
Diffusion tensor imaging and myelin composition analysis reveal
abnormal myelination in corpus callosum of canine
mucopolysaccharidosis I

James M. Provenzale a,b, Igor Nestrasil c, Steven Chen a, Shih-hsin Kan d, Steven Q. Le d, Jacqueline K. Jens e,
Elizabeth M. Snella e, Kristen N. Vondrak d, Jennifer K. Yee d, Charles H. Vite f, David Elashoff g, Lewei Duan g,
Raymond Y. Wang h, N. Matthew Ellinwood e, Miguel A. Guzman i, Elsa G. Shapiro c, Patricia I. Dickson d,⁎
a Duke University, Department of Radiology, Durham, NC, USA
b Emory University, Department of Radiology, Oncology & Biomedical Engineering, Atlanta, GA, USA
c University of Minnesota, Department of Pediatrics, Minneapolis, MN, USA
d Los Angeles Biomedical Research Institute at Harbor—UCLA Medical Center, Department of Pediatrics, Torrance, CA, USA
e Iowa State University, Department of Animal Science, Ames, IA, USA
f University of Pennsylvania School of Veterinary Medicine, Department of Clinical Studies, Philadelphia, PA, USA
g University of California, Los Angeles, Departments of Medicine and Biostatistics, Los Angeles, CA, USA
h Children's Hospital Orange County, Orange, CA, USA
i Saint Louis University School of Medicine, Department of Pathology, Saint Louis, MO, USA

a b s t r a c ta r t i c l e i n f o

Article history:
Received 20 April 2015
Received in revised form 14 July 2015
Accepted 21 July 2015
Available online 26 July 2015

Keywords:
Diffusion tensor imaging
Neuroimaging
Hurler
Scheie
Enzyme replacement therapy
Lysosomal storage disease
Anisotropy
Brain

Children with mucopolysaccharidosis I (MPS I) develop hyperintense white matter foci on T2-weighted brain
magnetic resonance (MR) imaging that are associated clinically with cognitive impairment.We report here a dif-
fusion tensor imaging (DTI) and tissue evaluation of whitematter in a canine model ofMPS I.We found that two
DTI parameters, fractional anisotropy (ameasure of white matter integrity) and radial diffusivity (which reflects
degree of myelination) were abnormal in the corpus callosum of MPS I dogs compared to carrier controls. Tissue
studies of the corpus callosum showed reduced expression of myelin-related genes and an abnormal composi-
tion of myelin inMPS I dogs. We treatedMPS I dogswith recombinant alpha-L-iduronidase, which is the enzyme
that is deficient inMPS I disease. The recombinant alpha-L-iduronidasewas administered by intrathecal injection
into the cisterna magna. Treated dogs showed partial correction of corpus callosum myelination. Our findings
suggest that abnormal myelination occurs in the canine MPS I brain, that it may underlie clinically-relevant
brain imaging findings in human MPS I patients, and that it may respond to treatment.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

MPS I (a.k.a. “Hurler syndrome”) is an inherited disease that causes
progressive loss of cognitive function and substantial physical disease
in children. In MPS I, glycosaminoglycans accumulate intracellularly,
due to the deficiency of the lysosomal enzyme alpha-L-iduronidase.
However, glycosaminoglycans are not directly toxic, and the cause of
neurological deterioration in children with MPS I is not presently
clear. Brain histological findings in MPS I patients have shown neuronal
cell loss, gliosis, swelling of cell bodies and dendrites, prominent
perivascular (i.e., Virchow–Robin) spaces, leptomeningeal thickening,
and gross atrophy (Naidoo, 1953). In addition, brain MR imaging find-
ings show hydrocephalus, cribriform changes, and hyperintense lesions

of white matter (Seto et al., 2001). Some investigators have speculated
that the hyperintense lesions of white matter are caused by abnormal
myelination (Gabrielli et al., 2004). In this study, we performed a con-
trolled, preclinical study of MPS I and carrier control dogs to determine
whetherwhitematter abnormalities described in humanMPS I could be
detected inMPS I dogs. Canine studies are essential because humans af-
fected with severe MPS I disease typically receive bone marrow trans-
plantation and immune suppression therapy, which could confound
observational imaging studies and studies of novel therapies.

In previous studies, we used a naturally-occurring canine model of
MPS type I to study the neurological disease due to MPS I and its poten-
tial treatment (Dierenfeld et al., 2010; Shull et al., 1982; Vite et al.,
2013). In one study, we used MR imaging to assess anatomic and struc-
tural features of the brains of three canine populations: nine adultMPS I
dogs, four age-matched, unaffected carrier dogs and four MPS I dogs
that had been treated beginning at four months of age with intrathecal

Experimental Neurology 273 (2015) 1–10

⁎ Corresponding author at: 1124 W. Carson St, HH1, Torrance, CA 90502 USA.
E-mail address: pdickson@ucla.edu (P.I. Dickson).

http://dx.doi.org/10.1016/j.expneurol.2015.07.021
0014-4886/© 2015 Elsevier Inc. All rights reserved.

Contents lists available at ScienceDirect

Experimental Neurology

j ourna l homepage: www.e lsev ie r .com/ locate /yexnr

http://crossmark.crossref.org/dialog/?doi=10.1016/j.expneurol.2015.07.021&domain=pdf
http://dx.doi.org/10.1016/j.expneurol.2015.07.021
mailto:pdickson@ucla.edu
http://dx.doi.org/10.1016/j.expneurol.2015.07.021
http://www.sciencedirect.com/science/journal/00144886
www.elsevier.com/locate/yexnr


recombinant human alpha-L-iduronidase at threemonth intervals (Vite
et al., 2013). The study showed that the canine MPS I brain shares
many anatomic features with human MPS I disease including
ventriculomegaly, brain cortical atrophy, and volume loss in the corpus
callosum that was prevented by treatment (Vite et al., 2013). The neu-
roimaging findings of volume loss in the corpus callosum (a major
white matter structure) and hyperintense regions within the white
matter suggested the possibility of whitematter involvement, including
demyelination.With this in mind, we set out to study brain microstruc-
ture in MPS I dogs using MR techniques that would reflect myelination
changes on the microscopic level and correlate those findings with the
composition of myelin and expression of myelin-related genes.

DTI is a MR technique that provides information about the micro-
structure of white matter through measurement of the microscopic,
three-dimensional motion of water. DTI studies of the brain in MPS I
children have shown reduced fractional anisotropy (FA) in the corpus
callosum, a finding that has been correlated with reduced attention
and suggests that abnormalities within white matter may underlie
some aspects of the loss of function in MPS I patients (Shapiro et al.,
2012). Another pertinent DTI metric is radial diffusivity, which has
been shown to correlate with the absence of myelination (Song et al.,
2002).

In thepresent study,we set out to correlate DTIfindings and features
of demyelination of the same dogs that were examined in our previous
study. Our first hypothesiswas that both FAvalues and RD valueswould
be altered in the white matter of untreated MPS I dogs. Our second hy-
pothesis was that these findings would correlate with degree of
myelination (as measured by levels of myelin basic protein (MBP) as
well as altered myelin composition and diminished expression of
myelin-related genes). Our third hypothesis was that treatment with
intrathecal recombinant human alpha-L-iduronidase would ameliorate
both the altered DTI metrics and the pre-existent defects in myelin
composition and gene expression. Finding of a correlation between
DTI parameters and a quantitative measurement of degree of
myelination is very important if DTI is to be useful as a means to mea-
sure therapeutic response in demyelinating diseases. As a representa-
tive white matter structure, we chose the corpus callosum, a highly
anisotropic structure that is easily identified in the canine brain.

2. Materials and methods

2.1. Study design

2.1.1. Research objectives
We performed a controlled, preclinical study of MPS I and carrier

control dogs to determine whether white matter abnormalities de-
scribed in humanMPS I could be detected in MPS I dogs. Canine studies
were essential, because patients affected with severe MPS I disease typ-
ically receive bone marrow transplantation and immune suppression
which could confound observational imaging studies in human subjects.
Following our initial determination of reduced fractional anisotropy in
the corpus callosum of affected dogs vs. controls, we performed further
data and tissue analyses to determinewhether the changes reflected ab-
normal myelination. We also studied treated MPS I dogs to determine
whether the imaging and compositional abnormalities that we discov-
ered would respond to therapeutic intervention.

2.1.2. Research subjects
Dogs were bred from the original Plott hound colony (Shull et al.,

1982). Study subjects were maintained in accordance with US Depart-
ment of Agriculture and NIH guidelines for the care of dogs. All study
procedures were reviewed and approved by institutional animal care
and use committees. Dogs were bred and maintained as described
(Vite et al., 2013).We used amix of heterozygous and homozygous nor-
mal control dogs from this kindred. Heterozygous dogs are carriers only
and have never been documented to have manifestations of MPS I

disease at any time. The dogs in this study were previously described
with respect to their brain magnetic resonance imaging findings (Vite
et al., 2013).

2.1.3. Experimental design
Treated dogs (both genders) received recombinant human alpha-L-

iduronidase (formulated as laronidase, BioMarin Pharmaceutical, Nova-
to, CA). For intrathecal treatment, 0.05 mg/kg body weight (up to
1 mg) recombinant human alpha-L-iduronidase was diluted in 1:2 (v/
v) Elliotts B artificial spinal fluid (DRAXIS Pharma, Kirkland, Quebec,
Canada) and administered into the cisternamagna at threemonth inter-
vals as previously described (Vite et al., 2013). Four of the nine untreated
MPS I dogs (I-371, I-388, I-392 and I-393) received intra-articular treat-
ment with 1 mg recombinant human alpha-L-iduronidase to the right
stifle (knee) and elbow joints once monthly for six months in a separate
study (Wang et al., 2014). Intra-articular treatmentwould not be expect-
ed to affect MPS disease in the brain. Dogs received 2.2mg/kg diphenhy-
dramine prior to intrathecal recombinant human alpha-L-iduronidase
administration to prevent infusion reactions.

2.1.4. Sample size
We used heterozygous normal control dogs from this kindred for

this study. Heterozygous dogs are carriers only and are not expected,
and have never been documented in the over 30 years that the model
has existed atfive different sites, to havemanifestations ofMPS I disease
at any time. Animals of this kindred are preferred controls relative to
other wild-type dogs from outside of the colony (which could have
other genetic variations). Sample size was determined mainly by avail-
ability of animals. However, we estimated that there is a 25% reduction
in fractional anisotropy of the corpus callosum in humanMPS I patients
compared to controls. Power analysis suggests that four animals per
groupwould yield N97% power to detect a 25% change with an estimat-
ed SD of 10%.

2.1.5. Data inclusion and outliers
No animals were lost during the study, and data from all animals

were included. No data were treated as outliers. Two neuroimaging
studies with high levels of artifact (such as motion artifact) were iden-
tified, not analyzed, and excluded from the data set. Since with one ex-
ception at least two and in some cases three scans were performed for
each animal, we were able to include imaging studies for each dog in
the results. More information about excluded imaging studies can be
found below under “DTI.”

Table 1
Canine subjects used in the study. The “X”marks studies inwhich a particular dog was in-
cluded. MPS: mucopolysaccharidosis; MTr: MPS I dogs treated with intrathecal recombi-
nant human alpha-L-iduronidase; DTI: diffusion tensor imaging; RT-PCR: reverse
transcriptase-polymerase chain reaction. Dogs that received intra-articular alpha-L-
iduronidase are marked with an *.

Subject Group DTI RT-PCR Myelin composition Age at necropsy

I-319 CTL X X X 19 m
I-318 CTL X X X 19 m
B-301 CTL X X X 30 m
I-262 CTL X X X 29 m
I-371* MPS X X 20 m
I-388* MPS X X 17 m
I-392* MPS X X 17 m
I-393* MPS X X 17 m
I-399 MPS X 21 m
I-272 MPS X X X 25 m
I-266 MPS X X X 25 m
I-267 MPS X X X 26 m
I-265 MPS X X X 26 m
I-394 MTr X X X 21 m
I-400 MTr X X X 21 m
I-402 MTr X X X 21 m
I-413 MTr X X X 21 m
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