
Comparative Medicine
Copyright 2016
by the American Association for Laboratory Animal Science

Vol 66, No 1
February 2016

Pages 1–11

1

Glycogen storage disease type IIIa (GSD IIIa; OMIM, 232400) is 
an autosomal recessive disorder caused by mutations in the gly-
cogen debranching enzyme gene (AGL), leading to various clini-
cal signs. The tissues mainly affected are liver, heart, and skeletal 
muscle. Clinical manifestations include hypoglycemia, elevated 
serum concentrations of liver and muscle enzymes, hepatomeg-
aly, growth retardation, muscle weakness, cardiac hypertrophy 
with arrhythmia risk, polycystic ovaries and neuropathy.15,29 Cur-
rent treatments are mainly symptomatic and are not curative. 
The most frequently used therapies are dietary, such as providing 
uncooked corn starch to prevent hypoglycemia at young ages and 
high-protein diets, which have been shown to reverse the extent 
of cardiomyopathy associated with GSD IIIa.7,8,30,37 In addition, 
the use of medium-chain triglycerides has shown positive thera-
peutic effects in patients with GSD Ia and GSD IIIa.11,22 However, 
dietary therapies do not prevent the long-term complications of 
GSD IIIa, including hepatic cirrhosis, hepatocellular adenoma, 
hepatocellular carcinoma, cardiomyopathy, neuropathy, and my-
opathy.31

An appropriate animal model is necessary to test novel thera-
pies and address the long-term effects of GSD IIIa. Recently a 

mouse model for GSD III has been described that may prove 
beneficial in testing new therapies.19 However, the limitations 
of mouse models include a short lifespan that curtails the study 
of the long-term effects of novel treatments. In addition, a large 
animal model often mimics human disease more closely than 
do mouse models, as occurs in GSD type Ia dog models, which 
exhibit lactic acidosis similar to human patients, a characteristic 
that mouse models of GSD Ia lack.16 Therefore a naturally occur-
ring large animal model for GSD IIIa may be more effective in 
terms of the development of new treatments than are available 
mouse models.

GSD IIIa (OMIA, 001577) has been reported to occur in curly-
coated retriever dogs (CCR) and is caused by a naturally occur-
ring homozygous frameshift mutation in exon 32 that leads to the 
deletion of 126 amino acids at the C-terminus of glycogen deb-
ranching enzyme.12,40 The dogs in these previous studies proved 
to have abnormalities similar to those seen in humans affected 
with the disorder, namely progressive glycogen accumulation in 
muscle and liver, elevated liver and muscle enzymes (ALP, AST, 
creatine phosphokinase [CPK], and ALT), and eventual liver fi-
brosis. However, these animals were not followed beyond 16 mo 
of age in the earlier studies.12,40 The goal of the current study is 
to provide biochemical follow-up on these animals and analyze 
more extensively other tissues and organs involved in GSD IIIa in 
the dog model. A brief analysis of the naturally high protein diets 
of GSD IIIa dogs, as well as the effects of an increased protein diet 
in 2 dogs for the last few months of life, is included.
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these combined data was 1.16 ± 0.51 mmol Glc4 per mol CN. The 
normal reference range for Glc4 was established as mean ± 2 SD.

Tissue collection. Dogs were euthanized at 19 to 32 mo of age 
by using intravenous administration of Euthasol (Virbac Animal 
Health, Fort Worth, TX) according to the manufacturer’s direc-
tions. Necropsy was performed immediately thereafter, and mul-
tiple tissues were collected for analysis. Each tissue was either 
preserved in 10% neutral buffered formalin, 3% glutaraldehyde 
in 0.2 M sodium cacodylate buffer (Electron Microscopy Science, 
Hatfield, PA), or flash-frozen after being covered in Tissue-Tek 
OCT compound (Sakura Finetek, Torrance, CA). Tissues were 
then embedded and sectioned for histopathologic analysis as 
described.40 Specimens were stained using Richardson–periodic 
acid–Schiff stain, hematoxylin and eosin, or trichrome stains. 
Liver and muscle glycogen concentrations were quantified from 
frozen tissues as previously described.40

Results
Glycogen accumulation in multiple tissues. Multiple tissues in 3 

of the 6 GSD IIIa affected dogs in the current study were analyzed 
histologically (Figure 1). Glycogen deposition was found in the 
diaphragm, gastrocnemius, tongue, and quadriceps in all 3 dogs 
(Figure 2 A through C).14 Glycogen deposits were present within 
cardiomyocytes of the older dog, dog E, but were not noted in 
the 2 younger dogs (Figure 2 D). The sciatic and phrenic nerves 
demonstrated glycogen accumulation in Schwann cell cytoplasm 
of the younger dogs (Figure 2 E and F). Interestingly, similar to 
recent findings in GSD II patients, some glycogen deposition was 
present within extraocular muscles in dog E (Figure 3).26,27

Changes in hepatic and muscle glycogen content over time. He-
patic glycogen content decreased over time from 180 ± 59 µmol 
glucose/g tissue previously reported at 16 mo of age (n = 3)40 to 
an average of 98 ± 5 µmol glucose/g tissue at 19 mo of age (n = 2) 
and 120 ± 10 µmol glucose/g tissue in 2 different dogs at 32 mo 
of age. Muscle glycogen was 93 ± 4 µmol glucose/g tissue at 19 
mo of age (n = 2) and 121 ± 29 µmol glucose/g tissue in 2 dogs at 
32 mo of age, which had decreased from a previously reported 
average of 168 µmol glucose/g tissue at 16 mo of age (n = 3).40 
In summary, hepatic glycogen appeared to decrease in conjunc-
tion with decreased ALT and AST activities beginning at about 16 
mo of age (Figure 4 A and B).40 Muscle glycogen decreased later 
in life, beginning at about 19 mo of age (data not shown), along 
with a decrease in the activity of the muscle enzyme CPK (Figure 
4 D). The decrease in hepatic and muscle glycogen was confirmed 
histologically in serial biopsies from dog E, at 16 and 32 mo of age 
(Figure 5). In addition, increased hepatic fibrosis leading to cir-
rhosis was demonstrated over time histologically in dog E (Figure 
5 A through D).

Biochemistry and urinary biomarkers. A previous study demon-
strated a gradual increase in liver enzyme activities up to 16 mo 
of age.40 Follow-up of the same animals (n = 2 to 4) revealed that 
these enzymes subsequently decreased over time. ALT (normal 
range, 12 to 118 U/L) peaked between 12 to 20 mo, ranging from 
476 to 688 U/L, but decreased as low as 204 ± 9.2 U/L after 28 
mo of age (Figure 4 A). AST (normal range, 15 to 66 U/L) peaked 
between 12 to 19 mo, ranging between 235 to 534 U/L, but de-
creased to as low as 118 ± 47.4 U/L after 24 mo of age (Figure 4 
B). ALP (normal range, 5 to 131 U/L) was slightly more variable 
than ALT and AST and appeared to peak between 12 to 23 mo, 
range between 309 to 554 U/L, but decrease as low as 162.5 ± 

We also include the analysis of a urinary biomarker, Glcα1–
6Glcα1– 4Glcα1–4Glc (Glc4), which is a breakdown product of 
glycogen by α-amylase and neutral α-1,4-glucosidase.32 Elevated 
levels of Glc4 have been found in urine from patients with GSD 
types II, III, IV, VI, and IX and may correlate with disease ad-
vancement.1,18,24,32 To our knowledge, Glc4 has not been evaluated 
previously in dogs; we therefore here evaluated the utility of Glc4 
as a biomarker of canine GSD IIIa. A correlation of Glc4 levels 
with liver enzyme concentrations in blood might indicate a role 
of Glc4 as a less-invasive biomarker for determining the advance-
ment of liver disease in human and canine patients.

Materials and Methods
Animal use. The 6 CCR dogs with GSD IIIa analyzed here were 

previously reported until 16 and 42 mo of age (Figure 1).12,40 Dogs 
E and J were female littermates and analyzed until 32 mo of age, 
dog B was a male dog followed to 20 mo of age, and dog D was 
a female dog analyzed until 19 mo of age. Dog J received treat-
ment with an adeno-associated viral vector expressing acid α-
glucosidase at 12 mo of age; analysis of liver biopsy from the dog 
5 wk after vector injection revealed a low level of transduction 
(0.14 vector genomes per cell) and no obvious increase of acid 
α-glucosidase expression. There were no significant changes in 
the subsequent biochemical data of dog J, and these data were 
therefore included, but her tissues were not analyzed (Figure 1). 
All aspects of this project were performed with approval of the 
Duke University IACUC. Dogs were maintained according the 
standards in the Guide for the Care and Use of Laboratory Animals23 
at Duke University (Durham, NC), an AAALAC-accredited insti-
tution. Dog diets were the same as previously reported,40 except 
for dog B as reported in the clinical summary, and dogs E and J 
were switched to a diet with increased protein at 29 mo of age 
(Figure 1). The high-protein diet included 1 can of Science Diet 
Puppy Gourmet Chicken Entrée (Hill’s Pet Nutrition, Topeka, KS) 
and 3.5 cups of EVO Turkey and Chicken Formula Dry Dog Food 
(Natura Pet Products, Fremont, NE) daily; this diet equated to 
approximately 9.4 g protein/kg daily, whereas the previous diet 
was about 6.6 to 7.4 g protein/kg daily. Blood was collected from 
either the cephalic or jugular veins from each dog monthly and 
sent to a commercial laboratory for a routine panel of biochemi-
cal tests (Antech, Diagnostic Laboratories, Cary, NC) as described 
previously.40 Urine was collected free catch from trays placed un-
der the individual dog runs or by cystocentesis. Urinary Glc4 was 
measured at the Duke Biochemical Genetics Laboratory by using 
techniques described previously.1

Biochemical data and medical history of the older GSD IIIa 
dogs were from the dogs identified as CCR 1 and CCR 2 in a pre-
vious study12 (Figure 1). Medical history and laboratory data were 
provided by permission of the owners from their veterinarians 
(Dr Laura Snyder, Franklinville Animal Hospital, Franklinville, 
NJ, and Vetco Animal Hospital, Tabernacle, NJ, and Dr Linda 
Mathias, Point Breeze Veterinary Clinic, Pittsburgh, PA). Surgery 
notes from CCR 1 were provided from staff veterinarians (Garden 
State Veterinary Specialists, Tinton Falls, NJ).

Urine biomarker reference range. Urine from an unaffected 
dog was obtained from a wild-type CCR mixed-breed dog at 2, 
3, 4 and 6 mo of age and contained 1.71 ± 1.58 mmol Glc4 per 
mol CN (mean ± 1 SD). Additional urine samples were analyzed 
from 4 other unaffected dogs (age, 2 to 10 y). The overall mean of 
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remained within normal limits for both dogs but was elevated to 
18 U/L after 8 y of age (Figure 6 E). Serum cholesterol (normal 
range, 92 to 324 mg/dL) likewise increased to as high as 360 
mg/dL after 7 y of age in both older dogs (Figure 6 F). Triglyc-
erides remained within normal limits throughout the lifetime 
of CCR 1 and 2 (not shown). These findings support data from 
human patients, with increased liver fibrosis over time accord-
ing to decreased AST and ALT activities and are consistent with 
increased cholestasis in light of the increases in cholesterol, ALP, 
and GGT levels over time.

The urinary biomarker Glc4 was demonstrated to correlate 
positively with serum AST and ALT in GSD IIIa dogs (R = 0.76 
and 0.83, respectively; P < 0.001). Over time, urine Glc4 showed a 
similar rise and increase to those of the liver enzymes, with peak 
Glc4 values in GSD IIIa-affected dogs (n = 2 to 4) between 10 to 23 
mo of age, and values approaching the calculated normal range 
beginning at 24 mo of age (Figure 4 F).

Hepatomegaly. Findings at necropsy in 2 of the 32-mo-old dogs 
and a single 20-mo-old dog revealed liver weights averaging 5% ± 
1% of body weight. The normal dog liver weighed 3.38% of body 
weight, on average, in a study of 91 dogs.21 The exact liver weight 
was not determined in younger dogs; however, serial abdomi-
nal palpation and examination of livers during laparotomies for 
liver biopsies suggest that hepatomegaly is more pronounced at 
younger ages in GSD IIIa CCR dogs.

62.9 U/L after 25 mo of age (Figure 4 C). CPK (normal range, 59 
to 895 U/L) was variable among dogs during 13 to 22 mo of age 
and rose as high as 3561 ± 3673.4 U/L at 18 mo of age but then 
decreased to normal or near-normal ranges after 24 mo of age 
(Figure 4 D). GGT was mildly elevated, reaching a maximum of 
16 U/L (normal range, 1 to 12 U/L) in a few dogs at various time 
points after 12 mo of age (Figure 4 E). All other biochemical pa-
rameters, including serum cholesterol, triglycerides, glucose, bili-
rubin, albumin, BUN, and creatinine were within normal ranges 
for the lifetime of the animals.

The serum liver enzymes analyzed for the 2 older GSD IIIa-af-
fected CCR demonstrated similar trends. ALT and AST peaked 
between 2 to 3 y of age, getting as high as 1180 U/L and 905 
U/L, respectively, but decreased to less than 290 U/L and 166 
U/L, respectively, after 6.5 y of age in CCR 2 (Figure 6 A and B). 
In comparison, ALT and AST in CCR 1 stayed a little more con-
stant throughout her lifetime, with a gradual rise after 6 y of age 
(Figure 6 A and B). ALP mainly remained elevated throughout 
the lifetimes of the 2 older dogs but increased further, to as high 
as 1080 U/L, after 8 y of age (Figure 6 C). CPK was elevated 
only at 1 y of age in CCR 2 and then remained at near-normal 
or within normal limits throughout the rest of her life (Figure 6 
D). CCR1 had a single report of a CPK level higher than 30,000 
U/L, at 3.3 y of age (not shown), but otherwise CPK was within 
normal limits throughout her lifetime (Figure 6 D). GGT mostly 

Figure 1. Summary of GSD IIIa CCR dogs used in this study. a, Tissues analyzed but not shown here; b, extraocular muscles were not collected at the 
time of necropsy and thus were unavailable for analysis; c, nerves were not collected at the time of necropsy and therefore were unavailable for analy-
sis; . ***Tissues not analyzed due to AAV-GAA treatment, no significant differences noted on biochemical data.



Vol 66, No 1
Comparative Medicine
February 2016

44

Figure 2. Glycogen deposition in tissues from dogs with GSD IIIa. Glycogen accumulation (purple) is present in the cytoplasm in prominent lake-like 
formations, which disrupt the normal myofibrillar architecture of skeletal myocytes in the (A) diaphragm, (B) gastrocnemius, and (C) tongue. Glycogen 
deposition also is present within (D) cardiomyocytes and in the Schwann cell cytoplasm of both the (E) phrenic and (F) sciatic nerves. Epoxy resin, 
Richardson–periodic acid–Schiff stain; magnification: 400× (A through D; scale bar, 50 μm), 600× (E and F; scale bar, 25 μm). Tissues in panels A, B, E, 
and F are from dog D at 19 mo of age; and samples in panels C and D are from dog E at 32 mo of age.
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Figure 3. Minimal glycogen deposition in extraocular muscles. Glycogen deposition (purple) affected only a few of the myocytes from extraocular 
muscles of dog E at 32 mo of age, including the (A) dorsal oblique, (B) ventral oblique, (C) lateral rectus, (D) medial rectus, (E) ventral rectus, and (F) 
retractor bulbi. Epoxy resin, Richardson–periodic acid–Schiff stain; magnification, 400× (scale bar, 50 μm).
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Dog D presented with lethargy and ascites at 19 mo of age, with 
a week-long history of slightly decreased appetite and activity 
and occasional vomiting. A brief clinical history of dog D was 
provided previously.14 Necropsy and histopathology revealed se-
vere cirrhosis of the liver, which likely led to the observed ascites 
and eventual need for euthanasia (see reference 39 for gross and 
histopathologic images of liver).

Although 32-mo-old dogs E and J did not exhibit overt clinical 
signs of disease during their lifetime, biochemical data, findings 
at necropsy and histologic examination of their tissues indicated 
that disease was apparent. Dog E had histologic evidence of liver 
cirrhosis at 32 mo of age (Figure 5 B and D).

Clinical findings in GSD IIIa CCR dogs. All GSD IIIa CCR 
dogs in the laboratory setting (n = 4) remained clinically stable 
throughout their lifetime, with normal activity, attitude, and ap-
petites, with the exception of 2 dogs. One dog, dog B, maintained 
a good appetite, activity, and attitude but chronically vomited or 
regurgitated his food approximately once or twice every 1 to 2 
wk. His diet was switched to i/d Canine Gastrointestinal Health 
Diet (Hill’s Pet Nutrition) and periodically was treated with pro-
ton pump inhibitors (ranitidine, famotidine), but the mild vom-
iting or regurgitating persisted throughout his lifetime (Figure 
1). At necropsy, dog B had diffuse nodular fibrosis indicative of 
cirrhosis throughout all liver lobes.

Figure 4. Serum enzyme activities and concentrations of the urinary biomarker Glc4 in CCR with GSD IIIa. Serum concentrations of (A) ALT, (B) AST, 
(C) ALP, (D) CPK, and (E) GGT in CCR with GSD IIIa and sampled from 5 to 32 mo of age (n = 4 from 5 to 19 mo; n = 3 [dogs B, E, and J] at 20 mo, and  
n = 2 [dogs E and J] from 21 to 32 mo). Enzyme activities from the same dogs at earlier time points were previously reported.40 (F) Urinary concentra-
tions of biomarker Glc4 in GSD IIIa-affected dogs from 4 to 32 mo of age (n = 2 to 4). Data are given as mean ± 1 SD; dashed lines represent normal 
reference values. The * indicates initiation of the high-protein diet (9.4 g/kg daily).
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Figure 5. Decrease in glycogen and increase in fibrosis over time in the liver and muscle of dog with GSD IIIa (dog E). Liver at (A, C) 16 mo of age dem-
onstrates more glycogen accumulation and less fibrosis than does liver from the same dog at (B, D) 32 mo of age. (B, D) Note the micronodule formation 
in the liver at 32 mo of age. Trichrome stain; magnification: 20× (scale bar, 1 millimeter; A and B); 400× (scale bar, 20 μm; C and D). Quadriceps at (E) 16 
mo of age demonstrates more glycogen within myocytes than do those at (F) 32 mo of age. Richardson–periodic acid–Schiff stain; magnification, 400× 
(scale bar, 20 μm; E and F).
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on a grossly enlarged and abnormal liver, as well as on the 
spleen, intestines, and peritoneum. The dog was euthanized, and 
no histopathology or necropsy was performed, according to the 
owner’s request.

Urolithiasis. An incidental finding at necropsy of dog B was 
small granules within the penile prepuce, but none were observed 
in the bladder or kidneys. Analysis by the Minnesota Urolith Cen-
ter (St Paul, MN) revealed that the granules were composed of 
ammonium urate. No clinical signs consistent with urolithiasis 
were noted in this or any other GSD IIIa dog. A previous case 
series reported that 2 of 5 human GSD III patients had kidney 
stones but did not describe their composition.34 Patients with GSD 
Ia have been reported to have stones consisting of calcium oxa-

The older dogs described as CCR 1 and 2 remained clinically 
normal throughout much of their lifetime, with occasional episodes 
of hypoglycemia during times of increased physical activity that 
resolved with glucose therapy and rest. Both displayed decreased 
activity and lameness or soreness of limbs at about 8 to 11 y of age 
due to either arthritis or muscle weakness. At 10 y of age, CCR 2 
developed a palpable mass on her flank. A fine-needle aspirate 
was consistent with sarcoma but was not evaluated further. The 
mass continued to grow, and her activity and appetite decreased; 
she ultimately was euthanized without necropsy, according to 
her owner’s request. CCR 1 became increasingly lethargic and  
presented as anemic with hemoabdomen at 12 y of age. During 
an exploratory laparotomy, hemorrhagic masses were found 

Figure 6. Serum enzyme activities and lipid concentrations in older CCR dogs with GSD IIIa. Serum (A) ALT, (B) AST, (C) ALP, (D) CPK, (E) GGT, and 
(F) cholesterol concentrations at 6 mo to 12 y of age. Early data from these same dogs was presented previously.12 Dashed lines indicate normal refer-
ence values.
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IIIa CCR dogs, ALP may not be as good a prognostic indicator  
of GSD III liver disease as are ALT and AST. Analysis of the 
specific ALP isoforms might provide insight into the cause of 
ALP increases in GSD IIIa.

Although one GSD IIIa dog demonstrated glycogen accumula-
tion within cardiomyocytes, no other heart-associated abnormali-
ties like those described previously in human GSD IIIa patients 
were detected.2 The minimal heart involvement in GSD IIIa dogs 
may be due to the already high protein diet that is provided for 
GSD III dogs. One group37 reported 6 g/kg protein daily as a 
high-protein diet for GSD III human patients, and another7 de-
scribed changes with 3 g/kg daily, whereas in the current study, 
about 7 g/kg protein daily was the normal diet for GSD III dogs. 
Furthermore, the change to a higher protein diet (9.4 g protein/
kg daily) may have helped to decrease the ALP and CPK levels 
in dogs E and J after 28 mo of age (Figure 4 C and D). These data 
provide supporting evidence that a high-protein diet might pre-
vent or slow the progression of skeletal and cardiac disease in 
GSD III patients. However, long-term diet changes with negative 
controls need to be performed to provide more conclusive data to 
support this hypothesis.

The presence of glycogen within nerves of GSD IIIa CCR dogs 
suggests that a portion of the muscle weakness associated with 
GSD IIIa might be neuropathic in nature. This hypothesis is 
consistent with findings of decreased nerve conduction veloci-
ties, median nerve entrapment, and distal myopathies observed 
in GSD IIIa patients.10,13,25,35,38 Not all of the GSD IIIa CCR dogs 
studied displayed clinical signs of exercise intolerance or muscle 
weakness, but this apparent inconsistency is most likely due to 
the laboratory setting. CCR dogs are bred for hunting and are 
accustomed to vigorous exercise outdoors; despite having large 
enclosures and adequate play time, exercise intolerance likely 
was not displayed due to the decrease in physical activity com-
pared with the level the breed normally encounters. This notion 
is supported by the data from the older GSD IIIa dogs in the 
home setting, which had bouts of hypoglycemia associated with 
prolonged activity, but hypoglycemia was never exhibited in the 
laboratory setting.

In summary, the current study demonstrates the GSD IIIa CCR 
dog as a viable model to aid in increased understanding of GSD 
IIIa in humans and to drive improved clinical treatment strategies. 
However, we acknowledge the challenges to using large animal 
models for development of novel therapeutics of genetic disorders. 
Some of these challenges include the variations between species in 
terms of drug metabolism, the costs and long-term commitment 
associated with sustaining a research dog colony while trying to 
maintain an adequate gene pool, the ability to conduct large-scale 
studies with many animals, and the variation in disease progres-
sion among species or individuals. In light of these challenges, there 
are many advantages of using animal models in finding cures for 
diseases such as GSD III. Due to their shorter lifespan compared 
with that of humans, dogs offer a greater opportunity to study the 
natural progression of disease and therefore the effects of novel treat-
ments in a shorter timeframe than that available in traditional hu-
man clinical trials. In addition, the use of animal models provides a 
controlled setting in which to decrease or eliminate environmental or 
other confounding factors that might play a role in the advancement  
of disease. At this time, the canine GSD IIIa model appears to be a 
highly valuable model in replicating many aspects of the human 
disease and can serve an important role in finding a cure for GSD III.

late and calcium phosphate likely due to hypocitraturia.4,28 In the 
Duke GSD Clinic, the team has documented at least 2 patients 
with GSD III (in a cohort of 32 patients) with recurrent urolithia-
sis or particles in nephrons. The citrate level was normal in one 
patient (the stone composition was unknown) and low in the sec-
ond patient (stone due to hypocitraturia). According to anecdotal 
reports, urine organic-acid analysis has revealed hypocitraturia in 
additional patients without a history of kidney stones.

Discussion
Canine models have demonstrated their utility in determining 

the natural progression of genetic disorders and in the develop-
ment and testing of novel therapies. For example, the GSD IIIa 
CCR model has shed light on previously unrecognized complica-
tions of GSD IIIa, including dysphagia and lingual weakness,14 
and has demonstrated the efficacy of small molecule therapy with 
rapamycin.39 The current study sheds light on various similarities 
between canine and human patients with long-term GSD IIIa. 
Some of the important similarities include those regarding bio-
chemical abnormalities, multiple tissue involvement, and clinical 
findings (Figure 7). Findings in the canine model but not cur-
rently recognized in human patients, such as glycogen deposition 
in the diaphragm and extraocular muscles, should be followed 
closely to aid in clinical work-up of patients with GSD IIIa.

Decreases in ALT, AST, ALP, and CPK have been demonstrated 
in human GSD IIIa patients over time;5,20,34 here it is shown that 
GSD IIIa CCRs display a similar trend, as noted to 32 mo in the 
laboratory setting and to 12 y in the home setting. These results 
and the histologic evidence of liver cirrhosis are consistent with 
the theory that increased hepatic fibrosis ultimately will cause 
decreases in the liver enzymes ALT and AST. This study repre-
sents the first time that clinical laboratory and full necropsy-based 
histologic correlations have been possible, thus providing insight 
into the disease progression. According to the findings from the 
GSD IIIa dogs, decreases in hepatic glycogen content and serum 
liver enzyme activities are actually signs of progressive hepatic 
disease rather than improvement. These findings are consistent 
with those reported previously.6,9

Reports of increased AST:ALT ratio as a noninvasive method 
to diagnose liver fibrosis—ratios greater than 0.87 being indica-
tive of moderate liver fibrosis36—seem to correlate loosely with 
biochemical data collected from the GSD IIIa CCR dogs. For ex-
ample, dog D, which demonstrated the most advanced stage of 
liver cirrhosis at necropsy among the dogs studied, had AST:ALT 
ratios of 0.7 to 2.2 after 12 mo of age. AST:ALT ratios might be 
useful in GSD IIIa patients to monitor hepatic fibrosis and even-
tual cirrhosis.

In adult dogs, ALP is most often elevated in cases of cholestasis 
but may also be increased due to bone destruction or remodeling 
or to corticosteroid stimulation.33 However, the combination of 
increases in ALP, GGT, and cholesterol after 7 y of age in CCR 
1 and 2 and the increases in biliary sludge found at necropsy of 
a few GSD IIIa CCR dogs are suggestive of cholestasis. There is 
limited evidence that increases in bone ALP may be due to low 
bone mineral density in GSD III patients,3 but radiographic im-
aging that was performed on a few animals provided no clinical 
evidence of this situation in GSD IIIa CCR dogs (data not shown). 
ALP is often elevated due to the bone isoform of ALP in young, 
growing dogs but is generally not elevated to the concentra-
tions demonstrated here.33 Given the variability of ALP in GSD 
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