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Abstract
Enzyme replacement therapy (ERT) with intravenous recombinant human alpha-L-iduronidase (IV
rhIDU) is a treatment for patients with mucopolysaccharidosis I (MPS I). Spinal cord compression
develops in MPS I patients due in part to dural and leptomeningeal thickening from accumulated
glycosaminoglycans (GAG). We tested long-term and every three month intrathecal (IT) and weekly
IV rhIDU in MPS I dogs age 12-15 months (Adult) and MPS I pups age 2-23 days (Early) to determine
whether spinal cord compression could be reversed, stabilized, or prevented. Five treatment groups
of MPS I dogs were evaluated (n=4 per group): IT+IV Adult, IV Adult, IT+IV Early, 0.58 mg/kg IV
Early and 1.57 mg/kg IV Early. IT+IV rhIDU (Adult and Early) led to very high iduronidase levels
in cervical, thoracic, and lumber spinal meninges (3,600-29,000% of normal), while IV rhIDU alone
(Adult and Early) led to levels that were 8.2-176% of normal. GAG storage was significantly reduced
from untreated levels in spinal meninges of IT+IV Early (p<0.001), IT+IV Adult (p=0.001), 0.58
mg/kg IV Early (p=0.002) and 1.57 mg/kg IV Early (p<0.001) treatment groups. Treatment of dogs
shortly after birth with IT+IV rhIDU (IT+IV Early) led to normal to near-normal GAG levels in the
meninges and histologic absence of storage vacuoles. Lysosomal storage was reduced in spinal
anterior horn cells in 1.57 mg/kg IV Early and IT+IV Early animals. All dogs in IT+IV Adult and
IV Adult groups had compression of their spinal cord at 12-15 months of age determined by magnetic
resonance imaging and was due to protrusion of spinal disks into the canal. Cord compression
developed in 3 of 4 dogs in the 0.58 mg/kg IV Early group; 2 of 3 dogs in the IT+IV Early group;
and 0 of 4 dogs in the 1.57 mg/kg IV Early group by 12-18 months of age. IT+IV rhIDU was more
effective than IV rhIDU alone for treatment of meningeal storage, and it prevented meningeal GAG
accumulation when begun early. High-dose IV rhIDU from birth (1.57 mg/kg weekly) appeared to
prevent cord compression due to protrusion of spinal disks.
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1. Introduction
Mucopolysaccharidosis I (MPS I) is an inherited lysosomal storage disease due to deficient
activity of alpha-L-iduronidase (iduronidase, EC 3.2.1.76), causing accumulation of
glycosaminoglycans (GAG) in many organ systems throughout the body [1]. Hematopoietic
stem cell transplantation is clinically used for MPS I and can stabilize or prevent mental
retardation when given before significant cognitive delay is present [2]. Intravenous (IV)
enzyme replacement therapy (ERT) has been in clinical use since 2003 for MPS I [3], and is
used for attenuated (Hurler-Scheie, Scheie) patients, Hurler patients who do not receive
hematopoietic stem cell transplantation, and patients awaiting transplantation [4]. Spinal cord
compression from MPS I in human patients is caused by one or more of the following factors:
spinal canal stenosis due to abnormal vertebral development and articulation with secondary
proliferation (bone disease), spinal disk disease, ligamentous thickening, and spinal meningeal
thickening [5;6]. Compression of the spinal cord can develop in patients treated with IV ERT
using recombinant human alpha-L-iduronidase (rhIDU, [7]). This also occurs, though possibly
to a lesser extent, in patients receiving hematopoietic stem cell transplantation [8], which may
have a greater impact upon skeletal and neurologic disease due to MPS I [2;9].

To better address spinal cord compression and other central nervous system manifestations of
MPS I, rhIDU had been administered intrathecally (IT) to MPS I dogs [10;11]. Nineteen MPS
I dogs received three to four injections of 0.46 – 1.38 mg rhIDU every week, month, or three
months (quarterly) into the cerebrospinal fluid (CSF) at the level of the cisterna magna. This
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produced a mean of 23 and 300-fold normal levels of iduronidase activity in total brain and
meninges, respectively, and reduced mean total brain GAG to normal levels (measured at 48
hours or three months following the final dose). Treatment also achieved a 57-70% reduction
in meningeal GAG levels accompanied by histologic improvement in lysosomal storage. The
clinical effects of IT rhIDU were difficult to assess as few dogs had neurologic signs at the
time of treatment, and treatment was short-term (three or four injections over six months or
less). One dog with gait disturbances due to cord compression improved by neurologic
assessments after four monthly IT treatments [11].

Here, we studied the effects of long-term IV rhIDU with and without IT rhIDU in canine MPS
I. We studied adult animals, after cord compression had developed, and newborn pups to
determine the ability of rhIDU to either reverse or prevent spinal cord compression due to
meningeal thickening and disk protrusion. We evaluated clinically-relevant endpoints,
including neurologic examinations and magnetic resonance imaging (MRI) of the spine, as
well as distribution of rhIDU and reduction of GAG storage in cervical, thoracic, and lumbar
spinal meninges.

2. Materials and Methods
2.1 Dogs

Animals were bred at Iowa State University (ISU, Ames, IA) or the University of Pennsylvania
(Philadelphia, PA). Animals were housed and the studies conducted at ISU and at the Los
Angeles Biomedical Research Institute at Harbor-UCLA Medical Center (LA BioMed,
Torrance, CA), both AAALAC-accredited facilities. The study was approved by the
Institutional Animal Care and Use Review Committees for both institutions. Breeding at the
University of Pennsylvania colony also occurred under institutionally approved protocols.
MPS I dogs were Plott hounds outbred with beagle and/or terrier stock. Affected animals were
identified at birth with buccal enzyme assay and PCR. The colony has a mutation in intron 1
of the canine alpha-L-iduronidase gene that results in abnormal mRNA splicing and introduces
a premature termination [12].

2.2 Enzyme administration
MPS I dogs received IV with or without IT rhIDU (formulated as laronidase, lot 4986252, 0.58
mg/ml in 150 mM NaCl, 100 mM sodium phosphate, 0.001% polysorbate 80, pH ~5.8,
Biomarin Pharmaceutical, Novato, CA). For weekly IV administration, 0.58 mg/kg rhIDU
(~114,000 units/kg, administered to IT+IV Adult, IV Adult, IT+IV Early and 0.58 mg/kg IV
Early groups) or 1.57 mg/kg rhIDU (~307,000 units/kg, administered to 1.57 mg/kg IV Early
group) was diluted with 1 mg/ml canine albumin and 0.9% saline and infused into a cephalic
vein over 3 hours as previously described [13]. For IT administration in adult animals, 1.38
mg (~270,000 units) was diluted in Elliotts B artificial spinal fluid solution (Ben Venue
Laboratories, Bedford, Ohio) for a total volume of 6.9 mL. This dose was roughly 0.1 mg/kg
body weight, or 0.05 mg/ml CSF. For IT administration in young animals, 0.05 mg/kg body
weight (~9,800 units/kg, roughly 0.025 mg/ml CSF) was diluted 2 to 1 by volume with Elliotts
B, and was begun between 12 and 30 days of age. One IT+IV Early animal (I-141) received
the first IT rhIDU at 112 days of age. The smaller dose of IT rhIDU which was selected for
Early animals was roughly equivalent to a lower (0.46 mg) dose previously found to be effective
in adult MPS I dogs [11]. We reasoned that this lower dose would be sufficient for prevention
of GAG accumulation in Early groups but would not suffice for complete reversal of
accumulated GAG in Adult animals. IT rhIDU was administered into the cisterna magna as
previously described [11]. The frequency of IT injection was every three months (quarterly)
in dogs treated early, and in adult animals was monthly for the first four doses and quarterly
for the remaining three doses (Table 1).
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2.3 Neurologic and other clinical evaluations
Study animals received neurological examinations by a veterinarian, including general
appearance, posture, cranial nerve function, motor, cerebellar, sensory and reflex components
[14]. Heart rate, body temperature, and respiratory rate were recorded before each IV and IT
rhIDU treatment. Body weight measurements were performed weekly for pups and every 2
weeks for adult study animals. Cell counts with differential evaluation, glucose, protein, and
anti-iduronidase antibody titers were performed on blood and CSF samples. CSF specimens
contaminated with blood were discarded.

Imaging of the spine (first cervical vertebra to first thoracic vertebra) was performed at the
Harbor-UCLA Imaging Center or at ISU using a 1.5 Tesla MRI scanner (GE, Waukesha, WI).
A screening spine study (T2-weighted fast-spin echo sagittal study of the spine) was first
performed, followed by T1-weighted and T2-weighted fast spin echo non-contrast transverse
images of regions of interest. Spinal cord compression was scored from the images without
knowledge of treatment group, modified from [15]: absent (grade 0), 360-degree cushion of
cerebrospinal fluid around the spinal cord; mild (grade 1), loss of cerebrospinal fluid cushion
without indentation of the spinal cord or only slight anterior cord flattening; moderate (grade
2), spinal cord compression; severe (grade 3), severe spinal cord compression. Parenchymal
hyperintense signal on T2-weighted imaging, spinal disk protrusion, and disk degeneration
were noted and the locations recorded.

2.4 Biochemical evaluations
Forty-eight hours after the last IT rhIDU injection, the animals were euthanized by intracardiac
phenobarbital overdose, necropsied (without perfusion), and their spinal cords, meninges, and
caudae equinae were removed. Spinal meninges consisted of both dura and arachnoid materes.
One cervical, thoracic, and lumbar section of spinal cord and meninges were taken from each
animal for triplicate iduronidase and GAG assays. Iduronidase assays were performed on tissue
homogenates using a 4-methylumbelliferyl substrate (Glycosynth, Cheshire, UK) as previously
described [11]. Protein concentrations were determined by the Bradford method using Bio-
Rad reagents (Hercules, CA). GAG was assayed using an Alcian blue binding assay with
dermatan sulfate standards [16]. Anti-iduronidase antibodies were assayed in serum and CSF
as previously described [13;17]. The dilution at which the reading was performed was selected
from serial dilutions in the linear range of the assay.

2.5 Pathology
Histopathologic evaluation was performed on samples from neocortical, cervical, thoracic, and
lumbar meninges and cervical, thoracic and lumbar spinal cords. Samples were fixed in neutral
buffered 10% formalin and stained with toluidine blue or hematoxylin and eosin for light
microscopy.

2.6 Statistics
For each sample assayed biochemically (cervical, thoracic, and lumbar meninges), the mean
of triplicate experiments was calculated for each animal. Means of the means and their standard
deviation were then calculated for each treatment group. For comparison of MRI scoring, age-
matched pre-treatment scans from adult animals were analyzed as untreated. Treatment groups
were compared using ANOVA with post-hoc Dunnett's test or Tukey-Kramer where
appropriate.
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3. Results
The study design is summarized in Table 1. Four adult MPS I dogs received IT+IV rhIDU (IT
+IV Adult) and four received IV only at the 0.58 mg/kg weekly dose (IV Adult). Early-treated
MPS I dogs received treatment with 0.58 mg/kg weekly IV (0.58 mg/kg IV Early), 1.57 mg/
kg weekly IV (1.57 mg/kg IV Early), or 0.58 mg/kg weekly IV plus quarterly IT (IT+IV Early)
rhIDU beginning at age 2-23 days and continuing for 56-80 weeks.

3.1 Neurologic findings
Neurologic examinations were performed prior to each IT rhIDU treatment, or at 3-month
intervals for IV-only treated dogs. Dogs in both IV Early groups had only end-study neurologic
examinations. End-study evaluation of one untreated MPS I dog, two IT+IV Early dogs and
one 0.58 mg/kg IV Early dog showed spinal pain and crepitus, accompanied in two cases by
diminished neck flexion and in another case by neck fasciculations. Two early-treated animals
showed cerebellar signs attributed to canine distemper virus (see section 3.5). Several animals
showed decreased vision, assessed by testing the menace reflex (blinking on close visual
threat), which was attributed to corneal clouding. The remainder of the dogs in the Early groups
showed no evidence of ataxia, paresis, or spinal pain.

All adult dogs had evidence of spinal cord compression by MRI at baseline (age 12-15 months)
and minor neurological signs on examination. In the IT+IV Adult group, 2 dogs showed overall
improvement in the neurologic examination at end study, and 2 showed no change.
Improvements included normalization of thoracic and pelvic limb hopping and thoracic limb
proprioceptive positioning from decreased/absent to normal in 1 dog and normalization of
pelvic limb withdrawal from decreased hock flexion to normal in 1 dog. In the IV Adult (no
IT) group, all 4 dogs had overall worsening of the neurologic examination. Decreased distal
limb muscle mass (assessed by visual observation and manual palpation) developed in 3 dogs,
decreased pelvic limb hopping in 2 dogs, decreased limb withdrawal reflex in 2 dogs, and
decreased tactile and proprioceptive positioning of pelvic limb in 1 dog. Two dogs in the IV
Adult group developed pain at the thoracolumbar junction, and 1 dog developed ataxia.
Worsening of the extensor carpi radialis reflex occurred in two IT+IV Adult and one IV Adult
dog. Decreased cranial tibial reflex occurred in one IT+IV Adult dog. One dog in the IT+IV
Adult group with signs of spinal cord compression had previously required steroid and anti-
inflammatory treatment, which was discontinued due to improved symptoms after two IT
doses.

3.2 Magnetic resonance imaging of the spine
Affected MPS I dogs underwent MRI studies of the spinal cord at baseline, and at end study
(Table 2). All adult dogs had moderate or severe compression of their spinal cords at baseline
(12-15 months of age). Follow-up MRI at end study (27-30 months) showed worsened cord
compression (i.e. an increase in the number of compressed levels) in two of four IT+IV Adult
dogs, and two of four IV Adult dogs. Cord compression occurred in adult animals secondary
to intervertebral disk protrusion (Fig. 1B, D, F) and progressed over time. Parenchymal signal
change within the spinal cord occurred in one IV Adult dog and progressed from one to two
levels during the study period (not shown). Other findings included spinal disk degeneration
and bony proliferation (Table 2). In the early-treatment cohort, two untreated MPS I dogs, four
0.58 mg/kg IV Early, four 1.57 mg/kg IV Early, and three IT+IV Early dogs underwent spinal
MRI at 12-19 months. Disk protrusion into the spinal canal was seen in six treated dogs in the
Early cohort (three in the IT+IV group and three in the 0.58 mg/kg IV group), and five had
mild to moderate spinal cord compression without parenchymal signal change (Fig. 1H). All
four dogs in the 1.57 mg/kg IV Early group and one dog in the 0.58 mg/kg IV Early group had
no spinal abnormalities detected on MRI (Fig. 1 C, E, G). Post-hoc Tukey-Kramer analysis
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showed p=0.009 for the number of compressed levels in the group of four 1.57 mg/kg IV Early
dogs versus nine 12-19 month-old untreated and pre-treated MPS I dogs.

3.3 Distribution and iduronidase activity
Samples of cervical, thoracic, and lumbar meninges (arachnoid and dura materes) were assayed
for iduronidase activity. All intrathecal-treated animals (IT+IV Adult and IT+IV Early groups)
had above normal iduronidase activity in the spinal meninges at all three levels, often
exceedingly high (range 87.0 to 7,200 units/mg protein, carrier mean 2.43 ± 0.89 units/mg,
Fig. 2, Table 3). There was no difference in iduronidase activity levels among animals treated
early or as adults. In contrast, animals treated only with IV rhIDU (IV Adult, 0.58 mg/kg IV
Early and 1.57 mg/kg IV Early groups) showed lower meningeal iduronidase levels ranging
from 0.2 to 4.28 units/mg protein (8.2-176% of normal).

3.4 Reduction of GAG storage
Samples from cervical, thoracic, and lumbar meninges were analyzed separately or averaged
to assess reduction of GAG storage following IT and IV rhIDU. Table 4 shows meningeal
GAG by spinal region, with statistics performed by post-hoc Dunnett's test (all groups
compared to untreated). Untreated animals were age-matched to the early cohort at sacrifice.
IT+IV Early, IT+IV Adult, 0.58 mg/kg IV Early and 1.57 mg/kg IV Early rhIDU led to
significantly reduced meningeal GAG levels versus untreated animals in all three regions
evaluated. The lowest GAG levels were seen in IT+IV Early animals. Figure 3 depicts spinal
meningeal GAG averaged over all three regions (cervical, thoracic and lumbar). Tukey-Kramer
post-hoc analysis was performed for pooled meningeal GAG (comparison of all treatment and
control groups, cervical, thoracic and lumbar combined). This analysis showed statistically
significant differences at p<0.01 in multiple treatment groups compared to untreated controls,
and between several treatment groups (Fig. 3). IT+IV Early rhIDU led to the lowest meningeal
GAG levels (85% reduction vs. untreated MPS I, p<0.001), achieving normal to near-normal
meningeal GAG levels in the animals (mean of pooled samples 5.85 ± 1.01, versus normal
4.78 ± 0.82, p=0.34, Fig. 3). There was a 51.6% reduction in meningeal GAG in IT+IV Adult
versus untreated MPS I dogs (p=0.001). Treatment from birth with 0.58 mg/kg IV Early or
1.57 mg/kg IV Early rhIDU led to 46.6% (p=0.002) and 69.4% (p<0.001) reduction in GAG
levels versus age-matched untreated MPS I animals, respectively. Meningeal GAG was lower
in animals treated with early, high-dose IV rhIDU (1.57 mg/kg IV Early, 11.7 ± 3.33) than
with the standard dose rhIDU (0.58 mg/kg IV Early, 20.4 ± 5.92). This difference was not
statistically significant (p=0.33).

Histologically, lysosomal storage (with the characteristics of GAG) was reduced in meninges
of 1.57 mg/kg IV Early MPS I dogs and IT+IV Adult dogs (not shown), and was absent in IT
+IV Early dogs (Fig. 4A-C). Spinal anterior horn cells showed large amounts of cytoplasmic
pale storage in untreated MPS I animals which was much reduced and in some areas eliminated
in 1.57 mg/kg IV Early (not shown) or IT+IV Early animals (Fig. 4D-E). Additional findings
included increased cellularity of the dura and mild to marked Wallerian degeneration seen in
some untreated, IV-treated, and IT+IV-treated animals alike.

3.5 Safety
No elevation in CSF leukocyte counts occurred in IT-treated dogs. IT+IV Adult and IV Adult
dogs developed IgG antibodies to iduronidase in blood and/or CSF. Peak serum ELISA levels
in IT+IV Adult and IV Adult animals ranged from 24.8 to 513 OD units/μl (clinical tolerance
<20 OD units/μl [13]. CSF anti-iduronidase levels were 10.4 to 13.0 OD units/μl in IT+IV
Adult animals. Serum ELISA levels of MPS I dogs in IT+IV Early, 0.58 mg/kg IV Early and
1.57 mg/kg IV Early groups showed that they failed to mount a substantial immune response
to the protein antigen. CSF ELISA of IT+IV Early dogs showed undetectable levels of specific
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IgG antibody in all dogs (clinical tolerance level not known). No inflammatory infiltrate was
seen in neocortical or spinal meninges. Two IT+IV Early MPS I dogs showed mild
accumulation of cytoplasmic (presumably intralysosomal) lipid in low numbers of
macrophages of neocortical meninges on toluidine blue staining of unclear cause. Two early
pups died on days 2 and 6, having received IV rhIDU administered within the first 8 hours of
life, when colony pup mortality is high (~16% in the first week of life, ISU colony data). One
untreated (Kt) and one IT Adult (In) MPS I dog died during anesthesia for magnetic resonance
imaging. These animals were included in imaging analyses but not tissue analyses. Two dogs,
a 1.57 mg/kg IV Early (I-202, included in the analyses) and an untreated MPS I dog (I-214,
not included) developed clinically stable mild to severe cerebellar ataxia, possibly due to an
earlier infection with canine distemper virus. Infection could not be confirmed in these dogs
due to the chronicity of signs; however, infection was confirmed in other dogs in the colony
that displayed CNS signs during this period.

4. Discussion
We studied MPS I dogs treated with IT rhIDU for over one year, to determine whether longer
term treatment could stabilize or reverse clinical signs of spinal cord compression. Animals
were treated either as adults (after the onset of neurologic disease) or shortly after birth, before
neurological deficits associated with cord compression developed, and were compared with
age-matched MPS I untreated dogs and MPS I dogs treated with IV rhIDU alone. We found
that IT+IV rhIDU was more effective than IV rhIDU alone in addressing lysosomal storage in
the spinal meninges, and that treatment from birth with IT injections every 3 months combined
with weekly IV rhIDU normalized meningeal GAG in the animals.

Current therapies are inadequate for spinal cord compression in MPS patients. Spinal cord
compression can develop in MPS I patients during treatment with enzyme replacement therapy
or following bone marrow transplantation [7;8]. Treatment for cord compression requires
laminectomy and debridement, frequently at multiple levels, and recurrence or complications
may occur [18-20]. Previously, we showed that three or four IT rhIDU injections in adult MPS
I dogs could reduce meningeal GAG storage by 57-70% [11]. This was possible because of
extremely high enzyme levels in meninges with serial IT injections, several hundred times the
levels in carrier animals.

In this study (as in the prior, short-term study [11]), normalization of GAG storage in the
meninges of IT+IV Adult animals was not achieved, even after over 1 year of IT+IV rhIDU
treatment. However, IT+IV Early enzyme replacement therapy led to normal to near-normal
GAG levels in all four treated dogs, showing that prevention of storage is more readily achieved
than reversal. IV Adult therapy alone was not successful at reducing meningeal storage in the
four adult animals treated. However, 0.58 mg/kg IV Early rhIDU or 1.57 mg/kg IV Early rhIDU
did lead to reduced meningeal GAG storage, though levels were still above normal. The lower
amounts of enzyme that reach the dura in IV-treated animals may be sufficient to partially
prevent but not reverse GAG accumulation there. These findings are consistent with
observations that spinal cord compression develops in MPS I patients despite long-term
treatment with 0.58 mg/kg weekly IV rhIDU, and suggests that the addition of IT rhIDU may
substantially reduce but not normalize meningeal GAG storage once it has accumulated.
Clinical trials are ongoing to assess the impact of IT rhIDU on spinal cord compression in MPS
I patients with established disease (NCT 00215527 and NCT 00786968).

Long-term IT+IV Adult rhIDU was as effective as short-term treatment (previously published
[11]) for reduction of meningeal GAG in adult MPS I dogs. Spinal meningeal GAG levels in
four IT+IV Adult dogs treated long-term (15 months) showed a 51% reduction in meningeal
GAG, which was comparable to short-term IT+IV treatment in nineteen previously published
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animals [11], even though the long-term animals were slightly older at sacrifice (28.7 vs. 24.2
months, p=0.03). Adult dogs used in the current study were not tolerant to rhIDU, while Early
dogs were tolerant despite the lack of immune suppressive therapy. Immune tolerance to
recombinant human N-acetylgalactosamine-4-sulphatase improved clearance of dural storage
in IT-treated MPS VI cats [21], and tolerance to rhIDU enhanced the efficacy of IV rhIDU for
systemic manifestations in the MPS I dog [17]. Our study was also limited by small numbers
of animals per treatment group. Neurologic examinations were not conducted in blinded
fashion, as the examiner also administered IT injections.

Previously, we reported clinical improvement of neurologic signs in a single adult MPS I dog
treated with short-term IT+IV rhIDU [11]. In the current long-term experiment, the clinical
response was more modest and was characterized mostly by stable neurologic signs. MRI of
the spine did not show improvement in dogs treated with IT+IV Adult dogs, despite
improvement in neurologic examination and meningeal GAG storage. The dura mater cannot
be reliably measured on MRI, so change in meningeal thickness could not be assessed. While
in human MPS I patients meningeal GAG storage is a major contributor to spinal cord
compression, the MPS I dogs showed cord compression due to extradural factors (spinal disk
protrusion into the canal) which would not be expected to respond to IT rhIDU. Prevention of
spinal cord compression in 1.57 mg/kg IV Early MPS I dogs and attenuation of cord
compression in 0.58 mg/kg IV Early and IT+IV Early dogs is likely due to the effects of early
IV rhIDU on the spine. Similar results have been seen in MPS I and MPS VII dogs receiving
high-dose gene therapy beginning in the neonatal period [22]. Neither intervertebral disk
protrusion into the canal nor intravertebral disk degeneration occurred in 1.57 mg/kg IV Early
dogs; however as these animals were imaged slightly earlier than untreated or 0.58 mg/kg IV
Early, IT+IV Early and IV Early Adult animals (12 months versus 12-18 months), the data do
not exclude an age effect. Spinal anterior horn cells showed marked reduction in GAG by
histology in IT+IV Early and 1.57 mg/kg IV Early-treated animals. Adult animals treated with
short-term IT+IV rhIDU had previously not shown improvement in these neurons [11]. The
clinical impact of GAG storage in spinal anterior horn cells is not known.

Newborn screening is currently being developed for MPS I [23]. If screening is widely used,
infants with MPS I may begin therapy soon after birth, either with hematopoietic stem cell
transplantation (particularly if the genotype predicts Hurler syndrome), or with enzyme
replacement therapy, or a combination of enzyme therapy followed by transplantation.
Currently, MPS I Hurler patients are identified at a median age of 0.8 years, but individuals
with Hurler-Scheie and Scheie forms of MPS I have median ages of diagnosis of 3.9 and 9.8
years, respectively [24]. It is not clear how early intervention must be initiated in MPS I patients
to prevent extradural and intradural spinal cord compression. Early intravenous enzyme
replacement therapy has been recently shown to be extremely effective in canine MPS I for
treatment of systemic disease (Dierenfeld et al., in preparation), and may have prevented
intervertebral disk protrusion into the spinal canal. However, while systemic MPS I disease,
including spine disease and atrioventricular valve thickness and storage, responded well to
early initiation of IV, prevention of storage accumulation in the spinal meninges may require
IT enzyme therapy, perhaps on a quarterly (every three month) basis.
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Abbreviations

IT intrathecal

IV intravenous

MPS mucopolysaccharidosis

rhIDU recombinant human alpha-L-iduronidase

GAG glycosaminoglycans

ERT enzyme replacement therapy
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Fig. 1.
Magnetic resonance imaging of the spinal cord. T2-weighted non-contrast sagittal images of
the cervical spine. A normal dog (A, age 15 months) showing no abnormalities, and an
untreated MPS I dog (B, age 18 months) showing disk protrusion into the canal at C2-3 (arrow)
and disk degeneration at C5-6 (circle). Small islands of bony proliferation can be seen within
the intervertebral disk at C5-6 (arrowhead). (C, E, G) Spinal MRI of dogs treated with 0.58
mg/kg IV Early (C, age at MRI 17 months) and 1.57 mg/kg IV Early (E, G, age 12 months)
showing no abnormalities. (D, F, H) An IV Adult animal at age 29 months (D), an IT+IV Adult
dog age 27 months (F) and an IT+IV Early dog age 18 months (H) also show disk degeneration
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(circles) and disk protrusion (arrows). Circumferential compression is seen in dog Ke (F) at
C2-3 (arrow).
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Fig. 2.
Enzymatic activity in spinal meninges following treatment with IV with or without IT rhIDU.
Semi-logarithmic scale graph of alpha-L-iduronidase activity in the cervical, thoracic, and
lumbar meninges in IT+IV Early (gray circles), IT+IV Adult (open circles), 1.57 mg/kg IV
Early (gray triangles), and 0.58 mg/kg IV Early (open inverted triangles) experimental groups.
Each animal is represented on the graph.
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Fig. 3.
Glycosaminoglycan storage in spinal meninges. Quantitative GAG levels in pooled samples
from cervical, thoracic, and lumbar meninges in the experimental groups. Each animal is
represented on the graph. Untreated MPS I dogs were aged-matched to the early-treatment
groups at necropsy. The dotted line indicates the mean of normal animals (4.78 ± 0.818 units/
mg). Tukey-Kramer post-hoc analysis yielded results that showed multiple inter group
differences. Groups that were similar by statistical analysis are indicated by common letters
above each group. Groups with different letter superscripts were significantly different
(p<0.01). One comparison (IT+IV Adult versus Normal) was nearly significant at p=0.032.
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Fig. 4.
Histopathology of meninges and cord. (A-C) Pale lysosomal storage with the characteristics
of GAG is indicated by the arrows in toluidine blue-stained neocortical meninges in an
untreated MPS I dog (A), an IT+IV Early MPS I dog (B), and a 1.57 mg/kg IV Early MPS I
dog (C). (D, E) Hematoxylin and eosin staining of spinal anterior horn cells in an untreated
MPS I dog (D) and an IT+IV Early MPS I dog (E). GAG storage is indicated by arrows.
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Table 1

Study animals

Experimental group Subject Age at first IV rhIDU Age at first IT rhIDU Age at necropsy

IT+IV Adult Ig 15 m 15 m 30 m

In* 15 m 15 m ---

JL 14 m 14 m 29 m

Ke 12 m 12 m 27 m

IV Adult My 14 m --- 29 m

Mi 14 m --- 29 m

Mx 14 m --- 29 m

Ms 14 m --- 29 m

IT+IV Early I-141 23 d 112 d 18.7 m

I-180 8 d 12 d 15.1 m

I-196 8 d 30 d 17.3 m

I-200 8 d 30 d 17.1 m

1.57 mg/kg IV Early I-176 8 d --- 12.9 m

I-181 7 d --- 13.1 m

I-197 8 d --- 13.0 m

I-202 7 d --- 13.1 m

0.58 mg/kg IV Early I-165 3 d --- 17.6 m

I-186 9 d --- 17.6 m

I-189 9 d --- 17.6 m

I-205 9 d --- 17.5 m

I-139* 2 d --- ---

I-140* 3 d --- ---

IT: intrathecal, IV: intravenous, m: month, d: day.

*
I-139 and I-140 died following the initial IV rhIDU administration. Subject “In” and one untreated MPS I dog died during MRI scan.
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Table 3

Activity of alpha-L-iduronidase in spinal meninges

IT + IV Adult (n=3) IT + IV Early (n=4) 0.58 mg/kg IV Early (n=4) 1.57 mg/kg IV Early (n=3)

Cervical 5390 ± 2200 1330 ± 265 0.545 ± 0.242 1.32 ± 0.510

Thoracic 1060 ± 645 931 ± 1050 0.956 ± 0.268 2.49 ± 0.630

Lumbar 165 ± 75.6 1070 ± 892 1.43 ± 0.168 3.09 ± 1.03

Mean (3-regions) 2200 ± 785 1110 ± 724 0.977 ± 0.213 2.30 ± 0.585

Spinal meningeal iduronidase activity in MPS I unaffected carrier dogs was 2.43 ± 0.894, without substantial regional variation.
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