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ABSTRACT  

Sandhoff disease (SD) is a rare inherited disorder caused by a deficiency of β-hexosaminidase 

activity which is fatal because no effective treatment is available. A mouse model of Hexb 

deficiency reproduces the key pathognomonic features of SD patients with severe ubiquitous 

lysosomal dysfunction, GM2 accumulation, neuroinflammation and neurodegeneration, 

culminating in death at 4 months. Here, we show that a single intravenous neonatal 

administration of a self-complementary adeno-associated virus 9 vector (scAAV9) expressing 

the Hexb cDNA in SD mice is safe and sufficient to prevent disease development. 

Importantly, we demonstrate for the first time that this treatment results in a normal lifespan 

(over 700 days) and normalizes motor function assessed by a battery of behavioral tests, with 

scAAV9-treated SD mice being indistinguishable from wild-type littermates. Biochemical 

analyses in multiple tissues showed a significant increase in hexosaminidase A activity, which 

reached 10-15% of normal levels. AAV9 treatment was sufficient to prevent GM2 and GA2 

storage almost completely in cerebrum (less so in cerebellum), as well as thalamic reactive 

gliosis and thalamocortical neuron loss in treated Hexb-/- mice. In summary, this study 

demonstrated a widespread protective effect throughout the entire CNS after a single 

intravenous administration of scAAV9-Hexb vector to neonatal SD mice.  
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INTRODUCTION 

Sandhoff disease (SD) is one of sixty lysosomal storage disorders (LSDs) that, collectively, 

are common inborn errors of metabolism. This disorder is caused by mutations in the HEXB 

gene encoding the hexosaminidases β-chain and results in deficiency of β-hexosaminidases A 

and B activity and abnormal catabolism of GM2 ganglioside leading to storage of GM2 and 

other glycosphingolipids in brain and other organs (1). Clinically, patients affected by SD 

present with developmental regression, neurological and motor deterioration, blindness, 

seizures and a cherry-red spot in the retina (2, 3). SD is a severe disease culminating in death 

before the age of 2 years, and there is a pressing need to develop effective and long-lasting 

therapies. The Hexb-/- mouse model mimicks the biochemical defect of SD with a widespread 

accumulation of GM2 ganglioside and GA2 glycolipid in the central nervous system (CNS) 

(4, 5). Symptomatically, mice develop a severe neurological phenotype including motor 

abnormalities and seizures, and a peripheral storage with marked liver hypertrophy resulting 

in death around 4 months. The neurodegenerative phenotype of Hexb-/- mice is pronounced 

and includes profound neuroinflammation and neuronal apoptosis (6–8). 

Different therapeutic approaches including bone marrow transplantation, enzyme 

replacement, substrate reduction and chaperone-mediated stabilization of the mutant enzyme 

have been tested in SD mice, but have shown limited efficacy (7, 9–11). Gene therapy is an 

attractive therapeutic option for this monogenic genetic disease and direct brain delivery of 

recombinant adeno-associated virus (AAV) reduced CNS levels of GM2 storage and 

prolonged survival in SD mice, but its overall efficacy was limited by the persistence of 

disease in peripheral organs (12, 13). As such, the development of vectors efficient for 

combined CNS and systemic targeting has proved a challenge for SD. Recombinant AAV9 

vectors are promising tools due to their capacity to deliver a transgene to brain after neonatal 

intravenous administration (14, 15).
 
Moreover, their high neuronal tropism and long-lasting 

Downloaded from https://academic.oup.com/hmg/advance-article-abstract/doi/10.1093/hmg/ddy012/4793002
by University of Pennsylvania Library user
on 16 January 2018



 4

gene expression are particularly attractive. Indeed, their efficacy in reverting neurological 

phenotypes has already been demonstrated in mouse model of spinal muscular atrophy (16–

18), as well as in different LSDs (19–22). Additionally, AAV9 vectors delivered into the 

bloodstream efficiently transduce several peripheral tissues, including liver and heart, 

demonstrating the ability to target pathology in somatic tissues (14, 23). Recent reports using 

AAV9-based gene therapy in SD mice have provided proof of principle that intravenous 

administration could be an option in this disorder, but they led to only partial restoration of 

storage burden and resulted in a moderate impact upon lifespan (24, 25). 

Here, we demonstrate the long-term therapeutic efficacy of a specific self-complementary 

AAV9 (scAAV9-Hexb) vector via single intravenous injection in the SD murine model. We 

conducted a thorough pathophysiological assessment including multiple behavioral tests 

performed weekly over a 2 year period, biochemical analyses of lysosomal function and GM2 

storage, histological analyses of brain pathology, all showing a remarkable therapeutic 

efficiency of scAAV9-Hexb. In conclusion, our work provides a strong rationale for single 

intravenous administration of scAAV9 being an efficient, safe and relatively non-invasive 

approach for treatment of GM2 gangliosidoses and potentially other neurodegenerative 

diseases.  

 

RESULTS 

scAAV9-Hexb treatment partially restores ββββ-hexosaminidase activity in SD mice  

First, a recombinant scAAV9 vector expressing a cDNA of mouse β-hexosaminidase β-

subunit under the control of the constitutive phosphoglycerate kinase (PGK) promoter 

(scAAV9-Hexb) was generated. Purified scAAV9-Hexb viral vectors were injected 

intravenously in Hexb-/- mice at neonatal period (D1-D2) at the dose of 3.5 x 10
13

 vector 

genomes (vg)/kg. The level of total Hex A+B and specific Hex A enzyme activities were 

analysed in brain, brainstem and liver of treated mice by comparison with naive SD mice and 
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wild-type (WT) mice at two months (early symptomatic stage) and four months (terminal 

stage) of age using MUG and MUGS artificial substrates, respectively. A single intravenous 

administration of scAAV9-Hexb vector led to a significant increase in both Hex A+B and 

specific Hex A activities by comparison with naive SD mice (Figure 1A-F). In the forebrain, 

the activity of hexosaminidase A reached a level around 15% of normal (Figure 1B). The 

results in brainstem (showing high residual activity of the deficient enzyme in untreated mice) 

need to be interpreted with caution due to the low quantity of tissue available for the assay 

(Figure 1D). In the liver, Hex A was around 10% of normal (Figure 1F). It is important to 

note that vg (vector genome) copy number was evaluated by qPCR using primers specific for 

Hexb cDNA and beta-globin as control gene. It was around 1 in cerebrum and 10 in liver 

(data not shown). 

 

Normalization of lysosomal function in SD mice by scAAV9-Hexb treatment 

In addition to the primary enzyme deficiency, secondary increases in the activity of other 

lysosomal enzymes is commonly observed in LSDs and can be used as a surrogate marker of 

lysosomal function (26, 27). To determine if administration of scAAV9-Hexb vector 

normalises lysosomal function, activities of lysosomal enzymes β-glucuronidase, α-

fucosidase and β-galactosidase were tested using specific fluorogenic substrates in brain and 

brainstem tissues collected at the same ages (Figure 2A,B). In untreated SD mice, these 

enzymatic activities (expressed as % of WT) were highly elevated, with each reaching up to 

ten times the normal level. Importantly, treatment with scAAV9-Hexb led to a significant 

decrease in activities of these enzymes in brain and brainstem. 

 

Neuron morphology and lysosomal mass are normal in treated SD mutants  
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As lipid storage is a major hallmark of SD, we next investigated the effect of scAAV9-Hexb 

treatment on this aspect of the disease pathophysiology. First, Nissl staining revealed that in 

4-month old Hexb-/- mice neuron morphology was abnormal with their cell soma enlarged 

and filled with pale storage material that displaced the Nissl staining of the cytoplasm within 

cells in all areas of the brain analyzed (Figure 2C). Conversely, scAAV9-Hexb-treated 

animals showed complete correction of this pathological accumulation within cells throughout 

the brain. In addition, immunostaining for lysosomal-associated membrane protein 1 (LAMP-

1) was used to indirectly evaluate the storage burden and as a general marker of lysosomal 

dysfunction in SD mutants, as it has previously been used in other LSD models (21, 28, 29). 

Pronounced intracellular accumulation of LAMP-1 within numerous regions such as 

hypothalamus, cortex and hippocampus was observed in brain of 4-month old Hexb-/- animals 

(Figure S1). Furthermore, higher magnification revealed cell bodies with intense LAMP-1 

immunostaining throughout the entire section (Figure 2D). Importantly, this pathologic 

upregulation of LAMP-1 was completely normalized with scAAV9-Hexb treatment to a level 

comparable to that observed in control littermates.  

 

GM2/GA2 storage in SD mutants is prevented by ββββ-hexosaminidase expression   

To further evaluate the effect of therapy on the primary lipid storage in brain, biochemical 

analysis of GM2 ganglioside and its asialo counterpart gangliotriaosylceramide (GA2) was 

performed on cerebral and cerebellar tissues of WT, untreated and scAAV9-treated Sandhoff 

mice at 2- and 4-months of age (Figure 3A-C). The developmental pattern of GM2 (expressed 

as % of total gangliosides) between 7 and 120 days was further studied in cerebrum of 

Sandhoff and WT mice (Figure 3B). In WT mouse brain, GM2 is a very minor compound 

(less than 2.3% of total gangliosides at all ages). Conversely, as can be seen from thin-layer 

chromatographic profiles of total gangliosides (Figure 3A) and their quantitative evaluation 
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(Figure 3B), in cerebrum of Sandhoff mice, GM2 is already greatly abnormal at 7 postnatal 

days (~12% of total gangliosides) and its proportion raises very rapidly, to reach 17, 35 and 

40% at 2 weeks, 2- and 4 months of age, respectively. Although the distribution of major 

ganglioside species is different in cerebellum from that in forebrain, a massive GM2 storage 

(40 and 48% at 2 and 4 months) also occurs in Sandhoff mice. By contrast, scAAV9-driven 

expression of Hex B was sufficient to almost completely prevent this pathological 

accumulation of GM2 in forebrain of age-matched treated Sandhoff mice (4.3±0.3% at 4 

months of age), with similar although less pronounced reduction in their cerebellum (global 

mean/SD 14.4±2.6%) (Figure 3A,B). Further, GA2 - a glycolipid virtually absent in brain of 

WT mice but showing a many-fold increase in Sandhoff disease - was also undetectable in the 

cerebrum of scAAV9-treated Sandhoff mice at 2- and 4-months post-injection, and vastly 

reduced in cerebellum (Figure 3C). 

 

scAAV9-Hexb prevents thalamocortical neuropathology in SD mice 

As in many other LSDs, a key neuropathological landmark of SD is profound glial activation 

and neuron loss within the somatosensory thalamocortical system of Hexb-/- mice (Pressey S, 

unpublished data). In order to evaluate the impact of scAAV9-Hexb treatment on the onset 

and progression of this pathology, neuropathological analyses were conducted on the 

somatosensory barrelfield cortex (S1BF) and the ventral posterior thalamic nuclei 

(VPM/VPL) that project to this region of cortex (Figure 4A). Immunostaining for the 

astrocyte marker GFAP (glial fibrillary acidic protein) revealed pronounced astrocytosis in 

both VPM/VPL and S1BF of untreated Hexb-/- mice, that was already present at 2 months of 

age and worsened with increased age (Figure 4B). Remarkably, the distribution of GFAP 

immunoreactivity within the thalamus of scAAV9-treated mice was comparable to age-

matched WT animals, including not only the most severely affected VPM/VPL, but also the 
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adjacent visual relay nucleus LGNd that typically displays a later onset of astrocytosis (Figure 

S2A). Similar effects of scAAV9-Hexb were evident in the cortex of treated mutant mice with 

astrocytosis virtually abolished (Figure 4D). All these results were confirmed by quantitative 

threshold image analysis (Figure 4C,E). 

Next, microglial activation was quantified by CD68 immunostaining in the thalamus and 

cortex of control and scAAV9-treated SD mice, which revealed progressive microglial 

activation in the thalamocortical system that was more localized compared to astrocytosis 

(Figure 5A and 4B). In marked contrast, the intensity and distribution of CD68 

immunostaining in both the thalamus (Figures 5A,B and S2B) and cortex (Figure 5C,D) of 

scAAV9-treated Hexb-/- mice were indistinguishable from that seen in WT animals at both 

ages analyzed. Finally, in order to assess if this scAAV9-Hexb treatment also protect neurons 

from dying, unbiased optical fractionator counts of Nissl stained neurons were made in 

thalamic VPM/VPL across all treatment groups. There was a profound and significant loss of 

VPM/VPL neurons in untreated SD animals compared to WT mice (Figure 5E), but this was 

almost completely prevented in scAAV9-treated mice, suggesting a pronounced therapeutic 

effect of this vector upon vulnerable neuronal populations within the thalamocortical system 

of SD mice.  

 

Absence of neuroinflammation in other CNS regions in scAAV9-treated SD mice  

In order to determine how widespread the impact of scAAV9-Hexb treatment upon 

neuropathology is, we performed similar analyses of glial activation and neuron loss in 

brainstem and cerebellum, two other brain regions also profoundly affected by SD. Within the 

brainstem, this analysis focussed upon the reticular formation (RF) and spinal trigeminal 

nucleus V (SPV) (Figure 6A; dotted area 2 and 3), and within the cerebellum upon the deep 

cerebral nuclei (DCN), and the molecular and granular layers of the cerebellar cortex and 
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white matter (Figure 6A; dotted area 1 and inset 4). GFAP-immunostaining in untreated 

Hexb-/- mice revealed that, as disease progressed, astrocytosis became more pronounced in all 

the brainstem and cerebellar regions analysed (Figures 6 and S3), with astrocytes becoming 

more intensely stained and hypertrophied with increased age. Remarkably, this astrocytosis 

was completely prevented in both the brainstem (SPV and RF) (Figure 6B,D) and cerebellum 

(Figure S3A,B,E,F) of AAV9-treated SD mice at 2- and 4-months. This was also confirmed 

by quantitative threshold image analysis (Figures 6C,E and S3C,D,G,H).  

Pronounced CD68 immunoreactivity was also found in the same brainstem and cerebellar 

regions of 2- and 4-month old Hexb-/- mice (Figures 7A,B and S4A,B,E,F), with changes in 

staining intensity and cellular morphology suggesting progressive microglial activation in 

these brain regions. In marked contrast, CD68 stained sections from scAAV9-treated Hexb-/- 

mice appeared comparable to age-matched WT mice, with a near complete prevention of 

microglial activation in these treated mutant mice as confirmed quantitatively (Figures 7C,D 

and S4C,D,G,H). Finally, to measure the impact of treatment on neuron survival, neuron 

counts were performed at 4 months of age in one brainstem (SPV) and one cerebellar region 

(DCN). Neuron counts in both regions showed that the significant loss of Nissl-stained 

neurons usually seen in the brainstem and cerebellum in untreated Hexb-/- mice was 

prevented by scAAV9-treatment (Figure 7E,F).  

 

scAAV9-Hexb treated SD mice have normal lifespan and locomotor function 

Given the positive effect of scAAV9-Hexb treatment on biochemical and pathological 

measures of disease, long-term life expectancy was evaluated in AAV9-treated SD mice by 

comparison with untreated SD and WT mice. Compared to the average 750 day lifespan of 

WT mice, untreated Hexb-/- mice displayed a significantly shorter average lifespan of 117 

days (Figure 8A). Notably, the survival of SD mutants treated with scAAV9-Hexb was 
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significantly extended and was completely comparable to that of WT mice (mean >750 days). 

Furthermore, these scAAV9-injected SD mice were also phenotypically undistinguishable 

from control WT mice and did not display the characteristic tremor evident in murine SD 

(Video S1). In addition, while the weight of untreated SD mutants rapidly decreased by about 

40% between 14-16 weeks coinciding with aggravation of their pathological phenotype, the 

weight of AAV9-treated SD mice did not decrease over time, but remained stable reflecting a 

maintenance of feeding ability comparable to WT mice (Figure 8B). 

To evaluate locomotor skills in scAAV9-treated SD mice, a range of behavioral tests were 

performed on each animal on a weekly basis. Mice were first submitted to the inverted screen 

test and the latency to fall from the returned metal grid was recorded. At the beginning of the 

testing period (from 8 to 12 weeks), mice from all three groups were undistinguishable in 

their ability to stay on the grid (Figure 8C). However, starting from 12 weeks of age Hexb-/- 

mice developed a progressive loss of muscular strength, and the time they could remain on the 

grid progressively decreased, finally reaching zero due to complete paralysis at 16 weeks 

(Figure 8C). In contrast, the performance of scAAV9-treated SD mice in this test was 

identical to WT mice throughout the entire duration of the experiment (>750 days). As a 

further measure of their physical performance and motor coordination, mice were also 

assessed using an accelerating rotarod. The latency of untreated Sandhoff mice to fall was 

dramatically and significantly reduced with disease progression, whereas scAAV9-treated SD 

mice were completely comparable to normal at all timepoints tested (Figure 8D). The gait of 

mice from all treatment groups was also evaluated using a painted footprint test (Figure S5). 

Hexb-/- mice showed significant paralysis and characteristic dragged pattern of their 

footprints due to reduced muscular strength and impaired neurological function at 4 months 

(Figure S5). However, scAAV9-treated SD animals behaved similarly to WT at 4, 12, 16 and 

20 months with no overt gait aberrations. Finally, mice locomotion was evaluated in the 
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home-cage environment using an activmeter. The test was conducted at 2, 4, 8, 12, 16 and 20 

months in treated SD and WT mice, and at 2 and 4 months in naive Sandhoff mice which 

showed a dramatic and significant decline in all parameters. By contrast, global movement 

(time in movement and distance covered) was not significantly different between WT mice 

and scAAV9-treated Hexb-/- mice (Figure S6A,B).  

 

DISCUSSION 

Here we report for the first time a systemic gene therapy approach that results in normal 

lifespan and quality of life in a murine model of Sandhoff disease, in addition to almost 

completely preventing a series of disease-associated biochemical and neuropathological 

changes. A single intravenous administration of scAAV9-Hexb vector in neonatal mice was 

sufficient to provide global transduction and widespread therapeutic effect throughout the 

entire CNS. Targeting this organ enabled therapeutic correction of key features of SD 

including Hexb enzymatic deficiency itself, lysosomal dysfunction, GM2 and GA2 storage, 

neuroinflammation and neuronal loss that is seen in patients and reproduced in SD mice.  

Our protocol of administering a scAAV9-based vector to neonates is based on several 

considerations. Hexb-/- mice after a latent phase of their disease undergo a rapid decline 

culminating in death around 16 weeks of age (5). However, GM2 storage is already present in 

the brain of 7-day old Hexb mutants (Figure 3B). A low level of astrocytosis and microglial 

activation is also evident in 1-month old SD mice (unpublished data). As behavioural 

symptoms of the disease, like head tremor, are visible around 10 weeks, the development of 

an early intervention is crucial. For this reason, the scAAV9 therapeutic vector was 

administered 1-2 days after birth and this vector was specifically used, as this serotype is able 

to cross the blood-brain barrier (BBB) and self-complementary vector allows rapid maximal 

transgene expression. Interestingly, a differential targeting of cell types has been observed in 
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the CNS after intravenous delivery of scAAV9 vectors depending on the age of 

administration. In neonates, systemic injection resulted in widespread transduction with an 

apparent tropism toward neurons while transduction of predominantly astrocytes was seen in 

adult animals (15). Importantly, correction of SD symptoms in multiple brain regions that we 

report here, strongly suggest that scAAV9-Hexb vector efficiently transduced neurons that are 

mainly involved in Sandhoff disease effectively preventing their degeneration. In addition, 

secretion of active β-hexosaminidase by transduced neurons with subsequent recapture by 

distant cells likely contributes to the widespread correction observed in SD mice (30). It is 

important to note that treatment in mice at postnatal day 1-2 corresponds to a second trimester 

of human embryonic growth (31, 32). As such, in order to translate these encouraging results 

to clinic, a feasibility and tolerability of our approach is now being tested in symptomatic SD 

mice to provide a more realistic approximation of treating children diagnosed with SD. 

We show here for the first time a long-term rescue of GM2 gangliosidosis, not only in the 

forebrain, but also in more caudal parts of the brain (cerebellum and brainstem) after 

scAAV9-mediated gene transfer in the acute Sandhoff mouse model. Of note, residual 

accumulation of GA2 and GM2 lipids was still observed in cerebellum of scAAV9-Hexb 

treated mice suggesting that this region is possibly less well targeted by AAV9, as recently 

shown by comparison with AAV10 (33). Future studies will need to address this apparently 

unequal transduction efficiency in different brain regions in order to optimise this therapeutic 

strategy. It was stated that the dose of scAAV9 required to achieve effective transduction via 

systemic vascular delivery in adult mice was approximately 1.0 x 10
13 

vg/kg (34, 35). In our 

study, the dose of scAAV9-Hexb vector (3.5 x 10
13 

vg/kg) induced prolonged expression of β-

hexosaminidase transgene without cytotoxicity and therapeutic vector expression was stable 

in the long-term. Extraordinarily, scAAV9-Hexb treated SD mice survived beyond 2 years of 

age (mean survival >700 days) without manifesting any signs of disease. Although long-term 
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survival of SD mice following intravenous delivery of AAV9-Hexb in neonates has been 

reported (24), at the age of 43 weeks 80% treated SD mutants had developed liver and lung 

tumors, most likely due to the comparatively high dose of AAV used (2.5 x 10
14 

vg/kg). In 

contrast, in our study using a lower dose, with its dramatically better treatment outcomes, 

there was no evidence of malignancies neither in WT nor in injected SD mice via 

macroscopic examination performed at the experimental end-point in 2-year old animals (data 

not shown). These data suggest that the choice of the vector (scAAV9 versus rAAV9) and the 

lower dose used in our study contribute to the long-term outcomes of treatment in murine SD 

and to the absence of deleterious effects previously reported (24) and recently discussed by 

Chandler et al (36).  

It has previously been shown in adult SD mice that intrastratial delivery of recombinant 

adeno-associated viral vectors (rAAV2/1) expressing either the human β-subunit alone or 

both α and β subunits delayed their disease (12). However, administration to 1-month-old 

Hexb-/- mice of both rAAVα + rAAVβ enabled an abundant expression of Hex A and Hex B, 

but a single rAAVβ infusion led only to Hex B expression (13). In contrast, in our study both 

β-hexosaminidase isozymes Hex A and Hex B were generated as a result of a single systemic 

injection of a mouse transgene-containing scAAV9-Hexb vector. The demonstrated clearance 

of both GA2 (mainly degraded by Hex B) and GM2 (metabolized by Hex A) suggests that the 

β-subunit expressed from our vector was not only functional, but also formed αβ 

heterodimers with endogenous α-monomers. Although the activity levels of these 

hexosaminidases was not restored to normal, Hex A specifically required for GM2 

ganglioside metabolism was increased to around 15% of WT within cerebrum and almost 

10% within liver after the therapeutic vector administration. Importantly, given the normal 

lifespan achieved and lack of disease-associated phenotypes in treated SD mice, this level of 

enzyme activity is likely to be therapeutic. In fact, the production of even a small percentage 
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of wild-type activity of these enzymes will probably reach a threshold level sufficient for 

normal GM2 degradation (37). 

The secondary elevation of multiple lysosomal enzymes has been observed in tissues from 

LSD patients and in some animal models (26, 27), and provides useful biochemical markers 

of disease burden and therapeutic response. Our data reveal similar secondary enzyme 

elevations in SD mice, as well as a drastic reduction after scAAV9 vector administration 

providing further evidence of the efficacy of our approach. In LSDs, accumulation of 

undegraded material typically increases number and size of lysosomes as evidenced by 

overexpression of structural lysosomal proteins (38). Our results show that scAAV9-Hexb 

treatment was efficient in preventing LAMP-1 accumulation, and the expected accumulation 

of storage material in the brain of SD mutants. Hexb-/- mice display significant pathology 

within the forebrain (7), which also extends to the brainstem and spinal cord. Our data suggest 

this pathology is especially prominent in the thalamocortical system, and within the 

cerebellum and brainstem. There appears to be a close association between the distribution of 

astrocytosis and microglial activation and neuron loss. However, most importantly, we show 

here that a single intravenous administration was sufficient to prevent this severe 

neuroinflammation and neuron loss within cerebellum and brainstem, two brain regions that 

are significantly affected in SD. In summary, we demonstrate in a preclinical model that a 

single intravenous administration of scAAV9-Hexb vector to newborn Hexb-/- mice is 

effective and sufficient to prevent GM2 ganglioside accumulation in CNS having a long-

lasting effect on physical activity, behavior and survival of treated SD mice which are 

indistinguishable from WT.  

 

MATERIALS AND METHODS 

Animals 
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All animal experiments were carried out in accordance with European guidelines for the care 

and use of experimental animals. The Sandhoff mouse model was generated by targeted 

disruption of the Hexb gene in the C57BL/6J strain (Hexb-/- mice) (5). Wild-type (+/+) 

C57BL/6J littermates were used as controls in the study. The Hexb-/- strain was maintained 

by two types of breeding: heterozygous females with affected males, and affected females 

with affected males. To determine the status of newborn mice, total β-hexosaminidase activity 

was measured from clipped toes using a standard enzymatic assay protocol. Briefly, biopsies 

were mechanically homogenized in sterile water, incubated on ice for 20 minutes to achieve 

cell lysis. β-hexosaminidases and β-galactosidase (control enzyme) activities were then 

measured using the artificial β-N-acetylglucosaminide (MUG) and 4-MU-β-D-

galactopyranoside substrates, respectively (Sigma). These biochemically determined 

genotypes were subsequently double-checked by polymerase chain reaction (PCR), as 

described previously (5). Briefly, samples were incubated at 37°C overnight in urea buffer 

containing proteinase K (10 mg/ml). Next, phenol was added, followed by 5 minutes 

centrifugation in order to separate the aqueous phase from the organic phase which was 

discarded. Subsequently, glycogen (20 mg/ml), ammonium acetate (7.5 M) and pure ethanol 

were added to the aqueous phase and the solution was incubated at -80°C for 1 hour for DNA 

precipitation, and DNA was recovered by centrifugation (13000 rpm for 30 min at 4°C). After 

supernatant removal, 3 washes with 70% ethanol were performed and DNA was resuspended 

in sterile TE 10:1. The final DNA concentration was evaluated on a Nanodrop (Thermo 

Scientific). PCR genotyping was performed using three previously described primers (5). 

PCR samples (50 µl total volume) were preheated at 95°C for 5 min. Forty PCR cycles were 

performed, composed of 30 s denaturation at 95°C, 30 s annealing at 55°C, and 1 min 

extension at 72°C. Products were analysed on a 2% agarose gel.  
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scAAV vector production and in vivo administration 

Self-complementary genome-containing plasmids were constructed by deleting the D 

sequence and the terminal resolution site from one of the inverted terminal repeats. The 

production of serotype 9 AAV has been described elsewhere (14). AAV9 vectors were 

generated by packaging AAV2-based recombinant self-complementary (sc) genomes into the 

AAV9 capsids. Virions were produced by transfecting HEK293 cells with (i) the adenovirus 

helper plasmid (pXX6-80), (ii) the AAV packaging plasmid encoding the rep2 and the cap2 

or the cap9 genes, and (iii) the AAV2 shuttle plasmid containing the gene encoding mouse 

Hexb under the control of the phosphoglycerate kinase (PGK) promoter in the sc genome. 

Recombinant vectors (rAAV) were purified by double-CsCl ultracentrifugation followed by 

dialysis against the formulation buffer of the vector stocks, namely phosphate-buffered saline 

containing 0.5 mM MgCl2 and 1.25 mM KCl (PBS-MK; five buffer changes, 3 hours per 

round of dialysis). Physical particles were quantified by real-time PCR. Vector titers are 

expressed as vector genomes per milliliter (vg/ml). Intravenous injections were performed in 

newborn Hexb-/- mice (at day one or two after birth) via the temporal vein (3.5 x 10
13

 vg/kg 

in each mouse, volume : 40-60 µl according to the weight,  n = 8 for survival, n = 4 for all 

other analyses: enzymatic assays, ganglioside analysis, histology).  

 

Behavioral tests 

Animals were housed at 25°C during a 12h light/dark cycle, with food and water made 

available ad libitum throughout the experiments. They were first evaluated on physical 

criteria: weight, general health and tremor. Behavioral tests were carried out on a weekly 

basis between 11 a.m. and 5 p.m. (except Activmeter). Studies were performed using 

scAAV9-Hexb treated Hexb-/- mice, wild-type and homozygous Sandhoff littermates or age-

matched progeny. An accelerating rotarod test was used to evaluate mice motor performance 
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and coordination. The rotarod (Bioseb) comprises a rotating drum, which speed rises from 4 

to 40 rpm over 2 min. The animals (up to 5) were placed on the rotating cylinder to test 

balance and coordination. The time at which each animal fell from the rod was noted. Each 

animal did three consecutive trials, the first one was treated as a test and therefore was not 

considered in the final results. The inverted screen test was used as a measure of grip strength. 

A single animal was placed onto a clean cage metal grid screen. After placement, the animal 

was allowed to grip the grid before it was inverted 180° over a plastic cage containing fresh 

bedding. The latency to fall from the grid was recorded during a 10 second period, after which 

mice were returned to the home cage.   

The righting reflex was analysed to evaluate the muscular strengh of mice. The time taken for 

animals to right themselves after being lain on their backs within a 10 seconds period was 

measured. For Activmeter test, single housed animals were recorded over a 10 hour night 

period (8 p.m. - 6 a.m.) in ages indicated. The cage was placed on an Activmeter platform 

system (Bioseb) which uses balance system and vibrations within the cage to measure 

locomotion parameters i.e. distance (cm) and global movement (s). A qualitative analysis of 

gait was performed by analysing the pattern of footprints made after painting feet different 

colors. Front and hind mice paws were painted with red and blue ink, respectively and mice 

were allowed to walk in a tunnel of transparent plexiglas placed on a white sheet of paper (40 

cm long) and the footprint was digitalised.  

 

Sample collection and neuropathological analyses 

Mice were sacrificed with a lethal dose of 10 mg.kg
-1

 xylazine and 100 mg.kg-
1
 ketamine by 

intraperitoneal injection. Brain and liver tissues were collected for different analyses. Samples 

for enzymatic assays and ganglioside analyses were weighted, snap frozen and stored at -80°C 

until use. Brain tissue used for immunohistochemical analyses was immersed in a freshly 
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prepared and filtered solution of 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer, pH 

7.4 and maintained in PFA for 24h at 4°C. Fixed in PFA brain tissue was bisected along the 

midline. Single hemispheres were cryoprotected in 30% sucrose, 0.5% sodium azide in 50 

mM tris buffered saline (TBS), pH 7.6 prior to sectioning on frozen microtome. 40 m coronal 

sections through the rostrocaudal extent of the cortical mantle were collected one per well in 

96 well plates containing a cryoprotective solution (30% ethylene glycol (Sigma-Aldrich), 

15% sucrose, 0.05% sodium azide in TBS (39). All subsequent histological analyses were 

performed blind to genotype and treatment status. 

For direct visualization of neuronal morphology, a series of every sixth section through each 

brain was slide mounted and Nissl stained with cresyl violet (39). Briefly, slides were 

incubated in 0.05% cresyl fast violet (Merck), 0.05% acetic acid in water for 30 min at 60°C, 

rinsed in deionised water, and then differentiated through an ascending series of alcohols 

before clearing in xylene and coverslipped using DPX mounting medium (VWR). 

For immunohistochemistry, a standard protocol was used to examine the distribution of 

markers of interest (39, 40), using 3,3’-diaminobenzidine tetrahydrochloride (DAB) for 

visualization. Endogenous peroxidase activity was quenched in 1% hydrogen peroxidase 

(VWR) in TBS for 15 min. Sections were then rinsed in TBS and blocked in 15% normal 

serum in TBS with 0.3% Triton-X (TBS-T), before incubation in the appropriate primary 

antibody; polyclonal rabbit anti-GFAP (Dako, 1:4000), rat anti-CD68 (Serotec, 1:2000), 

polyclonal rabbit anti-LAMP-1 (Abcam, 1:1000), diluted in 10% normal serum in TBS-T 

overnight at 4°C. Sections were rinsed in TBS and incubated with the appropriate biotinylated 

secondary antibodies: swine anti-rabbit (Dako, 1:1000), rabbit anti-rat (Vector, 1:1000) for 2h 

at room temperature and subsequently rinsed in TBS. They were then incubated in avidin-

biotin-peroxidase complex (Vectastain Elite ABC kit, Vector, 1:1000) in TBS for 2h, and 

rinsed in TBS. To visualize immunoreactivity, sections were incubated in 0.05% DAB 
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containing 0.001% hydrogen peroxide in TBS for up to 25 min, depending on antigen. 

Finally, sections were rinsed in ice-cold TBS and then mounted on gelatine-chrome-coated 

microscope slides (VWR), air-dried overnight, cleared in xylene and coverslipped with DPX 

(VWR). The quantification of immunohistochemical images was performed using semi-

automated thresholding image analysis, as previously described (40, 41). Using a 40x 

objective, a number of non-overlapping images representing the entire region of interest (30 

images for VPM/VPL region and 18 for LGNd) were taken from 3 consecutive sections 

starting from defined anatomical landmarks (42). Image Pro Plus analysis software (Media 

Cybernetics), was used to determine the area of immunoreactivity for each antigen in each 

region by applying a threshold that discriminated staining from background in each image. 

Data were plotted as the mean percentage area of immunoreactivity per field ± SEM for each 

region. 

For neuron cell number estimation, the optical fractionator probe was used (43), in Nissl 

stained sections of brain regions of interest as described (44, 45). Briefly, Nissl stained cells 

were counted as neurons if they had clearly identifiable nucleus without considering 

astrocytes and microglia (cells with small soma). A line was traced around the boundary of 

the region of interest, a grid was superimposed and cells were counted within a series of 

dissector frames placed according to the sampling grid size. Different grid and dissector sizes 

were used in each brain region using a coefficient of error value of less than 0.1 to indicate 

sampling efficiency (46). For thalamic VPM/VPL region, a 1:6 series was sampled using grid 

175 x 175 m and frame 74 x 42 m; for lamina IV of S1BF cortical region a 1:12 series was 

sampled with grid 150 x 150 m and frame 41 x 26 m; for brainstem regions, a 1:6 section 

periodicity was used, and the dimensions for the optical fractionator were as follow: DCN - 

grid: 140 x 140 m, frame: 70 x 40 m; SPV - grid: 270 x 270 m, frame 70 x 40 m. 
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Enzymatic assays  

Brain, brainstem and liver samples (50 mg) were ground in 300 µl of 0.1 M citrate phosphate 

buffer, pH 4.5 and homogenates were lysed by 3 cycles of rapid freezing and thawing, 

followed by centrifugation at 4°C for 5 min at 10,000 g. The protein content of each 

supernatant was determined using the BCA kit (Assay Protein Quantitation Bicinchoninic 

acid, Pierce) according to the manufacturer's recommendations. Lysosomal enzyme activities 

(β-galactosidase, β-glucuronidase, α-fucosidase, total β-hexosaminidases and β-

hexosaminidase A) were measured in these supernatants (1/10 dilution). In a black 96-well 

plate with clear bottom: 10 µl of diluted supernatant was added to 50 µl of the fluorimetric 

corresponding substrate. The samples were incubated for 1 h at 37°C with gentle agitation and 

enzymatic reactions were stopped by adding 200 µl of a 1M glycine buffer, pH 10. The 

released fluorescence was read on a CytoFluor 4000 fluorimeter (PerSeptive Biosystems), 

excitation: 360±40 nm, emission: 460±40 nm. The data obtained were compared with the 

fluorescence of a 4-methyl-umbelliferone standard (10 nmol/well). Enzyme activities were 

expressed as nmol/h/mg cell protein. Substrates used were: 4-methylumbelliferyl-β-D-

galactopyranoside (Sigma) 1 mM in 0.1M citrate phosphate buffer at pH 4.5 for β-

galactosidase, 4-methylumbelliferyl-β-D-glucuronide (Sigma) 1 mM in a 0.1M citrate 

phosphate buffer at pH 5 for β-glucuronidase, 4-methyl-umbelliferyl-α-L-fucopyranoside 

(Sigma) 1 mM in 0.1M citrate phosphate buffer at pH 4.5 for α-fucosidase, 4-

methylumbelliferyl-2-acetamido-2-deoxy-β-D-glucopyranoside (Sigma) (MUG) 1 mM in 

0.1M citrate phosphate buffer at pH 4.5 for total β-hexosaminidases, 4-methylumbelliferyl-7-

(6-sulfo-2-acetamido-2-deoxy-β-D-glucopyranoside (MUGS) (Calbiochem) 1 mM in 0.1M 

citrate phosphate buffer at pH 4.5 for β-hexosaminidase A, 4-methylumbelliferone (Sigma) 1 

mM in deionized water for standard. 
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Biochemical analysis of gangliosides and other glycosphingolipids  

Analyses were performed on frozen cerebral hemispheres and dissected cerebellae which had 

been stored at -80°C prior to use. Total lipid extraction, separation and purification of main 

lipid fractions were done using previously described procedures (47, 48). Briefly, total lipids 

were extracted from 20% tissue homogenates in water using chloroform-methanol 1:2 (v/v). 

For ganglioside studies, part of the extract (corresponding to 20-50 mg tissue) was desalted 

and separated into two fractions on reverse-phase 100 mg Bond Elut C18 columns (Varian) 

using a downscaling of a published procedure (49). The methanol-water 12:1 (v/v) eluate 

containing all the gangliosides was used without further purification. An aliquot 

corresponding to 1.5 or 3 mg of tissue was spotted (Linomat 5 device, Camag) on silica gel 60 

high-performance thin layer chromatography (HPTLC) plates (Merck). Plates were developed 

in chloroform–methanol–0.2% CaCl2 55:45:10 (v/v/v) and sprayed with resorcinol-HCl 

reagent to visualize the sialic acid moiety of individual gangliosides. Densitometric 

quantification was performed at 580 nm (Camag TLCII scanner, Cats software). The data 

were normalized to the number of sialic acids per individual ganglioside and expressed as % 

of total gangliosides. For gangliotriaosylceramide (GA2) studies, part of the total lipid extract 

was saponified, desalted by phase partition, and suitable aliquots were spotted on HPTLC 

plates. After development in chloroform–methanol–water 65:25:4 (v/v/v), hexose-containing 

compounds were visualized by orcinol-sulphuric acid reagent and densitometric quantification 

was performed. 

 

Statistical analysis 

Microsoft Excel (Redmond) was used for data collection and for statistical analysis and graph 

representation was conducted using GraphPad Prism Version 6 for Mac (GraphPad 

Software). To test for significance between groups, the Student’s t-test or ANOVA test with 
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post hoc Bonferroni analysis were used as appropriate. All graphs are plotted as the mean ± 

the standard error of the mean (SEM). 
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LEGENDS TO FIGURES 

Figure 1: Partial restoration of hexosaminidases activities in brain, brainstem and liver 

of scAAV9-treated animals at 2 and 4 months 

Enzymatic assays were performed by using the synthetic substrates MUG (4-

methylumbelliferyl-2-acetamido-2-deoxy-β-D-glucopyranoside) and MUGS (4-

methylumbelliferyl-7-(6-sulfo-2-acetamido-2-deoxy-β-D-glucopyranoside)) to measure either 

total hexosaminidases activity (A,C,E) or hexosaminidase A specific activity (B,D,F), 

respectively. Total hexosaminidases and hexosaminidase A activities are presented as 

percentage of wild-type (WT). Error bars show SEM, n =3-4, *p<0.05, **p<0.01,*** p<0.001, 

**** p<0.0001 using one way ANOVA. 

 

Figure 2: Reduction of secondary elevation of lysosomal enzymes and storage after the 

scAAV9-Hexb treatment  

Brain (A) and brainstem (B) of WT, Hexb-/- and scAAV9-treated mice at 2 and 4 months 

were tested for β-glucuronidase, α-fucosidase and β-galactosidase activities. Enzymatic 

activities are presented as percentage of WT for each enzyme. Error bars show SEM, n =3-4, 

*p<0.05, **p<0.01, *** p<0.001, **** p<0.0001 using one way ANOVA. (C) Brain sections 

were Nissl stained with cresyl fast violet. An abnormal swollen morphology of neuron cell 

bodies (arrows) can be observed in the thalamus of 4 months old Hexb-/- mice. This 

appearance was no longer evident in scAAV9-treated animals, which showed a neuronal 

morphology similar to WT. Scale bars: 50 µm. (D) Brain section of 4 month-old Hexb-/- 

animals shows a huge accumulation of LAMP-1 immunoreactivity by comparison with WT 

and scAAV9-treated mice. A higher magnification of S1BF lamina IV shows dense 
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concentration of punctate LAMP-1 staining within all cells in untreated SD mice, but not in 

scAAV9-treated and WT mice. Scale bars: full sections : 500 µm; higher magnification : 100 

µm. 

 

Figure 3: HPTLC analysis of gangliosides and glycosphingolipids within cerebrum and 

cerebellum of 2 and 4 month-old WT, Hexb-/- and scAAV9-treated mice 

Gangliosides (A,B) and other glycosphingolipids (C) were studied in cerebrum and 

cerebellum of 2 and 4 month-old wild type, naive Hexb-/- and scAAV9-treated mice. (A) 

Chromatographic profiles of total gangliosides (resorcinol-HCl staining), showing a drastic 

and selective reduction of the GM2 ganglioside accumulation in scAAV9-treated mice, 

compared to the massive storage observed in age-matched untreated SD mice. Each lane 

corresponds to 3 mg wet weight tissue. (B) Quantitative data for GM2 ganglioside (expressed 

as percentage of total gangliosides) in cerebrum and cerebellum. (C) Other glycosphingolipids 

(2 mg tissue/lane), separated on HPTLC plates and visualized by orcinol-sulfuric reagent. A 

huge accumulation of GA2 is noticeable in SD mice by comparison with WT and scAAV9-

treated mice. Gal-Cer, galactosylceramide; GA2, gangliotriaosylceramide. 

 

Figure 4: Prevention of astrocytosis in the thalamocortical system following the IV 

administration of scAAV9-Hexb vector 

 (A) Nissl stained section indicating the brain regions analyzed: somatosensory barrelfield 

cortex (S1BF), dorsal lateral geniculate nucleus (LGNd) and ventral 

posteromedial/posterolateral nuclei (VPM/VPL). (B,D) GFAP immunostaining revealed the 

extent of astrocytosis within the thalamus (B) and cortex (D) of WT, Hexb-/- and scAAV9-

treated animals at 2 and 4 months. Astrocytosis was already present as more intensely stained 

astrocytes at 2 months, and increased with time in thalamus (B) and cortex (D), as was 
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associated with astrocyte hypertrophy (see inserts). However, astrocytosis was virtually 

absent in WT and scAAV9 mice in both regions. (C,E) Quantification of GFAP 

immunoreactivity shows a significant reduction of astrocytosis in 4 months scAAV9-treated 

mice in thalamus and cortex. Error bars show SEM, n = 3-4, *** p<0.001, **** p<0.0001 

using one way ANOVA. 

 

Figure 5: Prevention of microgliosis and neuronal loss in the thalamocortical system 

after scAAV9-Hexb treatment  

CD68 immunostained sections from WT, Hexb-/- and scAAV9-treated animals reveal the 

different extents of microglial activation at 2 and 4 months of age. The thalamus (A) and 

cortex (C) of WT controls and scAAV9 treated animals show very few and more palely 

stained microglia with a small cell soma, whereas the Hexb-/- mice displayed a robust and 

progressive microgliosis throughout brain (A,C), which was especially pronounced in the 

VPM/VPL. Quantification of CD68 immunoreactivity (B,D) showed significant less 

microglial activation at 2 months in scAAV9-treated animals, and this treatment effect was 

maintained at 4 months of age in both thalamus and cortex. (E) Unbiased stereological counts 

of Nissl stained neuron number in the thalamocortical system of 4 months old scAAV9 

treated mice revealed the near complete prevention of this vulnerable neuron population. 

Error bars show SEM, n = 3-4, *** p<0.001, **** p<0.0001 using one way ANOVA. Scale 

bar: thalamus 500 µm, insert 50 µm; cortex 100 µm, insert 50 µm. 

 

Figure 6: Prevention of astrocytosis in brainstem after scAAV9-Hexb treatment 

(A) Nissl stained section indicating brain regions analyzed: Cb-Cerebellum; Bs-Brainstem; 

RF-reticular formation; SPV-spinal trigeminal nucleus V; DCN-deep cerebral nuclei. Higher 

magnification: cerebellar layers: ML-molecular layer; GL-granular layer; WM-white matter. 
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(B,D) GFAP immunostaining was performed on brainstem sections of WT, Hexb-/- and 

scAAV9-treated animals at 2 and 4 months revealing astrocytosis within SPV (B) and RF (D) 

regions in SD mice. Astrocytosis was virtually absent in WT and scAAV9 mice in both 

regions. (C,E) Quantitative thresholding image analysis of GFAP immunoreactivity in brainstem 

of Hexb-/- mice show consistent upregulation of this marker at 2 and 4 months compared to age-

matched controls. scAAV9-treated mice show absence of astrocytosis in the SPV (C) and RF (E) 

regions of brainstem. This expression is comparable to WT littermates. Error bars show SEM, n = 

3-4, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 using one-way ANOVA. Scale bar: 50 µm. 

 

Figure 7: Significant correction of microglial activation and neuronal loss prevention in 

brainstem and cerebellum of treated mice 

(A,B) CD68 immunostained sections from WT, Hexb-/- and scAAV9-treated animals reveal 

microglial activation at 2 and 4 months of age in different regions of brainstem. The SPV (A) 

and RF (B) regions of WT and scAAV9 treated animals show a more palely stained 

microglia, whereas the Hexb-/- mice displayed a robust microgliosis. Quantitative 

thresholding image analysis of CD68 expression within SPV (C) and RF (D) revealed 

increased CD68 expression in Hexb-/- mice and no significant microgliosis in WT and 

scAAV9-treated mice. (E,F) Unbiased optical fractionator estimates of the number of Nissl-

stained neurons in brainstem and cerebellum of Hexb-/-, WT and scAAV9-treated mice 

revealed a significant loss of neurons within spinal nucleus of the trigeminal nerve SPV (E) 

and deep cerebellar nuclei DCN (F) in SD mice. At the age of 4 months, total prevention of 

this loss of neurons was found in the corresponding regions of scAAV9-Hexb samples. Error 

bars show SEM, n = 3-4, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 using one-way 

ANOVA. Scale bar: 50 µm. 
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Figure 8: Life expectancy was prolonged, body weight maintained and behavioral 

performance improved in AAV9-treated mice 

(A) Kaplan-Meier survival curve is shown for WT (n = 7), low dose scAAV9 (n = 6), high dose 

scAAV9 treated (n = 8) and untreated Hexb-/- (n = 8) mice. Animals treated with 3.5 x 10
13 

vg/kg 

reached > 700 days, while untreated Sandhoff mice died around 120 days. (B) Weight was 

evaluated each week in the different groups of mice. The body weight was maintained in mice 

treated with scAAV9-Hexb vector (curve comparable to WT group). (C) Mice were subjected to 

inverted screen test. Latency to fall from metal grid within 10 s test decreases progressively in 

untreated Hexb-/- mice, whereas mutant mice treated with 3.5 x 10
13

 vg/kg scAAV9-Hexb obtain 

results identical to WT controls throughout entire experiment. (D) WT, Hexb-/- and scAAV9-

Hexb treated SD mice were tested using an accelerating rotarod. They were put on the 

accelerating cylinder and the length of time mice stayed on the rod before falling was recorded. A 

decline of the ability to stay on rotarod was progressively observed in SD mice while results were 

similar between WT and scAAV9-treated animals until 700 days.  

 

SUPPLEMENTARY INFORMATION 

Video S1: The video shows a scAAV9-Hexb treated mouse and a WT mouse (aged 23 

months) in their home-cage environment. Mice are both active and they are undistinguishable 

from each other. 

 

Figure S1: Prevention of lysosomal storage in hypothalamus, cortex, and hippocampus 

LAMP-1 immunostained brain sections from 4 months-old Hexb-/- animals show a huge 

accumulation of this lysosomal marker at multiple rostrocaudal levels of the hypothalamus, 

cortex, and hippocampus. No upregulation of LAMP-1 can be observed in WT or in scAAV9-

treated samples. Scale bars: 500 µm. 
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Figure S2: Reduction of neuroinflammation in LGNd thalamic region in scAAV9-

treated mice 

(A) Astrocytosis was prevented in scAAV9-treated SD mice by comparison with untreated Hexb-

/- mice, which showed a significant increase in GFAP immunoreactivity at 4 months. (B) 

Microgliosis was similarly dramatically less in scAAV9-treated mice at 4 months in comparison 

with untreated Hexb-/- mice showing a huge immunoreactivity at 4 months. Error bars show 

SEM, n = 3-4, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 using one way ANOVA.  

 

Figure S3: Correction of astrocytosis in cerebellum following IV administration of 

scAAV9-Hexb vector 

GFAP-immunostaining on cerebellum sections reveals the extent of astrocytosis in WT, 

untreated Hexb-/- and scAAV9-treated animals at 2 and 4 months. (A) DCN (B) molecular 

layer (E) granular layer (F) white matter. Intensely stained astrocytes were present at 2 and 4 

months in SD mice, but astrocytosis was prevented/reduced in scAAV9-treated mice. Results 

were confirmed by the quantitative thresholding image analyses (C,D,G,H). Error bars show 

SEM, n = 3-4, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 using one way ANOVA. Scale 

bar: 50 µm. 

 

Figure S4: Significant correction of microglial activation in cerebellum in treated mice 

CD68-immunostaining was performed on cerebellum sections to evaluate microglial 

activation in WT, Hexb-/- and scAAV9-treated animals at 2 and 4 months. (A) DCN (B) 

molecular layer (E) granular layer (F) white matter. Microglial activation was nearly absent in 

scAAV9-treated mice by comparison with untreated mice. Results were confirmed by the 

quantitative thresholding image analyses (C,D,G,H). SEM, n = 3-4, *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001 using one way ANOVA. Scale bar: 50 µm. 
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Figure S5: Qualitative gait analysis reveals absence of ataxic pattern in scAAV9-treated 

mice 

Gait was analysed via a footprint test performed in WT, untreated Hexb-/- and scAAV9-

treated mutant mice (4, 12, 16 and 20 months). While untreated Hexb-/- mice displayed a 

markedly abnormal gait with dragging of the hindlimbs at 4 months, scAAV9-Hexb animals 

showed no such gait aberrations even at 20 months. 

 

Figure S6: Correction of behavioral deficits following intravenous scAAV9-Hexb 

delivery 

(A) Activmeter acquisition during a 10h night period showed hyperactivity of untreated Hexb-

/- mice compared to WT at 2 months, and subsequent drastic decline at 4 months. Total 

movement was not significantly different between scAAV9-treated and WT mice at different 

time points from 2 to 20 months, except during the late period (mean ± SEM of n = 3 per 

group). (B) No significant difference was found for the total distance covered between 

scAAV9-treated and WT mice at 12 months (error bars show SEM, n = 3-4, p>0.5, t-test). 

 

ABBREVIATIONS 

Bs : brainstem 

Cb : cerebellum 

cDNA : complementary DNA 

CNS : central nervous system 

DCN : dorsal cochlear nucleus 

GFAP : glial fibrillary acidic protein 

GL : granular layer 

GA2 : gangliotriaosylceramide 
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HPTLC : high-performance thin layer chromatography 

LGNd : dorsal lateral geniculate nucleus 

LSD : lysosomal storage disorder 

ML : molecular layer 

MU : methylumbelliferyl 

PGK : phosphoglycerate kinase 

RF : reticular formation 

scAAV9 : self complementary adeno-associated virus 

S1BF : somatosensory barrelfield cortex 

SD : Sandhoff disease 

SPV : spinal trigeminal nucleus V 

TBS : tris buffered saline 

vg : vector genome 

VPM : ventral posteromedial nuclei 

VPL : ventral posterolateral nuclei 

WM : white matter 

WT : wild-type 
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