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Mucopolysaccharidosis type IIIA (MPS IIIA; Sanfilippo syn-
drome) is a lysosomal storage disorder characterized by severe
CNS degeneration, resulting in behavioral abnormalities and loss
of learned abilities. Early treatment is vital to prevent long-term
clinical pathology in lysosomal storage disorders. We have used
naturally occurring MPS IIIA mice to assess the effects of
long-term enzyme-replacement therapy initiated either at birth or
at 6 wk of age. MPS IIIA and normal control mice received
weekly i.v. injections of 1 mg/kg recombinant human sulfami-
dase until 20 wk of age. Sulfamidase is able to enter the brain
until the blood-brain barrier completely closes at 10–14 d of age.
MPS IIIA mice that were treated from birth demonstrated normal
weight, behavioral characteristics, and ability to learn. MPS IIIA
mice that were treated from birth performed significantly better
in the Morris water maze than MPS IIIA mice that were treated

from 6 wk of age or left untreated. A reduction in storage
vacuoles in cells of the CNS in MPS IIIA mice that were treated
from birth is consistent with the improvements observed. These
data suggest that enzyme that enters the brain in the first few
weeks of life, before the blood-brain barrier matures, is able to
delay the development of behavior and learning difficulties in
MPS IIIA mice. (Pediatr Res 56: 65–72, 2004)

Abbreviations
BBB, blood-brain barrier
ERT, enzyme-replacement therapy
LSD, lysosomal storage disorder
MPS, mucopolysaccharidosis
rhNS, recombinant human sulfamidase

Lysosomal storage disorders (LSDs) result from a deficiency
of one or more degradative enzymes necessary for normal cell
metabolism. Mucopolysaccharidosis type III (MPS III; Sanfil-
ippo syndrome) is an inherited autosomal recessive LSD (1).
Four MPS III subtypes result from deficiencies in different
lysosomal enzymes that sequentially degrade heparan sulfate:
sulfamidase (MPS IIIA), �-N-acetylglucosaminidase (MPS
IIIB), acetyl-CoA:�-glucosaminide N-acetyltransferase (MPS
IIIC), and glucosamine-6-sulfatase (MPS IIID) (1). MPS III
has an estimated incidence of 1 in 66,000 births in Australia,
with MPS IIIA the most common (2). MPS III is characterized
by severe CNS degeneration, resulting in progressive mental
retardation. After a period of seemingly normal development,
patients exhibit a range of symptoms, including rapid loss of

social skills with hyperactivity and aggressive behavior, loss of
learning ability, disturbed sleep patterns, hirsutism, coarse
facies, and diarrhea. Death occurs in severely affected children
in the mid- to late-teenage years usually as a result of respira-
tory infection (3). Phenotypic variation in MPS III ranges from
severe to intermediate to attenuated, a result of heterogeneity at
the molecular level. A total of 62 causative mutations have
been identified for MPS IIIA (4).

A naturally occurring mouse model of MPS IIIA has been
described (5), a colony of which is established in Adelaide.
Disease in the mice results from a base substitution at codon 31
in the sulfamidase gene, altering an aspartic acid to an aspar-
agine (D31N) (6). This aspartic 31 is involved in binding of the
divalent metal ion needed for catalytic function (7–9). MPS
IIIA mice exhibit widespread intracellular storage in a variety
of cell types. Affected mice are also reported to store second-
arily gangliosides GM2 and GM3, a feature also reported in two
MPS IIIA dog models (10,11), a knock-out MPS IIIB mouse
(12), and a caprine MPS IIID model (13). At birth, MPS IIIA
mice are indistinguishable from their unaffected litter mates.
By 3 wk of age, MPS IIIA pups seem hyperactive when
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compared with unaffected control pups. The “hyperactive”
period lasts until the mice reach sexual maturity at 8–10 wk of
age. At this age, male MPS IIIA mice display aggression
toward cage mates; this behavior is not observed in control
mice at this age. MPS IIIA mice display a coarse, unkempt fur
by 20–25 wk of age; also at this age, a distinctly hunched
posture and a broader, more flattened face is observed. As the
disease progresses, the affected mice become less active; anal
prolapse is common in end-stage diseased mice. MPS IIIA
mice generally die by 10–12 mo of age. Autopsy generally
reveals distended bladders and hepatosplenomegaly. The dis-
ease progression observed in MPS IIIA mice is similar to that
observed in MPS IIIA patients, making the mice an excellent
model to develop and test treatment strategies.

No effective therapies exist for MPS IIIA patients. The
concept of treating LSDs by enzyme-replacement therapy
(ERT) is widely known; its success relies on the cellular uptake
of enzyme by receptor-mediated endocytosis. ERT using mac-
rophage-targeted recombinant �-glucocerebrosidase is suc-
cessful in treating the nonneuronopathic form of Gaucher
disease (14,15). Recently, ERT was approved for use in pa-
tients with Fabry disease (16,17) and MPS I (18). Furthermore,
ERT clinical trials are under way for MPS II and MPS VI. It is
thought that ERT will have only a limited effect in MPS IIIA
patients because of the blood-brain barrier (BBB). A prelimi-
nary ERT trial performed in one MPS IIID goat kid had no
effect on heparan sulfate levels in the brain (19); similarly, a
short-term ERT trial in 3-mo-old MPS IIIB mice resulted in
enzyme activity in the liver but not in the brain (20). It has been
proposed that in mice, the tight junctions between the endo-
thelial cells, which form the barrier, are incompletely formed at
birth, rendering the BBB “leaky” to circulating molecules (21).
Intravenous administration of �-glucuronidase to newborn
MPS VII mice has shown enzyme accumulation to 31% normal
levels in the brain (22). Treatment of MPS VII mice with ERT
has been investigated extensively and shown to be effective,
leading to improvements in behavior and auditory function but
only if initiated at birth (23,24).

Human sulfamidase was originally purified and character-
ized from human liver (25), and subsequently full-length
cDNA clones were isolated (26). Stably transfected Chinese
hamster ovary (CHO) cells secrete large amounts of recombi-
nant human sulfamidase (rhNS), with a subunit size of 62 kD,
which dimerizes to a native size of 115 kD (27). The mannose-
6-phosphate receptor was shown to mediate uptake of CHO
rhNS in skin fibroblasts by inhibition studies with mannose-6-
phosphate (27). Here we show, through an enzyme distribution
study, that rhNS administered i.v. to MPS IIIA mice is detected
in the brain of newborn mice but not in 6-wk-old mice.
Furthermore, MPS IIIA mice that receive weekly i.v. injections
of rhNS initiated at birth show improvements in behavior and
perform significantly better in a learning and memory test than
untreated MPS IIIA mice or MPS IIIA mice that receive
weekly i.v. injections of rhNS initiated at 6 wk of age. MPS
IIIA mice that are treated from birth also display a persistent
reduction in storage vacuoles in CNS cells up to 23 wk of age,
when compared with untreated MPS IIIA mice.

METHODS

Enzyme production and purification. rhNS was purified
from the media of transfected CHO cells by a two-column
procedure as described previously (27). Specific activity of
enzyme was determined regularly during the 20 wk of
injections.

Experimental animals. Homozygous mutant (MPS IIIA,
mps/mps) and phenotypically normal (�/mps) mice were ob-
tained from the MPS IIIA mouse colony maintained at the
Women’s and Children’s Hospital. All mice were identified at
birth as normal or mutants by obtaining genomic DNA from
tissue obtained by a toe clip and amplifying with primers
5'-MSI2 (5'-NNT CTG TCT TCC TCA GCG-3') and 3'-MS4
(5'-GAT AAG GCT GTG GCT GGA CAG GG-3') after 3 min
at 94°C, 35 cycles of 45 s at 94°C, 45 s at 57°C, 40 s at 72°C,
and 4 min final extension at 72°C. PCR products were digested
with Aci I at 37°C for 2 h before electrophoresis on a 3.5%
agarose gel. Aci I cuts in the presence of the wild type but not
in the mutant. Animal studies were approved by the appropri-
ate institutional ethics committee.

rhNS distribution in MPS IIIA mice. Six MPS IIIA mice
received an infusion of 1 mg/kg rhNS into the superficial
temporal vein on day 1 of life. One mouse was killed at time
points 1, 4, 6, 24, and 48 h and 7 d after injection. Two
untreated mice were killed for a time blank. Brain and liver
were removed and assayed for rhNS by immunoquantification.
Similarly, six MPS IIIA mice each received an infusion of 1
mg/kg rhNS into the tail vein at 6 wk of age. Mice were killed
at the same time points, and the brain, liver, heart, kidney, and
spleen were removed and assayed for the presence of rhNS by
immunoquantification.

Immunoquantification of sulfamidase. Organs were
weighed and homogenized in buffer [0.02 M Tris HCl/0.05 M
NaCl (pH 7.2)]. All homogenizations were freeze/thawed six
times to disperse cellular membranes and centrifuged at 13,000
� g for 3 min. Supernatants were assayed for the presence of
rhNS. �rhNS polyclonal AB (28) and �rhNS-23.B2 monoclo-
nal AB (28) (which recognizes only human sulfamidase and
not mouse sulfamidase) were used in a DELFIA immunoquan-
tification assay as described previously (29).

ERT

Mice that were used in the ERT study were born in the same
week and therefore considered age-matched. Five distinct
groups of mice were analyzed (Table 1). Mice received weekly

Table 1. Treatment group, dose regimen, and age of mice at
therapy onset

Treatment
group Genotype Injection Age

Normal
Treated Heterozygote rhNS, 1 mg/kg Birth, day 0
Untreated Heterozygote PBS, pH 7.2 Birth, day 0

MPS IIIA
Birth ERT MPS IIIA rhNS, 1 mg/kg Birth, day 0
Delayed ERT MPS IIIA rhNS, 1 mg/kg 6 wk
Untreated MPS IIIA PBS, pH 7.2 Birth, day 0
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injections until they reached 20 wk of age. Mice were weighed
before enzyme injection; dose was calculated according to
body weight and was diluted in PBS (pH 7.2) to give a
concentration of 1 mg of rhNS per kilogram of mouse weight
in a volume of 100 �L. Mice that were treated from birth had
an initial injection into the superficial temporal vein (30). The
second injection was intraperitoneal. The remaining injections
were made into the tail vein. Mice that were treated from 6 wk
of age received injections into the tail vein.

ANTIBODY TITERS

An ELISA was performed on plasma samples to determine
antibody titers to rhNS, as described previously (31).

MORRIS WATER MAZE

Twenty-week-old mice underwent the Morris water maze
test (32). A children’s inflatable wading pool 143 cm in
diameter and 40 cm high was arbitrarily divided into quadrants,
northwest (NW), northeast (NE), southwest (SW), and south-
east (SE). The pool was filled 30 cm deep with water (21–
25°C), and mice were acclimatized to the pool and surround-
ings on the first day. Testing officially began on the second day.
Approximately 500 g of skim milk powder was added to the
water and mixed around to give a cloudy appearance. A 10-cm
transparent platform was placed 0.5–1.0 cm below the surface
of the water and ~30 cm from the wall in the NW quadrant of
the pool. The mice were released into the water facing the wall.
The time required for the mice to locate the platform was
recorded for each trial. Mice were given four trials each day,
from each of the four cardinal points. The mice had 90 s to
locate the platform; if this was not achieved, then they were
guided to it and allowed to stay for 10 s. The acquisition phase
was performed on days 2–6, immediately followed by the
probe phase on day 7. The relearning phase was performed on
days 8–11, and the reversal phase was performed on days
12–13. Mice were towel dried between each trial and placed on
a heating pad. During the 13 d of testing, mice were treated
prophylactically with Bactrim (0.8 mg/mL Sulfamethoxazole,
0.16 mg/mL Trimethoprim; Roche Pharmaceuticals).

The time taken for each animal to reach the platform was
considered as the dependent variable. A natural log transfor-
mation was applied to the time taken data. A repeated measures
analysis was used to assess differences in time taken over days,
between groups and trials (1–4). Each assessment period (ac-
quisition, relearning, and reversal) was analyzed separately.
The analysis was performed with SPSS v10.

HISTOPATHOLOGY

One mouse from each treatment group was killed at 3, 8, 14,
18, and 23 wk of age. The brain was removed, and sections of
the cerebral cortex and cerebellum were fixed in 4% (wt/vol)
paraformaldehyde/1.25% (wt/vol) glutaraldehyde in PBS,
�4% (wt/vol) sucrose (pH 7.2), overnight at 4°C then post-
fixed in 1% (vol/vol) osmium tetroxide for 1 h; dehydrated
through 70, 90, 95, and 100% ethanol; and embedded in epoxy
resin. Ultrathin sections were cut and stained with 2% (wt/vol)

uranyl acetate/1% (wt/vol) lead citrate and examined with a
Phillips 100 Electron Microscope.

RESULTS

rhNS distribution in MPS IIIA mice. One hour after injec-
tion into the superficial temporal vein of newborn MPS IIIA
mice, 180 ng of rhNS was detected in the liver and 90 ng of
rhNS was detected in the brain (Fig. 1A). The amount of
enzyme detected 4 h after injection into the brain was nearly
double that observed at 1 h; 21% of the total amount of enzyme
injected was detected in the brain, compared with 42% of total
enzyme injected present in the liver 4 h after injection. A small
amount of rhNS was detected in the brain of newborn mice 6 h
and even 24 h after injection, 60 ng and 45 ng rhNS, respec-
tively. Enzyme was detected in the liver 48 h after injection but
not in the brain. Insignificant levels of rhNS were observed in
both tissues 7 d after injection.

One hour after injection in 6-wk-old MPS IIIA mice, 1,800
ng of rhNS, 10% of the total amount injected, was detected in
the liver. Relatively equal amounts were detected in the spleen
and kidney; low levels of enzyme were detected in the heart,
and undetectable amounts were observed in the brain (Fig. 1B).
rhNS content increased in the liver and spleen from 1 to 4 h
after injection; 30% of the total amount of injected enzyme was
detected in the liver, and significant amounts were also ob-

Figure 1. Distribution of 1 mg/kg rhNS injected i.v. in newborn MPS IIIA
mice (A); rhNS was injected into the superficial temporal vein of MPS IIIA
mice on day 1 of life. (B) In young adult MPS IIIA mice, rhNS was injected
into the tail vein of 6-wk-old MPS IIIA mice. Mice were killed 0, 1, 4, 6, 24,
and 48 h and 7 d after injection. Undetectable levels of rhNS were observed in
the brain at 48 h and in brain and liver at 7 d in newborn mice and in the brain
of adult mice at all time points.
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served in the kidney and to a lesser extent in the heart. Up to
5% of total enzyme injected was detected in the liver 48 h after
injection. Except for small amounts in liver, insignificant levels
of rhNS were observed in all tissues 7 d after injection.
Undetectable levels of rhNS were observed in the brain at all
time points.

Disease progression in MPS IIIA mice undergoing ERT.
Five distinct groups of mice were analyzed in the ERT study
(Table 1). Male MPS IIIA mice generally displayed aggression
toward cage mates by 8–10 wk of age, resulting in the sepa-
ration of mice into individual cages. In this study, four to six
male mice were caged together in a 50 � 20-cm cage. Un-
treated male MPS IIIA mice began to display lesions on the
rump by 10 wk of age, indicating fighting within the group.
Similar observations were noted among the male mice in the
delayed ERT group. Mice with lesions were removed and
caged singly; by ~15 wk of age, all male mice from these two
groups were individually caged. It is interesting that the first
sign of fighting among male mice in the birth ERT group was
not until 17 wk of age but continued thereafter. Normal male
mice did not have to be separated during the study (Table 2).

In general, MPS IIIA mice are heavier than normal mice.
Treated MPS IIIA mice displayed body weights close to that of
normal mice (Fig. 2).

Antibody response. MPS IIIA mice that were treated from
birth had no obvious adverse reactions throughout the study.
This was also observed in the delayed ERT MPS IIIA mice,
although one mouse in this group had a mild reaction imme-
diately after injection at 10 wk of age. The reaction involved
labored breathing and lethargy, which resolved in ~1 h.

Serum was analyzed by ELISA for the presence of rhNS
antibodies. Serum from delayed ERT MPS IIIA mice displayed
the highest titer of 1,280, which was considered to be relatively
insignificant. Birth ERT MPS IIIA mice and normal treated
mice displayed low titers of 640. As expected, untreated mice
displayed no titer.

Morris water maze. Three days after the final injection at 20
wk of age, at least 10 male mice from each of the five treatment
groups underwent the Morris water maze test. MPS IIIA mice
show a marked decline in spatial learning abilities by 20 wk of
age compared with normal mice (data not shown). On day 1 of
the acquisition phase (platform located in the NW quadrant),
no difference was observed between the groups in the time it
took to locate the platform, and most mice required guidance to
the platform (Fig. 3A). On day 2 of the acquisition phase, the

search time for normal mice (treated and untreated) and birth
ERT MPS IIIA mice had reduced by almost half for the normal
mice and one third for the birth ERT MPS IIIA mice. On days
3, 4, and 5, a significant decrease was observed in search time
of the treated/untreated normal mice and birth ERT MPS IIIA
mice compared with the delayed ERT and untreated MPS IIIA
mice (Fig. 3A). Similarly, no significant difference was ob-
served between treated and untreated normal mice.

In the probe phase, the platform was removed from the pool
and the time spent in each quadrant was recorded. Treated and
untreated normal mice and birth ERT MPS IIIA mice spent
most of their time in the target quadrant (NW), where they had
learned the platform to be from the acquisition phase. The time
that these groups spent in the target quadrant was almost
double that spent in the nontarget quadrants (Fig. 3B). In
comparison, untreated MPS IIIA mice and delayed ERT MPS
IIIA mice spent their time equally in all four quadrants,
suggesting that they had not learned/remembered the location
of the platform from the acquisition phase (Fig. 3B).

No significant difference was observed in search time be-
tween delayed ERT and untreated MPS IIIA mice in the
relearning phase (platform replaced to the NW quadrant),
taking these groups ~30% longer to find the platform than the
other three groups (Fig. 3C). Treated and untreated normal
mice went straight to the platform in each trial and located it
within ~10 s on each day of this phase. Birth ERT MPS IIIA

Table 2. Housing of male MPS IIIA mice

Birth ERT MPS IIIA Delayed ERT MPS IIIA Untreated MPS IIIA

3 wk 17 wk* 20 wk 3 wk 10 wk 12 wk 15 wk 3 wk 10 wk 12 wk 15 wk

Cage
1 6 4 2 6 3 0 0 6 4 2 0
2 6 3 0 6 3 2 0 6 4 3 0
3 4 4 2 4 2 2 0 6 3 0 0

At 3 wk of age, male mice were house together according to therapy regimen. Three cages (50 � 20 cm) for each treatment group were used to house the
male mice. The number in the 3 wk of age column represents the starting number of male mice in the cage. The following numbers represent the numbers of
male mice left in the original cage at various ages. Mice that were removed from the cage were housed singly.

* Significant (p � 0.05) difference in caging requirements between birth ERT MPS IIIA and delayed ERT MPS IIIA mice, and p � 0.01 between birth ERT
MPS IIIA and untreated MPS IIIA mice at 17 wk of age.

Figure 2. Body weights of male mice in ERT study. Birth ERT and delayed
ERT MPS IIIA mice displayed body weights closer to that of normal mice
throughout the 20-wk study. �, normal mice (n � 6); �, untreated MPS IIIA
mice (n � 6); p, birth ERT MPS IIIA mice (n � 10); z, delayed ERT MPS
IIIA mice (n � 10).
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mice performed notably worse during this phase compared
with the last 2 d of the acquisition phase. However, although
the birth ERT mice were distinct from the treated and untreated
normal mice, this group performed significantly better than the
untreated MPS IIIA mice and delayed ERT MPS IIIA mice.

There was no significant difference on the first day of
platform relocation (platform relocated to the SE quadrant)
between any of the five groups (Fig. 3D). By day 2, the search
times of the treated and untreated normal mice and the birth
ERT MPS IIIA mice had significantly decreased. In compari-
son, the search time in the other two groups was the same as
that on day 1. In fact, the search times of the untreated MPS
IIIA mice and delayed ERT MPS IIIA mice remained fairly
constant, at an average of 50 s on the last 2 d of the acquisition
phase, the 4 d of the relearning phase, and the 2 d of the
reversal phase.

Histopathology. Sulfamidase-deficient mice exhibit glycos-
aminoglycan storage vacuoles in neuronal cells from day 1 of
life, which increases with age. Between 8 and 14 wk of age, the
storage vacuoles in MPS IIIA mice contain granular, lipid-like
material as a result of the secondary storage of gangliosides
GM2 and GM3, which are reported to accumulate in this model
(5). Cerebellum and cerebral cortex sections were assessed
from mice in each of the treatment groups at ages ranging from
3 to 23 wk.

In birth ERT MPS IIIA mice, a dramatic reduction of storage
to almost negligible levels was observed in cortical cells by 3
wk of age (Fig. 4B), compared with untreated MPS IIIA mice
(Fig. 4A). Small to medium cytoplasmic inclusions were ob-
served in cerebral Purkinje cells of untreated MPS IIIA mice
(Fig. 4D); these were cleared from the cerebral Purkinje cells
of birth ERT mice (Fig. 4E). Similarly, perivascular cells of
untreated MPS IIIA mice contained numerous electron lucent
vacuoles (Fig. 4F), which were absent in birth ERT mice (Fig.
4G).

By 8 wk of age, storage vacuoles had started to return to
cortical cells in birth ERT MPS IIIA mice (Fig. 5C), with the
extent of vacuolation being moderately less than that seen in
untreated MPS IIIA mice at 3 wk of age. The number of cells
with storage vacuoles in delayed ERT MPS IIIA mice (Fig. 5B)
was comparable to untreated MPS IIIA mice (Fig. 5A), with
most neuronal cells containing medium to large empty inclu-
sions. Neurons in untreated MPS IIIA mice and delayed ERT
MPS IIIA mice appeared swollen and distended compared with
those from normal mice (Fig. 5D) and birth ERT MPS IIIA
mice, which displayed a normal cell architectural shape.

Membranous inclusions of whorls and stacks observed in
cortical neurons of 14-wk-old untreated MPS IIIA mice were
also present at 14 wk of age in delayed ERT MPS IIIA mice.
In contrast, cortical neurons from birth ERT MPS IIIA mice
contained electron lucent storage vacuoles similar to that ob-
served in untreated MPS IIIA mice at 3–8 wk of age. However,
by 18 wk of age, lipid-containing storage vacuoles were ap-
parent in neuronal cells in birth ERT MPS IIIA mice. However,
in the cortical neurons at least, the majority of cells contained
a mixture of open and flocculent vacuoles. By 23 wk of age,
birth ERT MPS IIIA mice were storing membranous lipid-
containing vacuoles in their neurons (Fig. 5G), although to a

Figure 3. Morris water maze. The latencies to find the platform during the
acquisition phase, days 1–5 (A), the relearning phase, days 7–10 (C), and
reversal phase, days 11–12 (D), of treated (�; n � 10) and untreated (e; n �
10) normal mice and birth ERT (‚; n � 11), delayed ERT (Œ; n � 12), and
untreated (�; n � 10) MPS IIIA mice are shown. Significant differences (*p
� 0.01) were observed in the latency between delayed ERT and untreated MPS
IIIA mice when compared with birth ERT MPS IIIA mice. (B) The probe phase
was performed on day 6 immediately after the acquisition phase. The time
spent in the target quadrant is shown. �, average time spent in the target
quadrant; e, average time spent in each of the remaining quadrants.
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much lesser extent than in untreated or delayed treated MPS
IIIA mice (Fig. 5E and F, respectively). No obvious morpho-
logic abnormalities were observed in the brain of treated and
untreated normal mice.

DISCUSSION

MPS IIIA results in progressive neurologic deterioration.
The effect of active sulfamidase on modifying behavioral and
neurologic problems in MPS IIIA mice had not previously
been established. This study evaluates and compares the effi-
cacy of weekly ERT from birth or from 6 wk of age in MPS
IIIA mice until 20 wk of age at a dose rate of 1 mg/kg rhNS.

As mentioned earlier, enzyme administered i.v. to newborn
mice should access the CNS because of a “leaky” BBB in the
first 2 wk of life. Enzyme distribution studies in MPS IIIA
mice demonstrate the presence of rhNS in the brain of newborn
mice but not in the brain of 6-wk-old mice. MPS IIIA mice
have only ~3% of normal control mouse sulfamidase activity
(5). It has been proposed that a correction of ~10% of normal
sulfamidase activity is required to avoid an MPS IIIA clinical
phenotype (33). One hour after i.v. injection of rhNS in
newborn MPS IIIA mice, enzyme was detected in the brain,
with higher levels in the liver; enzyme levels in the brain had
doubled by 4 h after injection, resulting in 21% of total enzyme
injected being targeted to the brain. In comparison, 4 h after
injection in 6-wk-old MPS IIIA mice, widespread tissue uptake

of enzyme had occurred, with highest levels observed in the
liver; 30% of total enzyme injected was detected in the liver,
followed by spleen, kidney, and heart. No enzyme was de-
tected in the adult brain.

Severe behavioral disturbances are noted in MPS IIIA chil-
dren around the ages of 3–7 y; this is generally the most
difficult phase of the disease. Patients are aggressive and have
frequent temper tantrums; the normal growth and well-
developed muscular strength of an affected child makes them
hard to control (3). An aggressive phenotype is also observed

Figure 4. Histopathology in 3-wk-old mice. Lysosomal distension is ob-
served in cortical neurons from an untreated MPS IIIA mouse (A). The
lysosomal distension is greatly reduced from a similar region of the cerebral
cortex in a birth ERT MPS IIIA mouse (B). Lysosomal storage was not
observed in a treated normal mouse (C). Cytoplasmic inclusions are observed
in Purkinje cells from an untreated MPS IIIA mouse (D) but are absent from
Purkinje cells of a birth ERT MPS IIIA mouse (E). Numerous large, electron
lucent vacuoles are observed in perivascular cells of untreated MPS IIIA mice
(F) but have been cleared from perivascular cells of birth ERT MPS IIIA mice
(G). Magnifications: �1,100 in A–C, uranyl acetate/lead citrate; �3,400; in
D–G, uranyl acetate/lead citrate. Scale bar A–C � 20 �M; D–G � 2 �M.

Figure 5. Histopathology of cortical neurons. Eight-week mice: numerous
large, electron lucent vacuoles are observed in untreated (A) and delayed ERT
(B) MPS IIIA mice. In comparison, much reduced electron lucent vacuoles are
observed in a birth ERT MPS IIIA mouse (C), and no lysosomal inclusions are
present from a treated normal mouse (D). Twenty-three-week mice: untreated
(E) and delayed ERT (F) MPS IIIA mice display abundant storage vacuoles
with whorl-like inclusions. Birth ERT MPS IIIA mice contain lysosomal
inclusions with a whorl-like appearance (G) but are storing to a lesser extent
then in E or F. No lysosomal inclusions were evident in a treated normal mouse
(H). Magnifications: �4,600 in A–D, uranyl acetate/lead citrate; �3,400 in
E–H, uranyl acetate/lead citrate. Scale bar � 2 �M.
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in the MPS IIIA mice at ~9–12 wk of age. Weekly rhNS
injections from birth were successful in delaying the onset of
aggression until 17 wk of age; no difference was noted in the
delayed ERT MPS IIIA mice. This improvement in behavior
correlates with a reduction in storage material in neurons of the
cerebral cortex in MPS IIIA mice that were treated from birth.

Correction of storage in cerebellar Purkinje cells in birth
ERT MPS IIIA mice was achieved up to at least 3 wk of age.
It is interesting that cytoplasmic vacuolation was not reduced
in Purkinje cells of MPS VII mice that received ERT from birth
(34).

Both treatment groups of MPS IIIA mice were tolerant to
enzyme. No significant antibody titers were observed, and
generally no side effects to the enzyme were noted. Overall, a
decrease in body weight approaching normal was observed in
both the birth and delayed ERT MPS IIIA mice.

At 20 wk of age, birth ERT mice performed significantly
better than untreated or delayed ERT mice in every phase of
the Morris water maze test. The performance of birth ERT
mice was similar to normal mice during the acquisition phase,
but this diminished slightly in the relearning phase. It is likely
that only the first two to three enzyme injections reached the
CNS of mice that were treated from birth, resulting in de-
creased lysosomal storage. Negligible storage was demon-
strated in these mice at 3 wk of age, and a persistent reduction
in storage vacuoles in cortical and cerebral cells was observed
up to 23 wk of age. However, the accumulation of lipid-like
material, possibly GM2 and GM3 gangliosides, did appear in the
cortical cells of these mice by 18 wk of age, although the extent
was minimal compared with that observed in 14-wk-old un-
treated MPS IIIA mice. The gangliosides may be secondarily
stored as a result of glycosaminoglycan interference with
ganglioside catabolism (35,36). It has been proposed that
ganglioside accumulation is the possible cause of neurologic
deficits observed in LSDs that secondarily store these com-
pounds (37). The initiation of lipid/ganglioside accumulation
may be responsible for the slight decline in performance of the
birth ERT MPS IIIA mice during the relearning phase, when
compared with normal mice in the Morris water maze.

No difference in performance was observed between treated
and untreated normal mice during the Morris water maze,
suggesting that excess sulfamidase is not deleterious to cogni-
tive function in mice. In contrast, excess �-glucuronidase was
found to induce spatial learning deficits in normal mice when
assessed via the Morris water maze (24).

ERT was effective in restoring (or preventing) cognitive
deficits characteristic of MPS IIIA mice but only when initiated
at birth. ERT did not alter the neurologic impairment in mice
that were treated from 6 wk of age. The limited number of
injections resulting in enzyme entering the brain only in the
first 2 wk of life and the remarkable improvements observed in
the Morris water maze at 20 wk of age suggest that infrequent
doses of enzyme into the CNS may be needed to significantly
improve MPS IIIA patients’ quality of life. Preliminary exper-
iments whereby rhNS was injected directly into the brain of
MPS IIIA mice at 6, 12, and 18 wk of age demonstrated a
reduction of lysosomal vacuolization and gliosis. These injec-
tions were also successful in delaying the onset of ubiquitin-

positive neurodegenerative changes in widespread areas of the
MPS IIIA brain, when assessed at 24 wk of age (Hemsley K,
Savas P, Hopwood JJ, unpublished observations). Thus, meth-
ods to achieve direct injection of sulfamidase into the CNS of
MPS IIIA patients should be considered. Direct injections of
enzyme into the cerebrospinal fluid is considered to be a
feasible method for supplying active enzyme to the CNS and is
being trialed in the MPS I dog and MPS IIIA mouse. Obvi-
ously, from this study in mice, these injections may be needed
only every 3 mo to maintain storage at nonpathologic levels. A
combination of ERT and substrate deprivation therapy using
inhibitors of glycosphingolipid synthesis (38) to reduce the
accumulation of gangliosides may have a more lasting effect on
maintaining cognitive function.
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