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Abstract
Treatment of brain disease with recombinant proteins is difficult due to the blood-brain barrier. As
an alternative to direct injections into the brain, we studied whether application of high
concentrations of therapeutic enzymes via intrathecal (IT) injections could successfully drive
uptake across the ependyma to treat brain disease. We studied IT enzyme replacement therapy
with recombinant human iduronidase (rhIDU) in canine mucopolysaccharidosis I (MPS I, Hurler
syndrome), a lysosomal storage disorder with brain and meningeal involvement. Monthly or
quarterly IT treatment regimens with rhIDU achieved supranormal iduronidase enzyme levels in
the brain, spinal cord, and spinal meninges. All regimens normalized total brain
glycosaminoglycan (GAG) storage and reduced spinal meningeal GAG storage by 58–70%. The
improvement in GAG storage levels persisted three months after the final IT dose. The successful
use of enzyme therapy via the CSF represents a potentially useful approach for lysosomal storage
disorders.
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Introduction
Lysosomal storage diseases affecting the brain are difficult to treat due to the blood-brain
barrier that blocks uptake of circulating therapeutic proteins. Many invasive strategies have
been used or proposed for circumventing the blood-brain barrier, including
intraparenchymal injections of therapeutic proteins, intraparenchymal gene therapy,
chemical or physical agents to open the blood-brain barrier (such as mannitol), and
hematopoietic stem cell transplantation [1–9]. Treatment via the cerebrospinal fluid has not
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been successful in the past due to the inability of the proteins to traverse the ependymal
layer and diffuse through brain tissue, even though this route would be clinically easier for
application to patients. Despite some success in animal models, many of these therapies
have been difficult to translate to the clinical realm.

Rare lysosomal storage disorders, such as mucopolysaccharidosis I (MPS I, Hurler
syndrome), MPS VI (Maroteaux-Lamy syndrome), Gaucher disease, and Fabry disease are
currently treated by intravenous enzyme replacement therapy [10–16]. Enzyme replacement
therapy has successfully treated some aspects of the physical disease in MPS patients and
has been well tolerated. Its usefulness in MPS I and other lysosomal storage diseases with a
neurodegenerative component has been hampered by its inability to cross the blood-brain
barrier to a sufficient extent at usual doses.

The concept of IT enzyme replacement therapy is based on the rationale that even small
amounts of these enzymes in the cerebrospinal fluid (CSF) represent very large
concentration gradients relative to the affinity constants for the receptors for these enzymes
on neurons and other cell types. For example, providing 1 mg of iduronidase to the
approximately 20 mL of CSF in an MPS I dog provides a concentration that is about 1400
fold the uptake affinity constant for the mannose 6-phosphate receptor found on the surface
of cells that binds and targets iduronidase to the lysosome [17]. This level is 1.4 million
times the half-maximal concentration required for the correction of lysosomal storage in
MPS I fibroblasts in culture [17]. Given this very large concentration gradient, the intrinsic
diffusibility of iduronidase through brain tissue and a very efficient uptake process, we
reasoned that tiny amounts of enzyme could cross the ependymal layer and still achieve
adequate uptake at the end site around neurons and glia [18]. Our previous research in dogs
has shown that weekly injections of IT rhIDU can drive rhIDU to penetrate several
millimeters into brain tissue, normalize brain glycosaminoglycan (GAG, the material that
accumulates in MPS disease) levels and substantially reduce meningeal storage [18]. Here,
we show that this approach is sufficiently effective that successful treatment can be
accomplished using an infrequent monthly or quarterly (every 3 month) regimen in a large
animal model of MPS I.

Methods
The canine MPS I colony is derived from a beagle/Plott hound mix. The Los Angeles
Biomedical Institute at Harbor-UCLA (formerly the Harbor-UCLA Research and Education
Institute) is an AAALAC accredited facility. The study was approved by the institutional
Animal Care and Use Review Committee.

Compound formulation
RhIDU was donated by BioMarin Pharmaceutical (Novato, California). It consists of 0.6
mg/mL rhIDU (117,000 to 150,000 units/mL, depending on formulation) in formulation
buffer (150 mM NaCl; 100 mM sodium phosphate, 0.001% polysorbate 80, pH 5.8). The
enzyme is stored at 2–8° and protected from excess heat and light.

Intrathecal injection experiments
Dogs affected with canine MPS I received IT administrations of 1.38 mg of rhIDU (270,000
units, in volumes of 2.3 mL) alone or diluted in the artificial CSF solution, Elliotts B (Ben
Venue Laboratories, Bedford, Ohio) for a total volume of 6.9 mL. Dogs receiving low-dose
IT rhIDU were given 0.46 mg rhIDU (90,000 units) diluted in Elliotts B for a total volume
of 2.3 mL. The IT injections were administered to the cisterna magna of the anesthetized
dogs as described below.
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Animals were fasted overnight. Anesthesia was induced with Propofol (6 mg/kg), and
maintained with 5% isoflurane and oxygen. Animals were intubated with a 6 or 7 mm
endotracheal tube. Subcutaneous atropine (0.06 mg/kg) was used to reduce salivation. A 1½-
inch, 22-gauge spinal needle was inserted into the cisterna magna under sterile conditions.
Approximately 0.5–1.0 mL CSF was collected. RhIDU was injected intrathecally into the
hub of the spinal needle manually with a syringe over 2 minutes. The spinal needle was
removed and the animals were recovered. A sixteenth dog, originally on the monthly
protocol, died prematurely from a brainstem hematoma during an IT procedure and was not
included in the analysis.

Clinical Assessments
Vital signs (heart rate, body temperature, and respiratory rate) were monitored at each
intrathecal injection. Growth was observed throughout the therapy by body weight
measurements taken every 2 weeks. Neurological examinations were performed by a
veterinarian prior to each dose of intrathecal rhIDU. The evaluations included general
appearance, posture, gait, motor, sensory and reflexes. The evaluations were not blinded for
reasons of practicality: the veterinarian examining the dogs also administered intrathecal
injections.

Routine laboratory studies
Blood samples were taken at each IT procedure (once per month or once every three
months) for complete blood counts with differential and chemistry panels. CSF samples
were taken at each IT injection for glucose, protein, color, specific gravity, and cell counts.
CSF specimens contaminated with blood were not used for analysis.

Tissue evaluations
Tissue preparation and analysis were performed as described by Kakkis, et al [19]. Forty-
eight hours or three months after the last IT rhIDU injection, the animals were necropsied
and their brains, spinal cords, meninges and caudae equinae removed. The left hemispheres
of the brains were fixed in 4% paraformaldehyde/2% glutaraldehyde in phosphate buffer
(pH 7.2) and then cut into approximately 1 cm coronal sections for histopathology. The right
hemispheres were sectioned coronally and snap frozen at approximately −80°C to be
assayed biochemically for α-L-iduronidase activity and GAG storage. One cervical,
thoracic, and lumbar section of spinal cord and meninges were taken from each animal for
iduronidase and GAG assays. Spinal meninges consisted of dura and arachnoid materes
assayed together.

Tissue samples (100–500 mg) were thawed and homogenized in three volumes of PAD
buffer (10 mM phosphate, pH 5.8, 0.02% sodium azide and 0.1 mM dithiothreitol) with
0.1% Triton X-100. The homogenates were then assayed for α-L-iduronidase using a
flurometric assay as per Kakkis, et al [19]. Protein concentrations in the extracts were
determined by the Bradford method using reagents from Bio-Rad Laboratories (Hercules,
California). Results were expressed as units per mg protein. The 4-methylumbelliferyl-α-L-
iduronide substrate (4-MUI) used in these studies was obtained from Toronto Research
Chemicals (North York, Ontario, Canada). When 4-MUI is used at the very high
concentration of 3 mM, the assay detects trace amounts of β-glucuronidase activity due to
trace amounts of glucuronide contamination in the substrate. For the dogs studied after a 3-
month hiatus, a 4-MUI substrate manufactured by Glycosynth (Cheshire, UK) was used. The
Glycosynth substrate has a glucuronide contamination of <0.1%.

GAG levels were quantified by an Alcian blue dye binding method as described by Kakkis,
et al. and quantified within the linear range with dermatan sulfate standards [20].
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Iduronidase activity and GAG levels were determined from independent triplicate assays of
4 to 48 independent brain sections per animal.

Histopathologic evaluation was performed on samples from the parietal cortex, cerebellum,
spinal cord and meninges. The tissues were postfixed in osmium tetroxide and embedded in
Spurr’s resin. Brain sections for light microscopy were stained with toluidine blue. Thin
sections of neocortex were selected for electron microscopy and evaluated using a JOEL 100
CX electron microscope. Samples of the cervical, thoracic and lumbar spinal cord, cauda
equina, brain, and meninges were fixed in 10% neutral buffered formalin for evaluation by
standard light microscopy with hematoxylin and eosin stain.

Statistics
Means and standard deviations were calculated in standard fashion for each animal. Means
of the means and their standard deviation were then calculated for each treatment group and
compared to normal or untreated MPS I dogs using an unpaired, two-tailed student’s t-test
with p < 0.05 considered significant.

Results
IT rhIDU diffuses widely and penetrates brain tissue

Based on prior work that found an effective treatment dose, we initiated studies of clinical
practical regimens to ascertain if successful reduction in lysosomal storage could be
achieved [19]. A total of fifteen dogs with canine MPS I were given IT rhIDU at monthly or
quarterly intervals for a total of 4 or 3 injections respectively via cisterna magna injections
(Fig. 1). Nine dogs received a1.38 mg (270,000 units) dose of IT rhIDU. Six dogs received
the monthly regimen with a lower ~1/3rd dose (90,000 units) of rhIDU to assess whether
even lower levels of enzyme might also achieve significant iduronidase levels and storage
reduction. Four dogs receiving the low-dose rhIDU were evaluated three months after the
end of therapy, to determine if storage reduction could be sustained over this interval (low-
dose hiatus regimen). All other animals were evaluated 48 hours after the end of therapy and
the brains assessed for rhIDU, biochemical measure of GAG storage and pathology. To
mimic the clinical situation more accurately, these canines were also provided IV enzyme
replacement therapy at 0.58 mg/kg (125,000 units/kg) once weekly as is approved for human
use. The IV enzyme replacement is not expected to result in CNS benefit at this dose based
on prior data [19–21]. These dogs were compared with four MPS I dogs previously
published that received four weekly doses of about 1 mg IT rhIDU and no IV treatment [19].

At the end of the treatment regimen, the brains of the canines were collected, and divided in
half, with one hemisphere for biochemical evaluations and the other hemisphere for
histopathology. When multiple brain specimens from diverse areas in the brain were
analyzed for iduronidase activity, very high levels of rhIDU were achieved with all
treatment regimens in most treated CNS regions (Fig. 2). IT rhIDU distributed widely
throughout brain tissue, penetrating into deeper tissue layers (≥3mm below the surface). At
the 1.38 mg (270,000 units) dose, the monthly regimen resulted in 21-fold normal levels
(248 ± 59.5 units per mg protein, p<0.0001, vs. normal 11.9 ± 1.95, n=5), and the quarterly
regimen gave 20-fold normal levels (234 ± 117, p=0.0036 vs. normal). Similarly, weekly IT
rhIDU provided iduronidase levels in the brain that reached 23-fold normal levels (277 ±
89.1, p= 0.0003 vs. normal) [19]. In the spinal cord, iduronidase levels were 6-fold with
monthly, 5-fold with quarterly, and 13-fold normal with weekly IT rhIDU. Spinal meninges
of treated dogs had rhIDU levels that were 285-fold normal with the monthly regimen, 264-
fold normal with the quarterly regimen, and 300-fold normal on weekly IT rhIDU. A low-
dose (0.48mg, 90,000 units) monthly regimen resulted in significant though lower
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iduronidase levels in all tissues. Brain iduronidase levels were roughly 3-fold normal (41.5 ±
19.2), spinal cord 2-fold, and spinal meninges 62-fold. All dogs on these treatment regimens
had enzyme levels in each tissue type that were well above the few percent of normal
iduronidase activity needed for correction of lysosomal storage.

Initial results showed no detectable iduronidase in the CNS of low-dose hiatus dogs. With a
more sensitive substrate, the assay detected 0.099 ± 0.033, which was 1.20% of the normal
value 8.26 ± 0.746 for that substrate. Since the assay was performed on whole brain tissue, it
is unclear whether this represents enzyme activity within the brain itself or solely within
capillary endothelium.

IT rhIDU reduces GAG storage
The high levels of iduronidase resulted in substantial reduction of GAG levels in the brain
and spinal meninges (Fig. 3). In the brain, weekly, monthly, quarterly, and low-dose
monthly regimens all reduced GAG storage to normal levels. There was no significant
variation in brain GAG levels among regimens. Brain GAG was normalized in all dogs
regardless of age, which is important as older dogs have more brain GAG storage (Fig. 3b).
In the spinal meninges, all three regimens achieved equivalent GAG storage reduction of up
to 70% versus untreated MPS I dogs. Spinal meningeal GAG levels in weekly-treated dogs
were reduced 57% and reached 15.3 ± 5.56 μg/mg dry weight, versus a level in untreated
MPS I dogs of 35.9 ± 3.03 (n=2). The monthly regimen reduced spinal meningeal GAG
levels 65% to 12.4 ± 4.96, the quarterly regimen 66% to 12.2 ± 2.69, and the low-dose
regimen 70% to 10.6 ± 2.09. The reduction in spinal meningeal GAG, though large, did not
quite reach normal levels (4.78 ± 0.818, n=4). In the spinal cord, where untreated storage
levels are generally low (5.04 ± 0.933), there was no significant reduction of GAG storage.
Spinal cord GAG levels with weekly therapy were 3.43 ± 0.718 μg/mg; with monthly, 4.23
± 0.669, with quarterly, 4.62 ± 0.637, and with low-dose 5.03 ± 0.907. Normal spinal cord
GAG was 3.02 ± 0.707 (n=4).

Surprisingly, a three month hiatus following therapy did not lead to GAG reaccumulation.
Low-dose hiatus dogs had normal brain GAG levels, 4.35 ± 0.783 μg/mg (p=0.0017 vs.
untreated). Spinal meninges GAG levels were 9.74 ± 3.40, representing a 73% reduction
from untreated values. Spinal cord levels were also similar to those in treated dogs evaluated
48 hours after therapy (3.98 ± 2.14). Storage levels in the brain and spinal meninges appear
to be equally reduced with weekly, monthly, quarterly, and low-dose IT rhIDU, and a three
month interval does not appear to allow for storage levels to rise.

Intrathecal rhIDU reduces histologic evidence of lysosomal storage
Having shown a biochemical improvement in lysosomal storage, we next evaluated storage
histologically to determine the success of IT rhIDU in individual cell types. All IT-treated
MPS I dogs showed lysosomal storage reduction in at least some cell types in the brain at 48
hours after the final IT dose. Lysosomal storage was reduced in neocortical leptomeninges
and perivascular cells in 14 of the 15 MPS I dogs treated with weekly, monthly, and
quarterly ~ 1 mg (270,000 units), and low-dose monthly 0.46 mg (90,000 units) IT rhIDU
regimens. Neuronal storage was evaluated by electron microscopy (EM) in the treated MPS
I dogs and compared to two untreated MPS I dogs. In neurons and glia where storage is
relatively mild to moderate, a reduction of lysosomal storage was observed in 14 of the 15
treated dogs evaluated (Fig. 4). One dog treated with low-dose monthly rhIDU (Bd)
appeared to have no reduction in neuronal storage, though the dog did have reduction in
other cell types. Though storage reduction in neurons was moderate, the character of the
material changed markedly with treatment. In untreated MPS I dogs, neuronal storage took
the form of granular, flocculent, membranous and zebra body lysosomal storage, while in
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treated dogs, there were aggregates of electron dense complex material with and without
stacks of membranous material. The change in the character of the neuronal storage most
likely represents decreased GAG and secondary ganglioside storage associated with the
membranous and zebra body storage. The residual electron-dense bodies may also be age
related changes.

Light microscopy of the spinal cord and spinal meninges of all treated MPS I dogs showed
reduced lysosomal storage versus untreated MPS I dogs. There remained, however, some
cytoplasmic vacuolation (storage accumulation) in scattered macrophages and
meningothelial cells predominantly in the thoracic to lumbar segments of the spinal column.
There was no apparent difference in morphology of spinal neurons of treated and untreated
dogs at the light microscopic level.

Following a three-month hiatus, storage did not reaccumulate in neurons of 2 of 4 treated
dogs. Two dogs (Cu, El) had reduced neuronal storage three months after the last treatment
that was comparable to IT-treated dogs evaluated at 48 hours. The remaining 2 dogs had
evidence of storage reaccumulation in neurons. We were unable to detect improvement in
the neocortical menigeal cells, perivascular cells, or glia, despite the quantitative reduction
in overall GAG storage measured biochemically in these dogs evaluated three months after
the final IT rhIDU dose.

IT rhIDU results in clinical improvement
We performed neurologic evaluations on affected animals at treatment intervals to determine
whether there may be clinical benefit to rhIDU. Two dogs treated with IT rhIDU (Um and
Ye) had neurologic signs at the beginning of treatment. One symptomatic dog (Um) with
gait disturbances attributed to cord compression was followed with neurologic assessments
before and after four monthly IT treatments. Before treatment, the dog could not bear weight
for more than a few seconds and would not move spontaneously. After treatment, the dog
ran actively, though its gait on occasion was still wobbly (Supplementary Video). This dog
had received prior intravenous enzyme replacement therapy without improvement in these
symptoms, consistent with our prior experience. A second symptomatic dog with weak gait
(Ye) did not improve with IT treatment. This dog was terminated after the third IT treatment
and had severe extruded discs compressing the spinal cord. The remaining animals had no
neurologic signs prior to, during, or following treatment with IT rhIDU.

Safety of rhIDU in MPS I dogs
Though IT rhIDU had been generally well-tolerated by normal dogs, some of the first IT-
treated MPS I dogs experienced temporary side effects [19]. Ten of the nineteen treated
MPS I dogs had hyperventilation and five had twitching during recovery from anesthesia.
Five dogs had seizures in the post-procedure period that responded immediately to
diazepam. In our prior research with normal dogs, two dogs receiving IT rhIDU had suffered
seizures, which had responded to dialyzing the formulation buffer [19]. We attributed these
immediate side effects to the low pH (5.5) of rhIDU. Diluting rhIDU 1/3 by volume in
Elliotts B artificial CSF solution which contains bicarbonate buffer increased its pH to 6.1.
Seventeen dogs, including three dogs that had side effects with undiluted IT rhIDU,
experienced no seizures, hyperventilation, or twitching when treated with the diluted
enzyme. One dog, initially on 1.38 mg (270,000 units) monthly IT rhIDU, died abruptly
following the second IT administration from a large brainstem hematoma caused by a
traumatic tap.
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Reduction in inflammatory infiltrate with less frequent and lower dose IT rhIDU
In our previous research using weekly IT rhIDU, treated dogs had developed a moderate
lymphoplasmocytic meningitis which did not impact them clinically [19]. Using less
frequent and/or low-dose IT rhIDU appears to reduce the meningitis, in those dogs with
evidence of an immune response (Fig. 5). There was absent to mild meningitis in dogs
receiving quarterly IT rhIDU, and no meningitis in five of six dogs receiving low-dose
rhIDU. The remaining low-dose dog (Bd) had a moderate, neutrophilic meningitis, which is
not typical for an immune-mediated meningitis from IT rhIDU. Some dogs were made
tolerant to rhIDU prior to study enrollment, which may limit our ability to assess their
immune response [21]. CSF leukocyte counts at study end were ≤5 cells/μL in 6 dogs, 15–
18 cells/μL in 3 dogs, and 74 cells/μL in one dog receiving monthly, quarterly, and low-dose
IT regimens. There were modest elevations in the peripheral leukocyte count for seven dogs
receiving IT rhIDU (16,900–24,100 cells per μL). There were no other clinically significant
changes in serum chemistries or other cell counts during treatment.

Discussion
Treatment of brain disease via the CSF represents a potential strategy for lysosomal storage
disorders which had not been previously thought to be viable as an effective approach to
treatment, based on studies with growth factors [1,2]. In this study, we successfully treated
brain disease in MPS I dogs using an enzyme that can readily diffuse through tissue and
efficiently enter cells. This was achieved at a dose and frequency that could be translated to
clinical use. All IT-treated MPS I dogs had mean iduronidase levels in the brain, spinal cord,
and spinal meninges that were many-fold above normal. GAG storage in the brain was
normal in all MPS I dogs treated with IT rhIDU. Moreover, GAG levels remained low three
months after the last IT rhIDU dose.

The intrathecal approach to treatment had been thought unlikely to succeed, due to the
difficulty in traversing the ependymal lining of the brain and diffusing into the cells beneath.
The drivers for success with rhIDU were the very high concentration gradient achievable in
the spinal fluid with only a very small dose, the diffusability of the enzyme and its high-
affinity, receptor-mediated uptake into cells. The ependymal layer in MPS I dogs may also
be more permeable than in normal dogs. Higher levels of iduronidase were achieved in the
brain in MPS I versus normal dogs receiving IT rhIDU, though both groups achieved high
levels [19]. Conceptually, a large gradient of an enzyme with an efficient uptake mechanism
at the final destination in the cell were enough to achieve adequate treatment of the brain in
this lysosomal storage model of degenerative brain disease.

Improvement in neurologic symptoms in one affected dog treated with IT enzyme
replacement therapy suggests that the therapy could have clinical benefit in patients. There
is an early report case of a human patient receiving IT rhIDU using our method (R.
Giugliani, et al., abstract, 2005). The patient had some improvements in strength, pain,
ambulation (by twelve-minute walk test), and pulmonary function. There was no evidence of
meningitis or other adverse effects from IT therapy.

In this study, we showed that IT rhIDU can not only diffuse widely throughout the CNS and
treat disease there, but also that it can work effectively with a clinically applicable injection
frequency and dose, even as infrequently as every 3 months. Brain GAG storage, measured
biochemically, did not reaccumulate 3 months after IT rhIDU. A similar observation was
made in MPS VII mice, in which cortical neurons maintained a slight GAG reduction one
year after recombinant human beta-glucuronidase treatment [22]. The apparent slow
reaccumulation of storage in cortical neurons of MPS I dogs receiving IT rhIDU suggests
that, as in MPS VII mice, their enzyme requirement may be low. The very high initial
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iduronidase levels likely provide sufficient residual therapeutic enzyme for the three-month
period, based on an estimated half-life of seven days in brain [18]. IT treatment is already in
clinical use for chronic pain relief and CNS cancer, and it is less invasive and more
clinically practical than other potential therapies using intraparenchymal injections. A low-
dose, monthly or quarterly schedule makes IT treatment more feasible for use in patients as
an outpatient procedure. The ability to treat brain disease via IT enzyme replacement
therapy has important implications for the treatment of other lysosomal storage diseases,
many of which affect the brain primarily or even exclusively.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
IT rhIDU regimens and doses received by the dogs. Dogs ranged in age from 13 to 40
months at the end of the study and consisted of 14 males and 5 females. Gray arrows
indicate IT rhIDU injection. The weekly regimen (n=4) consisted of four ~ 1 mg (270,000
units) doses of IT rhIDU at weekly intervals. The monthly regimen (n=5) consisted of four
1.38 mg (270,000 units) doses of IT rhIDU at monthly intervals. Quarterly regimen (n=4)
consisted of three 1.38 mg (270,000 units) doses IT rhIDU at three month intervals. Dogs
were necropsied 48 hours after the last IT rhIDU injection (black arrows). Dogs receiving
low-dose IT rhIDU received 0.46 mg (90,000 units) per dose at monthly intervals, and were
necropsied 48 hours (n=2) or three months (n=4) after the final IT rhIDU dose (black
arrows). Dogs on monthly, quarterly, and low dose regimens received concomitant weekly
0.58 mg/kg (125,000 units/kg) IV rhIDU. During the three-month hiatus, dogs continued to
receive weekly IV rhIDU until necropsied.
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Fig. 2.
Iduronidase levels in MPS I dogs treated with IT rhIDU. (a) Distribution of iduronidase
activity in treated canine brains. Normal brain iduronidase activity is 11.9 ± 1.95 units/mg
protein. In the brain, core samples in the temporoparietal regions were divided into surface
and deep regions. Deep regions were at least three mm below the brain surface. All but one
region had supranormal iduronidase activity (above 12 units/mg); the level in this region
was 11.7 units/mg. Iduronidase levels are also shown in the spinal cord and spinal meninges.
Spinal meninges sections consist of dura and arachnoid materes assayed together. Sections
were taken from the cervical (C2-3), thoracic (T4-5), and lumbar (L4-5) regions. Normal
spinal cord iduronidase is 11.7 ± 2.38; meninges, 15.4 ± 3.55. Values from 2 to 338 fold-
normal were achieved with treatment. (b) Bar graph illustrating supranormal levels of
iduronidase in total brain, spinal cord, and spinal meninges with monthly, quarterly, and
low-dose IT rhIDU. As expected, lower iduronidase levels are achieved with the lower dose.
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Fig. 3.
Quantitative glycosaminoglycan (GAG) storage in brain, spinal cord, and spinal meninges of
normal dogs, untreated MPS I dogs, and MPS I dogs treated with IT rhIDU. (a) GAG levels
in the brain were normal in all treatment groups. Mean GAG storage in the spinal meninges
was reduced by more than half in all treatment groups versus untreated MPS I dogs. (b)
Brain GAG levels in the IT-treated dogs reached normal levels regardless of age or
treatment regimen.
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Fig. 4.
Pathological evaluation of IT-treated MPS I dogs shows improved GAG storage in
perivascular cells (top panels) and neurons (bottom panels) compared with untreated MPS I
dogs. LM, light microscopy; EM, electron microscopy. Toluidine blue stain of perivascular
cells (centered in each upper panel) shows lysosomal storage (arrowhead) in an untreated
dog that is not apparent in that of the treated dog. The blood vessel lumen is marked with an
asterisk. Electron microscopy (lower panels) shows lipid and GAG storage vesicles (arrows)
in the neuron of an untreated dog that is greatly reduced in a treated dog. Treated dogs did
have some neuronal storage, though it was decreased from untreated levels.
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Fig. 5.
Reduced meningitis with less frequent dosing and immune suppression in dogs treated with
IT rhIDU. (a) A nontolerant dog treated with weekly IT rhIDU developed a moderate
meningitis, as shown by hematoxylin and eosin stain of the spinal meninges. A dog
receiving the quarterly regimen (b) and a dog receiving the low dose regimen (c) developed
a much milder degree of meningitis. Both dogs had received immunosuppressive drugs, and
the low dose dog (c) became tolerant to iduronidase. A dog treated with the low dose
regimen, evaluated after a three month hiatus, also developed minimal meningitis (d). This
dog was not tolerant to iduronidase. Cell differentials and pathological evaluation showed
the meningitis to consist of lymphocytes, plasma cells, and monocytes/macrophages. This
infiltrate was seen in the neocortical and spinal meninges, and was absent in the parenchyma
of the brain and spinal cord.
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