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Abstract

Glycogen storage diseases (GSD), a unique category of inherited metabolic disorders, were first 

described early in the 20th century. Since then, the biochemical and genetic bases of these 

disorders have been determined, and an increasing number of animal models for GSD have 

become available. At least 7 large mammalian models have been developed for laboratory 

research on GSDs. These models have facilitated the development of new therapies, including 

gene therapy, which are undergoing clinical translation. For example, gene therapy prolonged 

survival and prevented hypoglycemia during fasting for greater than one year in dogs with GSD 

type Ia, and the need for periodic re-administration to maintain efficacy was demonstrated in that 

dog model. The further development of gene therapy could provide curative therapy for patients 

with GSD and other inherited metabolic disorders.
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Animal models for GSD

Glycogen storage disease (GSD) affecting companion animals have been well characterized, 

and these animal models of genetic disease have been highly valuable to medical research 

with regard to the elucidation of pathobiology and development of therapy. A discussion of 

specific examples of inherited disorders of metabolism in companion animals involving 

different metabolic pathways can be useful (Table 1). Similar to the case in human 

populations, consanguinity increases the likelihood of encountering rare autosomal recessive 
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disorders like GSD. Thus, the consanguineous mating of dogs and cats has led to the 

appearance and recognition of inherited disorders of metabolism in several breeds. While the 

goal of animal breeding has been to eliminate genetic disease through selective breeding, 

colonies of these animals have been established for biomedical research. Indeed, such 

colonies have contributed greatly to the evaluation of safety and efficacy of new therapies 

for GSD. Specific examples of the research done in each model are described below.

GSD Ia (von Gierke disease; OMIA 000418) was reported in Maltese dogs, when littermates 

developed growth failure and early demise in a pattern consistent with autosomal recessive 

inheritance (Brix et al. 1995). The presence of hypoglycemia and hepatomegaly suggested 

the diagnosis of GSD I, further supported by the presence of glycogen accumulations in the 

liver and kidney. The genetic basis was revealed to be a M121I missense mutation in the 

gene encoding the catalytic α-subunit of glucose-6-phosphatase (Kishnani et al. 1997).

The initial characterization of dogs with GSD Ia revealed that their clinical abnormalities 

most closely resemble severe, neonatal onset GSD Ia in humans (Brix et al. 1995, Kishnani 

et al. 2001). The original three Maltese puppies with GSD Ia died between 5 and 8 weeks of 

age with poor growth and feeding, and were found to have hepatomegaly and nephromegaly 

(Kishnani et al. 1997). Histology of liver and kidney revealed vacuolation consistent with 

glycogen storage, and liver glycogen was increased to 9.4% (normal 0 to 2.7%). Liver and 

kidney G6Pase were reduced to nearly undetectable levels, confirming a diagnosis of GSD 

Ia. Affected offspring of carrier dogs have hypoglycemia, hypercholesterolemia, and lactic 

acidosis during fasting, which is prevented by frequent feeding.

GSD II (Pompe disease; OMIA 000419) was demonstrated in Lapphund dogs, through 

fibroblast complementation studies in which human Pompe disease cells failed to 

complement acid α-glucosidase activity in heterokaryon cells (Walvoort et al. 1984). 

Clinical presentation included megaesophagus, exercise intolerance, and recurrent emesis 

(Walvoort 1985). Glycogen accumulations consisting of membrane bound vacuoles were 

present in the heart, skeletal, and smooth muscle. The genetic basis has been delineated as a 

c.2237G>A change corresponding to the nonsense mutation p.W746* in the acid α-

glucosidase gene (Seppala et al. 2013).

GSD III (Cori disease; OMIA 001577) was characterized in curly coated retrievers that 

presented with exercise intolerance and lethargy at >12 months of age (Gregory et al. 2007). 

Liver transaminases, alkaline phosphatase and creatine kinase were elevated in serum by 6 

months of age. Accumulations of non-membrane bound glycogen in liver and skeletal 

muscle, lacking short outer chains of α1,4-linked glucose, were accompanied by absence of 

glycogen debranching enzyme. A deletion of an adenine in exon 32 of the canine AGL gene 

predicted a truncation of the debranching enzyme by 126 amino acid residues (Gregory et al. 

2007). Furthermore, progressive age-related liver fibrosis leading to cirrhosis was described 

in curly coated retrievers up to 16 months of age (Yi et al. 2012), which mimicked liver 

involvement in the human disorder (Markowitz et al. 1993).

GSD IV (Andersen disease; OMIA 420) in Norwegian forest cats presented with early 

demise, although surviving cats appeared normal until the onset of progressive neurological 
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decline at 5 months of age (Fyfe et al. 2007). Affected kittens developed hypoglycemia, and 

glucose administration in the neonatal period promoted the survival of affected kittens to 

adulthood. Glycogen accumulations in skeletal muscle and neurons prompted the analysis of 

glycogen branching activity in skeletal muscle, which was severely deficient. An underlying 

mutation in the GBE1 gene was delineated, consisting of a 6.2 kbp deletion and 332 bp 

insertion that altered splicing of the mRNA and decreased glycogen branching enzyme in 

liver and muscle (Fyfe et al. 2007).

GSDV (McArdle disease; OMIA 001139) was reported in Charlois cattle with signs of 

rhabdomyolysis including exercise intolerance and myoglobinuria (Angelos et al. 1995). 

This was discovered to be caused by a mutation in the myophosphorylase gene caused by a 

C to T substitution in codon 489 leading to an arginine to trytophan substitution (Tsujino et 

al. 1996). An ovine model for McArdle disease was also described having a splice site 

mutation at the 3’ end of intron 19 of the myophosphorylase gene leading to disruption in 

the reading frame and premature truncation of the myophosphorylase protein. This mutation 

led to an increase in muscle glycogen and a lack of muscle glycogen phosphorylase 

discovered in a flock of Merino sheep exhibiting exercise intolerance (Tan et al. 1997).

GSD VII (Tarui disease; OMIA 000421) was reported in English springer spaniels in 

association with hemolytic crises and a metabolic myopathy that severely limited exercise 

(Giger et al. 1988). Phosphofructokinase deficiency in muscle caused ATP and 

phosphocreatine depletion during exercise, which caused rhabdomyolysis related to the 

block in glycolysis. The mutation in the M-PFK gene was demonstrated a nonsense 

mutation that caused premature termination with and protein instability (Smith et al. 1996).

Development of gene therapy for GSD Ia in the canine model

Proof-of-concept experiments demonstrated the efficacy of administering an AAV vector 

encoding G6Pase to newborn puppies with GSD Ia (Koeberl et al. 2008, Weinstein et al. 

2010). Untreated puppies with GSD Ia develop hypoglycemia without fasting (blood 

glucose 25 +/− 12 mg/dl), and typically do not survive for >2 months when treated with 

dietary therapy only (Koeberl, Pinto et al. 2008). One of the limitations encountered with 

AAV vector-mediated gene therapy is a waning effect of transgene expression, which has 

been encountered with an AAV serotype vector pseudotyped as serotype 8 (AAV2/8) in 

canine GSD Ia (Weinstein et al. 2010). Prior experiments with AAV2/8 vectors encoding 

G6Pase revealed stable, efficacious G6Pase expression in the liver that prevented mortality 

from hypoglycemia in mice and dogs with GSD Ia (Koeberl et al. 2006, Koeberl et al. 

2008). In contrast, Dr. David Weinstein and colleagues administered an AAV2/8 vector 

containing the chicken beta-actin promoter linked to a cytomegalovirus enhancer (CBA 

regulatory cassette) that constuitively expressed G6Pase expression, but failed to prevent 

hypoglycemia for >two months of age in one dog with GSD Ia (Weinstein et al. 2010). This 

contrasted with the experience following administration of an AAV2/8 vector containing the 

human G6Pase minimal promoter to drive expression of the human G6Pase cDNA, AAV-

G6Pase prolonged survival for >11 months in 3 consecutive dogs with GSD Ia (Koeberl et 

al. 2008). Weinstein et al.’s AAV2/8 vector contained the CBA regulatory cassette, and 

subsequently it was associated with cytotoxic T cell responses and rapid clearance in the 
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liver, when administered to young G6pase (−/−) mice (Yiu et al. 2010). However, it is likely 

that any traditional AAV vector will gradually lose efficacy due to loss of episomal vector 

genomes and diminishing liver transduction (Koeberl et al. 2006, Cunningham et al. 2008, 

Luo et al. 2011).

The necessity of readministering an AAV vector to maintain efficacy was confirmed by the 

report of a series of GSD Ia dogs that were re-treated over the first years of life (Demaster et 

al. 2012). Following repeat AAV vector of a new serotype administration the symptoms 

from GSD Ia resolved and duration of normal blood glucose during fasting increased 

(Demaster et al. 2012). Furthermore, one GSD Ia dog presented at 15 months of age with 

life-threatening pancreatitis (emesis, highly elevated amylase) as reported in humans with 

GSD Ia (Kikuchi et al. 1991). That dog’s symptoms and hypoglycemia resolved following 

administration of a second AAV vector (Figure), and she continues to thrive without 

hypoglycemia >3 years later. An additional complication of GSD Ia in dogs is growth 

hormone resistance, which persisted despite reversal of biochemical abnormalities of GSD 

Ia with gene therapy (Brooks et al. 2013). Thus, current research efforts include the 

development of integrating AAV vectors to achieve life-long correction of G6Pase 

deficiency in the GSD Ia liver (Landau et al. 2014).

An alternative approach to gene therapy for GSD Ia utilized a helper-dependent adenoviral 

(HDAd) vector to express canine G6Pase in the liver of newborn puppies with GSD Ia 

(Crane et al. 2012). The HDAd vector prolonged survival and prevented hypoglycemia in 

dogs with GSD Ia for >22 months. The initial HDAd vector was serotype 5, and the dog was 

successfully retreated with the serotype 2 HDAd vector for an additional 12 months before 

developing recurrent hypoglycemia. Another GSD Ia dog treated with both serotype 5 and 2 

HDAd vectors survived until 12 months of age and then was euthanized as a result of renal 

complications associated with GSD Ia, which were not reversed by HDAd-mediated gene 

therapy (Crane et al. 2012).

Development of small molecule therapy for GSD III in the canine model

A recent study described potential therapeutic effects by inhibiting the mammalian target of 

rapamycin (mTOR), a known player in cell growth and proliferation, as well as protein 

synthesis pathways. Rapamycin, a specific inhibitor of mTOR, decreased muscle glycogen 

content and liver fibrosis in GSD IIIa-affected curly coated retrievers using high dose 

therapy at both early and late time points. Further, rapamycin inhibited glucose uptake by 

suppressing glycogen synthase and glucose transporter 1 expression in muscle cells cultured 

from GSD IIIa patients (Yi et al. 2014). These data suggest that small molecule drugs, such 

as rapamycin, may be useful in the treatment of GSD III.

Development of therapies in the ovine model of GSD V

The ovine model for GSD V has recently been used to develop in two ways: first, by using 

gene therapy to express muscle glycogen phosphorylase and second, by using 

pharmaceuticals to cause regeneration of muscles leading to re-expression of 

myophosphorylase in muscles. Intramuscular injection of an adenovirus 5 and/or an AAV2 

vector expressing myophosphorylase caused expression of functional myophosphorylase in 
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sheep affected with GSD V (Howell et al. 2008). Interestingly, in the same study, it was 

noted that damage to muscle fibers caused by injection with positive control vectors 

expressing LacZ caused re-expression of non-muscle isoforms of glycogen phosphorylase. 

Other studies in the GSD V ovine model have shown similar re-expression of non-muscle 

isoforms of myophosphorylase using valproate and notexin (Howell et al. 2008, Howell et 

al. 2014).

Conclusion

GSD in animals commonly presents with chronic growth failure and recurrent episodes of 

decompensation. Enzyme analyses implicate a specific enzyme deficiency, which leads to 

the identification of a causative mutation in related, affected animals. Gene therapy can be 

efficacious, if the gene defect is complemented through gene replacement in the involved 

tissues. The development of new therapies will benefit affected human patients, if 

preclinical experiments and clinical trials follow these proof-of-principle experiments.
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Figure. 
Plasma glucose following fasting for 6 hours. Dog W was treated by readministration of 

AAV-G6Pase, pseudotyped as AAV8, in response to life-threatening hypoglycemia, 

anorexia, and pancreatitis at 15 months of age. Initial treatment with AAV-G6Pase was as a 

neonate with AAV9 (Demaster, Luo et al. 2012).
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Table 1

GSD in Cats and Dogs

Disorder Enzyme Defect Breed Tissue Involvement

Carbohydrates

Type I; von Gierke Glucose-6-phosphatase Maltese terrier Liver, kidney

Type II; Pompe Acid α-glucosidase Lapphund dog Heart, skeletal muscle

Type IIIa; Cori Glycogen debranching Curly-coated retriever Liver, skeletal muscle

Type IV; Andersen Glycogen branching Norwegian forest cat Skeletal muscle, neurons

Type VII; Tarui Phosphofructokinase English Springer spaniel Erythrocytes, skeletal muscle
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