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ABSTRACT 

GM1 gangliosidosis is a lysosomal storage disorder caused by a 
deficiency in the catabolizing enzyme β-galactosidase (βgal).  This leads to 
accumulation of GM1-ganglioside (GM1) in the lysosome inducing ER stress and 
cell death.  GM1 gangliosidosis is primarily a disorder of the central nervous 
system (CNS) with peripheral organ involvement.  In this work we report two 
major findings, 1) systemic treatment of GM1 gangliosidosis with an adeno-
associated virus (AAV9) encoding mouse-βgal (mβgal) in a GM1 gangliosidosis 
mouse model (βGal-/-), and 2) an investigation into an intracranial injection of a 
therapeutic AAVrh8 encoding mβgal.  Systemic treatment of GM1 gangliosidosis 
with AAV9 resulted in a moderate expression of enzyme in the CNS, reduction of 
GM1 storage, significant retention of motor function and a significant increase in 
lifespan.  Interestingly, the therapeutic effect was more robust in females.  
Intracranial injections of AAVrh8 vector expressing high levels of βgal resulted in 
enzyme spread throughout the brain, significant retention of motor function and a 
significant increase in lifespan. Histological alterations were also found at the 
injection site in both βGal-/- and normal animals.  We constructed a series of 
vectors with a range of decreasing enzyme expression levels to investigate the 
cause for the unanticipated result.  Microarrays were performed on the injection 
site and we showed that a lower expressing AAVrh8-mβgal vector mitigated the 
negative response.  Intracranial injection of this newly developed vector was 
shown to clear lysosomal storage throughout the CNS of βGal-/- mice. Taken 
together, these studies indicate that a combined systemic and fine-tuned 
intracranial approach may be the most effective in clearing lysosomal storage 
completely in the CNS while providing therapeutic benefit to the periphery.   
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CHAPTER I:  Introduction 

 

GM1-Gangliosidosis 

 

Clinical Description 

 Lysosomal storage disorders (LSD) are a class of recessive diseases that 

are caused primarily by the reduction of a catabolizing lysosomal resident 

enzyme and subsequent storage of the substrate in the lysosome.  These 

disorders result in lysosomal dysfunction, alterations in cell homeostasis, and cell 

death (1).  There are more than 50 known LSD’s, and ~70% of them have a 

central nervous system involvement.  One well known LSD is GM1-

gangliosidosis which was first identified in 1959 (2).  GM1-gangliosidosis results 

from the lack of the enzyme β-galactosidase (βgal, encoded by the GLB1 gene) 

and subsequent storage of GM1-ganglioside (GM1) and the asialo derivative 

GA1 (GM1 lacking sialic acid group), in the lysosomes in cells of the central and 

peripheral nervous system (CNS and PNS, respectively) (3).  Also associated 

with this disease is the storage of other glycoconjugates with terminal β-

galactose residues, along with oligosaccharides and keratan sulfate, in the 

lysosomes of cells of the visceral organs.  Cells burdened with GM1 storage 

activate the unfolded protein response (UPR) and undergo endoplasmic 

reticulum (ER) stress which leads to Ca2+-mediated mitochondrial apoptosis (4, 
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5) and inflammation (6), resulting in progressive neurological decline that leads to 

generalized paralysis and death (7). 

There are three forms of GM1-gangliosidosis: infantile, juvenile and adult; 

in which severity, disease onset and progression are correlated with the amount 

of βgal activity which ranges from >1–9% of normal activity.  Onset of infantile 

and juvenile GM1-gangliosidosis occurs between birth and 3 years.  This form of 

the disease primarily affects the CNS, however, hepatosplenomegaly, and 

macular cherry red spots have also been documented (7).  Two distinguishing 

features of the infantile form include the occurrence of facial dysmorphism, and 

skeletal abnormalities, which are not present in the juvenile form of this disease.  

In contrast to infantile and juvenile forms, onset of adult GM1-gangliosidosis 

occurs between 3 and 30 years of age.  This disease manifests as  primarily non-

neurological, however, symptoms of dystonia with minimal skeletal abnormalities 

can also be present (7).   

GM1-gangliosidosis occurs in 1:100,000-200,000 births with no known 

ethnic dominance, although some mutations in the GLB1 gene have common 

lineages such as Italian, American, Brazilian and Japanese (7, 8).  Diagnosis of 

this disease typically results from the presentation of abnormal neurological 

findings such as developmental regression or failure to meet milestones, which 

then trigger further investigation.  The methods of diagnosis include the following:  

(1) retrospective analysis on dried blood spots from newborn screening panels 

(9), or on blood spots from high risk patients with suspected heredity inclinations 
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(10), (2) pre-natal diagnosis from amniotic fluid (11), and (3) molecular analysis 

of the GLB1 gene (12).  Known disease-carrying mutations in GLB1 include gene 

duplication, insertions (which result in splicing defects), missense mutations, and 

nonsense mutations (7, 8).  Currently, there is no cure for this disease.   

 

GLB1 Gene  

The human gene GLB1 is located on chromosome 3p21.33.  The gene is 

62.5kb, contains 16 exons and encodes two, alternately spliced transcripts:  a 

2.4kb mRNA, 677 amino acid (aa) lysosomal acid β-galactosidase (βgal) and a 

2.0kb variant mRNA, 546aa elastin binding protein (EBP) (7, 8, 13).  EBP is a 

67kDa protein that together with the elastin receptor and protective protein 

(carboxypeptidase A or cathepsin A), form an elastin complex on the cell surface 

to bind elastin peptides (8, 13).  The functions of this complex include: the 

assembly of elastic fibers, cytoskeleton reorganization and cell proliferation 

through an increase of intracellular Ca2+ (8, 13, 14).  Defects in EBP result in 

impaired elastogenesis (generation of elastic fibers) and results in a connective 

tissue disease (15).  Interestingly, defects in elastogenesis that were believed to 

result from accumulation of keratan sulfate have also been implicated in patients 

with GM1-gangliosidosis with and without mutations in EBP (15).   

The 677aa protein is the βgal prepropolypeptide which is processed in the 

ER to yield a 654aa product that is then glycosylated and phosphorylated to an 

88kDa precursor.  Final processing of the C-terminal end of βgal to a 67 then a 
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64kDa functional enzyme occurs in the lysosome (8).  A multi-enzyme complex 

consisting of protective protein/cathepsin A, neuraminidase, and the 20kDa 

fragment from the C-terminal end of βgal are necessary for the correct 

processing and activity of the βgal enzyme (16).  The catalytic nucleophile of 

βgal was identified by mass spectrometry (17) and mutation analysis confirmed 

the conserved residue Glu268 as an active site for βgal enzymatic activity (8).  

Recently, a crystal structure of βgal has been constructed which demonstrated 

mutations affecting ligand recognition, within the enzyme core or on the enzyme 

surface that indicates how these mutations may lead to disease (18). 

 

GM1 Ganglioside Biosynthesis and Catabolism   

Biosynthesis of gangliosides occurs through the stepwise addition of sugar 

moieties and sialic acid residues.  This process is regulated both transcriptionally 

and post transcriptionally by enzymes expressed temporally in a cell-specific 

manner (19).  GM1 synthesis (Fig. 1.1) begins with the lipid ceramide (Cer) in the 

ER that is transported to the Golgi by the ceramide transport protein, CERT (20).  

Glucose is transferred from uridine diphosphate glucose (UDP-glucose) to Cer in 

the golgi by glucosylceramide transferase (GlcT) which then becomes 

glucosylceramide (GlcCer).  The final step prior to ganglioside production is the 

glycosylation of GlcCer to lactosylceramide (LacCer) by galactosyltransferase I 

(GalT I) from uridine diphosphate galactose (UDP-galactose) (21).   
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Figure 1.1 Ganglioside biosynthetic and catabolic pathway 
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Each ganglioside series is defined by the number of sialic acid groups: no sialic 

acid (0-series), 1 (A-series), 2 (B-series) and 3 (C-series) (19).  Addition of one 

sialic group, N-acetylneuraminic acid (Neu5Ac, sialic acid) to LacCer occurs by 

sialictransferase I (SATI), which produces the GM3-ganglioside (GM3) and leads 

to the A series of gangliosides: GM3-GM2-GM1 (Fig. 1.1 and 1.2) (19).  Sugar 

moieties N-acetylgalactosamine (GalNAc) and UDP-galactose are transferred by 

sequential addition by their respective, specific glycosyltransferases: N-

acetylgalactosaminyltransferase (GalNAcT) (22) to obtain GM2-ganglioside 

(GM2) from GM3, then GM2-GM1 by galactosyltransferase II (GalT II) (19). 

Kotler and colleagues provide a comprehensive review of this process (19).  

The mature gangliosides are transported to the cell surface by vesicular 

transport and become part of the cell membrane.  Eventually, gangliosides are 

endocytosed from the plasma membrane and catabolizing enzymes then 

degrade the mature gangliosides back to their initial components within the 

lysosomes.  The degradation of membrane bound GM1 is processed to GM2 by 

lysosomal acid β-galactosidase, which removes the terminal β-galactose residue.  

This process occurs in the presence of GM2 activator protein and saposin B (23).  

As discussed above, mature βgal activity requires a multienzyme complex of 

sialidase and capthepsin A and the presence of the proteolyzed C-terminal end 

of βgal (16).  The process of ganglioside degradation has been recently reviewed 

(24).   
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Figure 1.2 A Series Gangliosides 
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GM1-Ganglioside Function 

Gangliosides are important components of cell membranes and have 

specific functions in the CNS.  The concentration and complexity of gangliosides 

in the developing brain increase over time and have been studied in both mice 

and humans.  Normal mice have an ~8-fold increase in ganglioside concentration 

from embryonic day E12 to adult (25).  During this time, the composition of 

gangliosides shifts from simple GM3 ganglioside (GM3) (less sugar moieties) to 

complex GM1 and GD1a due to the differential expression of 

glycosyltransferases in neural precursor cells (25).  This process is concomitant 

with neurogenesis and astrocytogenesis.  In the human brain, it has been shown 

that total ganglioside concentrations increase 3-fold from fetal week 10-to-5 

years of age, and during this time GM1 and GD1a increased 12-to-15-fold (26).  

Notably, the GM1 precursors GalCer and sulfatide also increase during 

development, specifically when myelin is forming and oligodendrocytes are 

differentiating (25).  Importantly, mice deficient in glycosyltransferases and 

therefore lacking complex gangliosides, show axonal loss and decreased 

myelination within the nervous system (27).  These findings further support the 

role of complex gangliosides in myelination and neuronal growth in the 

developing brain.  In the adult brain, GM1 is located on the cell surface as a 

component of the membrane, specifically in lipid rafts, and has been shown to 

play a part in cell signaling (28-30).  In these roles, GM1 has been demonstrated 

to have neuroprotective effects.  One example is from an increase in nuclear 
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Ca2+ that can lead to apoptotic cell death, where a complex of GM1 with 

sodium/calcium exchanger NCX facilitates transport of nuclear Ca2+  to the ER 

(31, 32).   

GM1 has been investigated as a therapeutic agent for aging and 

neurodegeneration due to identification of the ganglioside in several diseases.  In 

Huntingtin’s disease multiple groups had discovered a decrease in the amount of 

GM1 ganglioside in animal models of this disease (33, 34) as well as postmortem 

human brain samples (33, 34) and cultured fibroblasts from those patients (34).  

Therapeutic intervention for huntingtin was attempted to increase the amount of 

GM1 by an intraventricular infusion of the ganglioside in a mutant-huntingtin 

expressing mouse.  Excitingly, this infusion led to phosphorylation of the mutant 

huntingtin which rendered the mutant less-toxic, and corrected motor behavior 

(35).  In Parkinson’s disease there has been no association with the disease 

state and the alternation of endogenous levels of GM1, however GM1 has been 

shown to inhibit the aggregation of α-synuclein (36) which is a major component 

of Lewy bodies present in this disease.  In Parkinson’s pre-clinical studies GM1 

was demonstrated to partially restore dopamine levels within the mouse striatum 

after insult (37) and in parkinsonian monkeys (38), and in clinical trial 

subcutaneous administration of purified GM1 has shown great promise in 

improving motor function (39).  In contrast, GM1 presence in Alzheimer’s disease 

has been implicated in the formation of toxic Aβ fibrils by the recruitment of 

soluble Aβ to GM1 on lipid rafts specifically when GM1 is in a β-sheet 
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confirmation (40). GM1 concentration in the brains of Alzheimer’s disease 

patients is significantly increased (41), however various mouse models of this 

disease show either no change or a decrease in GM1 (42).  Interestingly, due to 

its neuroprotective roles GM1 has also been suggested to have therapeutic 

benefits in this disease.  In one study, the pre-treatment of GM1 on rat 

hippocampal slices inhibited Aβ formation as well as the downstream activation 

of apoptosis pathways (43).  Follow up work from this group treated rats with 

GM1 then challenged Aβ fibrils showing that GM1 played a role in preventing 

cognitive decline (44) 

 

GM1-Gangliosidosis 

Disease mechanisms of GM1-gangliosidosis have been examined in 

several studies using GM1-gangliosidosis mice (βGal-/-) (4, 6, 45, 46).  (i) 

Autophagy is a major mechanism driving disease progression in this disease.  

Enhanced autophagy was observed in the brains of end-stage βGal-/- mice, 

where GM1 was highly accumulated, but not in 10-day old mice (45).  (ii) 

Inflammation and associated downstream effects were also identified.  

Jeyakumar et al demonstrated that GM1 accumulation over time resulted in 

inflammation in deep brain structures of the thalamus and brainstem (6).  This 

inflammation leads to expression of activated macrophage or microglial cells, 

major histocompatibility complex class II (MHC class II) positive cells and nitric 
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oxide (NO) formation (6).  NO accumulation leads to oxidative damage and can 

result in neurotoxicity (47). Inflammatory cytokines tumor necrosis factor alpha 

(TNF-α) and interleukin 1 beta (IL-1β) were also seen at the site of GM1 storage, 

however transforming growth factor beta (TGFβ1) was only in end stage βGal-/- 

mice providing a time course response to accumulation (6). (iii) ER stress was 

also shown to be factor leading to neurodegeneration.  Tessitore et al 

investigated the excessive accumulation of GM1 in neurons, stress on the ER, 

and initiation of the unfolded protein response (UPR).  They show that these 

actions lead to apoptosis, but that those effects were not seen in a double 

knockout mouse that did not produce GM1 (4).  Further work from this lab 

demonstrated that the apoptotic effect was due to Ca2+ flux caused by GM1 

presence from ER to the mitochondria, creating membrane permeabilization on 

the mitochondria leading to mitochondrial-mediated apoptosis (5).   

Taken together, these studies demonstrate that a cascade of events 

beginning with accumulation of GM1 within the lysosome and initiation of 

compensatory mechanisms results in upregulation of autophagy.  Continued 

accrual of GM1 storage recruits inflammatory cytokines and accumulation of 

neurotoxic NO species.  Concomitantly, GM1 accumulation activates the UPR, 

causes Ca2+ flux through the ER membrane and results in apoptosis from the 

mitochondria.  

 



12 
 

Animal Models of GM1-Gangliosidosis 

 

Murine Models 

Two models of GM1-gangliosidosis currently exist for mice.  (i) Matsuda et 

al produced a mouse through insertion of a neomycin and herpes simplex virus 

thymidine kinase (tk) gene into exon 15 of the GLB1 gene in murine ES cells (48-

50).  (ii) Hahn et al created a mouse also through an insertion of the neomycin 

cassette with a downstream tk gene into ES cells, however this insertion was into 

the middle of exon 6 of the GLB1 gene (51).  Both of these models result 

phenotypically in the same βGal-/- mouse.  They are both authentic 

representations of GM1-gangliosidosis with minimal exceptions.  Each model 

resulted in disruption of the GLB1 gene, loss of the βgal enzyme (50, 51) and 

subsequent storage of GM1 ganglioside within the CNS from birth (50, 51) with 

corresponding histological and neurological phenotypes (48, 49, 51).  

Interestingly, two β-galactosidases, lysosomal acid β-galactosidase and 

galactocerebrosidase, previously identified in human brains, were found to be 

capable of degrading GM1, GA1 and the experimental substrate 4-

methylumbelliferyl β-galactoside in vitro, albeit with different efficiencies (52).  

Evidence that these two β-galactosidases can act on GM1 and corresponding 

substrates could lead to the low level of βgal activity found in the CNS (1-4%) as 

well as visceral tissues (1-8%) in both mouse models (50, 51).   
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Notably, GM1 content (µmol/g) in a the CNS of a 2.75 month old βGal-/- 

mouse was shown to be equivalent in concentration to an 8 month old infantile 

GM1 gangliosidosis patient (51).  Despite the early accumulation of GM1 outward 

phenotypes do not present until ~4 months of age (48, 51).  Both mouse models 

also demonstrated a higher total percentage accumulation of the GM1 asialo 

derivative GA1 (GM1 lacking the sialic acid group) present in the CNS compared 

to humans (49, 51, 53-55).  This finding suggests that an alternate catabolic 

pathway utilizing sialidase is more active in the mouse than in humans.  

Interestingly, GM1 synthase activity was not found to be altered  in a βGal-/-  

mouse in response to storage of the ganglioside, however patient fibroblasts 

from early infantile GM1 patients showed a compensatory down-regulation of the 

synthase that was correlated with decreased active βgal enzyme (56).  This 

indicates that there is a feedback mechanism for regulation of GM1 content by 

GM1 synthase, however in these mouse models with alternate catabolic 

pathways, this feedback is somehow disrupted and may be one factor for the late 

onset of disease phenotypes.  

Vacuolated neurons (50) and then severe gliosis were identified 

throughout the CNS and also increased with time (49, 51).  In the mouse, CNS 

phenotypes of tremor, ataxia, huddled posture when held by tail and abnormal 

gait begin at ~4 months of age and progress until death by emaciation at ~10 

months old (48, 51).  
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In contrast to humans, mice do not have keratan sulfate and therefore the 

bone abnormalities are not present in these animals (49, 51).  Neither 

hepatosplenomegaly, nor correspondingly abnormal urinary oligosaccharides are 

present in the mouse models (50, 51), however thymus, liver, spleen and kidney 

show some pathology of foamy, ballooning or vacuolation phenotypes within the 

lysosome of these organs (49). 

 

Feline Models 

 Feline models of GM1-gangliosidosis are naturally occurring and have 

been identified in Siamese (57, 58) and short-hair domestic cats (57) with slight 

variations between these animals studied.  These models are representative of 

the juvenile form of the disease where CNS and visceral organ involvement are 

present, however with <10% (57), or 15-20% (58) of normal βgal activity in brain, 

kidney, skin and cultured fibroblasts .  In this model, the primary storage material 

is GM1 which accumulates to levels 8-fold higher than normal animals (57, 58).  

These animals have appear normal until 2-3 months (57), or up to 4 months (58) 

of age, however tremors in the extremities are mildly evident .  After the initial 

onset, the disease progresses rapidly with development of ataxia and 

subsequent quadriplegia by 6 months (58) or 7-8 months of age (57).  These 

animals experience corneal clouding, vision loss, an extreme startle response, 

and grand mal seizures by 1 year (57).  Hepatosplenomegaly or cherry red spot 
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in the retina are not present, but vacuolated macrophages and neuronal lipodosis 

results in neuronal degeneration, paralysis and death (57-59).    

 

Canine Models 

 The first dog identified with GM1-ganglisidosis was a mixed breed beagle 

that presented with tremors, ataxia, hyperactivity and visual impairment that 

progressed over a 4 month period.  The animal eventually developed paralysis 

and was euthanized at 9 months of age (60).  Neuronal vacuolation with 

distended cytoplasm and membranous cytoplasmic bodies were found in the 

CNS.  Elevations in GM1 and GA1 were noted in the liver, spleen and grey 

matter of the brain, which corresponded to a large decrease in βgal activity in 

these regions (60).  

Since this time multiple naturally occurring canine models with GM1-

gangliosidosis have been studied including, in English Springer Spaniels (ESS) 

(61), and a Portuguese Water Dogs (PWD) (61, 62), among others.  Both ESS 

and PWD animals are different from the murine and feline models as skeletal 

dysplasia is evident at 2 months of age, and by 4.5 months neurologic 

manifestations of tremor, ataxia, and deteriorating responses from cranial nerves 

are present (61).  ESS puppies with GM1-gangliosidosis are born dwarfed (61).  

These animals progressively decline until requiring euthanasia at 9 months of 

age where grey matter was increased in volume while white matter decreased 
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(61).  Both dogs have <10% βgal activity of wild type (61, 62) and store GM1 in 

the CNS as well as visceral organs  which results in enlarged, vacuolated cells 

(61).  Non-lipid oligosaccharides have also been shown to be stored in the 

lysosome (61).  In addition, these dogs showed decreased myelination 

accompanying the presentation of  astrocytosis, microgliosis and minimal 

macrophages in the CNS (61).  However, due to the heterogeneity of phenotypes 

in these animals, classification as to disease form in relation to human 

manifestation was not made.   

In Shiba Inu dogs extensive study has occurred which advances the 

therapeutic investigation into GM1-gangliosidosis in humans.  These dogs differ 

from the  ESS and PWD model as no skeletal abnormalities, dwarfism, seizures 

(63, 64) or hepatosplenomegaly (63) were present in these animals. In addition, 

the course of the disease is slightly delayed with progressive neurological decline 

beginning at 5-6 months of age including tremors, ataxia, intermittent lameness 

and loss of balance resulting in an inability to stand by 8-10 months of age (63, 

64).  Visual impairments with corneal clouding, muscle rigor and lethargy (63, 64) 

lead to the animals being sacrificed at 14-15 months old (63).  Vacuolated 

lymphocytes (63, 64) and distended neurons with membranous cytoplasmic 

bodies were present in the CNS (64).  Severe reduction in βgal corresponded 

with increases in GM1-ganglioside 10-20 fold normal in the brain (64).  Serial 

magnetic resonance imaging (MRI) had also been performed on these animals 
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showing progressive hyperintensity in white matter of the cerebrum beginning at 

2 months of age and progressing through the course of the disease (65).   

Studies in Shiba Inus have provided new tools for the diagnosis and 

monitoring of GM1-gangliosidosis (65-67).  Satoh et al profiled the cerebral spinal 

fluid (CSF) of affected GM1-gangliosidosis canines and determined molecular 

signatures which indicate increases ganglioside concentrations and 

corresponding downstream effects until the humane endpoint (67) . Changes in 

aspartate aminotransferase (AST) and lactate dehydrogenase (LDH) increased 

until 7 months (67) of age which was hypothesized to represent leakage from the 

neurons as noted in other brain disrupting disorders.  LDH has been indicated as 

a biochemical measure of cytotoxicity (68).  In addition, more classical markers of 

degeneration or neuronal injury, neuron specific enolase (NSE) in the CSF (69, 

70) was correlated with disease progression in these animals (67).  Myelin basic 

protein (MBP) rose in CSF, but only after 9 months of age when it is suspected 

that myelin degeneration occurs in these animals (67).  More recently, a matrix-

assisted laser desorption ionization time-of-flight mass spectrometry (MALDI 

TOF) method was developed for GM1 ganglioside in the CSF of these animals 

(66). 
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Additional models 

 Other species with naturally occurring GM1-gangliosidosis include bovine 

(59, 71), sheep (72, 73) and black bears (74).  Practical considerations of 

housing and studying such large animals do not lend these models easily to 

preclinical therapeutic investigation.   

 

 

Current Therapeutic and Non-Viral  

Approaches for GM1-Gangliosidosis 

 

Clinical Approach 

 Despite significant research efforts, there is currently no cure for GM1-

gangliosidosis.  In the clinic the only treatment options are palliative.  One 

therapy employed is substrate reduction therapy (SRT), with a drug named 

Miglustat (75-77). This orally administered therapy aims to reduce GM1-

ganglioside accumulation by the inhibition of glycosylceramide synthase which in 

turn depletes GM1 precursor glycoslceramide (78).  This regimen provides 

temporary modulation of symptoms in some patients although the disease still 

eventually progresses.  Known side effects of Miglustat include chronic diarrhea 

and weight loss which makes it intolerable for certain patients (75-77).    
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Molecular Chaperone and Substrate Reduction Therapy 

Currently, all other therapeutic approaches for GM1-gangliosidosis are in 

preclinical studies.  Matsuda et al are utilizing molecular chaperone therapy 

which targets a specific mutation in the β-galactosidase enzyme (79).  The 

objective of this therapy is to stabilize unstable and/or misfolded enzymes by the 

chaperone so it can be properly transported to the lysosome.  In mice, chaperone 

N-octyl-4-epi-β-valienamine (NOEV) (79) lead to increased amounts of active 

βgal and reduced the storage of GM1 with minimal to no adverse responses.  

The limitation of chaperone therapy, however is that they are mutation specific 

and therefore lack application in the remaining GLB1 resulting diseases.  To 

increase the utility of chaperones, a combined treatment with SRT has also been 

attempted. Glycosphingolipid biosynthesis was targeted by competitive inhibition 

with imino-sugar N-butyldeoxygalactonojirimycin in mice (80) which successfully 

reduced total brain ganglioside as well as GM1-ganglioside content.  In addition, 

an sp2-immunosugar analogue SRT-chaperone combination in vitro (81) was 

able to increase βgal activity at levels similar to NOEV. 

 

Bone Marrow or Cell Transplantation 

The transplantation of bone marrow or intracerebral cell transplantation 

has been investigated for GM1-gangliosidosis in GM1 dogs (82),  a human 

patient (83) and in mice with a mixture of cell types (84).  In these studies, 
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successful donor cell engraftment was achieved, but therapeutic levels of βgal 

were not detected in the CNS and therefore disease progression and 

neurodegeneration occurred (82-84).  Possible causes for the lack of therapeutic 

efficacy include the low level of endogenous enzyme from donor-derived 

migrating microglia (82, 83) and/or eventual rejection of newly resident cells (84).  

 

Enzyme Replacement Therapy 

Enzyme replacement therapy (ERT) is the practice of introducing 

recombinant enzymes into the organism by direct injection into the parachyma or 

vascular system.  These enzymes are taken up via endosomes which contain a 

mannose-6-phosphate receptor (M6PR) on the surface that targets the payload 

to lysosomal compartments.  Utilizing the property of cross correction (Fig. 1.3), 

those cells that receive the metabolically active enzyme are also able to excrete 

the from the loaded endosomes into the intracellular space to be taken up by 

neighboring cells (85-88).  ERT has been investigated in GM1-gangliosidosis 

feline models, but no preclinical study has been published (89, 90) and this work 

has not advanced to human trials.  

Disorders of the CNS are a challenge for intravenous ERT because the 

blood brain barrier restricts the entry of large, charged molecules into the 

parenchyma (91).  Furthermore, the differential expression of M6PR such as in 

the skeletal 
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Figure 1.3 Cross correction mechanism  
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muscle of patients with the LSD Pompe disease can hinder therapeutic success.  

In Pompe disease, ERT presents a challenge as not only the uptake of the 

extracellular enzyme is restricted (92), but mouse studies suggest a decline in 

intracellular trafficking to the lysosome as indicated by reduction in storage 

clearance (93).  One strategy to circumvent this obstacle utilized β2 agonist 

Clenbuterol as an adjunct therapy to enhance M6PR expression in skeletal 

muscle and lead to increased enzymatic efficacy with ERT (94).   

New approaches to deliver recombinant enzyme to the cerebral spinal 

fluid (CSF) either by intrathecal (IT) injection alone or in combination with 

intravenous (IV) administration indicates positive advancements in ERT in 

several models. An IT and/or IV approach in the LSD mucopolysaccharidosis I 

(MPS1) dogs (95-98) or cats (99) have shown great promise in increasing 

enzyme activity in the CNS.  In addition, intracranial infusion in the lateral 

ventricles in the LSD late infantile neuronal ceroid lipofuscinosis (LINCL) mouse 

(100), wild type rat and non-human primates (NHP) (101) have shown moderate 

to extreme effectiveness in targeting the CNS.  In larger models of dogs and 

NHP’s, a gradient of enzyme concentration were demonstrated where areas of 

the brain closest to CSF at high levels and distal parenchyma considerably lower, 

however still above therapeutic range (95-97, 101).  Sly et al indicate that the 

mannose receptors present on macrophages and Kupffer cells are responsible 

for the initial clearance of available enzyme from plasma shortly after 

administration of ERT (102).  They suggest that previous approaches to ERT 
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using high doses saturated these receptors and allowed for uptake by M6PR and 

subsequent entry into the CNS.  A final approach for the delivery of recombinant 

enzyme aims to capitalize on maternal transmission of IgG for therapeutic 

intervention in utero.  This study in the LSD mucopolysaccharidosis VII (MPS VII) 

mice used β-glucuronidase tagged with an Fc receptor (103).  Despite low 

amounts of enzyme transferred to the fetus, this route has the potential to 

combat prenatal disease phenotypes and provide tolerance to the absent 

enzyme.   

Limitations to ERT include the need for expensive, frequent injections, or 

lack of endogenous protein in the host leading to the production of neutralizing 

antibodies.  In addition, the absence of M6PR in certain diseases or cell types 

can result in less uptake of enzyme, the culmination of which is reduced efficacy 

in this therapy.      

 

Gene Therapy for Lysosomal Storage Disorders 

 

Gene Therapy Overview 

The use of gene therapy for lysosomal storage disorders is quite 

promising.  Gene therapy works on a simple premise – the addition or depletion 

of a gene into the system to achieve a therapeutic impact.  As recessive 

diseases, LSD’s are well suited for this therapeutic modality.  In addition, the 
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majority of these diseases involve secreted enzymes that can also benefit from 

cross correction, where a transduced cell can essentially become an enzyme 

producing factory for neighboring cells (Fig. 1.3) (85-88). 

Gene therapy can be employed as a modified viral vector, or utilizing non-

viral approaches such as liposomes, polymers and modified peptides.  For a 

comprehensive review on non-viral gene therapy, refer to O’Mahony et al (104).  

In viral gene therapy, the choice of which vector is appropriate is dependent on 

factors such as transgene size, cell type transduction, route of administration, 

integration capabilities and potential immune responses (105, 106).  Lentiviral 

(LV) based vectors have a capacity up to 8kb in a single stranded (ss) RNA 

genome, transduce dividing and non-dividing cells, can randomly insert into the 

genome and have the risk of immune responses.  Adenoviral (Ad) vectors have a 

transgene capacity of 36kb in a double stranded (ds) DNA genome, transduce 

dividing and non-dividing cells, show no integration into the host genome are 

highly immunogenic and can lead to toxicity in the CNS.  Herpesviral (herpes 

simplex virus-1, HSV-1) vectors have an extra large capacity of 150kb in a 

dsDNA genome, transduce only dividing cells, do not integrate into the host 

genome, and have a high risk of immune reactions.  Recombinant adeno-

associated viral (AAV) vectors have a capacity of up to 4.7kb, in a ssDNA 

genome, transduce both dividing and non-dividing cells, are not known to 

integrate into the host genome (wild type AAV can integrate) and have little to no 
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immune concerns.  For a review on viral gene therapy refer to Giacca and 

Zacchigna (105) and Byrne et al (106).   

For the work in this thesis, AAV has been chosen as the therapeutic 

vector due to the transduction capability in non-dividing cells and safety aspects 

of this virus.  A detailed overview of AAV is provided below. 

 

AAV Virology  

AAV was originally identified as a contaminant of an adeno-viral 

preparation and was hence named adeno-associated virus (107).  AAV is a 

linear, single stranded, non-enveloped virus, with a molecular weight of 1.4x106 

Da (108).  It is a DNA parvovirus of the dependovirus group which is replication 

deficient, and as the name implies, depends on another virus for replication 

(107).  The wild type virus consists of two 145bp inverted terminal repeats (ITR) 

which contain elements that allow packaging of the viral DNA into the capsid 

(108, 109).  Two open reading frames encode the Rep and Cap genes which 

function in the replication and capsid formation of the virus (110).  Three 

structural Cap proteins VP1, VP2, and VP3 exist at a ratio of 1:1:18, where VP1 

expresses from the translation initiation codon, VP2 and VP3 results from 

alternate splice sites expressed from two possible initiation sites either ACG or 

AUG (111).  More recently, a 23kDa protein has been identified from an alternate 

open reading frame (ORF) within the Cap gene (112).  This assembly-activating 

protein (AAP) assists in the targeting of capsid proteins to the nucleous for 
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capsid formation (112, 113) by interaction with the C-terminus of the VP proteins 

(114).  In general, capsid proteins function in cell recognition, entry, trafficking, 

uncoating, assembly and export. The structure of the capsid is a T=1 

icosahedral, created from 60 total monomers of VP1, VP2, and VP3 proteins.  

The capsid is ~25nM in diameter (107). The Rep gene functions in DNA 

replication as well as expression of the AAV and encodes for 4 proteins.  

Transcription of Rep78 and Rep68 come from p5 promoter and are controllers of 

the AAV lifecycle, where Rep52 and Rep40 initiate from a downstream p19 

promoter.  AAV DNA is packaged as equal amount of either plus or minus ss 

genomes, and in the nucleus exists as a linear monomer, linear oligomers or 

duplex circles (108) or after transduction they exist as concatemers which are 

multi head to tail linear or circular dsDNA (115).   

AAV enters the cell by interactions on the AAV capsid to receptors on the 

cell surface and into clathrin-coated vesicles via receptor-mediated endocytosis 

(116-118).  Each capsid has a different composition and therefore a variety of 

receptors play a role in cell entry.  More than 100 different versions or ‘serotypes’ 

of AAV have been identified which have been isolated from various species (119-

121).  However, serotypes of AAV capsids are not the classical definition as 

these capsids are not immunologically distinguished.  The natural variations of 

these capsids lead to the ability to target a variety of cell populations.  For 

example, AAV1 and AAV6 bind α2,3 and α2,6, N-linked sialic acid (122, 123) 

with a coreceptor for AAV6 of epidermal growth factor receptor (124).  AAV2 and 
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AAV3 have a primary receptor of heparin sulfate proteoglycan (HSPG) binding 

domain (125) both with coreceptors of 37/67 kDa laminin receptor where this 

receptor also binds AAV8 and AAV9 (126).  AAV2 has additional co-receptors of 

the fibroblast growth factor receptor (FGFR) (127), hepatocyte growth factor 

receptor (HGFR) (128) and integrin α5β1 (129).  AAV4 and AAV5 both use α2.3 

O-linked sialic acid (130, 131) with a co-receptor for AAV5 of platelet-derived 

growth factor receptor (132).  Finally, AAV9 primarily binds galactose (133).  Zinn 

and Vandenberghe provide a review of capsid evolution and tropism (134).  

Taken together, these studies allow for the intentional selection of capsids and in 

turn, specific cell populations and tissue targets according to experimental needs.  

After cell entry, endosomes bearing AAV’s are then trafficked to the golgi 

(118, 135), and interact with microtubules associated proteins (136, 137).  

Endosomal escape occurs as a change in conformation from the VP1 and VP2 

proteins leads to exposure of the N-terminus (138-140) with phospholipase A2 

domains (141) and nuclear localization signals (142, 143).  Recent reports 

indicate that nuclear entry occurs through the native nuclear import pathway, 

using the host cell’s machinery to enter the nuclear pore complex (144).  

Uncoating of the virus occurs in the nucleus (145-147). Two theories then exist 

for transgene expression i) second strand synthesis (148, 149) and ii) recruitment 

of plus and minus ssAAV genomes (150).  i) Second strand synthesis is where 

the ssDNA then converts into dsDNA which is believed to be the rate limiting step 

to gene expression (148, 149).  The generation of the second strand occurs as 
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the ITR’s fold upon each other to form a hairpin (151).  Only 125 nucleotides of 

the 145bp in the ITR are complementary, where unpaired bases are named the 

D sequence.  DNA polymerase then synthesizes the second strand using the ITR 

as the origin of replication.  ii) Recruitment of plus and minus strands occurs by 

first an accumulation of linear ssAAV genomes in the nucleus from AAV viral 

particles that contain either a plus or minus ss genome.  The plus and minus 

strands then self-anneal and form a double stranded (ds) linear genomes which 

are then converted to ds circular monomers (150).  Combination of the 

monomers to concatemers occurs through the intermolecular recombination of 

the ITRs (152).  All ds forms are thought to be able to produce transgene 

expression (152, 153).  AAV can persist within the nucleus of a non-dividing cell 

and produce transgene product for extended, unknown periods (>10 years) if not 

subject to an immune response elicited by the transgene (154) or capsid (155, 

156).   

When not replicating, wild type virus can use the ITR’s and the Rep 

protein to integrate into the genome in a site specific manner into human 

chromosome 19q (AAVS1) locus which contains a Rep binding element (157, 

158), and occurs in 0.1% of wild type infecting genomes.  In contrast, 

recombinant AAV (rAAV) is not thought to integrate as long as no Rep gene is 

present in the rAAV transgene (159).  The non-replicative nature of rAAV’s lends 

to safety of the vector in therapeutic application.  In addition, no known disease 



29 
 

has been caused by a wild type virus despite >90% of humans being seropositive 

(160).   

 

AAV as a Gene Therapy Vector 

In the creation of viral vectors for therapeutic intervention a dual vector 

approach was developed which removes all replicative and structural proteins, 

only retaining the ITR’s for packaging (161).  In this system, the Rep and Cap 

genes are provided in trans by an adenoviral helper plasmid while the AAV DNA 

of those genes are replaced with the transgene of interest (162).  AAV2 wild type 

ITR’s are retained for packaging with the AAV2 specific Rep gene, however the 

supplied Cap genes determine the resulting capsid which then provide user 

specificity and determine cell or tissue tropism as detailed above. AAV’s have a 

packaging capacity of 4.7kb which can be limiting if employing a large cDNA or 

promoter.  However, if the gene of interest is small, a self complementary (sc) 

AAV is also an option, which has a packaging capacity of 2.2kb.  scAAV’s have 

the added benefit of fast transcription as it bypasses the need for second strand 

synthesis by packing inverted terminal repeat DNA (163, 164).   

 

Distribution of Lysosomal Enzymes in the Brain 

Lysosomal enzymes distribute through the CNS in multiple ways including 

diffusion (165-167), axonal transport (167), and CSF (167).  Formative work in 

this area was performed using AAV2-human β-glucuronidase (GUSB), and 
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corresponding adult mucopolysaccharidosis MPS VII mice (165).  Diffusion is 

described as a sphere of enzyme in cells surrounding the injection site.  

Therefore, enzymes found in distal sites but lacking mRNA presence are 

investigated for axonal transport.  Injections into brain regions with known axonal 

connections were performed into the hippocampus or dentate gryus.  This 

resulted in enzyme expression which lacked mRNA presence in those predicted 

axonal connections in the contralateral hemisphere as early as 1 month and up 

to 18 months post-injection (165).  Hippocampal injections demonstrated enzyme 

activity related to the clearance of storage product from axonal connections, but 

not in structures close to the injection site which do not have direct connections.  

This result indicated axonal transport and not diffusion lead to the clearance.  

Finally, injection into the subventricular zone (SVZ) resulted in enzyme 

expression, but not mRNA, in cells in the olfactory bulb demonstrating cross 

correction by secretion of GUSB from the SVZ and uptake by cells of the rostral 

migratory stream (RMS) (165).  Davidson and colleagues further investigated the 

MPS VII mouse model utilizing AAV4-RSV-human β-glucuronidase unilaterally 

into the lateral ventricle of adult mice (166).  Diffusion into the extracellular space 

from ventricular spaces, transduced ependymal cells, in conjunction with 

endocytosis and cross-correction in both the RMS and the SVZ lead to enzyme 

expression in the olfactory bulb.  In addition, movement of enzyme through the 

CSF led to enzyme positive cells which were found near microvasculature 

throughout the cerebrum, cerebellum and brain stem, and resulted in large 
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reduction of storage materials and pathology as well as improvement in 

behavioral deficits (166).  Work investigating GM1-gangliosidosis in adult mice 

with AAV1-mouse-βgal injected into the hippocampus showed presence of the 

enzyme βgal in projections consistent with anterograde transport, evidence of 

diffusion as indicated by enzyme activity in the surrounding cortex without mRNA 

presence, as well as enzyme activity in the leptomeninges and perivascular 

space indicative of CSF flow dissemination.  A resulting correction of storage 

material was associated with all regions positive for enzyme.  This study also 

exhibited  anterograde and retrograde transport of mRNA as determined by in 

situ hybridization in the contralateral hippocampus and along the perforant 

pathway, respectively (167).  

 

Targeting of the Central Nervous System in LSDs 

Advances in targeting the CNS for treatment in LSDs have occurred 

through the injection of highly connected structures in the brain and development 

of new AAV capsids.  A variety of novel AAV serotypes have been discovered 

whose tropisms provide gene therapy with many options for brain targeting (168-

171).  In a study utilizing MPS VII mice, AAV9-hGUSB injected into the striatum, 

hippocampus and ventral tegmental area (VTA) resulted in widespread 

distribution of vector mRNA and enzyme distal to the injection site which followed 

known projection sites specific to those targets.  This work also presented 
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variable distribution patterns from AAV1, 9 and rh10 injected into the VTA. In 

addition, AAV9-CY3 vector provided evidence of viral presence in neurons at 1 

and 24 hrs post injection indicating distribution by fast axonal transport (170).  

Further work by this group evaluated 17 additional serotypes in neonatal brains, 

and further studied 6 of these in adult mice based on ability to transduce brain 

tissues after lateral ventricular injection (169).  In this study, AAV-GFP injections 

into adult mouse cortex, striatum, hippocampus and thalamus indicated that rh8, 

hu48R3, hu11, pi2, hu37, and hu32 all transduced more brain volume and cells 

than AAV9.  However, all but hu37 and hu48R3 were in distal sites with known 

projections indicating axonal transport.  Overall, AAVs appear to trend toward 

neuronal transduction, and all but hu37 also transduced astrocytes and 

oligodendrocytes which can be important in additional CNS diseases specifically 

those involving demyelination (169).  The Bankiewicz group continued to 

investigate axonal transport in the primate brain with AAV2-glial-derived 

neurotrophic factor (GDNF) and also with non-secreted AAV2-GFP injected into 

the thalamus, where both provided delivery to the neurons of the cerebral cortex, 

a known destination for efferent projections and indicative of anterograde 

transport (172).  In further studies, this group also examined AAV2 or AAV6-GFP 

in the thalamus or striatum of rat brain, where thalamic injection resulted in GFP 

positive cells in the striatum with AAV2, but not AAV6, indicating a lack of 

anterograde transport with this capsid (171).  Conversely, striatal injection of 

AAV6 provided GFP expression in the cortex, thalamus and substantia nigra pars 
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compacta, but not substantia nigra pars reticulata which receives projections 

from the striatum.  However, GFP positive fibers were found within the substantia 

nigra pars reticulata indicating the transduction of GABAergic neurons. This work 

implies a bias of AAV6 towards retrograde transport in the areas examined and 

demonstrates that the direction of axonal transport is serotype dependent (171).  

Recently, a study comparing the transport of AAV1, 8 and 9 in rat cultured 

cortical neurons and in vivo showed that conserved anterograde and retrograde 

axonal transport mechanisms existed in all three serotypes, and that increasing 

vector uptake by an increase in receptor availability lead to greater axonal 

transport (173).  Additional studies focused on targeting the cerebellum were 

performed in mouse model of the LSD Niemann-Pick type A where the loss of 

Purkinje cells is a major phenotype (174).  This work investigated AAV’s 1, 2, 5, 

7, and 8 encoding human acid sphingomyelinase (ASM) with bilateral injections 

into the deep cerebellar nuclei (DCN), a known projection site for Purkinje cells 

and highly connected to the brain stem and spinal cord.  Results suggest AAV1 

and 8 to be most widespread in the transduced area, where amount of enzyme 

expression and clearance of storage material appeared throughout cerebellum 

and surprisingly provided a reduction in storage in the cerebrum however without 

overt enzyme presence.  Cell type transduction also varied, with AAV1 and 5 

mainly transducing Purkinje cells, AAV2 in granular neurons, and AAV7 and 8 

mostly in the molecular layer (174).   
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Potential Limitations to CNS Centric Approaches for LSD’s 

Considerable progress has been made in treatment of lysosomal storage 

diseases with central nervous system involvement.  However, while CNS 

directed therapy mitigates the primary cause of mortality, additional phenotypes 

from peripheral involvement become more prominent.  Successful treatment of 

the CNS was achieved in a mouse model of the LDS GM2 gangliosidosis, also 

known as Sandhoff disease (175).  This study utilized AAV1-hexα and AAV1-

hexβ plus 20% wt/vol mannitol with bilateral injections into striatum and DCN 

which resulted in unprecedented survival.  Interestingly, despite successful 

correction of storage material throughout most of the CNS, many of these 

animals eventually succumbed to unanticipated peripheral organs disease, such 

as the urinary bladder and/or colon which was attributed to autonomic 

neuropathy (175). 

 

Ex-vivo Lentiviral Modification Approaches for LSD’s 

Ex-vivo lentiviral (LV) mediated genetic modification of autologous 

hematopoietic stem and progenitor cells (HSC/HSPC) can be a useful technique 

to treat lysosomal storage disorders; however this method also faces some 

challenges. The treatment of LSD in the CNS has been shown to be extremely 

effective as it was revealed that donor HSPC’s will enter the CNS, differentiate 

into microglia and engraft into the brain; a process that is enhanced by exploiting 
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intrinsic properties of these cells to migrate to the site of neuronal damage (176).  

A study investigating the LSD metachromatic leukodystrophy (MLD) utilized 

either modified purified donor HSPC’s from mutated arylsulfatase A mice (As2-/- 

MLD) transduced with a lentiviral vector (LV) encoding the missing arylsulfatase 

A (ARSA) enzyme, or non-modified HSPC’s from wild type (WT) mice.  

Transplanting mice with LV modified HSPC’s, but not WT HSC’s, resulted in 

repopulation of CNS and PNS microglia and macrophages respectively, as well 

as restored enzyme activity leading to resolution of storage material, and 

provided almost total protection from demyelination where motor, learning and 

coordination functions were retained.  These results indicate cross correction 

resulting from higher levels of enzyme from LV donor cells is necessary to 

achieve therapeutic benefit in this model. Trepidation regarding this therapy is 

from the possibility of insertional mutagenesis (177).  Visigalli et al used LV 

HSPC transplantation in the adult LSD MPS I mouse (178).  This study 

demonstrated a dose dependent correlation to therapeutic outcome, with ~100 

fold > WT expression of enzyme activity from circulating hematopoietic cells 

necessary to attain absolute resolution of disease.  Most notably, this was the 

first report showing correction of neurological and skeletal abnormalities in this 

model. They also revealed that this supranormal level of expression had no 

negative impact on the functionality of HSPC’s in vivo, and that considerably 

lower LV copy number (1 vs 5 on average) may be required for similar 

expression in human HSPC’s where the phosphoglycerate kinase promoter in 
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the transgene is more effective (178).   In some systems however, 

overexpression of an enzyme can have toxic implications as identified in the 

mouse model for the LSD Globoid cell leukodystrophy (GLD or Krabbe disease) 

where cultured GALC -/- mouse cells transfected with LV galactocerebrosidase 

(GALC), but not with LV GFP resulted in apoptosis, and LV GALC HSPC 

transplanted GALC -/- mice failed to engraft and had a severely reduced life span 

(179).  An elegant solution to this issue was provided by the discovery that 

microRNA-126 (miR-126) was enriched in HSPC’s, but severely decreased in 

differentiated hematopoietic cells.  To this end, a microRNA de-targeting 

sequence (miRT) was added into the transgene and effectively regulated 

expression only to differentiated cells.  Indeed, when applied to newborn GALC-/- 

mouse, the LV GALC-miRT-126 transplanted HSPC’s led to increased enzyme 

activity in brain and liver, diminished storage and neuroinflammation, protection 

from peripheral demyelination and overall phenotypic improvement and survival 

(179).  Another potential limitation in the treatment of some LSD’s is the rapid 

progression of symptoms that may exceed the ability for efficient transgene 

expression through HSC therapy.  For effective enzyme expression utilizing 

HSC’s, enzyme deficient brain microglia must be replaced by LV modified HSC 

progeny, which can be a lengthy process.  However, utilizing direct AAV brain 

parenchymal injections can reduce the time for therapeutic onset with expression 

ensuing in 3 weeks or less (180).   
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Systemic Administration of AAV Vectors for the CNS 

Advent of new AAV vectors capable of targeting the brain after systemic 

delivery provides a therapeutic approach that may bridge the gap between direct 

CNS and peripheral treatment modalities.  Successful demonstration of an IV 

approach resulting in AAV delivered transgene expression in the brain was 

shown with scAAV9-GFP injection into the facial vein of day 1 C57BL/6 mice or 

the tail vein of adult mice (181).  This study established a tropism for transgene 

expression in the lower motor neurons (LMN) of the spinal cord, and pyramidal 

and Purkinje neurons in the brain from neonatal injections.  However, a 

considerable reduction of LMN targeting from adult injections indicating restricted 

access to these cells in the post-developmental period.  In contrast, adult 

injections led to mainly astrocyte transduction which were previously inaccessible 

utilizing parenchymal administration (181).  Additional systemically delivered AAV 

serotypes were identified by injection into P1 neonates with scAAV-GFP into the 

superficial temporal vein (182).  This study characterized AAVrh.10 > rh.39 > 

rh.43 as serotypes with similar or enhanced AAV transduction as compared to 

AAV9 in the brain, and AAVrh.43 > rh.39 > rh.10 in the spinal cord with gray and 

white matter GFP expression.  Transduction of lateral, 3rd, and 4th ventricles, 

specifically in choroid plexus cells, were greatest in AAVrh.39 > rh.10 > rh.43 > 7 

and followed by 9, where a descending gradation of expression was evident as 

distance from the ventricles increased.  Finally, it was determined that this 

intravascular delivery did not activate microglial cells at the 3 week post injection 
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time point as compared to PBS or non-injected controls indicating a lack of 

immune response to this approach (182).  Another direct comparison of vectors 

was performed in adult C57BL/6 mice which gave a profile of vectors in 

descending order of transduction capacity using GFP in the brain and spinal 

cord:  AAVrh8 = rh10 = 9 > 8 = 7 = hr.43 = rh.39 > 6.2 > 6 > 1 > 2 (183).  Further 

providing a transition into human studies, NHP were injected with scAAV9-GFP 

into the saphenous vein at P1, 30, or 90, or into the thoracic cord at 3 years of 

age (184), and recently with scAAVrh.10-GFP into the saphenous vein in adult 

marmosets with or without detargeting sequences miR1 and miR122 3x for heart 

and muscle or liver detargeting, respectively (183).  The AAV9 animals all 

resulted in GFP expression throughout the brain in a pattern similar to the mouse 

study, however with minimal neuronal cells and a predominance of microglia and 

astrocytes targeted at all ages of NHP’s tested (184).  Spinal cord analysis 

revealed efficient motor neuron transduction through the entire length of the 

tissue in P1-P90 animals, and in the 3 year old NHP a similar pattern of 

transduction, but also with a slight reduction (184).  Peripheral organs affirmed 

previous work with expression evident in all skeletal muscles taken in P1-P90 

samples, with a slight decrease, but discernible in the aged animal; liver, heart, 

adrenal medulla from P1 intestines and testis were also positive in P1-P90 to 

varying degrees and with lung, kidney and spleen showing few positive cells 

(184).  AAVrh10-GFP led to GFP expression throughout the motor neurons in the 

entire spinal cord  (183).  The brain expression was more restricted to particular 
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nuclei such as ventral midbrain, substantial nigra, inferior olivary nucleus, lateral 

reticular nucleus and red nucleus (183).  Excitingly, these results demonstrate 

that motor neurons in the spinal cord (174, 184), and glia in brain of NHP’s (184) 

are accessible to transduction at all ages studied indicating a larger therapeutic 

window for IV treatment of disorders involving these cell types then previously 

believed (184).   

The ability to deliver a therapeutically relevant gene was demonstrated in 

several studies.  Vascular endothelial growth factor (VEGF) in a scAAV9 vector 

was delivered into neonatal and adult mice, produced expression in the brain, 

spinal cord and peripheral organs (liver and heart) and sustained expression 

through the end of the study, up to 5 months post injection (185).  In the lower 

motor neuron disease Spinal Muscular Atrophy (SMA), mice receiving treatment 

at P1-P5 showed therapeutic benefit in lifespan, weight gain and correction of 

synaptic current from an injection of a the missing gene scAAV9-survival motor 

neuron 1 (SMN1) (186).  In the LSD MPS IIIB adult mouse IV injection into the 

tail vein successfully extended survival from 8-12M to >22M (187).  This 

approach normalized rotarod performance, prevented astrocytosis and 

neurodegeneration, transduced neurons, glia and endothelia expressing enzyme 

throughout the brain, heart and muscle at supranormal levels, while normalizing 

enzyme in liver, lung, and intestine, and in turn providing correction of lysosomal 

storage (187).  Ruzo et al investigated the IV treatment of the LSD MPS IIIA with 

AAV9-sulfamidase (Sgsh) in adult mice (188).  In this work enzyme was effective 



40 
 

at targeting the CNS, clearing storage and significantly extending lifespan. Once 

again, high liver expression was seen, but was restricted to levels of 5-fold in 

males and wild type levels in females (188). Together, these unprecedented 

results hold much promise for diseases involving CNS, PNS and peripheral 

organ pathology; however extremely high expression in certain tissues could 

indicate a “sink” for which the enzyme accumulates.  If the transgene product is 

expressing at high levels in particular tissues and leads to decreased availability 

to the target organs, a high total vector dosing may be required in order to obtain 

therapeutic impact and could possibly lead to long term toxic effects.  As 

mentioned earlier, microRNA’s are a promising tool to repress expression in non-

desired cell or organ groups. This idea was exploited by engineering miRNA sites 

with perfect complementary to liver miRNA, miR-122 and/or heart and muscle 

miR-1 into the 3’ untranslated region of a nLacZ or GFP transgene packaged into 

AAV9 (189).  This study elegantly revealed that expression of a transgene can be 

modulated with addition of 1 or 3x the miRNA sites corresponding to non-target 

organs. Target transgene mRNA’s were cleaved at expected sites when bound to 

Argonaute proteins, and that this addition does not affect the endogenous 

function of miRNA’s or their target proteins within those tissues (189).    

 

Additional Approaches and Considerations for CNS Gene Therapy 

Targeting to a specific organ or cell type as a source of enzyme 

production is another approach for CNS gene therapy.  One method employed in 
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an MPS III model was to utilize a liver directed promoter within an AAV8 capsid 

using systemic delivery (190).  In this work, IV injection of AAV8 containing a liver 

directed promoter produced wild type or greater levels of circulating enzyme in 

the serum, led to an uptake of enzyme through M6PR on the cell surface and 

resulted in 10% wild type levels in the brain and a significant extension of 

lifespan.  However, this effect was male specific due to the phenomenon 

identified by Davidoff et al where testosterone in the male animals enhanced 

transduction of liver cells (191).  This interesting gender dependent finding was 

also identified within CNS where athymic NU/NU nude and C57BL/6N mice were 

injected with AAV9 expressing firefly luciferase (Fluc) (192).  In this study, Fluc 

expression as well as vector genomes were found to be present in greater 

amounts in female versus male mice.  Taken together, these studies indicate that 

in the IV administration of AAV one must consider a possible liver ‘sink’ for vector 

in male mice that could increase the availability of vector in the other organs of 

female mice and result in differing transduction amounts between the sexes.   

Genetic targeting of disease specific brain endothelium can create a 

localized hub to deliver therapeutic proteins to the brain.  This approach was 

investigated by modification of AAV2 capsid at site 587 (a known receptor 

binding location) after independent 5x phage panning in both WT and two LSD 

mouse models MPS VII or LINCL (193).  Epitopes identified by this screening 

were unique to each mouse model signifying distinctive coinciding alternations in 

the vasculature, and upon tail vein injection of modified capsids only those 
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specific peptides provided novel tropism to the corresponding model’s brain 

microvascular.  CNS therapeutic outcomes included pathological correction, 

enzyme expression, and storage resolution in multiple cell types.  Prevention of a 

tremor phenotype was also noted, indicating cross correction from the 

transduced endothelia, and providing a viable alternative to intracranial injections 

for CNS affecting diseases in which the therapeutic gene involves secreted 

proteins (193).  In a subsequent study, the modified AAV2- brain targeting 

peptides (AAV2-PFG) and AAV9 were compared by injections into the tail vein of 

adult MPS VII mice (194).  Surprisingly, the AAV-PFG-β-glucuronidase (βGlu) 

vector, but not AAV9-βGlu provided enzyme to the brain, reversed storage in the 

CNS, corrected learning phenotypes, and extended survival.  Upon further 

investigation, a novel accumulation of sialic acid in the brain vasculature was 

revealed in the MPS VII mice, which lead to decreased transduction by AAV9 

(194).  This finding is extremely noteworthy, as it is further demonstration that 

despite common traits, researchers must consider biochemical features unique to 

each disease that can affect therapeutic outcomes.  

 

Gene therapy for GM1-gangliosidosis 

Previous attempts at gene therapy based approaches for GM1-

gangliosidosis utilized RV (46), HSV-AAV hybrid (195), adenoviral (AD) (196), 

and adeno-associated viral (AAV) (197-199) vectors.   
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Sano et al used the RV murine stem cell virus to transduce donor derived 

bone marrow cells (BMC) with human-β-galactosidase-(βgal)-GFP and 

introduced by tail vein into lethally irritated, 3-4 week old βGal-/- acceptor mice 

(46).  These modified BMCs were successfully engrafted and expressed enzyme 

in both the CNS and peripheral organs.  Reduction in GM1 storage, cytokines, 

inflammatory markers, unfold protein response hallmarks, as well as a reduction 

in histological pathology was noted from 3-6 months post transplant.  Correction 

from bone marrow transplant (BMT) cells were mostly focused on areas which 

typically undergo inflammatory response in this disease (and thus recruit 

microglia derived BMC’s) such as the thalamus, brain stem, cerebellum and 

spinal cord (6, 46).  Behavior was also significantly improved, but not normalized 

in rotarod and open field testing (46).  Notably, not all mice responded similarly 

which may reflect the success of the integration of the provirus in BMC in 

favorable regions for transcriptional activity, or those BMC that had higher 

transduction efficiencies prior to transplantation (46).   

Oehmig et al employed a hybrid HSV/AAV vector for the integration of 

human βgal gene, GLB1 in vivo in cells of either a GM1-ganglioside patient or 

glioblastoma cell line (195).  Expression of βgal enzyme was successful in 80% 

of clones tested, and provided 2 fold upregulation of activity for up to 4 months. 

Integration of the gene into the AAVS1 site was achieved in 33% of clones (195).   

Takaura et al applied an AD vector encoding mouse-βgal in neonatal mice 

24-48 hrs after birth into the superficial temporal vein (196).  Animals were 
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evaluated at 30 and 60 days post infection.  Both the CNS and periphery 

demonstrated varying enzyme expression and reduction in GM1-ganglioside 

storage in half the animals tested.  Enzyme expression was increased in most 

tissues at 10-20% of wild type levels, but ranged from normalized to 

supraphysiological in the liver, lung and heart.  The authors attribute the 

variability in storage reduction in the CNS to age of injection and the permeability 

of the blood brain barrier (196).   

AAV therapy has been applied in both neonatal (197) and adult mice (198) 

as well as adult cats (200).  Neonatal animals were treated with AAV1-mouse-β-

galactosidase by intracerebroventricular (ICV) injection in P0 mice (197).  At 3 

months post injection, enzymatic activity was significantly increased in all brain 

regions at levels 7-65 fold over wild type controls, but had no effect on the liver.  

Storage of GM1-ganglioside in treated animals was significantly decreased 

versus untreated βgal-/- controls and was similar to wild type levels. Interestingly, 

analysis of neutral and acidic lipid species revealed a reduction in cerebrosides 

and sulfatides (implicated as myelin-enriched lipids) in untreated βgal-/- controls, 

but these lipids were normalized in treated animals (197).  In adult mice at 6-8 

weeks of age, AAV1 was injected bilaterally into the thalamus or the thalamus 

and DCN (198).  In addition, in another set of animals AAV with a liver-specific 

promoter was infused intravenously prior to intracranial injections in order to 

prevent immune responses; however, no immune responses were observed in 

any cohort.  In situ hybridization on sections from thalamic alone injections 
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reveled AAV-transduced cells only in the dorsal and lateral thalamic nuclei and 

slightly in the ipsilateral cortex.  Enzyme expression and ganglioside content 

were analyzed at 1 and 4 months as well as at the humane point (~9 months for 

untreated βgal-/- compared to 12 months in treated mice).  All treatment groups 

resulted in a 10 fold increase in enzyme expression over βgal+/- mice in the 

cerebrum, brainstem and subcortical regions, however only the thalamic + DCN 

group was > 10 fold higher than βgal+/- in the cerebellum.  In contrast, the spinal 

cord was up to ~80% of βgal+/- levels at 4 months and to ~35% at endpoint in 

thalamic alone, versus a consistent ~50% of βgal+/- levels in the thalamic + DCN 

grouping.  Notably, GM1-ganglioside content was similar in reduction for all 

regions in all groups (30-90% of untreated βgal-/- levels) except cerebellum where 

thalamic + DCN provided additional reduction of ~90% versus thalamic alone of 

~25%.  Markers of inflammation were also investigated and were found in the 

same CNS areas that had persisting storage after treatment in βgal-/- mice.  

Survival for both groups were significantly increased to 45 weeks for thalamic 

only and > 52 weeks for thalamic + DCN.  Behavioral tests of rotarod for balance 

and coordination and open field testing did not provide any improvement over 

untreated βgal-/- mice with the exception of the thalamic + DCN group improved in 

distance traveled at and rearing at 2.5 months. 

McCurdy et al presented a study in a feline juvenile GM1-gangliosidosis 

model with AAV1 or AAVrh8 encoding feline β-galactosidase (fβgal) injected 

intracranially into both the thalamus and DCN (200).  This work resulted in 
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enzyme expression from 1.1-4.1 fold normal levels throughout the brain, and 0.9-

4.2 fold normal levels in the spinal cord with both capsids.  GM1 content was 

significantly reduced throughout the brain, but remained above normal in 4/15 

sections of the CNS analyzed including the cervical spinal cord.  The 

development of seizures occurred in 50% of the animals studied long term, but 

was well controlled by medication.  Most importantly, these animals had 

significant extension of life span and obtained re-establishment of breeding 

function which was unprecedented  in this model (200). 

Taken together, studies in this disease either suffered from lack of enzyme 

expression in the intended regions, or a non-significant reduction of storage.  

Often, the lack of therapeutic efficacy resulted in secondary pathology and/or 

eventual disease progression.    

The following chapters will discuss the investigation of a gene therapy 

based treatment for GM1-gangliosdiosis in a βgal mouse model.  In Chapter II, 

an intravenous approach using a rAAV9-mβgal vector led to enzyme activity in 

the CNS, unprecedented motor retention and survival of these animals. In 

Chapter III, an intracranial technique using rAAVrh8-mβgal vector provided 

significant extension of lifespan and motor function, but also resulted in abnormal 

findings.  These unusual results were then investigated in both normal and 

diseased animals leading to a re-engineered vector which provided a therapeutic 

benefit while minimizing negative impact.  Taken together, these studies are an 

important step in the development of a safe and effective gene therapy treatment 
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for GM1-gangliosidosis and, in turn, other lysosomal storage disorders affecting 

the central nervous system. 
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CHAPTER II:  Systemic AAV9 gene Transfer in Adult  

GM1-Gangliosidosis Mice Reduces Lysosomal  

Storage in CNS and Extends Lifespan 

 

Introduction 

 

GM1-gangliosidosis is an autosomal recessive disorder resulting from 

mutations in the GLB1 gene encoding lysosomal acid β-galactosidase (βgal) (3). 

Mutations resulting in enzymatic deficiency lead to storage of a number of 

metabolites in the lysosomes. Namely, storage of GM1-ganglioside (GM1) and its 

asialo derivative GA1 occur primarily in the central nervous system (CNS) (201) 

while oligosaccharides and keratan sulfate accumulate in visceral organs (202).  

GM1-gangliosidosis occurs at a frequency of 1:100K-200K births and manifests 

at different ages: The infantile form is diagnosed in the first 6 months of life, the 

late-infantile/juvenile form manifests between 3 and 36 months of age, and the 

less common chronic/adult form has a wide range of onset from 3-30 years of 

age, and disease progression over 10-30 years (7).  The age of onset is directly 

correlated with the residual activity of mutant enzymes nearly absent in infantile-

associated mutations, and up to 9% of normal in the adult forms (7).  In infantile 

patients the disease is characterized by rapid neurological decline, loss of 

voluntary motor control resulting in generalized paralysis, extreme emaciation, 

and death.  Other organs and tissues are also affected as evidenced by the 
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characteristic hepatosplenomegaly and skeletal dysplasia.  These clinical 

findings are either milder or absent in late-infantile and chronic forms of the 

disease where some residual enzyme activity is present.  Currently there is no 

treatment for GM1-gangliosidosis.   

A number of gene therapy approaches have been tested in animal models 

of GM1-gangliosidosis, including in vivo infusion of adenovirus (196), adeno-

associated virus (AAV)  vectors (197, 198, 200), and ex vivo modification of 

autologous bone marrow stem cells with retrovirus vectors (46).  The feasibility of 

these strategies is based on the ability of genetically modified endogenous cells, 

in vivo or ex vivo, to overexpress and release large quantities of functional 

lysosomal enzymes into the extracellular milieu.  This secretion of enzyme allows 

for its distribution throughout the body via the blood stream. In the CNS several 

mechanisms contribute to the distribution of lysosomal enzymes including the 

flow of cerebral spinal fluid and interstitial fluid, as well as axonal transport (165, 

167, 196).  Most cells in the body are capable of taking up functional lysosomal 

enzymes and target them correctly to lysosomes via mannose-6-phosphate 

receptors on the cell surface (85).  This targeting mechanism is the basis for 

enzyme replacement therapies that are the current standard of care for a number 

of lysosomal storage diseases affecting visceral organs.  This is accomplished by 

regular parenteral infusion of recombinant enzymes. CSF infusion of recombinant 

enzyme is in clinical development for LSDs with neurological features 

(ClinicalTrials.gov: NCT01510028; NCT02055118).  Direct infusion of AAV 
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vectors into CSF or brain parenchyma has been the most effective in vivo gene 

delivery approach in animal models of GM1-gangliosidosis (197, 198, 200) and 

other lysosomal storage diseases with neurological features (97, 98, 100, 203, 

204).  The distribution of AAV vectors after intraparenchymal infusion is largely 

restricted to the injection site, although some AAV capsids also undergo axonal 

transport (168, 170, 171).  One approach to achieve widespread distribution of 

enzymes throughout the CNS via axonal transport is to infuse AAV vectors into 

highly interconnected structures such as striatum (205, 206), deep cerebellar 

nuclei (174), ventral tegmental area (170) or thalamus (198).  In mouse and cat 

models of GM1-gangliosidosis, the combination of bilateral thalamic and deep 

cerebellar injection of AAV vectors has proven exceptionally effective to correct 

lysosomal storage in the CNS (198, 200).  The therapeutic effect of this gene 

therapy approach in GM1 cats is remarkable with nearly complete correction of 

neurological symptoms and dramatic extension in their lifespan with restored 

reproductive capacity (200).  Despite several CNS gene therapy clinical trials 

showing that intraparenchymal infusion of AAV vectors is well tolerated, it is still 

an invasive delivery approach (207-209). 

AAV9 vectors are capable of crossing the blood brain barrier (BBB) after 

intravascular delivery and achieve widespread transduction of neurons and glia 

in neonatal (181) and adult animals (181, 184).  This property of CNS 

transduction after vascular delivery appears to be a property shared by other 

AAV capsids (182, 183).  These new BBB-penetrating AAV vectors are attractive 
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platforms to address the multisystemic nature of most LSDs as they also 

transduce peripheral organs at high efficiency and thus have the potential to 

become whole body therapies with a single intravascular infusion.  Systemic 

infusion of AAV9 vectors in adult mucopolysaccharidoses (MPS) IIIA (188) and 

IIIB (187) mice has proven highly effective in addressing lysosomal storage in the 

CNS and peripheral organs with resulting extension in lifespan.  Interestingly in 

MPS VII mice it appears the biochemical alterations inherent to the disease 

compromise the therapeutic efficacy of AAV9 (194).  

 In the present study, we assessed the therapeutic efficacy of vascular 

administration of an AAV9 vector encoding mouse lysosomal beta-galactosidase 

in adult GM1-gangliosidosis mice.  A single administration of this single stranded 

AAV vector was sufficient to achieve enzyme expression and reduction of GM1–

ganglioside content throughout the CNS.  Most notably behavioral function 

remained stable longer and the lifespan was significantly increased in all AAV-

treated cohorts.    

 

Materials & Methods 

 

AAV vector design and production   

The vector AAV-mβgal contains a two flanking AAV2 inverted terminal 

repeats, cytomegalovirus enhancer fused to a chicken beta-actin promoter/rabbit 

beta globin intron (210), cDNA of mouse lysosomal acid β-galactosidase, and an 



52 
 

SV40 poly A.  Vector stock was produced by transient transfection of 293 cells 

and purified by CsCl gradient ultracentrifugation (UMass Medical School, Gene 

Therapy Center, Worcester, MA). 

 

Animal procedures   

GM1 gangliosidosis mice (51) were obtained from Dr. Kunihido Suzuki 

(Neuroscience Center, University of North Carolina, Chapel Hill, NC).  In our 

studies, animals reach humane endpoint either when paralysis of any limb is 

present or if weight loss is >15% of highest weight achieved per animal. βGal+/+, 

+/- and -/- mice were generated by breeding of male βGal+/- or -/- to female βGal+/-.  

Six-week old mice were injected with 200 µl of AAV9-mβgal vector at 1x1011 or 

3x1011 vg via the tail vein using a 27G insulin syringe (BD Biosciences, Franklin 

Lakes, NJ).  At 3 months, 9 months, or human endpoint, animals were sacrificed 

by an overdose of ketamine/xylazine (Fort Dodge Animal Health, Fort Dodge, IA 

and Lloyd Laboratories, Inc, Shenandoah, IA), cleared by transcardiac perfusion 

with ice cold PBS, and harvested according to assay needs.  One brain 

hemisphere and half a spinal cord was embedded in freezing medium, Neg 50 

(Richard-Allan Scientific, Kalamazoo, MI) and quick frozen in a dry ice/2-

methylbutane bath (ThermoFisher Scientific, Waltham, MA).  The remaining brain 

hemisphere was separated into cerebrum, cerebellum, and brain stem, and, 

along with the second half of the spinal cord, frozen over dry ice and stored at -

80°C.  All other organs were frozen over dry ice or fixed in 4% paraformaldehyde 
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in PBS (Sigma-Aldrich, St. Louis, MO). All procedures were approved by the 

University of Massachusetts Medical School, Institutional Animal Care and Use 

Committee and performed in compliance with the NIH Guide for Care and Use of 

Laboratory Animals.  

 

Histological analysis   

Fresh frozen, sagittal oriented brains and spinal cords were cut in 20 μm 

sections on a cryostat (ThermoFisher Scientific, Waltham, MA) at -12/-13°C.  

βgal enzyme presence was determined by an Xgal assay as described 

previously(197).  GM1 storage was detected by Filipin staining as described 

previously(197).   All histological analysis was performed as non-blinded, 

qualitative analysis on an N ≥ 2-3 animals with representative pictures shown in 

figures. 

 

βgal enzymatic assay 

Tissues were homogenized and βgal activity (nmol/hr/mg protein) was 

determined by reaction 4-methylumbelliferyl (4-MU) assay with βgal substrate = 

1mM 4-Methylumbelliferyl--D-galactoside (4-MUG) with 4-methylumberlliferyl-β-

D-galactopyranoside in a 96-well plate format and normalized for protein content 

by Bradford assay (Bio-Rad, Waltham, MA) as described previously(197).      
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Genome copy number 

Tissue sections were extracted in a DNA clean environment and rinsed in 

sterile PBS. DNA was isolated by Qiagan DNeasy Blood and Tissue Kit (Qiagen, 

Valencia, CA). QPCR was performed on 100-400 ng of genomic DNA using 

Taqman probes (Applied Biosystems, Foster City, CA), with standard curve 

containing a known quantity of reference DNA containing an SV40 poly A. Probe 

to SV40 (TaqMan Probe, 6FAM- AGC ATT TTT TTC ACT GCA TTC TAG TTG 

TGG TTT GTC -TAMRA).  Samples with genome copies ≥ 100 vg/ µg of DNA 

were considered positive for vector genomes.  Data was represented as 

vg/diploid genome considering that 100 ng of mouse genomic DNA corresponds 

to 36,263 diploid genomes.   

 

GM1 ganglioside content  

A liquid chromatography-tandem mass spectrometry (LC-MS/MS) assay 

(Weismann et al, in preparation) was used for quantification of GM1-ganglioside 

in CNS. Briefly, 0.01-0.04 mg/µL of tissue homogenate was diluted to 25 µL in 

buffer containing 0.2M sodium acetate and 0.1M NaCl (pH 4.3).  To each sample 

3 µg of d3-labeled GM1 (Matreya, LLC, Pleasant Gap, PA ) was added as an 

internal standard. Calibration curves were made neat with GM1 (Avanti Polar 

Lipids, Alabaster, AL) over the range of 200-3,000 ng and spiked with 3,000 ng of 

d3-GM1. Total lipids were extracted by the Folch method(211) two successive 

times in chloroform/methanol (1:1), the supernatants combined, and the 
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glycolipids partitioned to aqueous phase by adjusting the composition to 

chloroform/methanol/water (2:1:0.6).  The upper aqueous phase was removed 

and the lower phase was washed once with chloroform/methanol/water (3:48:47) 

and the upper phases combined.  Samples were dried, re-suspended in 0.2 mL 

0.1M NaCl and applied to an equilibrated 1cc C18 reverse-phase Bond Elute 

column (Agilent Technologies, Santa Clara, CA), washed with 5 mL water, eluted 

with 0.6 mL CH3OH followed by 1 mL CHCl3:CH3OH (1:1), dried, and re-

suspended in 100 µL solution of 1:4 (A:B) where A is 0.1% (v/v) formic acid and 

B is methanol:2-propanol:0.1% formic acid (47.5:47.5:4.9).  Gangliosides were 

separated on a Phenomenex (Torrance, CA) 2.1 x 50mm Kinetex 1.7 µm (100Å) 

C18 column using a Waters (Milford, MA) Acquity UPLC using a fast gradient 

program (0-1 min, 80%B; 1-5 min, 80-100%B; 5-7 min 100%B; 7.1, 80%B) and 

eluted to a Waters Quattro Premier XE triple quadrupole mass spectrometer 

operating in the negative ion mode.  Multiple reaction monitoring (MRM) 

transitions for all GM1 and GM2 species were monitored using a cone voltage of 

90V, a collision energy of 70V, and recorded the common sialic fragment anion 

at m/z 290.  The area of all the individual GM1 lipid species (16:0, 18:0, 18:1, 

20:0, 20:1) were combined for each ganglioside and the ratios were calculated to 

the corresponding d3-18:0 GM1 internal standard.  Calculated concentrations 

were normalized to protein content by Bradford (Bio-Rad, Waltham, MA).     
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Behavioral assays 

Rotarod testing was conducted on a Rotarod apparatus (Med Associates, 

St Albans, VT) accelerating from 4 to 40 rpm over 5 minutes and latency to falling 

recorded.  Testing was conducted with one practice trial of 1 minute accelerating 

from 2 to 20 rpm at the beginning of the session followed by 3 trials with 15-20 

minute resting in between.  Latency to fall for each mouse in a testing session 

was recorded, and the longest time on the rotarod in any of the 3 trials was 

reported.   

Inverted screen testing was performed on an apparatus created in 

conjunction with UMass Machine Shop (UMass Medical School, Shrewsbury, 

MA) and implemented as described previously (212).  Briefly, animals were 

placed on a square wire mesh of 30cm2 with 25mm2 holes, over a cushioned 

surface.  The screen was inverted slowly over a 2 second period, head over tail, 

until a 60° angle was reached and the screen then locked in place.  Animals were 

assessed for latency to falling up to 2 minutes and number of hind leg 

movements occurring during this time.  One practice trial and one testing run 

were administered to each mouse per time point with 15-20 minute resting 

periods between trials.  

Home cage testing was performed in an isolation cubicle (Med-

Associates, St Albans, VT), where mouse movement was tracked by video 

camera and processed by HomeCageScan software (CeleverSys, Reston, VA) 

as described previously (213).  Briefly, one animal was placed into the isolation 
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cubicle in a clean cage identical to normal housing and containing food and 

water.  The background area was subtracted in both light and dark conditions, 

and the animal’s dimensions identified by the software.  Data was taken 

regarding the animal’s movement or inactivity and reported in seconds/behavior 

for a 26 hour time period then collated according to behaviors.  

 

Results 

 

The therapeutic efficacy of systemic AAV9-mβgal delivery was evaluated 

in βGal-/- mice infused with 1x1011 vector genomes (vg) (low dose cohort; N = 

20), or 3x1011 vg (high dose cohort; N = 34) via the tail vein at 6 weeks of age (± 

2 days).  Controls included PBS-injected βGal-/- mice (N=19), and naïve age 

matched βGal+/- and βGal+/+ mice (N=49) (Fig. 2.15c, d, Table 2.2).  Untreated 

βGal-/- mice appear normal until approximately 20 weeks of age when gait 

abnormalities and tremors become apparent.  Untreated βGal-/- mice reach the 

humane endpoint at approximately 37 weeks of age, defined by >15% loss from 

maximum body weight or paralysis of any limb.  Animals were removed for 

histological and biochemical studies at 37 weeks of age to compare with 

untreated βGal-/- mice at the humane endpoint, and ultimately when AAV-treated 

mice reached the humane endpoint.  Behavioral testing was performed at 10 and 

30 weeks of age.  
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Partial restoration of βgal activity in CNS and overexpression in peripheral 

organs 

Histochemical staining of brain sections revealed an increase in βgal 

activity throughout the brain of 37-week old βGal-/- males and females in the 

high-dose (HD) cohort (Fig. 2.1, first and second rows, respectively) compared to 

PBS-injected βGal-/- animals (Fig. 2.1, bottom row).  Distribution of βgal activity 

appeared largely similar to that in control βGal+/- animals (Fig. 2.1, third row).   

Biochemical quantification showed a significant increase in βgal activity 

throughout the central nervous system (CNS) of AAV-treated βGal-/- mice 

compared to age-matched PBS-injected βGal-/- mice (Fig. 2.2a, b).  The relative 

βgal activity (% WT) in cerebrum, cerebellum, and brainstem of AAV-treated 

βGal-/- mice was dose dependent and ranged 6-25% in males and 7-90% in 

females (Table 2.1).  The relative βgal activity in the spinal cord of AAV-treated 

βGal-/- males and females ranged between 29-135% and 30-516%, respectively 

(Table 2.1).  As expected βgal activity was dramatically elevated in liver, heart, 

muscle, and serum of AAV treated βGal-/- male and female mice (Fig. 2.2a; Table 

2.1).  The relative βgal activity (% WT) in peripheral organs ranged between 140-

11,841% in males, and 29-5,150% in females (Table 2.1).  

The content of AAV vector genomes in CNS and peripheral organs was 

consistent with enzymatic findings, with the highest amount of vector 

genomes/diploid genome (vg/dg) found in liver (22-173 vg/dg) and the lowest in 

CNS (3.4-13.5x10-3 vg/dg) (Fig. 2.3).  
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Figure 2.1 βgal enzyme expression and activity by Xgal in βGal+/-, βGal-/- + 

PBS and βGal-/- + AAV 3e11vg treated mice  

Xgal staining (blue) for βgal enzyme presence and counterstained with Nuclear 

Fast Red (red) at 37 weeks throughout the brain in a representative βGal-/- + AAV 

3x1011 vg treated male (a-g) and female (h-n) (KO + AAV), untreated βGal+/- (CA 

Untreated, o-u), and βGal-/- mouse with mock treatment of phosphate buffered 

saline (PBS) (KO + PBS, v-bb).  N = 3 per group. 
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Table 2.1 β-galactosidase activity in CNS and peripheral tissues 

  

Tissue 3e11vg 1e11vg 3e11vg 1e11vg
Cerebrum 7.9 - 23.6% 6.3 - 16.9% 14.4 - 37.3% 6.9 - 17.4%
Cerebellum 9.2 - 22.0% 9.1 - 11.0% 19.3 - 26.7% 11.2 - 13.2%
Brainstem 21.2 - 25.4% 9.2 - 10.4% 15.1 - 90.3% 7.4 - 26.7%
Spinal Cord 49.3 - 135% 29.1 - 41.9% 98.4 - 516% 30.2 - 131%

Serum 140 - 2,811% 1,529 - 2,399% 28.9 - 54.5% 43.1 - 121%
Liver 868 - 6,015% 4,501 - 11,841% 228 - 542% 128 - 1052%
Heart 2,397 - 6,486% 560 - 828% 1,434 - 3,583% 350 - 5,130%
Muscle 498 - 5,296% 226 - 358% 1,002 - 1,192% 129 - 1,347%

Male Female

β-galactosidase activity (range of % WT)



61 
 

 

Figure 2.2 βgal enzyme activity in WT, βGal-/- + PBS and βGal-/- + AAV 

treated mice 

(a & b) Enzyme activity in selected tissues determined by 4-MU assay at 37 

weeks of age in (a) male or (b) female mice.  Enzyme activity is normalized to 

protein concentration by Bradford, and is reported as nmol/hour/mg protein.  

Error bars represent mean + SD, N ≥ 3/group, and significance was determined 

by unpaired multiple T tests where * = p < 0.05, ** = p < 0.01, and *** = p < 

0.001.  In βGal+/+ (WT) untreated or βGal-/- + PBS mice, both males & females 

are represented as no difference in enzyme activity between the sexes was 

observed in the untreated or mock-treated animals. NS = no significant 

difference. 

  



62 
 

 

Figure 2.3 Viral induced transgene presence in tissues of βGal-/- + AAV 

3e11vg treated mice  

Vector amount was quantified per diploid genome in selected tissues for βGal-/- + 

AAV 3x1011 vg male and female mice as determined by qPCR to the SV40 poly 

A on the transgene.  Samples were taken at 20 weeks of age.  Error bars 

represent mean + SD, N ≥ 3/group, and significant difference of βGal-/- + AAV 

male vs. female was determined using unpaired multiple T tests where * = p < 

0.05, ** = p < 0.01. 
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Reduction of GM1 ganglioside content and reduction in astrogliosis 

throughout CNS 

In βGal-/- mice and humans with GM1 gangliosidosis, reduced βgal activity 

results in accumulation of GM1 ganglioside (GM1) in the CNS.  Previously we 

have shown that filipin can be used to detect lysosomal storage in the brain of 

βGal-/- mice where it appears as bright perinuclear puncta (197).  This histological  

marker correlates with GM1 ganglioside storage as AAV-mediated βgal delivery 

to the βGal-/- mouse brain corrects the neurochemistry and eliminates filipin 

staining (197).  Recent work has shown that filipin binds cholesterol and GM1 

(214).  Filipin staining of βGal +/-/βGal +/+ brains does not reveal any defined 

cellular structures most likely due to the normal membrane localization of GM1 

(197) (data not shown).  Filipin staining of brain sections from males and female 

in the HD cohort at 37 weeks (Fig. 2.4 top and middle rows) revealed partial 

correction of lysosomal storage in most brain regions (Fig. 2.4, bottom row).  The 

impact on lysosomal storage appeared to be modest in thalamus, striatum, and 

granule/Purkinje cell layers in the cerebellum. Interestingly we observed 

complete clearance of storage in deep cerebellar nuclei (DCN) (Fig. 2.4, top row 

and middle row thin and thick arrows respectively).  The reduction in lysosomal 

storage material in the brain appeared to be more pronounced in female than in 

male mice (Fig. 2.4, top and middle row).  Similarly, in spinal cord, there was a 

dramatic reduction in storage in HD cohort females (Fig. 2.5, third row), but 

variable response in males (Fig. 2.5, top two rows).  The impact on lysosomal   
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Figure 2.4 GM1 presence in the brain of βGal-/- + PBS and βGal-/- + AAV 

3e11vg treated mice. 

Filipin staining of selected brain regions in a representative βGal-/- + AAV 3x1011 

vg treated male (a-g), female (h-n) (KO + AAV), and a βGal-/- + PBS (o-u, KO + 

PBS) mouse at 37 weeks of age.  N = 3 per group.  Scale bar =100 mm. Thick 

arrows indicate the DCN, thin arrows indicate the molecular and purkinje layers. 
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Figure 2.5 GM1 presence in the spinal cord of βGal-/- + PBS and βGal-/- + 

AAV 3e11vg treated mice 

Filipin staining of cervical and thoracic region of spinal cord in 37 weeks old mice.  

Representative βGal-/- + AAV 3x1011 vg treated male (a-d), female (d-f) (KO + 

AAV), and a βGal-/- + PBS (g-h, KO + PBS) mouse.  Arrows indicate areas of 

remaining storage.  N = 3 per group.  Scale bar =100 mm. 
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Figure 2.6 GM1 presence in the brain of βGal-/- + PBS and βGal-/- + AAV 
1e11vg treated mice 

Filipin staining of selected brain regions in a representative βGal-/- + AAV 1x1011 

vg treated male (a-g), female (h-n) (KO + AAV), and a βGal-/- + PBS (o-u, KO + 

PBS) mouse at 37 weeks of age.  ToPro3 staining for nuclear presence in βGal-/- 

+ PBS (v-bb, KO + PBS) mouse.  N = 3 per group.  Scale bar =100 mm 
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Figure 2.7 GM1 presence in the spinal cord of βGal-/- + PBS and βGal-/- + 

1e11vg AAV treated mice 

Filipin staining of cervical and thoracic region of spinal cord in 37 weeks old mice.  

Representative βGal-/- + AAV 1x1011 vg treated male (a-b), female (c-f) (KO + 

AAV), and a βGal-/- + PBS (g-h, KO + PBS) mouse.  ToPro3 staining for nuclear 

presence in βGal-/- + PBS (i-j, KO + PBS) mouse. N = 3/group.  Scale bar = 100 

mm. 
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Figure 2.8 GM1 content in the CNS of WT, βGal-/- +PBS and βGal-/- + 3e11vg 

AAV treated mice  
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Figure 2.8 GM1 content in the CNS of WT, βGal-/- +PBS and βGal-/- + 3e11vg 

AAV mice  

GM1 content quantitated by liquid chromatography tandem mass spectrometry in 

CNS tissues.  βGal-/- + AAV from 3x1011 vg treated males and females (KO + 

AAV) at 37 weeks.  βGal +/+ (WT Untreated) or βGal-/- + PBS (KO + PBS) mice 

include both males and females as no sex difference in GM1 content was 

observed in the untreated or mock-treated animals.  GM1 content was 

determined by ratio of d3-GM1 internal standard to total GM1 content, normalized 

to protein concentration by Bradford, and represented as ng GM1/µg protein.  

Error bars represent mean + SD, N ≥ 3/group (except βGal-/- + AAV, female, N = 

2).  Significant difference of βGal-/- + AAV vs. KO + PBS, or βGal-/- + AAV males 

vs. females was determined using unpaired T tests where * = p < 0.05, ** = p < 

0.01, and *** = p < 0.001.  NS indicates no significant difference between βGal-/- 

+ AAV vs. βGal +/+ untreated.    
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storage in CNS was considerably smaller in the low dose (LD) cohort (1x1011 vg) 

(Figs. 2.6 & 2.7).  Measurement of GM1 content in different CNS regions of male 

and female mice in the HD cohort by liquid chromatography-tandem mass 

spectrometry (LC MS/MS) (Fig. 2.8) showed significant reductions in the 

cerebrum (51 and 76%, respectively), brainstem (64 and 68%, respectively), and 

spinal cord (75 and 86%, respectively) compared to PBS-injected controls at 37 

weeks of age.  Interestingly, the impact of AAV9 treatment on GM1 content in 

cerebrum is significantly different between male and females (p = 0.04, Fig. 2.8).  

The GM1 content in cerebellum was not significantly changed by AAV9 

treatment.   

Astrogliosis was apparent throughout the CNS of PBS-treated βGal-/- 

controls (Figs. 2.9 & 2.10, bottom rows), as described previously in these GM1 

gangliosidosis mice (6).  High dose AAV treatment resulted in marked reduction 

across the cerebrum (Fig. 2.9, first and second rows), but reactive astrocytes 

remained in some brain structures such as striatum, especially in males (Fig. 2.9, 

top row).  In contrast, the spinal cords of AAV-treated animals of both genders 

were comparable to that of normal controls (Fig. 2.10).  

 

Dose and gender dependent behavioral performance 

A number of tests were carried out at 10 and 30 weeks of age to assess 

motor performance and behavior over time. In the rotarod test, 30 week-old 

AAV9-treated mice performed significantly better than age-matched PBS-treated   
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Figure 2.9 Astrogliosis in the brain of βGal+/-, βGal-/- + PBS and βGal-/- + 

AAV 3e11vg treated mice 

GFAP staining in the hippocampal, CA1 region, cortex and striatum in a 

representative βGal-/- + AAV 3x1011 vg treated male (a-c), female (d-f) (KO + 

AAV), an untreated βGal+/- (g-I, CA Untreated) and a βGal-/- + PBS (j-l, KO + 

PBS) mice at 37 weeks of age.  N = 3/group.  Scale bar = 100µm.  
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Figure 2.10 Astrogliosis in the spinal cord of βGal+/-, βGal-/- + PBS and  

βGal-/- + 3e11vg AAV treated mice 

GFAP staining of cervical and thoracic region of spinal cord in 37 weeks old 

mice.  Representative βGal-/- + AAV 3x1011 vg treated male (a-b), female (c-d) 

(KO + AAV), an untreated βGal+/- mouse (e-f, CA Untreated), and a βGal-/- + PBS 

(g-h, KO + PBS) mouse.  N = 3/group.   
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Figure 2.11 Rotoard performance of WT/βGal+/-
, βGal-/- + PBS and βGal-/- + 

AAV treated mice  
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Figure 2.11 Rotoard performance of WT/βGal+/-
, βGal-/- + PBS and βGal-/- + 

AAV treated mice  

Rotarod testing of βGal-/- + AAV, 1x1011 and 3x1011 vg (KO + AAV) treated males 

(a) or females (b). Untreated βGal+/-, and βGal-/- (WT/CA Untreated), mock 

treated βGal-/- + PBS (KO + PBS).  Rotarod testing was performed on a 4-40 rpm 

accelerating rotarod over 300 seconds at both 10 and 30 weeks of age.  Highest 

score of 3 trials reported.  Symbols indicate performance of one animal, error 

bars represent mean + SD, N=5-25 animals/group. * indicates significant 

difference of βGal-/- + AAV vs. βGal-/-  + PBS, or βGal-/- + AAV, 1x1011 vs. 

3x1011vg using unpaired T tests where * = p < 0.05, ** = p < 0.01, and *** = p < 

0.001.  NS indicates no significant difference between βGal-/- + AAV vs. βGal+/+ 

untreated or 1x1011 vs. 3x1011vg βGal-/- + AAV.    
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Figure 2.12 Inverted screen testing performance of WT/βGal+/-
, βGal-/- + PBS 

and βGal-/- + AAV treated mice 
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Figure 2.12 Inverted screen testing performance of WT/βGal+/-
, βGal-/- + PBS 

and βGal-/- + AAV treated mice 

Inverted screen testing of βGal-/- + AAV, 1x1011 and 3x1011 vg (KO + AAV) 

treated males (a, c) or females (b, d). Untreated βGal+/-, and βGal-/- (WT/CA 

Untreated), mock treated βGal-/- + PBS (KO + PBS).  Inverted screen testing is 

shown as (a & b) percentage of time on screen up to 2 minutes and (c & d) 

number of hind leg movements during this time.  The second score of two trials is 

reported. Symbols indicate performance of one animal, error bars represent 

mean + SD, N=5-25 animals/group. * indicates significant difference of βGal-/- + 

AAV vs. βGal-/-  + PBS, or βGal-/- + AAV, 1x1011 vs. 3x1011vg using unpaired T 

tests where * = p < 0.05, ** = p < 0.01, and *** = p < 0.001.  NS indicates no 

significant difference between βGal-/- + AAV vs. βGal+/+ untreated or 1x1011 vs. 

3x1011vg βGal-/- + AAV.   
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controls and were comparable to normal controls (βGal +/-/βGal +/+) except 

females in the LD cohort (Fig. 2.11a, b).  In the inverted screen test, AAV9-

treated females in the HD cohort, but not the LD cohort, scored significantly 

better in both time on screen and number of hind limb movements than PBS-

treated females at 30 weeks of age (Fig. 2.12a, b).  In contrast, only males in the  

LD cohort performed better than PBS-treated males in percentage of time on 

screen at 30 weeks of age (Fig. 2.12a).   

Home cage testing captures a large number of behaviors of an animal in a 

familiar environment and can identify phenotypic alterations not detectable by 

traditional motor function testing (213).  Animals were evaluated over a 24 hr 

period that spans the 12 hr light cycle when animals are less active (Fig. 2.13a, 

b, left graphs), and the 12 hr dark cycle when animals are most active (Fig. 

2.13a, b right graphs).  AAV-treated males in HD and LD cohorts performed 

significantly better than PBS-treated males in vertical reaching in both periods 

(Fig. 2.13a) and in exploratory behavior during the day (Fig. 2.13a, left side).  

However, only the HD males performed significantly better than PBS controls in 

exploratory behavior during the night (Fig. 2.13a, right side).  Females in HD and 

LD cohorts performed significantly better than PBS-treated females in daytime 

vertical movements and exploratory behavior (Fig. 2.13b, left side), however only 

females in the HD cohort retained significantly better performance than PBS-

treated controls in these measured behaviors during the nighttime (Fig. 2.13b, 

right side).  Females in the HD cohort were able to hang from the overhead wire   
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Figure 2.13 Home cage testing: verticals, hangs and exploratory analysis of 

WT/βGal+/-
, βGal-/- + PBS and βGal-/- + AAV treated mice 
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Figure 2.13 Home cage testing: verticals, hangs and exploratory analysis of 

WT/βGal+/-
, βGal-/- + PBS and βGal-/- + AAV treated mice 

Home cage testing of βGal-/- + AAV, 1x1011 and 3x1011 vg (KO + AAV) treated 

males (a) or females (b). Untreated βGal+/-, and βGal+/+ /βGal+/- (WT/CA 

Untreated), mock treated βGal-/- + PBS (KO + PBS).  Evaluation of daytime 

activity (left graphs) and nighttime activity (right graphs) of verticals, hangs and 

exploratory behaviors were assessed by time reaching, hanging and moving 

around the cage, respectively.  Home cage testing behavioral data was collected 

per second, tabulated per hour, averaged per animal and consolidated to 

represent a 10 hour period of day or night.  Error bars represent mean + SD, 

N=5-7 animals.  Significant difference of βGal-/- + AAV vs. βGal-/-  + PBS, or βGal-

/- + AAV, 1x1011 vs. 3x1011 vg was calculated using non-paired T tests where * = 

p < 0.05, ** = p < 0.01, and *** = p < 0.001.  NS indicates no significant difference 

between βGal-/- + AAV vs. βGal +/+ /βGal+/- untreated.    
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Figure 2.14 Home cage testing: walking and traveling analysis of WT/βGal+/-
, 

βGal-/- + PBS and βGal-/- + AAV treated mice   
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Figure 2.14 Home cage testing: walking and traveling analysis of WT/βGal+/-
, 

βGal-/- + PBS and βGal-/- + AAV treated mice  

Home cage testing of βGal-/- + AAV, 1x1011 and 3x1011 vg (KO + AAV) treated 

males (a) or females (b). Untreated βGal+/-, and βGal+/+ βGal+/- (WT/CA 

Untreated), mock treated βGal-/- + PBS (KO + PBS).  Evaluation daytime activity 

(a & c) and nighttime activity (b & d) of walking and traveling behaviors were 

assed by time moving around the cage and distance traveled, respectively. 

Home cage testing behavioral data was collected per second, tabulated per hour, 

averaged per animal and consolidated to represent a 10 hour period of day or 

night.  Error bars represent mean + SD, N=5-7 animals.  Significant difference of 

βGal-/- + AAV vs. βGal-/-  + PBS, or βGal-/- + AAV, 1x1011 vs. 3x1011 vg was 

calculated using unpaired T tests where * = p < 0.05, ** = p < 0.01, and *** = p < 

0.001.  NS indicates no significant difference between βGal-/- + AAV vs. βGal +/+ 

untreated.    
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feed tray significantly better than PBS-treated control females in both light cycles 

(Fig. 2.13). 

Animals were video recorded at 220-260 days old to document phenotypes of 

treated and untreated animals close to the median humane endpoint of untreated 

βGal-/- mice.  In all videos with PBS-treated control mice (Videos 2.1 - 2.4), 

hallmark phenotypes of GM1 gangliosidosis were noted as previously reported in 

this model (48, 51).  Whole body tremors and gait abnormalities were evident in 

these mice.  The front legs were tucked under the torso but remained functional 

and the body was consistently tilted forward suggesting weakness in forelimbs or 

shoulder muscles.  The hind legs were splayed outward but remained capable of 

supporting body weight.  Interestingly, hind leg movement appeared to be 

initiated by hip rotation suggestive of quadriceps weakness, which may also be 

the cause for reduced rearing or vertical movements.  Tail stiffness and curling 

over the body was also a common phenotype in these control mice as described 

previously in the GM1 mouse model (48).  Male mice in the HD cohort displayed 

some tail stiffness, but normal body position, mobility, and rearing activity at 258 

days (Video 2.1).  Male mice in the LD cohort at 263 days showed tail stiffness, 

unsteady gait, and slight tremors.  Rearing was still apparent during grooming 

(Video 2.3).  Female mice in the HD cohort at 260 days (Video 2.2) were largely 

indistinguishable from normal βGal+/+ controls.  Female mice in the LD cohort at 

264 days (Video 2.4) displayed some tremors, but body position was close to 

normal albeit lower to the ground, and gait abnormalities such as occasional 
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hopping were milder than in PBS-treated controls at comparable age.  Long lived 

females in the HD cohort remained ambulatory but displayed clear signs of 

decline with stiff tails, jerky movements, whole body tremors, and walking low to 

the ground at 590 days old (Video 2.5) and 566 days old (Video 2.6).  

AAV treatment extends lifespan of βGal-/- mice 

PBS-treated control βGal-/- mice reached maximum weight at an average 

of 175  21 days of age, (>15% body weight loss from maximum) (Fig. 2.15a b; 

Table 2.2).  Maximum body weight was comparable across all groups. AAV9-

treated βGal-/- males reached maximum body weight at 245.7  53.2 days (p = 

0.007, LD cohort) and 278.6  61.6 days (p = 0.001, HD cohort).  AAV9-treated 

βGal-/- females reached maximum body weight at 230.3  38.5 days (p = 0.004, 

LD cohort) and 458.8  76.3 days (p = 0.0007, HD cohort) (Fig. 2.15a, b; Table 

2.2).  Survival analysis showed a significant increase in median survival for both 

genders and doses (p < 0.0001) compared to PBS-treated βGal-/- mice (Fig. 

2.15c, d; Table 2.2).  In addition, there was a significant difference in survival 

between doses for females (p = 0.0007), and between males and females in the 

HD cohort (p = 0.01) (Fig. 2.15c, d; Table 2.2).  

  



84 
 

 

Figure 2.15 Weight and survival of WT/βGal+/-
, βGal-/- + PBS and βGal-/- + 

AAV treated mice  
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Figure 2.15 Weight and survival of WT/βGal+/-
, βGal-/- + PBS and βGal-/- + 

AAV treated mice  

 (a & b) Weights and (c & d) survival of βGal -/- + AAV, 1x1011 and 3x1011 vg 

treated (KO + AAV), βGal+/- and βGal +/+ untreated (WT/CA Untreated) and βGal-/- 

+ PBS mock treated (KO + PBS) male and female mice.  Error bars represent 

mean + SD, N=9-26 animals/group.  (a & b) Weights are represented as an 

average of 1 weighing during a 4 week period beginning at pre-injection (6 

weeks) and continued until removal from the study up to 80 weeks of age.  (c & 

d) Survival analysis of all animals entered into the study.  *** indicates significant 

difference vs. KO + PBS using Log-rank (Mantel-Cox) test where p=0.0001.  
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Table 2.2 Weight and survival statistics of WT/βGal+/-
, βGal-/- + PBS and 

βGal-/- + AAV treated mice  

Significant difference for age at max weight for βGal-/- + AAV vs. βGal-/- + PBS 

was calculated using unpaired T tests where ** = p <  0.01, and *** = p < 0.001. 

Significant difference for median survival of βGal-/- + AAV vs. βGal-/- + PBS was 

calculated using Log-rank (Mantel-Cox) test where *** p = 0.0001. 

  

Gender Genotype Treatment
Enrolled 
animals

Max weight         
(g ± std, N)

Age at max 
weight (days)

Median survival   
(days)

Max survival 
(days)

Male CA/WT Untreated 25 42.3 ± 4.7, 7 513.8 ± 10.5 N/A N/A

Male KO PBS 9 38.8 ± 5.9, 8 178.5 ± 23.1 250.5 265

Male KO 1x1011vg 10 38.6 ± 4.6, 7 245.7 ± 53.2** 316.0*** 339†

Male KO 3x1011vg 17 42.2 ± 9.1, 6 278.6 ± 61.6** 398.0*** 499

Female CA/WT Untreated 24 38.9 ± 10.5, 7 510.3 ± 42.0 N/A N/A

Female KO PBS 10 26.9 ± 1.8, 10 179.2 ± 24.5 264.0 298

Female KO 1x1011vg 10 27.2 ± 3.3, 7 230.3 ± 38.5** 344.0*** 447
Female KO 3x1011vg 17 28.7 ± 2.2, 7 458.5 ± 76.3*** 576.5*** 673

† 1 animal survived until 561 days.

Weight and survival statistics of βGal and βGal-/- + AAV treated mice
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Discussion 

Previous studies from our lab have shown intracranial delivery of 

recombinant AAV vectors in neonatal (197) and adult GM1 mice (198) to be 

effective approaches to achieve widespread expression of functional βgal and 

reduce lysosomal storage of GM1-ganglioside in the CNS.  The intracranial AAV 

delivery approach in adult GM1 mice delayed the onset of disease symptoms, 

but had little to no impact on the decline of motor function and only a modest 

improvement in survival (198).   

In this study we show that vascular delivery of a single-stranded AAV9 

vector in adult GM1 gangliosidosis mice (βGal-/-) extended the survival of all 

AAV-treated animals (Fig. 2.15c, d; Table 2.2), but was not successful in 

arresting disease progression at the doses tested (1x1011 and 3x1011 vg/mouse).  

The therapeutic impact was considerably better in females with a median survival 

in the high dose cohort of 576.5 days compared to 398.0 days for males (Fig. 

2.15c, d; Table 2.2).  The therapeutic outcomes correlate well with the findings 

from biochemical and histological studies of the CNS where we observed 

increased βgal activity (Figs. 2.1, 2.2a, b; Table 2.1) and partial correction of 

GM1 ganglioside content (Figs. 2.4, 2.5 & 2.8).  

Histological analysis of lysosomal storage revealed dramatic reduction in 

HD cohort cerebral cortex, hippocampus, brainstem, and spinal cord, but lesser 

impact in deep brain structures such as thalamus, and striatum, and importantly 

in the cerebellum (Figs. 2.4 & 2.5).  The reduction in lysosomal storage observed 
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in deep brain structures likely contributed to slower disease progression as the 

onset of symptoms in GM1 gangliosidosis mice coincides with the detection of 

inflammatory markers in different brain regions, especially in thalamus, 

brainstem, and spinal cord (6).  Despite partial correction in several CNS regions, 

the impact of AAV treatment on disease physiology was nonetheless profound in 

the HD cohort as indicated by the dramatic reduction in reactive astrocytes 

throughout the brain (Fig.2.9) that correlated with reduction in GM1 storage (Figs. 

2.4 & 2.8).  The therapeutic impact in the spinal cord with normalization of GM1 

ganglioside content (Figs. 2.5 & 2.8) and resolution of astrogliosis (Fig. 2.10) was 

likely a major factor in extending the lifespan and preserving ambulation of 

AAV9-treated animals (Videos 2.1, 2.2, 2.5 & 2.6).  Nonetheless, AAV9-treated 

animals eventually developed whole body tremors and jerky movements, which 

may be related to the marginal therapeutic impact in the cerebellum (Videos 2.5 

& 2.6).  AAV9-HD cohort treated animals showed little or no change in lysosomal 

storage in granular, molecular, or Purkinje cell layers, but complete correction in 

deep cerebellar nuclei (Fig. 2.4f, m; thin and thick arrows, respectively).  The 

failure to resolve storage in the Purkinje cell layer was also reported in another 

study using systemic delivery of an AAV9 vector to treat MPSIIB mice (187).  As 

the output centers of the cerebellum, the deep cerebellar nuclei send projections 

to different levels of the spinal cord and other regions of the brain (215).  Given 

the connectivity of those nuclei and that βgal can be distributed over long 

distances via axonal transport (167), storage correction in DCN is most likely the 
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result of enzyme uptake at axonal terminals in successfully treated structures, 

such as the spinal cord, and its retrograde transport to the cell body where most 

lysosomes reside.  Disease progression in other cerebellar nuclei or cell 

populations may have led to the phenotypes that developed over time in AAV9-

treated GM1 gangliosidosis mice. 

The pattern of lysosomal storage correction in the CNS of GM1 

gangliosidosis mice in this study matches closely with the transduction profile of 

other studies where AAV9 vectors were delivered systemically in adult mice.  The 

most effectively transduced CNS regions are the cerebral cortex, hippocampus, 

and spinal cord (181, 216).  Neuronal transduction in adult mice seems to be 

most pronounced in the spinal cord and hippocampus, but mostly glia and 

endothelial transduction throughout the rest of the brain (181, 216).  Transduction 

of striatum and thalamus is relatively inefficient by comparison to other brain 

regions, and especially inefficient in cerebellum at comparable doses (216).  

Nonetheless previous studies have reported exceptional therapeutic effects using 

systemic delivery of single-stranded AAV9 vectors in mouse models of 

mucopolysaccharidosis type IIIA (188) and IIIB (187).  The difference in 

therapeutic outcomes may be related to rates of disease progression specific to 

each lysosomal storage disease or mouse model.  Also the minimum level of 

enzyme necessary to achieve complete correction of storage in cross-corrected 

cells may be considerably higher for βgal compared to other lysosomal enzymes.  

During synthesis βgal forms a megacomplex with neuraminidase-1 (NEU1) and 
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protective protein/cathepsin A (PPCA) important for transport of NEU1 to 

lysosomes, and processing/protection of βgal (reviewed in (217)).  Since only 

βgal is overexpressed, secreted, and transported into enzyme-deficient cells, it is 

possible that its half-life may be lower in the lysosomes of cross-corrected cells 

because it may not interact with PPCA as the βgal-PPCA complex is normally 

formed before transport to lysosomes (217).  This may render the recombinant 

βgal more susceptible to proteolytic degradation. In addition the enzymatic 

efficiency of βgal by itself may be lower than in its native multienzyme complex.  

Other aspects such as AAV vector design and dosing may also explain the 

difference in outcomes between our study and others.  Finally, biochemical 

changes intrinsic to a particular lysosomal storage disease may affect the 

efficiency of AAV9 CNS gene transfer as shown in MPS VII mice due to sialic 

acid deposition in brain vasculature (194).   

The impact of AAV9 treatment on lysosomal storage in CNS was better in 

females than males in the HD cohort (Figs. 2.4, 2.5 & 2.8), and this likely 

explains the difference in therapeutic outcome between genders.  Survival was 

comparable between genders in the low dose cohort, but females survived 45% 

longer than males in the high dose cohort (Fig. 2.15c, d, Table 2.2).  The 

difference in therapeutic impact between genders is likely the result of a 

difference in CNS gene transfer efficiency as suggested by the analysis of vector 

genome content (Fig. 2.3).  Although the difference between genders did not 

reach statistical significance in most tissues, it is interesting that the average 
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value is 2-3-fold higher in females across all brain regions (p = 0.07 for cerebrum 

and cerebellum) and in most other organs except liver and muscle (Fig. 2.3).  

The higher efficiency of AAV liver gene transfer in male mice has been 

documented in a multiple models (190, 191) and appears to be testosterone 

dependent (191, 218).  Our results show the same gender difference in AAV liver 

gene transfer with a 5-fold higher vector genome content (Fig. 2.3) and 6-7-fold 

higher enzyme activity in males than females in the high dose cohort (Fig. 2.2a, 

b; Table 2.1).  The notion that AAV9 CNS gene transfer after vascular delivery in 

adult GM1 mice is more efficient in females is supported by a recent study 

showing an identical gender difference in different mouse strains infused 

systemically with an AAV9 vector encoding firefly luciferase (192).  In our study 

the higher efficiency of AAV9 CNS gene transfer in females after systemic 

delivery may be partly due to lower affinity to liver as its vector genome content is 

5-fold lower than in males (Fig 2.3).  This suggests that liver tropism/affinity may 

be a major factor in determining the bioavailability of AAV9 (and possibly other 

AAV capsids) to transduce other organs after systemic delivery.  The gender 

effect on AAV liver transduction has not been documented in other mammalian 

species such as cats (218).  Nonetheless, liver tropism remains an important 

issue in the development of systemic AAV9 gene delivery approaches for 

neurological diseases.  The liver tropism of AAV9 is a concern for vascular 

delivery approaches to treat neurological diseases as the high doses required to 

target CNS effectively could lead to collateral liver toxicity related to transgene 
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expression.  Transient liver toxicity may explain the paradoxical finding that the 

range of βgal activities in liver and serum was lower in mice (both sexes) 

receiving higher vector dose (Table 2.1).  Further studies will be necessary to 

assess this possibility and uncover the causes, which could be related to βgal 

overexpression.  Whether this is a finding unique to this enzyme or also applies 

to other lysosomal enzymes remains to be determined.  Different approaches 

have been employed to reduce or eliminate transgene expression in liver after 

vascular delivery of AAV9 vectors, namely using the CMV promoter that is down-

regulated over time (187), or incorporation of perfect miR-122 (highly expressed 

in liver) target sequences in the expression cassette 3’ untranslated region (189).  

These transcriptional de-targeting approaches are likely to increase safety of 

vascular delivery of AAV9 vectors, but have no impact on its liver tropism 

properties.  Interestingly AAV9 mutants engineered to reduce liver tropism by 

more than 10-fold show only marginal increases in CNS gene transfer (219).  

Presently the molecular basis for decreased liver tropism is unknown, namely 

whether the introduced mutations change the affinity to the same cell surface 

receptor, or re-direct the capsid to another receptor entirely.  Clearly, achieving 

higher CNS gene transfer with AAV9 vectors, or derivatives, is not as simple as 

reducing liver tropism. Other AAV capsids may display higher CNS gene transfer 

efficiency than AAV9 in adult mice, as recently shown for AAVrh8 (183). 

The therapeutic outcome in this study is superior to that obtained by 

intracranial injection of an AAV1 vector into thalamus and deep cerebellar nuclei 
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of adult GM1 gangliosidosis mice (198).  This finding is somewhat paradoxical as 

in the present study there was only partial correction of GM1 ganglioside content 

in the brain compared to complete normalization in the intracranial approach, 

while the findings are reversed in the spinal cord.  This suggests that disease 

progression in the spinal cord may be an early driver of disease phenotypes in 

this mouse model, but ultimately partial treatment of other CNS regions will 

compromise survival.  It is possible that treatment of adult GM1 gangliosidosis 

mice with higher doses of AAV9 vector may lead to complete correction of 

lysosomal storage in the CNS and arrest disease progression completely. 

 This is the first study reporting on the therapeutic efficacy of vascular 

delivery of an AAV9 vector encoding βgal in adult GM1 gangliosidosis mice.  We 

showed successful widespread expression of functional enzyme throughout the 

CNS with resulting reduction in GM1 ganglioside storage and significant 

extension of lifespan with retention of motor function.  To improve overall 

therapeutic outcomes, a focus on increasing enzyme delivered to the CNS is 

warranted as enzyme levels achieved in this study were insufficient to normalize 

GM1 ganglioside levels.  This inability to normalize GM1 ganglioside content 

everywhere may have lead to an eventual inflammatory cascade resulting in loss 

of function in partially corrected regions.  Intravascular infusion of AAV9 vector at 

higher doses, or using AAV capsids with higher CNS gene transfer efficiency 

(183), may result in complete biochemical correction of disease with 

normalization of phenotype and lifespan.  
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CHAPTER III:  AAVrh8-Mediated Intracranial Gene Delivery of a 
Lysosomal Enzyme to the CNS:  Therapeutic Benefits, 
Challenges and Considerations in a GM1 Mouse Model 

 

Introduction 

Lysosomal storage disorders (LSD) are a class of >50 disorders 

associated with malfunction of a resident enzyme which leads to accumulation of 

undegraded substrates in lysosomes (7).  Over time, this accumulation can lead 

to lysosomal malfunction which results in a cascade of events (220-223) often 

resulting in cell death (4, 5, 7).  LSDs with central nervous system (CNS) 

involvement require the intended therapy to cross or bypass the blood brain 

barrier in order to deliver functional enzyme to target cells to achieve disease 

resolution (91).  However, obtaining enzyme levels at high enough 

concentrations or with sufficient distribution throughout the CNS to achieve a 

therapeutic impact has been challenging.  Strategies employed to overcome 

these obstacles in the CNS focus on utilizing inherent properties of these 

enzymes such as cross correction (the release and uptake of enzymes from 

neighboring cells) (85-87), CSF-mediated distribution, and axonal transport (165, 

167).  A successful approach has been to target gene delivery to highly 

connected structures in the brain for maximum spread of enzymes (100, 165-

167, 170-172, 174, 175, 198, 203, 204, 215, 224, 225).   
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Gene therapy by intracranial injection of adeno-associated virus (AAV) 

vectors has been the most effective approach to obtain high levels gene transfer 

to target structures (165, 166, 170-172, 174, 175, 198-200, 215).  Typical 

approaches seek to express the highest amount of enzyme possible in order to 

obtain maximum therapeutic benefit and have been optimized by addition of 

enhancers, ubiquitous promoters (210, 226, 227), and post transcriptional 

regulatory elements (228, 229).  However, accumulation of undegraded 

substrates or dysregulation of the lysosomal compartment can lead to responses 

to upregulate lysosomal biogenesis (220, 221), substrate reduction (222) or 

exocytosis (223).  It is also possible that introduction of supraphysiological levels 

of a therapeutic protein can also trigger deleterious “protection” cascades which 

may be associated with unfolded protein response common in these disorders 

(4).  

GM1-gangliosidosis is a LSD resulting from the deficiency in the 

catabolizing enzyme β-galactosidase (βgal) (3, 7).  GM1-gangliosidosis is 

primarily a disease of the CNS where accumulation of GM1 ganglioside (GM1) 

results in lysosomal dysfunction, ER stress and calcium mediated apoptosis 

leading to neuronal loss, generalize paralysis and death (4, 5, 7).  The amount of 

residual enzyme activity determines the severity and age of disease onset. 

Infantile and late infantile/juvenile patients usually have 1-4% of normal activity, 

while adult onset or chronic patients have 4-<10% βgal activity (7). As no cases 

of GM1-gangliosidosis have been reported with >10% βgal activity, it is thought 
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that 10-20% of normal activity should be sufficient to treat this disease.  

Currently, there is no cure or effective treatment for GM1-gangliosidosis patients.  

Attempts at therapies for GM1-gangliosidosis include enzyme replacement (89, 

90), bone marrow (82, 83) or cell transplantation (84), molecular chaperones (79, 

230), substrate reduction therapy (75, 78, 80, 81), and gene therapy (196-198).  

Despite success in cell lines or animal models in delivering or regaining active 

enzyme (79, 83, 84, 90, 197, 198), reducing substrates (75, 78, 80), and 

resolution of GM1 storage (80, 84, 197, 198), no experimental approach has 

been successful in treating all disease aspects and eventually animals succumb 

to disease progression.  Previous work in our lab focused on the delivery of 

enzyme to the CNS through AAV vectors injected into the lateral ventricle of 

neonatal mice (197), or intracranial bilateral injections into the thalamus and 

deep cerebellar nuclei of adult mice (197).  Both of these approaches achieved 

high expression of active βgal in the brain with an AAV1 capsid, but found some 

regions of the CNS lacking in enzyme expression and without resolution of GM1 

storage.   

In this current study, we first investigated possible reasons for the lack of 

overall efficacy by employing i) an AAVrh8 vector (121) as it has been shown 

very effective at expressing enzyme in the mouse CNS (169), and cat brain (199, 

200), and ii) modification of target coordinates for the DCN.  We were able to 

achieve widespread distribution of βgal throughout the cerebrum and cerebellum, 

significant retention of motor function and extension of lifespan.  The resulting 
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expression of βgal was very high in the injection sites, and surprisingly was one 

of the remaining regions in brain with strong staining of our storage marker, 

Filipin.  In addition, we found evidence of neuropathology at the injection sites 

suggestive of toxicity, which decreased with lower vector dose.  We examined 

these unexpected results in both GM1-gangliosidosis βgal-/- mice and unaffected 

βgal+/- animals and found this abnormal Filipin staining to be consistent.  To 

investigate the cause for this unusual result we constructed a variety of AAVrh8 

vectors with decreasing enzyme expression levels.  Microarray analysis of the 

thalamic target showed increased expression of a number of genes associated 

with microglia and astrocyte activation, which did not occur in a low expressing 

vector or in control animals.  Finally, we tested these AAVrh8 vectors in βgal-/- 

mice for therapeutic efficacy and identified a vector that both minimized 

consequences of over expression and maximized therapeutic benefit.  

Taken together, this work demonstrates that in treatment of a lysosomal 

storage disorder by intracranial injection one must consider impact of 

supraphysiological levels of enzyme as well as transgene delivery efficiency for a 

safe and effective therapeutic intervention.   
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Materials and Methods 

 

Vector design, construction and viral creation.   

Construction of the original AAV vector was previously described (197) 

and carries an expression cassette driven by a promoter composed of 

cytomegalovirus immediate early enhancer (CMV) fused to the chicken beta-

actin promoter followed by a chimeric chicken beta-actin/rabbit beta globin intron 

(CBA), the mouse lysosomal acid β-galactosidase cDNA (mβgal), a woodchuck 

hepatitis virus post-transcriptional regulatory element (WPRE), and two polyA 

signals in tandem derived from the bovine growth hormone (BGH) and SV40. 

This vector is called AAV-CBA-mβgal-WPRE.  AAV-CBA-mβgalE269Q-WPRE 

was generated by PCR mutagenesis with of the following primers: AAA CGT 

CTC ACT AGT CCG CGG AAT TC , Rev1: AAA CGT CTC ACT GAG AAT TGA 

TCA AA , For2:  AAA GGT CTC CGG CCG CTA GCG TCA G, Rev2:  AAA GGT 

CTC ATC AGT TCT ATA CTG GC.  The resulting PCR product was digested 

with SpeI and Not I restriction enzymes and cloned in place of the wild type βgal 

cDNA.  All other AAV vectors were generated by removal of different elements 

from AAV-CBA-mβgal-WPRE vector. All AAVrh8 vector stocks were produced as 

previously described (231).  
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Animal procedures.  

GM1-gangliosidosis mice (βgal-/-), a knock out version created by insertion 

of a neomycin cassette in exon 6 of the β-galactosidase gene, GLB1 (51), were 

obtained from Dr. Kunihido Suzuki (Neuroscience Center, University of North 

Carolina, Chapel Hill, NC).  βgal-/-, βgal+/-, and βgal+/+ mice weregenerated by 

mating of male βgal-/- and female βgal+/- mice or βgal+/- males and females.   

 

Intracranial injections.  

Six to eight week-old βgal-/- or βgal+/- mice were anesthetized by 

intraperitoneal injection of ketamine (125 mg/kg) and xylazine (12.5 mg/kg) in 

0.9% saline and placed in a rodent stereotaxic frame (Stoelting, Wood Dale, IL). 

The fur around the incision site was clipped, and the was skin scrubbed with 

povidine-iodine pads and 70% EtOH. The skull was exposed by a small 

longitudinal incision (< 1 cm) along the midline. The periosteum was removed 

from the surgical area with sterile cotton tipped applicators. Small burr holes (< 1 

mm) were made using a high-speed drill (Dremel, Robert Bosch LLC, Waltham, 

MA) at the appropriate stereotaxic coordinates. AAV vectors, or PBS, were 

infused in βgal-/- or βgal+/- mice with 1 µl bilaterally into the thalamus (stereotaxic 

coordinates: AP –2.0 mm, ML ±1.5 mm from bregma; DV -3.5 mm from brain 

surface) and in βgal-/- mice with 0.3 or 1 µl into the deep cerebellar nuclei (AP -

6.0 mm, ML ±1.5 mm from bregma; DV -3.5 mm from brain surface) at a rate of 
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0.2 µl/min using an Ultramicro Pump (World Precision Instruments, Sarasota, FL) 

to drive a 10 µl gastight glass syringe fitted with a 33G needle (Hamilton, Reno, 

NV). Infusions were started 1 min after placement of the needle in the target 

structures and slowly withdrawn 2.5 min after conclusion of the infusion. The 

scalp was closed with sterile wound clips (9 mm). All animal experiments were 

approved by the Institutional Animal Care and Use Committee at the University of 

Massachusetts Medical School, and complied with the National Institutes of 

Health Guide for the Care and Use of Laboratory Animals. 

 

Behavioral assays.   

Rotarod testing was conducted on a Rotarod apparatus (Med Associates, 

St. Albans, VT) accelerating from 4 to 40 rpm over 5 minutes, with latency to fall 

recorded. Testing was conducted with one practice trial of 1 minute accelerating 

from 2 to 20 rpm at the beginning of the session followed by 3 trials with 15-20 

minute resting in between.  Latency to fall for each mouse in a testing session 

was recorded, and the longest time on the rotarod among the 3 trials was 

reported.   
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Tissue processing.  

For biochemical studies in βgal+/- mice, the brain was removed and sliced 

into 2 mm coronal blocks using a brain matrix (Stoelting, Co., Wood Dale, IL), 

and immediately frozen on dry ice.  The block containing the thalamus was 

identified by morphology and the presence of needle entry points on the dorsal 

brain surface.  A 2 mm diameter biopsy punch (Integra Miltex, York, PA) was 

used to sample the thalamus and the tissue plug placed in the appropriate buffer 

for analysis.  For histological studies the brain and spinal cord were removed and 

placed in Neg 50 freezing medium (Richard-Allan Scientific, Kalamazoo, MI) and 

frozen in a dry ice/2-methylbutane bath (ThermoFisher Scientific, Waltham, MA). 

For biochemical studies in βgal-/- mice, cerebrum, cerebellum + brainstem, and 

spinal cord were removed and immediately frozen on dry ice.  

 

Histological analysis.   

20 µm brain (sagittal and coronal) and spinal cord (transverse) sections 

were cut in a cryostat (ThermoFisher Scientific, Waltham, MA) and stored at -

80oC.  

Brain sections were stained with X-gal to assess the distribution of βgal as 

described previously (197), with modifications.  Briefly, slides were fixed in 0.5% 

glutaraldhyde in PBS, washed 3x in ice cold citrate phosphate buffer (CPB) 
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(50mM C6H8O, 50mM Na2HPO4, 10mM NaCl, pH=4.2) incubated overnight at 

37°C in X-gal staining solution [20mM K4Fe(CN)6, 20mM K3Fe(CN)6, 2mM MgCl2, 

0.01% C24H39NaO4, 0.02% (C2H4O)nC14H22O (IGEPAL CA-630, 

SigmaAldrich),97% CPB @ pH=4.2, 2mg/ml 5-bromo-4-chloro-3-indolyl-β-D-

galactosidase (X-gal) in HCON(CH3)2).  The next day, slides were rinsed in CPB 

then water, counterstained with Vector Nuclear Fast Red (Vector Laboratories, 

Inc., Burlingame, CA), dehydrated through a series of ethanol 50%-100%, 

cleared with CitriSolv (ThermoFisher Scientific, Waltham, MA) and mounted with 

Permount (ThermoFisher Scientific, Waltham, MA).   

Brain and spinal cord sections were stained with Filipin to assess 

lysosomal storage as described previously (197), with modifications.  Briefly, 

slides were fixed in 4% paraformaldehyde in phosphate buffered saline (PBS), 

washed with PBS, incubated with 1.5% glycine in water, washed with PBS, 

incubated with 100 µg/ml of Filipin (Santa Cruz Biotechnology, Inc., Dallas, TX) 

and 1 µg/ml of ToPro3 Iodide (Life Technologies, Grand Island, NY) for 1-2 

hours, washed with PBS and mounted with fluorescence mounting media, 

PermaFluor (ThermoScientific, Fremont, CA).   

Brain sections were stained with Mayer’s Hematoxylin and Eosin to 

assess morphological changes in the tissue.  Briefly, slides were dried at room 

temperature, fixed in 4% paraformaldehyde in phosphate buffered saline (PBS), 

washed with water, incubated with Mayer’s Hematoxylin (Sigma-Aldrich, St. 
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Louis, MO), washed in running tap water, counterstained with Eosin (Sigma-

Aldrich, St. Louis, MO), rinsed with deionized water, dehydrated through a series 

of ethanol 50%-100%, cleared with CitriSolv (ThermoFisher Scientific, Waltham, 

MA) and mounted with Permount (ThermoFisher Scientific, Waltham, MA).   

Whole brain slice images were captured using white light on a Nikon 

Super CoolScan 5000 ED with a medical slide holder (Nikon, Inc., Melville, NY). 

Microscope images were captured on a Leica DM550 B microscope, equipped 

with Leica DFC425 C and DFC365 FX digital cameras (Leica Microsystems, 

Buffalo Grove, IL).  Filipin was imaged at 405nm and ToPro3 Iodide at 636nm.  

H&E was imaged using brightfield.  

All histological analysis was performed as non-blinded, qualitative analysis 

on an N ≥ 2-3 animals with representative pictures shown in figures.   

 

βgal enzymatic assays and Immunobloting.   

Biopsy punches, one hemisphere of brain tissue or one half spinal cord 

were homogenized in lysis buffer (0.1% Triton X-100 in 0.2M CH3COONa , 0.1M 

NaCl, pH 4.3) and assayed for βgal enzymatic activity as described previously 

(197, 199).  Briefly, a reaction with βgal substrate = 1mM 4-Methylumbelliferyl--

D-galactoside (4-MUG) was performed in a 96-well plate format and the amount 

of 4-methylumbelliferyl (4-MU) released was measured against a standard curve 
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with fluorescence detection by excitation at 360 nm and emission at 460nm using 

a BioTek Synergy HT plate reader (BioTek, Winooski, VT).  Enzymatic activity 

was normalized to protein content as determined by Bradford assay (Bio-Rad, 

Waltham, MA) and reported as nmol (of substrate converted)/hour/mg protein.  

For immunobloting injection site biopsy punches were homogenized in T-PER 

buffer (ThermoFisher Scientific, Waltham, MA) supplemented with Complete Mini 

protease inhibitor cocktail (Roche Molecular Systems, Inc., Branchburg, NJ), 

incubated on ice for 10 min and then centrifuged at 10,000 x g for 5 min. The 

supernatant was collected and protein concentration determined using a 

Bradford assay (Bio-Rad, Waltham, MA). Total protein (20 µg) was separated by 

polyacrylamide gel electrophoresis using Mini-PROTEAN TGX precast gels (Bio-

Rad, Waltham, MA), and protein transferred to NitroPure nitrocellulose 

membrane (Maine Manufacturing, LLC, Sanford, ME). Blots were blocked in Tris-

buffered saline-Tween-20 (TBST) with 5% fat-free milk, and then incubated with 

primary antibodies to α-rabbit GLB1 (β-galactosidase antibody) (1:250; 

Proteintech, Chicago, IL) and α-mouse β-Actin (1:1000; GenScript, Piscataway, 

NJ). HRP-conjugated anti-rabbit and anti-mouse secondary antibodies were used 

(1:4000; GE Healthcare, Westborough, MA) and signal detection was done with 

Pierce ECL Western Blotting Substrate (ThermoFisher Scientific, Waltham, MA) 

and blots exposed to Amersham Hyperfilm ECL (GE Healthcare, Westborough, 

MA). 
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Genome copies  

Genomic DNA from injection site biopsy punches was isolated using 

Qiagen DNeasy Blood and Tissue Kit (Qiagen, Valencia, CA), and concentration 

determined using a Nanodrop spectrophotometer (ThermoFisher Scientific, 

Waltham, MA) The number of AAV vector genome copies in 100 ng of genomic 

DNA were determined by qPCR using the following primers and Taqman probe 

specific for BGH polyA in the vector genome: (TaqMan Probe, 6FAM- AGC ATT 

TTT TTC ACT GCA TTC TAG TTG TGG TTT GTC -TAMRA) (Integrated DNA 

Technologies, Coralville, IA).  Samples with ≥ 100 vg genome copies per µg of 

DNA were deemed positive for vector genomes.  Data was represented as 

vg/diploid genome considering that 100 ng of mouse genomic DNA corresponds 

to 36,263 diploid genomes.   

 

Microarray 

Total RNA was isolated from biopsy punches using Trizol (Life 

Technologies, Woburn, MA) and further purified using RNeasy Plus Mini Kit 

(Qiagen, Valencia, CA), and its quality analyzed on an Agilent Bioanalyzer 

(Agilent Technologies, Santa Clara, CA). Bioanalyzer RNA integrity number 

(RINs) values were 8.7-9.5, which indicates high quality RNA (data not shown). 

Sample preparation and microarray hybridization was done at the UMass 

Medical School Genomics Core using Affymetrix Mouse Gene 2.0ST Arrays 
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(Affymetrix, Santa Clara, CA).  Three independent samples were analyzed per 

group.  Resulting data was processed and P values <0.05 and 1.5-fold change in 

relation to PBS controls were considered differentially expressed genes.   

 

Quantification of GM1 ganglioside content 

A liquid chromatography-tandem mass spectrometry (LC-MS/MS) assay 

(Weismann et al, in preparation) was used for quantification of GM1-ganglioside 

in CNS. Briefly, 0.01-0.04 mg/µL of tissue homogenate was diluted to 25 µL in 

buffer containing 0.2M sodium acetate and 0.1M NaCl (pH 4.3).  To each sample 

3 µg of d3-labeled GM1 (Matreya, LLC, Pleasant Gap, PA ) was added as an 

internal standard. Calibration curves were made neat with GM1 (Avanti Polar 

Lipids, Alabaster, AL) over the range of 200-3,000 ng and spiked with 3,000 ng of 

d3-GM1. Total lipids were extracted by the Folch method(211) two successive 

times in chloroform/methanol (1:1), the supernatants combined, and the 

glycolipids partitioned to aqueous phase by adjusting the composition to 

chloroform/methanol/water (2:1:0.6).  The upper aqueous phase was removed 

and the lower phase was washed once with chloroform/methanol/water (3:48:47) 

and the upper phases combined.  Samples were dried, re-suspended in 0.2 mL 

0.1M NaCl and applied to an equilibrated 1cc C18 reverse-phase Bond Elute 

column (Agilent Technologies, Santa Clara, CA), washed with 5 mL water, eluted 

with 0.6 mL CH3OH followed by 1 mL CHCl3:CH3OH (1:1), dried, and re-
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suspended in 100 µL solution of 1:4 (A:B) where A is 0.1% (v/v) formic acid and 

B is methanol:2-propanol:0.1% formic acid (47.5:47.5:4.9).  Gangliosides were 

separated on a Phenomenex (Torrance, CA) 2.1 x 50mm Kinetex 1.7 µm (100Å) 

C18 column using a Waters (Milford, MA) Acquity UPLC using a fast gradient 

program (0-1 min, 80%B; 1-5 min, 80-100%B; 5-7 min 100%B; 7.1, 80%B) and 

eluted to a Waters Quattro Premier XE triple quadrupole mass spectrometer 

operating in the negative ion mode.  Multiple reaction monitoring (MRM) 

transitions for all GM1 and GM2 species were monitored using a cone voltage of 

90V, a collision energy of 70V, and recorded the common sialic fragment anion 

at m/z 290.  The area of all the individual GM1 lipid species (16:0, 18:0, 18:1, 

20:0, 20:1) were combined for each ganglioside and the ratios were calculated to 

the corresponding d3-18:0 GM1 internal standard.  Calculated concentrations 

were normalized to protein content by Bradford (Bio-Rad, Waltham, MA).     

 

Results 

 

AAV dose dependent distribution of βgal in brain  

AAVrh8-CBA-mβgal-WPRE vector (Fig. 3.1) was infused into the brain of 

6-8 week old GM1 gangliosidosis mice (gal-/-) by bilateral injections in the 

thalamus and deep cerebellar nuclei at total doses of 4e10vg, 2.6e10vg and 
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2.6e9vg.  Animals in the highest dose cohort received bilateral injections of 1 µl 

in thalamus and DCN, while animals in the other two cohorts received 1 µl in 

thalamus and 0.3 µl in DCN.  The βgal distribution pattern in brain at 3 months 

post-injection appeared to be dose dependent with the highest intensity of gal 

activity at the injection site (Fig. 3.2). The highest dose (4e10vg) provided 

enzyme activity throughout much of the section in the cerebrum (Fig. 3.2a) and 

cerebellum (Fig. 3.2b).  Middle dose, 2.6e10vg had similar level of activity in the 

cerebrum (Fig. 3.2e), and the cerebellum (Fig. 3.2f) appeared to provide slightly 

less activity but still spread of enzyme throughout the structure.  Low dose, 

2.6e9vg had less spread in both the cerebrum and cerebellum (Fig. 3.2i & j, 

respectively).  

 

AAV treated animals retain motor function in a dose dependent manner. 

The motor function of AAVrh8-treated mice was assessed over time using 

the rotarod test (Fig. 3.3). All cohorts of AAVrh8-treated βgal-/- performed 

significantly better than untreated βgal-/- controls at the 6 month post-treatment 

time point (high dose 4e10vg p = 0.006, middle dose 2.6e10vg p = 0.0009, and 

low dose 2.6e9vg p = 0.005).  N = 6-10 animals/group at 6 months post-

treatment.  Nonetheless, the rotarod performance of AAVrh8-treated animals 

declined over time.   
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Figure 3.1 Vector design and components 

Vector CBA-mβgal-WPRE.  Two inverted terminal repeats (ITRs) from AAV2 

flank the vector on each end.  The CBA promoter is composed of a 

cytomegalovirus immediate early enhancer (CMV) fused to the chicken beta-

actin promoter followed by a chimeric chicken beta-actin/rabbit beta globin intron 

(CBA), the mouse lysosomal acid β-galactosidase cDNA (mβgal), a woodchuck 

hepatitis virus post-transcriptional regulatory element (WPRE), and two polyA 

signals in tandem derived from the bovine growth hormone (BGH) and SV40.  

This vector was then packaged in an AAVrh8 capsid.   
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Figure 3.2. AAVrh8-mβgal intracranially injected in βgal-/- mice produces 

dose dependent enzyme distribution 

βgal expression in the brain of representative AAVrh8-injected animals and age-

matched controls was analyzed at 2 weeks (4e10vg) or 3 months (2.6e10vg and 

2.6e9vg) post-injection by histochemical staining of 20 µm coronal brain sections 

with X-gal and counterstaining with Nuclear Fast Red. (a, b) 4e10vg (e, f) 

2.6e10vg (i, j) 2.6e9vg (c, d) naïve βgal-/- and (g, h) naïve βgal+/- mice.  Images 

are representative of N ≥ 3 mice/group.   
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Figure 3.3. βgal-/- mice intracranially injected with AAV retain significant 

motor performance on the rotarod 

Animals were assessed for motor function on an accelerating rotarod test (4-40 

rpm over 5 minutes).  Highest value from three trials was recorded. βgal-/- 

animals treated with a total dose of AAVrh8 vector of (a) 4e10vg (b) 2.6e10vg 

and (c) 2.6e9vg all retained motor performance significantly better than naïve 

βgal-/-  controls at 6 months post injection using non-parametric, unpaired 

Student T Test and Welsh-correction (P = 0.006, 0.0009, 0.005 respectively).  N 

= 3-15 animals/group at each time point, and N = 6-10 animals/group at 6 

months post-treatment. 
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AAV treatment extends lifespan 

The lifespan of AAVrh8-treated βgal-/- mice was significantly increased 

compared to naïve βgal-/- controls (Fig. 3.4).  Median survival for naïve βgal-/- 

controls was 245.5 days (N = 18), 293.5 days for the 4e10vg cohort (N = 12, p = 

0.0004), 349 days for the 2.6e10vg cohort (N = 13, p = 0.002) and 389 days for 

the 2.6e9vg cohort (N = 12, p < 0.0001).  Of note, there were a subset of animals 

in the 4e10vg that developed tremor and circling behavior ~2weeks post 

injection.  These animals were excluded from lifespan and behavioral testing.  

We retained these animals for analysis to understand this phenomenon.   

 

GM1-ganglioside storage persists at the injection site and in the spinal 

cord of long-lived AAV treated animals 

Histological analysis of lysosomal storage by Filipin staining in the CNS of 

animals at 3 months post injection (data not shown) revealed nearly complete 

correction in the brain and cerebellum that was corresponding to enzyme 

presence as seen in Xgal staining at the same time point (Fig. 3.2).  Surprisingly 

Filipin-positive cells were only found at the injection sites, or along the injection 

track (Fig 4.5c, e). Filipin was originally identified as a potent anti-fungal with UV-

VIS and IR properties (232), but was found to also bind directly to cholesterol and 

GM1 ganglioside (214).     
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:Figure 3.4 AAVhr8 intracranially injected βgal-/- mice achieve significant 

extension in lifespan 

Kaplan-Meier survival curves for intracranial AAVrh8 treated βgal-/- mice.  Treated 

mice with a total dose of AAVrh8 vector of (blue) 4e10vg (green) 2.6e10vg and 

(orange) 2.6e9vg all had a significant extension of life span vs. naïve βgal-/- 

controls using Log-rank (Mantel-Cox) test (p = 0.0004, 0.002, < 0.0001 

respectively).  Median survival was increased from (red) naïve βgal-/- controls 

(245.5 days, N = 13) to 4e10vg cohort (293.5 days, N = 12), 2.6e10vg cohort 

(349.0 days, N = 13) and 2.6e9vg cohort (389.0 days, N = 13).   

  



114 
 

 

Figure 3.5 Intracranial injections of AAV in βgal-/- mice result in abnormal 

Filipin staining in areas of highest enzyme expression. 
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Figure 3.5 Intracranial injections of AAV in βgal-/- mice result in abnormal 

Filipin staining in areas of highest enzyme expression. 

Coronal sections of mouse brain stained with Xgal (blue) for βgal enzyme 

presence and counterstained with Nuclear Fast Red (red) at 12 weeks post 

injection in (a) representative βgal-/- (KO + AAV) injected with 1µl of AAVrh8-

CBA-mβgal-WPRE (2.6e10vg total dose) bilateral into the thalamus and (b)   

βgal-/- mouse untreated (KO Untreated).  Red boxes represent location of 

pictures in (c)-(f), Filipin staining on adjacent brain sections in (c, e) βgal-/- animal 

treated with 2.6e10vg of AAVrh8-CBA-mβgal-WPRE or (d, f) a βgal-/- mouse 

untreated (KO Untreated).  Filipin images taken at 10X magnification. .  Images 

are representative of N ≥ 3 mice/group.   
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The presence of Filipin-positive cells in the thalamus of AAVrh8-injected 

gal-/- mice was surprising as it is also the brain region that displays the most 

intense X-gal histochemical staining in the brain (Fig. 3.5a, red boxes), which we 

interpret as a semi-quantitative indicator of high gal enzyme activity. In the 

spinal cord of long-lived AAV-treated mice (495-612 days) the impact on 

lysosomal storage was variable ranging from regions with very few remaining 

Filipin-positive cells to regions with no apparent change compared to untreated 

gal-/- controls (Fig. 3.6a, d, f and b, c, e, respectively).  

 

Neuropathology at the injection sites  

Animals were histologically assessed with Hematoxylin & Eosin (H&E) after early 

loss or at 3 months post injection.  These animals were found to have 

morphological changes at the injection site that correlated with dose.  βgal-/- + 

AAV 4e10vg at 2 weeks post injection demonstrated large amounts of changes in 

the thalamus such as vascular cuffing (large amount of cells with small nuclei 

surrounding a blood vesicle) and the appearance of inflammation (concentration 

of cells with small nuclei) (Fig. 3.7a & b, thick and thin arrows, respectively), and 

in the DCN with vascular cuffing and apparent neuronal engulfment (Fig. 3.8a, 

thick arrow and b, arrow heads, respectively).  In βgal-/- + AAV 2e10vg at 3 

months post-treatment thalamic alterations were also seen with vascular cuffing 

and inflammation (Fig. 3.7e & f, thick and thin arrows, respectively).  However,   
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Figure 3.6 Lysosomal storage persists in the spinal cords of long-lived AAV 

intracranial injected βgal-/- mice 

Spinal cord sections cut at 20μm were stained with Filipin for GM1-ganglioside 

storage.  All long-lived animals showed some amount of clearance in the spinal 

cord, but also contained regions where clearance did not occur.  (a, b) 4e10vg at 

621 days (c, d) 2.6e10vg at 547 days, (e, f) 2.6e9vg at 495 days and (g, h) Naïve 

βgal-/- ~250 days with storage throughout.  Images are representative of N ≥ 2 

mice/group.   
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Figure 3.7 Intracranial injections of AAV in βgal-/- mice result in 

morphological changes at the site of injection in the thalamus 
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Figure 3.7 Intracranial injections of AAV in βgal-/- mice result in 

morphological changes at the site of injection in the thalamus 

Intracranially injected βgal-/- mice were analyzed at 2 week (4e10vg) or 3 months 

(2.6e10vg and 2.6e9vg) post-injection by H&E staining of 20 µm coronal brain 

sections. Morphological changes in the injected region of the thalamus: thick 

arrow denotes vascular cuffing, thin arrow indicates inflammation.  Left panel 

taken at 10x, right panel a 40x picture (from regions on the left panel).  

Morphological changes and neuronal loss appear to lessen at lowest inject dose.  

(a, b) 4e10vg at 2 weeks post-treatment (e, f) 2.6e10vg at 3 months post-

treatment, (i, j) 2.6e9vg at 3 months post-treatment, (c, d) Naïve βgal+/- at age of 

treated animals, (e, f) Naïve βgal-/- at age of treated animals, (k) example 

cerebrum injected with AAVrh8-mβgal.  Red arrow indicates injection site in βgal 

animals and location of pictures shown here.  Scale bar represents 100um.  

Images are representative of N ≥ 3 mice/group.   
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Figure 3.8 Intracranial injections of AAV in βgal-/- mice result in 

morphological changes at the site of injection in the deep cerebellar nuclei 
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Figure 3.8 Intracranial injections of AAV in βgal-/- mice result in 

morphological changes at the site of injection in the deep cerebellar nuclei 

Intracranially injected βgal-/- mice were analyzed at 2 week (4e10vg) or 3 months 

(2.6e10vg and 2.6e9vg) post-injection by H&E staining of 20 µm coronal brain 

sections. Morphological changes noted in the injected region of the DCN. Thick 

arrow denotes vascular cuffing. Arrowhead indicates suspected neuronal 

engulfment.  Left panel taken at 10x, right panel at 40x (from regions depicted on 

the left panel).  Morphological changes and neuronal loss appear to lessen at 

lowest inject dose.  (a, b) 4e10vg at 2 weeks post-treatment (e, f) 2.6e10vg at 3 

months post-treatment, (i, j) 2.6e9vg at 3 months post-treatment, (c, d) Naïve 

βgal+/- at age of treated animals, (e, f) Naïve βgal-/- at age of treated animals, (k) 

example DCN injected with AAVrh8-mβgal.  Red arrow indicates injection site in 

βgal animals and location of pictures shown here.  Scale bar represents 100um.  

Images are representative of N ≥ 3 mice/group.   
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βgal-/- + AAV 2e10vg dose in the DCN had less vascular cuffing only (Fig. 3.8e, 

thick arrow).  In the lowest dose representative animal, βgal-/- + AAV 2e9vg at 3 

months post injection only very minimal inflammation was seen in the thalamus 

(Fig. 3.7j, thin arrow) and this effect was absent in the DCN (Fig. 3.8i & j).  

Neither vascular cuffing nor inflammation was seen in untreated βgal-/- controls 

(Fig. 3.7c, d and Fig. 3.8c, d) or in untreated βgal+/- controls (Fig. 3.7g, h and Fig. 

3.8g, h).   

 

High levels of βgal induce an unexpected response in injected brain 

structure. 

The paradoxical presence of Filipin-positive cells at the injection sites (Fig. 

3.5c, e) could be the result of treatment failure, or an unexpected response to 

AAV gene transfer in gal-/- mice.  To understand this phenomenon, normal, 

unaffected gal+/- littermates were injected intracranially with AAVrh8 vector to 

distinguish between those two possibilities. Similar to the results in gal-/- mice 

(Fig. 3.5c & e), large numbers of Filipin-positive cells were present in brain 

regions with the highest gal staining intensity (Fig. 3.9a, b) in AAVrh8-injected 

gal+/- mice (Fig. 3.9d, g, j). This result indicates that the presence of Filipin-

positive cells in the targeted brain structures is an unexpected adverse response 

to an aspect of AAV gene transfer.   
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Figure 3.9 Intracranial injections of AAV in βgal+/- and βgal-/- mice result in 

abnormal Filipin staining in areas of most intense enzyme expression. 
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Figure 3.9 Intracranial injections of AAV in βgal+/- and βgal-/- mice result in 

abnormal Filipin staining in areas of most intense enzyme expression. 

Sagittal sections of mouse brain stained with Xgal (blue) for βgal enzyme 

presence and counterstained with Nuclear Fast Red (red) at 10 weeks post 

injection in representative (a) βgal+/- (CA + AAV) (b) βgal-/- (KO + AAV) injected 

with 1µl of  AAVrh8-CBA-mβgal-WPRE at 1.7x1012vg/µl bilateral into the 

thalamus, 2ul into intracerebral ventricles and 0.3ul in the deep cerebellar nuclei, 

and (c) βgal-/- mouse untreated (KO Untreated).  Red boxes represent location of 

pictures in (d)-(i).  Filipin staining was positive in regions of most intense enzyme 

expression in both (d, g, j) βgal+/- (CA + AAV) (e, h, k) βgal-/- (KO + AAV) injected 

animals.  (f, i, l) βgal-/- mouse untreated (KO Untreated) had no change in Filipin 

content.  Filipin staining on brain sections taken at 10X magnification. Images are 

representative of N ≥ 3 mice/group.   
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Validation of AAVrh8 vector series to assess contribution of enzyme 

activity, protein levels, and AAVrh8 capsid to Filipin-detected response.  

A series of AAVrh8 vectors were designed to understand the nature of this 

unexpected response at the injection sites (Table 3.1). This series of AAVrh8 

consisted in sequential removal of elements that influence transgene expression 

levels in the original vector, AAVrh8-CBA-mgal-WPRE, which will be referred to 

as ‘CBA-WPRE’ from here on. In vector 2 ‘CBA’, the woodchuck hepatitis virus 

post-transcriptional regulatory element (WPRE) was removed. Vector 3 ‘CBA-EI-

WPRE’ has the exact same backbone as vector 1 but encodes a gal protein 

carrying an E269Q mutation in the putative active site (8, 17). This vector was 

designed to assess whether the observed response was caused by enzymatic 

activity or protein production. Vector 4 ‘CB6’ contained mgal cDNA, but did not 

carry WPRE or the chimeric intron present in the other vectors.  This vector was 

tested at two doses, ‘CB6 Low’ (same dose as all other vectors), and ‘CB6 High’ 

(2.0e10vg).  Vector 5 ‘transgene empty’ or ‘T. Empty’ contained all components 

of vector 1, but lacked the mβgal cDNA.    

 The newly constructed AAVrh8 vectors were injected bilaterally into the 

thalamus of normal βgal+/- mice (1 µl/site for total dose of 3.4e9vg), except the 

CB6 vector, which was also injected at a higher dose (1 µl/site for total dose of 

2.0e10vg).  Controls were βgal+/- mice injected with phosphate buffered saline 

(PBS), and naïve βgal+/- mice. Enzyme activity and protein production in the   
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Table 3.1 List of alterations in vectors designed to evaluate storage 

biomarker Filipin persistence  

  



127 
 

  

Figure 3.10 Alterations in vector design lead to a changes in βgal protein 

presence and/or enzyme activity in βgal+/- mice 
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Figure 3.10 Alterations in vector design lead to a decrease in βgal  

protein presence and/or enzyme activity in βgal+/- mice. 

 
 (a) βgal enzyme activity in 2mm x 2mm biopsy punches in injected structures.  

1µl of AAVrh8-vector (total dose 3.4e9vg, or 2.0e10vg, CB6 High only) or mock 

treated PBS bilateral into the thalamus, as determined by 4-MU assay at ~6 

weeks post injections.  Enzyme activity is normalized to protein concentration by 

Bradford, and is reported as nmol/hour/mg protein.  Error bars represent mean + 

SD, N = 3/group, and * indicates significant difference of βgal+/- + AAV (CA + 

vector name) vs. βgal+/- Untreated (CA Untreated) or as indicated by connecting 

line.  P value calculated using unpaired multiple T tests (Holm-Sidak) where * = p 

< 0.05, ** = p < 0.01, and *** = p < 0.001.  (b) Endogenous βgal protein presence 

as determined by Western blot which appears at 67kd, where transgene 

expression from the AAV vector appears as a higher weight band.  Loading 

control is Actin appearing at 42kd.  Western blot shown is representative of N = 3 

blots ran.  Samples analyzed for enzyme activity (a) are from either the 

contralateral side of animals in (b) or from injected animals in the same cohort .   
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thalamus were measured by 4-methylumbelliferyl (4-MU) biochemical assay and 

western blot 6 weeks after injection (Fig. 3.10). 

The CBA-WPRE vector generated the highest enzyme activity at 686 fold 

above that in thalamus of naïve βgal+/- mice (Fig. 3.10a), and corresponding 

elevation in protein (Fig. 3.10b, lane 1).  The CBA vector resulted in βgal activity 

224 fold over βgal+/- level, which was significantly lower than that obtained with 

CBA-WPRE vector (Fig. 3.10a, orange bar, p = 0.001) and an apparent 

corresponding decrease in protein product (Fig. 3.10b, lane 2).  In thalami of 

mice injected with CBA-EI-WPRE vector the βgal activity was comparable to that 

in naïve control mice (Fig. 3.10a), but the protein was expressed at comparable 

levels to those in CBA-WPRE injected thalami (Fig. 3.10b, lane 3 vs. lane 1). 

Therefore, the E269Q mutation abrogates enzyme activity but does not seem to 

affect protein expression levels.  Injection of CB6 vector at the same dose as the 

other vectors (CB6-Low) resulted in βgal activity 54 fold above over βgal+/- level 

(Fig. 3.4a, green bar), and protein presence at a correspondingly lower amount 

that with the other vectors (Fig. 3.10b, lane 4).  Injection of this vector at higher 

dose (CB6-High) resulted βgal activity 420 fold above over βgal+/- level, which is 

significantly higher than in the CB6-Low cohort (Fig. 3.10a-b, p = 0.03).  The βgal 

activity level in the CB6-High cohort was comparable to that measured in the 

CBA-WPRE cohort, and appeared similar in protein levels (Fig. 3.10a-b, blue bar 

& lane 1 vs. pink bar & lane 5).  The thalami of animals injected with transgene 

empty vector (T. Empty) or PBS showed no change in βgal activity or protein   
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Figure 3.11 Vector genome presence in injected structure biopsy punches in 

βgal+/- mice 

Vector genomes per diploid genome in a 2mm x 2mm biopsy punches in injected 

structure where 1µl of AAVrh8-vector (total dose 3.4e9vg, or 2.0e10vg, CBA High 

only) bilateral into the thalamus of βgal+/- mice (CA + vector name) as determined 

by qPCR to the SV40 poly A on the transgene.  Samples were taken at 6 weeks 

post injection.  Error bars represent mean + SD, N=3/group, and * indicates 

significant difference indicated by connecting line and using unpaired multiple T 

tests (Holm-Sidak) where * = p < 0.05, ** = p < 0.01 and *** = p < 0.001.   
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level compared to naïve βgal+/- levels (Fig. 3.10a-b).  The number of vector 

genome copies in AAV-injected thalami were shown to be comparable in most 

cohorts injected with a total dose of 3.4e9 vg, except in the T.empty cohort (Fig. 

3.11).  As expected, the CB6-High cohort infused with 2.0e10 vg showed 

significantly increased number of vector genome copies (Fig. 3.11, blue bar).  

 

Filipin-detected response correlates with protein levels. 

The brains of AAVrh8-injected and control βgal+/- mice were analyzed for 

βgal enzymatic activity by Xgal staining (Fig. 3.12a, d, g, j, m, p, s) and for 

presence or absence of Filipin-positive cells in the thalamus (Fig. 3.12b, e, h, k, 

n, q, t).. The thalamic regions with the most intense βgal staining (Fig. 3.11a & d, 

red boxes) also contained Filipin-positive cells in CBA-WPRE and CBA injected 

animals, albeit at apparently lower numbers in the latter cohort (Fig. 3.11b, e).  

The thalami in the CBA-EI-WPRE cohort had large numbers of Filipin-positive 

cells, but no active βgal enzyme (Fig. 3.11k & j, respectively).  Similar Filipin 

staining was apparent in the thalami of T-empty and CB6-low cohorts (Fig. 3.11 k 

&q), but it appeared as small puncta distinct from the pattern observed in the 

CBA-WPRE and CBA-EI-WPRE cohorts. Filipin staining was also observed in 

the thalami of CB6-High cohort and the pattern appeared a mix of that observed 

in the CBA-WPRE and CB6-Low cohorts (Fig. 3.11h). These results suggest the  
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Figure 3.12 Vectors with decreasing protein presence lead to decrease in 

Filipin positive regions in βgal+/- mice  
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Figure 3.12 Vectors with decreasing protein presence lead to decrease in 

Filipin positive regions in βgal+/- mice. 

Coronal sections of mouse brain stained with Xgal (blue) for βgal enzyme 

presence and counterstained with Nuclear Fast Red (red) at 6 weeks post 

injection in (a, d, g, j, m, p) in representative βgal+/- (CA + vector name) injected 

with 1µl of AAVrh8-vector (total dose 3.4e9vg, or 2.0e10vg in the CBA High only) 

bilaterally into the thalamus or βgal+/- un-injected (CA Untreated). (b, e, h, k, n, q) 

Filipin staining and ToPro3 nuclear stain (c, f, i, l, o, r) in parallel sections of the 

same animals in (a, d, g, j, m, p).  Red boxes represent approximate location of 

pictures in (b, c, e, f, h, i, k, l, n, o, q, r) Filipin and ToPro3 staining on brain 

sections taken at 20x magnification.  Scale bar = 250 µm.  Images are 

representative of N ≥ 2 mice/group.   
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abnormal Filipin accumulation at the injection site is related to protein expression 

levels and not enzyme activity.  

 

Transcriptomic changes in injected thalami correlate with Filipin-detected  

abnormal response. 

Microarray analysis was performed in the thalami to further characterize 

the tissue response to this apparent pathological change induced by gene 

transfer. Total thalamic RNA was isolated from CBA-mβgal-WPRE, CB6-Low, 

T.Empty and PBS-injected cohorts.  Transcriptomic changes (fold change > 1.8-

fold, p<0.05) for all samples analyzed are represented in a heat map (Fig. 3.13a).  

CB6-low and T.Empty samples cluster together with PBS, and are different from 

CBA-WPRE samples. The number of genes with >2-fold change in expression 

levels (p<0.05) is considerably larger in CBA-WPRE samples compared to CB6 

and T.Empty with a few overlapping genes (Fig. 3.13b). A number of genes up-

regulated in the CBA-WPRE samples are characteristic of activated microglia 

and reactive astrocytes (Table 3.2). None of these genes showed significant 

changes in CB6 or T.Empty samples.  
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Figure 3.13 Clustering heatmap and Venn diagram of all differentially 
expressed genes in βGal+/- mice demonstrate transgene expression 
dependent variation. 

(a) Heatmap and (b) Venn diagram of all differentially expressed genes from a 

2mm x 2mm biopsy punch of thalamus injected with 1 µl of AAVrh8-vector  

(3.4e9vg total dose)  or mock treated with PBS bilaterally, at ~6 weeks post 

injection in βgal+/- mice (CA + vector name). Microarray results determined by 

Affymetrix Mouse Gene 2.0ST, N = 3/group, P<0.05 and >1.8 fold change.   
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Table 3.2 Select genes upregulated in microarray analysis of the CBA-

WPRE vector.  Fold change is CBA-WPRE vector over PBS. 

  

Gene Gene name Function Fold change Reference
Serpina3n serine (or 

cysteine) 
peptidase 

inhibitor, clade A

Peptidase inhibitor, response to 
cytokine, marker of reactive gliosis

1.9 Winkler et al , 
2005; Zamanian 
et al , 2012

Gbp3 guanylate 
binding protein 3

Response to interferon β, response 
to interferon γ, upregulated in LPS 
reactive astrocytes

3.2 Burckstummer et 

al , 2009;  
Degrandi et al , 
2007; Zamanian 
et al , 2012

B2m beta-2-
microglobulin

Antigen processing and presentation, 
cellular defense response, 
upregulated in LPS reactive 
astrocytes

2.2 Uginovic et al , 
2005;  Zijilstra et 

al , 1989;  
Zamanian et al , 
2012

Cd86 Cd86 antigen Costimulatory ligand, upreglated in 
SOD1G93A microglia

2.3 Chiu et al , 2013

Trem2 triggering 
receptor 

expressed on 
myeloid cells 2

Transmembrane protein - triggers 
myeloid cells, increase phagocytic 
activity, supress cytokine production, 
upreglated in SOD1G93A microglia

3.0 Melchior et al, 

2010; Trash et al, 

2009;  Chiu et al, 
2013

C1qa complement 
component 1, 

subcomponent, 
alpha 

polypeptide

Complement activiation, upreglated 
in SOD1G93A microglia

3.0 Azeredo da 
Silveira et al , 
2002;  Chiu et al , 
2013

Gfap glia fibrillary 
acidic protein

Marker of reactive gliosis, upreglated 
in SOD1G93A microglia

3.6 Jessen & Mirsky, 
1980; Chiu et al, 
2013

Cybb cytochrome b-
245, beta 

polypeptide

Proinflammatory oxidase, upreglated 
in SOD1G93A microglia

4.8 Harraz et al , 
2008; Chiu et al, 
2013

Genes upregulated in CBA-WPRE 
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Therapeutic impact of different AAVrh8 vectors in GM1-gangliosidosis mice 

From the studies performed in βgal+/- mice above, a correlation was 

determined that reduced protein expression from the transgene could reduce the 

pathological transcription level changes in the injected structure.  We then sought 

to determine if the changes in AAV vector design translated into differences in 

therapeutic outcome in GM1-gangliosidosis mice (βgal-/-).  Six to eight week old 

βgal-/- mice received bilateral injections of AAV vector into thalamus (1 µl/side) 

and deep cerebellar nuclei (0.3 µl/side) and the outcomes measured at ~ 6 

weeks post-injection.  Study cohorts were βgal-/- mice injected with CBA-WPRE, 

CB6 (CB6-Low), and Transgene Empty vectors administered at a total dose of 

4.4e9vg.  In addition, CB6 was injected at a total dose of 2.6e10vg (CB6-High).  

Naïve untreated βgal-/- and βgal+/+ animals were used as controls.  Evaluation of 

βgal activity by 4-MU assay of the CNS (Fig. 3.14) showed that in the cerebrum 

CBA-WPRE was 45-fold higher than wild type level (Fig. 3.14, orange bar), 

where CB6 Low was 9-fold higher (Fig. 3.14, olive bars) and CB6 High was 30-

fold higher (Fig. 3.14, green bar).  As expected T.Empty and untreated cohorts of 

βgal-/- mice had no detectable βgal activity in any CNS region analyzed (Fig. 

3.14, blue and purple bars, respectively).  In the cerebellum + brainstem the 

trend was the same, with CBA-WPRE at 47-fold (Fig. 3.14, orange bar), CB6-

Low at 6-fold (Fig. 3.14, olive bar), and CB6-High at 27-fold above wild type level 

(Fig. 3.14, green bar).  Interestingly, in the spinal cord CBA-WPRE was only 50% 

of wild type level (Fig. 3.14, orange bar), CB6-High was 30% (Fig. 3.14, olive   
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Figure 3.14 Varied anatomical distribution of βgal enzyme activity in the 

CNS of treated βgal-/- mice  

βgal enzyme activity in cerebrum, cerebellum + brainstem or spinal cord of βgal-/-  

injected bilaterally 1µl into the thalamus and 0.3ul in the DCN of AAVrh8-vector 

(total dose 3.4e9vg, or 2.0e10vg, CBA High only) or untreated (KO Untreated) or 

βgal+/+ mice untreated (WT Untreated), as determined by 4-MU assay at ~6 

weeks post injections.  Enzyme activity is normalized to protein concentration by 

Bradford, and is reported as nmol/hour/mg protein.  Values represent mean + 

SD, N = 3/group, and * indicates significant difference of βgal-/- + AAVrh8-CB6 

vector (total dose 3.4e9vg, KO + CB6 Low) vs. βgal-/-- + AAVrh8-CB6 vector (total 

dose 2.0e10vg, KO + CB6 High).  P value calculated using unpaired T tests 

(Holm-Sidak) where *** = p<0.001.   
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bar), and CB6-Low had no detectable activity (Fig. 3.14, green bar).  In all CNS 

tissues analyzed, CB6-High was significantly higher (p < 0.001) in βgal activity 

than the same vector injected at the lower dose, CB6-Low.   

The βgal distribution pattern in the brain as exemplified by histological 

stain X-gal (Fig. 3.15) correlated with the activity levels in the cerebrum or 

cerebellum + brainstem determined by the 4-Mu assay (Fig. 3.14). The CBA-

WPRE vector resulted in dark blue staining in thalamus and DCN and 

widespread distribution of detectable enzyme activity throughout the brain (Fig. 

3.15a).  In contrast, in the CB6-Low cohort (Fig. 3.15b) there was intense 

staining in thalamus and DCN but lower detectable levels throughout the 

cerebrum, cerebellum or brainstem. In CB6-High animals, the βgal pattern of 

distribution in brain appeared broader than in CB6-Low animals (Fig. 3.15c).  As 

anticipated, there was no evidence of increased βgal activity in T.Empty (Fig. 

3.15d) and naïve βgal-/- mouse cohorts (Fig. 3.15e). 

Results of histological analysis of lysosomal storage in brain and spinal 

cord using Filipin staining (Fig. 3.16) paralleled the βgal activities (Fig. 3.14) and 

distribution patterns (Fig. 3.15) described above.  In CBA-WPRE injected 

animals, there was nearly complete clearance of storage throughout the brain 

(Fig. 3.16a-g), except at the injection site and track with Filipin-positive cells in 

ventral hippocampus and throughout the thalamus (Fig. 3.16, d, respectively, 

arrows).  Storage clearance in the CB6-Low cohort appeared less efficient   
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Fig 3.15 Xgal staining for βgal enzyme presence in βgal-/- mice 

demonstrates spread of enzyme throughout the brain in an expression and 

dose dependent manner 

Sagittal sections of mouse brain stained with Xgal (blue) for βgal enzyme activity 

and counterstained with Nuclear Fast Red (red) at ~6 weeks post injection in a 

representative βgal-/- injected bilaterally with 1µl into the thalamus and 0.3ul in the 

DCN of AAVrh8-vector (total dose 3.4e9vg, or 2.0e10vg for the CBA High only), 

or untreated (KO Untreated) or βgal+/- mice untreated (CA Untreated).  N = 2-

3/group.  Scale bar = 10mm. 
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Figure 3.16 Filipin staining for GM1-ganglioside content in the brain of  

βgal-/- mice after therapeutic AAVrh8 treatment 
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Figure 3.16 Filipin staining for GM1-ganglioside content in the brain of  

βgal-/- mice after therapeutic AAVrh8 treatment 

Sagittal sections of mouse brain stained with Filipin for GM1 content or nuclear 

stain ToPro3 (KO Untreated, ToPro3, bottom row) at 6 weeks post injection in a 

representative βgal-/- injected bilaterally with 1µl into the thalamus and 0.3ul in the 

DCN of AAVrh8-vector (total dose 3.4e9vg, or 2.0e10vg, CBA High only), or 

untreated (KO Untreated). N = 2-3/group.  Images taken at 5X, scale = 100mm. 
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Figure 3.17 Filipin staining for GM1 content in spinal cords of βgal-/- mice after 

therapeutic treatment with AAVrh8 vectors  
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Figure 3.17 Filipin staining for GM1 content in spinal cords of βgal-/- mice after 

therapeutic treatment with AAVrh8 vectors 

Cervical and thoracic sections of spinal cord stained with Filipin for GM1 content 

or nuclear stain ToPro3 (KO Untreated, ToPro3, bottom row) at 6 weeks post 

injection in representative βgal-/- injected bilaterally with 1µl into the thalamus and 

0.3ul in the DCN of AAVrh8-vector (total dose 3.4e9vg, or 2.0e10vg, CBA High 

only), or untreated (KO Untreated).  N = 2-3/group.  Images taken at 5X, scale = 

100mm. 
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(Fig. 3.16h-n) as Filipin-positive cells were still present in anterior cortex, striatum 

and brainstem (Fig. 3.16i, l, n, respectively, arrows).  At the higher dose (CB6-

High) the efficiency of CB6 vector was very high with resolution of lysosomal 

storage throughout the brain (Fig. 3.16o-u).  As before, Filipin-positive cells were 

present in ventral hippocampus and dorsal thalamus, however less then in CBA-

WPRE (Fig. 3.16o, r, respectively, arrows).  The T.Empty cohort (Fig. 3.16v-bb) 

showed no change in lysosomal storage compared to βgal-/- untreated controls 

(Fig. 3.17cc-ii).  

The spinal cords of AAV-treated animals were also evaluated for storage 

content by Filipin staining.  Spinal cords in CBA-WPRE animals had almost no 

remaining storage in the cervical region however, the thoracic region only 

showed minimal reduction (Fig. 3.17a-b, respectively, arrows).  Spinal cords in 

CB6-Low animals had almost no distinguishable reduction in storage compared 

to untreated controls (Fig. 3.17c-d).  Spinal cords in CB6-High animals were 

nearly devoid of lysosomal storage in cervical and thoracic regions (Fig. 3.17e-f, 

arrows).  As anticipated, the spinal cords of T.Empty animals showed no change 

in lysosomal storage compared to untreated βgal-/- control.  (Fig. 3.17g-h and i-j, 

respectively).   

GM1 ganglioside level in CNS was quantified by LC-MS/MS (Fig. 3.18). In 

CBA-WPRE and CB6-Low cohorts there was significant reduction in GM1 

ganglioside content in comparison to untreated βgal-/- controls in cerebrum    
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Figure 3.18 Therapeutic treatment using AAVrh8 in the CNS of βgal-/- mice 

result  in normalization of GM1 content when treated with a lower 

expressing promoter at a higher dose.  

GM1 content as quantitated by LC-MS/MS in cerebrum, cerebellum + brainstem 

or spinal cord of mice at.  6 weeks post injection in βgal-/- injected bilaterally with 

1µl into the thalamus and 0.3ul in the DCN of AAVrh8-vector (total dose 3.4e9vg, 

or 2.0e10vg for the CBA High group only), untreated (KO Untreated), or βgal+/- 

untreated (WT Untreated).  GM1 content represented as ng GM1/µg protein.  

Values represent mean + SD, N ≥ 3/group and * indicates significant difference of 

KO + AAVrh8 vs. KO + PBS, or as indicated by connecting line, using multiple T 

tests (Holm-Sidak) where * = p < 0.05, ** = p < 0.01, and *** = p < 0.001.   
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(p = 0.0009 and p = 0.002, respectively) and cerebellum + brainstem (p < 0.0001 

and p = 0.0001, respectively).  There was no significant change in GM1 

ganglioside content in the spinal cord in either cohort.  In the CB6-High cohort 

the GM1 ganglioside level was normalized in all CNS areas investigated 

cerebrum, cerebellum + brainstem, and spinal cord (Fig. 3.18, green bars, p = 

0.64, p = 0.06 and p = 0.79 respectively).  As anticipated, there was no change in 

GM1 ganglioside content anywhere in CNS in the T.Empty cohort compared to 

naïve βgal-/- controls (Fig. 3.18, blue and purple bars, respectively).   

 

Discussion 

Previous studies from our lab using intracranial injection of AAV gene 

therapy for GM1-gangliosidosis used an AAV1 vector delivered in neonates via 

the cerebral lateral ventricles (197) or injected bilaterally into thalamus and DCN 

in adult animals (198).  These vectors were efficient at delivering high levels of 

active enzyme to the brain and provided a delay in disease onset (197), but were 

not effective at retaining motor function and only provided nominal increases in 

survival outcomes (198).  

In this study we show that intracranial delivery of AAVrh8 into the 

thalamus and DCN of adult animals with total dose 4e10vg, 2.6e10vg, or 2.6e9vg 

successfully delivers enzyme to the brain (Fig 4.2), provides a significant but 

modest retention of motor function (Fig. 3.3) and significantly extends lifespan in 
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all groups (Fig 4.4) in a dose dependent manor.  However, in the course of this 

work we also discovered an unusual occurrence where the histological stain 

indicating the storage of GM1 ganglioside, Filipin, was present at the areas of 

highest enzyme expression.  In addition, this finding was consistent in both GM1 

affected βgal-/- and non-disease carrying βgal+/- mice (Fig.4.5 and 4.9), which 

demonstrates that Filipin was responding in an abnormal manner and may be 

indicating a pathological finding.  Further analysis of AAV treated βgal-/- mice 

showed that these animals displayed signs of neuropathology at the injection site 

of inflammation, vascular cuffing and apparent neuronal engulfment, which were 

lessened with decreasing vector, dose (Fig.4.7 and 4.8). 

Dogma in the LSD field is to try and deliver the largest amount of 

transgene product to the CNS in order to obtain the best therapeutic outcome.  .  

Utilizing the property of cross correction (85-88).and by injection of a viral vector 

into highly connected structures within the brain, it is believed that the largest 

therapeutic impact can be achieved.  In addition, methods to enhance transgene 

output, vector spread throughout the tissue, and entry into the CNS are also 

employed.  To this end, methods used include the application of ubiquitous 

promoters (199, 200, 233) (210) and post-translational elements (198-200, 228), 

capsid selection for tissue/cell tropism (231, 234), convection enhanced delivery 

(235, 236), injecting during the neonatal period when the blood-brain barrier 

(BBB) is not fully formed (197, 231), and blood-brain barrier disrupting agents 

such as mannitol (175, 235).  In our current study we utilized many of these 
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parameters by injecting into the thalamus and DCN, using a broad transduction 

capsid and widely expressing promoter as well as a post transcriptional element. 

However, our results led to questioning the safety of such high expression in a 

sensitive tissue.  The safety of overexpressing an LSD enzyme was previously  

evaluated by two papers from the Sly group investigating the transgenic 

overexpression of the enzyme β-glucuronidase (GUSB) in an animal model of the 

LSD mucopolysaccharidosis VII (MPS VII) in a mouse deficient of the active 

enzyme (237), and a following study with extreme overexpression in a non-

diseasing carrying mouse model (238) .  Interestingly, these studies indicated 

that no abnormal phenotypes were detected, the animals were fertile and 

mortality was not increased even in animals expressing 100-1000s fold increase 

of the enzyme (204).   

Results from our current study suggest there may be an upper limit to 

tolerance of the CNS to enzyme expression levels as the neuropathological 

response at the injection site were dose-dependent.  Gentner et al. support this 

hypothesis, as overexpression of a transgene product was detrimental in cultured 

cells of the lysosomal storage disorder, Globoid cell leukodystrophy (GLD) (179).  

In that study, a lentiviral infection of the missing galactocerebrosidase enzyme, 

but not a GFP expressing vector led to apoptosis (179).  This work demonstrated 

that in particular cell populations, here hematopoietic stem and progenitor cells, 

over expression of the lysosomal enzyme led to deleterious effects.  Salegio et 

al., revealed a pathological response to enzyme over expression (239), A safety 
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study of the intracranially delivered AAV2 vector carrying the lysosomal enzyme 

acid sphigomyelinase for the treatment of LDS Niemann-Pick disease in 

nonhuman primates presented with dose related toxicity behavioral alterations, 

histological alterations, and biochemical responses (239).  Interestingly, this 

effect was not found in AAV2-treated disease carrying rats.  Also noteworthy is 

that the primary substrate of this enzyme, sphingomyelin leads to further 

breakdown products which are known signaling molecules in cell death and cell 

survival pathways. Interestingly, in the safety study of the lysosomal enzyme β-

glucuronidase (GUSB), GUSB overexpression led to lysosomal storage of the 

enzyme itself in peripheral tissues as well as the brain, but did not result in 

neuropathology (237).   

Using a series of AAVrh8 vectors that sequentially varied the amount of 

protein and/or active enzyme in the system after intracranial injection we 

evaluated the abnormal responses to mβgal overexpression  (Table 3.1).  

Modifications included removal of the post translational element, creation of an 

inactive form of the mouse-β-galactosidase enzyme, a minimally expressing 

promoter, and removal of the mβgal cDNA from the transgene.  Analysis of direct 

injection of these viral vectors into the thalami of βgal+/- mice determined a 

protein expression dependent correlation to the abnormal Filipin.  Abnormal 

Filipin staining was detected from a highly expressed vector with an active 

enzyme, CBA-mβgal-WPRE, as well as in a vector with the same backbone 
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carrying an inactive enzyme, CBA-E269Q-mβgal-WPRE, but was not seen in low 

expressing vector with active enzyme CB6-mβgal (Fig. 3.12).  

Further elucidation of this process was provided by microarray analysis on 

punch biopsies from animals injected with vectors expressing mβgal at levels 

over βgal+/- levels of 686 fold (CBA-mβgal-WPRE), 54 fold (CB6-mβgal), no 

additional expression (CBA-transgene empty-WPRE), and mock-injected (PBS).  

Microarray results (Fig. 3.13a-b) showed that CBA-WPRE provided the biggest 

response with 232 genes upregulated and 7 downregulated.  In comparison, CB6 

had 20 genes up and 12 down and Transgene Empty with 18 genes up and 17 

down.  These resulted indicated that a large effect on transcription was occurring 

from the presence of a high expressing vector, and that this effect was mitigated 

by a low expressing vector or the AAVrh8 capsid alone.  Interestingly, distinct 

upregulation of genes related to immune and astrogliosis responses were also 

determined from the CBA-WPRE vector, but not in the either the CB6 and CBA-

T. Empty-WPRE (Figure 4.2).  This type of upregulation was also seen in from a 

study investing the transcriptional profile of neurodegeneration in ALS effecting 

microglia (the immune cells of the brain) (240), and in another profile of reactive 

astrogliosis (241) (which responds  to CNS insults).  These results support our 

observations of neuropathological effects from our overexpressing insult to the 

brain.  At least 3 genes from these studies were identified as transcriptionally 

responsive in our high expressing vector that were associated with reactive 

gliosis (241), a peptidase inhibitory and cytokine response, Serpina3n (242) or 
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responses to interferon β and γ, Gbp3 (243, 244), and B2m  related to antigen 

processing (245) and cellular defense (246)  (Table 3.2).  In addition, the 

microglia transcriptome also co-identified hits from our CBA-WPRE microarray of 

the costimulatory ligand Cd86 (240), the transmembrane protein which triggers 

myeloid cells and increased phagocytic activity (247), and suppress cytokine 

production and immune responses (248), Trem2, the complement activation 

(249) Clqa, the proinflammatory oxidase (250), Cybb and, reactive gliosis marker 

(251), GFAP.  Taken together, these results indicate that some of the processes 

occurring through the expression of a lysosomal enzyme in the CNS lead to a 

course of inflammation and astrogliosis which is not detectable when expressed 

by a lower expressing promoter or from the capsid alone. 

The reason why this level of overexpression lead to an inflammatory 

process can be addressed by the vector system.  Importantly, the enzyme 

introduced in our work is of mouse origin and is introduced into an animal which 

is already expressing a functional copy of the mouse GLB1 gene. This removes 

the possibility of an immune response to a non-self protein as seen in other 

studies(155), however response to extreme overexpression regardless of origin 

is still an outstanding question.  The effect could be related to the burden of 

individual cells to produce large amounts of protein product.  This is supported by 

the reduction of transcriptional changes seen with a lower producing vector.  In 

addition, injection into the thalami of βgal+/- mice with the CB6 vector with both 

same viral particles as CBA-WPRE as well as CB6 with a log higher dosing 
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appeared to have reduced Filipin staining despite similar amounts of enzyme 

produced.  In addition, dose dependent responses leading to neuropathology at 

the injection site was seen in both our study and with NHP and the lysosomal 

enzyme acid sphigomyelinase (239).  Investigation into a per-cell response to the 

expression of the mβgal enzyme would further enlighten this hypothesis and will 

be studied in detail in future work. 

These newly constructed, reduced expression, minimal transcriptional 

impact vectors were also shown effective as a therapeutic in disease containing 

βgal-/- mice, however this effect was dose dependent.  CB6 at the low dose was 

able to deliver enzyme to the cerebrum and cerebellum, but had surprisingly no 

activity for CB6 low in the spinal cord.  This lack of spinal cord expression may 

be due to minimal amount of enzyme in the cerebellum + brainstem which was 

~7 fold wild type levels overall and had reduced spread as seen in Xgal staining 

(Fig. 3.15b).  We hypothesize that this level was insufficient to spread thought the 

tissue through cross correction between neighboring cells.  This theory was 

supported at the higher dose CB6 High which was able to successfully spread 

throughout the tissues and achieved a non-significant difference from the original 

vector in cerebellum + brainstem, but was still an average of 20 fold lower in 

enzyme expression than CBA-WPRE vector in that tissue.  Excitingly, storage 

clearance and Filipin presence was the most telling result as the original vector 

CBA-WPRE still displayed abnormal Filipin presence at the injection site (Fig. 

3.16a, d), but this was minimized to absent in the CB6 High vector (Fig. 3.16o, r) 
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which was able to clear GM1 from the spinal cord where CBA-WPRE was not 

(Fig. 3.17e-f versus a-b).  This finding is revealing as in both this study and our 

lab’s previous attempt at intracranial gene therapy as the extreme 

overexpression in the cerebellum may have been the culprit for the inability to 

reach the spinal cord (Fig. 3.6a, d, f and Fig. 3.17e, f) (198).  As we show here, 

supraphysiological levels of enzyme has deleterious consequences in the 

surrounding cells and could lead to dysregulation of lysosomal function and 

initiate immune and astrogliosis responses (240, 241, 251).  We hypothesize that 

cells in the DCN that overexpress βgal are taxed beyond ability to compensate 

and are unable to properly connect to the spinal cord either through dysfunction 

or cell death in the corresponding nuclei.  Furthering testing of this theory could 

be achieved by a selective, targeted destruction of the DCN using methods such 

as in Parkinson’s’ studies where site specific neurodegeneration is accomplished 

by introduction of the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine  (252).  

In the current study we achieved therapeutic success by lowering the total output 

from each vector we reduce the strain on each cell to process protein loads, and 

by increasing vector dose an increased ability to spread throughout neuronal 

connections was possible.      

Taken together this work demonstrates that lysosomal storage disorders 

treated with viral expressing transgenes do not have unlimited capacity to 

withstand protein expression and this effect occurs in both disease and non-

diseased animals.  Importantly, immune and astrogliosis related responses 
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occurred in response to high levels of protein within the brain, but not to the viral 

capsid alone.  Finally, mitigating the amount of enzyme produced from a single 

vector we reduced the burden of a single cell, and by increasing the total viral 

load we were able to utilize the network of connections functioning throughout 

the CNS.  This work reveals that using a lower expressing promoter offers a 

larger dynamic range then high expressing transgenes and allows for the fine 

control of therapeutic intervention necessary for a lysosomal storage disorder 

affecting the central nervous system.  
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 CHAPTER V:  Final Summary and Conclusions 

 

The work in this thesis comprises the investigation into multiple aspects 

and practical considerations for the therapeutic treatment of the lysosomal 

storage disorder, GM1-gangliosidosis.  In addition, the benefit of these studies 

will have far reaching implications to the field of lysosomal storage disorder 

research and the practice of intracranial gene therapy.   

Chapter II and III investigated two therapeutic approaches for the 

treatment of GM1-gangliosidosis in a mouse model which both achieved 

unprecedented increases in survival.  In Chapter II, the investigation of a 

systemic approach utilizing AAV9 was presented.  Here, we found that in the 

GM1-ganglioside mouse model we could express enzyme in the CNS at low but 

efficient levels with therapeutic impact.  This expression was move effective in 

females than males, as noted previously (190, 191), and this difference led to 

increased storage clearance of the GM1 ganglioside in the brain and spinal cord 

in female mice.  Despite the overall reduced response in the brain of male mice, 

higher liver expression in those animals did result in a corresponding increase in 

serum levels of the mβgal enzyme and uptake of this enzyme from the serum is 

also an efficient method for delivering enzyme to the CNS.  Similar work by Ruzo 

et al used an intravenous administration of AAV8 with a liver-directed promoter to 

deliver a sulfamidase enzyme for the LSD, MPS IIIA which lead to correction of 
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CNS pathology in diseased mice.  Consistent with our data, the male response 

was more robust then females with 4 fold greater liver expression (253).  Notably, 

in our studies dose delivered to each animal was not adjusted for weight and 

therefore the possibility of less total vector genomes(vg) per kg of weight could 

be a factor in the resulting overall success of this therapy.  This could lead to 

animal or sex based variation as male animals were typically larger then females 

at time of injection. To further probe this hypothesis future experiments could 

include adjustment of vg to kg of each animal and using testosterone injection 

into female animals to see if the male vs. female difference are still present (191).   

Interestingly, in our IV approach we saw that even minimal expression in 

the CNS led to unprecedented behavior correction in this model where 

normalization of most parameters were noted for female mice at 30 weeks of 

age.  Eventually, these animals all developed tremor which may be related to the 

lack of enzyme in the deep brain structures (thalamus and striatum) as well as 

the purkinje and molecular layers of the cerebellum,  while the mobility retention 

may be due to success in targeting the spinal cord.  As mentioned earlier, the 

deep cerebellar nuclei has been shown to have connections to the spinal cord as 

determined in a series of experiment in a rat model using anterograde labeling 

with biotinylated dextran (254-258), and also with therapeutic gene in a mouse 

model (215).  In turn, successful spinal cord and then DCN expression could be 

due to the innervating neuronal connections from muscle to spinal cord where 

movement of the viral vector/ secreted βgal enzyme could originate from the viral 
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transduced and high enzyme expressing skeletal muscle (259).  Therefore, 

storage correction in DCN could be caused by enzyme uptake at axonal 

terminals the spinal cord and its retrograde transport to the cell body.  This 

hypothesis could be tested by the intravenous injection of a vector expressing 

mβgal with muscle specific promoter muscle creatin kinase (MCK) (260) and/or 

with a muscle targeting capsid such as AAV1 or AAV6 (261), or with a direct 

muscle injection.  Another approach for teasing out this effect would be to include 

a microRNA detargeting sequence for muscle, miR-1 (189).    

In our IV study, hallmarks of the disease (6) were apparent in the poorly 

treated regions where astrogliosis occurred.  Interestingly, previous studies in an 

LSD model using AAV9 IV also had a challenge in accessing these regions (187) 

and was consistent even when utilizing a self complimentary (sc) AAV vector 

(216).  Importantly, significant extension in life span (p < 0.0001) was seen in all 

groups and genders.  Together, this data raise the possibility that a higher dose, 

or more efficient promoter may be even more effective then 3e11vg, however 

caution regarding liver overexpression is justified and a liver detargeted vector 

suggested (183, 189).   

Chapter III employed an intracranial approach for GM1-gangliosisdosis 

which was superior to previous approaches in lifespan and motor function (197, 

198).  However, in the course of this work we also noted abnormal findings from 

the GM1-ganglioside identifying staining, Filipin, which was dose dependent and 

correlated with neuropathological morphological changes at the injection site and 
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warranted further investigation.  We confirmed this abnormal staining was not 

disease dependent by using normal animals and developed a vector series to 

probe the cause.  In these experiments we found an association with protein 

presence, but not enzyme activity at injection site.  Furthermore, using a 

microarray approach we were able to determine that astrogliosis and immune 

responses (240, 241, 251) occurred at the injection site when using a high 

expressing vector, but was mitigated or absent if the expression was low.  

Importantly, a vector containing only promoter and post-translational elements, 

but not a protein product had almost no effect on the system.  Previous studies 

investigating immune responses to intracranial injection include AAV2 encoding 

thymidine kinase (TK) or human aromatic L-ammino acid decarboxylase (hAADC) 

in NHP brains (236), AAV1 expressing a humanized green fluorescent protein 

from Renilla reniformis  (hGFP) in NHP brains (156), and AAV9 expressing 

hAADC or GFP in rat brains (155).  In these studies, a relation to transgene and 

immune response was made, but only when the capsid itself was found to 

transduce antigen presenting cells (APC) that then trigged a cellular immune 

response to the transgene in AAV1 (156) or AAV9 (155) and not AAV2 (236).  In 

our study, immune responses were determined to be protein dependent due to 

the high expression of the enzyme in a CBA-mβgal-WPRE transgene, but not  

when a highly expressing promoter was replaced and post translational element 

was removed, CB6-mβgal.  Both the high and low enzyme producing transgenes 

carried the species-specific mβgal cDNA which was not foreign to the βgal+/- 
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mouse that carries one functional copy of that gene.  The AAVrh8 capsid did not 

have a consistent response across all vectors indicating that the capsid was not 

responsible for the immune response.  In addition, previous studies intracranial 

injected AAVrh8 capsid expressing various transgenes within neonatal mice with 

GFP (231), in cats with mβgal (200), and in cats with hexosaminidase α and β 

(199) no immune responses were seen.   

To further understand the role of enzyme overexpression in a highly 

expressing transgene a single cell-based analysis would be appropriate.  

RNAscope (Advanced Cell Dynamics, Hayward, CA) is a multiplex colorimetric or 

fluorescent method to perform in situ hybridization which provides the ability to 

view up to three different targets at once, and at sensitivities as low as single 

RNA molecules.  This analysis would allow for single cell confirmation of the 

microarray results in conjunction with the detection a number of mβgal transcripts 

present, allowing quantification of the number of transcripts needed for an 

immune or toxic responses to occur.  Laser capture micro-dissection for 

transduced cells in each cohort and subsequent biochemical analysis would also 

be useful in isolating only the subset of cells most highly expressing the 

transgene.  Finally, neuronal cell culture could be employed to assess the effects 

of extreme enzyme overexpression with and without a viral capsid, as well as 

temporal effects that are more difficult to perform when in the context of a mouse 

model.   
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Continuing the intracranial study, we then brought these findings back into 

diseased mice and were able to achieve a therapeutic benefit of storage 

clearance throughout the CNS when using the lower expressing vector  CB6- 

mβgal with a log higher dose.  Importantly, the spinal cord which was not 

targeted successfully in all previous attempts (197, 198) had unprecedented 

therapeutic impact with normalization of GM1 storage.  As stated above, the 

DCN is employed as a conduit within the brain to access the spinal cord for 

delivery of a therapeutic transgene (215).  Connections between the DCN and 

spinal cord have been traced in previous studies (254-258), however the 

disruption of the DCN leading to loss of these connection have not been 

demonstrated.  Direct injection of the CBA-mβgal-WPRE vector into the DCN 

resulted in neuropathological effects and resulted in loss of enzyme expression 

and storage clearance in the spinal cord.  Therefore, we hypothesized that the 

extreme over expression of these enzymes in the DCN were leading to these 

downstream consequences.  To further test this hypothesis, track-tracing of the 

connections in the DCN after expression of CBA-mβgal-WPRE or other cell 

damaging methods could be employed such as radiation, ischemic insult or 

hypoxia, or known toxic agents.  

This work indicates that gene therapy for LSD is a fragile system and 

despite the many benefits of secreted enzymes in this therapy, that caution must 

be employed toward the injection site.  By reducing the burden through a low 
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expressing promoter and increasing viral spread through higher dose it is 

possible to avoid these adherent responses.  .   

This work provides vital insight into the treatment of lysosomal storage 

disorders affecting the central nervous system however, additional questions 

exist.  Which population of cells is sensitive to this pathological effect within the 

brain and is there another cell type that could act as a safer enzyme-producing 

center.   To understand these implications experiments could be performed on 

cell culture with specific populations of cells such as neurons, astrocytes or brain 

endothelia, or the generation of mice that express the mβgal enzyme in a cre 

dependent manner.  Another question remains regarding the universality of these 

findings; is this specific to mβgal, all lysosomal enzymes, all secreted enzymes?. 

Richness to this work can be provided by the analysis of a variety of disorders 

affecting the central nervous system.    

The next challenge for viral therapy approaches is the ability to have fine 

control over the transgene output.  In this work, we have shown a method that 

creates a dynamic range of expression levels and therefore the capacity to 

provide variable treatment modalities which can be scaled for larger animals.  

Additional levels of transgene regulation can be obtained through TET promoters 

in which transgene expression is controlled ON or OFF with an inducible 

transcriptional activator by the addition or removal of tetracycline or derivatives 

(262, 263).  However, these promoters can be leaky and the need for turning off 
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of the transgene may be too late to keep damage from occurring.  A next 

generation of Tet-like regulation that was responsive to cell stress rather than 

provided by the user would be an advantage for researchers and patients alike.  

Cell type specific promoters for the CNS(264) and RNAi detargeting sites (189) 

can also be employed to restrict expression to certain cell populations or tissues 

providing further control over transgene expression.   

Taken together these studies show that a balance of vector targeting, 

CNS accessibility, enzyme expression and cellular stress must be factored into 

therapeutic approaches for LSD’s.  These studies have implications for 

translation to human studies as the ability to have fine control over a viral 

transgene is paramount.  Long term expression of a transgene in the CNS could 

both treat a devastating disorder and lead to additional issues within the system.  

In the future, a holistic approach may be the most beneficial where a low 

expressing, regulated, direct injection can access deep brain structures, and a 

liver detargeted systemic vector can treat the periphery for safe and effective 

therapeutic intervention. 
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