
Comparison of Endovascular and Intraventricular
Gene Therapy With Adeno-Associated
Virus–a-L-Iduronidase for Hurler Disease

BACKGROUND: Hurler disease (mucopolysaccharidosis type I [MPS-I]) is an inherited
metabolic disorder characterized by deficiency of the lysosomal enzyme a-L-idur-
onidase (IDUA). Currently, the only therapies for MPS-I, enzyme replacement and
hematopoietic stem cell transplantation, are generally ineffective for central nervous
system manifestations.
OBJECTIVE: To test whether brain-targeted gene therapy with recombinant adeno-
associated virus (rAAV5)-IDUA vectors in an MPS-I transgenic mouse model would
reverse the pathological hallmarks.
METHODS: Gene therapy approaches were compared using intraventricular or en-
dovascular delivery with a marker (rAAV5-green fluorescent protein) or therapeutic
(rAAV5-IDUA) vector. To improve the efficiency of brain delivery, we tested different
applications of hyperosmolar mannitol to disrupt the blood-brain barrier or ependymal-
brain interface.
RESULTS: Intraventricular delivery of 1 · 1011 viral particles of rAAV5-IDUA with sys-
temic 5 g/kg mannitol co-administration resulted in IDUA expression throughout the
brain, with global enzyme activity .200% of the baseline level in age-matched, wild-
type mice. Endovascular delivery of 1 · 1012 viral particles of rAAV5-IDUA to the carotid
artery with 29.1% mannitol blood-brain barrier disruption resulted in mainly ipsilateral
brain IDUA expression and ipsilateral brain enzyme activity 42% of that in wild-type mice.
Quantitative assays for glycosaminoglycans showed a significant decrease in both
hemispheres after intraventricular delivery and in the ipsilateral hemisphere after en-
dovascular delivery compared with untreated MPS-I mice. Immunohistochemistry for
ganglioside GM3, another disease marker, showed reversal of neuronal inclusions in
areas with IDUA co-expression in both delivery methods.
CONCLUSION: Physiologically relevant biochemical correction is possible with neuro-
surgical or endovascular gene therapy approaches for MPS-I. Intraventricular or endo-
vascular delivery of rAAV5-IDUA was effective in reversing brain pathology, but in the
latter method, effects were limited to the ipsilateral hemisphere.
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H
urler disease or mucopolysaccharidosis
type I (MPS-I) is an autosomal-recessive
lysosomal storage disease caused by a

defect in a-L-iduronidase (IDUA).1,2 It is the
most common of the mucopolysaccharidoses,
with an incidence of 1 per 75 000 live births.3

Deficiency of the IDUA enzyme leads to a
pathological accumulation of glycosaminoglycans
(GAG) in the brain and other organs. Typical
central nervous system (CNS) features are severe
mental retardation, leptomeningeal fibrosis with
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obstructive hydrocephalus, arachnoid cysts, and sensorineural
deafness. Although systemic features of MPS-I can be treated
with enzyme replacement therapy or hematopoietic stem cell
transplantation, there is currently no accepted treatment for the
CNS features. A caveat is that intervention in the neonatal period
with bonemarrow or cord blood transplantation has shown limited
improvement in cognitive performance, likely through cross-
correction by stem cells that migrate to the perivascular space.4,5

However, even in the best-case scenario, the existing treatment
options do not reverse abnormal cognitive development, are
associated with numerous long-term complications, and are
prohibitively expensive for many patients.

The pathological hallmark of MPS-I in the brain is the
accumulation of GAG inside neurons, where they are increased
up to 5-fold, as well as in mesodermally derived tissues of the
perivascular space, leptomeninges, and choroid plexus, where they
are often increased 10-fold and form so-called clear-cell periadventi-
tial inclusions.6 As a result of pathological accumulation of GAG,
there is a secondary perturbation of b-galactosidase (originally
thought to be the main defect in Hurler disease),7 and consequently,
the neuronal inclusions in Hurler disease are made up primarily
of gangliosides (GM2, GM3) which are not usually present in
substantial amounts in normal brain.8,9 Another downstream
enzyme, b-hexosaminidase (defective in Tay-Sachs disease), which
breaks down GM2, is upregulated in MPS-I, and normalization of
this enzyme was used as a secondary outcome measure in canine
gene therapy studies for Hurler disease.10

Our inability to achieve high-level neuronal gene expression
throughout the large volume of the human brain is currently an
impediment to more effective gene therapy for many neurodegen-
erative diseases. The purpose of this study was to test the feasibility
of minimally invasive viral vector-based CNS gene therapy in
Hurler disease and, more specifically, to compare endovascular
with intracerebral ventricular (ICV) delivery. Recombinant adeno-
associated viral vector (rAAV) was chosen because it is nonpatho-
genic and is able to express genes in the CNS at very high levels.11

It exists in more than 10 serotypes, most of which specifically
transduce neurons when injected intraparenchymally, but some are
capable of transducing astrocytes, microglia, ependyma, and other
cells to various degrees. To maximize the unit dose per animal, we
used a transgenic mouse model12 rather than one of the larger
animal models,13,14 with an aggressive endovascular dosing regimen
of 1 trillion genomic particles (g.p.) per mouse. We chose rAAV5
vector, which has an advantage of high-level neuronal expression
and cellular internalization by the platelet-derived growth factor
receptor,15 which also targets ependymal, choroid plexus, and peri-
vascular cells affected in Hurler disease. Another theoretical benefit
of rAAV5 is that neutralizing antibody titers are the lowest among
AAV serotypes.16

Endovascular gene therapy offers widespread access to the brain
but generally requires blood-brain barrier disruption, and until
recently, results in animal models were disappointing. Rapoport
and colleagues17,18 were the first to show reversible osmotic
opening of the blood-brain barrier, and their technique of

hyperosmolar disruption remains in widespread use. This method
was adapted for clinical use in intra-arterial (IA) chemotherapy
for brain tumors19 but has never been used clinically for gene
therapy. Endovascular techniques have been used in rats20-22 or
mice23 to deliver viral vectors to the brain, but gene expression
was significantly less than with intraparenchymal delivery, and
the microsurgical techniques are demanding. As a result, this
approach was abandoned by the majority of gene therapists, even
as microcatheter techniques and vector technology advanced.
ICV gene therapy is appealing because the ependymal and

meningeal surface area is large and may be particularly suited to
Hurler disease, which involves these structures. The original clinical
application of ICV gene therapy in 1996 used a nonviral vector with
Ommaya reservoirs in patients with Canavan disease together with
intravenous mannitol.24 The benefit of mannitol for this route of
delivery is the greater bulk flow through the interstitial space and
increased permeability of the ependyma, rather than effects on the
blood-brain barrier. Systemic mannitol was shown in animal
models to increase spread of vectors with ICV or intraparenchymal
delivery.24-26 However, as a result of perceived limitations of
the ICV route with viral vectors, an intraparenchymal approach
with multiple rAAV2 injections and systemic mannitol was
subsequently adopted for human use.27,28 At this time, the ICV
approach deserves a closer look with new vector technology and
techniques to optimize transependymal flow.
Our study used rAAV5 vectors in adult animals to deliver

foreign genes to the brain via IA or ICV delivery, with mannitol
treatment used in both cases. In the first case, mannitol
is administered directly to arterial vessels to transiently disrupt
the endothelial tight junctions and to allow penetration of vector,
whereas in the latter case, mannitol is used to improve bulk flow
of rAAV5 through ependyma and interstitial space. We initially
tested dose-response and biodistribution using rAAV5–green
fluorescent protein (GFP) and then assessed the tolerability
and efficacy of a very high unit dose (5 · 1013 viral particles
per kg) of the therapeutic vector rAAV5-IDUA.With IA delivery,
blood-brain barrier disruption was performed with 25% or 29.1%
mannitol, and with ICV delivery, we used 25% mannitol injected
systemically or directly into the cerebral ventricle. Our goal with ICV
delivery was not merely to assess the use of mannitol, because this is
already known to increase vector spread,24,29 but rather to compare
the endovascular and ICV delivery routes using the best available
techniques. Using either delivery paradigm, we significantly reversed
brain pathology in animals with a Hurler phenotype.

PATIENTS AND METHODS

Construction of AAV5-IDUA and AAV5-GFP Vectors

The human IDUA sequence30 and plasmid cloning techniques were
previously described.31 The plasmid pTR-MCI contains the human
IDUA expression cassette with CBA promoter and other elements,
flanked by AAV2 ITR sequences. This plasmid was amplified and used
to prepare pseudotyped rAAV2/5 viral vector at the University of Florida
Powell Vector Core. After column purification, genomic titers were
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verified by dot blot. Before use in vivo, the rAAV5-IDUA vector was
used to transduce HEK293 cells that were verified for expression of
IDUA by Western blot. The plasmid pTR-UF11 contains a humanized
GFP gene with CBA promoter flanked by AAV2 ITR sequences and was
similarly used to generate rAAV5-GFP.

MPS-I Mice: Group Allocation and Surgical Procedure

Homozygous MPS-I mice were obtained from a breeding colony at the
University of Minnesota, with founder animals donated by Dr Elizabeth
Neufeld. Animals were handled in accordance with Institutional Animal
Care and Use Committee requirements (protocol 0711A21061). IDUA-
null mice were verified by genotyping from tail clippings, as previously
described.32 Mice were treated at 8 to 11 weeks of age, the minimum
age at which the surgical protocol was feasible. Treatment at this age
permitted emergence of a mild MPS-I phenotype before biochemical
correction. Mice typically become symptomatic along with brain
inclusions at around 4-8 weeks.12 Twenty-one animals were used for
preliminary rAAV5 dosing experiments, and 17 additional animals were
used for gene transfer experiments. Before the procedure, each mouse
was anesthetized with 100 mg/kg ketamine and16 mg/kg xylazine. For
ICV delivery, the animal was secured in a Kopf stereotactic frame, and
the lateral ventricle was targeted with a Hamilton syringe (AP,10.4 mm
from bregma; ML, 10.8 from midline; depth, 2.4 mm) using standard
surgical techniques. For preliminary experiments with rAAV5-GFP,
25.0% mannitol was administered to the ventricle in a 1:1 ratio with
vector (5 mL mannitol; approximately 0.05 g/kg body weight) or
through systemic intraperitoneal injection at 2 mL/100 g body weight
(approximately 5 g/kg body weight), as adapted from previously
published protocol.29 Later experiments with ICV delivery of rAAV5-
IDUA used systemic mannitol delivery only. For IA delivery, the animal
was positioned supine on the stereotactic base in ear bars. The forelimbs
were secured with rubber loops; neck fur was shaved with a clipper; and
skin was prepared in sterile fashion. A 1-cm incision was made off
midline, and subcutaneous tissue was divided to expose the carotid. After
temporary sutures were placed for retraction, the external, common, and
internal carotid arteries were identified under surgical loupes and exposed
by sharp dissection. The common carotid was clamped with a temporary
microaneurysm clip, followed by the internal carotid artery (ICA). The
external carotid artery (ECA) was divided and mobilized downward so
that it was angled toward the carotid bifurcation. A 6-0 nylon suture was
tied in a loop, and the ECA was pulled through it. The ECA was opened,
and a primed PE10 catheter was inserted. The ICA clamp was removed,
and the tubing was advanced and secured. Blood-brain barrier disruption
was performed as described below, followed 60 seconds later by rAAV5
vector injection in a total volume of 100 mL. After another 60 seconds,
the tubing was removed from the ECA, and a new suture was tied in
place. Hemostasis was verified before the clamp was removed from the
common carotid artery. The incision was closed with 6-0 suture.

Blood-Brain Barrier Disruption

Mannitol (Sigma) was premixed in distilled water at 1.37- or 1.60-mol/L
concentration (25.0%or 29.1%wt/vol) and stored at 4�C in a sealed Pyrex
tissue culture bottle with magnetic stir bar. Before use, the bottle was
heated inside a 90�C water bath, with the stir bar used for mechanical
agitation until completely solubilized. The solution was cooled slowly to
,42�C, at which point the designated volume was loaded into a plastic
tuberculin syringe, attached to preprimed tubing containing heparinized
saline, and injected to the ECA. Before injection, the solution was verified

to be without precipitate. The volume of mannitol solution for IA blood-
brain barrier disruption was 14 mL/g body weight (approximately 4 g/kg
body weight) and was infused manually over 30 seconds.

Brain Harvesting

Micewere euthanized 5weeks after gene transfer. For biochemical assays,
animals underwent endocardial perfusion with ice-cold, sterile phosphate-
buffered solution. Brains were removed with rongeurs and a clean spatula,
placed onto an ice-cold cutting surface, and cut sagittally into ipsilateral
(right) and contralateral (left) hemispheres. Samples were immediately
homogenized on ice with a prechilled glass Dounce, and homogenates were
clarified and flash-frozenwith the same lysis/solubilization buffer used for all
assays. In brief, 1000 mL ice-cold sterile phosphate-buffered solution (pH
6.8) was added to a prechilled glass Dounce with a single brain hemisphere
and gently homogenized by hand for 1 minute. Next, 10 mL of 10%
Triton was added (final concentration, 0.1%), and the solution was
homogenized for another 2 minutes, transferred to prechilled 2.0-mL
Eppendorf tubes, kept on ice for 10 minutes, vortexed for 3 seconds, and
finally centrifuged at 12 000g at 4�C. Each hemisphere plus buffer yields
approximately 750 mL, which was split equally into tubes for the
following: Bradford protein assay, IDUA assay, and GAG assay. At this
point, protease inhibitors (2 mg/mL leupeptin and 0.5 mmol/L phenyl-
methanesulfonyl fluoride) were added to tubes for the Bradford protein
assay only because protease inhibitors will adversely affect other assays.
Samples were flash-frozen on dry-ice slurry and stored at280�C until use.

Immunohistochemistry

For immunohistochemical analysis, specimens were live-perfused with
4% paraformaldehyde-buffered phosphate-buffered solution, postfixed
with 4% paraformaldehyde, equilibrated in sucrose gradient to 30%,
flash-frozen on dry ice, and sliced into 30-mm sections on a cryotome.
Specimens were prepared as previously described32 for immunohisto-
chemical single and double labeling with rabbit polyclonal anti-GFP
antibody (Invitrogen), monoclonal mouse anti-human GM3 antibody
(Seikagaku/Associates of Cape Cod, Falmouth, Massachusetts), and
monoclonal goat anti-human IDUA antibody (R&D Systems, Minne-
apolis, Minnesota). Optimal titers for anti-human IDUA antibodies
were determined in vitro using HEK293 cells that were transduced with
the rAAV5-IDUA vector. Hurler human fibroblasts (Coriell Cell
Repository, Camden, New Jersey) were used side by side for negative
controls to assess background. Secondary antibodies were Alexa 488 or
555 (Invitrogen) matched to the respective primary. A Nikon Eclipse
E600 microscope with apochromat 4·, 10·, or 20· objectives and a
SPOT Idea 5.0 megapixel monochrome charge-coupled device attach-
ment was used for image capture, with SPOT Advanced software
package calibrated according to the manufacturer’s recommendations.
Adobe Photoshop was used for image analysis.

Quantitative GAG Assay

Blyscan colorimetric assay for sulfatedGAG(BiocolorLtd,Carrickfergus,
United Kingdom) was used according to the manufacturer’s recommen-
dations but with several modifications. Because residual protein and
nucleic acids may affect the sensitivity of the assay, tissue homogenates
were pretreated with proteinase K (Sigma-Aldrich), which was titrated to
3 times the amount of protein assayed by Bradford assay, at 55�C on
a heating block for 24 hours, followed by boiling for 10 minutes to
inactivate enzymes. Nucleic acids were then removed by adding 250 U
DNAse and 2.5 U RNAse (Sigma-Aldrich) with incubation at room
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temperature for 24 hours followed by boiling for 10 minutes to inactivate
enzymes. All samples were run in triplicate.

Quantitative Enzyme Activity Assay

Activity of IDUA, a glycosyl acid hydrolase, was calculated with respect
to wild type after normalizing to protein content (activity/unit time/mg
protein) with a fluorometric assay32,33 in which enzyme activity is
measured under standard conditions with respect to the conversion of
4-methyl-umbelliferyl-a-L-iduronide to 4-methylumbelliferone. The
assay conditions were validated by use of serial dilutions of purified
recombinant IDUA (R&D Systems) in the 25- to 800-ng range. Enzyme
activity from tissue homogenates was normalized to total protein content
with the Bradford protein assay (Biorad). Samples were read on
a Molecular Devices SpectraMax M5 plate reader at 365-nm excitation
and 450-nm emission. Vials were coded so that the person running the
samples was blinded to the contents.

RESULTS

Blood-Brain Barrier Disruption With 29.1% Mannitol
(1.6 mol/L) Provides Superior Results

We began by determining the appropriate dosing range for
endovascular delivery. To do this, we injected rAAV5-GFP at
different viral titers to examine the brain expression of a reporter
gene. The low-dose (1010 g.p.) and high-dose (1012 g.p.) cases
with 25.0% mannitol blood-brain barrier disruption were
compared in 10 mice. The lower dose gave virtually zero brain
transduction; the higher dose gave scattered neuronal trans-
duction (Figure 1). Biodistribution experiments in additional
animals confirmed that with IA delivery, optimal brain expression
was obtained with at least 1012 g.p. rAAV5-GFP in conjunction
with 29.1% mannitol blood-brain barrier disruption (Figure 2).
Conversely, 25.0% mannitol blood-brain barrier disruption
resulted in very low levels of GFP expression in the brain even
with high-dose 1012 g.p. Consistent with prior literature,
rAAV5-GFP administered endovascularly without blood-brain
barrier disruption or with intraperitoneal delivery of 25.0%
mannitol resulted in undetectable GFP expression. There was no
transduction of ependyma or choroid plexus with IA delivery,
but neurons and astrocytes were transduced in a widely dispersed
distribution in cortex, basal ganglia, thalamus, and brainstem.

rAAV-GFP and Mannitol Injection Into the Cerebral
Ventricles Results in High Levels of Brain Expression

Prior reports demonstrated a benefit of systemic24,25 or intra-
parenchymal26 mannitol administration before direct brain delivery
of AAV vectors. Because direct mannitol administration to the
cerebral ventricles had never been tested, we compared systemic and
ICV administration of 25.0%mannitol using a test dose of 1010 g.p.
rAAV-GFP. Although both methods provided adequate levels of
brain expression, co-injection of mannitol with vector directly into
the ventricle in a 1:1 ratio was qualitatively superior in terms of
vector spread and levels of gene expression (Figure 3). Injections
without any mannitol whatsoever resulted mainly in choroid plexus
expression with negligible brain expression, except along the

FIGURE 1. Endovascular delivery of recombinant adeno-associated virus-green
fluorescent protein (rAAV5-GFP) with 1.4-mol/L mannitol blood-brain barrier
disruption. Initial experiments with low-dose (1 · 1010 genomic particles [g.p.])
vs high-dose (1 · 1012 g.p.) rAAV5-GFP and 1.4-mol/L mannitol gave virtually
no transduction with low-dose treatment but scattered transduction with high-
dose treatment, shown here. Widely scattered neurons are visible in (A) cortex,
(B) basal ganglia, and (C) hippocampus after high-dose rAAV5-GFP and 1.4-
mol/L mannitol blood-brain barrier disruption. Scale bars = 80 mm, 100 mm,
and 50 mm, respectively.
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needle tract. Although direct administration of mannitol to the
ventricle was equivalent or better, in later experiments using ICV
delivery with rAAV5-IDUA, for practical reasons (ie, to avoid the
possibility of mannitol precipitation and blockage of the needle),
we chose to use systemic mannitol pretreatment but with
a 10-fold higher concentration of vector (1011 g.p.).

Qualitative rAAV5-IDUA Gene Expression In Vivo and
Effects on Ganglioside Inclusions

After establishing dosing parameters with rAAV5-GFP, we
proceeded to test the therapeutic vector rAAV5-IDUA, compar-
ing IA and ICV delivery. Using monoclonal antibody for human
IDUA, we observed high-level, widespread immunohistochem-
ical expression of IDUA after ICV delivery of rAAV5-IDUA
(Figure 4) over a 10-mm rostral-caudal distance. Cerebellum
and spinal cord were not primary targets and were not
examined. We compared the relative abundance of ganglioside
GM3 inclusions in areas of high and low IDUA expression and
found that neuronal inclusions decreased in direct proportion to
the amount of IDUA produced. This was particularly evident
with ICV delivery (Figure 4), but direct comparison of ICV and
IA delivery showed that both methods were effective in lowering
inclusions (Figures 5 and 6). However, GM3 brain pathology
with IA delivery was improved only on the ipsilateral side,
suggesting that bilateral carotid injections would be necessary
for clinical application; these results were consistent with our
quantitative assays for enzyme activity and GAG content that
showed increased enzyme activity and decreased GAG only on
the ipsilateral side. We also looked at the peripheral effects of
rAAV5-IDUA treatment and as expected, IA delivery had the
advantage of high expression in affected viscera compared with
ICV delivery where the peripheral organs showed close to zero
IDUA expression (Figure 7). This visceral expression is an
additional potential benefit of IA treatment in MPS-I, which
invariably shows hepatosplenomegaly.

Quantitative Effects of Gene Therapy on IDUA Enzyme
Activity and GAG Levels

After immunohistochemical confirmation that human IDUA
was present in treated IDUA-null homozygotes, together with

FIGURE 2. Endovascular delivery of recombinant adeno-associated
virus-green fluorescent protein (rAAV5-GFP) with 1.6-mol/L
mannitol blood-brain barrier disruption. Subsequent experiments
with high-dose (1 · 1012 g.p.) rAAV5-GFP and 1.6-mol/L
mannitol blood-brain barrier disruption demonstrated superior
transduction compared to 1.4-mol/L mannitol. Mucopolysacchar-
idosis type I mouse cortex 1 month after endovascular delivery to the
right carotid artery (A-C). GFP-positive perivascular astrocytes are
visible, along with surrounding multipolar neurons. With this
delivery method, we targeted mainly cortical and basal ganglia
neurons, plus an almost equal number of astrocytes and occasional
microglia. Scale bars = 50 mm.
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qualitatively less GM3 inclusions, we performed quantitative
analyses of tissue homogenates for enzyme activity, which showed
significantly elevated IDUA activity in animals treated with ICV
delivery,. 200% of the normal wild-type level. Enzyme activity
was present in the ipsilateral hemisphere after IA delivery and at
lower levels in the contralateral side (Figure 8). We found that
GAG was significantly and bilaterally decreased in the animals
treated with ICV injection and ipsilaterally decreased in the IA
case (Figure 9). Together with the decrease in neuronal
inclusions, these data suggest a physiologically relevant effect
on brain pathology with both delivery techniques and show that
a modest level of enzyme activity (# 42% of wild type) is
sufficient to reverse the pathological process.

DISCUSSION

This study provides evidence that IA and ICV delivery
approaches are both feasible for in vivo gene therapy of Hurler
disease. Although gene expression with ICVdelivery was superior to
IA delivery, we found that different cell types and regions were
targeted. In initial experiments using rAAV5-GFP vector with ICV
delivery but without mannitol, the choroid plexus was uniformly
well stained but ependymal cells were significantly less so, and there
were only scattered neurons outside the periventricular area.
Conversely, with ICV delivery with systemic mannitol or direct
infusion of mannitol to the lateral ventricle in a 1:1 ratio, neurons
and astrocytes were also transduced in a widespread distribution

FIGURE 3. Intracerebral ventricular (ICV) delivery of
recombinant adeno-associated virus-green fluorescent pro-
tein (rAAV5-GFP) with mannitol co-administration,
shown here at 1 month post-treatment. A, coronal view
through corpus callosum and lateral ventricles in an animal
treated with ICV delivery of rAAV5-GFP vector (1010

genomic particles [g.p.]) and 25% mannitol administered
systemically. There is bilateral expression of GFP in neurons
and astroglial, with intense choroid plexus staining. Scale
bar = 300 mm. B, ICV delivery of rAAV5-GFP vector
(1010 g.p.) with 25% mannitol co-administered along
with vector directly to the cerebral ventricle in 1:1 ratio,
showing ependymal and subependymal staining, also with
strong neuronal staining and scattered astrocytes around
white matter tracts. Scale bar = 300 mm. C, the same
animal with ICV mannitol is shown through a section of
the third ventricle, with strong GFP signal in the choroid
plexus at the center and in dentate gyrus bilaterally.
Compared with systemic mannitol, ICV mannitol showed
slightly greater spread of vector and more intense neuronal
staining. Scale bar = 180 mm. D, the same animal had
extensive GFP transduction in CA2 and CA3, with robust
bilateral hippocampal expression after a unilateral injection
to the lateral ventricle. Scale bar = 70 mm. E, animals
treated with ICV injection but without mannitol had
expression in the choroid plexus, limited ependymal
staining, and negligible intraparenchymal staining. Scale
bar = 300 mm.
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throughout the cortex, basal ganglia, thalamus, and brainstem.
Because our biodistribution studies with rAAV5-GFP and prior
published work24,29 have indicated that brain expression was very
limited using rAAV5 with ICV delivery but without mannitol,
follow-up experiments with rAAV-IDUA were performed using an
optimized mannitol protocol. Although we cannot rule out the
possibility that some of the biochemical correction after ICV
delivery with rAAV5-IDUA came from transduced choroid plexus
cells, the number of those cells compared with the number
of neurons transduced by this method was quite small, and
parenchymal transduction clearly dominates.
With the high-dose IA delivery paradigm using rAAV5-GFP or

rAAV-IDUA and blood-brain barrier disruption with an opti-
mized 29.1%mannitol protocol, we observed widespread cortical,
hippocampal, and basal ganglia expression in neurons and an
almost equal number of astrocytes and scattered microglia in the
ipsilateral hemisphere but with much lower levels of overall
gene expression. In terms of potential clinical translation, 29.1%
mannitol is currently not approved by the Food and Drug
Administration, although the original data of Rapoport et al18

showed that higher concentrations (including supersaturated
mannitol) are superior for disruption. It should be noted that
clinical blood-brain barrier disruption uses hyperosmolar contrast
dye for catheter angiography, which may also contribute to
blood-brain barrier disruption effects, and lesser quantities of
hyperosmotic solutions would likely be necessary in large animals
or humans for disruption. In any case, we found that mannitol
dosing at approximately 4 g/kg for blood-brain barrier disruption
and 5 g/kg for systemic delivery in mice was not toxic and in
humans would be predicted to be dose limited only by renal
effects. Used in conjunction with ICV vector delivery, direct ICV
delivery of mannitol at a 100-fold lower dose (1:1 by volume with
rAAV vector) was found to have similar effects on vector spread
and should have close to zero systemic effects.
The advent of self-complementary adeno-associated viral vectors

(scAAV) has reinvigorated interest in endovascular gene therapy.34,35

FIGURE 4. Global expression of a-L-iduronidase (IDUA) in the mucopoly-
saccharidosis type I (MPS-I) brain with intracerebral ventricular (ICV) delivery.
Coronal views of the MPS-I mouse brain treated with recombinant adeno-
associated virus (rAAV5)-IDUA (1011 genomic particles) via the ICV route with
systemic 25% mannitol co-administration, demonstrating high-level staining
throughout the cerebrum and subcortical areas. A, representative section from the
anterior cerebrum, with intense staining to human IDUA in diverse areas,
including motor cortex (mc), sensory cortex (sc), granular insular cortex (ic),
piriform cortex (pc), limbic cortex (lc), striatum (str), and nucleus accumbens
(nac). Also shown are the lateral ventricle (LV) and corpus callosum (cc). Scale
bar = 1 mm. B, representative section from posterior cerebrum, with intense
staining to human IDUA in the choroid plexus (CP), dorsal hippocampal
commissure (dhc), retrosplenial granular cortex (rsg), hippocampus (Hip)
including CA1 and CA3, and thalamus (Th). Also shown are corpus callosum
(CC) and third ventricle (3rd). Scale bar = 250 mm. C, immunohistochemical
double labeling was used to look for the ganglioside GM3 and showed virtually zero
inclusions, consistent with very high levels of IDUA.
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The transduction efficiency of scAAV is at least 20 times greater
than single-stranded vectors, and for reasons that are poorly
understood, scAAV has been shown to express transgenes in the
brain even in the absence of standard blood-brain barrier
disruption. Despite superior transduction efficiency, a practical
issue is the limited packaging size of scAAV, half that of single-
strand DNA vectors (2.1-kb maximum transgene size as opposed to
4.2 kb), so some therapeutic genes cannot be packaged. Over
a decade ago, it was shown that a bolus of intravenous mannitol
(2 g/kg) together with scAAV2 vectors in mice resulted in low-level
brain expression of a transgene.36,37 Other serotypes such as
AAV9, AAVrh39, AAVrh43,38-40 and engineered vectors41,42

showed even greater ability to cross the blood-brain barrier, even
without hyperosmolar treatment. Mannitol appears to potentiate
brain gene expression of rAAV vectors, whether single-strand or
self-complementary,43,44 and our data suggest that it is mandatory
for widespread rAAV5 expression in the brain with IA or ICV
delivery. The vector serotype, route of delivery, animal species, and

developmental age also affect the ability of rAAV to cross the
blood-brain barrier and the cell types transduced.
Prior studies with rAAV5 reported variable distributions of

transduced cells, suggesting that gene expression depends in part on
the method of administration. For example, rAAV5 with CBA
promoter injected directly into the hippocampus transduced the
entire hippocampus (including CA1-CA3 and dentate gyrus), and
there was also retrograde transport to the medial septal nucleus,45

but astrocytes were not effectively transduced. In another study,
ICV delivery of rAAV5 (3 · 1010 g.p.) using a marker gene showed
mainly ependymal expression and only a small amount of positive
neurons and astrocytes (, 5%) in the striatum or other areas,
similar to what we observed without mannitol.29 In our study,
using ICV delivery with adjuvant mannitol, we observed high-level
transduction in neurons, ependyma, and choroid plexus. When IA
delivery was used with 29.1% mannitol blood-brain barrier
disruption, expression was found in neurons and astrocytes (ratio
was at least 2:1), and zero expression was found in ependyma or

FIGURE 5. Comparison of intraventricular and endovascular a-L-iduronidase (IDUA) expression in the frontal lobe.
Representative areas of frontal lobe were compared after intracerebral ventricular (ICV) and intra-arterial (IA) delivery of
therapeutic vector in homozygous mucopolysaccharidosis type I animals. A, recombinant adeno-associated virus (rAAV5)-
IDUA at 1011 genomic particles (g.p.) via ICV delivery with systemic 1.4-mol/L mannitol resulted in high-level transduction
primarily in neurons, with (B) concomitant lack of GM3 neuronal inclusions by double labeling. C, rAAV5-IDUA delivered
at 1012 g.p. via IA delivery with 1.6-mol/L mannitol blood-brain barrier disruption showed mixed neuronal and astrocyte
expression in the same region, with (D) equivalent decrease in GM3 in this region, despite a much lower level of cellular
transduction. IDUA-positive cells were found throughout the frontal lobe with both delivery techniques, although the
contralateral endovascular case had far fewer IDUA-positive cells than the ipsilateral endovascular case. Scale bars = 100 mm.
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FIGURE 6. Comparison of intraventricular and endovascular a-L-iduronidase (IDUA) expression in hip-
pocampus. Representative sections through the hippocampus in mucopolysaccharidosis type I (MPS-I) animals
treated with recombinant adeno-associated virus (rAAV5)-IDUA through the intracerebral ventricular (ICV) or
IA route, showing relative transduction efficiency andmonosialodihexosylganglioside (GM3) neuronal inclusions.
A, ICV rAAV5-IDUA with systemic 1.4-mol/L mannitol shows (B) corresponding lack of GM3 inclusions by
double labeling.C, endovascular delivery with 1.6-mol/Lmannitol blood-brain barrier disruption shows IDUA-
positive scattered neurons and (D) weak staining to GM3. The same endovascularly treated animal in the
contralateral hemisphere (E) shows an absence of IDUA-positive cells and corresponding presence of GM3
neuronal inclusions (F), suggesting a lack of treatment effect on the contralateral side. GM3 for wild-type
negative control (G) and age-matchedMPS-I positive control (H) is shown for comparison. Scale bars = 80mm.
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choroid plexus. Other studies in MPS-I mice have used rAAV2 or
rAAV5 with intrathecal46 (but not ICV) or intraparenchymal47

delivery, but they did not quantify cellular distribution, and
enzyme activities were variable. A study in MPS-I dogs using
rAAV5 (4.8 · 1011 g.p.) with intraparenchymal injections reported
phenotypic correction with relatively low enzyme activity in 6 of 7
animals treated. That canine study used only half the dose we
applied to each mouse with IA delivery, which suggests that more
aggressive dosing is possible in large animals or humans.48

There has been excitement about reports of global delivery to
the brain after intravenous delivery of scAAV vectors in mice
without hyperosmolar treatment. At the same time, there was
debate as to why rAAV injections into the facial vein or superior
temporal vein in neonatal animals gave different expression

patterns than injections into the tail vein in adult animals.33 Some
proposed that this discrepancy is the result of an immaturity of
the blood-brain barrier, because astrocyte formation occurs in the
early postnatal period in mice and astrocyte endfeet are not fully
developed until 3 weeks of age. As a result, rAAV vector, which
achieves transcellular or paracellular transport in the neonatal
period, would not be limited by the surrounding cells and could
spread to neurons. Yet, vascular endothelial tight junctions are
fully developed in neonates and the blood-brain barrier is intact,
and it was proposed that certain gene therapy delivery paradigms
may describe “a mechanical reaction when a physiological system
is abused, rather than being a manifestation of a developmental
phenomenon.”49 For example, studies that reported high-level
neuronal transduction in the brain after high-volume intravenous
delivery of scAAV to neonatal mice38,39 did not include controls
to examine the effects on the integrity of the blood-brain barrier.
In our study, although we used a fairly large injectate to the

ventricle, equivalent to a 28-mL injection to the adult human, we
drained off close to that volume before injection and replaced it
with vector/mannitolmixture.On the other hand, neonatalmouse
experiments have commonly injected enormous volumes that
would certainly be injurious if proportional doses were adminis-
tered to humans. This highlights the need for physiologically
relevant animal models, not merely those that obtain the most
impressive results, and data on rAAV expression and cellular
tropism should be put into the context of the delivery paradigm
and possible effects on the blood-brain barrier or other structures.
Large-animal studies have not yet clarified how to achieve global

neuronal transduction with rAAV. In a study by Samaranch et al50

at the University of California, San Francisco, 3 primates were
injected via the carotid artery with scAAV9-GFP (3 · 1013 g.p.)
without blood-brain barrier disruption or mannitol. They found
a low level of scattered expression of GFP in 2 of 3 animals and
none in 1 of 3, which was later found to have a neutralizing
antibody titer to AAV9. This study showed that scAAV9 was able
to enter the brain when very high titers were used, even without
mannitol or mechanical disruption of the blood-brain barrier.
However, expression levels were low in scattered astrocytes and
neurons. Using an intracisternal paradigm, they achieved much
better results, including transduction of many neurons. Gray
et al51 similarly delivered scAAV9 or scAAV2.5 (engineered virus)
at 2 · 1012 g.p. to the cisterna magna and reported transduction
of approximately 2% of total brain cells, including approximately
50% of cells in certain brain structures when the cells were
counted in a semi-quantitative fashion.
In another study with adult mice and primates injected intrave-

nouslywithscAAV9-GFP,Grayetal44 found that primarily astrocytes
were transduced in the brain. In other large-animal studies, Bevan
and coworkers52 injected scAAV9-GFP (1 · 1014 g.p.) into the
saphenous vein in primates in a 10-cm3 volume and found transgene
expression in the lower spinal cord. They looked at the brain in P1
through P90 animals and found significant cortical staining, but the
vast majority of transduced cells were astrocytes or microglia. With
intrathecal injections of scAAV9-GFP (5.2 · 1012 g.p.) in P5 baby

FIGURE 7. Spread of recombinant adeno-associated virus–a-L-iduronidase
(rAAV5- IDUA) to viscera. A, with endovascular delivery, the majority of vector did
not penetrate the blood-brain barrier and was shunted to other organs such as the
liver and spleen. There is strong positive staining to human IDUA around liver
sinusoids. With intraventricular delivery (B), the vast majority of the vector stayed in
the central nervous system. As a result, there was close to zero IDUA-positive staining
in viscera. With either route, there was also minimal uptake of rAAV5 in spleen
(data not shown), except for isolated blood-derived cells. Scale bars = 100 mm.
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pigs, they found transgene expression in “scattered cells near the
meningeal surfaces” and a small amount in cerebellar Purkinje cells
and some brainstem nuclei. The difference between excellent
neuronal expression in mice and relatively poor neuronal
expression in monkeys was attributed by the authors to differences
in gliagenesis, but the most striking difference was actually the
injection paradigm because young mice with facial vein injections
had high-level neuronal transduction whereas older mice with tail
vein injections and primates with peripheral intravenous injections
demonstrated relatively low-level glial transduction. On the basis of
these studies, intravenous scAAV9 transduces mainly astrocytes in
the absence of a blood-brain barrier disruption, but delivery to the
cerebrospinal fluid compartment results in variable amounts of
neuronal transduction.

There are theoretical reasons to target ependyma and choroid
plexus inMPS-I with ICV delivery, but IA treatment is well suited
to treating the unique periadventitial pathology seen in MPS-I.
Given the partial correction in GAG and GM3 that we observed,
despite a relatively low level of IDUA-positive cells, there is
a rationale to examine further the endovascular approach.
Although ipsilateral mean IDUA enzyme in endovascularly treated
animals was only 42% of wild type, the very high expression levels
observed with intraventricular delivery (. 200% wild-type) may
not be necessary for symptomatic improvement. In fact, only

a minority of transduced cells (assuming a broad distribution in
the brain) may be sufficient for phenotypic correction because
of cross-correction by uptake of enzyme by neighboring cells
through mannose-6-phosphate receptors,53 perhaps as little as 5%
to 10%. Hurler-Scheie patients (MPS-IS) have a mild pheno-
type as a result of mild mutations, with IDUA expression, 1%
of normal.54 Although our study was not designed to address
phenotypic correction, other studies have verified that it occurs
after rAAV gene therapy in the same mouse model.55 In addition
to biochemical and immunohistochemical correction, a major
outcome of the study was that blood-brain barrier disruption and
aggressive dosing with 1 trillion viral particles did not cause
adverse effects on the animal’s behavior, confirming the safety
profile of rAAV5.

CONCLUSION

Of 1105 clinical gene therapy protocols submitted for US
regulatory approval since the inception of human gene therapy in
1990, only a handful of in vivo studies have involved neurological

FIGURE 8. Effects of gene therapy on quantitative a-L-iduronidase enzyme
(IDUA) activity. Although expression of human IDUA was evident in immuno-
histochemistry, a quantitative activity assay was used to confirm that IDUA was
biologically active in vivo. The ipsilateral endovascular treatment had a mean
enzyme activity 42% of wild type (WT), and intracerebral ventricular (ICV)
treatment had mean enzyme activity .200% of WT levels. Homozygous (null)
animals had essentially zero enzyme activity. These results correlated with a relative
decrease in monosialodihexosylganglioside and glycosaminoglycans in the same
regions. For specific activity in nanograms per hour per 1 mg protein, divide the
relative activity by 0.0675. Values shown are mean (SEM). HOMO, homozygous
(IDUA null); IA-L, contralateral endovascular; IA-R, ipsilateral endovascular.

FIGURE 9. Effects of gene therapy on quantitative glycosamino-
glycan (GAG) content. Because the hallmark of mucopoly-
saccharidosis type I (MPS-I) is an increase in tissue GAG, we
performed a quantitative assay to determine whether there was
a decrease in GAG content after gene therapy. MPS-I animals that
were treated with recombinant adeno-associated virus–a-L-idur-
onidase (IDUA) via the intraventricular route had GAG levels
indistinguishable from those of wild-type animals, and the same was
true for ipsilateral specimens from endovascularly treated animals.
All conditions tested, except for the contralateral endovascular case,
were significantly different from the MPS-I homozygotes (P, .05).
Samples were normalized to total protein content. Values shown are
mean (SEM). HOMO, homozygous (IDUA null); ICV-L,
intracerebral ventricular contralateral; ICV-R, intracerebral ven-
tricular ipsilateral; IA-L, contralateral endovascular; IA-R, ipsi-
lateral endovascular; WT, wild type.
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disorders, and none have targeted the mucopolysaccharidoses.56

The main reasons for this underrepresentation of neurological
disorders are the technical challenges of gene vector delivery to
the brain and lack of consensus on the effectiveness of different
delivery paradigms. Protocols for human CNS gene therapy with
rAAV vectors to date have used direct intracerebral injections as
a result of the perception of greater cellular transduction, despite
the fact that less invasive methods are available. Recent long-term
results in gene therapy for Canavan disease at up to 10 years post-
treatment showed that multisite intracerebral delivery in humans
with 1 g/kg intravenous mannitol can lead to clinical stabiliza-
tion,28 but neurosurgical delivery was associated with complica-
tions of hemorrhage and infection. Alternative delivery via IA or
ICV and intracisternal methods may be safer and more
efficacious. In terms of clinical translation, mannitol has a long
clinical history of safety and efficacy in various neurosurgical
applications, and we found that it optimizes the cerebral
biodistribution of rAAV5 regardless of the delivery route. Differ-
ences in technical protocols—choice of vector, route of delivery,
volume and rate of injection, and treatment with hyperosmolar
agents—affect the efficiency of gene therapy, and more
biodistribution studies are needed to make conclusions on
which methods are best suited for human use.
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