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Abstract

 

Mucopolysaccharidosis type VII (MPS VII; Sly syndrome)
is one of a group of lysosomal storage diseases that share
many clinical features, including mental retardation and
hearing loss. Lysosomal storage in neurons of the brain and
the associated behavioral abnormalities characteristic of a
murine model of MPS VII have not been shown to be correc-
ted by either bone marrow transplantation or gene therapy.

 

However, intravenous injections of recombinant 

 

b

 

-gluc-
uronidase initiated at birth reduce the pathological evidence
of disease in MPS VII mice. In this study we present evi-
dence that enzyme replacement initiated at birth improved
the behavioral performance and reduced hearing loss in
MPS VII mice. Enzyme-treated MPS VII mice performed
similarly to normal mice and significantly better than mock-
treated MPS VII mice in every phase of the Morris Water
Maze test. In addition, the auditory function of treated MPS
VII mice was dramatically improved, and was indistin-
guishable from normal mice. These data indicate that some
of the learning, memory, and hearing deficits can be pre-
vented in MPS VII mice if enzyme replacement therapy is
initiated early in life. These data also provide functional
correlates to the biochemical and histopathological im-

 

provements observed after enzyme replacement therapy. (

 

J.
Clin. Invest.

 

 1998. 101:1394–1400.) Key words: lysosomal

 

storage diseases 

 

•

 

 central nervous system 

 

• 

 

mental retarda-
tion 

 

•

 

 behavioral sciences 

 

•

 

 auditory evoked response

 

Introduction

 

Lysosomal storage diseases are inherited disorders usually
caused by a deficiency in a single acid hydrolase (1). Muco-
polysaccharidosis type VII (MPS VII)

 

1

 

 is a lysosomal storage

disease caused by a deficiency in 

 

b

 

-glucuronidase activity (2).
MPS VII is characterized by a variety of systemic effects such
as progressive intralysosomal storage, skeletal deformities,
hearing defects, mental impairment, and shortened life span
(2). A murine model of MPS VII exists that has a single base
pair deletion in the 

 

b

 

-glucuronidase gene, lacks any detectable

 

b

 

-glucuronidase activity, and shares most of the clinical, bio-
chemical and histopathological features of the human disease
(3–5). In addition to the biochemical and histopathological ab-
normalities, MPS VII mice have significant defects in behav-
ior, as measured by the Morris Water Maze test, and have pro-
found hearing loss (6–8). 

The MPS VII mouse has been a particularly useful model
with which to study the pathophysiology of the disease, and to
develop novel therapeutic approaches for this and other lyso-
somal storage diseases. Varying degrees of improvement have
been achieved in the MPS VII mouse after bone marrow trans-
plantation (BMT), neuronal progenitor cell transplantation,
and somatic cell gene replacement therapies (8–16). Some of
these therapies resulted in dramatic reductions of lysosomal
storage, improvements in skeletal development, and increased
life span. However, no improvement in higher mental func-
tions was documented after any of these forms of therapy.
Effective treatment of the central nervous system (CNS) in
patients with lysosomal storage diseases remains a major chal-
lenge. 

Recombinant enzyme replacement therapy is an effective
means of treating murine MPS VII. Relatively high levels of
enzyme activity were detected in many tissues, including the
brain, in newborn MPS VII mice 1 h after an intravenous injec-
tion of 

 

b

 

-glucuronidase (17). Lysosomal storage material was
reduced or eliminated in many tissues, including some neurons
of the CNS, after six weekly injections of enzyme initiated at
birth (18). This reduction in lysosomal storage material in neu-
rons of the brain persisted for at least 1 yr after early enzyme
replacement (19). A persistent reduction in lysosomal storage
material in neurons of the CNS was also achieved with either
repeated enzyme administration or a combination of early en-
zyme replacement followed by BMT (20). Although the MPS
VII mice treated with recombinant enzyme had reduced lyso-
somal storage material in many tissues, it was not clear
whether improved histopathology correlated with improved
function.

Here we show that MPS VII mice receiving weekly intrave-
nous injections of recombinant 

 

b

 

-glucuronidase initiated at
birth have a less severe phenotype and show improvements in
the histopathology in the brain and ear. We also show that
treated MPS VII mice perform significantly better than un-
treated MPS VII mice in a spatially oriented learning test. Fi-
nally, the hearing deficits observed in untreated MPS VII mice
are dramatically reduced after early enzyme replacement ther-
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apy. These data provide functional correlates to the improved
histopathological findings in the brain and ear after enzyme re-
placement therapy. They also suggest that early initiation of
enzyme replacement therapy may prevent or delay some of
the progressive mental impairment and hearing loss associated
with this lysosomal storage disease.

 

Methods

 

MPS VII mice and enzyme replacement.

 

Homozygous mutant (MPS
VII, 

 

gus

 

mps

 

/gus

 

mps

 

) and phenotypically normal (

 

1

 

/

 

1

 

 and 

 

1

 

/

 

mps

 

) mice
were obtained from the B6.C-

 

H

 

-2

 

bm1

 

/ByBir-

 

gus

 

mps

 

/

 

1

 

 colony main-
tained by M.S. Sands at the Washington University School of Medi-
cine. Heterozygous mice are completely normal by all criteria tested,
except for a 50% decrease in 

 

b

 

-glucuronidase activity. Recombinant
murine 

 

b

 

-glucuronidase was overexpressed in mouse L cells lacking
the mannose-6-phosphate receptor, and was purified by standard
methods as previously described. 

All the mice used in this study were males, and were identified at
birth as normals or mutants by the presence or absence of 

 

b

 

-gluc-
uronidase activity in a sample of tissue obtained by toe clipping (10).
12 MPS VII and 11 normal mice were injected through the superficial
temporal vein with 28,000 U of 

 

b

 

-glucuronidase activity in 100 

 

m

 

l of
enzyme dilution buffer (150 mM NaCl, 10 mM Tris [pH 7.5], 1 mM

 

b

 

-glycerophosphate; 21). The mice received six weekly injections
starting on the day they were born. Ten each of normal and MPS VII
mice were injected on the same schedule with enzyme dilution buffer
alone. All of the mice were treated prophylactically with sul-
famethoxazole (0.8 mg/ml) and trimethoprim (0.16 mg/ml) in their
water for the duration of the Morris Water Maze test.

 

Morris Water Maze test.

 

All of the mice were acclimated to the
pool for a single day 1 wk after their final injection. The acquisition,
probe, relearning, and relocation phases of the test were performed
as described previously (6, 7). In brief, a 10-cm transparent platform
was placed 1 cm beneath the surface of the water and 40 cm from the
wall in the SW quadrant of the pool. The mice were released into the
water facing the wall. The time required for the mice to find the plat-
form (latency) was recorded for each trial. Mice were given four trials
per day at 180-s intervals. Each cardinal point was selected at random
and used once as a starting point each day. 90 s were allowed for the
mice to find the platform during the trials. If the mice did not find the
platform, they were guided to the platform and allowed to stay there
for 10 s. The acquisition phase of the test was performed over the first
five consecutive days. The probe phase was performed on the day im-
mediately after the acquisition phase. The relearning and relocation
phases were performed on days 7–10 and 11–12, respectively. The
mice were followed with a video tracking system using chromotrack-
ing software version 4.02 (San Diego Instruments, San Diego, CA) to
assess their behavior. The data was analyzed for statistical signifi-
cance using ANOVA followed by Fisher’s LSD test (protected 

 

t

 

 test). 

 

Auditory-evoked brain stem responses (ABR).

 

The same mice that
were analyzed in the water maze were also tested for hearing by
means of the auditory evoked brain stem response as previously de-
scribed (8). The mice were anesthetized by intraperitoneal injection
of 0.2–0.5 ml of tribromoethanol (20 mg/ml). Needle electrodes were
placed subdermally on the top of the head (active), below the left ear
(reference), and on the dorsosacrum (ground). Headphones adapted
to fit a mouse delivered broadband clicks (0

 

6

 

16 kiloHertz [kHz]) or
pure-tone pips (8, 16 or 32 kHz) generated from an Intelligent Hear-
ing System averager (Intelligent Hearing Systems, North Miami, FL).
The ABR threshold was determined for each stimulus in descending
intensities (10 decibels [dB]), and finally at 

 

6

 

5 dB. Each determined
threshold exhibited at least two of the four or five peaks of the ABR
waveform within 1–5 ms after the stimulus. ABR thresholds of 40–80
dB indicate a moderate to severe hearing loss, whereas thresholds
above 80 dB indicate a profound hearing loss. Statistical significance
of the hearing results was determined using Student’s 

 

t

 

 test.

 

Histopathological and biochemical analysis.

 

At 12 wk of age, the
mice in all four groups were killed and analyzed biochemically and
histologically as previously described (5, 9). Samples of brain were
collected and immediately immersed in cold 2% glutaraldehyde and
4% paraformaldehyde in PBS. The brain tissue sections were embed-
ded in Spurr’s resin, and 0.5-

 

m

 

m sections of the parietal neocortex,
hippocampus, and cerebellum, including meninges, were stained with
toluidine blue for evaluation of lysosomal storage. Multiple coronal
sections of the brain sectioned in paraffin were also evaluated for his-
tologic abnormalities. The skull was placed in 10% neutral buffered
formalin. The ears were manually dissected and decalcified for sev-
eral days in 10% formalin and 40 mM EDTA, and subsequently em-
bedded in paraffin. 8-

 

m

 

m-thick transverse sections of the external and
middle ear were stained with hematoxylin–eosin.

Lysosomal enzyme activities were quantified in homogenates of
liver, spleen, and brain as previously described (22). 

 

b

 

-glucuronidase,

 

a

 

-galactosidase, and 

 

b

 

-hexosaminidase activities were determined us-
ing the fluorescent substrates 4-methylumbelliferyl-

 

b

 

-

 

D

 

-glucuronide,
4-methylumbelliferyl-

 

a

 

-

 

D

 

-galactoside, and 4-methylumbelliferyl-

 

b

 

-

 

D

 

-
glucosaminide, respectively (Sigma Chemical Co., St. Louis, MO). 

 

Results

 

Two groups of at least 10 MPS VII mice and 10 normal litter
mates received six weekly intravenous injections of 28,000 U
of recombinant murine 

 

b

 

-glucuronidase starting on the day
they were born. One control group each of MPS VII and nor-
mal mice were injected at the same intervals with enzyme dilu-
tion buffer. Mice injected with enzyme will be referred to as
treated normals or treated MPS VII mice, and mice injected
with enzyme dilution buffer will be referred to as untreated
normals or untreated MPS VII mice. The MPS VII phenotype,
characterized by dwarfism and flattened facial profile, did not
develop to the same extent in treated MPS VII mice as that
seen in untreated MPS VII mice. The more normal phenotype
was still apparent at the end of the study when the mice were

 

z 

 

12 wk of age (Fig. 1).
At 6 wk of age (1 wk after the last injection), all of the mice

were acclimated to the pool before the beginning of the acqui-

Figure 1. Phenotypic improvements are observed in a treated MPS 
VII mouse (middle) when compared with an age-matched untreated 
MPS VII mouse (left). The treated MPS VII mouse is larger, the bone 
lengths are greater (18–20), and the facial dysmorphism is less severe 
than in the untreated MPS VII mouse. An age-matched normal 
mouse that received weekly injections of buffer is shown for compari-
son (right).
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sition phase of the Morris Water Maze test (23). There was no
significant difference between the untreated normal mice and
the treated MPS VII mice throughout the entire acquisition
phase of the test (Fig. 2). During the first 2 d of the acquisition
phase, there was no significant difference between the times
required to find the platform (latency) in any of the four
groups of animals. However, on the third day of testing, the la-
tency to find the platform was significantly longer in the group
of untreated MPS VII mice when compared with any of the
other three groups. On the fourth and fifth days there was a
significant decrease in the latency of both the untreated nor-
mal and treated MPS VII groups when compared with either
the untreated MPS VII or the treated normal mice.

The probe phase was performed on the sixth day of testing,
immediately after the acquisition phase. There was no signifi-
cant difference in the latencies between the treated MPS VII
mice and the untreated normal mice (Fig. 3 

 

A

 

). The latency to
cross the region where the platform was previously located
was significantly shorter in the group of treated MPS VII mice
when compared with the group of untreated MPS VII mice.
Treated normal mice had a significantly increased latency
compared with both the untreated normals and the treated
MPS VII mice. The number of mice that actually crossed over
the platform was dramatically different between the various
groups. 9 out of 10 and 8 out of 11 animals from the untreated
normal and the treated MPS VII groups, respectively, crossed
the platform (Fig. 3 

 

A

 

). However, only 3 out of 8 and 2 out of
11 mice from the untreated MPS VII and the treated normal
groups, respectively, crossed the platform.

In addition to the differences in latencies to cross the plat-
form during the probe phase, there were also significant differ-
ences between the groups with respect to the amount of time
the mice spent in the target quadrant searching for the plat-
form (Fig. 3 

 

B

 

). Untreated normal mice and treated MPS VII
mice spent significantly more time in the target quadrant com-
pared with the other three quadrants. In the remaining two

groups, the time spent in the target quadrant was not signifi-
cantly greater than the time spent in the other quadrants. 

During the relearning phase of the test, the platform was
placed in the original position, and the latency to find the plat-
form was measured. There was no significant difference in the
latencies between the treated MPS VII mice and the untreated
normals (Fig. 4). Untreated MPS VII mice had the longest la-
tency, which was significantly greater than the latencies of any
of the other three groups. There was also a significant increase
in the latency of the treated normal mice when compared with
untreated normal animals.

In the relocation phase of the Morris Water Maze test, the
platform was placed in the opposite quadrant relative to the

Figure 2. The latencies to find the platform during the acquisition 
phase of the Morris Water Maze test (days 1–5) of untreated normal 
(d) and MPS VII (j) mice, and treated normal (s) and MPS VII 
(h) mice are shown. *Significant (P , 0.05) difference in the latency 
when compared with the group of untreated normal mice. n, Signifi-
cant (P , 0.05) difference in latency between treated MPS VII mice 
and untreated MPS VII mice.

Figure 3. The probe test was performed on day six immediately after 
the acquisition phase. The latencies of the four groups to cross the 
area where the platform was previously located are shown (A). Un-
treated normal and MPS VII mice are indicated by filled bars, and 
treated normal and MPS VII mice are indicated by open bars. *Signif-
icant (P , 0.05) increase in the latencies compared with untreated 
normal mice. n, Significant (P , 0.05) difference in the latencies be-
tween the treated and untreated MPS VII mice. The fractions within 
the respective bars indicate the number of mice that crossed over the 
platform (numerator) compared with the total number of mice in that 
group (denominator). The time(s) the mice spent in the target quad-
rant searching for the platform is shown (B). Filled bars indicate the 
time spent in the target quadrant (filled quadrant in circle), and open 
bars indicate the average time spent in each of the remaining three 
quadrants (open quadrants). The dotted line (chance) represents the 
time (15 s) spent in the respective quadrants if the mice swam ran-
domly, i.e., equal amount of time in each quadrant. *Significant (P , 

0.05) increase in the time spent in the target quadrant compared with 
the other three quadrants. Two untreated MPS VII mice died before 
the probe test.
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original, and the latency to find the platform was measured.
There was no significant difference between any of the four
groups on the first day of relocation (Fig. 4). The latencies of
treated MPS VII mice and untreated normal mice did not dif-
fer significantly on the second day. However, the latencies of
the two remaining groups were significantly greater than either
the treated MPS VII mice or the untreated normal mice.

At 

 

z 

 

12 wk of age, the mice in all four groups were killed,
and various tissues including the brain were examined bio-
chemically and histologically. The levels of 

 

b

 

-glucuronidase
and the histopathological findings in tissues of treated MPS
VII mice were consistent with a previous study (19). 

 

b

 

-gluc-
uronidase activity was undetectable in the brains of treated
MPS VII mice, and there was little or no reduction in the sec-
ondary elevations of other lysosomal enzymes (data not
shown). However, lysosomal storage material was reduced or
absent in neocortical neurons in treated MPS VII mice when
compared with untreated MPS VII mice (Fig. 5). There were
no obvious morphologic abnormalities observed in the brains
of treated and untreated normal mice.

Mice with MPS VII have severe histopathologic abnormal-
ities in the ear that are associated with a profound hearing loss
(8, 24). Measurements of the ABR have been useful in assess-
ing functional improvements after syngeneic bone marrow
transplantation in MPS VII mice (8). The decibels required to
elicit an ABR at broadband (0– 

 

$ 

 

16 kHz) or specific (8 and
16 kHz) frequencies were indistinguishable among the treated
MPS VII mice, untreated normal mice, and treated normal
mice (Fig. 6). At 32 kHz, treated MPS VII mice had increased
thresholds compared with both groups of normal mice, but had
ABR thresholds that were lower than those of untreated MPS
VII mice. Untreated MPS VII mice required a stimulus 

 

. 

 

60
dB at every frequency to elicit the characteristic ABR wave-
form. There was a corresponding improvement in the histopa-
thology of the ear in treated MPS VII mice, although the ex-
tent of improvement varied between individual mice, and

Figure 4. The latencies of the four groups (open squares, treated 
MPS VII; filled squares, untreated MPS VII; open circles, treated nor-
mal; filled circles, untreated normal) to find the platform placed in the 
original quadrant (relearning) and the latencies to find the platform 
placed in a new position (relocation) are shown. *Significant (P , 

0.05) increase in latency compared with untreated normal mice. n, 
Significant (P , 0.05) difference between treated and untreated MPS 
VII mice.

Figure 5. Histopathologic changes in neurons of the cerebral cortex after intravenous injections of b-glucuronidase or buffer. Lysosomal disten-
sion (filled arrows) is observed in neurons from an untreated MPS VII mouse (A). The lysosomal distension (filled arrows) is greatly reduced in 
neurons from a similar region of the brain in a treated MPS VII mouse (B). There is no evidence of lysosomal storage material in neurons from 
a treated normal animal (C). (A–C, 14003; uranyl acetate-lead citrate).

Figure 6. Improvements in auditory function are observed in MPS 
VII mice after enzyme replacement therapy initiated at birth. There 
is a significant (P , 0.001) decrease in the decibels required to elicit 
an ABR in the treated MPS VII mice (h) compared with untreated 
MPS VII mice (j). There are no significant differences in the ABRs 
at the broadband (clicks), 8 and 16-kHz frequencies between the 
treated MPS VII mice and either the treated (s) or untreated normal 
(d) mice. There is an increase in the ABR threshold of treated MPS 
VII mice at 32 kHz compared with the normal mice.
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lysosomal storage was not completely eliminated. The malfor-
mations of the ossicles were reduced, there was less middle ear
inflammation, and the tympanic membranes were thinner in
treated MPS VII mice when compared with the untreated
MPS VII mice (Fig. 7).

 

Discussion

MPS VII is a progressive lysosomal storage disease with multi-
ple clinical symptoms and a characteristic phenotype partially
caused by abnormal skeletal development. These data show
that injections of recombinant b-glucuronidase initiated at
birth reduce the severity of the phenotype in MPS VII mice.
The improvement in clinical appearance is probably due to the
increased bone length and body weight (18–20). Similar im-
provements in clinical appearance were also observed after
syngeneic BMT, but only if the BMT was performed at birth
(10).

In addition to the phenotypic improvements, MPS VII
mice treated with enzyme from birth had histologic evidence
of reduced lysosomal storage in many tissues, including neu-
rons of the brain. The reduced lysosomal storage in the brain

was associated with improved mental functions as measured in
the Morris Water Maze test. This spatially oriented learning
test measures an animal’s ability to develop a strategy to find a
hidden platform (acquisition), remember where the platform
was located (probe), relearn where the platform was originally
placed (relearning), and finally, to develop a strategy to find a
hidden platform located in a new position (relocation). The
fact that the treated MPS VII mice perform better than the un-
treated MPS VII mice in every phase of the test strongly sug-
gests that some of the defects in multiple higher mental func-
tions are prevented. Before this study, it was not clear whether
prevention of lysosomal storage in neurons of the CNS early
in life would result in improved mental functions, or whether
the functional deficits were acquired earlier in development
and could not be corrected, even if storage were eliminated.
Numerous studies in animal models of lysosomal storage dis-
eases have demonstrated either enzyme-positive cells or an ac-
tual reduction of lysosomal storage in the CNS after various
therapeutic approaches (3, 10, 25–29). However, no improve-
ments in mental functions were documented in these studies.
One study did demonstrate a reduction in the hydrocephalus
and a stabilization of intelligence quotients in children with
Hurler’s disease (MPS I) after allogeneic bone marrow trans-
plantation (30). 

Improved performance in the Morris Water Maze test by
treated MPS VII mice correlates with a reduction of lysosomal
storage in specific neurons of the brain. We have shown here
and previously (18–20) that lysosomal storage material is not
completely eliminated from the CNS after enzyme replace-
ment therapy. However, lysosomal storage is reduced in neo-
cortical neurons of treated MPS VII mice. The neocortex has
been shown to be involved in spatial learning. Rats with corti-
cal lesions have significant deficits that are measurable by this
test (31). Therefore, a reduction in lysosomal storage in neu-
rons of the neocortex in treated MPS VII mice is consistent
with improvements in spacial learning. 

An alternate explanation for the results could be that the
shorter latencies observed for treated MPS VII mice in several
phases of the Morris Water Maze test are due to a reduction in
the physical impairments associated with the disease. How-
ever, several lines of evidence argue that the improved perfor-
mance is due to improved CNS function. First, there were no
significant differences in the latencies to find a visible platform
among any of the four groups of mice (data not shown). This
result suggests that, at this age, untreated MPS VII mice (a)
can see the platform; (b) can swim well, and (c) are equally
motivated to escape from the water. Second, treated MPS VII
mice perform significantly better in the probe phase (which is
less sensitive to differences in mobility than are the acquisi-
tion, relearning, or relocation phases) than do untreated MPS
VII mice. Finally, the correlation between improvements in
the Morris Water Maze and a reduction in lysosomal storage
in neurons of the neocortex is consistent with studies in rats
showing that this structure is involved in spatial learning.

An unexpected finding in this study is that treated normal
mice performed poorly in every phase of the Morris Water
Maze test. It is not clear why this group of mice would have
spacial learning deficits since there are no obvious histologic
abnormalities in the brains of these animals. However, these
data suggest that excess b-glucuronidase may exert direct or
indirect toxic effects on the CNS. We previously showed that
the same dose of enzyme delivered to newborn MPS VII mice

Figure 7. Histopathologic improvements are observed in the ears of 
treated MPS VII mice. An ear from an untreated MPS VII mouse 
(A) shows a thickened tympanic membrane (arrow) and inflamma-
tion and thickening mucosa in the middle ear (arrowhead). The ossi-
cle attached to the tympanic membrane has expansion of the perivas-
cular spaces due to the lysosomal storage disease. An ear from a 
treated MPS VII mouse (B) has a thinner tympanic membrane (ar-
row), less histologic evidence of lysosomal storage, and no otitis. The 
ossicle, although not normal, shows less histologic evidence of lysoso-
mal storage. An ear from an untreated normal mouse (C) has a thin 
tympanic membrane (arrow) and no otitis. The malleus (M) and incus 
(I) from an untreated MPS VII mouse (D) is encased in a thickened 
mucosa. Articular chondrocytes are distended, and perivascular lacu-
nae are expanded. The malleus and incus from a treated MPS VII 
mouse (E) show similar articular disease, but less expansion of the 
perivascular lacunae. The ossicles are not entrapped in mucosa. The 
malleus and incus from an untreated normal mouse (F) are shown. 
(A–F, hematoxylin–eosin; A–C, 163; D–F, 393).
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resulted in z 30% normal levels of activity in the brain 1 h af-
ter an intravenous injection (17). This additional enzyme in the
normal mouse may result in aberrant occupancy and internal-
ization of the mannose-6-phosphate/insulin-like growth factor
II (Man-6-P/IGFII) receptor (32), possibly leading to subtle
developmental defects and behavioral abnormalities. The re-
cent determination of the b-glucuronidase crystal structure
(33) and delineation of the active site should make it possible
to treat normal mice with active and inactive forms of the en-
zyme to determine if receptor occupancy or enzymatic activity
are responsible for these findings. It may also be informative
to compare the behavioral performance of transgenic mice
overexpressing b-glucuronidase (34) to that of normal and
MPS VII mice. Alternatively, delivery of high doses of exoge-
nous enzyme may have indirect effects on the CNS by altering
the normal levels or composition of glucuronides of hormones
or other metabolites such as bilirubin (35). Cleavage of gluc-
uronic acid residues from these compounds may alter their bio-
logical activity or enhance their toxicity. Since the enzyme in-
jections were started shortly after birth when the blood/brain
barrier is incompletely formed (36), the modified compounds
may have gained access to the brain and affected normal de-
velopment of the CNS. 

We showed previously that the auditory defects in the MPS
VII mouse could be reduced by syngeneic BMT performed at
birth (8). It was not clear whether improvements in auditory
function could also be achieved in MPS VII mice after enzyme
replacement since there are significant differences between the
two therapies. Both syngeneic BMT and enzyme replacement
performed at birth result in dramatic phenotypic improve-
ments in MPS VII mice. However, enzyme replacement re-
duced lysosomal storage in neurons of the CNS, but did not
prevent accumulation of storage in the cornea (18–20). In con-
trast, BMT did not significantly reduce storage in neurons of
the CNS, but did clear the corneal fibroblasts of storage (9,
10). Here we show that enzyme replacement initiated at birth
resulted in dramatic improvements in auditory function. The
improvement is of similar magnitude to that observed in MPS
VII mice after BMT performed at birth (8). The finding that
early initiation of therapy in the MPS VII mouse results in im-
proved hearing is consistent with results showing that children
with MPS II have improved hearing after allogeneic BMT (37).

Direct enzyme replacement with recombinant proteins has
now been used successfully for multiple lysosomal storage dis-
eases in addition to MPS VII. Lysosomal storage has been re-
duced in cultured fibroblasts from patients with Hunter syn-
drome (MPS II), Hurler syndrome (MPS I), and Pompe
disease (GSD II) by direct replacement of the deficient lysoso-
mal enzyme (38–40). Intravenous injections of recombinant
a-L-iduronidase and N-acetylgalactosamine-4-sulfatase reduced
lysosomal storage material in multiple tissues in a canine
model of MPS I and a feline model of Maroteaux-Lamy syn-
drome (MPS VI), respectively (41, 42). Children injected with
modified glucocerebrosidase have less severe hepatospleno-
megaly and fewer bone and joint abnormalities (43, 44). Al-
though direct enzyme replacement appears to be effective for
multiple lysosomal storage diseases, the extreme cost of life-
long treatment may preclude its routine use. However, it may
be appropriate in combination with other strategies such as
BMT or gene therapy. It appears that some of the beneficial
effects of enzyme replacement and BMT are complimentary
(20) and a combination of early enzyme replacement followed

by BMT or gene therapy directed to the hematopoietic system
may have long-term therapeutic effects. An additional form of
therapy that may compliment the early beneficial effects of
ERT is the use of genetically modified organoids that overpro-
duce lysosomal enzymes (13). Since a combination of therapies
may be the most practical long-term approach for this group of
diseases, it is crucial to determine if the functional improve-
ments documented here persist when enzyme replacement is
augmented with BMT. It is also critical to determine when and
if the defects in behavior and hearing return after the treat-
ments are terminated.
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