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The clinical, morphologic, histochemical, and bio-
chemical features of GM, -gangliosidosis in two ca-
nine models, English Springer Spaniel (ESS) and Por-
tuguese WaterDog (PWD), have been compared. The
disease onset, its clinical course, and survival period
of the affected dogs were similar in both models.
Skeletal dysplasia was noted radiographically at 2
months of age, whereas at 4¼12 months of age there
was progressive neurologic impairment. However,
dwarfism and coarse facial features were seen only
in ESS. Both models had similar deficiency in activity
oflysosomal 13-galactosidase, butpossessed a normal
protein activatorfor Gm,- -galactosidase. Both mod-
els stored G.,-ganglioside, asialo-GM,, and oligosac-
charides in brain. Furthermore, only thePWD stored
glycoproteins containingpolylactosaminoglycans in
visceral organs, and neither model stored them in the
brain. Morphologically, both models demonstrated
similar storage material in multiple tissues and cell
types. The ultrastructure of the storage material was
cell-type specific and identical in both models. How-
ever, some differences in the lectin staining pattern
were noted Our clinical, biochemical, and histo-
chemical findings indicate that PWD and ESS may
represent two different mutations of the 3-galactosi-
dase gene. Moreover, the authors conclude that it is
difficult, and inappropriate, to apply the human
classification of Gv,-gangliosidosis (i.e., infantile,

juvenile, and adult forms) to these canine models.
(Am JPathol 1992, 140:675-689)

GM1-gangliosidosis is a lysosomal storage disease
caused by deficient activity of lysosomal acid P-galac-
tosidase. This results in lysosomal accumulation of gly-
colipids and oligosaccharides with a nonreducing termi-
nal P-galactosidic linkage in multiple tissues and various
cell types, as well as the abnormal excretion of various
compounds in urine.1 2 In humans, this disorder is clas-
sified into three forms, infantile (type 1), juvenile (type 2),
and adult (type 3), on the basis of age at onset of symp-
toms, temporal evolution, clinical and pathologic mani-
festations,2 the excretion of urinary oligosaccharides,3
and quantities of cholesterol, phospholipids, cerebro-
sides, and sulphatides in brain.4 Gm1-gangliosidosis has
been identified and studied in cats,56 cattle,7 dogs,-12
and sheep.1>16 In cats, cattle, dogs, and sheep5 911-16
the affected animals do not have skeletal involvement
and thus they are clinically similar to the juvenile (type 2)
form of the disease in humans.

In this study, we have compared the clinical, bio-
chemical, and morphologic manifestations of GMl-
gangliosidosis in the English Springer Spaniel (ESS)10
and Portuguese Water dog (PWD).1 1-12 Unlike other an-
imal models for Gm1-gangliosidosis, these models are
characterized by skeletal lesions.17 Our work demon-
strated that the two models have similar age of onset,
organ involvement, bone dysplasia, residual enzyme ac-
tivity, and lymphocyte vacuolations, but they differ in the
visceral storage of glycoproteins containing polylac-
tosaminoglycans,18 as well as in the presence of coarse
facial features, noted only in the ESS model.10

Supported by grant NS 21765 from the National Institute of Neurological
and Communicative Disorders and Stroke grant HD 21087 from the Na-
tional Institute of Child Health and Human Development, and by Summer
Stipend from the March of Dimes Birth Defects Foundation.

Accepted for publication October 22, 1991.
Address reprint requests to Dr. Joseph Alroy, Department of Pathol-

ogy, Tufts University Schools of Medicine and Veternary Medicine, 136
Harrison Avenue, Boston, MA 02111.

675



676 Alroy et al
AJP March 1992, Vol. 140, No. 3

Materials and Methods

We studied eleven affected PWD dogs, three affected
ESS dogs, and corresponding age and sex-matched
controls. Three of eighteen affected puppies were diag-
nosed at birth by using P-galactosidase assay, analysis
for oligosaccharides characteristic of GM1-gang-
liosidosis, and electron microscopic examination of their
placentas, as was previously reported in cats with
a-mannosidosis.19 Another three affected PWD dogs
from a litter of ten were diagnosed by determination of
P-galactosidase activity in their umbilical cord (this deter-
mination was done by Dr. J.S. O'Brien (University of Cal-
ifornia, San Diego). In both cases their clinically normal
siblings served as controls. Their diagnosis and the di-
agnosis of eight other dogs was confirmed after 7 weeks
by the assay of ,B-galactosidase activity in white blood
cells. The determinations for white blood cell pellets and
placentas were done in duplicate using synthetic fluoro-
genic 4-methylumbelliferyl ,-galactoside as substrate.
The values were compared with those obtained from their
siblings, 29 unrelated ESS dogs, 786 unrelated PWD,
and in some cases by additional examination of an air-
dried blood smear, stained with Wright Giemsa, and by
electron microscopy evaluation of buffy coats. The ani-
mals underwent monthly physical and neurologic exam-
inations, which included recording of visual-evoked po-

tentials (VEPs). The procedure of recording the VEPs has
been described previously in cats with oa-mannosido-
sis.20 The dogs had radiographic examinations at 2
months of age and thereafter every 3 months. At 9
months, the skulls of affected ESS and PWD dogs, and
one control ESS, were evaluated with nuclear magnetic
imaging (MRI).21 Urine specimens from both affected
and control ESS and PWD were collected for oligosac-
charide analysis, and urine from four dogs was taken to
determine the presence and activity of GM,-activator pro-
tein, which stimulates the degradation of GM, to GM2, and
processed as previously described22 (this assay was

done by Dr. Y-T Li, Tulane University). Affected dogs and
age-matched controls were euthanatized at 2, 3, 4, 5, 7,
8, and 9 months of age with intravenous injection of so-

dium pentobarbital, and necropsied (4 dogs were

necropsied at Colorado State University). Samples from
each dog were taken for light and electron microscopy
and for biochemical studies. Tissue and body fluid spec-
imens for biochemical studies were immediately re-

moved and stored frozen at - 70°C until used.

Electron and Light Microscopy

For electron microscopic studies the samples were fixed
in Trump's fixative in cacodylate buffer, pH 7.2; postfixed
in 1% osmium tetroxide in 0.1 M cacodylate buffer, pH

7.4; dehydrated through graded ethanol solutions, and
embedded in Embed-812 epoxy resin. For light micros-
copy 1 -,urm thick sections were stained with toluidine blue
(TB). For electron microscopy, 50-70 nm thin sections
were cut and stained with uranyl acetate and lead citrate.
Unfixed brain tissues were obtained for frozen sections.
They were embedded in OCT compound (Miles Inc.
Elkhart, IN) and stained with periodic acid-Schiff (PAS),
Sudan black, and biotinylated lectins. The remainder of
the tissue was fixed in 10% buffered formalin, embedded
in paraffin, processed for light microscopy, stained with
hematoxylin and eosin (H&E), and 11 different lectins. In
addition, the brain sections were stained with luxol fast
blue (LFB), whereas the bones were stained with safra-
nin-O.

Lectin Histochemistry
Table 1 lists the lectins used in this study, their acronyms,
the lectin concentrations used, their major sugar speci-
ficity, and the corresponding sugars used to inhibit their
tissue binding. Detailed protocols for the lectin staining
on paraffin and frozen sections and on the control tissue
have been reported earlier.23 24 Lectin cytochemistry at
the ultrastructural level was done on a skin biopsy of an
affected PWD dog. The tissue was embedded at low
temperature in Lowicryl K4M and stained only with Rici-
nus communis agglutinin-l (RCA-I) conjugated to gold
particles, which were 15 nm in diameter.25

Glycolipid Analysis
Brain tissue (0.52 g) from two control and two affected
PWD was homogenized in 5 ml water and extracted
overnight with 100 ml of chloroform:methanol (C:M, 2: 1).
The extract was filtered through a sintered glass funnel
and residue reextracted with 50 ml of the same solvent.
The combined filtrate was dried in a flash evaporator and
the residue was taken up in 10 ml of C:M (2:1) and
washed.-" Gangliosides and minor amounts of neutral
glycosphingolipids with long oligosaccharide chains,
such as asialo-GMl, present in the aqueous upper phase,
were purified by chromatography on a BondElut Cl 8 car-
tridge containing 500 mg of absorbent.27 The bulk of the
neutral glycosphingolipids including asislo-GMl were
present in the lower (i.e., organic) phase. Total ganglio-
sides were quantitated by sialic acid determination,28 us-
ing the modified procedure for the elimination of interfer-
ence by pH-dependent extraction of the chromogen.-9
Individual gangliosides were separated by high perfor-
mance thin layer chromatography (HPTLC).30 Minor
amounts of neutral glycosphingolipids with long oli-
gosaccharide side chains, such as asialo GM1, were sep-
arated from the gangliosides by chromatography on
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Table 1. Lectins Usedfor Identifying Carbobydrate Residues

Concentration Major sugar Binding
Lectin origin Common name Acronym (,kg/ml) specification* inhibitor

Arachis hypogea Peanut PNA 20 Gal-p-(1 -3)-GaINAc Lactose
Concanavalia ensiformis Jack bean Con A 10 a-D-Glc, a-D-Man a-D-methyl-Man
Datura stramonium Jimsonweed DSA 10 [1-D-Gal-(1 -+ 4)-l- (1-D-GIcNAc)2-3

D-GIcNAc-(l 3)]n
Dolichos biflorus Horse gram DBA 10 a-D-GaINAc ot-D-GaINAc
Glycine max Soybean SBA 10 a-D-GaINAc, a-D-Gal a-D-GaINAc
Griffonia simplicifolia Bandeirea GS-1 50 a-D-Gal Lactose
Lens culinars Common lentil LCA 10 a-D-Glc, a-D-Man a-D-methyl-Man
Ricinus communis Castor bean RCA-I 50 ,8-D-Gal Lactose
Triticum vulgaris Wheat germ WGA 50 [f3-(1 -+ 4)-D-GalNac]2 NeuNAc

NeuNAc
Succinyl-WGA S-WGA 10 [P-(1 -> 4)-D-GIcNAc]2 ,B-D-GIcNAc

Ulex europaeus Gorse UEA-1 10 ot-L-fucose a-L-fucose
* Gal, galactose; GaINAc, N-acetylgalactosamine; Glc, glucose; Man, mannose; GIcNAc, N-acetylglucosamine; NeuNAc, N-acetyl-

neuraminic acid (sialic acid).

DEAE-sephadex packed to a height of 7 cm in Pasteur
pipette.30

Total lipids from the washed lower phase were frac-
tionated by chromatography on 1 g silicic acid packed in
chloroform to a height of 6 to 8 cm. After applying the
sample in chloroform, nonpolar lipids were eluted with 40
ml of chloroform. Glycosphingolipids were eluted with 60
ml of acetone:methanol (9:1) after which phospholipids
were obtained by elution with 60 ml of methanol. The
glycosphingolipid fraction was subjected to alkaline hy-
drolysis to remove any ester lipid contaminant and then
separated into individual components as cerebroside,
sulfatide and asialo GM,, by thin-layer chromatography
(TLC). For quantitation, cerebroside and asialo-GMl were
separated from sulfatide by chromatography on DEAE-
sephadex as outlined for the gangliosides. The cerebro-
side-asialo GM, fraction was further purified by silicic acid
chromatography using acetone as the eluant so that
asialo GM, would be retained on the column to be eluted
later with methanol. Cerebroside and sulfatide were
quantitated by the orcinol sulfuric acid reaction.-9

Immunoblot analysis for GM, with cholera toxin, and
for asialo GM, with a specific monoclonal antibody, was
performed as previously described.31

Oligosaccharide Analysis

Oligosaccharides were isolated from urine (1 ml) by gel-
filtration and deionization as previously described,32 and
analyzed by high pressure liquid chromatography
(HPLC) on an Amino-Spherisorb column.32 Oligosac-
charides were identified by comparison of the chromato-
graphic profile with that of a sample prepared from the
liver of a dog with GM, gangliosidosis,34 and quantified
by the chromatography, under identical conditions, of a
sample of di-N-acetylchitobiose, followed by a calcula-
tion based on the sum of the integrated areas of four

oligosaccharide peaks, compared with the area of the
di-N-acetylchitobiose peak (detection by UV absorption
at 195 nm). The resulting concentrations (nmol/,ul) were
normalized for creatinine, determined in (mg/ulI) on a por-
tion of the same sample of urine as that employed for
oligosaccharide analysis. Oligosaccharides were ex-
tracted from tissues as described previously for cats with
ct-mannosidosis35 and the extracts were analyzed by
HPLC as described earlier for urine. A sample of serum
from affected PWD (1.5 ml), and the same volume of
control dog serum, were lyophilized and extracted with
ethanol:H20 (1:1, 5 ml) by repeated vortex mixing. The
supematant was evaporated to dryness, and the residue
was dissolved in H20 (1 ml) and passed through cou-
pled columns (0.5 x 2.5 cm) of AG 1 x 2 (formate) and
AG 50 x 2) (H+) ion-exchange resins (BioRad Labora-
tories, Richmond, CA). Subsequent treatment and anal-
ysis were performed as described earlier for urine.

Results

Biochemical and Morphologic Findings in
Placentae, Amniotic Fluids, and Umbilical
Cords
Lysosomal ,B-galactosidase activity of placentae from
three affected puppies ranged from 24 to 92 units
(nmoles of 4-methylumbelliferone released/mg protein!
hr), with 68 + 38 (mean + standard deviation) which was
less than 10% of control (1,110 + 270), whereas the en-
zyme activity of presumptive heterozygotes had a mean
of 290 + 122, which is less than 50% of control. The
activity of lysosomal ,-galactosidase in umbilical cords of
three affected puppies varied from 8 to 22 units, with a
mean of 15 ± 4; the activity in five presumptive carriers
was 165 ± 45, whereas in two presumptive normals the
mean was 281 ± 5.
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Oligosaccharides extracted from placentae and from
amniotic fluids analyzed by normal phase HPLC showed
large peaks with the characteristic pattern for GMf-
gangliosidosis only in affected puppies,18 but not in pre-
sumptive carriers or normal puppies.

Canine placenta is of the zonary endotheliochorial
type.36 We were unable to distinguish between placen-
tae of affected and normal puppies on light microscopy
of paraffin sections stained with H&E, with lectins, or in
1-,um epoxy resin sections stained with toluidine blue.
Ultrastructural examinations of placentae from affected
puppies revealed numerous cytoplasmic vacuoles (i.e.,
secondary lysosomes) in fetal capillary endothelium (Fig-
ures 1, 2) and in mesenchymal cells. The lysosomes
contained both membrane fragments as well as fibrillar
material. Occasionally, extracellular lamellated mem-
brane structures were observed in close proximity to the
plasmalemma and lysosomes (Figure 2).

Clinical Observations

At 41/2 months of age puppies of both models developed
progressive ataxia, tremor, dysmetria, reduced menace

responses, decreased cranial nerve responses, and
nystagmus. VEP at 5 months of age revealed asymmetry
(Figure 3). The affected ESS puppies were proportion-
ately dwarfed, with frontal bossing and hypertelorism
(Figure 4). Radiographs of the vertebral column obtained
at 2 months showed irregular intervertebral disk spaces
in affected ESS and PWD puppies. The severity of the
skeletal lesions increased with age, and they were most
prominent at the lumbar spine (Figure 5). Examinations of
blood smears from both mutants revealed large numbers
of vacuolated lymphocytes. Ultrastructural studies of the
buffy coat exhibited vacuolated lymphocytes (Figure 6)
and the presence of lamellated membrane structures in
eosinophils. MRI of brain affected PWD and ESS from
9-month-old male, compared with brain of a normal ESS,
showed enlarged gray matter and decreased cerebral
and cerebellar white matter.

Necropsy Findings

The most prominent gross changes were noted in the
vertebral column and in the brain. A longitudinal section
through the vertebral column revealed abnormal wid-

Figure 1. Electron micrograph of placenta
from an affectedpuppy, in which the activity
of lysosomal 3-galactosidase was 87 nmoles/
mg protein/hr, illustrating trophoblasts (Tr),
maternal vessel (MVA), fetal vessels (FV) and
fetalfibroblasts. The maternal endothelium is
thick, whereas the fetal endothelium is thin.
Thefetal endothelium is vacuolated, x4000.
Figure 2. Close-up offetal endothelium and
fibroblast, illustrating secondary lysosomes
(Lys) laden with membrane fragments and
fibrillar material. The extracellular space

ats - contained lamellated membrane structures
(asterisk) adjacent to lysosomes. Tbefetal en-
dothelium is surrounded by a single layer of
basal lamina (arrowheads), whereas the ma-
ternal endothelium is surrounded by several

~ r>,'<layers of basal laminae (arrows), x18,250.
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Figure 3. Visual evoked potential recordedfrom a 51/2-month-old affected Portuguese water dog. It represents the average signal of 130
recordings. Traces of right (R) and left CL) eyes demonstrate asymmetry in the positive (P) but not in the negative (N) components. Note the
small differences in the length of the peaks between the R and L eyes.
Figure 4. Frontal view ofthe head ofan 8-month-old English Springer Spaniel, affected with GM,-gangliosidosis. The interorbital distance is
abnormally increased (i.e., hypertelorism).
Figure 5. A lateralprojection ofa 51/2-month affectedfemale PWD's lumbar spine. The intervertebral discs (arrows) are deformed, irregular,
and abnormally wide.
Figure 6. Electron micrograph ofcirculating lymphocytesfrom affectedPWD. Both tpes oflymphocytes, those with convoluted andthose with
nonconvoluted nuclei, contain numerous vacuoles, X8100.
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ened intervertebral disk spaces and abnormal ossifica-
tion of vertebral physes. Coronal sections through the
brain of affected puppies, aged 2 to 9 months, demon-
strated progressive increased amounts of gray matter
and small amounts of white matter. At 9 months of age,
the wet weight ratio of white to gray matter from the frontal
lobe was 1.1 in normal ESS puppy, 0.122 in affected ESS,
and 0.29 in affected PWD, respectively.

Histological, Histochemical, and
Ultrastructural Findings

Histopathologic examinations of brain, spinal cord, retina
and peripheral ganglion, stained with H&E, revealed en-
larged neurons, with pale foamy cytoplasm. The neuronal

size, and the staining intensity of their cytoplasm, varied
according to the age of the dog, as well as the site of the
neurons. LFB-stained paraffin sections revealed light
blue cytoplasmic inclusions. These inclusions stained
dark blue with TB on resin-embedded brain tissue (Fig-
ure 7). The central cerebral and cerebellar folia exhibited
astrocytosis, microgliosis, only a few macrophages, and
scant myelin. The poor myelination could be best dem-
onstrated with LFB and TB-stained sections (Figures 7,
8). The degree of brain myelination varied according to
the location. In 9-month-old affected ESS and PWD, the
corpus callosum and fornix stained intensely (but less so
than a corresponding age and sex-matched ESS sib-
ling), whereas the corona radiata stained lightly. The cy-
toplasm of neurons in unfixed, frozen sections, stained
positively with PAS and Sudan black.

Figure 7. One-pm thick section of cerebel-
tlum from an affected 9-month-old PWD.
Purkinje cells (arrowhead), neuntes, and as-
trocytes are enlarged and contain lipid-rich
vesicles. Note the absence of myelin in the
granular cell layer (GCL). Toluidine blue,

w q;*^ g x272.
Figure 8. One-pLm thick section of cerebel-
lumfrom a control 10-month old PWD. The
Purkinje cells, their neurites (arrowheads),
and astrocytes, appear normal and the gran-
ular cell layer (GCL) is rich with myelin. To-

3>_ luidine blue, X272.
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A section of the vertebral column, stained with H&E
and with safranin-O, revealed retarded ossification and
cartilage necrosis at the ventral aspect of the lumbar
spine physes. On light microscopy, infiltration of enlarged
macrophages was noted in thymus, lymph nodes, Pey-
er's patches, and lung. Kupffer cells were enlarged and
vacuolated, and many of the hepatocytes were vacuo-
lated. Pancreatic islet and acinar cells, adrenal cortical,
and medullary cells, renal proximal tubular cells, serous
and mucinous cells of salivary glands and chondrocytes,
all contained cytoplasmic vacuoles. Vacuolated kerato-
cytes and ciliary epithelium were noted in TB-stained 1
,um sections of resin-embedded corneas and ciliary bod-
ies.

Neurons from affected PWD and ESS stained only
with RCA-I in fresh or formalin-fixed frozen sections, but
did not stain in lipid-depleted frozen sections or paraffin
sections, indicating neuronal storage of glycolipids with
nonreducing ,3-galactosyl residues.18 Also, neurons in

paraffin sections of brains from affected PWD and ESS
dogs stained with Con A and UEA-1. In addition, the neu-
rons of affected ESS, but not PWD (Figure 9d), stained
with Dolichos biflorus agglutinin (DBA), Griffonia simplic-
ifolia-l (GS-I) (Figure 9 a,b,c) and soybean agglutinin. Fur-
thermore, paraffin sections from affected cells in various
sites, e.g., parenchymal organs and cartilage, stained
intensely with RCA-I, whereas in normal animals the neu-
rons either did not stain or the staining was weaker than
in affected dogs.

Ultrastructural studies of both models demonstrated
storage material in neurons, astrocytes, and endothelial
cells (Figure 10), in different types of retinal cells, in cor-
neal epithelium and keratocytes, in macrophages, in he-
patocytes and Kupffer cells, in adrenal medulla cells, in
chondrocytes, in glomerular podocytes, mesangial cells
and endothelial cells (Figure 11), in renal tubular cells, in
pancreatic ductal, acinar and in islet 13-cells. Further-
more, storage material was noted in salivary ductal, se-

I
v

:j-
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:I

... .-.Xr.-_z.-- - :''; " '.' ;".f-k .': *, ;C.<,-

Figure 9. Tissue sectons of9-month-old male dogs stained with Griffonia simplicifolia agglutinin-I. A: Frozen section through cerebellum
ofan affected ESS, only the vascular endothelium in the meninges, in the molecular layer (ML) and granular layer (GL), are stained. The
neurons are unstained B: Paraffin section ofspinal cordfrom a normal control ESS, a litter mate of the affected ESS. Only the vascular
endothelium in the gray matter (GM) and white matter (WM) are stained. C: Paraffin section ofspinal cordffrom the same affected ESS as
in (A). Both the vascular endothelium and the neuronalperikaryon are intensely stained. D: Paraffin section ofspinal cordfrom an affected
PWD. The vascular endothelium is positively stained, but the neurons (arrowheads) are unstained, x81.
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Figure 10. Section through the brain of an affected dog, illustrating storage material in neurons, astrocytes, and vascular endothelium,X3,800. A: Higher magnification ofthe neuron containing characteristic lamellated membrane structures. X26,700. Inset B: Close view of
the storage material in endothelial cell and adjacent axons. Theformer contains electron-lucent material and small membranefragments,whereas the latter contains dense amorphous material mixed with membranous lamellae, X26, 700.

rous and mucinous cells, in thyroid C cells, in aortic
smooth muscle cells, and in dermal fibroblasts. The
quantity and the morphology of the storage material var-
ied according to the cell type. For example, in neurons
(Figure 1 QA) and adrenal medulla cells, it appeared as

lamellated membrane structures. However, the concen-
trations in the neurons were higher. The axons contained
spheroids, a mixture of membrane structures and osmi-
ophilic amorphous material that resembled lipofuscin
(Figure 1 OB). Other cell types, such as endothelial cells
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Figure 11. Renal glomerulus ofan affected dog, exhibiting urinary space (US) and capillary (Cap) lumen. The epithelial, mesangial, andendothelial cells are vacuolated, x6,320. Inset A: The lysosomes in the mesangial cell contain twisted tubularstructures (asterisks), x26, 700Inset B: 7he lysosomes of both epithelial and endothelial cells contain fibrillo-granular material, x26,700.
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(Figures 1 OB, 11 B), or renal tubule cells, appeared empty
or contained various amounts of fine fibrillar material oc-
casionally accompanied by membrane fragments. In
glomerular mesangial cells, the lysosomes contained
twisted tubular structures (Figure 1 1A) that resembled
the storage material seen in Gaucher's and Krabbe's dis-
ease. 37'38

Electron microscopic examinations of low tempera-
ture Lowicryl K4M-embedded skin biopsies from an af-
fected puppy, stained with RCA-1 conjugated to gold
and revealed the presence of gold particles within cyto-
plasmic vacuoles (i.e., lysosomes) of dermal fibroblasts
(Figure 12).

Biochemical Findings

Enzyme Analysis

Activity of lysosomal ,B-galactosidase, measured in
white blood cells (WBC) from affected PWD puppies,
was 19 + 3.1 nmoles/mg protein/hr (mean ± standard
deviation), and 17.75 ± 1.76 nmoles/mg protein/hr in af-
fected ESS. The enzyme activity determined inWBC from
obligate PWD carriers was 124.5 ± 35.7 nmoles/mg pro-
tein/hr and 67.75 ± 14.86 nmoles/mg protein/hr in obli-
gate ESS carriers. The enzyme activity in presumptive
normal PWD and ESS dogs was 302 ± 63.79 nmoles/mg
protein/hr and 327.6 ± 43.3 nmoles/mg protein/hr, re-
spectively. The activity of other lysosomal hydrolases in
WBC of affected puppies was elevated as compared
with normal dogs (Table 2).

Protein Activator Determination

The urine of affected ESS and PWD contained an ac-
tivator protein which stimulated the conversion of GM, to
GM2 with human hepatic ,B-galactosidase. However, the

dog activator protein did not crossreact with anti-human
GM,-activator protein (Dr. Y-T Li, personal communica-
tion).

Lipid Analysis

It is evident from Table 3 that total gangliosides, as
assayed by the levels of lipid-bound N-acetylneuraminic
acid (NANA), is markedly elevated in brain of affected
dog as compared with control, whereas cerebroside
content is severely diminished. This is indicative of either
dysmyelination or demyelination. HPTLC of gangliosides
(Figure 13) showed marked accumulation of GM, in the
diseased dog brain. This agrees with the severe defi-
ciency of acid ,-galactosidase in an affected dog brain,
2.1 (nmoles/mg protein/hr) compared with a brain of a
control dog, 293 (nmoles/mg protein/hr). Accumulation of
asialo GM, could also be demonstrated in the diseased
dog brain, see TLC (Figure 14) of the glycolipid fraction
obtained by silicic acid chromatography of lipids from the
lower phase of a Folch extraction.18 This accumulation of
GM, and asialo GM, was further confirmed by immuno-
blot analysis of TLC plates using cholera toxin to react
with GM, and a specific monoclonal antibody to react
with asialo GM, (data not shown). After separation from
gangliosides by DEAE-sephadex chromatography,
asialo GM, could be clearly identified by TLC of the sam-
ple from an affected dog whereas it was hardly seen in
the control dog (Figure 15).

Carbohydrate Analysis

Oligosaccharides Excreted in Urine

Urine from a 9-month-old GM, ESS dog, a 9-month-
old GM, PWD dog, and an age- and sex-matched control

Figure 12. Dermal fibroblast from an af-
fected PWD, embedded in Lowicryl K4M at
-35°C and stained with RCA-I. Note thepres-
ence of the black-gold particles in the vacu-
oles (i.e., secondary lysosomes) indicating the

' t presence of compounds with nonreducing
terminal 3-galactosyl residues, X31,000.



Canine Gm1-gangliosidosis 685
AJP March 1992, Vol. 140, No. 3

Table 2. Lysosomal Hydrolases in the Leukocytesfifom Normal Dogs and Dogs Affected with Gm)-gangliosidos&s
Normal dogs Affected dogs

Enzyme Mean SD (4) PWD PWD PWD PWD ESS

13-Galactosidase 273.5 ± 9.2 4 24 19 19 17
a-Galactosidase 125.8 ± 11.4 134 - 206
a-Mannosidase 2033.8 ± 141.5 3820 2313 3850
P-Glucuronidase 296.3 ± 12.5 292
a-Fucosidase 113.3 6.3 215 196
P-Hexosaminidase 3819.5 + 439.9 4414 4256 2545 4829 , 5165
13-Glucosidase 88.5 ± 14.6 167

Activities are expressed as nmol of 4-methylumbelliferone
glycoside substrate.

ESS dog, was subjected to gel-filtration, deionization, and
analysis by HPLC. Oligosaccharides, originating from the
incomplete breakdown of N-linked glycans as a result of
P-galactosidase deficiency, were present in the urine of
both affected dogs (Figure 16 A, B)), but not in the con-
trol. The chromatographic profile was essentially the
same for both dogs, and similar to that observed previ-
ously for an affected ESS.10 The concentration of ex-
creted oligosaccharides was 13.7 pmol/mg creatinine in
the ESS dog and 9 pmol/mg creatinine in an age- and
sex-matched PWD dog. Oligosaccharides with a chro-
matographic profile typical for GMl-gangliosidosis were
not observed in serum of an affected PWD dog (Figure
16C).

Oligosaccharides in Tissues of PWD

Oligosaccharides were analyzed by HPLC and were
detected in adrenal, cardiac muscle, cerebellum, cere-
brum, kidney, liver, lung, lymph node, pancreas, sciatic
nerve, skeletal muscle, spinal cord, and spleen. The
chromatographic profiles showed individual variations
between tissues, but were always characteristic for GMf-
gangliosidosis.1018 Approximate quantitations based on
the probable structures for the major oligosaccharides
showed that kidney, liver, and pancreas contained the
highest concentrations of oligosaccharides.

Discussion

These two canine models of Gm1-gangliosidosis share
numerous clinical, morphologic, and biochemical fea-

Table 3. Glycosphingolipid Composition ofBrain of
Normal and GM,-affectedPWDS

Gangliosides
(lipid

Cerebrosides Sulfatides bound NANA)

Control dog 14.13 1.60 0.821
Affected dog 3.13 1.06 5.170

Values are expressed as ,umol/g wet tissue.

(4-MU) liberated/mg protein/hr from the corresponding 4-MU-

tures, but some significant differences were noted that
may indicate that the affected dogs express different mu-
tations. The levels of activity of lysosomal 3-galactosi-
dase, measured in WBC from affected PWD and ESS
and assayed with an artificial substrate, were similar. The
urine of both dog models contained a protein activator
that stimulates the conversion of Gm1-ganglioside to
GM2.22 These findings indicate that in both models the
abnormal storage of Gm1-gangliosides in neurons, and
oligosaccharides in tissue, is due to deficient activity of
lysosomal ,B-galactosidase, rather than the deficient ac-
tivity of the protein activator as reported in some forms of
Gaucher disease,39 metachromatic leukodystrophy,40
and GM2-gangliosidosis.41 Affected puppies from both
models can be diagnosed at birth by determination of
lysosomal P-galactosidase activity in placenta or umbili-
cal cord, by the chromatographic profile and amount of
stored oligosaccharides in placenta or amniotic fluid, and
by ultrastructural examinations. In both models the clini-
cal signs and symptoms, as well as the alterations of
parameters observed in neurophysiologic recordings, in-
creased in severity with age, and this deterioration ne-
cessitated euthanasia when they reached 9 months of
age. Morphologically, similar tissues and cell types were
affected in both models. Cell types that are rich in GM1-
gangliosides, such as neurons,42 or those of the adrenal
medulla, contained enlarged secondary lysosomes that
were laden with lamellated membrane structures. Other
cell types including chondrocytes, endothelial cells,
many endocrine and exocrine cells, fibroblasts, hepato-
cytes, Kupffer cells, lymphocytes, macrophages and var-
ious renal cell types contained enlarged secondary lyso-
somes that appeared empty or contained fine-fibrillar
material. In addition, the lysosomes of the renal mesan-
gial cells contained twisted tubular structures similar to
those reported in affected cells from patients with Gau-
cher and Krabbe disease.37 39 This differs from the stor-
age seen in mesangial cells from cats with GMl-
gangliosidosis,43 and from a 1 -month-old child with the
infantile form, in which the lysosomes appeared empty or
contained fine-fibrillar material (Alroy, unpublished obser-
vations). These differences might indicate that canine
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Figure 13. Silicagel 60 HPTLC of brain gan-
gliosides. Approximately four nmoles of lpid
bound N-acetyl neuraminic acid from con-
trol and affected dog brain gangliosides were
spotted. The plate was developed with a sol-
vent system of chloroform:methanol:0.25%
calcium cbloride, 55:45:10, and spots were
visalized by spraying witb resorcinol. 1 =
Std GM3; 2 = StdGM 3 = Std GM,; 4 = Std
brain gangliosides;1and 7 = control PWDs;
6 and 8 affected PWDs.
Figure 14. Silicagel 60HPTLCofneutralgly-
cospbingolipids of brain obtained from the
lowerphase ofFolch extract. Five microliter of
sample from 1 ml solution in CM (2:1) was
spotted on the plate. 1 = Std. Galactosylcera-
mide (GC); 2 = Std Sulfatide (SU); 3 = Std
mixture of lactosylceramide, asialo GM2
AGM2), globoside andAGM,; 4 = Std AGMl; 5
= control PWD; 6 = affected PWD. The
plates were developed with the solvent system
of chloroform:methanol:water (C:M:W:,
60:35:8) and spots visualized by spraying with
orcinol.
Figure 15. Silicagel 60 HPmLC ofneutral gly-
cosphingolipids ofbrain obtained afterDEAE-
sephadex chromatography of the upperphase
of Folch extract. 7he small amounts of neu-
tral glycosphingolipids recovered in thisfrac-
tion were dissolved in 100 ,ul ofCM (2:1)and
10 ,ul aliquot was spotted. 7he plate was de-
veloped and spots were visualized as in Fig-
ure 14. 1 = Std. mixture of ceramide dthex-
oside/Lactosylceramide (CDH/Laccer), AGM2
globosideandAGm,;2 = 7aglycolipid(stage-
specific embryonic antigens) standard (47)
obtainedfrom Dr. McCluer at Shriver center;
3 = control PWD; 4 = affected PWD.

mesangial cells catabolize different substrates from hu-
man or feline. Ultrastructural cytochemistry of dermal fi-
broblasts showed the binding of RCA-I-conjugated gold
in lysosomes, indicating storage of nonlipid compounds
(i.e., oligosaccharide) with terminal nonreducing P-galac-
tosyl residues. Unlike previously reported models for
Gm,-gangliosidosis,5 814 both models displayed skeletal
lesions that were observed radiographically, macroscop-

ically, and microscopically. Skull lesions were noted in
affected ESS but not in PWD.

Both ESS and PWD dogs excreted urinary oligosac-
charides with a chromatographic profile typical of GMl-
gangliosidosis. That the profiles were similar does not
necessarily imply that the oligosaccharide storage re-
sulted from the same mutation in the P-galactosidase
gene because it is well known that diverse genetic de-
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Figure 16. High-pressure liquid chromatograph of oligosaccha-
rides extracted from urine and serum of dogs with GMI-
gangliosidosis. A: PWD urine. B: ESS urine. C: PWD serum. Ex-
traction and sample preparation were performed as described in
methods. The amount ofsample injected corresponds to 0.042 ml
urine (A), 0.1 ml urine (B), and 0.3 ml serum (C). Chromatog-
raphy was on a Regis Hi-chrom reversible 5 pLm Amino-Spherisorb
column, with acetonitrile-water 7.3 at aflow rate of2 ml/min, and
detection by uv absorbance at 195 nm. The total elution time was
30 minutes for each run. The elution times ofpeaks 1 and 2
correspond to hexasaccbarides, peak 3 to a heptasaccharide, and
peak 4 to a nonasaccbaride, respectively. 7Te small peaks in C
were also seen in the profilefor control serum and therefore are
not considered significant.

fects can manifest themselves as similar functional de-
fects. The urinary oligosaccharides could have origina-
ted from endogenous kidney glycoproteins or from the
glomerular filtration of serum. Of all the tissues examined
for oligosaccharide storage18 the kidney had the highest
concentration. However, even though typical GM, oli-
gosaccharides were not observed in a sample of af-
fected PWD serum, it is still probable that the main bulk of
oligosaccharides was derived from serum, as has been
previously demonstrated for bovine a-mannosidosis.44
Also a large disparity would be expected for the concen-
trations of oligosaccharides in urine and serum, as a re-
sult of glomerular filtration and tubular concentration. Fur-
thermore, the levels of oligosaccharides in GM, urine are
similar to those observed in a-mannosidosis, which
raises the possibility of enhanced renal clearance like
that which occurs in a-mannosidosis.45

Previously, a major difference had been noted in the
structures of glycopeptides isolated from the livers of ESS
and PWD dogs with Gm1-gangliosidosis.18 The glyco-
peptides from PWD liver and kidney were shown to con-
tain polylactosaminoglycans, i.e., glycans containing lac-
tosamine repeats, but the glycopeptides from ESS liver or
kidney did not.18 Polylactosaminoglycans had also been
identified in brains and livers of human patients with in-
fantile GM1,46 but could not be demonstrated in the brains
of affected ESS or PWD.

Classification of human Gm1-gangliosidosis into infan-
tile (type 1), juvenile (type 2), and adult (type) forms was
based on age of onset, and severity of clinical and patho-
logic manifestations. When more information became
available concerning the various undegraded metabo-
lites that are accumulated or excreted in these different
forms, it became apparent that these distinctions may
reflect different mutations. Therefore, the aforementioned
classification may need to be reexamined. Similarly, cau-
tion should also be exercised in the classification of the
various animal models of Gm1-gangliosidosis.

In conclusion, the similarities and the differences at
the clinical, morphologic, and biochemical levels, be-
tween two canine mutant models for Gm1-gangliosidosis,
were highlighted. The phenotypic differences in these
two dog models for Gm1-gangliosidosis suggest that they
may have originated from two distinct mutations in the
,3-galactosidase gene.
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