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Neuraminidase initiates the hydrolysis of sialo-glycoconjugates by removing their terminal sialic acid
residues. In humans, primary or secondary deficiency of this enzyme leads to two clinically similar
neurodegenerative lysosomal storage disorders: sialidosis and galactosialidosis (GS). Mice nullizygous at
the Neu1 locus develop clinical abnormalities reminiscent of early-onset sialidosis in children, including
severe nephropathy, progressive edema, splenomegaly, kyphosis and urinary excretion of sialylated
oligosaccharides. Although the sialidosis mouse model shares clinical and histopathological features with
GS mice and GS patients, we have identified phenotypic abnormalities that seem specific for sialidosis mice.
These include progressive deformity of the spine, high incidence of premature death, age-related
extramedullary hematopoiesis, and lack of early degeneration of cerebellar Purkinje cells. The differences
and similarities identified in these sialidosis and GS mice may help to better understand the pathophysiology
of these diseases in children and to identify more targeted therapies for each of these diseases.

INTRODUCTION

Neuraminidases/sialidases (EC 3.2.1.18) comprise a super-
family of hydrolytic enzymes that have a conserved active site
and similar sequence motifs. In vertebrates, neuraminidases
perform an indispensable role in the catabolism of sialic acid-
containing glycoconjugates and, like sialic acids, have been
implicated in crucial biological processes, from cell prolifera-
tion/differentiation and cell adhesion, to clearance of plasma
proteins, catabolism of gangliosides and glycoproteins, and
modification of receptors (1–3). The pivotal function of these
enzymes may account for the existence of three mammalian
neuraminidases encoded by different genes and defined as
lysosomal, cytosolic and plasma-membrane on the basis of
their subcellular distribution, pH optimum, kinetic properties
and substrate specificity (4–11). Lysosomal neuraminidase is
ubiquitously expressed in various tissues and cell types, and
functions exclusively in a multienzyme complex containing at
least two other hydrolases, the glycosidase b-galactosidase
and the carboxypeptidase protective protein/cathepsin A
(PPCA). Its association with PPCA is essential for the
correct transport of the enzyme to the lysosome and catalytic
activation (12,13).

Defective or deficient lysosomal neuraminidase activity is
associated with two neurodegenerative disorders of glycopro-
tein metabolism: sialidosis (mucolipidosis I), caused by
structural lesions in the lysosomal neuraminidase gene, and
galactosialidosis (GS), a combined deficiency of lysosomal
neuraminidase and b-galactosidase that is due to the absence of
functional PPCA. Patients with sialidosis and those with GS
have similar clinical and biochemical features that are likely
attributable to the absence of neuraminidase function. Different
clinical variants exist in both diseases, differing in the age of
onset and severity of the symptoms (14,15). Type I or cherry-red
spot/myoclonus syndrome (16,17) is a late-onset non-
dysmorphic form of sialidosis. Patients suffer from intention
myoclonus and progressive visual failure, and have only
minimal intellectual impairment (18). Type II sialidosis presents
with abnormal somatic features, skeletal dysplasia, hepatosple-
nomagaly and moderate/severe mental retardation. The juve-
nile/infantile subtypes of type II sialidosis are relatively normal
at birth, but develop progressive visceromegaly, dysostosis
multiplex and mental retardation; they usually survive to the
second decade of life, and may develop cherry-red spots and
myoclonus (19). Nephrosialidosis is considered a variant of the
infantile form, with features of mucopolysaccharidosis and a
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glomerulopathy with increasing proteinuria (20–23). Wide-
spread neuronal and systemic lysosomal storage, particularly in
the kidney, are the main characteristics. The congenital form of
sialidosis is associated with hydrops fetalis and/or neonatal
ascites with stillbirth or early death (24,25). Facial edema,
inguinal hernia, hepatosplenomegaly, stippling of the epiphyses
and periosteal cloaking may be present at birth. These severe
early-onset forms are clinically similar to the early infantile
forms of GS (15). The percentage of residual neuraminidase
activity in sialidosis patients’ tissues and cultured cells mostly
depends on the type of mutation in the NEU1 gene, and
correlates inversely with the clinical severity (12).

We have generated PPCA7 /7 mice that develop patholo-
gical manifestations reminiscent of GS patients (26), including
progressive nephropathy, severe ataxia and shortened lifespan.
A partial deficiency of neuraminidase has occurred sponta-
neously in the mouse strain SM/J (27) and is associated with a
Leu295Ile amino acid substitution in the neuraminidase protein
(28). However, the residual enzyme activity in these mice is too
high to provoke a sialidosis phenotype. We have now generated
a mouse line that is completely devoid of lysosomal
neuraminidase. From a comparative analysis of these mice
and the GS mice, we could identify phenotypic differences that
suggest distinct roles for neuraminidase and cathepsin A
activities in specific physiological pathways.

RESULTS

Biochemical features of Neu17 /7mice are diagnostic of
sialidosis

Homozygous null mice lacked all four Neu1 transcripts
(Fig. 1C), and had severely reduced neuraminidase activity in
most tissues tested compared with Neu1 þ / þ littermates;
heterozygotes had intermediate enzyme values (Fig. 2A, upper
panel). A relatively high residual activity was measured in
muscle, thymus and brain, likely due to the plasma-membrane
and cytosolic neuraminidases, which are unaffected in these
mice, and are well expressed in these tissues (8). Figure 2A
shows the average enzyme values measured in tissue homo-
genates from four different Neu17 /7 mice of the NMRI colony
at the age of 3 weeks. In spite of the presence of the other two
neuraminidases in some tissues, the amounts of the lysosomal
enzyme in Neu1 þ / þ tissues seems to correlate with the levels
of Neu1 mRNA detected on northern blots, with the highest
activity being found in kidney and intestine, and the lowest in
spleen, heart and lung. In contrast, the activity of the bacterial
b-galactosidase marker (LacZ, expressed by the targeted Neu1
locus) in kidney, spleen and intestine paralleled that of lyso-
somal neuraminidase in the corresponding wild-type tissues
(Fig. 2A, B), but was significantly higher in liver, lung and
heart, raising the possibility that a feedback mechanism may
upregulate the Neu1 promoter in absence of neuraminidase.

Young mutant mice (1–2 months) already had a prominent
oligosacchariduria, which is diagnostic of the disease in
children with either sialidosis or GS. The oligosaccharide
pattern was similar to that detected in age-matched PPCA7 /7

mice, linking this biochemical defect to the severeneuraminidase
deficiency in both mouse models (Fig. 2C). At a late stage of the

disease (� 8 months and older), Neu17 /7 mice had mild
hypoproteinemia: total protein, 3.6 g/100 ml (normal range 4.4–
6.2); globulin, 1.3 g/100 ml (1.9–3.2); albumin, 2.3 g/100 ml
(2.6–4.6). Glucose content was occasionally lower in animals
older than 7 months (111 mg/dl) (normal range 124–262),
although at this age mutant mice become passive and fed poorly,
which could, in turn, affect the glucose levels in the blood.

Figure 1. Generation of Neu1� /7 mice. (A) The structure of the Neu1 gene,
the targeting construct and the predicted structure of the disrupted Neu1 locus
after homologous recombination are represented schematically. Only relevant
restriction sites are shown. The numbered solid boxes are exons. The 50 probe
(gray box) used for screening of the targeted clones detects a 9.6 kb HindIII
fragment derived from the mutant allele and a 6.5 kb HindIII fragment derived
from the wild-type allele. (B) Southern blot analysis of HindIII-digested geno-
mic DNA, isolated from F2 mouse tails and probed with the 50 probe depicted in
(A). Two Neu1 homozygous null mice are distinguished by the presence of only
the diagnostic 9.6 kb fragment. (C) Northern blot analysis of poly(A) þ RNA
from various tissues of 8-week-old Neu17 /7 and Neu1 þ / þ mouse, probed
with the full-length 1.8 kb neuraminidase cDNA demonstrate the absence in
the mutant mouse of the four Neu1 transcripts detected in the wild-type mouse.
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Electrolytes (sodium, potassium, and calcium), creatinine and
blood urea nitrogen (BUN) values were within normal limits.

As observed in patients with sialidosis or GS (29), peripheral
blood smears from affected mice of various ages showed
prominent vacuolation in practically all lymphocytes, mono-
cytes and eosinophils, but not in neutrophils (not shown).

Clinical phenotype

In the two genetic backgrounds, newborn Neu17 /7 mice
weighed about 25% less than their heterozygous or wild-type

littermates (Fig. 3A). This feature was consistent with PPCA
mutant mice. However, 27% of the Neu17 /7 pups in the NMRI
background and 10–15% in the C57BL/6 background died
suddenly around weaning age – a feature not seen in the GS
model. Hyperkeratosis of the stomach suggested that the cause
of death was inanition after 1–2 days of anorexia. Mice that
survived past the 21 days were fertile, but stopped producing
offspring by the age of 10 weeks. Edema of the subcutaneous
tissues, limbs, penis, forehead and eyelids developed already at
4–6 weeks of age, and progressively worsened. Kyphosis of the
lumbar spine and lordosis of the cervical and thoracic spine

Figure 2. Biochemical analysis of Neu17 /7 mice. (A) Comparison of the neuraminidase and b-galactosidase activities measured in various tissues of wild-type
(Neu1 þ / þ ), heterozygous (Neu1 þ /7 ) and knockout (Neu17 /7 ) mice of 3 weeks of age. Averages were made from the results of 4 animals. (B) Carbohydrate
profiles in urine samples of 1-month-old (lanes 1) and 2-month-old (lanes 2) Neu17 /7 and PPCA þ /7 mice, compared to a 2-month-old wild-type control.
Deficient mice show increased urinary excretion of high-molecular-weight oligosaccharides (oligosaccharide markers are shown in lane M).
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became prominent by the age of 6 months, although skeletal
analysis revealed only an enhanced curvature of the cervical
vertebrae (Fig. 3B). A shock-like twitch indicative of
peripheral nervous system involvement was a consistent
phenotype in mutant mice. At the end of their lifespan they
appeared weak and debilitated, and suffered from dyspnea, loss
of weight, gait abnormalities, and tremor. Death occurred
between the ages of 8 and 12 months.

Pathology of Neu17 /7 mice reveals systemic lysosomal
storage diseases comparable to GS mice

For histopathology, Neu17 /7 mice were sacrificed at 1, 2, 5 and
8 months of age and compared with age-matched PPCA7 /7

mice (26,30). Light microscopy of H&E-stained tissues showed
extensive vacuolation of some cells in most of the systemic

organs. In particular, the kidney was the earliest and most
affected organ – a feature also characteristic of GS mice
(Fig. 3D, PPCA7 /7 ) and typical of sialidosis and GS patients.
Proximal more than distal and collecting tubules were
extensively vacuolated already at 1 month of age. At 3 months,
also the epithelial cells of the glomeruli and the Bowman
capsule were affected (Fig. 3D, Neu17 /7 ). In the liver,
primarily Kupffer cells appeared ballooned, although with age
sinusoidal cells and hepatocytes also became filled with
vacuoles (Fig. 3E, Neu17 /7 and PPCA7 /7 ). Despite the
high expression of lysosomal neuraminidase in the wild-type
intestine, overt abnormalities in the gastrointestinal tract were
not evident in the adult mutant mice (not shown). However,
autopsy on the 7 /7 pups that had succumbed suddenly at
weaning revealed that the epithelial cells of the villi were
markedly dilated with large, apical vacuoles. This feature,
which was consistently present in Neu17 /7 pups, was clearly
less severe in GS mice (Fig. 3F, Neu17 /7 and PPCA7 /7 ).

Although all Neu17 /7 mice showed severely distended
bladder and urinary retention starting at the age of 6 months,
there were no clear morphological changes in the urethral
epithelium. However, the mice suffered from hydronephrosis,
evidenced by enlarged kidneys with a markedly dilated renal
pelvis. Inconspicuous lysosomal storage was detected in the

Figure 3. Clinical and histopathological phenotype of Neu17 /7 mice. (A)
Neu1 null mice are 25% smaller than their wild-type littermates (shown: 1-
month-old littermates). (B) Skeletal staining of a 5-month-old Neu17 /7

mouse indicates increased curvature of the cervical spine. (C–F) Histopatholo-
gical analysis of a 5-month-old (C–E) or a 3-week-old (F) Neu17 /7

mouse compared with an age-matched PPCA7 /7 mouse and a wild-type
(PPCA þ / þ ) littermate. Paraffin sections were stained with H&E. (C) Exami-
nation of the eyes of Neu17 /7 mice showed ballooned epithelial cells of the
ciliary body and conjunctiva. (D) In the kidney, prominent vacuolation is seen
in both 7 /7 models in the epithelial cells of the proximal convoluted tubuli
and the glomeruli. (E) The liver sections of both mutant mice show severe bal-
looning of Kupffer cells and microvacuolation of the hepatocytes. (F) The api-
cal epithelial cells of the intestinal villi of a Neu17 /7 mouse are excessively
vacuolated, potentially leading to deficient nutrient absorption and anorexia.
This feature is not detected in age-matched PPCA7 /7 mice. Size bars:
25 mm (C–E); 50 mm (F).

Figure 4. Brain pathology of a 5-month-old Neu17 /� mouse compared with
an age-matched PPCA� /� mouse and a wild-type littermate ( þ / þ ). (A)
As in GS mice, microglia and perivascular macrophages throughout the brain
parenchyma (arrowheads) are generally filled with storage (shown is the nu-
cleus putamen). (B) The dendate gyrus is often more severely affected in the
Neu1� /� mouse (arrowheads) than in the PPCA� /� mouse. (C) In contrast
to the extensive loss of the Purkinje cells in the PPCA� /� cerebellum (arrow-
heads indicate vaculated Purkinje cells), no or very little degeneration is visible
in Neu1� /� cerebellum (arrowheads indicate Purkinje cells with few or no vac-
uoles). (A–C) H&E staining. (D) Low-magnification image of a cerebellar lobe
shows a dramatic difference in the total number of Purkinje cells in the PPCA� /

� mouse compared with the Neu1� /� mouse of the same age. These sections
were immunostained with an antibody against the PEP19 marker. Size bars:
20 mm (A–C); 100mm (D).
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heart, skeletal muscle and lung, with the exception of the
endothelial cells lining the capillaries (not shown). Examina-
tion of the eyes showed that cytoplasmic vacuolation was
restricted to the epithelial cells of the ciliary body and the
conjunctiva (Fig. 3C). The latter was strikingly similar to what
has been observed in a sialidosis patient (31).

Neu17 /7 mice developed a pattern of disease in the brain
similar but not identical to that in GS mice. Extensive storage
was apparent in the epithelial cells of the choroid plexi and
in the endothelial cells of the ependymal layer. Although
vacuolated neurons were sparsely detected throughout the
parenchyma (primarily in the olfactory bulb, the subolfactory
nucleus and the nuclei of the limbic system), microglia and
perivascular macrophages were generally the most affected
cells, and were often seen juxtaposed to degenerating neurons
(Fig. 4A, Neu17 /7 and PPCA7 /7 ). Numerous ballooned
macrophage-like cells appeared to line neurons of the dentate
gyrus only in the Neu17 /7 mice (Fig. 4B, Neu17 /7 ). One of
the most overt abnormalities seen in the brain of GS mice is the
progressive loss of Purkinje cells starting at 2–3 months of age
and resulting in ataxic movements and lack of coordination
(26,32). These cells die sequentially in an antero-posterior,
medio-lateral fashion, the anterior lobes being the ones that are
affected most and sooner. A comparative numeric and spatial

analysis of the Purkinje cells in 5-month-old Neu17 /7 and
PPCA7 /7 animals demonstrated that the cerebellar lobes that
showed more than 90% cell loss in the PPCA7 /7 (Fig. 4C, D
PPCA7 /7 ) mice were not significantly affected in the
Neu1 � /7 mice (Fig. 4C, D, Neu17 /7 ). This was seen in
both genetic backgrounds.

Extramedullary hematopoiesis as the cause of
splenomegaly in Neu17 /7 mice

In contrast to the PPCA7 /7 mice, enlargement of the spleen
was consistently observed in Neu17 /7 mice, starting at 6 weeks
of age; the spleen size increased steadily to reach a maximum at
5–6 months, but normalized again later in life (Fig. 5A). This
increase in size was accompanied by a progressive increase on
total cell counts up to 5 months that decreased thereafter
(Fig. 5B, spleen); instead, cell counts in total bone marrow (BM)
were lower than in wild-type mice (Fig. 5B, BM). In histological
sections, the BM cavity was filled with numerous ballooned
macrophages (Fig. 5D), although the BM did not show any
marked changes in the hematopoietic profiles, as assessed by
flow cytometry, using hematopoietic markers for progenitors
(CD117/c-Kit) or myeloid (Mac-1, Gr-1), erythroid (Ter119)
and lymphoid (B220, CD3, CD4, CD8, Sca-1, Thy1.2) (not

Figure 5. The spleen of Neu1� /� mice is a major site of extramedullary hematopoiesis. (A) Spleens of 5-month-old Neu1� /� mice are 3-fold larger than spleens
from wild-type littermates. (B) Cell-count ratios for spleen and bone marrow (8 m) of Neu1� /� animals compared with control animals at different age-points
demonstrate increased cellularity in the spleen, and a slight decreased cellularity in the BM at the 5-month time point. Paraffin sections of spleen (C) and de-
calcified bone (D) from Neu1� /� and Neu1 þ / þ mice, stained with H E, show increased number of splenic megakaryocytes and massive infiltration of macro-
phages in the BM of deficient animals. Size bars: 25 mm (C,D).
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shown) lineages. However, an increased number of megakar-
yocytes were visible in H&E-stained sections of the spleen
(Fig. 5C). Flow cytometry of splenic cell suspensions incubated
with anti-Ter119 demonstrated a 2–10-fold increase in the
number of erythroid precursors (Fig. 6A). This feature was not
evident in Neu17 /7 BM. Combined, these data were indicative
of extramedullary hematopoiesis (EMH) as the cause of splenic
hypertrophy in Neu17 /7 mice. To ascertain whether the
changes in cell numbers reflected differences in the differentia-
tion or distribution of hematopoietic progenitors, the number of
lineage-committed progenitors was determined in Neu17 /7

mice between 1 and 7 months of age, using methylcellulose
colony-forming assays. The number of clonogenic precursors in
the BM was comparable to that of wild-type mice, regardless of
age. Instead all clonogenic precursors were increased in the
spleen (Fig. 6B): erythroid burst-forming units (BFU-E)
5-fold in 4-month-old mice and 2-fold in 7-month-old mice;
granulocyte–macrophage and granulocyte–erythroid–macro-
phage–megakaryocyte colony forming units (CFU-GM and
CFU-GEMM) 2-fold at all time-points. Immunohistochemical
analysis of mutant livers with anti-Ter119 antibody showed a
high number of erythroblasts, indicative of extramedullary
hematopoiesis in this organ as well. However, this phenomenon
became prominent only at about 7 months of age (not shown).

DISCUSSION

Molecular and biochemical features of Neu17 /7 mice
correlate well with the severe dysmorphic form of human
sialidosis. Although viable, mutant mice present signs of
illness early in life with evidence of lysosomal storage in
virtually all organs, affecting primarily epithelial, (reticulo)en-
dothelial and histiocytic (monocytic/phagocytic macrophages)
cells. Most of the pathological changes seen in the Neu17 /7

mice resemble closely those of the GS mouse model (26,30),
reinforcing the notion that the loss of neuraminidase activity in
both mutants is the primary cause of the disease. On close
observation, however, we have identified differences that could
eventually help to distinguish the function of cathepsin A and
neuraminidase in the expression of the phenotype.

Like patients with sialidosis and GS, Neu17 /7 mice have
growth impairment and remain smaller than their healthy
littermates throughout their lifespan. This feature is also
characteristic of the PPCA7 /7 and SM/J mouse models
(26,27,30), but is accompanied in the Neu1 mutants by a high
incidence of sudden death. Although we do not know the
molecular basis of this phenomenon, we hypothesize that it could
be caused by the significant and abrupt increase in the turnover of
epithelial cells in the small intestine of suckling pups (11–14

Figure 6. (A) Increased number of erythroid progenitor cells in spleen and bone marrow (8 m) of Neu1� /� versus Neu1 þ / þ mice as measured by FACS analysis
of spleen and BM cell suspensions marked with anti-Ter119 antibody. The two left panels represent an example of histograms from a 5-month-old Neu1� /� (KO)
and a Neu1 þ / þ (WT) mouse, showing a 10-fold increment in the number of Ter119-positive cells. (B) Methylcellulose colony-forming assays on spleen and BM
cell suspensions from Neu1� /� versus Neu1 þ / þ mice. The increased number of clonogenic precursors in mutant spleen peeks at the age of 5 months.
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days) compared with that in mice right after weaning (2 days)
(33). This would explain why the intestine is much more affected
in the Neu17 /7 pups than in the Neu17 /7 weaned mice, and
why the apical cells of the villi are more ballooned than the cells
of the crypts. The extensive vacuolation of the apical epithelial
cells could interfere mechanically with normal nutrient absorp-
tion, or cause a decreased formation and recycling of normal
absorptive vacuoles. This pathology could lead to starvation
during lactation, and explain the decreased size of homozygous
null mice and the sudden-death phenotype at 3 weeks of age by
inanition. Although not fully penetrant, this phenotype is clearly
specific for Neu17 /7 mice and is not seen in PPCA7 /7 mice,
suggesting a primary role for lysosomal neuraminidase in the
maintenance of intestinal cell homeostasis during the postnatal
period. It is possible that increased survival through the critical
2–3 weeks period could be obtained by dietary supplementation
of easily absorbed nutrients, since dietary changes are known to
be critical in modifying the epithelial mucin predominately in the
small intestine (34).

Although only minor bone changes have been identified in
mutant mice, it is still possible that impaired function of
osteoclasts causes inefficient bone remodeling which may
contribute to their small size (35). This hypothesis could be in
keeping with observed bone deformities in children with
nephrosialidosis and type II sialidosis (20,23).

The pronounced vacuolation of renal tubular and glomerular
epithelium in Neu17 / 7 mice correlates with the high
expression of neuraminidase in kidney, and is characteristic of
human sialisodis and GS. Inefficient renal filtration is accom-
panied by proteinuria and diffuse edema, as indeed are observed
in the mutant mice early in life. Although hypoproteinemia and/
or proteinuria is reported in all nephrosialidosis patients, loss of
protein into the serum was only detected in some of the mice and
was never accompanied by electrolyte imbalance. A similar
discrepancy has been reported for an infantile sialidosis patient
with severe edema, swollen glomerular and tubular epithelial
cells of the kidney, without evidence of renal involvement (36).
It is unclear whether the penetrance of this phenotype in patients
mirrors the severity of the neuraminidase mutation(s), which
may affect differently the cellular distribution of the mutant
protein and/or the type and extent of accumulated products. In
addition, other genetic factors that alone are not causing disease,
when combined with a neuraminidase deficiency may predis-
pose to or provoke renal dysfunction.

Neu17 / 7 mice develop a pronounced but transient
splenomegaly characterized by an increased number of
megakaryocytes and red blood cell precursors, and elevated
numbers of hematopoietic precursors. These features are
characteristic of EMH. Splenic EMH can occur as a secondary
response to (i) failure of BM hematopoiesis (37–39), (ii)
anemia (e.g. following hemorrhage), (iii) bacterial infection
(40,41) or (iv) myelofibrosis (41). We have no evidence
supporting the latter three in triggering EMH in our mutant
mice. However, we did observe a reduction in the total number
of BM cells recovered from the hindlegs of Neu17 /7 mice,
suggesting that impaired BM hematopoiesis could cause
mobilization of BM-derived progenitors to the spleen. EMH
could simply be the result of crowding of the BM cavities by
ballooned cells, or could have a more complex physiological
cause, such as impaired bone remodeling. These hypotheses,

however, do not explain the strict age dependence of this
phenomenon. It is noteworthy that similar age-related changes
have been observed in CSF-1 mutant and osteopetrosis mice
(op/op), where occlusion of the BM cavities is caused by
excessive bone formation (38,39,43). Also in these cases,
however, it is unclear why EMH disappears in older mice.
Another physiological cause of EMH in the sialidosis model
could relate to a potential role of lysosomal neuraminidase in
providing the optimal microenvironment for the homing of BM
cells, for example by participating in the processing of
adhesion molecules, integrins or growth factors (or their
receptors) at their cell surface (44), similarly to what has been
reported for the cytosolic enzyme (45).

The neurologic phenotype of Neu17 /7 mice is similar to
that of the GS model and is reminiscent of other mouse models
of lysosomal disorders [e.g. Niemann-Pick A and B (46,47)
and Sanfilippo B (48)], where microglia and perivascular
macrophages more than neurons are the primary target of the
disease. The characteristic pattern of Purkinje cell death in GS
mice, however, is not observed in the Neu17 /7 mutants.
Given the severe deficiency of neuraminidase secondary to the
loss of PPCA in the GS model, one would have predicted a
nearly identical phenotype. An intriguing observation is that
while PPCA is highly expressed in normal Purkinje cells,
neuraminidase is not, suggesting that the death of these cells in
GS mice cannot be attributed to the secondary neuraminidase
deficiency, but instead may be the result of the loss of cathepsin
A catalytic activity. We still have little understanding of the
physiological role of cathepsin A activity outside the complex
and in different cell types, which could involve ancillary
pathways. If this is the case, then this phenotypic abnormality
may represent the first evidence that loss of cathepsin A activity
may cause disease. This hypothesis could be tested experi-
mentally by creating a PPCA mutant mouse expressing a
protein that has lost its catalytic activity but retains its protective
function towards neuraminidase and b-galactosidase (49).

The availability of mouse models of both sialidosis and GS
will facilitate comparative studies of the pathogenesis of these
diseases in children as well as the development of targeted
therapies for each of these diseases.

MATERIALS AND METHODS

Gene targeting in ES cells and generation of
homozygous null mice

The mouse Neu1 gene was cloned from a 129/Sv embryonic
stem (ES) cell genomic library (28,30). A 10 kb SalI fragment
encompassing all six exons (Fig. 1A) was used to generate the
targeting vector. A b-geo cassette with the LacZ reporter gene
and the Neo-selectable marker driven by the PGK promoter
(LacZ/PGK/neo) was inserted in frame into a unique SacII site
within exon 1. Homologous recombination at the Neu1 locus
would result in the transcription of the LacZ gene from the
Neu1 endogenous promoter, and in the translation of a
neuraminidase protein truncated after the 33 amino acids of
the signal peptide.

W9.5 ES cells were grown on irradiated mouse embryonic
fibroblasts (MEFs) feeders and electroporated as described
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previously (26). The ES cells were allowed to recover for 24 h,
after which they were cultured in the presence of 350 mg/ml
G418 (BioWittaker) for 7 days. Resistant ES clones were
screened for homologous recombination of the targeted allele
by Southern blotting of HindIII-digested genomic DNA, using
a 600 bp BamHI/EcoRI probe located immediately upstream of
the targeted region (Fig. 1A). Correctly targeted clones were
identified by the presence of a diagnostic 9.6 kb fragment in
addition to the normal 6.5 kb band (Fig. 1B). Positive clones
were karyotyped. The absence of additional random integra-
tions of the construct was verified on Southern blots containing
genomic DNA digested with EcoRI, which cut inside the b-geo
cassette and released a diagnostic fragment of 8.5 kb, followed
by hybridization with a Neo probe (not shown). Targeted ES
cells were microinjected into C57BL/6 blastocysts at the
SJCRH Transgenic Core Facility. Neu1 heterozygous mice
were interbred to homozygosity for assessment of the
phenotype and backcrossed to C57B1/6 and NMRI lines to
determine the influence of the genetic background on disease
expression. Litters were genotyped by Southern blotting
(Fig. 1B). Null mice were obtained in both genetic back-
grounds at a frequency of 23% (expected 25% 7 /7 , 25%
þ / þ and 50% þ /7 ), indicating the absence of perinatal

death (Fig 1B). The PPCA7 /7 mice used in comparative
studies are in a C57B1/6 background.

Northern blotting

Total RNA was isolated from different tissues, collected from
3- to 8-week old mice, using Trizol Reagent (Invitrogen);
poly(A) þ RNA was purified with the Oligotex mRNA kit
(Qiagen). Poly-(A) þ RNA (3 mg) was separated on 1% agarose
gels containing 0.66 M formaldehyde, blotted onto Zeta-
probe membranes (Bio-Rad) and hybridized in Express
Hyb (Clontech) with a 32P-labeled mouse full-length neuramin-
idase cDNA probe (1.8 kb).

Histopathological studies

Mice were perfused transcardially with 0.1 M sodium phos-
phate, pH 7.4/4% paraformaldehyde. Dissected organs were
either processed for paraffin embedding or frozen in tissue
freezing medium (Triangle Biomedical Sciences, Durham, NC)
after 24–48 h incubation in 30% sucrose/0.1 M sodium
phosphate, pH 7.4. Paraffin sections were routinely stained
with hematoxylin/eosin (H&E), using standard procedures.
Staining of the skeletons was performed as described in (50).
Cerebellar slides were also immunostained with an antibody
against the PEP19 marker (51) (a kind gift of Dr J. Morgan,
Developmental Neurobiology, SJCRH).

Enzyme assays and urinary oligosaccharide analysis

Tissues from euthanized, non-perfused Neu17 /7 and wild-
type mice in both C57B1/6 and NMRI backgrounds were
homogenized on ice in 4 volumes (w/v) of milli-Q water
(Millipore), using a 2 ml Wheaton tissue grinder. The activities
of neuraminidase (pH 4.3) and neutral b-galactosidase (pH 7.0)
were assayed with artificial 4-methylumbelliferylneuraminic
acid and 4-methylumbelliferyl-b-galactoside substrates (Sigma),

respectively (52). Total protein concentrations of tissue
homogenates were determined using the BCA assay (Pierce).
Urinary complex carbohydrates were resolved on high-resolu-
tion polyacrylamide gels and visualized by fluorophore-assisted
carbohydrate electrophoresis (FACE) according to the manu-
facturers’ protocol (Glyko, Novato, CA).

Hematologic and chemical analyses

Serum and urine samples from Neu17 /7 and wild-type mice
were analyzed for total protein, albumin, globulin, sodium,
potassium, calcium, glucose, BUN and creatinine content by
Ani-Lytics Inc. (Gaithersburg, MD). Hematological counts
were performed on heparinized blood collected by eye bleed
with an EDTA-coated capillary using standard procedures
(Laboratory of Analysis of the Animal Resource Center at
SJCRH).

Hematopoietic progenitor cell assay

Spleen, femur and tibia specimens were dissected from
Neu17 /7 and wild-type mice at 1, 3, 5 and 7 months of
age. BM was flushed from the femur and tibia in 10 ml Iscove’s
medium, supplemented with 10% fetal bovine serum, using a
syringe and 25-gauge needle. Single-cell suspensions were
obtained by passing spleen and BM through cell strainers. Cell
viability and density were determined by trypan blue staining
after lysis of red blood cells in 1% acetic acid (v/v).
Methylcellulose cultures for the analysis of clonogenic
precursors were prepared according to the manufacturer’s
protocol (M3434, StemCell Technologies Inc.). After 12 days’
incubation (humidified 5% CO2), BFU-E, GM-CFU, and
GEMM-CFU were counted in duplicate dishes (30 mm
diameter), each containing at least 50 colonies.

Flow cytometry

Cell suspensions from spleen or BM (2� 106 cells/ml) were
incubated for 30 min at 4�C with fluorophore-conjugated
antibodies against various hematopoietic markers. The one
relevant for these studies, PE anti-Ter119 (Pharmingen), was
used at a 5–20 mg/ml concentration in PBS, 1% BSA, followed
by a wash step with PBS, 10% BSA (v/w). FACS analysis was
performed on a FACS-Calibur cytometer (Becton Dickinson,
San Jose, CA), acquiring 5000–10 000 events. FACS data were
analyzed using CellQuest software.
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