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ABSTRACT: Hurler syndrome (mucopolysaccharidosis type I
[MPS I]) is a uniformly lethal autosomal recessive storage disease
caused by absence of the enzyme �-L-iduronidase (IDUA), which is
involved in lysosomal degradation of sulfated glycosaminoglycans
(GAGs). Cardiomyopathy and valvar insufficiency occur as GAGs
accumulate in the myocardium, spongiosa of cardiac valves, and
myointima of coronary arteries. Here we report the functional, bio-
chemical, and morphologic cardiac findings in the MPS I mouse. We
compare the cardiac functional and histopathological findings in the
mouse to human MPS I. In MPS I mice, we have noted aortic
insufficiency, increased left ventricular size, and decreased ventricu-
lar function. Aortic and mitral valves are thickened and the aortic root
is dilated. However, murine MPS I is not identical to human MPS I.
Myointimal proliferation of epicardial coronary arteries is unique to
human MPS I, whereas dilation of aortic root appears unique to
murine MPS I. Despite the differences between murine and human
MPS I, the murine model provides reliable in vivo outcome param-
eters, such as thickened and insufficient aortic valves and depressed
cardiac function that can be followed to assess the impact of thera-
peutic interventions in preclinical studies in Hurler syndrome.
(Pediatr Res 59: 27–32, 2006)

MPS I (Hurler syndrome) is a relatively common (1)
lethal lysosomal storage disorder of childhood (2).

Absence of the lysosomal hydrolase IDUA results in the
accumulation of GAGs heparan sulfate and dermatan sulfate
within the CNS, the heart, lungs, liver, bones, and cartilage
(2). Excess GAG in MPS I is manifested by corneal clouding,
progressive mental retardation, hydrocephalus, deafness, and
severe skeletal abnormalities (dysostosis multiplex). Within
the human heart, excess GAG is associated with thickened
cardiac valves (3), progressive narrowing, and occlusion of
the epicardial coronary arteries (4), congestive heart failure,
and death in the first decade of life.

Complete understanding of the phenotypic expression of
human MPS I is complicated by a high degree of genetic
variability (5,6). Murine models of MPS I, created by the
targeted disruption of the gene encoding IDUA in homoge-
neous murine strains have been advanced as a useful small
animal model of this disorder (7,8). Although preliminary
cardiac ultrasound and histopathologic data for this model
have recently been reported (9), given the potential impor-
tance of the murine model in ongoing studies directed toward
metabolic correction of MPS I, a more complete understand-
ing of the murine cardiac pathology in this disorder is war-
ranted.
This report is the first to show correlation of functional

(echocardiography), biochemical (GAG accumulation) and
histopathologic markers of cardiac disease in murine MPS I
and to relate these to cardiac disease in human MPS I.

METHODS

Mice. Adult IDUA gene deletional mutant C57BL/6J mice (MPS I),
generated by homologous gene recombination and backcrossed to C57BL/6
more than 12 generations, were obtained as offspring as previously described
(7) and bred locally. Reverse-transcriptase polymerase chain reaction was
performed on the founders of the C57BL/6J MPS I mouse colony and on
random offspring, all showing the expected genomic profile (7). Control
C57BL/6J mice were obtained from Jackson Laboratory (Bar Harbor, ME).
Mice were housed and handled according to National Institutes of Health and
University of Minnesota animal care guidelines. Experimental procedures
were approved by University of Minnesota Institutional Animal Care and Use
Committee.

GAG content. Myocardium specimens obtained from the heart apex were
homogenized using Minibeadbeater-96� (Biospec Products, Inc., Bartles-
ville, OK). The homogenate was divided in two parts. One part was tested for
GAG content and the other for total protein content. GAGs were extracted by
overnight incubation in 0.9% NaCl and 0.2% Triton X-100 (10) and harvested
by centrifugation at 8000 rpm. GAGs in the supernatant were precipitated
with 1,9-dimethylmethylene blue chloride per the manufacturer’s instructions
(Blyscan Dye Reagent, Accurate Chemical & Scientific Corporation, West-
bury, NY). Precipitate was dissolved in the Blyscan Dissociation Reagent and
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absorbance was measured in triplicate at 650 nm using a Chameleon 425-100
Multi-label Counter (Hidex, Turku, Finland). Absorbance value was ex-
pressed as relative absorbance of chondroitin 4-sulfate standard (Accurate
Chemical & Scientific Corporation). GAG content was normalized to a total
protein concentration for each sample tested per the manufacturer’s instruc-
tions (Dojindo Molecular Technologies, Gaithersburg, MD).

Echocardiography. Due to smaller size, the echocardiographic evaluation
in female mice was difficult. Therefore, only male mice were studied. Animals
were weighed and their chests were shaved just before study. Adult male MPS
I and age- and gender-matched C57BL/6 control mice were lightly anesthe-
tized approximately 15 min before study with 30 �g/g body weight of
intraperitoneal pentobarbital (Abbott Laboratories, North Chicago, IL) dis-
solved in 50 mg/mL solution of sterile phosphate-buffered saline. Sedated
mice were housed in their cage of origin until studied.

Mice underwent cardiac ultrasound in the supine position under small
heating lamps to maintain body temperature. Modified four-chamber, long-
and short-axis views were obtained using 12- and 15.6-MHz probes and a
Sonos 5500 (Philips Medical Systems, Bothell, WA) ultrasound machine. The
following parameters were obtained: heart rate, standard M-mode measure-
ments of left ventricular end-diastolic and end-systolic chamber size, left
ventricular posterior wall thickness in diastole, Doppler interrogation of mitral
and aortic valves. At the completion of study, mice were placed in a heated
recovery bay until righting reflex returned and then were returned to their
cages.

Murine histopathology. Three 10-mo-old control (C57BL/6) and three
10-mo-old MPS I mice were humanely euthanized and the hearts recovered.
Two specimens from each group were cryopreserved in OCT (optimal cutting
temperature) medium at �80°C until sectioning. The third specimen from
each group was stored in formalin before embedding in paraffin blocks for
sectioning. Control and MPS I hearts were positioned in blocks to achieve
orientation of the left ventricle and mitral and aortic valves in a view
comparable to a long-axis view as defined by cardiac ultrasound (11).
Sequential sections from each heart (5 �m) were stained for GAG content
using toluidine blue and Alcian blue, as well as hematoxylin-eosin and elastin
van Gieson (all from Sigma Chemical Co., St. Louis, MO) stains.

Human histopathology. Cardiac specimens from one normal child and
two children aged 5 mo and 3 y, respectively with documented MPS I, were
available for study. Both children with MPS I died suddenly before bone
marrow transplantation (BMT). The 5-mo-old child died during preparative
regimen for BMT and the 3-y-old child died during a procedure under general
anesthesia before conditioning for BMT. Sections from each heart (5 �m)
were stained with hematoxylin-eosin, elastin van Gieson, and toluidine blue
for study.

Data analysis. Differences between measurements of control and MPS I
mice were assessed using Fisher’s exact test, with p � 0.05 considered
significant.

RESULTS

GAG accumulation in murine MPS I myocardium in-
creases with age. To determine the degree of GAG accumu-
lation during the lifetime of the MPS I animals, myocardial
GAG content was measured in mice aged 3, 7, and 10 mo.
The results were compared with GAG accumulation in control
mice. There was a statistical trend (p � 0.08) toward the
accumulation of GAG within the MPS I hearts present by
3 mo of age compared with control mice (0.28 � 0.12 versus
0.08 � 0.06 �g of GAG/mg of total protein, respectively).
Statistically significant differences in GAG content were evi-
dent in MPS I versus control mice at 7 mo of age (0.78 � 0.22
versus 0.07 � 0.02 �g of GAG/mg of total protein; p � 0.03)
and at 10 mo of age (1.59 � 0.35 versus 0.06 � 0.04 �g of
GAG/mg of total protein; p � 0.0015, Fig. 1).
Cardiac valves are thickened and elastin fiber disarray is

present in both murine and human MPS I. Histopathologi-
cally, the aortic valves of both human (Fig. 2A and B) and
mouse (Fig. 2C and D) with MPS I were markedly thickened
and abnormal (Fig. 2B and D) when compared with their
respective normals (Fig. 2A and C). The MPS I aortic valves
demonstrated expansion of the spongiosa and fibrosa layers by

clear cells containing GAG (Fig. 2B and D) and loosely
arrayed collagen. When using an elastin stain, a paucity and
disarray of elastin fibers were identified within both human
and murine MPS I valves (Fig. 3B and D) and clear cells were
easily demonstrable (Fig. 2B and D). Alcian blue staining in
the valve leaflets of the MPS I mouse (Fig. 4A and B)
identified increased GAG content within the valve. Efface-
ment of the sinotubular ridge and dilation of the aortic root
(Fig. 4A and B) was also noted in the MPS I mouse.
The mitral and tricuspid valves (Fig. 5A–D) of the MPS I

humans (Fig. 5B) and MPS I mice (Fig. 5D) appeared thick-

Figure 1. GAG content within myocardium of MPS I mice increases with
age. GAG content in myocardium of MPS I mice (�) is statistically greater
than C57BL/6 Control mice (e) at 7 (*p � 0.03) and 10 (**p � 0.0015) m
of age. Values shown represent average of three or four animals per group,
normalized to total protein.

Figure 2. Thickened aortic valves in MPS I. Hematoxylin-eosin stain from a
normal child (�200; insert, �40) (A), MPS I human, (�200; insert, �40) (B),
control mouse (�200) (C), MPS I mouse (�200) (D). Valve thickening and
cellular deposition of GAG within vacuolated clear (valvular interstitial) cells
are seen in both human (B) and murine (D) MPS I (arrows). Scale bar (�200)
� 100 �m
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ened, though to a lesser degree than aortic valves when
compared with their respective normals (Fig. 5A and C).
Expansion of the valve spongiosa by clear cells (Fig. 5B and
D) and by amorphous collagen accounted for the increase in
valve thickness.
Aortic root dilatation occurs in murine but not human

MPS I. The aortic walls of both human (Fig. 6B) and mouse
(Fig. 6D) with MPS I were markedly thickened by the pres-
ence of GAG containing cells deposited between elastin fibers
when compared with their respective normals (Fig. 6A and C).
A paucity of elastin fibers and disruption of these fibers were
identified in both human and murine MPS I, but not in
normals. Increased aortic diameter and effacement of aortic
sinuses were present in the murine expression of MPS I (Fig.

4A and Fig. 7C), but not in the human MPS I specimens
studied (Fig. 7A).

Myointimal proliferation does not occur in murine MPS I
epicardial coronary arteries. The epicardial coronary arterial
lumens of humans with MPS I (Fig. 8C and D) were dramat-
ically narrowed by the presence of myointimal proliferation
by collagen and clear cells (versus controls (Fig. 8A and B). In
contrast, the epicardial coronary arteries of the MPS I mouse
appeared dilated, myointimal proliferation was noticeably ab-
sent, and the elastin tissue within the arterial walls appeared
fragmented and sparse (Fig. 7B and D).

On light microscopy, there were few differences between
the human and murine hearts with MPS I (data not shown).

Figure 3. Paucity and disarray of elastin fibers in MPS I aortic valves. Elastin
Van Gieson stain from a normal child (�200; insert, �40) (A), a human with
MPS I (�200; insert, �40) (B), control mouse (�200) (C), MPS I mouse
(�200) (D). Note markedly thickened aortic valve leaflets (B and D) of both
human (B, insert) and murine MPS I aortic valves. Multiple areas of intra-
cellular GAG deposition (black arrows) and paucity of elastin with disarray
(white arrows) are present in both human and mouse MPS I aortic valves.
Scale bar �200 � 100 �m.

Figure 4. GAG deposition in MPS I aortic valve. Alcian blue stain fromMPS
I mouse aortic root (�40) (A), MPS I mouse aortic valve (�200) (B), and
control mouse aortic valve (�200) (C). Note markedly dilated aortic root
(white arrow) and intracellular deposition of Alcian blue positive material
(black arrow) within MPS I valve, consistent with increased GAG content.
Scale bars: �40 � 500 �m; �200 � 100 �m.

Figure 5. Thickened atrioventricular valves in MPS I. Elastin van Gieson
stains from normal child’s tricuspid valve (�400; insert, �40) (A), MPS I
human mitral valve (�400; insert, �40) (B), control mouse mitral valve
(�400) (C), and MPS I mouse mitral valve (�400) (D). Note expansion of
atrioventricular valves in both human and mouse MPS I by deposition of
GAG within vacuolated (valvular interstitial) cells (arrows). Scale bar �400
� 50 �m.

Figure 6. Thickened aortic walls in MPS I. Elastin van Gieson stain from a
normal child (�400) (A), human with MPS I (�400) (B), control mouse
(�400) (C), and MPS I mouse (�400) (D). Note relative paucity of elastin
fibers and expansion by GAG deposition within vacuolated (valvular inter-
stitial) cells (white arrows) in both human and murine expressions of MPS I.
Scale bar �400 � 50 �m.
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Myocytes appeared well preserved in the MPS I hearts, and
there was scant evidence of increased GAG deposition. In-
tramyocardial coronary arteries were widely patent in both
human and murine MPS I hearts.
MPS I mice have abnormal cardiac ultrasound findings.

MPS I mice had significantly increased left ventricular end-
diastolic dimension (p � 0.001) and decreased shortening
fraction (p � 0.005) when compared with controls (Table 1).
Aortic insufficiency was present in 10 of 10 MPS I mice and
0 of 10 age-matched controls (p � 0.0001, Fig. 9). No
significant difference was found between MPS I and control
mice in left ventricular posterior wall thickness (p � 0.48,
Table 1).
In mice, pentobarbital can depress heart rate and heart

contractility (12). There was no significant difference in heart
rate between MPS I and control mice (MPS I, n � 9, 517
beats/min versus control, n � 10, 471.6 beats/min; p � 0.57).
To demonstrate that decreased function is not an effect of
sedation, shortening fraction was plotted against heart rate
(Fig. 10). Shortening fraction of the MPS I mice was de-
pressed regardless of heart rate when compared with controls.
There were no significant differences in age or weight

between MPS I and controls (Table 1). MPS I versus control

mice were approximately 8 mo of age at the time of study
(249.9 � 42.3 d versus 240.7 � 28.0 d, p � 0.57). Average
weight of MPS I mice was 33.2 � 2.0 g versus 33.2 � 3.0 g
for controls (p � 0.99).

DISCUSSION

The purpose of this study was to define the cardiac func-
tional and histopathologic similarities and differences between
the human and murine expressions of MPS I. The mouse
model has been used as a surrogate in approaches directed
toward metabolic correction of MPS I using retrovirally trans-
duced bone marrow and gene therapy with direct injection of
lentiviral, retroviral, adeno-associated virus vectors (9,10,13,14).
Detailed functional and morphologic studies of the murine
MPS I heart, however, have not been reported. This informa-
tion is important since correction of MPS I in humans (15) by
BMT has yielded mixed results with respect to the heart
(16–18). Although late death from coronary artery occlusion
has not been reported in humans after BMT, deposition of
GAG appears to progress unabated in human cardiac valves
(18). Identifying and correcting functional and morphologic
abnormalities in the MPS I mouse heart could ultimately have
implications for the application of novel therapies in the
human MPS I disease.
The most obvious histopathologic similarities between mu-

rine and human MPS I hearts are thickening of the cardiac
valves and great vessels from cellular deposition of GAGs and
collagen (Table 2). Other noticeable similarities between the
two models include absence of myointimal proliferation
within the intramyocardial coronary arteries and the benign
histopathologic appearance of the myocardium by light mi-
croscopy, even though murine myocardial GAG content
clearly increases with age (Fig. 1). In spite of these similari-

Figure 7. Aortic root and origin of epicardial coronary artery in mice. Elastin
van Gieson stain from control mouse (�40) (A), control mouse (�200) (B),
MPS I mouse (�40) (C), and MPS I mouse (�200) (D). Note dilation of aorta
and effacement of aortic sinuses in MPS I mouse (C) compared with control
(A) (white arrows). Aortic walls are thickened in MPS I mouse and elastin is
decreased. Epicardial coronary arteries are widely patent in both control (B)
and MPS I (D) mice (arrows). Scale bars: �40 � 500 �m, �200 � 100 �m.

Figure 8. Epicardial coronary arteries in humans. Elastin van Gieson stains
from a normal child (�40) (A) and �200 (B) and a human with MPS I (�40)
(C) and �200 (D). Contrast the pronounced myointimal proliferation (long
arrow) and nearly occluded human MPS I epicardial coronary artery (C) with
widely patent normal epicardial coronary artery (A and B). Deposition of
GAG is present within the myointima of MPS human coronary arterial walls
(short arrows) and elastin fibers appear sparse when compared with the
normal human. Scale bars: �40 � 500 �m, �200 � 100 �m.
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ties, there are physiologic and histopathologic differences
between the two models.
By cardiac ultrasound, aortic insufficiency appears unique

to the murine model (Table 2), while the mitral valve remains
competent. Additional ultrasound evaluation of aortic and
mitral valves by high-resolution ultrasound biomicroscope
(VisualSonics, Toronto, Ontario) has confirmed these results.
By contrast, aortic insufficiency is uncommon in human MPS
I and mitral abnormalities predominate (18–20). Left ventric-
ular end-diastolic dimension is increased in both human (18)
and murine MPS I. Depressed cardiac function is not a
constant feature of human MPS I (18–20) but is reliably
present in our mice.
Histologically, progressive myointimal proliferation within

the epicardial coronary arteries is absent in the MPS I mouse
(Table 2) and invariably present in human MPS I (4). It is
relevant to cardiac pathology studies that the spontaneous
development of coronary atherosclerosis in inbred mice is
unknown (21). It is known that both heparin sulfate and
dermatan sulfate are more prominent within the murine vas-
culature than the human (22,23); thus, the absence of myointi-
mal proliferation within the murine MPS I coronaries is even
more remarkable.
Aortic root dilation and effacement of aortic sinuses seen

here in MPS I mice, have not been reported in MPS I humans
(Table 2). This histopathologic picture is similar to that seen
in human Marfan syndrome (24). The transgenic mouse model
of Marfan syndrome homozygous for mutant fibrillin-1 (25)
develops a similar aneurysmal dilation of the proximal aorta
but, in contrast to the MPS I mouse, succumbs at an early age.
Histologically, the aortic wall is thinned in the fibrillin-1
mutant, not thickened by GAG containing cells, as is seen in
the MPS I mouse.
Accumulation of the GAG dermatan sulfate inhibits elastin

fiber assembly in human MPS I hearts (26). This inhibition of
elastin assembly results in a paucity of elastin fibers and

regurgitant cardiac valves, but dilation of the aortic root in
humans has not been reported. In the MPS I mouse heart,
paucity of elastin appears most pronounced in the aortic walls
(Fig. 6D). Dilation of the aortic root and effacement of the
aortic sinuses is seen both by ultrasound as well as by histo-
pathology and may be responsible in part for regurgitation of
the aortic valve in MPS I mice.
Species differences in IDUA gene mutation may explain

some of the histopathologic differences seen in humans and
mice with MPS I. The two murine MPS I models described to
date (7,8) are similar to each other, as they have been gener-
ated in the same murine strain (C57BL/6) by insertion of
neomycin resistance gene in the same exon of the IDUA gene
(exon 6). The genetic diversity of human MPS I, however, far
exceeds that of the mouse model, since more than 50 patho-
logic mutations of the IDUA gene have been characterized
from patients with MPS I (5,6), and it is well recognized that
the genotype-phenotype correlation is far from complete (5).
The cardiac ultrasound markers that we describe in the MPS

I mouse, while not identical to those of the human disease, are
critical in assessing the response of cardiac pathology in MPS
I to therapeutic interventions, such as stem cell transplanta-
tion, enzyme replacement, or gene therapy. Alleviation of
aortic valve regurgitation in this model would demonstrate
normalization of tissue sites in the heart currently inaccessible
to the beneficial effects of BMT (18). It is possible and
consistent with our findings that MPS I mice develop valvar
disease at younger age (relative to human MPS I patients). The

Figure 9. Aortic insufficiency develops in MPS I mice. Doppler signal from
aortic valve of a control mouse (A) and MPS I mouse (B). Downward flow
velocity signals (arrows) from both control and MPS I mice represent
antegrade aortic flow. Regurgitant flow across the aortic valve is identified
(asterisk) in MPS I mice only.

Table 1. Echocardiographic findings of control and MPS I mice

Age (d) Weight (g) LVPW (cm) LVEDD (cm) LV mass (g) SF Aortic insufficiency

MPS I (n � 10) 249.9 � 42.3 33.2 � 2.0 0.10 � 0.01 0.53 � 0.15 0.83 � 0.13 0.29 � 0.11 10/10
Control (n � 10) 240.7 � 28.0 33.2 � 3.0 0.11 � 0.01 0.35 � 0.04 0.71 � 0.01 0.44 � 0.10 0/10
p value 0.57 0.99 0.48 0.001 0.009 0.005 0.0001

LVPW, left ventricular posterior wall; LVEDD, left ventricular end-diastolic dimension; LV mass, left ventricular mass; SF, shortening fraction.

Figure 10. Myocardial function is lower for MPS I mice at all heart rates.
There was no significant difference in heart rate between MPS I and control
mice (MPS I, n � 9; 517 beats/min vs control, n � 10; 471.6 beats/min; p �
0.57). When compared with control mice (Œ; dashed line) depression of
myocardial function at comparable heart rates is seen in MPS I (�; solid
line).
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mouse model, therefore, may represent a more aggressive
form of MPS I, which makes it more beneficial for preclinical
assessment of stem cell– or enzyme or gene transfer–mediated
therapeutic interventions.
In summary, the MPS I mouse model is not identical to

human MPS I but displays reliable in vivo markers, namely,
thickened and insufficient aortic valves, aortic dilation, de-
pressed cardiac function, and left ventricular enlargement. As
a functional correlate of GAG accumulation seen in both
human and murine MPS I, these in vivo parameters can be
followed by cardiac ultrasound to assess response in preclin-
ical models of therapeutic intervention for cardiac disease in
Hurler syndrome.
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Table 2. Comparison of human and murine cardiac findings

Parameter Human (ref.) Murine (ref.)

Echocardiography
Left ventricular size Increased (18,20) Increased (present study)
Left ventricular contractility Normal (18); normal or decreased (19,20) Decreased (present study)
Aortic insufficiency Uncommon (18–20) Common (9, present study)
Mitral insufficiency Common (18–20) Absent (9, present study)

Histopathology
Valves: GAG deposition Common (3) Common (9, present study)
Valves: decreased elastin Common (26) Common (9, present study)
Aortic root dilation Unreported Common (9, present study)
Aortic root: GAG deposition Common (3) Common (9, present study)
Aortic root: decreased elastin Unreported Common (9, present study)
Epicardial coronary arteries Myointimal proliferation (4) Normal (present study)
Intramyocardial coronary arteries Normal (4) Normal (present study)
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