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5. Progressive neurodegeneration in dSap-r mutants

Aim: Determine whether the Drosophila saposin deficiency mutants provide a suitable model of the neurodegenerative aspects of saposin deficiency.
· Determine whether dSap-r mutants show signs of neurodegeneration and, if so, assess whether this degeneration is progressive (as in LSDs)

· Establish whether the dSap-r mutants show ultrastructural hallmarks of LSDs (MVBs and MLBs)

· Assess whether dSap-r mutations cause a lysosomal phenotype, indicative of disrupted lysosomal function
5.1. Introduction

As discussed in Chapter 4, saposin deficiency results in premature death, a phenotype that was successfully reproduced in the dSap-r mutants. This mortality was rescued by neuronal expression of dSap-r, suggesting that the premature death may have been due to a neuronal phenotype. Neurodegeneration is a key characteristic of saposin deficiency and many LSDs (reviewed in Jardim et al., 2010; see Chapter 1). 

Due to the key neurodegenerative aspect of saposin deficiency, signs of neurodegeneration were investigated in the dSap-r mutants. Fly heads were embedded in plastic resin and sectioned (as in Fig. 5.1) to reveal the integrity of the brain. Neurodegeneration was identified as vacuolarisation: intracellular and extracellular clearings visible at the light microscopy level. Further insight was gained from ultrastructural analyses, immunohistochemistry and western blotting. 
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Fig. 5.1. Regions of the Drosophila adult head and brain. A 1 (m section through a wild type (w-1118/Canton-S) adult head showing the brain (centre) surrounded by the head cuticle, the compound eyes, and the antennae. The brain is organised with the cortex (the neuronal cell bodies) on the outside, encompassing the neuropile (the neuronal cell projections). The cortex and neuropiles are divided by a grey dashed line. The brain is a symmetrical structure with each side connected via axonal tracts, such as the great commissure. The antennae, involved in olfaction, are connected to the antennal lobes via the antennal nerve. The compound eyes are attached to the lamina, which is in turn connected to the remaining optic lobe neuropiles (medulla, lobula and lobula plate). These regions of the brain are involved in visual transduction. Boxed region highlights the neurocytes imaged in Fig. 5.7. Scale bar: 100 (m.
5.2. Progressive vacuolarisation primarily in the olfactory and visual systems of dSap-r mutants 
Neurodegeneration in LSD patients is often progressive; patients generally develop normally for the first year of life and rapidly deteriorate thereafter. To assess whether dSap-r mutants showed signs of progressive neurodegeneration, both young and old flies were used. Adult flies were aged to 5- and 22-days old (at 29(C) before being embedded and sectioned as described in section 2.4.2. The age chosen for analysis of old flies was approximately the 50% survival point for the dSap-r mutants (see Fig. 4.5). At this age-point sufficient numbers of flies were alive to make data collection possible. After this point, the survival rate of the mutants began to deteriorate rapidly; therefore, if neurodegeneration was responsible for the reduced longevity in dSap-r mutants, it was likely that the neurodegenerative phenotype would be evident at this stage. 

Control flies showed very few signs of neurodegeneration (vacuoles) at 5- or 22 days (Fig. 5.2 and 5.3 upper rows). The dSap-r mutants also showed little neurodegeneration at 5 days old, with the exception of some vacuoles in the antennal lobes of the dSap-rC27/Df mutants (Fig. 5.2 lower row). Vacuoles were not present in the compound eyes of the dSap-rC27/Df mutants at 5 days old. In contrast, at 22 days old the dSap-r mutants showed massive neurodegeneration in the antennal lobes, compound eye, and to some degree in the optic lobe (lamina, medulla, lobula and lobula plate) (Fig. 5.3 lower row and Appendix 4). Quantification of this age-dependent neurodegeneration is shown in Figure 5.4. Vacuolarisation was counted manually for the antennal lobes and the components of the visual system (compound eye, lamina, medulla, lobula and lobula plate); both sides of the brain were quantified. Vacuolarisation was significantly increased in the 
22-day old dSap-r mutant antennal lobes and visual system compared to the heterozygous controls (*** p(0.001; Analysis of Variance), which were not significantly different from each other (n.s. p(0.05; Analysis of Variance).
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Fig. 5.2. Adult Drosophila controls and dSap-r mutants show few signs of neurodegeneration at 5 days old. Flies were aged at 29(C for 5 days followed by head dissection and embedding. 1 (m sections were stained with toluidine blue and imaged at 20x magnification. 
Upper row: +/+ (wild type, w-1118/Canton-S); Df/+, dSap-rPBac/+ and dSap-rC27/+ (Df(3R)tll-e, dSap-rPBac and dSap-rC27 heterozygotes), and the lower row: dSap-rPBac/Df, dSap-rC27/Df and dSap-rC27/PBac mutants. Vacuoles in three serial sections were counted per fly (n values are shown in Fig. 5.4). Red arrowheads, vacuoles. Scale bar: 100 (m.
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   Fig. 5.3. Neurodegeneration is observed in the antennal lobes and visual systems of 22-day old dSap-r mutants. Flies were aged at 29(C for 22 days (dSap-rC27/Df flies were aged 18 - 20 days due to their reduced longevity) followed by head dissection and embedding. 1 (m sections were stained with toluidine blue and imaged as in Fig. 5.2. Upper row: +/+ (wild type, w-1118 /Canton-S); Df/+, dSap-rPBac/+ and 
dSap-rC27/+ (Df(3R)tll-e, dSap-rPBac and dSap-rC27 heterozygotes), and the lower row: dSap-rPBac/Df, dSap-rC27/Df and dSap-rC27/PBac mutants. Vacuoles in three serial sections were counted per fly (n values are shown in Fig. 5.4). Red arrowheads, vacuoles. Scale bar: 100 (m.
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Fig. 5.4. dSap-r mutants show a significant age-dependent increase in vacuolarisation of the antennal lobes and visual system. Drosophila heads from adult flies were embedded aged 5 days and 22 days ((2 days). The C27/Df mutants were embedded at 18 – 20 days old due to their reduced longevity. In 22-day old dSap-r mutants, the 2 regions showing the most severe degeneration were the antennal lobes and the components of the visual system (eye, lamina, medulla, lobula and lobula plate). The number of vacuoles was quantified manually for the antennal lobes (A), and the components of the visual system collectively (B). +/+ (wild type; w-/Canton-S); Df/+, PBac/+ and C27/+ (Df(3R)tll-e, dSap-rPBac and dSap-rC27 heterozygotes); PBac/Df, C27/Df and C27/PBac (dSap-rPBac/Df, dSap-rC27/Df and dSap-rC27/PBac mutants) 
Scale bars represent s.e.m. n values are shown above the bars. *** p(0.001; n.s. no significant difference p(0.05; Analysis of Variance.
5.2.1. Ultrastructural analysis confirmed the vacuolarisation of the antennal lobes and visual system of dSap-r mutants.

To confirm the presence of vacuoles in the antennal lobes and visual system of the dSap-r mutants, transmission electron microscopy (TEM) was performed. These ultrastructural analyses were focused on the wild type control (+/+; w-1118/Canton-S) and dSap-rC27/Df mutants aged 22 days old and 18 days old, respectively. The same resin blocks were sectioned for TEM as were used for light microscopy. The electron micrographs in 
Figure 5.5 reveal the ultrastructure of the antennal lobe. This neuropile region is shown in wild type micrographs to contain densely packed neurocyte projections, with the occasional electron-dense glial cell (top right corner in Fig. 5.5 D). In contrast, the integrity of the dSap-rC27/Df antennal lobe is severely disrupted by multiple vacuoles of various sizes (red arrowheads in Fig. 5.5 E, F, H & I), with some being the result of 2 or more fused vacuoles. The presence of vacuoles in the wild type control was very scarce (red arrowhead in Fig. 5.5 G). The vacuoles contain electron-lucent material and vesicular structures, which often appear to invaginate from the vacuole perimeter (see inset in Fig. 5.5 F). 
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Fig. 5.5. dSap-rC27/Df mutants show severe vacuolarisation of the antennal lobes. (Figure legend overleaf)
Fig. 5.5. dSap-rC27/Df mutants show severe vacuolarisation of the antennal lobes. (A & B) Light microscopy images showing 1 µm head sections of wild type (+/+) and dSap-rC27/Df mutants; arrows indicate the location of the antennal lobes. Scale bar: 100 µm. (B - I) Electron micrographs of 22-day old wild type (C, D & G) and 18-day old dSap-rC27/Df mutant (E, F, H & I) antennal lobes. Red arrowheads, vacuoles; blue arrows, membranous material invaginating into the vacuole; asterisk, trachea. Scale bar: 2 µm (applies to C – I); inset scale bar: 1 µm. n = 3

The presence of vacuoles was also confirmed in the visual system by analysing the ultrastructure of the compound eye. The compound eye is composed of approximately 750 repeating units known as ommatidia. Each ommatidium contains 8 photoreceptor cells (R1 – R8), which are surrounded by 3 types of pigment cells (1(, 2( and 3(), and cone cells (reviewed in Ready, 1989). Because R7 and R8 are positioned with R7 above R8, only 7 photoreceptor cells are visible in sections of the compound eye. The 7 distinct circular structures present in each ommatidium in Figure 5.6 A are the rhabdomeres, the light absorbing regions required for phototransduction. In wild type sections a uniform array of ommatidia are present (Fig. 5.6 A); the boundaries are provided by the 1( and 3( pigment cells. The ommatidia of the dSap-rC27/Df mutants are not well defined and show degeneration of the rhabdomeres, though the integrity of some are spared (Fig. 5.6 D – F). Vacuoles of various sizes were abundant in the dSap-rC27/Df eye (red arrowheads). Due to the loss of integrity of the ommatidia boundaries it was difficult to ascertain whether these vacuoles were present within a particular cell type. 
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Fig. 5.6 The compound eyes of dSap-rC27/Df mutants contain abundant vacuoles and electron-dense accumulations. 
Electron micrographs from 22-day old wild type (+/+, A - C) and 18-day old dSap-rC27/Df mutants (D - F) showing the ultrastructure of the compound eye, including high magnification images of the light absorbing regions of the ommatidia: the rhabdomeres (C & F). Red arrowheads, vacuoles; red arrows, electron-lucent material within electron-dense structures (white asterisks). Scale bars: 5 µm (applies to A & D), 2 µm (applies to B & E) and 500 nm (applies to C & F). n=3
5.3. dSap-rC27/Df mutants exhibit marked storage in the neuronal soma and glia
5.3.1. Electron-dense and electron–lucent material accumulates in the neuronal soma of dSap-rC27/Df mutant ommatidia and CNS
In addition to vacuolarisation, the ommatidia contained electron-dense storage material, which often accumulated electron-lucent material (red arrows in Fig. 5.6 E). This storage material localised to the periphery of the ommatidia. The electron-lucent stored material also contained membranous vesicles, similar to those shown in Fig. 5.5 F.

To determine whether storage material accumulated in the neuronal cell bodies of the brain, electron micrographs were produced of the cell bodies adjacent to the antennal lobes (boxed region in Fig. 5.1). Figure 5.7 shows that the dSap-rC27/Df neuronal cell bodies accumulated vast amounts of electron-dense material, which often contained electron-lucent vesicular structures. This material was absent from the equivalent wild type soma. In addition to the electron-dense material, the cell bodies were found to be abundant in spherical organelle-like structures (Fig. 5.7 F). 
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Fig. 5.7. Electron-lucent material is stored in electron-dense compartments of the dSap-rC27/Df soma (Figure legend overleaf)
Fig. 5.7. Electron-lucent material is stored in electron-dense compartments of the dSap-rC27/Df soma. Electron micrographs show aged wild type (+/+) and 
dSap-rC27/Df soma (22 days and 18 days old, respectively). (A – D) Wild type soma contained little cytoplasmic material; their plasma membranes were closely apposed to the nuclear membrane (the neuronal plasma membrane is demarcated by the surrounding glial processes; arrowheads). (E – H) In contrast, massive cytoplasmic inclusions are present in all dSap-rC27/Df soma (arrows). These inclusions are electron-dense and usually contain electron-lucent material. 
N, nucleus; V, vacuole; T, trachea. Scale bars: 2 µm (A, C, E & G are equivalent magnifications and B, D, F & H are equivalent magnifications). n = 3

[image: image8]
5.3.2. dSap-rC27/Df soma are grossly enlarged

As a potential consequence of this abundant stored matter, the soma were enlarged in the dSap-rC27/Df mutants; this is illustrated in Figure 5.8, where each soma has been given a pseudocolour. In wild type soma, the plasma membrane (grey line) is shown closely apposed to the nuclear membrane (dashed line), with very little cytoplasmic material. In contrast, the cytoplasmic area appears expanded in the dSap-rC27/Df soma. The soma area was quantified by demarcating each soma in ImageJ and the cell area and cell:nuclear area ratio were generated. The graphical output (Fig. 5.8 B & C) shows that the average wild type soma measured approximately 
10 (m2, compared to approximately 24 (m2 for the dSap-rC27/Df mutants. This equates to an almost 2.5-fold difference in soma size. This was also expressed relative to nuclear size, which indicated a 1.7-fold increase in soma size. This suggests that nuclear size is also slightly increased in 
dSap-rC27/Df mutants.
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Fig. 5.8. Enlarged neuronal soma size observed in dSap-rC27/Df mutants. (A) Cell boundaries are demarcated by grey lines and nuclei by dashed black lines. Each soma is shown in a different pseudocolour to highlight the difference in cell size. Scale bars: 2 μm. T, trachea; V, vacuoles; white asterisk, fat body. (B & C) Quantification of soma size (B) and cell:nuclear area (C) in wild type (+/+) and dSap-rC27/Df (C27/Df) micrographs. n=3. ** p<0.005.

5.3.3. dSap-rC27/Df soma are populated with multilamellar bodies and multivesicular bodies

A classic characteristic of LSDs are the accumulation of membranous multilamellar bodies (MLBs)) and multivesicular bodies (MVBs) (reviewed in Jardim et al., 2010). These structures are also produced in normal cells but they do not accumulate to the same degree as in LSDs. Ultrastructural analysis revealed that these structures also accumulate in dSap-rC27/Df soma, as a component of the electron-dense storage (Fig. 5.9 and 5.10). The multivesicular nature of the electron-dense storage may suggest that this material is accumulating in swollen lysosomes (see section 5.4).
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Fig. 5.9. Multilamellar bodies are present in electron-dense accumulations in dSap-rC27/Df mutants. Electron micrographs from wild type (+/+; A) and dSap-rC27/Df mutant soma (C), revealed the presence of multilamellar bodies (MLBs) in electron dense structures (D - G). The MLB present in wild type (B) was the only one observed. Boxed regions in A & C and D & F are magnified in B, D & F and E & G, respectively. Scale bars 2 μm (A & C), 200 nm (B, D & F) and 100 nm (E & G). Red arrows mark MLBs in electron-dense structures. n = 3
[image: image11.png]1Q/,zo/-desp




Fig. 5.10. Multivesicular bodies are abundant in electron-dense accumulations in dSap-rC27/Df mutants. (A - E) Electron micrographs from dSap-rC27/Df mutant soma revealed the presence of multivesicular bodies (MVBs) in electron-dense structures. Boxed regions in A & C are magnified in B & D, respectively. Scale bars 5 µm (A & C), 2 µm (B & D) and 1 µm (E). n = 3
5.3.4. dSap-r glial cells also show storage of electron-dense and electron-lucent material

Because dSap-r is expressed in glial cells, the morphology of the glia in dSap-r mutants was assessed at the ultrastructural level. An abundance of electron-dense and electron-lucent material was stored in the glial cell bodies (Fig. 5.11). Vacuoles were also present. Whether these glial characteristics were present prior to neuronal storage and neurodegeneration is not known. Ultrastructural analysis on 5-day old dSap-r mutant head sections would be required to determine this.
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Fig. 5.11. Electron-dense and electron-lucent material accumulates in the dSap-rC27/Df glia. Ultrastructural analysis of the antennal lobe glia. Wild type (+/+; A) and dSap-rC27/Df (B & C) glial cells are shown. Electron-dense and electron-lucent vesicular storage is shown in 
dSap-rC27/Df glia (B & C). Scale bar: 1 µm. n = 3
5.4. The levels of the lysosomal marker Arl-8 are increased in aged dSap-r mutants

Figure 5.7 revealed massive accumulations of electron-dense material, which were shown to contain characteristics of lysosomal stored material in LSDs (MLBs and MVBs: Fig. 5.9 and 5.10). Lysosomes in LSDs are often enlarged as a result of a failure to break down certain substrates. Therefore, the accumulated material seen in Figure 5.7 may be undegraded lysosomal material. Because resin-embedded head sections cannot be used for immunohistochemistry, verification by co-localisation of a lysosomal marker with the stored material cannot be obtained. As an indirect measure, adult brains were dissected from aged wild type and dSap-rC27/Df mutants and probed with an antibody against the Drosophila lysosomal marker Arl-8 (Hofmann and Munro, 2006). If these accumulations were present in massively enlarged lysosomes, the intensity of the staining would likely be enhanced. Figure 5.12 A shows an increased intensity of fluorescence in the dSap-rC27Df brains, particularly in the antennal lobe regions. Since the dissected brains had no distinguishable features under a dissection microscope, the wild type and dSap-rC27/Df brains had to be processed in separate tubes. As a control, the brains were also incubated in antibody against the neuronal RNA-binding protein elav. The equal elav staining of brains from the different genotypes showed that brains in both tubes had been kept under similar conditions and had been permeabilised to a similar degree (Fig. 5.12 A; magenta staining). 

To confirm the increased level of Arl-8 in dSap-rC27/Df, and to assess levels in the dSap-rPBac/Df mutants, western blotting was performed using whole fly lysates from wild type and dSap-r mutants. Lysates were extracted from 
5-day old and 22-day old flies aged at 29(C (dSap-rC27/Df lysates were extracted from 18-day old flies due to their reduced longevity). Figure 5.12 B shows Arl-8 levels were equivalent in 5 day-old wild type and dSap-r mutants; however, Arl-8 levels were increased in 18 - 22 day old dSap-r mutants. The levels of the (-tubulin control were equivalent across all lysates. The increased level of Arl-8 in the 18-day old dSap-rC27/Df mutants confirmed the difference in Arl-8 staining in Figure 5.12 A.
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Fig. 5.12. The lysosomal marker Arl-8 accumulates in dSap-r mutants.            (A) Adult brains from wild type (+/+; w-1118/Canton-S) and dSap-rC27/Df mutants were dissected and stained with antibody against Drosophila Arl-8, a lysosomal marker. The brains were also co-stained with antibody against the neuronal RNA-binding protein elav. Prior to dissection, flies were aged at 29(C to 22 days old (+/+) and 18 days old (dSap-rC27/Df). Scale bar: 100 (m. (B) Whole fly lysates from 5-day and 
22-day old wild type (+/+), dSap-rPBac/Df (PB/Df), and dSap-rC27/Df (C27/Df) were probed with Arl-8 antibody (dSap-rC27/Df flies were 18 days old due to their reduced longevity). (-tubulin antibody was used as a loading control. Arl-8: 20 kDa; tubulin: 55 kDa. Exposure time: 20 sec (Arl-8), 10 sec ((-tubulin).
5.5. Neurodegeneration in dSap-r mutants is partially rescued by neuronal dSap-r expression

Figure 4.7 showed that dSap-r mutant longevity was significantly rescued by neuronal expression of wild type dSap-r. Using the same approach, dSap-r was expressed in the neurons to assess the effect on dSap-r neurodegeneration. Adult flies were aged 18 - 22 days before embedding for sectioning. Figure 5.13 shows representative images from wild type, the transgene control, dSap-rPBac/Df and dSap-rC27/Df mutants, and both dSap-r mutants expressing dSap-r in neurons. Both the expression of dSap-r in a wild type background and the presence of the transgene inserts themselves (UAS-dSap-r and 1407) did not appear to have a detrimental effect on the integrity of the adult brain or compound eye. This was confirmed by quantification of vacuole numbers in both the antennal lobes and visual system (Fig. 5.14; n.s. p(0.05, Student’s t-test). Expression of dSap-r in the neurons of dSap-r mutants reduced vacuole numbers without completely rescuing vacuolarisation. In the antennal lobes, a significant rescue of both the dSap-rPBac/Df and dSap-rC27/Df vacuolarisation was seen (* p<0.05, Student’s t-test). In the visual system a similar rescue was observed, though to a lesser degree in the dSap-rC27/Df mutants (* p<0.05, Student’s t-test) than the dSap-rPBac/Df (** p<0.005, Student’s t-test). However, vacuole numbers were significantly increased compared to the transgene control. In the antennal lobes, both the dSap-rPBac/Df and the dSap-rC27/Df rescues showed significantly more vacuoles than the transgene control (*** p≤0.001, Student’s t-test). This was also the case in the visual system, however, the dSap-rC27/Df rescue showed a closer similarity to the transgene control 
(* p<0.05, Student’s t-test) than the dSap-rPBac/Df rescue (*** p≤0.001, Student’s t-test). The p value for the dSap-rC27/Df rescue of the visual system was 0.0496, only just significantly different from the transgene control 
(* p<0.05). In conclusion, dSap-r expression using the neuronal 1407-Gal4 driver was able to partially rescue this dSap-r mutant phenotype . 
           [image: image14.png]Controls rtial rescue
PBac/Df PBac/Df Rescue

C27/Df




                
Fig. 5.13. Neurodegeneration in the dSap-r mutants was partially rescued by neuronal expression of dSap-r. (Figure legend overleaf)
Fig. 5.13. Neurodegeneration in the dSap-r mutants was partially rescued by neuronal expression of dSap-r. Flies were aged at 29(C for 22 days followed by head dissection and embedding (dSap-rC27/Df and equivalent rescued flies were aged 18 - 20 days due to the reduced longevity of the dSap-rC27/Df mutants). 1 (m sections were stained with toluidine blue and imaged as in Figure 5.2. Controls, upper row: +/+ (wild type, w-1118 /Canton-S) and dSap-rPBac/Df, lower row: transgene control (UAS-dSap-r; 1407) and dSap-rC27/Df. Partial rescue, 
upper row: neuronal expression of dSap-r in the dSap-rPBac/Df mutant background (PBac/Df Rescue: UAS-dSap-r;1407;dSap-rPBac/Df), lower row: neuronal expression of dSap-r in the dSap-rC27/Df mutant background (C27/Df Rescue: 
UAS-dSap-r;1407;dSap-rC27/Df). Scale bar: 100 (m.
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            Fig. 5.14. Neuronal expression of dSap-r partially rescues vacuolarisation of the antennal lobes and visual system in dSap-r mutants. Drosophila heads were embedded after aging at 29°C for 22 days ((2 days). The dSap-rC27/Df and equivalent rescued flies were embedded at 18 – 20 days old due to the reduced longevity of dSap-rC27/Df mutants. The number of vacuoles was quantified manually for the antennal lobes (A), and the components of the visual system collectively (B). Controls: +/+ (wild type; w-1118/Canton-S); transgene control (UAS-dSap-r; 1407), dSap-rPBac/Df (PBac/Df), dSap-rC27/Df (C27/Df), and partial rescue: PBac/Df rescue (UAS-dSap-r;1407;dSap-rPBac/Df) and C27/Df rescue 
(UAS-dSap-r;1407;dSap rC27/Df). Vacuoles in three serial sections were counted per fly. Scale bars represent s.e.m. n values are shown above each bar. *** p(0.001; ** p<0.005; * p<0.05; n.s. no significant difference p(0.05, Student’s t-test.
5.6. Discussion
5.6.1. Progressive neurodegeneration in dSap-r mutants localises to sensory regions of the brain.

Key characteristics of most LSDs are premature mortality and neurodegeneration. dSap-r mutants were shown in Chapter 4 to display a reduced longevity compared to controls. In this chapter, the dSap-r mutants were shown to display progressive neurodegeneration, with a selective sensitivity of the antennal lobes and visual system (compound eye, medulla, and lobula complex). Occasionally vacuoles were present in central brain regions, but not to the degree and consistency of these 2 sensory regions. Vacuolarisation of the olfactory and visual regions was also confirmed by electron microscopy. 

5.6.1.1. Neurodegeneration in saposin deficiency: the human disorders 

In human cases of total prosaposin deficiency there was striking neuronal loss particularly in the cortex, but brainstem, cerebellar and optic nerve atrophy were also noted (Hulkova et al., 2001). Patients showed marked hypomyelination and demyelination, which may be a combination of the lack of saposins A and B (see below) and the lack of the prosaposin precursor protein, which may act as a myelinotrophic factor (Hiraiwa et al., 1999). Seizures are a common feature of these disorders, in addition to various sensory-motor abnormalities, such as an exaggerated Moro reflex (startled response) and a deficient patellar tendon reflex (knee-jerk response) (Harzer et al., 1989; Hulkova et al., 2001). 

Human cases of individual saposin deficiencies have been reported for saposins A, B and C. As was alluded to above, deficiency of saposins A or B causes myelination phenotypes. In saposin A and B deficiencies, galactosylceramide and sulfated galactosylceramide accumulate (Henseler et al., 1996; Regis et al., 1999; Wrobe et al., 2000; Spiegal et al., 2005; Deconinck et al., 2008). These sphingolipids are major components of the myelin sheath (Zalc et al., 1981), which may explain the demyelination phenotype in these patients. A common hallmark of these disorders is a reduction in nerve conduction velocity, indicative of demyelination. Cases of neuronopathic saposin C deficiency showed widespread neuronal loss, including the internal and external pyramidal layers of the cerebral cortex (Layers III and V, respectively), the hippocampus, basal ganglia, thalamus, certain nuclei of the brain stem, and the Purkinje cells of the cerebellum (Pàmpols et al., 1999). 

5.6.1.2. Neurodegeneration in saposin deficiency: mouse models 
As mentioned in Chapter 1, the mouse models of total prosaposin deficiency (PSAP-/-) mirrored the human disorder closely. The PSAP-/- mice showed widespread neuronal storage and hypomyelination, which resulted in a rapidly progressive disorder: the onset of neurological symptoms (tremors and hind leg weakness) was at 20 days, with death ensuing by 35 days (Fujita et al., 1996; Oya et al., 1998). The PSAP-/- and individual saposin deficiency mouse models all showed similar physiological manifestations, but with differing rates of progression. These conditions included progressive weakening of the hind limbs, head tremors, seizures and weight loss (Matsuda et al., 2001; Matsuda et al., 2004; Sun et al., 2008; Sun et al., 2010a). As documented in the human disorder, the mouse model of saposin C deficiency showed a progressive loss of cerebellar Purkinje cells; this was also evident in the mouse model of saposin D deficiency (Matsuda et al., 2004; Sun et al., 2010a). 
Pathological involvement occurs in very similar regions of the nervous system in mouse models and the human disorders, for example the cerebral cortex, hippocampus, basal ganglia, thalamus, brain stem and cerebellum. The localisation of neurodegeneration in human and mouse saposin deficiencies is less restricted than in the Drosophila dSap-r model. However, there is a clear involvement of the brain regions concerned with sensory perception and processing required for motor coordination.
5.6.1.3. Why are sensory regions particularly sensitive to dSap-r mutations? 

The selective localisation of neurodegeneration in the antennal lobes and visual system suggests a particular requirement for dSap-r in sensory components of the nervous system. As dSap-r is proposed to be involved in sphingolipid metabolism, this may implicate a specific necessity for sphingolipids or sphingolipid homeostasis in the sensory nervous system. The disorder Hereditary Sensory and Autonomic Neuropathy Type I (HSAN1) is an autosomal-dominant sensory neuropathy of the peripheral nervous system caused by mutations in serine palmitoyltransferase subunit 1 (SPT1) (Dawkins et al., 2001). This subunit is part of a heterodimer with SPT2 (also known as lace in Drosophila), required as the first enzyme in sphingolipid synthesis (Nagiec et al., 1994). HSAN1 is characterised by sensory neuron degeneration in the dorsal root ganglia, which send sensory transmissions to the spinal cord. Patients experience a loss of sensation and ulceration in the extremities, leading to injury and amputation of distal appendages. Loss of sensation was also observed in a Drosophila model of HSAN1, which showed a nociception defect when a dominant-negative SPT1 transgene was expressed in a subset of peripheral sensory neurons (Oswald, 2009). This implicates a requirement for sphingolipids in sensory neurons. Although HSAN1 is a sphingolipid synthesis disorder, whereas saposin deficiency disrupts sphingolipid degradation, the sensory degeneration in both of these disorders may be caused by a lack of available sphingolipids. In this sense, HSAN1 and saposin deficiency may represent 2 sides of the same coin. A recent paper suggested that mutations in SPT1 caused a change in substrate specificity, which resulted in the accumulation of abnormal deoxysphingolipid metabolites (Penno et al., 2010). Therefore, sensory degeneration may be caused by an absence of sphingolipids, an abnormal accumulation of sphingolipids or a combination of both, suggesting that sphingolipid homeostasis is critical in sensory neurons.

In addition to the Drosophila models of saposin deficiency and HSAN1, some Drosophila LSD models also displayed neurodegeneration of sensory neurons. The NPC Drosophila model (dnpc1a) exhibited extreme vacuolarisation of the compound eye, with retinal vacuoles appearing at 5 days old prior to central brain degeneration (Phillips et al., 2008). By 45 days the boundaries between ommatidia, the repeating units of the compound eye, were no longer intact; this phenotype is almost indistinguishable from that shown in the dSap-rC27/Df electron micrographs in Fig. 5.6. Vacuolarisation was identified in the lamina of the visual system, as is found in the dSap-r mutants. Central brain neurodegeneration was also present in the dnpc1a model, however specific antennal lobe vacuolarisation was not reported. 

Another Drosophila LSD model that showed degeneration in the visual system was the NCL cathepsin D mutants (cathD1) (Myllykangas et al., 2005). TUNEL-positive neurons were present in the optic medulla and lamina of 45-day-old cathD1 mutants, indicative of apoptotic cell death (Myllykangas et al., 2005). The neurodegeneration in the cathD1 mutants was very modest in comparison to that seen in the dSap-r and dnpc1a mutants; this was surprising as human cathepsin D has been shown to cleave prosaposin in the late endosome to form mature saposins (Hiraiwa et al., 1993a; Hiraiwa et al., 1997b). This suggests that an alternative compensatory mechanism functions in the Drosophila cathD1 mutants, or cathepsin D is not required for dSap-r processing. In Drosophila, the spinster (benchwarmer) NCL-like model showed a severe vacuolarisation of the cortical neurons and the retina (Dermaut et al., 2005). In contrast, the Drosophila model of the infantile NCL palmitoyl-protein thioesterase 1 (Ppt-1) deficiency did not exhibit any neurodegeneration (Hickey et al., 2006) However, these flies did die prematurely and showed accumulation of autofluorescent material and neuronal inclusions, characteristic of the NCLs. Mutations in the Drosophila juvenile NCL (Batten’s disease) gene CLN3 have not yet been reported, though a gain-of-function degenerative phenotype was found when overexpressing the wild type gene in the eye (Tuxworth et al., 2009). Therefore, CLN3 mutations may also lead to retinal degeneration; however overexpression of the Ppt-1 transgene in the eye also caused a degenerative phenotype (Korey and MacDonald, 2003), yet mutations in this gene did not (Hickey et al., 2006). 
Involvement of the visual system is a common manifestation of many LSDs, which may suggest a shared mechanism of pathology. Specific degeneration of the antennal lobes has not been reported in other Drosophila models of LSDs; this may represent a particular requirement for sphingolipids in olfaction. This could be confirmed by driving the dominant-negative SPT-1 transgene, used in the Drosophila HSAN1 model, specifically in the olfactory system to assess whether sphingolipid depletion phenocopies the degeneration shown by dSap-r mutation.
5.6.2. Storage material accumulates in the dSap-r neuronal and glial cell bodies

5.6.2.1. What is the significance of the stored material?

A common feature of LSDs is the accumulation of stored material in the form of electron-dense and electron-lucent inclusions and membranous MLBs and MVBs (reviewed in Jardim et al., 2010). These ultrastructural characteristics were abundant in the 18 – 20 day old dSap-rC27/Df mutants (Fig. 5.7 – 5.11). The dSap-rC27/Df neuronal cell bodies were also enlarged, which may be a response to the excessive storage (Fig. 5.8). Inclusions were present in the cortex in neurons and glia (Fig. 5.7 – 5.11), and also within the retina 
(Fig. 5.6). 
In the total prosaposin and individual saposin deficiency mouse models, inclusions were present in various regions of the brain and spinal cord, including the brain stem, cortex, hippocampus, cerebellum, dorsal root ganglia, acoustic ganglion cells, midbrain, thalamus and sciatic nerve (Oya et al., 1998; Matsuda et al., 2001; Matsuda et al., 2004; Sun et al., 2007; Sun et al., 2008; Sun et al., 2010a; Sun et al., 2010b). The stored material was described as very heterogeneous with electron-dense and electron-lucent inclusions, and multivesicular and multilamellar membranous material. This description is strikingly similar to the ultrastructural phenotype of the 
dSap-rC27/Df mutants. The storage regions identified in the mouse models are involved in processing and relaying sensory input, and in motor coordination. Because of a similar propensity for storage in sensory centers of the dSap-r brain, physiology indicative of sensorimotor deterioration may be expected in this fly model (see Chapter 6).
In the dSap-r mutants, the identity of the stored material is currently unknown; however, the electron-lucent material may represent sphingolipid accumulation. This requires confirmation by lipid quantification. A great insight into the identity of lipid species stored in saposin deficiency has been provided by a recent flourish in mouse model data. Initial lipid identity was provided by the total prosaposin and single saposin mouse models, which suggested that the number and identity of deficient saposins had a complex and intimate relationship with the stored sphingolipids and the severity of the disorder (Chapter 1). Total prosaposin deficiency caused a vast accumulation of lactosylceramide, in addition to galactosylceramide, glucosylceramide, sulfatides, ceramide, globotriaosylceramide and gangliosides GM1, GM2, GM3 and GD1a (Fujita et al., 1996). The onset of neurological symptoms was 20 days, with a rapid deterioration and death by 35 days. In contrast, the reduction in complexity of lipid storage in the single saposin deficient mice was matched by a comparatively extended life span (5 months (saposin A-/-), 23 months (saposin B-/-), 24 months (saposin C-/-) and 17 months (saposin D-/-)) (Matsuda et al., 2001; Matsuda et al., 2004; Sun et al., 2008; Sun et al., 2010a). Whether the complexity of sphingolipid storage in the dSap-rPBac/Df, dSap-rC27/Df and dSap-rC27/PBac mutants differs, impacting on the differing severity of these mutants (Fig. 4.7 and Chapter 6) is yet to be determined.
Recent efforts in saposin deficient mouse modelling led to the production of a double saposin C-/-D-/- deficient model, which showed that the saposins were able to compensate for some of the actions of other saposins. Sun et al. (2007) discovered that ceramide levels were further increased in the double knock-out compared to single saposin D deficiency. Saposin D has been linked to ceramide degradation (Matsuda et al., 2004); this therefore suggests that saposin C can compensate to some degree when saposin D is deficient. A Drosophila transgenic line (UAS-hPSAP) was generated as part of this investigation to allow the expression of human prosaposin (hPSAP) in a dSap-r background. The ability of hPSAP to rescue dSap-r mutant phenotypes has not yet been assessed. However, by introduction of human saposin mutations into the transgene, various fly lines could be generated, relatively simply, to test the impact of 1, 2 or 3 saposin mutations on the dSap-r mutant phenotypes. Because mutation of 3 of the 4 saposins would leave only 1 functional saposin, the masking effect of saposin compensation would be negated and the accurate identification of the roles of each saposin could be analysed. The combination of powerful Drosophila genetics with the wealth of knowledge provided by the mammalian saposin deficiency models would likely complement each other well.
5.6.2.2. The stored material in dSap-r mutants may reside in lysosomes
MLBs and MVBs were present in the inclusions in dSap-rC27/Df mutants. Therefore, a rabbit polyclonal antibody to the Drosophila lysosomal Arf-like GTPase Arl-8 (Hofmann and Munro, 2006) was used as an indirect measure of whether this stored material may reside within lysosomes. Increased Arl-8 staining was found in the 18 – 20 day old dSap-rC27/Df brains compared to wild type. Because of resolution limitations, it was not possible from the immunohistochemistry data to distinguish between a change in lysosome number, size or distribution. Western blotting using whole fly lysates confirmed the increase in levels of Arl-8 and suggested an increase in lysosome number or size, rather than solely a change in distribution; however this does not discount that a change in distribution may also occur. Because western blotting showed an increase in Arl-8 levels in 22-day old dSap-rPBac/Df mutants, a similar increase in Arl-8 fluorescence and possibly an equivalent ultrastructural pathology may also be seen in this mutant. 

Although dSap-r mutation caused an age-dependent increase in a lysosomal marker, this does not confirm that lysosomal function was also perturbed. Since the cathepsins are synthesised as proproteins and are cleaved in the late endosome/lysosome, the size of cathepsin-L in wild type and dSap-r mutant lysates can be used as a measure of lysosomal functional integrity. If lysosomal function is perturbed in dSap-r mutants, cleavage of cathepsin-L will be reduced and there will be a size shift from the major cleaved cathepsin-L band to the larger pro-cathepsin-L band in dSap-r mutants.
5.6.3. Neuronal expression of dSap-r partially rescued the neurodegenerative phenotype displayed by dSap-r mutants.
A partial rescue of dSap-r longevity was provided by inducing expression of a wild type dSap-r transgene in the neurons (see Fig. 4.7). This suggested that a neuronal deficiency of dSap-r was responsible for the premature mortality in dSap-r mutants. In this chapter, dSap-r mutants were shown to display progressive neurodegeneration. Therefore, the rescue of longevity by neuronal expression of dSap-r could be assumed to be a result of rescued neurodegeneration, implicating neurodegeneration as the cause of premature mortality in this model. To test this hypothesis, dSap-r was expressed in the neurons of dSap-rPBac/Df and dSap-rC27/Df mutants and, following aging to 18 – 23 days old, their heads were embedded and sectioned for vacuole quantification (Fig 5.13 and 5.14). Neuronal expression of wild type dSap-r partially rescued the vacuolarisation in the visual and antennal lobes of both dSap-r mutants. However, substantial neurodegeneration remained, particularly in the antennal lobes. 

A complete rescue may have been limited by the requirement of functional glial cells for neuronal survival. When inducing dSap-r expression in the neurons, the glia would remain dSap-r-deficient. Glia are fundamental to the development and survival of neuronal cells, as shown by the neurodegenerative phenotype caused by the drop dead and repo mutants (Buchanan and Benzer, 1993; Xiong and Montell, 1995). Both of these Drosophila mutants were deficient for glia-specific proteins, which caused glial developmental defects and neuronal degeneration. It has been suggested that vertebrate astrocytes, a type of glial cell, provide neurons with the L-serine required for the first step in sphingolipid synthesis (Hirabayashi and Furuya, 2008). Culture of hippocampal neurons in media lacking L-serine caused depletion of sphingolipids (and phosphatidyl-L-serine), which suggests neurons are dependent on exogenous L-serine for sphingolipid production (Mitoma et al., 1998). By providing dSap-r to neurons in dSap-r mutants, some level of sphingolipid production may have been promoted by retrieval of intermediates from the lysosomal degradation route; however, these levels may have been insufficient for full neuronal survival leading to the neurodegeneration exhibited. 

Partial rescue of dSap-r neurodegeneration may also suggest that an additional factor is required by neurons that is normally provided by the glia. Interestingly, human prosaposin has been shown to perform neurotrophic functions (O’Brien et al., 1994). If this neurotrophic activity is conserved in dSap-r, this may be the additional factor normally provided by glia. Expressing dSap-r directly in the neurons may not compensate for glial dSap-r deficiency because the neurons may not have the correct machinery to allow secretion of dSap-r in an autocrine and paracrine fashion. Alternatively, a non-dSap-r-related factor may be absent that is required for full neuronal survival. To test whether functional glia are required, and sufficient, for neuronal survival in a dSap-r mutant background, dSap-r could be expressed solely in the glia using the glial driver repo-Gal4. 

On observation of the head sections, it appeared that the vacuolarisation of the neuronal cell bodies surrounding the antennal lobes had been substantially rescued, but vacuoles remained in the neuropile itself. In contrast, the integrity of both the eye and neuropiles of the visual system (lamina, medulla and lobula complex) was improved. The difference in the degree of rescue in the neuropiles of these two sensory regions could be due to the expression pattern of the neuronal Gal4. The 1407-Gal4 used to rescue dSap-r longevity defects and neurodegeneration expresses in the medulla of the optic lobe, consistent with the rescued integrity of the optic lobe neuropiles (Fig. 4.9). Whether 1407-Gal4 drives dSap-r expression in the photoreceptors of the retina and the olfactory receptor neurons in the antennae is not known as these regions were removed during dissection of the adult brain for Figure. 4.9. Further characterisation of the 1407-Gal4 expression pattern is required.

Although the neuronal Gal4 only provided a partial rescue of neurodegeneration, a complete rescue of longevity in the dSap-rPBac/Df and dSap-rC27/PBac mutants was observed. This discrepancy in longevity and neurodegeneration rescue suggests that neurodegeneration did not necessarily cause premature mortality. This will be discussed further in Chapter 6 in light of the findings therein.
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