not express GM1 or GD1a, which is in agreement with
previous studies that have shown that rodent astrocytes do not contain GM1 on
their cell surface (Asou and Brunngraber, 1983, Yamamoto et al., 2007, Asou et
al., 1989a, Asou et al., 1989b, Sbaschnig-Agler et al., 1988). In contrast, it was
demonstrated that adult human brain tissue expressed GM1 and GD1b on all
astrocytes (Marconi et al., 2005) and a study in mouse foetal astrocytes found
GM1 expression to be regulated by the cell cycle, with maximal expression
during GO/G1 phase (Xie et al., 2004, Ledeen and Wu, 2006). Kawai et al
(1999b, 1999a) reported that normal astrocytes in adult human tissue lack GD3
expression, but instead GD3 is expressed in the cytoplasm of reactive and
neoplastic astrocytes. It is possible that the astrocytes which labelled with R24
in the present study are reactive astrocytes. In contrast to the present study, it
was found that in young and adult mouse brain, both normal and reactive
astrocytes express GD3 (Cammer and Zhang, 1996), which may indicated that
astrocytes have a different ganglioside expression in vivo and in vitro. Moreover,
in contrast to the present study GD3 was found to be expressed in cultured rat

astrocytes (Kawashima et al., 1996), which might be due to a species difference.

To confirm the ganglioside expression of astrocytes, primary astrocyte cultures
could be obtained (differentiated from neurospheres isolated from the corpus
striatum), gangliosides extracted and the ganglioside content examined by thin

layer chromatography and tandem mass spectrometry.
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5.3.1.3 Ganglioside expression of spinal cord neurons

The present study found that neurons present in dissociated spinal cord cultures
isolated from wild-type mice labelled with A2B5, which binds to gangliosides
GT3, O-acetyl GT3 (Dubois et al., 1990, Fenderson et al., 1987) and GQ1c (Kasai
and Yu, 1983), CTx, which binds to GM1 and MOG35, which binds to GD1a. A2B5
was originally thought to bind only to neurons in chick CNS and PNS tissues
(Eisenbarth et al., 1979), and was found to bind to the majority of neurons in
cultures of a variety of vertebrate CNS tissues (Berg and Schachner, 1982,
Schnitzer and Schachner, 1982), which is in agreement with the present study.
In agreement with the present study, numerous studies have shown that neurons
express GM1 on their cell surface both in situ and in vitro (Asou et al., 1983,
Okada et al., 1982). Vyas et al (2002) showed that GD1a is expressed on the cell
surface of nerves, which is in accordance with the present study. Furthermore,
gangliosides GD1a and GT1b, which are present on the surface of axons, act as
functional ligands for MAG and play a role in MAG-mediated inhibition of neurite
outgrowth (Vyas et al., 2002). However, in contrast to other studies (Molander
et al., 1997, Sheikh et al., 1999a, Susuki et al., 2007b), the present study did
not observe the localisation of GM1 at paranodes. These contrasting results may
reflect differences in antibodies used or experimental methods. In previous
studies the animals were perfused with paraformaldehyde prior to dissection
(Molander et al., 1997, Sheikh et al., 1999a, Susuki et al., 2007b) and the tissue
permeabilised with Triton X (Molander et al., 1997, Susuki et al., 2007b),
whereas in the present study, the ganglioside labelling was performed on
unfixed cultures without the use of detergents, which could account for the
different results. Indeed, it has been found that the fixation method can greatly
influence the apparent localisation of gangliosides (Schwarz and Futerman,
1997). Autoantibodies to GM1 and GD1a attack the nodal region and cause
AMAN, which is usually restricted to peripheral motor nerve fibres (Hughes and
Cornblath, 2005). The present study did not observe the presence of GD1a at
paranodes of cultured spinal cord neurons, so it is possible that GD1a is only

present near nodes of Ranvier in peripheral nerves.

The present study revealed that axons in wild-type spinal cord cultures were R24
negative whereas GalNAc T -/- axons were R24 positive suggesting that in wild-

type axons GD3 is converted into more complex gangliosides.
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Because ganglioside knockout mice have altered paranodal junctions, broadened
Na* channel clusters, and mislocalisation of juxtaparanodal K* channels at the
paranodes (Susuki et al., 2007a), it is important to examine the ganglioside
expression of axons and oligodendrocytes at and around the nodes of Ranvier in
more detail. Different staining protocols should be tested to examine the
ganglioside expression of myelinated axons in spinal cord cultures at 28 and 32

DIV at which point many of the myelinated axons contain nodes of Ranvier.

5.3.1.4 Summary of ganglioside expression

The initial aim of this study was to investigate the role of gangliosides in the
final step of oligodendrocyte differentiation, the myelination of axons. As
demonstrated by immunocytochemistry in this study and by others, ganglioside
composition undergoes significant changes during oligodendrocyte development.
This could potentially have an impact on the myelination of axons by
oligodendrocytes. It has also been shown that axons express gangliosides on
their cell surface, and these gangliosides may also play a role in the myelination
process. Finally, although astrocytes are not directly involved in the myelination
process, it has been shown that astrocytes promote myelination by mature
oligodendrocytes in an activity dependent manner (Ishibashi et al., 2006) and
the close association of perinodal astrocyte processes with nodes of Ranvier
suggests that they may play a functional role. Astrocytes also express numerous

gangliosides (described in section 1.2.1.2), which could affect their function.

5.3.2 Differentiation of oligodendrocytes

The present study found that the antigenic differentiation of oligodendrocytes
was similar in all three genotypes with one major exception being that GalNAc T

-/- mice had lower numbers of the more immature NG2+04- OPCs.

The differentiation of Sia T -/- OPCs into oligodendrocytes was unaffected in
optic nerve and spinal cord cultures despite the lack of many of the gangliosides
normally present in OPCs. This would suggest that b-series ganglioside GD3
which is present in OPCs and oligodendrocytes in wild-type cultures but absent

in Sia T -/- cultures and c-series gangliosides GT3 and O-acetyl GT3, which are
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present in wild-type OPCs but absent in Sia T -/- OPCs, do not play a role in the

differentiation in the early or late stages of the oligodendrocyte lineage.

Reduced numbers of NG2+04- early OPCs in GalNAc T -/- could be due to several
factors. The increased amount of simple gangliosides GM3, GD3 and GT3 in
GalNAc T -/- cultures may drive the differentiation into NG2+04+
oligodendrocytes. It can be seen in figure 5.14 that GalNAc T -/- cultures do
have higher levels of NG2+04+ cells compared with wild-type and Sia T -/-
cultures (although this increase is not statistically different), which would
support this argument. Indeed Yu et al (Yu et al., 1994) have shown that
increased level of GM3 enhances the differentiation of OPCs towards

premyelinating oligodendrocytes.

Alternatively, it may be that the increased amount of simple gangliosides leads
to a reduction in the proliferation or survival of OPCs. The spinal cord cultures
were maintained in the presence of insulin, which is a survival factor for
oligodendrocytes (Barres et al., 1992), after which the insulin is withdrawn. It
may be possible that GalNAc T -/- early OPCs are less resistant to the withdrawal
of insulin. Due to time constraints it was not possible to perform proliferation or
apoptosis assays to examine whether the lack of NG2+ OPCs in GalNAc T -/-
cultures was due to reduced proliferation or increased cell death. However, it
was observed that GalNAc T -/- cultures at 7 DIV did not appear to have lower
levels of NG2+ OPCs compared with wild-type which would suggest that reduced
early OPC numbers in GalNAc T -/- mice at 21 and 28 DIV may be due to either

reduced proliferation or increased apoptosis.

GalNAc T -/- knockouts have decreased myelination in the optic nerve and
demyelination in the sciatic nerve (Sheikh et al., 1999a). It has been shown that
adult brains also contain a pool of OPCs which could be used to produce
myelinating oligodendrocytes. Future studies could examine whether GalNAc T -
/- mice contain lower number of “adult OPCs” in vivo. If this is the case,
inadequate remyelination in GalNAc T -/- mice may be the result of a reduced
number of OPCs. It is possible that the lack of OPCs means that when myelin
deteriorates, there are not enough OPCs present to differentiate and form

myelinating oligodendrocytes in order to replace the damaged myelin.
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The present study has demonstrated a reduction in OPCs in GalNAc T -/- cultures
which have increased levels of GD3. This may reflect the pathology of MS as it
has been reported that plaques have high levels of GD3 (Yu et al., 1974). Thus
the increased GD3 in MS plaques may cause decreased proliferation or increased
apoptosis of OPCs which may contribute to the failure of OPCs to remyelinate

the demyelinated axons.

To try and interpret the reason for lower numbers of the NG2+/04- OPCs future
studies could examine the differentiation of oligodendrocytes in GalNAc T -/-
mice in more detail in the presence and in the absence of axons. In this study, |
compared the differentiation of wild-type, GalNAc T -/-and Sia T -/-
oligodendrocytes in the presence of axons, at 21 and 28 DIV. It would be
beneficial to repeat this experiment at earlier time-points (for example, after 1,
7 and 14 DIV) to assess if the numbers of NG2+04- early OPCs in GalNAc T -/-

mice are lower initially or if this develops over time.

In this project | studied the differentiation of wild-type and Sia T-/- optic nerve
oligodendrocytes in the absence of axons. The low number of oligodendrocytes
obtained from the optic nerve limited the number and the type of experiments
that could be carried out and meant that | could only examine wild-type and Sia
T -/- oligodendrocytes. In order to examine the role of gangliosides in
oligodendrocyte biology in more detail a method of generating large numbers of
mouse oligodendrocytes is needed. This could be achieved by culturing OPCs
isolated from neonatal mouse spinal cord using a method previously described
(Thomson et al., 1999). This method could be used to obtain not only wild-type
and Sia T -/- cultures, but also GalNAc T -/- and DKO cultures because each
spinal cord could be cultured separately and the genotype examined by labelling
with CTx. This would allow a more detailed examination of the role of
gangliosides in oligodendrocyte differentiation in the absence of axons, by
comparing antigen expression, morphology and by measuring process extension
as previously described (Sorensen et al., 2008). This would show whether
GalNAc T -/- cultures also had lower numbers of NG2+04- early OPCs in the

absence of axons.

Having shown that b- and c-series gangliosides do not play a role in the

differentiation of oligodendrocytes, the next step would be to examine whether
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gangliosides expressed in migratory and proliferative OPCs modulate these
processes. Using OPCs isolated from neonatal spinal cord, proliferation and
differentiation of oligodendrocytes obtained from wild-type and ganglioside
knockout mice could be compared using flow cytometry as described previously
(Lu et al., 2008). Alternatively, oligodendrocyte proliferation could be

examined by Ki67 or BrdU immunolabelling.

OPC migration is controlled by a combination of short-range attractants and
repellents, such as tenascin, ephrin and anosmin-1 as well as long-range
chemoattractants and chemorepellents, such as chemokines, growth factors and
semaphorins. The role of each of these factors can differ depending on the
location and during the course of development, probably due to changes in the
receptor repertoire of OPCs and to environmental co-factors. Numerous in vitro
studies have suggested that gangliosides play a modulatory role in cell migration
and adhesion, however, the fact that ganglioside knockout mice develop
normally suggests that compensatory mechanisms and/or molecular or functional
substitutions must exist. It is likely that gangliosides do not directly influence
OPC migration but rather that they modulate the effects of other molecules.
Indeed, it has been shown that an interaction of tenascin-R with cell surface
disialogangliosides mediates a selective inhibition of integrin-dependent cell
adhesion to fibronectin in vitro (Probstmeier et al., 1999). Since GD3-positive
OPCs are highly motile, it would be interesting to examine the migration of OPCs
obtained from ganglioside knockout mice, especially from the double knockout
mice. Since gangliosides are thought to modulate the function of most growth
factors, it would be interesting to examine the migration of OPCs in response to
PDGF and FGF, both of which are chemoattractant for OPCs. To examine the
interaction between gangliosides, integrins and tenascin-R, OPC adhesion and
migration would have to be examined on different substrates such as PLL,
laminin, fibronectin and vitronectin, in the presence and absence of tenascin.
Moreover, if gangliosides do play a role in OPC migration, future studies should
investigate whether gangliosides interact with any of the other molecules
involved in OPC migration, such as NG2, netrin or PSA-NCAM.

Due to time constrains, | was not able to repeat any of the experiments using
cultures obtained from double knockout mice as these animals are poor breeders

and produce low numbers of homozygous pups. The simpler gangliosides are, to



248
some extent, able to compensate for the lack of complex gangliosides, which
makes it more difficult to interpret results obtained from single knockouts
because it is hard to dissect out whether a particular result is due to the lack of
particular gangliosides or the excess of others. Therefore, experiments in
double knockout mice which only express GM3, should shed more light on the
role of ganglioside in oligodendrocyte proliferation, migration and

differentiation in the absence or presence of axons.

5.3.3 Relationship of oligodendrocytes with axons

The mixed spinal cord cultures used in these experiments seem to follow in vivo
development, allowing the in vitro study of several stages of neural development
(Hardy and Friedrich, 1996, Sherman and Brophy, 2005, Trapp et al., 1997). The
early phase of development is characterised by neuronal survival and
axon/neurite extension and OPCs proliferation. This is followed by OPC
differentiation from a premyelinating cell with many, highly branched processes
into a myelinating cell with fewer processes and the ensheathment/myelination

of axons and their formation of nodes of Ranvier (Sorensen et al., 2008).

The present study showed that the relationship between oligodendrocytes and
axons prior to the formation of node of Ranvier was similar in wild-type and
ganglioside knockout mice. This suggests that the early interaction of
oligodendrocytes with axons is not modulated by gangliosides. However, this
experiment needs to be repeated in the double knockout mice because it is
possible that, in the single knockouts, the simpler gangliosides are able to

compensate for the lack of complex gangliosides.

5.3.4 Comparison of axonal density and myelination

The effect of knocking out gangliosides on neuronal survival and the density of
axons was examined using embryonic spinal cord cultures plated on PLL. Axonal
density (% SMI 31-immunoreactivity/given area) was found to be significantly
higher in Sia T -/- cultures at 21 DIV but is similar in all genotypes at 28 DIV.
The transient increase in neurite extension in Sia T -/- cultures may be due to
the lack of b- or c- series gangliosides or the increased levels of a-series

gangliosides. To determine which, axonal density measurements need to be
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carried out in double knockout mice: if the axonal density is increased in double
knockout mice then it would suggest that it is the lack of b-series gangliosides,
rather than the increase in a-series gangliosides that is responsible for the

transient increase in axonal density.

It has been shown that MAG inhibits neurite outgrowth by binding to GT1a and
GT1b (McKerracher et al., 1994, Mukhopadhyay et al., 1994). It is possible that
increased a-series gangliosides on Sia T -/- neurons initially lead to increased
neurite outgrowth and survival, but once oligodendrocytes begin to express MAG,
it inhibits further neurite outgrowth. Future studies should examine the MAG
expression in wild-type and ganglioside knockout cultures at several time-points
(for example 7, 14, 21, and 28 DIV) and measure the axonal density at the same
time-points to examine if there is a correlation between MAG expression and the

reduction of axonal density in Sia T -/- cultures.

Sia T -/- cultures lack the ganglioside O-acetyl GD3 which is associated with
elongation of neurites. It has been shown that neurite outgrowth in neurons of
embryonic rat dorsal root ganglia explants grown on laminin is halted in the
presence of Jones monoclonal antibody which binds to 9-O-acetyl GD3 (Mendez-
Otero and Friedman, 1996). This would suggest that Sia T -/- which lack O-
acetyl GD3 would have decreased neurite outgrowth. However, Yang et al (Yang
et al., 2007) found that Jones antibody had the same effect on wild-type and Sia
T -/- neurons which lack O-acetyl GD3, suggesting that its effects on neurite
outgrowth are not mediated by O-acetyl GD3 binding, which explains why we
have not seen a reduced neurite outgrowth in Sia T -/- cultures in the present

study.

PLP labelling was found to be lower in GalNAc T -/- mice at 21 DIV, however, by
28 DIV, it was similar in all genotypes. This finding suggests that complex
gangliosides may play a role in the initiation of myelination. GalNAc T -/- mice
lack all complex gangliosides but have excess of simple gangliosides such as
GM3. It was shown that excess GM3 drives the differentiation of
oligodendrocytes toward the premyelinating stage (Yim et al., 1994, Yim et al.,
1995). As seen from the ganglioside expression of oligodendrocytes, simpler
gangliosides are present in the early stages of oligodendrocytes differentiation

and are replaced by complex gangliosides such as GM1 and GD1a in the later
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stages of differentiation. The results of the present study suggest that without
these complex gangliosides, the differentiation of premyelinating

oligodendrocytes into myelinating oligodendrocytes is slower.

To test whether the decreased PLP labelling in GalNAc T -/- mice is due to
increased levels of simple gangliosides or the lack of complex gangliosides, this
experiment needs to be repeated in double knockout mice. If the level of PLP
labelling is also decreased in double knockout mice it would suggest that the
decreased levels of PLP labelling are more likely to be due to the decreased
levels of a-series gangliosides, although the possibility that it’s due to increased

levels of GM3 could not be excluded.

There could be several reasons for the decreased myelination in GalNAc T -/-
cultures at 21 DIV. Axonal density is similar in wild-type and GalNAc T -/-
cultures at 21 DIV which suggests that the reason for reduced myelination in
GalNAc T -/- cultures at 21 DIV may be a reduction in oligodendrocyte process
extension or in oligodendrocyte numbers, rather than a lack of axons. The
reduced myelination in GalNAc T -/- mice may also be due to an inhibitory
contact-mediated mechanism between axons and oligodendrocytes.
Alternatively, GalNAc T -/- oligodendrocytes could be more responsive to a
secreted inhibitory factor that prevents myelination, or there may be a delay in
GalNac T -/- axons secreting a premyelinating factor. Future studies should

elucidate the mechanism in more detail.

In the present study, | used PLP labelling as an indicator of the extent of
myelination. However, this gives no indication of whether the myelin is
compacted and well formed at the ultrastructural level. To examine
myelination in more detail, future experiments should use electron microscopy
to compare the quality of myelin produced in wild-type cultures with that of
ganglioside knockout cultures. This would allow the measurement of myelin

thickness and would show up any myelination defects.

Studies have shown that synapse formation and the development of electrical
activity promotes myelination. Future studies could compare the effect of
electrical activity on myelination in wild-type and ganglioside knockout mice by
adding tetrodotoxin, which blocks action potentials or a-scorpion toxin, which

increases axonal firing (Demerens et al., 1996).
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As shown in the present study, neuronal survival and myelination were good in
both wild-type and ganglioside knockout cultures maintained in differentiation
medium on non-specific substrate PLL. It is interesting to note that in rat
cultures neuron survival was poor past one to two weeks and that myelinated
axons were observed rarely in rat embryonic spinal cord cultures grown on PLL
under the same conditions (Sorensen et al., 2008), which highlights the different

growth requirements for mouse and rat cells.

5.3.5 Localisation of proteins at the node of Ranvier

The mature molecular organisation of the membrane of myelinated axons
includes clusters of Nav1.6 at nodes, Caspr and NF155 forming paranodal

junctions and aggregations of Kv1.2 in juxtaparanodal regions.

The present study showed that Caspr and NF155 localisation was unaffected in
both Sia T -/- and GalNAc T -/- mice. In addition, the distribution of Na, at
developing nodes of Ranvier formed in Sia T -/- dissociated spinal cord cultures
by differentiating oligodendrocytes was found to be similar to that observed at
wild-type nodes. K, localisation in Sia T -/- spinal cord cultures was also similar
to that observed in wild-type cultures. These findings suggest that GM1 or
GD1a, which are found on Sia T -/- axons, may play important stabilising roles at

paranodal junctions in spinal cord neurons.

As at wild-type nodes (Bhat, 2003, Girault and Peles, 2002, Poliak and Peles,
2003, Salzer, 2002), the populations of channels in Sia T -/- cultures were
sharply delimited, with Na, clustered at the nodal axolemma and K, channels at
the paranodal and juxtaparanodal region. In wild-type and Sia T -/- cultures, no
Na, were detected beneath the myelin sheath in the internodes, in accordance
with the observation that Na, are present only in low density beneath the myelin

sheath in normal axons (Waxman and Ritchie, 1993).

However, in GalNAc T -/- cultures, Na, were often observed throughout the
myelinated axon, resembling the Na, labelling in unmyelinated axons.
Furthermore, the localisation of K, to paranodal and juxtaparanodal regions was
delayed in GalNAc T -/- cultures compared with wild-type. Rather at 28 DIV,
when Kv were localised to the paranodal and juxtaparanodal regions in wild-type

cultures, in GalNAc T -/- cultures, the K, were observed throughout the



252
membrane or were clustered at the node of Ranvier. These abnormalities in
distribution are absent in nodes of Ranvier formed in Sia T -/- and wild-type

cultures.

Kv are generally not observed in the nodal axolemma (Mi et al., 1995, Wang et
al., 1993). Instead, they are aggregated within juxtaparanodal domains, and
their segregation to this region is dependent on intact paranodal axo-glial
junctions (Rasband, 2004, Rasband et al., 1999b). In the absence of intact
paranodal junctions, Kv1 channels can encroach into paranodal and even nodal
domains, leading to abnormalities in conduction parameters (Bhat et al., 2001,
Boyle et al., 2001, Coetzee et al., 1996, Dupree et al., 1998). Since K, are
localised in paranodal and juxtaparanodal regions in wild-type and Sia T -/-
cultures, it would suggest that the paranodal axo-glial junctions are not properly
formed, despite Caspr and NF155 being present at their correct locations at the
paranodes. K, localisation in wild-type and Sia T -/- mice showed a similar
pattern as previously reported (Poliak et al., 2001, Susuki et al., 2007a, Vabnick
et al., 1999).

The present in vitro study is partly in agreement with the in vivo observations in
ganglioside knockout mice (Susuki et al., 2007a). Susuki et al (2007) observed
broadened Na* channel clusters and found that the localisation of K, to
juxtaparanodes was slower in GalNAc T -/- mice during development. The same
study found that immunostaining of Caspr and NF155 was reduced in both
peripheral and central nervous nerves, which became more prominent with age
(Susuki et al., 2007a). This is in contrast to the present study where no
difference was found in the immunolabelling of Caspr and NF155 between wild-
type and ganglioside knockout mice. Susuki et al observed myelination and
nodal defects in Sia T -/- mice, however these defects were less frequent in Sia
T -/- mice compared with GalNAc T -/- mice (Susuki et al., 2007a). In contrast,
the present study found no difference between wild-type and Sia T -/- in terms

of myelination and the formation of nodes of Ranvier.

However, Susuki et al (2007a) found that paranodal junctions and ion channel
clusters were disrupted in ventral rather than in dorsal roots from GalNAc-T -/-
mice, suggesting that the composition or contribution of gangliosides at

paranodal structures may differ between peripheral motor and sensory nerve
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fibers. The neurons in the dissociated spinal cord cultures examined in the
present study are most likely to be motor neurons. Therefore, it is possible that
no abnormalities are observed in Sia T -/- cultures for this reason. Our findings
do not exclude the possibility that defects may be present in Sia T -/- sensory

neurons.

Studies in sciatic nerve (Boiko et al., 2001) and optic nerve (Boiko et al., 2001,
Jenkins and Bennett, 2002, Kaplan et al., 2001, Rios et al., 2003) have
demonstrated that Na,1.2 is distributed along premyelinated axons and is
transiently present at immature nodes in these tracts. Na,1.2 is subsequently
replaced by Na,1.6, which was shown to be the predominant isoform at mature
nodes of Ranvier in both the PNS and CNS (Caldwell et al., 2000). The Nay
antibody used in the present study recognises all known vertebrate sodium
channels, so it was not possible to distinguish which subtype of sodium channel
was present in the spinal cord cultures. Future studies could include an
examination of the subtype of sodium channel present at the nodes of Ranvier in

wild-type and ganglioside knockout mice.

It has been shown that the axonal membrane also undergoes a sequential
transformation during development. In the PNS, cell adhesion molecules such as
neurofascin 155 are the first molecules to appear at prospective nodes, followed
by ankyrin G isoforms and Na, (Lambert et al., 1997). Finally clusters of Kv1.1
and Kv1.2 channels appear after clusters of Na, channels and ankyrin G are well
established (Vabnick and Shrager, 1998, Vabnick et al., 1999). The K, channels
gradually become sequestered in the juxtaparanodal region, where they are
thought to be electrically isolated from the nodes. The fact that myelinating
cultures from GalNAc T -/- mice show normal distribution of Caspr and NF155
and sometimes Na, but not K, at 28 DIV suggests that the assembly of the
molecular components in and around the node of Ranvier is slower in these mice
compared with wild-type. This raises the question whether the retarded
temporal expression in GalNACT -/- cultures is specific to Na, and K, or is it the
case that that the assembly of all the proteins is slower in GalNAc T -/- mice. In
other words, it is possible that the expression of Caspr and neurofascin 155 is
also slowed in GalNAc T -/- but the time points that were chosen in the present

study were too late to observe this. This question could be answered by
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examining the expression of neurofascin 155 and Caspr at time points between
21 and 28 DIV.

Since abnormalities in the assembly of nodal proteins were less frequent in Sia T
-/- mice lacking GD1b and GT1b and since the major gangliosides in Sia T -/-
mice are GM1 and GD1a (Okada et al., 2002), it suggests that GM1 or GD1a play
a role in the formation of node of Ranvier. However, changes due to other
minor gangliosides or excess of a-series gangliosides such as GM1 and GD1a

cannot be excluded.

The findings of the present study show that gangliosides do play a role in the
assembly of node of Ranvier. However, from previous studies in adult
ganglioside knockout mice, it would appear that gangliosides are more important
in the maintenance than the development of myelinated axons. Finally, it is
possible that the concurrent increase in simple gangliosides that goes hand-in-
hand with knocking out complex gangliosides has a compensatory role during
development, and minimises the detrimental effects of knocking out complex
gangliosides. Due to time restrictions it was not possible to carry out studies on
double knockout mice in the present study. However, it would be interesting to
repeat these experiments using double knockout mice which lack all gangliosides
apart from the simplest ganglioside GM3. It is possible that much more severe

effects would be observed.

5.3.6 Conclusion

In the present study, dissociated spinal cord cultures have been validated as a
good model for studying oligodendrocytes differentiation, neurite outgrowth and
myelination since temporal changes in these cultures can mirror developmental

events in vivo.

Cells of the oligodendrocyte lineage in dissociated spinal cord cultures express
simple b- and c-series gangliosides GD3 and GT3 in the early stages of
differentiation and with time the ganglioside expression profile changes to
express a-series gangliosides GM1 and GD1a. The majority of astrocytes were
negative for all four markers tested in this study, however, a subset of

astrocytes labelled with A2B5 and R24, revealing the presence of type-2
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astrocytes in these cultures. Axons of spinal cord neurons expressed gangliosides
recognised by A2B5, as well as GM1 and GD1a.

The major finding of the present study are that GalNAc T -/- cultures lacking all
complex gangliosides contain significantly lower number of early OPCs, have
decreased myelination initially and that Na, and K, channel assembly to the node
of Ranvier and juxtaparanode, respectively, is slower compared to wild-type and
Sia T -/- mice. In contrast, no abnormalities were observed in Sia T -/- cultures
which lack all b-series gangliosides, with the exception of initially higher axonal

density compared with wild-type and GalNAc T -/- cultures.

Previous studies have shown that astrocytes express gangliosides and that they
can promote myelination of CNS axons (Blakemore and Crang, 1989; Blakemore
et al., 2003, Franklin et al., 1991, Ishibashi et al., 2006, Sorensen et al., 2008).
Therefore, future studies should examine in more detail the role of astrocytes in

myelination in wild-type and ganglioside knockout mice.

It has been shown that gangliosides modulate cellular events by interacting with
integrins or growth factor receptors. These cultures could be used to examine
the interaction of gangliosides with growth factors by comparing the effects of
the addition of growth factors. To investigate whether the effects of knocking
out gangliosides observed in the present study involve integrin signalling, future
studies could include a more detailed investigation into the effect of other
substrates, such as laminin, extracellular matrix or fibronectin and the addition
of antibodies to specific integrins. Gangliosides have been shown to be localised
in lipid rafts, which are thought to be sites of cell signalling. It is possible that
the myelination defects observed in ganglioside knockout mice are due to the
altered ganglioside composition of the lipid raft which may affect cell signalling.
Therefore, future studies should examine lipid raft association of molecules

involved in myelination in wild-type and ganglioside knockout.

Future studies should investigate signalling and should be aimed at examining
whether gangliosides are a trophic axonal signal that signals oligodendrocytes to
differentiate or are the gangliosides present on oligodendrocyte used in cell-to-
cell interaction in the cross-talk between oligodendrocytes and axons. These
questions could be addressed by setting up co-cultures of neurons from wild-type

mice (without other cells) and glia (oligodendrocytes and astrocytes) from
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knockout mice and vice versa similar to co-cultures described previously (Chan
et al, 2004, Lubetzki et al., 1993, Mi et al., 2005, Wang et al., 2007).
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6 CHAPTER 6

General Discussion
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Ganglioside enrichment in neural cells (neurons and glia) has led to
investigations into their role in nervous system function. As a result,
gangliosides have been implicated in the neurobiology of diseases, and in the
regulation of many cellular and molecular properties. However, most studies
have focused on the role of gangliosides in neuronal function. The aim of my
thesis was to investigate ganglioside function in glial cell biology by using wild-
type and ganglioside knockout mice. | initially studied detailed cellular
properties of olfactory ensheathing cells (OECs) and Schwann cells followed by
the role of gangliosides in the regeneration of the olfactory system and in
oligodendrocyte differentiation and myelination using an embryonic spinal cord

culture system.

Central nervous system (CNS) pathologies are often very debilitating due to the
inability of the CNS to undergo repair following damage. Examples of such
pathologies include chronic neurodegenerative diseases such as Parkinson’s
disease and Alzheimer’s disease, and disorders characterised by cell death or
loss of key neural pathways such as spinal cord injury and ischemic stroke.
Although neuronal degeneration and death are the ultimate consequences of
these pathological processes, alterations in the function of surrounding glial cells

are key features in the progression of many of these diseases.

Numerous potential therapies are being investigated at present to promote
repair of the damaged CNS, ranging from use of cellular transplantation to
mediate repair and remyelination, to growth factor delivery to improve survival
rates of neurons and promote axonal outgrowth, and use antibodies or
pharmacological agents against inhibitory factors. The findings that neuronal
accumulation of gangliosides in lysosomal storage diseases profoundly influenced
the development and differentiation of neurons (Purpura and Suzuki, 1976) and
that the addition of exogenous gangliosides could promote the regrowth of
damaged neurons (Ceccarelli et al., 1976) prompted studies to examine the
potential use of exogenous gangliosides as therapeutic agents for neurological

diseases.

Subsequent studies have demonstrated that gangliosides can affect multiple
neuronal populations including dopaminergic, cholinergic, glutamatergic,

serotonergic and noradrenergic neurons (Hadjiconstantinou and Neff, 1998).
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Several preclinical studies have reported acute neuroprotective and longer-term
neuroregenerative effects of GM1 in experimental models of ischemia and injury
(Agnati et al., 1983, Bose et al., 1986, Ceccarelli et al., 1976, Di Gregorio et al.,
1984, Fass and Ramirez, 1984, Gorio, 1988, , 1986, Gorio et al., 1980, Gorio et
al., 1984a, Gorio et al., 1984b, Itoh et al., 1999, Itoh et al., 2001, Karpiak,
1984, Karpiak et al., 1987, Kojima et al., 1984, Lainetti et al., 1998, Ledeen,
1984, Pope-Coleman et al., 2000, Ramirez et al., 1987a, Ramirez et al., 1987b,
Roisen et al., 1981, Rybak et al., 1983, Sabel et al., 1987, Sabel et al., 1984a,
Sabel et al., 1984b, Sabel and Stein, 1986, Skaper and Leon, 1992, Toffano et
al., 1984a, Toffano et al., 1983, Walker, 1991, Wang et al., 1995). For instance,
administration of GM1 in experimental models of Parkinson’s disease in rodents
and primates, stimulated the regeneration of dopaminergic neurons in the
substantia nigra and ameliorated the abnormal motor responses (Fadda et al.,
1993, Hadjiconstantinou and Neff, 1988, Pope-Coleman et al., 2000, Raiteri et
al., 1985, Schneider et al., 1992, Toffano et al., 1983, Toffano et al., 1984b).
These pre-clinical findings led to a small clinical trial of GM1 in patients with
Parkinson’s disease. These patients responded to the treatment with an overall
improvement of motor function, including decreased rigidity and bradykinesia
(Schneider, 1998, Schneider et al., 1998) which demonstrates the usefulness of

GM1 as a treatment for Parkinson’s disease.

A small clinical trial designed to investigate the efficacy of GM1 in patients with
cervical and thoracic spinal cord injury suggested that GM1 had the ability to
enhance recovery of lower extremities after 1 year (Geisler et al., 1991). This
led to a larger scale trial to further investigate the efficacy of low and high dose
GM1 following standard treatment with methylprednisolone (Geisler et al.,
2001). However, despite GM1 demonstrating improved rates of recovery, along
with improved bladder/bowel function, sacral sensation, and anal contraction
over the first 3 months post-injury the prospectively planned analysis at 6

months was negative (Geisler et al., 2001).

However, Sia T -/- mice, which lack b-series gangliosides, but have increased
levels of a-series gangliosides such as GM1, have reduced regeneration of
axotomised hypoglossal nerves compared with wild-type. Since numerous
studies have demonstrated the neuroprotective role of GM1 it is surprising that

mice which have increased levels of GM1 have decreased regeneration. In order
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to understand better the role of gangliosides in regeneration, | compared
regeneration of the olfactory system in wild-type and gangliosides knockout

mice.

The olfactory system was chosen for this study since it has a great capacity for
repair. Olfactory receptor neurons (ORNs) are constitutively replaced
throughout life. Because they are in direct contact with the outside
environment, they are susceptible to damage from airborne toxins and
pathogens (Farbman and Buchholz, 1992) and as a result require continual
neurogenesis. This regenerative capacity has often been utilised in studies of
regeneration following experimental damage. Many different experimental
methods have been used to induce damage in the olfactory system, each with
advantages and disadvantages. The transection of the olfactory nerve leads to
the retrograde degeneration of mature ORNs, however this method compromises
the natural structure of the system and does not damage any of the other cells
in the olfactory epithelium including immature ORNs which have not yet
extended an axon. The removal of olfactory bulbs also causes the degeneration
of ORNs, however the cells are unable to fully mature without a target. In
contrast, irrigation of the nasal cavity with zinc sulphate (ZnSO,) results in the
rapid degeneration of all cell types of the olfactory epithelium (OE) and is more
akin to naturally occurring sequence of events. Williams et al (Williams et al.,
2004) showed that ZnSQO;, irrigation is a reliable method of inducing ORN
degeneration and regeneration in the rat. However, other studies have found
that this method is partially irreversible (Burd, 1993, Ducray et al., 2002,
Harding et al., 1978). In this study, | have observed similar results in that the
OE regenerated to about 50% of the control value. It may be that ZnSO4

irrigation is more reliable in rats than in mice.

I have shown that complex gangliosides are present in the normal adult olfactory
system. However, | did not observe reduced regeneration in ganglioside
knockout cells compared with wild-type. This may be due to the simpler
gangliosides being able to compensate for the lack of complex gangliosides.
Alternatively, it may be the case that excess of the simpler gangliosides has a
neuroprotective role. On the other hand, it may be possible that the method we
used was too harsh in that it did not lead to complete regeneration and as a

result, any subtle changes in the regeneration capacity in ganglioside knockout
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mice may be missed. A milder method of causing damage to the OE might lead
to better regeneration of the mouse olfactory system and may be better for
studying the effect of gangliosides on the degeneration and regeneration of the

olfactory system.

As mentioned above, one of the strategies for repair is cell transplantation. A
range of cells have been studied for cellular transplantation including
oligodendrocyte precursor cells (OPCs), neural stem cells, Schwann cells and
OECs. It is becoming clear that no single strategy will be sufficient to repair
spinal cord injury and many studies have a multi-strategy approach such as cell
transplantation combined with the addition of growth factors or agents which
reduce inhibitory signals. Therefore, a potential treatment for CNS repair could
be the addition of gangliosides such as GM1, as well as transplantation of cells
such as OECs or Schwann cells. In that case, it would be important to

understand the effect gangliosides have on the transplanted cells.

For this reason, | compared the cellular properties of OECs and Schwann cells
isolated from wild-type and ganglioside knockout mice. | have shown that the
majority of OECs and Schwann cells express a-series gangliosides GM1 and GD1a.
Subtle effects were seen in cells obtained from ganglioside knockout mice. For
example, OECs isolated from Sia T-/- mice grown on collagen in the presence of
growth factors had faster proliferation compared to OECs isolated from wild-
type and GalNAc T-/- mice. This suggests that the increase in GM1 and GD1a
due to the lack of Sia T -/- may be mediating this effect. Furthermore, since
the effect on proliferation was only seen on collagen IV in the presence of
growth factors and not on PLL or laminin, it suggests that there is an interaction
between these gangliosides and integrins. However, it is difficult to identify the
mechanism by which this occurs since there are no known specific collagen IV-
binding integrins which do not also interact with laminin. Cell adhesion to
collagen IV is mediated by integrins a181 and a2B1, however these integrins also
bind to laminin (Ruoslahti, 1991). It would, thus, be interesting to examine the
signalling involved in mediating the increased proliferation in OECs isolated from

Sia T -/- mice.

My experiments also revealed differences in the properties of OECs and Schwann

cells isolated from Sia T -/- mice. For instance, Sia T-/- derived OECs had a



262

greater proliferation rate than Sia T-/- derived Schwann cells. However, this
may be difficult to analyse since OECs and Schwann cells were grown in their
optimal growth media, which are different. OEC medium (OMM+5%FBS) contains
additional factors to Schwann cell medium (10%HF) including astrocyte
conditioned medium (ACM) and FGF2 and less foetal bovine serum. ACM
contains numerous growth factors including FGF2 (Araujo and Cotman, 1992),
PDGF (Richardson et al., 1988), TGFp (Saad et al., 1991), CNTF (Stockli et al.,
1989), NGF (Furukawa et al., 1986, Houlgatte et al., 1989) and NT-3 (Rudge et
al., 1992). So the differential growth of the two glial cells may reflect these
growth factor differences. If this is the case, it might be that an interaction
between gangliosides, integrins and growth factors is responsible for the
increase in the proliferation of Sia T -/- OECs. It has been shown in
oligodendrocytes that interaction between gangliosides, integrins and growth
factors can affect the response of cells: laminin-2 induces the co-localisation of
integrin a6B81 and the PDGFaR within the same raft domain and enhances PI3K
signalling in response to PDGF (Baron et al., 2003). Also, the fact that Sia T -/-
OECs do not show an increase in proliferation when grown in the medium
without growth factors, also suggests an interaction between gangliosides and

growth factors.

On the other hand the difference observed in the response of OECs and Schwann
cells to the depletion of b-series gangliosides and increase in a-series
gangliosides may be due to OECs and Schwann cells expressing different
integrins. Final differentiation of Schwann cells and myelination requires the
synthesis and assembly of ECM molecules, such as laminins and type IV collagen,
to form a basal lamina (Bunge, 1993, Bunge et al., 1986, Eldridge et al., 1989,
Eldridge et al., 1987, Fernandez-Valle et al., 1993). Non-myelinating Schwann
cells express a1B1 (a collagen and laminin receptor) and a6B81 (a unique laminin
receptor). Not a lot is known about the integrin expression of OECs. However,
they do express the B1 subunit (Au and Roskams, 2003, Pastrana et al., 2006)
and the a6 subunit co-localises with p75"™ in the outer nerve layer suggesting
that OECs express a6. The aé subunit is thought to be involved in neuronal
migration, neurite outgrowth, and axon guidance during olfactory development
(Whitley et al., 2005). Since no reports have been published on the integrin
expression of OECs, it would be interesting to characterise the integrin

expression of OECs to examine if the different effects of gangliosides on the
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proliferation and migration of OECs and Schwann cells are due to the interaction

of gangliosides with different integrins.

A common feature seen in chronic neurodegenerative diseases is apoptosis, a
form of programmed cell death believed to be caused by secondary injury
processes (Bossy-Wetzel et al., 2004). Ganglioside GD3 mediates apoptosis in
some cell types, including oligodendrocytes. It would have been interesting to
compare the survival of OECs and Schwann cells derived from wild-type, Sia T -/-
(which lack GD3) and GalNAc T -/- (which have increased levels of GD3) mice to
determine if GD3 plays a role in their survival. However, due to time constraints

this was not possible.

Multiple sclerosis (MS) is a chronic inflammatory disease of the CNS white
matter, thought to result from an autoimmune attack against autoantigens
within the myelin sheath. It is the most common disabling neurological
condition affecting young adults, with 85,000 sufferers in the United Kingdom.
Disease onset usually occurs in young adults and is more common in women. The
prevalence of MS varies from country to country and is much more prevalent in
northern Europe, continental North America and Ausralasia than in countries
near the equator (Rosati, 2001). Climate, diet, geomagnetism, toxins, sunlight
exposure, genetic factors, and infectious diseases have all been discussed as
possible reasons for these regional differences. Environmental factors during
childhood may play an important role in the development of MS later in life
(Marrie, 2004). Pathological characteristics of MS include the loss of
oligodendrocytes, demyelination and neurodegeneration (Kalman et al., 2007).
Although initially spontaneous remyelination occurs in many MS lesions, the
repair process eventually fails (Chari, 2007). Understanding oligodendrocyte
differentiation and the myelination process may help to develop strategies to

promote myelin repair.

Recent findings suggest that gangliosides play a role in myelination and assembly
and maintenance of nodes of Ranvier (Susuki et al., 2007a). To examine the role
of gangliosides in oligodendrocyte differentiation, myelination and the formation
of node of Ranvier, | used embryonic spinal cord cultures obtained from wild-
type, Sia T -/-and GalNAc T -/- mice. The spinal cord cultures revealed several

changes in ganglioside knockout mice compared with wild-type. There was a big
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difference in the number of NG2 positive cells between wild-type and GalNAc T -
/- cultures which suggests that the GalNAc T -/- cultures have less progenitor
cells. If this is also true in vivo, it would mean that adult GalNAc T -/- mice
would have reduced numbers of adult progenitors which would affect
remyelination. It has been shown that adult GalNAc T -/- mice have myelination
defects (Chiavegatto et al., 2000, Ma et al., 2003, Sheikh et al., 1999b,
Takamiya et al., 1996). The reason for the reduced number of progenitors in
GalNAc T -/- mice could be that the lack of complex gangliosides or the rise in
simple gangliosides GD3 and GT3, which are predominantly expressed in OPCs,
somehow speeds up the differentiation of OPCs into more mature

oligodendrocytes or results in decreased proliferation or survival of OPCs.

Another difference observed in GalNAc T -/- mice was in the reduced
localisation of sodium channels to the node of Ranvier. This is in agreement
with studies performed by Susuki et al (Susuki et al., 2007a), which show that
lack of complex gangliosides affects nodal stability. No difference was observed
between wild-type and Sia T -/- cultures suggesting that b-series gangliosides
are not vital for oligodendrocyte differentiation, myelination or the formation of
node of Ranvier. This study also demonstrates that dissociated spinal cord

culture is a useful model for studying myelination in vitro.

Although studies in ganglioside knockout mice may not lead directly to
treatment of diseases such as MS, it is nevertheless important to examine their
contribution to the maintenance of the nervous system. The determination of
normal functions of gangliosides should eventually enable an understanding of
how they participate in pathological states such as neurodegenerative disorders.
The more we understand about the nervous system function the easier it will be

to come up with repair strategies when things go wrong.

In conclusion, the comparison of glial cells isolated from wild-type and knockout
mice lacking complex gangliosides suggest that gangliosides are not essential in
glial cell development and differentiation; however, they do seem to be
important in the maintenance of the nervous system. Indeed, babies born with a
defect in the ganglioside biosynthesis pathway develop epileptic seizures within
the first year of life associated with developmental stagnation and blindness

(Simpson et al., 2004), supporting the idea that gangliosides play an important
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role in nervous system maintenance and stability. Finally, future studies in mice
lacking all ganglio-series gangliosides (Yamashita et al., 2005) should contribute
much more to the understanding the physiological role of gangliosides in the

nervous system.
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1 Appendix



1.1 Equipment

Axioplan 2 fluorescent microscope
Axioskop fluorescent microscope
Axiovert 5100 time-lapse microscope
Axioplan 200 time-lapse microscope
Camera controller (time-lapse)
Clifton unstirred water bath
FACSVantage SE sorter

Halogen hot plate/stirrer

Leica TCS SP2 confocal microscope
Microcentaur desk top centrifuge
Olympus CK2 phase microscope
Olympus Fluoview FV1000 confocal
Sigma 4K15 centrifuge (T/C)
Syngene Bioimaging System

Tissue Culture Hoods

Vortex Genie

1.2 General Plasticware

Bijous - 5 ml

Cell strainer - 70 pl
Coverslips

Eppendorfs - 0.5 ml, 1.5 ml
Falcon tube - 15 ml, 50 ml
Filters with receiver - 250 ml
Flasks - T25, T75
Haemocytometer

ImmEdge Pen

Microscope slides

Needles - 21G, 23G

Pastettes

Petri dishes

Gilson Diamond pipette tips
Plates - 24-well, 6-well
Polystyrene round bottom tubes - 5 ml
Scalpels

Slide Storage File

Syringes - 5 ml, 20 ml
Syringe Filters - 0.2 pm, 0.4 pm
Universals - 30 ml

1.3 Chemicals and reagents

Absolute Alcohol
Acetic Acid
Agarose, Electrophoresis Grade
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Zeiss, Herts, UK
Zeiss, Herts, UK
Zeiss, Herts, UK
Zeiss, Herts, UK
Hamamatsu Photonics Ltd, Middlesex, UK
Bennett Scientific, Devon, UK

Becton Dickinson, Oxford, UK

Bibby Sterilin, Stone, UK

Leica Microsystems (UK) Ltd, Bucks, UK
MSE Ltd, Kent, UK

Olympus, London, UK

Olympus, London, UK

Sigma, Osterode am Harz, Germany
Syngene, Cambridge, UK

Medical Air Technology, Oldham, UK
Scientific Industries Inc, New York, USA

Bibby-Sterilin, Stone, UK

Becton Dickinson, Oxford, UK

BDH, Pool, UK

Eppendorf, Cambridge, UK

Becton Dickinson, Oxford, UK

Nalge Nunc Int, Rochester, NY, USA
Bibby-Sterilin, Stone, UK

Weber Scintific Int. Ltd., Middlesex, UK
Vector Laboratories, Burlingame, USA
BDH, Poole, UK

Becton Dickinson, Oxford, UK

Elkay Lab products, Basingstoke, UK
Bibby-Sterilin, Stone, UK

Gilson, France

Bibby-Sterilin, Stone, UK

Becton Dickinson, Oxford, UK
Swann-Morton Ltd, Sheffield, UK
Ted Pella, California, USA

Becton Dickinson, Oxford, UK

PALL Live Sciences, NY, USA
Bibby-Sterilin, Stone, UK

James Burrough Ltd., Essex, UK
Fisher Scientific, Leicestershire, UK
Invitrogen, Inchinnan, UK



AmpliTaq Gold DNA polymerase
Apo-transferrin (human)
Avidin/HRP

Bouins Fixative

Bovine Serum Albumin
B27 supplement

BSA

BSA path-o-cyte

Cholera Toxin B subunit FITC labelled
Collagen Type IV (human placenta)
Collagenase Type |

DAB peroxidase substrate kit
DMEM - 1885
Deoxyribonuclease

dNTPs (A, C, Gand T)
DNA ladder 100bp

Donkey Serum

EGF

Eosin

FBS

FGF

Forskolin

Gelatin (porcine skin)
Gentamycin

Glucose

Glutamax

L-glutamine

Glycerol

Halothane

HBSS

Harris’ Haematoxylin
Heparin

Heregulin

Histoclear

Histomount

Hydrochloric acid
Hydrocortisone

Hydrogen peroxide

Insulin (bovine pancreas)
Isopropanol

L-15

Laminin (human placenta)
Methanol

MgClz

NaOH

Neurobasal media w/o L-glutamine
Normal Rabbit Serum
Normal Goat Serum
0.C.T. compound

Orange G

PCR buffer 10x

PCR primers
Paraformaldehyde

PBS tablets
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Applied Biosystems, California, USA
Sigma Aldrich, Dorset, UK
DakoCytomation, Cambridgeshire, UK
Bios Europe, Lancashire, UK

Sigma Aldrich, Dorset, UK

Invitrogen, Inchinnan, UK

Sigma Aldrich, Dorset, UK

Sigma Aldrich, Dorset, UK

Sigma Aldrich, Dorset, UK

Sigma Aldrich, Dorset, UK

MP Biomedicals, Ohio, USA

Vector Laboratories, Burlingame, USA
Invitrogen, Paisley, UK

Sigma Aldrich, Dorset, UK
PerkinElmer, Bucks, UK

Abcam, Cambridge, UK

Peprotech, London, UK

Surgipath, Cambridge, UK

Autogen Bioclear, Caine, UK
Peprotech, London, UK

Sigma Aldrich, Dorset, UK

Sigma Aldrich, Dorset, UK

Sigma Aldrich, Dorset, UK

Sigma Aldrich, Dorset, UK
Invitrogen, Paisley, UK

Sigma Aldrich, Dorset, UK

Fisher Scientific, Leicestershire, UK
Rhodia Organique Fine Ltd, Bristol, UK
Invitrogen, Inchinnan, UK
Surgipath, Cambridge, UK

Leo Laboratories, Dublin, Ireland
R&D systems, Abingdon, UK

Fisher Scientific, Leicestershire, UK
Hughes & Hughes Ltd, Somerset UK
Fisher Scientific, Leicestershire, UK
Sigma Aldrich, Dorset, UK

Fisher Scientific, Leicestershire, UK
Sigma Aldrich, Dorset, UK

Fisher Scientific, Leicestershire, UK
Invitrogen, Paisley, UK

Sigma Aldrich, Dorset, UK

Fisher Scientific, Leicestershire, UK
Bioline, London, UK

Fisher Scientific, Leicestershire, UK
Invitrogen, Paisley, UK
DakoCytomation, Cambridgeshire, UK
Vector Laboratories, Burlingame, USA
VWR International Ltd, Poole, UK
Merck, Darmstadt, Germany
Applied Biosystems, California, USA
gift from Prof. Willison’s lab

Sigma Aldrich, Dorset, UK

Oxoid Ltd, Hampshire, UK



PDGF
Penicillin/Streptomycin
PLL

Progesterone

Proteinase K

Puregene Mouse Tail Kit
Putrescine

Scott’s Tap Water Substitute
Selenium

Sodium chloride

Soyabean trypsin inhibitor
Sucrose

Thyroxine

Transferrin
Tri-iodo-thyronine

Triton X-100

Trypsin

Vectabond

Vectashield with DAPI
Vector SG peroxidase substrate kit
Zinc Sulphate

1.4 PCR reagents

1.4.1 Agarose gel

2 g agarose

100 ml 1% TBS

Microwave for 1.25 minutes
Add 3.5 pl ethidium bromide

1.4.2 Loading buffer

2 ml of 2x TBE
2 ml glycerol
2 pl Orange G

1.4.3 Master Mix

For 1 sample:
13.35 pl distilled water
2.5 pl 10x PCR buffer

0.5 pl of each 100 mM dNTP: A, C, G, T

Peprotech, London, UK

Invitrogen, Paisley, UK

Sigma Aldrich, Dorset, UK

Sigma Aldrich, Dorset, UK

Sigma Aldrich, Dorset, UK

Gentra Systems, Minnesota, USA
Sigma Aldrich, Dorset, UK

Surgipath, Cambridge, UK

MP Biomedicals, Ohio, USA

Fisher Scientific, Leicestershire, UK
Sigma Aldrich, Dorset, UK

Fisher Scientific, Leicestershire, UK
Sigma Aldrich, Dorset, UK

Sigma Aldrich, Dorset, UK

Sigma Aldrich, Dorset, UK

Sigma Aldrich, Dorset, UK

Invitrogen, Paisley, UK

Vector Laboratories, Burlingame, USA
Vector Laboratories, Burlingame, USA
Vector Laboratories, Burlingame, USA
VWR International Ltd, Poole, UK

0.3 pl of each primer: PAGN3, PES4-bL, ALK5-3L

2 pl of 25 mM MgCl,

0.25 pl AmpliTaq Gold DNA polymerase
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1.4.4 PCR primers

1. PAGN3 (Neo' sense)

5’-GCC TGC TTG CCG AAT ATC ATG GTG GAA AAT-3’
2. PES4-bL (anti-sense)

57-GAA GAA TTC AAG ACT GTC TGT GAA ATT CTG-3’
3. AK5-3L (sense)

5’-TCC CCC GTG AGA GTC ACT CCT GTT ACT TCC-3’

1.5 Tissue culture reagents

1.5.1 10% FBS with heregulin and forskolin (10%HF)

10% FBS
2uM forskolin
20ng/ml beta-1 heregulin

1.5.2 Bottenstein-Sato’s serum free media (DMEM-BS)

25 pg/ml Gentamycin

5 ng/ml Insulin

50 ng/ml Transferrin

0.011% SATO mix (see below)
100 mM Glutamine

in DMEM (1885)

1.5.3 Collagenase

1.33% Collagenase (6.6 mg/ml)
in L15

1.5.4 Differentiation Medium

47.9 ml DMEM (1885)

50 pl Biotin (10 ng/ml)

250 pl N1 medium (see below)
250 pl hydrocortisone (10 mM)
583 pl 30% glucose

1 ml Insulin (0.5 mg/ml)

After 12 DIV Insulin is withdrawn from this media



315

1.5.5 Dubco’s Modified Eagle Medium with 10% FBS (10% FBS)

10% FBS

25 pg/ml Gentamycin
100 mM Glutamine

in DMEM (1885)

1.5.6 Dubco’s Modified Eagle Medium with 1% FBS (1% FBS)

1% FBS

25 pg/ml Gentamycin
100 mM Glutamine

in DMEM (1885)

1.5.7 OEC mitogen media with FBS (OMM+5%FBS)

75% SATO

5% FBS

500 ng/ml FGF2

50 ng/ml Heregulin

5x10”M Forskolin

20% ACM (astrocyte conditioned medium)

1.5.8 N1 medium

1 mg/ml Apo-transferrin
3.422 mg/ml Putrescine
1.258 pg/ml Progesterone
1.038 pg/ml Selenium

1.5.9 Neurobasal/B27

24.25 ml Neurobasal media without L-glutamine
0.5 ml B27 supplement
250 pl glutamax



1.5.10 Plating medium (PM)

25% HBSS without Ca, Mg
25% horse serum

400 pl L-glutamine

in DMEM (1885)

1.5.11 SATO mix

0.01288% BSA path-o-cyte 4
72.5 pg/ml Putrescine

180.2 pg/ml Thyroxine

151.8 pg/ml Tri-iodo-thyronine
28.1 pg/ml Progesterone

17.4 pg/ml Selenium

1.5.12 Soyabean trypsin inhibitor-DNAse (SD)

0.52 mg/ml Soyabean trypsin inhibitor

0.04 mg/ml bovine pancreas deoxyribonucelase (DNAse)
3.0 mg/ml bovine serum albumin, fraction A

in L15

1.6 Immunocytochemistry reagents

1.6.1 Acid Alcohol

70 % ethanol
1% concentrated hydrochloric acid

1.6.2 Citric Acid Buffer, pH 6.0

10 mM Citric acid

1.6.3 4% paraformaldehyde

40 g paraformaldehyde

1 L PBS

Solution heated to around 53 °C

Sodium hydroxide added until solution became clear
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1.7 Macro: “percentage of BrdU positive nuclei”

Dapi="blue";
BrDU="green";
None="red";
thresh = 40

iTitle=getTitle;

imageDirectory = getDirectory("image");

print (imageDirectory);
fList=getFileList(imageDirectory);

selectWindow(iTitle);
run("Close");

for (i=0; i<fList.length; i++){
if (endsWith(fList[i],"tif")) {

open(imageDirectory + fList[i]);
run("RGB Color");

iTitle = getTitle;

iTitleDapi = iTitle + " (" + Dapi + ")";
iTitleBrDU = iTitle + " (" + BrDU +")";
iTitleNone = iTitle + " (" + None + ")";

run("RGB Split");
selectWindow(iTitleNone);
run("Close");

selectWindow(iTitleDapi);
rename("dapi");

run("Subtract Background...", "rolling=50");

setThreshold(thresh, 255);

//Sets which colour channel holds which stain
//Value to set threshold at

//get the directory where the open image is saved
/Irecord directory path to be analysed

/Isave a list of all files in directory

/[close the open image
//main loop - for each image in directory
/Icheck file to open is a *.tiff" image

/lopen the file
//make sure image is a 24-bit RGB file

//get the image's name

/lwork out names of colour channels
//split image into colour channels

/[close the 3rd channel with nothing on it
/Iselect the DAPI channel

/Irename it to "dapi"

/Isubtract the background

//set the threshold using value at the top

run("Threshold", "thresholded remaining black"); //threshold it

run("Watershed");

/[separate nuclei that are close together

run("Analyze Particles...", "minimum=15 maximum=500 bins=20 show=Nothing display clear");

DapiCount=nResults;
run("Invert");

selectWindow(iTitleBrDU);
rename("brdu");

run("Subtract Background...", "rolling=50");

setThreshold(thresh, 255);

/lanalyse particles and count the number of nuclei
/linvert, to allow image to be AND-ed with BrdU

//Select BrdU channel
//Rename it to “BrdU”
//Subtract the background
//Set the threshold

run("Threshold", "thresholded remaining black"); //threshold it

run("Invert");

/lInvert to AND with DAPI

run("Image Calculator...", "image1=[brdu] operation=AND image2=[dapi]");

//AND image with DAPI

run("Threshold", "thresholded remaining black"); //Make sure the image is still thresholded

run("Analyze Particles...", "minimum=15 maximum=500 bins=20 show=Nothing display clear");

BrDUCount=nResults;

selectWindow("brdu");
run("Close");
selectWindow("dapi");
run("Close");

/lanalyse particles and count the number of nuclei
//Close BrdU window

//Close DAPI window

print (iTitle + "," + DapiCount + "," + BrDUCount + "," + (BrDUCount / DapiCount * 100));}}
/Irecord the number of DAPI nuclei, BrdU nuclei and calculate BrdU/DAPI1*100
//loop back and open the next image, or end the macro if all images are done
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1.8 Macro: “quantitation of PLP labelling”

thresh_red = 80;
thresh_green = 67;
thresh_blue = 128; /IValues to set thresholds at

iTitle=getTitle;

imageDirectory = getDirectory("image");

print (imageDirectory);

print ("Image name,Red Black,Red White,Green Black,Green White,Blue Black,Blue White")
//get the name of the open image, and the folder it came from

fList=getFileList(imageDirectory); //build a list of all images in the folder
selectWindow(iTitle);

run("Close"); /[close window

for (i=0; i<fList.length; i++){ //start the loop to open files

if (endsWith(fList]i],"tif")) { /lcheck that file is a valid image
open(imageDirectory + fList[i]); /lif itis valid, open it

iTitle=getTitle;

iTitleRed=iTitle + " (red)";
iTitleGreen=iTitle + " (green)";
iTitleBlue=iTitle + " (blue)"; //build names of color component images

run("RGB Split"); //split image into colour components

string="image1=["+iTitleGreen + "] operation=AND image2=[" + iTitleBlue+"] create";
run("Image Calculator...", string);

iTitleAND = getTitle;

setThreshold(thresh_blue, 255);

run("Threshold", "thresholded remaining black");

run("Invert"); //get red and blue areas and threshold
getStatistics(area, mean, min, max, std, histogram);

n_blue_black=histogram[0];

n_blue_white=histogram[255]; //measure areas
selectWindow(iTitleAND);

run("Close");

selectWindow(iTitleBlue);

run("Close"); /[close windows

selectWindow(iTitleRed);

setThreshold(thresh_red, 255);

run("Threshold", "thresholded remaining black");

run("Invert"); //get red threshold
getStatistics(area, mean, min, max, std, histogram);
n_red_black=histogram[0Q];

n_red_white=histogram[255]; //measure areas
selectWindow(iTitleRed);
run("Close"); /[close window

selectWindow(iTitleGreen);

setThreshold(thresh_green, 255);

run("Threshold", "thresholded remaining black");

run("Invert"); //get green threshold
getStatistics(area, mean, min, max, std, histogram);
n_green_black=histogram[0];

n_green_white=histogram[255]; //measure areas
selectWindow(iTitleGreen);

run("Close"); /[close window
print

(iTitle+","+n_red_black+","+n_red_white+","+n_green_black+","+n_green_white+","+n_blue_black+

,"+n_blue_white);}} /[display results





