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Figure 1. AAV2/9 is superior to AAV2/5 but does not correct the spinal cord. A) Median 

lifespan of PPT1-/- (8.4 months, blue), IC-AAV2/5 (10.6 months, orange), IC-AAV2/9 (13.7 

months, green), and wildtype mice (black). B) PPT1 activity in the terminal brains of IC-

AAV2/5 and IC-AAV2/9 mice (n> 3/group. C) Spinal cord and cortical histology from PPT1-/-, 

WT, and IC-AAV2/9 for AFSM (top) and CD68 (bottom). D) Confocal images of axonal loss in 

spinal cords of PPT1-/- mice. Comparison of Thy1-YFP-PPT1-/- lumbar spinal cord (left) and 

Thy1-YFP-PPT1+/- lumbar spinal cord (right). Mean relative fluorescence (*p=0.013). 

 

Spinal Cord disease in IC-treated PPT1-/- animals 

Although there was an increase in PPT1 activity to >50% normal levels, the increase in 

lifespan was modest. Therefore, a more thorough examination of the treated-animal’s central 

nervous system was conducted. Examination of spinal cord from AAV2/9-PPT1 treated animals 

revealed widespread autofluorescent storage material that was comparable to age-matched PPT1-
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/- mice (Figure 1C). There was also increased microgliosis (CD68) in the treated groups. To 

confirm the presence of spinal cord disease, a Thy1-YFP PPT1-/- reporter mouse model was 

utilized (Castelvetri et al, 2011; Feng et al, 2000). Axonal blebs and gross axonal degeneration at 

7 months are detectable in the INCL spinal cord. There was a significant decrease in axonal 

fluorescence in the lumbar spinal cord of PPT1 deficient mice compared to wildtype (Figure 

1D). These data identified a previously unknown site of disease and uncovered a potential new 

therapeutic target. 

 

Spinal Cord Pathology in INCL 

 Spinal cord pathology has not been characterized in models of INCL animals, and only 

one study has previously reported the possibility of spinal cord disease in INCL patients 

(Santavuori et al, 1974). A temporal examination of the spinal cord from PPT1-/- and WT mice 

revealed a progressive increase in AFSM in the cervical, thoracic, and lumbo-sacral regions 

(Figure 2). A temporal examination of total volume of the spinal cord showed that PPT1-/- mice 

had significantly decreased spinal cord volumes compared to wildtype beginning at two months. 

The difference in volume increases until 3 months then the difference in total volume remains 

essentially constant from three to seven months (Figure 3B, left). Grey matter volume in the 

PPT1-/- mouse was significantly decreased compared to wildtype grey matter volume beginning 

at two months and continues until seven months (Figure 3B, center). The white matter volume is 

significantly decreased in the PPT1-/- spinal cord compared to wildtype from two to seven 

months (Figure 3B, right). 

 Histopathological markers of disease were analyzed in the PPT1-/- spinal cords. There 

was progressive astrocytosis in both the ventral and dorsal horns of the spinal cord in all three 
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regions (cervical, thoracic, and lumbo-sacral) analyzed. There was a significant increase in 

GFAP staining beginning at two months with the percent immunoreactivity increasing until 

seven months (Figure 4A, B).  Similarly, there was progressive microgliosis in the dorsal and 

ventral horns in all regions of the spinal cord analyzed. There was a significant increase in CD68 

staining beginning at two months and progressively increasing until seven months (Figure 5A, 

B).  
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Figure 2. Progressive accumulation of autofluorescent storage material. AFSM in the 

cervical (left column), thoracic (middle column), and lumbo-sacral (right column) regions at 1, 3, 

5, and 7 months. 
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Figure 3. Regional Volume measurements of PPT1-/- spinal cords. A) Diagram for 

determining total (left) and grey (right) matter volume (outlined in red). White matter volume is 

determined by subtracting grey matter from total volume. B) Estimated volume for total (left), 

grey (center), and white (right) matter volumes between PPT1-/- (red) and WT (blue) spinal 

cords over time (**p,0.01, *** p<0.001, ****p<0.0001).  
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Figure 4. Progressive astrocytosis in the spinal cord. A) Quantitative GFAP staining in the 

dorsal and ventral horns of PPT1-/- (red) and WT (blue) spinal cords at cervical (top), thoracic 

(middle), and lumbo-sacral (bottom) regions  (**p,0.01, *** p<0.001, ****p<0.0001). B) Image 

of GFAP staining in the PPT1-/- spinal cord at 1, 3, 5, and 7 months. 
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Figure 5. Progressive microgliosis in the spinal cord. A) Quantitative CD68 staining in the 

dorsal and ventral horns of PPT1-/- (red) and WT (blue) spinal cords at cervical (top), thoracic 

(middle), and lumbo-sacral (bottom) regions  (**p,0.01, *** p<0.001, ****p<0.0001). B) Image 

of CD68 staining in the PPT1-/- spinal cord at 1, 3, 5, and 7 months. 

 

Figure 6. Diagram of temporal pattern of INCL brain and spinal cord pathology 

 

Summary of Brain and Spinal Cord INCL Pathogenesis 

 As we have shown, there is significant temporal and spatial INCL pathogenesis in the 

spinal cord. Interestingly, spinal cord pathology precedes the brain pathology and shares many 

pathological similarities (Figure 6). This is suggestive of regional specificity of INCL 

progression. For example, significant disease in the thalamus is detectable prior to other regions 

in the brain (Bible et al, 2004). In the brain, there is an accumulation of AFSM and 

astrocytosis/microgliosis beginning at 3 months of age (Bible et al, 2004). Following AFSM 

accumulation and astrocytosis/microgliosis, there is observable neuronal loss and cortical 
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atrophy. As summarized in Figure 6, in the spinal cord, there is significant 

astrocytosis/microgliosis and reduced volume beginning at two months. This precedes the 

neurological disease in the brain by one month. Similarly, neuronal loss precedes INCL disease 

in the brain. INCL has historically been considered a neurodegenerative disease. However, there 

is stagnation in spinal cord volume growth suggesting a role for PPT1 in neurodevelopment. 

Overall, the disease in the spinal cord suggests that this region could be significant in INCL 

pathogenesis and could be a target for AAV-based gene therapy. 

 

Differential PPT1 activity in the brain and spinal cord following intracranial and 

intrathecal AAV2/9-hPPT1 

In order to determine the significance of the spinal cord disease and whether the spinal 

cord could be an effective therapeutic target, PPT1-/- mice were treated with intracranial 

AAV2/9, intrathecal AAV2/9, or a combination of both. Initially, PPT1 activity was measured in 

the brains and spinal cords of animals treated with IC-AAV2/9 or IT-AAV2/9. When the brain 

and spinal cord PPT1 enzyme activity levels at one month were examined from IC-AAV2/9 and 

IT-AAV2/9 mice, PPT1 activity in IC-AAV2/9 brains were significantly higher in the brain than 

WT (Figure 7A). However, PPT1 activity in the IT-AAV2/9 brains were minimal at 

approximately 10% of wildtype. This trend was reversed in the spinal cord with 

supraphysiological levels of PPT1 enzyme activity in IT-AAV2/9 brain but near-PPT1-/- enzyme 

activity in IC-AAV2/9 mice (Figure 7A).  

When determining the temporal patter of expression, PPT1 activity in the wild-type brain 

was approximately 150 nmol/mg/hr throughout the study. In contrast, PPT1 activity was virtually 

undetectable in PPT1-/- mice brains throughout the study. IT-AAV2/9 brains had a small 
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increase in brain PPT1 activity to ~2-5% of wild-type levels. In contrast, IC-AAV2/9 as well as 

the combination IC/IT-AAV2/9 brains had near wild-type to supraphysiological levels of PPT1 

activity (~150-450 nmol/mg/hr)(Figure 7B). Overall, the treatment groups produced a significant 

(p<0.0001) difference in PPT1 activity between three to seven months (two-way ANOVA). 

When comparing treatment groups, there was a significant increase in PPT1 activity in the IC-

AAV2/9 (p=0.0025), IC/IT-AAV2/9 (p<0.0001), and WT (p<0.0001) brains compared to PPT1-

/- brains. IT-AAV2/9 brains had a significant (p=0.0001) albeit small increase in PPT1 activity 

compared to untreated PPT1-/- brains. There was not a significant difference between the IC-

AAV2/9 or IC/IT-AAV2/9 brain PPT1 activities compared to WT (p=0.68, 0.12); however, there 

was a significant difference between WT and IT-AAV2/9 PPT1 activities (p<0.0001).  

A reduction in the secondary elevation of other lysosomal enzymes serves as a 

biochemical surrogate of therapeutic efficacy (Griffey et al, 2004). Overall, the secondary 

elevations of β-glucuronidase in the treatment groups and age of the animals were observed to 

have a significant (p<0.0001) effect in secondary elevations of β-glucuronidase. When 

comparing treatment groups, there was a significant decrease in β-glucuronidase activity in the 

IC-AAV2/9 (p<0.0001), IC/IT-AAV2/9 (p<0.0001), and WT (p<0.0001) animals compared to 

untreated PPT1-/- brains. IT-AAV2/9 brains had a significant (p=0.027) albeit small decrease in 

β-glucuronidase activity compared to untreated PPT1-/- brains. There was a small but significant 

increase in β-glucuronidase activity between the IC-AAV2/9 (p=0.0002), IT-AAV2/9 

(p<0.0001), IC/IT-AAV2/9 (p<0.0001) brains compared to WT β-glucuronidase activity levels 

(Figure 7C).  

Using a recently developed histochemical stain, the brains of experimental and control 

animals were analyzed for the distribution of PPT1 activity. The broad, diffuse blue staining 


