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The Sanfilippo syndrome type B is an autosomal recessive disorder
caused by mutation in the gene (NAGLU) encoding a-N-acetylglu-
cosaminidase, a lysosomal enzyme required for the stepwise de-
gradation of heparan sulfate. The most serious manifestations are
profound mental retardation, intractable behavior problems, and
death in the second decade. To generate a model for studies of
pathophysiology and of potential therapy, we disrupted exon 6 of
Naglu, the homologous mouse gene. Naglu2y2 mice were healthy
and fertile while young and could survive for 8–12 mo. They were
totally deficient in a-N-acetylglucosaminidase and had massive
accumulation of heparan sulfate in liver and kidney as well as
secondary changes in activity of several other lysosomal enzymes
in liver and brain and elevation of gangliosides GM2 and GM3 in
brain. Vacuolation was seen in many cells, including macrophages,
epithelial cells, and neurons, and became more prominent with
age. Although most vacuoles contained finely granular material
characteristic of glycosaminoglycan accumulation, large pleiomor-
phic inclusions were seen in some neurons and pericytes in the
brain. Abnormal hypoactive behavior was manifested by 4.5-mo-
old Naglu2y2 mice in an open field test; the hyperactivity that is
characteristic of affected children was not observed even in
younger mice. In a Pavlovian fear conditioning test, the 4.5-mo-old
mutant mice showed normal response to context, indicating intact
hippocampal-dependent learning, but reduced response to a con-
ditioning tone, perhaps attributable to hearing impairment. The
phenotype of the a-N-acetylglucosaminidase-deficient mice is suf-
ficiently similar to that of patients with the Sanfilippo syndrome
type B to make these mice a good model for study of pathophys-
iology and for development of therapy.

The Sanfilippo syndrome type B [mucopolysaccharidosis III B
(MPS III B)] is an autosomal recessive disorder caused by

lack of activity of a-N-acetylglucosaminidase, one of the en-
zymes needed to degrade heparan sulfate, and the resulting
accumulation of this glycosaminoglycan (GAG) (1). The disease
is very heterogeneous at the molecular level. Although the gene
encoding a-N-acetylglucosaminidase was cloned only recently
(2–4), over 70 mutations and 2 polymorphisms have already been
identified (2, 5–8).

The Sanfilippo syndrome type B is closely related to the other
three types of Sanfilippo syndrome (A, C, and D), all of which
are caused by deficiency of lysosomal enzymes needed for the
removal of a-linked glucosamine residues of heparan sulfate. In
all four types of the disease, the central nervous system is
particularly affected even though the enzyme deficiencies and
lysosomal storage are systemic; somatic manifestations such as
organomegaly or skeletal malformations are much less promi-
nent than in other MPS (1). Pathological changes in brains of
patients with Sanfilippo syndrome have been documented by
occasional imaging or autopsy studies that suggest some degree
of cerebral atrophy in the late stages of the disease (9, 10). The
Sanfilippo syndrome is particularly hard on families, because the

progressive mental retardation is often accompanied by intense
hyperactivity that is not readily managed with medications (11).
The hyperactivity may last for many years; when it finally
subsides, the cognitive functions continue to deteriorate until the
patient’s death, usually in the late teens. There is clinical
variability within and between each of the four subtypes, a
consequence of their molecular heterogeneity. Some patients
with an attenuated form of Sanfilippo syndrome type B have a
milder course without behavioral disturbances, and longer sur-
vival with retention of some limited skills (12).

Animal forms of Sanfilippo syndrome, all of spontaneous
origin, have been discovered in recent years: a caprine form of
Sanfilippo type D (deficiency of N-acetylglucosamine 6-sulfa-
tase) (13), canine (14), and murine (15) forms of Sanfilippo
syndrome type A (deficiency of heparan sulfamidase), and a
disease of emus biochemically similar to Sanfilippo syndrome
type B (16).

We have developed a murine model of the Sanfilippo syn-
drome type B to accelerate studies of pathogenesis and devel-
opment of therapy for this devastating disease. A preliminary
account of this work has been published in abstract form (17, 18).

Methods
Disruption of the Naglu Gene. The Naglu gene (GenBank accession
no. AF003255) was cloned from a 129ySv mouse genomic library
(Stratagene). Exon 6 was selected for disruption because a
number of Sanfilippo B mutations had already been found there
(5). After digestion with XhoI restriction endonuclease, the
852-bp fragment within exon 6 was replaced by a cassette
containing the neor gene under control of the phosphoglycerate
kinase promoter (Stratagene). A cassette containing the Herpes
simplex virus thymidine kinase gene under control of its own
promoter was cloned into the vector upstream of the Naglu gene
(Fig. 1). The final construct contained 5 kb and 3.5 kb of 59 and
39 homology, respectively.

The vector was linearized with SalI restriction endonuclease
before electroporation into CCE embryonic stem (ES) cells,
which are derived from mouse strain 129SvEv. The ES cells were
grown on irradiated feeder layers of mouse fibroblasts (STO), in
DMEM (GIBCO) supplemented with 15% fetal bovine serum
(HyClone), nonessential amino acids, b-mercaptoethanol, and
murine leukemia inhibitory factor (GIBCO). Drug selection was
carried out in 225 mgyml of geneticin (GIBCO) and 0.2 mM
fialuridine (FIAU) (Moravek Biochemicals, Brea, CA). Surviv-
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ing colonies were subjected to ‘‘mini-Southern’’ analyses (19). A
SacI fragment upstream and an EcoRVyBamHI fragment down-
stream of the targeted region were used to identify the targeted
allele (Fig. 1). Further screening was carried out with the 59
probe only. About 1% of the survivors of the drug selection were
found to have a disrupted Naglu gene.

Animal Breeding. Successfully targeted ES colonies were injected
into C57BLy6 blastocysts at the University of California Los
Angeles Transgenic Mouse Facility. The one chimeric male with
a disrupted gene in the germ line was mated to C57BLy6 females.
Heterozygotes were either intercrossed for experimental use or
backcrossed to C57BLy6 mice to put the mutation on a congenic
background. Genotyping was initially performed by Southern
analysis of DNA obtained by tail biopsy at 10 d, and by assay of
a-N-acetylglucosaminidase activity in these biopsies after a strict
dose response had been established.

Enzyme Assays. About 30 mg of tissue was homogenized by hand
in 1.4 ml of 0.9% NaCly0.2% Triton X-100, rotated for 2 hr at
4°C, and centrifuged to remove debris. The activity of a-N-
acetylglucosaminidase was determined fluorometrically (20).
Homogenate (25 ml) was incubated for 1 hr at 37°C with an equal
volume of 0.2 mM 4-methylumbelliferyl a-N-acetylglucosamin-
ide (Calbiochem) in 0.1 M Na acetate buffer, pH 4.3, containing
0.5 mgyml BSA; the fluorescence of 4-methylumbelliferone
released was measured after addition of 1.0 ml of glycine buffer,
pH 10.5. One unit of activity corresponds to the hydrolysis of 1
nmol substrate per hour. a-L-Iduronidase was assayed as de-
scribed (21). Neuraminidase was assayed exactly as described for
a-N-acetylglucosaminidase, except for substitution of 0.2 mM
4-methylumbelliferyl-a-N-acetylneuraminic acid; this substrate
(Calbiochem) was first purified by extraction with t-butyl-methyl
ether, HPLC grade (Aldrich). The following enzymes were all
assayed by incubating appropriately diluted homogenate with
the respective 4-methylumbelliferyl substrates for 1 hr at 37°C
under the following conditions: a-glucosidase and b-galactosi-
dase, 25 ml of homogenate with 125 ml 0.25 mM substrate in 0.1
M Na acetate buffer at pH 4.3; b-glucuronidase, 50 ml of
homogenate with 50 ml 0.2 mM substrate in 0.1 M Na acetate

buffer, pH 4.3; b-hexosaminidase, 25 ml of homogenate with 125
ml 0.24 mM substrate in 10 mM citratey20 mM phosphate buffer,
pH 4.5.

Analysis of GAG. Soluble GAG was extracted from lyophilized
tissues by incubation in 0.9% NaCly0.2% Triton X-100 (30 ml per
mg dry weight) at 4°C overnight with shaking. Debris was
removed by centrifugation. GAG was precipitated with Alcian
blue (Polysciences), the blue precipitate was dissolved and
absorbance measured at 600 nm as described (22). Heparan
sulfate from porcine intestinal mucosa (Sigma H9902) was used
as standard. For enzymatic identification of GAG, the tissue
extracts were first heated at 100°C for 5 min to inactivate
endogenous enzymes then incubated with heparan sulfate lyase
I, heparan sulfate lyase II, chondroitin lyase ABC, or chondroitin
lyase AC (Seikagaku America, Rockville, MD) following in-
structions of the manufacturer; GAG that remained undigested
was precipitated with Alcian blue and measured as above.
Mock-treated controls were incubated in buffer without lyase.
Electrophoretic separation was carried out on cellulose acetate
plates (23, 24). Urine from individual mice was collected in
metabolic cages; GAG was precipitated with Alcian blue for
quantitative measurement and with cetylpyridinium chloride for
electrophoresis.

Analysis of Gangliosides. Brain hemispheres were collected from
5 mo-old mice, sagittally cut in two, and stored frozen. Gangli-
oside analysis was performed on the half-hemispheres without
further dissection, according to previously described methods
(25, 26).

Pathological Studies. Mice were euthanized by CO2 inhalation,
and tissues other than brain were fixed in 4% phosphate buffered
formalin and embedded in paraffin for light microscopy. Sec-
tions were 4 mm thick. For electron microscopy, liver was fixed
in 3% glutaraldehyde in PBS and kidney in 2.5% glutaralde-
hydey4% formaldehyde in 0.1 M cacodylate buffer. For exam-
ination of brain, mice were anesthetized and perfused from the
left ventricle with 4% buffered formalin for light microscopy and
with 4% paraformaldehydey2% glutaraldehyde for electron
microscopy.

Behavioral Studies. Generalized activity was assessed by an open
field test, carried out essentially as described for rats (27).
Briefly, mice were brought to a rectangular open field (a
translucent green polyethylene container, 71 3 36 3 30 cm) in
a room lit only by a 25-W red light bulb. A grid of lines divided
the open field into eight equal segments. An overhead camera
allowed observers to watch the mice on a video screen in an
adjacent room. Crossovers (defined as all four paws crossing one
of the lines) were scored for 4 min in the dark, after which two
100-W white lights (on opposite ends of the enclosure) were
turned on, and scoring was continued for an additional 4 min.

For Pavlovian fear conditioning, mice were placed in stainless
steel and Plexiglass conditioning chambers (28 3 21 3 22 cm,
Lafayette Instruments, Lafayette, IN) that had floors consisting
of 24 stainless steel rods, 1 mm in diameter, spaced 5 mm apart.
After 3 min, a tone (10 sec, 85 dB, 2 kHzyA scale) was presented,
coterminating with an aversive foot shock (2 sec, 0.5 mA). One
minute later, the mice were returned to their home cages. One
day after training, the mice were returned to the conditioning
chambers for a contextual fear test; freezing, defined by the
absence of any visible movement except for breathing, was
scored for 4 min according to a blind 8-sec sampling procedure
(28). On the next day, they were brought to novel chambers for
a tone fear test. These chambers were in a different room and
differed from the training chambers in many respects, such as
background noise, odor, and lighting (27). After a 2-min baseline

Fig. 1. Targeted disruption of the Naglu gene. The structure of the endog-
enous gene, the targeting construct, and the disrupted allele are presented
schematically on successive lines. Southern blot identification of the disrupted
gene is shown (Bottom): embryonic stem cell colonies (Left) and F2 mice
(Right). These were identified by hybridization of the 59 probe to EcoRI
restriction fragments. The fragment is smaller in the disrupted allele than in
the normal one (9.5 kb vs. 15.5 kb) because of the presence of an EcoRI site in
the neor gene. Hybridization with the 39 probe gave a 6-kb fragment for the
disrupted allele (not shown). Filled rectangles represent exons, whereas the
open rectangle at the 59 end indicates that the transcription start site has not
been defined. The two bars under the disrupted allele represent the 59 and 39
probes used for Southern blots. Abbreviations for restriction enzymes are: RI,
EcoRI; SI, SacI; X, XhoI; B, BamHI; (X) indicates that the XhoI site was lost during
the cloning process.
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period, the training tone was presented continuously for 4 min;
freezing was scored during the entire 6-min period.

Results
General Observations. Naglu2y2 mice were normal in appear-
ance and were generally healthy while young. Both males and
females were fertile up to 6 mo and survived 8–12 mo. Older
mice were euthanized as they became visibly ill, with abdominal
distention, weight loss, disheveled fur, skin ulceration around the
genitalia, and difficulty in walking. They had a greatly distended
urinary bladder. Palpation of younger mice showed that urinary
retention in bladder occurred from the age of 6 mo.

Enzyme Activity. a-N-acetylglucosaminidase activity showed strict
dose response with genotype. Homozygous mutant mice had no
activity, confirming that the targeted allele was null, whereas
heterozygotes had half the normal activity (Fig. 2A). The dose
response was seen in all tissues tested, although the absolute level
of enzyme varied in different tissues (Fig. 2B). Given the
neurological manifestations of the Sanfilippo syndrome, it was
somewhat surprising to find that the lowest a-N-acetylglu-
cosaminidase activity was found in brain. To confirm this, the
enzyme was also measured in homogenates of different parts of
the brain from a 5-mo-old 1y1 mouse; the activity in olfactory
bulb, hippocampus, cerebral frontal cortex, cerebral caudal
cortex, cerebellum, and brainstem did not deviate by more than
one-third of the whole brain homogenate (not shown).

Several other lysosomal enzymes—b-galactosidase, a-gluco-
sidase, b-glucuronidase, and b-hexosaminidase—were elevated
in both liver and brain of 5-mo-old mice (Fig. 2C). a-L-
Iduronidase was elevated in liver but not in brain, and neur-
aminidase was reduced in both tissues. Elevation of b-glucuron-

idase and b-hexosaminidase activities in liver of 1-mo-old mice
was less pronounced, but the trend was the same (not shown).

Accumulation of Soluble GAG. GAG soluble under the same
conditions as lysosomal enzymes (i.e., in 0.9% NaCl containing
0.2% Triton X-100) was thought likely to represent undegraded
or partially degraded GAG stored in lysosomes. Analysis of this
pool in different tissues showed a massive increase in liver and
kidney and lesser but statistically significant increases in lung,
spleen, thymus, and heart (Fig. 3). In all cases, the control mouse
tissues contained little soluble GAG. However, there was con-
siderable soluble GAG in brain of control mice, and only a slight
increase was seen in the 2y2 mice.

To identify the soluble GAG, the extracts were treated with
bacterial GAG lyases of known specificity after heat inactivation
of endogenous GAG hydrolases. As seen in Table 1, treatment
of kidney extract with heparan sulfate lyase I removed essentially
all the GAG, identifying it as heparan sulfate. Liver extracts were
only partially degraded with heparan sulfate lyase I but were
sensitive to heparan sulfate lyase II, an enzyme that can cleave
the ‘‘heparin-like’’ regions that contain more a-L-iduronic acid.
The difference in the material stored in kidney and liver could
also be seen in electrophoresis on cellulose acetate; kidney GAG
migrated like the heparan sulfate standard, whereas liver GAG
migrated between heparan sulfate and heparin (not shown). The
GAG in brain of both control and affected mice, on the other
hand, was shown by enzymatic digestion to be primarily chon-
droitin sulfate A or C (Table 1); the small increment seen in Fig.
3 in the affected mouse brains could be identified neither
enzymatically nor by electrophoresis.

Unexpectedly, we detected neither a quantitative nor quali-

Fig. 2. Enzyme activities in mutant and control mice. (A) Activity, mean 6 SD,
of a-N-acetylglucosaminidase in tail clippings of 10-d-old mice. The mice of the
second backcross generation numbered 65 for 1y1, 102 for 1y2, and 65 for
2y2. There was no change in enzyme level in subsequent backcross genera-
tions. (B) a-N-acetylglucosaminidase activity in various tissues of 1-mo-old
1y1 and 1y2 mice (two mice each for brain and three for other tissues); the
activity in 2y2 mice is not shown, because it was zero in every case. (C) Ratio
of activity of other enzymes in liver and brain of 1y1 and 2y2 mice; one
5-mo-old mutant mouse was used for liver and two for brain, with one control
mouse of the same age. Abbreviations for enzymes: b-Gal, b-galactosidase;
a-Glu, a-glucosidase; b-GlcA, b-glucuronidase; b-Hex, b-hexosaminidase; a-L-
Idu, a-L-iduronidase; a-Neu, a-N-acetylneuraminidase.

Fig. 3. Accumulation of soluble GAG in tissues of mutant and control mice.
Soluble Alcian-blue precipitable GAG (mean 6SD) was from tissues of six 2y2
and eight control mice (6 1y2 and 2 1y1). The brain was separated into cortex
and remainder (Brain-C).

Table 1. Enzymatic identification of soluble GAG

Treatment

GAG Fraction remaining

Kidney Liver Brain
2/2 2/2 2/2 1/2

Mock-treated 1.0 1.0 1.0 1.0
Heparan sulfate lyase I 0.2 0.4–0.7 — —
Heparan sulfate lyase II 0.1 0.2 0.9–1.0 0.9–1.0
Chondroitin ABC lyase 1.0 1.0 0.2 0.2
Chondroitin AC lyase — — 0.1–0.2 0.1

The numbers represent the fraction of GAG remaining in each extract after
digestion with lyase, relative to the amount remaining in the mock-treated
extract.
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tative difference between urinary excretion of GAG of mutant
and control mice. The amount of GAG (mgymg creatinine) was
255 6 92, 247 6 148, and 294 6 171 for 8 1y1, 8 1y2, and 17
2y2 mice (1.5- to 5-mo-old), respectively. Electrophoresis on
cellulose acetate plates showed that the GAG excreted by 1.5- to
3-mo-old affected and control mice was heparan sulfate (data
not shown).

Analysis of Brain Gangliosides. Table 2 shows the distribution of
gangliosides in the brain of homozygous mutant and of control
mice. Major increases were found in the amounts of ganglioside
GM2 and GM3, 5- and 9-fold, respectively; a slight but statistically
significant decrease was seen in the level of GM1. The level of
other gangliosides did not appear to be affected. The total

amount of ganglioside in the mutant animals was within 5% of
the control.

Pathology. Gross pathology at 6 mo indicated neither organ
atrophy nor organomegaly. By light microscopy, tissues of 22-
d-old mutant mice were unremarkable. By 33 d, vacuolated
macrophages were seen in many organs, including liver, spleen,
lymph nodes, kidney, lung, skin, and brain. The only epithelial
cells to show vacuolation at this age were found in kidney (in
glomerular epithelium, in distal but not proximal convoluted
tubules, and in Henle’s loop). Neurons were also found to be
affected in many parts of the brain. Examination of tissues by
light microscopy at 3 mo and again at 6 mo showed that
essentially the same changes became more prominent with
age—i.e., more vacuolated macrophages and more readily visible
changes in epithelial cells and neurons. Electron microscopy
showed inclusions containing finely granular material, typical of
the appearance of GAG storage in liver and kidney (Fig. 4 A and
B, respectively). Kupffer cells were ballooned with a few very
large inclusions, whereas hepatocytes contained a large number
of small vacuoles. In the kidney, glomerular and tubular epithe-
lial cells as well as interstitial cells were vacuolated, whereas
mesangial cells were not.

Lesions in the central nervous system were seen by light
microscopy to consist of vacuoles in macrophage-like cells and
neurons. The macrophage-like cells (Fig. 4C) were found in all
parts of the central nervous system and were similar in appear-
ance to those found in numerous other organs. Fine vacuolation
of neurons was seen in the olfactory bulb and accessory olfactory
bulb and in selected areas of the brain cortex, thalamus, hypo-
thalamus, amygdala, midbrain, pons, and medulla. Neurons of
the caudatoputamen showed little involvement. Even in affected

Fig. 4. Abnormal inclusions in tissues of mutant mice. (A) Liver of 2y2 mouse, 3 mo old. Note the very large vacuoles in the Kupffer cell (arrowhead) and much
smaller vacuoles in the hepatocyte (arrows), both containing fine granular material. (B) Podocyte of 2y2 mouse, 6 mo old, showing vacuoles with fine granular
material (arrow). (C) Macrophage-like cells with vacuolated cytoplasm in caudatoputamen of 2y2 mouse, 6 mo old (hematoxylinyeosin stain). Arrows point to
individual cells, whereas arrowhead points to a cluster. (D) Neuron of dentate nucleus of cerebellum with large inclusions stained light blue (arrow) in 2y2 mouse
(Left) and absence of such inclusions in cell from same area of a control mouse, both 6 mo old (Kluver–Barrera luxol fast blue stain). (E) Purkinje cell from 6-mo-old
2y2 mouse. Note the large inclusion containing lamellar as well as coarse granular material; arrowheads point to edge of the inclusion. (F) Pericyte from 6-mo-old
2y2 mouse. A very large pleiomorphic inclusion (arrowhead) is present in addition to inclusions containing granular material (arrow). Red and yellow bars 5
1 mm.

Table 2. Ganglioside profiles in brain

Ganglioside Control Naglu 2/2

GM3 46 6 18 417 6 39***
GM2 43 6 6 240 6 37***
GM1 1,024 6 49 819 6 79**
GD1a 1,105 6 91 989 6 81
GD1b 357 6 13 320 6 26
GT1 728 6 31 675 6 91
GQ 101 6 23 80 6 4
Minor 436 6 68 510 6 61

Four Naglu 2/2 mice and five control mice (2 1/1 and 3 1/2) were used for
the analyses. Numbers represent nmol of ganglioside per g of tissue (wet
weight), mean 6 SD. Minor gangliosides comprise GD3, GD2 and an unknown
ganglioside. ***, P , 0.001; **, P , 0.01.
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areas, only some neurons might appear vacuolated. In the
cerebellum, most Purkinje cells and neurons in cerebellar nuclei
showed a different kind of lesion. They contained one or a few
large inclusions that stained poorly with hematoxylinyeosin but
intensely with periodic acidySchiff reagent. Many of these
inclusions stained deep blue with Kluver–Barrera luxol fast blue
stain (Fig. 4D). Similar inclusions were seen in neurons of some
thalamic nuclei. Electron microscopy showed the large inclusions
in Purkinje cells to contain electron-dense material, some of it
with the appearance of loosely packed membranes (Fig. 4E).
Perithelial cells contained inclusions with fine granular material
as well as inclusions that were highly pleiomorphic (Fig. 4F).

Behavior. Mutant mice and 1y1 controls, 2.5 and 4.5 mo old,
were compared in two behavioral tests—the open field test and
Pavlovian fear conditioning. The younger mutant mice did not
differ significantly from the controls in open field activity in
either darkness or bright light, as seen in Fig. 5A [Multivariate
ANOVA; effect of genotype, F(1, 21) 5 1.3, P . 0.25]. However,
4.5-mo-old mutant mice showed drastically suppressed open
field activity [(F(1, 16) 5 12.9, P , 0.01] (Fig. 5B).

The mutant mice exhibited robust freezing during the con-
textual fear test, comparable to normal at both ages (Fig. 6A).
ANOVA showed no significant effect of genotype or age [F(1,
36) , 0.5, P . 0.5]. In the tone test, the younger 2y2 mice
behaved normally [F(1, 21) , 0.1, P . 0.8], but the older mutant
mice exhibited a significant deficit in freezing in response to the
tone [F(1, 21) 5 10.4, P , 0.01) (Fig. 6B).

Discussion
The Naglu 2y2 mice show the chronic and progressive course
that is characteristic of human lysosomal storage diseases. Bio-
chemical, pathological, and behavioral changes become more
pronounced with time. Although the mice are healthy and fertile
while young, the effects of the disease become outwardly obvious
after 6 mo. Until that time, the mice could be considered more
mildly affected clinically than human patients, as is common in
mouse models of lysosomal storage disease [e.g., GM1 gangli-
osidosis (29), a-mannosidosis (30)]. A second degradative path-
way is the basis of the very mild phenotype of murine Tay–Sachs
disease (31). Whether some ancillary pathway (e.g., via en-
doheparanase) exists in the Naglu 2y2 mouse is not known.

The biochemical abnormalities observed in the homozygous
mutant mice were anticipated from findings in MPS patients and
animal models. The deficiency of one enzyme involved in

degradation of MPS is often accompanied by increases in others.
This had been found for MPS I, II, III (32), and VII (33). The
increase may reflect an increased number of lysosomes, in-
creased biosynthesis, andyor stabilization of the enzymes by
storage material. On the other hand, neuraminidase activity was
reduced in both liver and brain of the Naglu 2y2 mouse.
Whether the reduction is of pathologic significance is not clear.

Brain gangliosides GM2 and GM3 were found markedly ele-
vated in the mouse model. These gangliosides are also elevated
in several human MPS, including MPS III (34–36). Elevation of
these gangliosides, although not directly related to the primary
enzyme defect, has been suggested to play a major role in the
pathogenesis of MPS III D (36).

Heparan sulfate proteoglycan is thought to be ubiquitous,
either in the cell membrane or extracellular matrix (37), and
heparan sulfate is therefore expected to be stored in lysosomes
of all cells of the deficient mice. Yet in young Naglu 2y2 mice,
storage was found mainly in cells of the macrophage lineage,
suggesting that these cells act as a clearinghouse for any circu-
lating heparan sulfate. Perhaps heparan sulfate fragments, which
would be expected to have terminal a-N-acetylglucosaminide
residues in the Naglu 2y2 mice, is taken up through the
macrophage mannose receptor, which is known to recognize also
terminal N-acetylglucosamine (38).

Tubular and glomerular cells of the kidney are the first
epithelial cells to show vacuolation, in keeping with the impor-
tance of heparan sulfate in renal basement membranes (39). On
the other hand, the storage in brain is puzzling. No excess
heparan sulfate was seen in the soluble GAG fraction of brain,
perhaps because of an absence of fragments of the size precip-
itable by Alcian blue. Although perithelial cells and macro-
phages contain vacuoles with the characteristic appearance of
lysosomes filled with GAG, many neurons contain inclusions
that are quite different. By electron microscopy they appear
moderately dense, with coarse granular material and some
membranous whorls, but they do not have the characteristic
appearance of Zebra bodies, which are often found in neurons
of MPS patients. Some perithelial cells also contain electron-
dense inclusions. The biogenesis of these inclusions is not known.

Young Naglu2y2 mice displayed normal behavior in an open
field test, but by the age of 4.5 mo, they were far less active than
normal controls. This hypoactivity was probably not caused by
difficulty in ambulating, because the joints did not show gross

Fig. 5. Open field behavior of mutant and control mice. Mutant (filled
circles) and control 1y1 mice (open circles) were tested for open field activity
in darkness and in bright light. Mean 6 SEM is given for crossovers scored
during each minute. (A) 2.5-mo-old mice, 13 2y2 and 10 1y1. (B) 4.5-mo-old
mice, 9 2y2 and 8 1y1.

Fig. 6. Pavlovian fear conditioning. Mutant 2y2 (filled circles) and control
1y1 mice (open circles), 2.5 or 4.5 mo old, were conditioned with a tone-shock
pairing. Freezing is reported as % time, mean 6 SEM. The mice are the same
as those used in the open field test of Fig. 5. (A) Context-elicited freezing
assessed for 4 min. (B) After determining baseline (BL) freezing for 2 min in a
novel context, the tone was played for 4 min to assess tone-elicited freezing.
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pathologic abnormality. The test reflects exploratory behavior
and also generalized anxiety, both of which could be altered in
the mutant mice. There was no evidence of the hyperactivity that
is so characteristic of children affected with Sanfilippo syndrome
(11), and in this respect we find the mouse model different from
the human disease.

The mutant mice showed a normal display of conditioned fear
(as measured by freezing) in the context test but a reduced
display in the tone test. This result seems inconsistent, because
plasticity required for tone conditioning is considered simpler
than that required for contextual fear (40), and suggests that the
deficit in the tone test may reflect a hearing deficit rather than
a true learning impairment; indeed, an increased threshold for
auditory-evoked brainstem response in older mice was found in
preliminary experiments by L. C. Erway (personal communica-
tion). However, our results do not rule out that the mutant mice
might have impairments in more complex learning than contex-
tual fear conditioning.

How can failure to degrade heparan sulfate within lysosomes
cause neurologic disease in Sanfilippo syndrome? Heparan

sulfate chains are known to bind the fibroblast growth factor
family of growth factors as well as many other soluble and
insoluble ligands (41). Undegraded heparan sulfate sequestered
in lysosomes should not be able to function in this manner, but
fragments that escape from the cell could act as either agonists
or antagonists of heparan sulfate proteoglycans on the cell
surface or in the extracellular matrix. Pathogenic effects of
a-N-acetylglucosaminidase deficiency may be mediated though
indirect effects on other lysosomal enzymes or through changes
in nonneuronal cells. The unusual inclusions seen in many
neurons may also hold a clue to the pathogenesis. The mouse
model of the Sanfilippo type B syndrome is well suited to answer
such questions, as well as to develop therapeutic strategies.
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