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Abstract Neurological dysfunction is common in humans
and animals with lysosomal storage diseases. b-Mannosidosis,
an autosomal recessive inherited disorder of glycoprotein
catabolism caused by deficiency of the lysosomal enzyme
b-mannosidase, is characterized by intracellular accumulation
of small oligosaccharides in selected cell types. In ruminants,
clinical manifestation is severe, and neuropathology includes
extensive intracellular vacuolation and dysmyelination. In
human cases of b-mannosidosis, the clinical symptoms,
including intellectual disability, are variable and can be
relatively mild. A b-mannosidosis knockout mouse was
previously characterized and showed normal growth,
appearance, and lifespan. Neuropathology between 1 and 9
months of age included selective, variable neuronal vacuola-
tion with no hypomyelination. This study characterized
distribution of brain pathology in older mutant mice,
investigating the effects of two strain backgrounds. Morpho-
logical analysis indicated a severe consistent pattern of
neuronal vacuolation and disintegrative degeneration in all
five 129X1/SvJ mice. However, the mice with a mixed
genetic background showed substantial variability in the
severity of pathology. In the severely affected animals,

neuronal vacuolation was prominent in specific layers of
piriform area, retrosplenial area, anterior cingulate area,
selected regions of isocortex, and in hippocampus CA3.
Silver degeneration reaction product was prominent in regions
including specific cortical layers and cerebellar molecular
layer. The very consistent pattern of neuropathology suggests
metabolic differences among neuronal populations that are not
yet understood and will serve as a basis for future comparison
with human neuropathological analysis. The variation in
severity of pathology in different mouse strains implicates
genetic modifiers in the variable phenotypic expression in
humans.

Introduction

b-Mannosidosis (OMIM 248510) is a rare lysosomal
storage disease that was first identified in Nubian goats
(Jones and Dawson 1981; Jones and Laine 1981; Jones
et al. 1983) and later in Salers cattle (Abbitt et al. 1991;
Bryan et al. 1993; Patterson et al. 1991) and humans
(Alkhayat et al. 1998; Cooper et al. 1986; Wenger et al.
1986). This autosomal recessive inherited disorder of
glycoprotein catabolism is caused by a deficiency of the
lysosomal enzyme b-mannosidase (MANBA; EC 3.2.1.25,
609489). MANBA acts exclusively at the last step of
oligosaccharide catabolism in glycoprotein degradation and
functions to cleave the b-linked mannose sugar found in
N-linked oligosaccharides of glycoproteins (Neufeld 1991;
Winchester et al. 2000). b-Mannosidosis is characterized by
the intracellular accumulation of small oligosaccharides
(mainly disaccharides and trisaccharides) in selected cell
types (Jones and Laine 1981). In human cases of
b-mannosidosis, the clinical symptoms, including
intellectual disability, are relatively mild and are variable,
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even in patients with null mutations (Bedilu et al. 2002);
however, little is known about the pathology of the disease.
In contrast, the two ruminant animal models (goats and
cows) have a severe clinical presentation at birth (Jones
et al. 1983; Abbitt et al. 1991) and pathology includes
extensive regionally variable myelin deficits as well as
widespread cytoplasmic vacuolation (Patterson et al. 1991;
Lovell and Jones 1983,1985).

Amousemodel of b-mannosidosis was created by targeted
disruption of the b-mannosidase gene by homologous
recombination in 129X1/SvJ ES cells (Zhu et al. 2006).
Homozygous mutant animals had the expected enzyme
deficiency and had accumulation of disaccharide in brain
tissue, but showed normal growth, appearance, and lifespan.
Previous examination of mutant animals between 1 and 9
months of age showed selective, variable neuronal vacuola-
tion with no hypomyelination, closer to what would be
expected in the human b-mannosidosis phenotype given the
human clinical presentation. Cell populations identified with
variable vacuolation included pyramidal cells (layer V)
in dorsolateral cortex, choroid plexus, specific segments of
Ammon’s horn, striatum, amygdala, deep cerebellar nuclei,
and spinal cord (Zhu et al. 2006).

This study was designed to define the distribution and
severity of central nervous system (CNS) pathology in the
isocortex and allocortex of older mice, and to determine if
there are phenotypic or pathologic differences based on
the clone or background of the animals. This study
characterized the distribution of brain pathology in mutant
mice between the ages of 15 and 20 months, investigating
the effects of two different embryonic stem cell (ES) clones
and two strain backgrounds: 129X1/SvJ congenic and
mixed C57BL/6J x 129X1/SvJ.

Methods

Animals

A b-mannosidosis knockout mouse was produced by
targeted disruption of the b-mannosidosis gene (Zhu et al.
2006). The congenic line, labeled “sv129” in Table 1, was
generated by backcrossing the chimeras from the transgenic
129X1/SvJ ES cells (clone A2) to 129X1/SvJ mice. The line
labeled “mixed” in Table 1 was generated by backcrossing
the chimeras from the transgenic 129X1/SvJ ES cells (clones
A2 and B2) to C57BL/6J mice, leading to F1 animals with
mixed strain background. The resulting F1 mice of a mixed
129X1/SvJ:C57Bl/6J background were intercrossed to
generate homozygotes in the F2 generation. All of the
homozygous knockout mice (of both clones and both strains)
lacked b-mannosidase enzyme activity and showed similar
patterns of storage material (Zhu et al. 2006). This study

utilized 21 homozygous mutant mice and 4 wild-type (WT)
mice between the ages of 15 and 20 months. See Table 1
under Results for the age and strain for each mouse.

All animal experiments were approved by the Institu-
tional Animal Care and Use Committee at Michigan State
University and were in accordance with the NIH Guide to
the Humane Care of Laboratory Animals.

Embedding, Sectioning, and Staining

Animals were perfused transcardially with 4% paraformal-
dehyde. Following removal from the skull, brains were
placed in 4% paraformaldehyde for 24 h, and then
transferred to cacodylate storage buffer. Brains were
embedded in a 5�5 array in a gelatin matrix using
MultiBrain Technology (NeuroScience Associates,
Knoxville, TN) as reported in previous studies (Fix et al.
1996; Ong et al. 2001). The block of embedded brains was
frozen and sectioned coronally at 30 mm beginning at the
olfactory bulb and proceeding to the medulla. A serial set
of every sixth section was selected for staining with
hematoxylin and eosin (H&E), with Weil myelin stain,
and with amino cupric silver stain to reveal disintegrative
degeneration (Ong et al. 2001). A few selected sections
were subjected to Nissl staining, GFAP staining for
astrocytes, or Iba1 staining for microglia.

Since each of the large sections cut from the block was a
composite section holding individual sections from each of
the brains embedded in each block, uniformity of staining
was achieved across normal and mutant mice. Sections at
each level were analyzed for the distribution and extent of
pathology as seen in each type of stain.

Morphological Analysis

Sections from all animals at all levels were analyzed
to determine the overall characteristics and severity of
pathology. Charts using a 5�5 grid were developed to
record observations on each section at each level without
regard to status of strain or clone. The type and extent of the
pathology in each structure was recorded. Severity was
classified as mild, mild/variable, and severe by characterizing
the extent of vacuolation or degeneration staining in specific
regions. For those regions where pathology was observed in
any of the animals, “severe” indicated that vacuoles or
degeneration staining were prominent in all of the affected
regions. “Mild” indicated less prominent pathology in those
regions. “Mild/variable” indicated that mild pathology was
present in some regions, but in some regions, no pathology
was apparent. After the variation in severity was determined,
selected sections were analyzed in greater detail to record the
precise location of vacuolation and degeneration staining in
each severely affected mouse.
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Results

Overall Severity of Pathology Analyzed by Strain
and Clone

Table 1 provides a summary of the age and strain for each
mouse, indicating the overall severity of vacuolation and
degeneration staining. Analysis indicated a severe consistent
pattern of neuronal vacuolation and disintegrative degenera-
tion in all five 129X1/SvJ mice (clone A2). However, the
mixed background mice (A2 and B2 clones) showed
substantial variability in the severity of pathology (Table 1).
There was no discernible difference related to the ES clone.
In the severely affected animals (all 129X1/SvJ mutant mice,
one mixed background mouse), neuronal vacuolation was
prominent in a consistent pattern. Thus, the background
strain was an important factor in determining the phenotype
of the CNS pathology.

Distribution of Vacuolation

The vacuole distribution at four selected levels is shown
diagrammatically in Fig. 1. In general, vacuolation
consistently occurred in specific layers of piriform cortex,
retrosplenial cortex, anterior cingulate cortex, some dorsal
and lateral cortical regions, and in hippocampus. The
structures involved are illustrated and will be discussed as
labeled in the Allen Mouse Brain Atlas (http://mouse.brain-
map.org/). In the dorsal hippocampus, the only neurons
showing vacuolation were pyramidal cells in the dorsal
aspect of CA3 (Fig. 1c), in a narrow region at the junction of
CA3 and CA2. An example of the specificity of the
vacuolation is demonstrated in Fig. 2b,g in HE-stained
and Weil-myelin-stained sections. In the medial isocortex,
vacuolation was prominent in neurons of the anterior
cingulate cortex (rostrally) and the retrosplenial cortex
(caudally) (Fig. 2b,e,f). In the retrosplenial cortex, the

Table 1 Summary of characteristics and outcomes (severity of pathology)

ID number Age (mo) Sex Status Strain Clone Vacuolation Degeneration stain

127 20 M WT Mixed A2 None None

365 15 M WT Mixed A2 None None

272 18 F WT sv129 A2 None None

352 16 F WT sv129 A2 None None

104 20 F Mutant Mixed A2 Mild/variable None

106 20 F Mutant Mixed A2 Mild/variable None

131 20 F Mutant Mixed A2 Mild None

149 19 F Mutant Mixed A2 Mild None

150 19 F Mutant Mixed A2 Mild Mild

209 19 F Mutant Mixed A2 None None

154 19 F Mutant Mixed B2 Mild None

155 19 F Mutant Mixed B2 Mild Mild

160 19 F Mutant Mixed B2 Mild/variable Mild

169 19 M Mutant Mixed B2 Mild Mild

177 19 M Mutant Mixed B2 Mild Mild

361 15 F Mutant Mixed A2 Mild/variable Mild/variable

366 15 F Mutant Mixed A2 Mild/variable None

371 15 F Mutant Mixed A2 Severe Severe

376 15 F Mutant Mixed A2 Mild/variable None

386 15 F Mutant Mixed A2 None None

262 18 F Mutant sv129 A2 Severe Severe

264 18 F Mutant sv129 A2 Severe Severe

342 16 F Mutant sv129 A2 Severe Severe

348 16 M Mutant sv129 A2 Severe Severe

349 16 F Mutant sv129 A2 Severe Severe

See Methods for description of mild, mild/variable, and severe classifications
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vacuolation appeared more dense in the ventral retrosplenial
cortex compared to the dorsal retrosplenial cortex and lateral
agranular part, resulting in an apparent gap (Fig. 1c,d;
Fig. 2b,f) between the vacuolation in medial cortex and in
dorsal cortex. A similar gap is seen more rostrally (Fig. 1b),
with vacuolation more prominent in the ventral anterior
cingulate cortex than in the dorsal anterior cingulate cortex.
In Fig. 1b,c,d and Fig. 2b,e,f, the prominent vacuolation in
regions of dorsal and lateral cortex is illustrated. With respect
to layers showing vacuolation, it appeared that in the medial
cortex, neurons in layers 4–5 contained vacuoles, while
vacuolation was prominent in layer 5 of dorsal and lateral
cortex. The vacuoles were intraneuronal, as illustrated in
Fig. 2d, and previously demonstrated with 1m thick
toluidine-blue-stained plastic sections and electron micros-
copy (Zhu et al. 2006).

Distribution of Degeneration Staining

A consistent pattern of silver reaction product was observed
only in the same b-mannosidosis mutants that showed
substantial vacuolation. In the cerebellar molecular layer, large
numbers of silver-stained puncta consistent with degenerating
nerve terminals were observed, with variation among folia in
the intensity of staining (Fig. 2i,j). No neuronal abnormalities
were observed in inferior olivary nuclei (source of projection
of climbing fibers to the cerebellar cortex). In the region

dorsal to the hippocampus, silver-stained puncta over a linear
area were observed (Fig. 2k); the most intense staining of
puncta occurred in deep layers of cortex adjacent to the
corpus callosum/external capsule. Mild linear wisps were
present in the corpus callosum, but these were also present to
some extent in the control sections.

Discussion

Lysosomal storage diseases involve dysfunction of one of the
more than 50 enzymes in the lysosome, resulting in the
accumulation of the associated uncatabolized substrate
(Neufeld 1991; Winchester et al. 2000) or toxic intermediates
(Suzuki et al. 2003). A majority of lysosomal storage
diseases affect the CNS and disease presentation can range
from severe and consistent to mild and variable depending
on the enzyme involved, the severity of the mutation, and the
species concerned. In addition, the genetic mutations may
trigger complex pathogenic cascades (Walkley 2009; Lieber-
man et al. 2012). For example, interference with signaling
events and salvage processing normally controlled by the
endosomal/lysosomal system and/or effects on autophagy
may represent key mechanisms accounting for the inherent
complexity of lysosomal disorders.

Goats and cattle affected with b-mannosidosis have very
similar severe clinical features, and affected animals die in

Fig. 1 Structures showing prominent vacuolation at four levels of
coronal sections. Diagrams are from The Mouse Brain Library DBA2J
atlas (www.mbl.org). Regions with consistent vacuolation are shown by
white circles on one side of the brain; all lesions are bilaterally
symmetric. Regions involved include: 1 – molecular layer of piriform
area, 2 – layer 2 of taenia tecta (a); 1 – anterior cingulate cortex,

2 – layer 5 of primary motor area, 3 – layer 5 of primary somatosensory
area, 4 – molecular layer of piriform area (b); 1 – retrosplenial cortex,
2 – hippocampus CA3, 3 – layer 5 of primary motor, somatosensory,
visual cortex, 4 – piriform area (c); 1 – retrosplenial cortex, 2 – layer 5
of visual cortex, 3 – parts of hippocampus including part of CA3,
4 – piriform area (d)
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Fig. 2 Examples of pathology in selected locations in HE-stained
sections (a–d), Weil-myelin-stained sections (e–g), and amino cupric
silver–stained sections (h-k). Extensive vacuolation is present in
hippocampus CA3, retrosplenial cortex, and cerebral cortex layer 5 in
an affected mouse (b) compared to a control mouse (a). Vacuolation is
prominent in piriform area in frontal lobe (c). Enlargement of vacuoles

in part of hippocampus CA3 in Nissl stain reveals intracytoplasmic
vacuoles; arrows indicate cells where a flattened nucleus is visible
adjacent to a vacuole (d). Low-magnification view of one hemisphere
(e) demonstrates restricted locations of vacuoles in cortex and
hippocampus, with higher magnification views, indicated by rectangles,
showing vacuolation in retrosplenial cortex and cerebral cortex layer 5
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the neonatal period if intensive care is not provided (Jones
et al. 1983; Abbitt et al. 1991). Microscopic examination
reveals extensive cytoplasmic vacuolation in specific cell
types of the nervous system and visceral organs. The
storage material does not stain with PAS and appears clear
in electron microscopic examination. Regionally specific
myelin deficiency is present in the CNS but not in
peripheral nerves (Jones et al. 1983; Lovell and Jones
1983; Boyer et al. 1990). In contrast with ruminant
b-mannosidosis, human cases have a milder and
heterogeneous clinical expression, even when caused by
functionally null mutations (Alkhayat et al. 1998; Bedilu
et al. 2002; Cooper et al. 1990). The most severe cases are
associated with intellectual disability, developmental delay,
dysmorphology, frequent infections, and hearing loss. None
of the human cases showed clinical signs that would
indicate CNS hypomyelination. Little is known about the
distribution of storage material or the severity of tissue
vacuolation. Mutant b-mannosidase-deficient mice
(Zhu et al. 2006) had normal growth, appearance, and
lifespan, and no hypomyelination, closer to the human
b-mannosidosis phenotype than the ruminant phenotype.

Reasons for the phenotypic differences among mouse,
human, and ruminant b-mannosidosis are unknown, but
speculation has centered on differences in the size and
nature of the storage product and on the different
developmental programs of the species (Cooper et al.
1990). In the lysosome, N-linked glycoproteins are
degraded sequentially from the nonreducing end of the
molecule. The b-mannoside linkage is unique to N-linked
glycoproteins; therefore, unlike most other lysosomal
enzymes, b-mannosidase has only a single substrate in the
cell. In humans and rodents, the nonsequential cleavage
of the terminal GlcNAc(b1-4)GlcNAc bond of the
carbohydrate moiety of glycoprotein can be accomplished
by chitobiase (ctbs), resulting in storage of disaccharide,
Man(b1-4)GlcNAc (vanPelt et al. 1990; Winchester 2005).
In ruminants, there is very low expression of chitobiase
(Zhu et al. 2006; Aronson and Kuranda 1989) and storage
of the trisaccharide Man(b1-4)GlcNAc(b1-4)GlcNAc
predominates; novel complex oligosaccharides also
accumulate (Jones and Laine 1981; Matsuura and Jones
1985). Cloning of the chitobiase gene (Balducci et al. 2008)
permits the construction of a double b-mannosidase and
chitobiase knockout mouse, to determine if the storage
product is the trisaccharide, as in ruminants, and assess the

clinical phenotype. There may also be other factors
involved in the neuropathology mechanisms in different
species.

In the b-mannosidase-deficient mice, there was
considerable variation among two strains of mice in the
severity of neuropathology as illustrated in Table 1. There
was a consistent pattern of neuronal vacuolation and
disintegrative degeneration in all five 129X1/SvJ mice.
However, the mixed background mice showed substantial
variability in the severity of pathology. The variability
in severity for C57BL/6J mice is greater than in the
examination of 9-month-old mice (Zhu et al. 2006); in that
study, the majority of C57BL/6J mice had moderate to
severe vacuolation. The influence of genetic background on
knockout mouse phenotypes is well documented and can
present itself as completely different phenotypes, as
variations in penetrance of phenotype, or as variable
expressivity of phenotype (Sanford et al. 2001). Modifier
genes (Sanford et al. 2001) and/or biological robustness
(Barbaric et al. 2007) may play a role in these effects, and
such modifying factors may be epistatic, epigenetic, or of
other origins. In b-mannosidosis, the variation in the
pathology depending on genetic background indicates
modifier factors are involved. One hypothesis is that
protective factor(s) in the mixed strain mice, variable
among animals, modifies the disease expression and
determines differential susceptibility to phenotypic features
such as neuronal vacuolation. Similar factors may be
involved in the tremendous clinical heterogeneity among
the small number of patients with b-mannosidosis,
including intrafamilial variation and variation among
patients with null mutations (Alkhayat et al. 1998). Thus,
for future studies of this animal model, it will be important
to use the congenic 129X1/SvJ strain (or characterize the
phenotype in a different uniform genetic background).
Identification of factors that modify the disease expression
may help clarify the pathogenetic mechanisms involved in
this or other lysosomal storage diseases.

In those mutant mice showing vacuolation, the locations
of neuronal vacuoles were very consistent, including
piriform area, taenia tecta, part of hippocampus CA3
(consistent in dorsal hippocampus but not ventral
hippocampus), retrosplenial area, parts of anterior cingulate
area and entorhinal cortex, and layer V in primary
motor cortex, primary somatosensory cortex, primary
visual cortex, and posterior parietal association cortex.

(f) and part of hippocampus CA3 (g). The absence of cupric silver
reaction product in control cerebellum molecular layer, except for red
blood cells in vessels (h) contrasts with reaction product in a section of
cerebellum from an affected mouse showing degeneration staining in
the molecular layer, variable among folia (i). Large numbers of silver-
stained puncta consistent with degenerating nerve terminals were

observed in some folia (j). Localized degeneration staining was
consistently observed in deep layers of cerebral cortex of affected mice
(k). Scale bars and mouse ID numbers for each image: a-300 mm, #352;
b-300 mm, #262; c-250 mm, #264; d-20 mm, #349; e- 900 mm, #348;
f – 275 mm, #348; g-200 mm, #349; h-520 mm, #352; i-520 mm, #348;
j-250 mm, #349; k-420 mm, #262
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The variation in vacuolation in the hippocampus may be
related to multiple divisions identified by genetic and
metabolic characteristics (Fanselow and Dong 2010;
Thompson et al. 2008). The piriform area and taenia tecta
are part of the olfactory system. The retrosplenial area is
part of a network of brain regions that participates in a
range of cognitive functions, including episodic memory
and navigation. The entorhinal cortex mainly projects to the
hippocampus, including both CA3 and CA1. The anterior
cingulate area plays a role in emotional and attentive
responses to internal and external stimulation. The pyramidal
neurons in layer V of cerebral cortex integrate input and
project to many other parts of the CNS. It is possible that
the pattern of vacuolation seen in mouse b-mannosidosis
would contribute to the intellectual disability and emotional
changes reported in human cases. However, it is not clear
why only these specific neuronal populations show
vacuolation. In other lysosomal storage disorders, different,
but disease-specific, patterns of neuropathology are
characteristic. For example, a-mannosidosis (OMIM
248500), caused by mutations in the a-mannosidase
(MAN2B1, EC 3.2.1.24, 609458) gene, has been described
in cats, cattle, guinea pigs, humans, and knockout mice
(Auclair and Hopwood 2007; Blanz et al. 2008; Crawley
and Walkley 2007; Damme et al. 2011; Stinchi et al. 1999;
Vite et al. 2001) and has somewhat different neurological
manifestations and neuropathological characteristics
depending on the species. Aspartylglucosaminuria (AGU,
OMIM 208400) (Dunder et al. 2010; Jalanko et al. 1998;
Kaartinen et al. 1996) is caused by mutations in the gene
for glycosylasparaginase (AGA, EC 3.5.1.26, 613228),
the enzyme necessary for hydrolysis of the protein-
oligosaccharide linkage in N-linked glycoproteins.
Glycosylasparaginase deficiency results in accumulation
of glycoasparagines, such as aspartylglucosamine
(GlcNAc-Asn), a small molecule that may be analogous
to Man(b1-4)GlcNAc. In the AGU mouse model (Jalanko
et al. 1998; Kaartinen et al. 1996), CNS vacuolation is
prominent in neurons and astrocytes of cortical and
subcortical gray matter. Further understanding of the
different patterns of pathology may lead to delineation of
specific metabolic characteristics of subsets of neurons that
are not currently understood. Cognitive or behavioral
deficits have been identified in a-mannosidosis and AGU
knockout mice, and correlate with CNS pathology. Both
animal models have been used successfully to explore
therapeutic strategies to improve brain function (Blanz et al.
2008; Damme et al. 2011; Dunder et al. 2010).

In order to investigate a potential correlation between
vacuolation and level of enzyme activity in b-mannosidosis,
the distribution of lesions was compared with the distribution
of mouse brain lysosomal b-mannosidase in situ
hybridization and expression analysis as shown in the Allen

Brain Atlas (Lein et al. 2007). There was no consistent
correlation, although CA3 showed higher expression than
other hippocampal regions. Some areas that were vacuolated
did not show increased expression, and some regions with
higher expression (e.g., Purkinje cells in cerebellum) did not
show vacuolation. In general, b-mannosidase has very low
expression throughout the CNS in mice (Lein et al. 2007)
and in goats (Boyer et al. 1990; Lovell et al. 1994) compared
to that of other glycoprotein catabolic enzymes. There is no
apparent consistent correlation among gene expression,
enzyme activity, and severity of vacuolation. There could
be differences in levels of substrate, leading to vacuolation in
cells with higher levels of substrate or other metabolic
variations among brain regions. Production of antibodies
to the enzyme and/or substrate would allow investigations
of metabolic differences between neuronal and glial
populations.

In b-mannosidosis mice, silver reaction product indicating
neuronal degeneration was prominent only in the mutant
mice that had severe vacuolation, suggesting that it is a
consistent part of the neuropathology expression in this
disease. The pattern of degeneration staining was very
consistent among animals, and occurred mainly in cerebellar
molecular layer and in cortical regions dorsal to the
hippocampal formation (Fig. 2). Degeneration staining did
not occur in areas of vacuolation or adjacent regions,
suggesting that vacuolation does not lead to substantial cell
body or axon loss. Further studies will be necessary to
elucidate the mechanisms that lead to the degeneration
staining in specific regions; results will provide new
information about specific types of cellular pathophysiology.
Preliminary staining of selected sections with GFAP for
astrocytes and Iba1 for microglia showed some degree of
reactivity in regions with vacuolation, but did not provide
any additional information related to pathophysiology
(data not shown).

In summary, a b-mannosidase knockout mouse model
was utilized to characterize CNS pathology in mice with
different strain backgrounds. The consistency of distribu-
tion of lesions in a congenic strain 129X1/SvJ reinforces
the potential of this model for investigating treatment
strategies important for brain function. The variation in
pathology depending on genetic background indicates the
complex nature of interactions that may determine the
extent of cellular abnormalities and phenotypic expression.
Animal models are important in the clarification of the
pathophysiology/pathogenetic mechanism of disease
(Suzuki et al. 2003) as well as giving insight into normal
physiology and metabolism. Further investigation of the
specific patterns of vacuolation and other pathology in this
and related lysosomal storage diseases will lead to better
understanding of specific metabolic characteristics among
populations of neurons.
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