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Abstract 

Mucopolysaccharidosis type I-Hurler disease (MPS-I-H) is caused by the deficiency of α-L-

iduronidase, which leads to the accumulation of dermatan sulfate and heparin sulfate in several 

tissues. The disease results in progressive deterioration of many organs including the 

cardiovascular system, central nervous system, and musculoskeletal system. Though currently 

there is no cure, either hematopoietic cell transplantation (HCT) or enzyme replacement therapy 

(ERT) have been found to improve some of the maladies of MPS-I-H. However, the impact of 

combining of HCT and ERT treatments on musculoskeletal functions is not known. Purpose: To 

determine the effect of HCT and ERT on physical activity in MPS-I-H mice. Methods: Adult 

male and female IDUA gene knockout (MPS-I-H) and wild type C57BL/6 mice were given HCT 

at 4-5 weeks after birth and subgroups received vehicle, low dose ERT, or high dose ERT via 

weekly I.V. injection through 11 months of age (5 groups total, n=6-13/group). After 8 months 

of treatment, mice were individually placed in open field activity monitoring chambers for 24 

hours. Measurements of jump counts, jump time, ambulatory distance, ambulatory time, vertical 

counts, stereotypic counts, stereotypic time, active time, and resting time were obtained and 

analyzed. Results: Analysis of the results showed statistically significant differences in the mean 

values among the treatment groups for active time (p=0.011), ambulatory time (p=0.006), 

ambulatory distance (p=0.016), vertical counts (p=<0.001), stereotypic counts (p=0.021), 

stereotypic time (p=0.019), and resting time (p=0.011). There were no significant differences 

among the treatment groups for jump counts and jump time. The HCT + high dose ERT group 

was the closest to the wild type group in these physical activity measurements. Conclusion: The 

combination of HCT and ERT improved the ability of MPS 1-H mice to be physically active. 

These results suggest that continued enzyme therapy after HCT would potentially be beneficial 
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for Hurler patients in maintaining musculoskeletal health and function and ultimately improving 

their quality of life. 

 

Introduction 

 Mucopolysaccharidoses (MPS) are a series of genetic lysosomal enzyme disorders that 

present as one of several types based on the specific enzyme involved. The deficiency of one of 

these enzymes results in the accumulation of glycosaminoglycans (GAGs) in the lysosomes of 

cells throughout the body (Dierenfeld et al., 2010). The buildup of GAGs leads to impaired 

function of various body systems, including the cardiovascular, neurological, and 

musculoskeletal systems. All MPS patients generally present with short stature, coarse facial 

features, hepatomegaly, splenomegaly, and progressive joint stiffness (Taylor, 2013). 

Mucopolysaccharidosis type I (MPS-I) occurs as the result of the deficiency of α-L-iduronidase 

(IDUA) enzyme activity and presents as one of three forms: Hurler syndrome, Hurler-Scheie 

syndrome, or Scheie syndrome (Giugliani et al., 2010). The most severe form, Hurler syndrome, 

causes several musculoskeletal symptoms among other complications (Morishita & Petty, 2011). 

The effects of the disease on musculoskeletal function reduce physical activity levels in MPS 

patients. 

 Treatment options for MPS patients are limited. Bone marrow transplants (BMT) have 

been available since 1981 (Weisstein et al., 2004). While BMT has been shown to increase life 

expectancy and improve many of the multisystem symptoms, the treatment does not substantially 

improve musculoskeletal symptoms compared to untreated individuals (Weisstein et al., 2004). 

Enzyme replacement therapy (ERT) has been another treatment option for MPS-I patients since 

2003 (Giugliani et al., 2010). This treatment has been recommended for patients with particular 
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clinical presentations of the disease, including individuals with osteoarticular disorders that 

reduce locomotive functioning (Giugliani et al., 2010). However, the combination of BMT and 

ERT has not been studied. 

 The purpose of this project was to compare the effects of individual treatment and 

combined treatment on the ability of MPS-I-H mice to be physically active. It was hypothesized 

that the combination of HCT and ERT would yield the most significant increase in physical 

activity measurements. The following section presents a review of the literature regarding the 

diagnosis of MPS, characteristic signs and symptoms of the disease, physical activity measures 

and tests, and current treatment options. The literature review is followed by the methodology, 

results, discussion, and conclusion of this study. 

 

Literature Review 

 The microbiological presentation of MPS is characterized by the inability of lysosomal 

enzymes to break down GAGs and the resulting accumulation of GAGs throughout the body. The 

GAG buildup in various cells causes cellular swelling, damage, and signaling complications 

(Clarke et al., 2012). The accumulation of GAGs in MPS-I-H patients leads to the presentation of 

the disease within the first year of life (Clarke et al., 2012). Musculoskeletal abnormalities begin 

to develop by the age of 6 months (Weisstein et al., 2004). Physical growth starts to slow around 

age 2 to 3, eventually resulting in the typical shortened stature (Weisstein et al., 2004). There is 

evidence that maximal functional abilities peak by 4 years of age, followed by gradual 

neurodegeneration and eventual death before 10 years of age (Dusing et al., 2006; Ou et al., 2013). 

Death is typically the result of damage to the brain or cardiopulmonary system (Weisstein et al., 

2004). 
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 Musculoskeletal characteristics of the disease are evident throughout the body. GAGs enter 

ligaments, tendons, and joint capsules, which lead to visible manifestations of MPS (Weisstein et 

al., 2004). Children with MPS exhibit phalangeal contractures that appear as a claw hand deformity 

(Morishita & Petty, 2011). Trigger fingers are also common as a result of GAG buildup in the 

tissues within finger joints (Morishita & Petty, 2011). Phalangeal contractures and trigger fingers 

reduce manual dexterity (Pastores, 2008). Other joints throughout the body display severe laxity 

(Dierenfeld et al., 2010). A common abnormality in the hip joints is acetabular dysplasia, or hip 

dysplasia, which impedes walking abilities (Morishita & Petty, 2011). There is a high risk of MPS 

patients developing odontoid hypoplasia, which compresses the spinal cord (Morishita & Petty, 

2011). All of the musculoskeletal abnormalities that are visible with radiography are collectively 

called dysostosis multiplex, which includes acetabular dysplasia, odontoid hypoplasia, a large 

skull, and bullet-shaped fingers (Morishita & Petty, 2011). While GAG accumulation is believed 

to be a primary cause of the various musculoskeletal abnormalities, it is also possible that these 

issues are exacerbated by improper biomechanics that stem from the fundamental skeletal 

impairments (Morishita & Petty, 2011). 

 Diagnosis of MPS is difficult because of the multisystem involvement in the disease 

presentation. The musculoskeletal symptoms are often the first signs of the disease that prompt 

parents to seek medical attention for their child (Morishita & Petty, 2011). These symptoms can 

be misdiagnosed as inflammatory joint diseases like arthritis, which delays proper medical 

intervention and treatment (Morishita & Petty, 2011). In a case report by Morishita and Petty 

(2011), a 4-year-old and his mother noticed finger contractures and restricted upper extremity 

movement. It was not until an ophthalmologist referred the child to a geneticist for corneal 

clouding one year later that elevated GAG levels were detected and a diagnosis was made 



Running head: PHYSICAL ACTIVITIES IN MPS-I-H MICE 7 
 

(Morishita & Petty, 2011). Diagnoses are more commonly made between 9-10 months of age, 

which is on average 3 months after the initial detection of symptoms (Dierenfeld et al., 2010).  

 A variety of tests are required to confirm the diagnosis of MPS. The first laboratory test 

that is performed is a urinary test to measure the GAG concentration (Giugliani et al., 2010). Tests 

like chromatography or electrophoresis are performed to identify the specific type of GAG, which 

is both dermatan sulfate and heparin sulfate in MPS-I (Giugliani et al., 2010; Baldo et al., 2013). 

The diagnosis is definitively confirmed with an enzyme assay that determines deficiency of the 

enzyme α-L-iduronidase (IDUA) which classifies MPS-I (Giugliani et al., 2010; Ou et al., 2013). 

Treatment recommendations are made once a diagnosis is genetically confirmed (Giugliani et al., 

2010). 

 The MPS treatment options used to be limited to palliative care that only addressed the 

management of symptoms rather than the underlying mechanisms of disease (Giugliani et al., 

2010). In 1981, bone marrow transplantation (BMT) became a viable treatment option for MPS-I-

H patients (Weisstein et al., 2004). This treatment is performed as hematopoietic cell 

transplantation (HCT) and requires a highly compatible donor in order to provide a sufficient 

amount of the deficient enzyme, IDUA (Giugliani et al., 2010; Pastores, 2008). It is only available 

to patients with Hurler syndrome because the procedure carries too many risks for patients with 

less severe variations of the disease (Pastores, 2008). HCT can increase a patient’s life expectancy 

and slow the progression of neurological and intellectual deficits (Weisstein et al., 2004; Giugliani 

et al., 2010). The most significant benefits are observed in patients who receive the treatment prior 

to the age of 2 (Pastores, 2008).  

 HCT does not improve the musculoskeletal complications of MPS-I-H. There is little to no 

change in the progression of musculoskeletal symptoms compared to patients without HCT 
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(Weisstein et al., 2004). Surgery is still frequently required to manage skeletal abnormalities like 

hip dysplasia (Pastores, 2008; Weisstein et al., 2004). Vellodi and colleagues (1997) found that 

patients who received HCT maintained mobility until 6 years of age, but mobility still decreased 

as the disease ultimately progressed. Weisstein et al. (2004) performed a retrospective review of 

MPS-I-H patients that received HCT before the age of 3. The only positive musculoskeletal effect 

was an improvement in upper body mobility (Weisstein et al., 2004).  

 Enzyme replacement therapy (ERT) is another treatment option that intravenously replaces 

IDUA in MPS-I-H patients (Giugliani et al., 2010). ERT is the most common form of treatment 

used for MPS-I (Baldo et al., 2013). The conventional dose of ERT reduces GAG levels in the 

lysosomes of liver and spleen cells and in urine (Dumas et al., 2004). Pulmonary function, cardiac 

disease, and sleep apnea are improved (Pastores, 2008; Ou et al., 2014; Dumas et al., 2004). 

Shoulder, elbow, and knee range of motion are also improved, particularly with earlier initiation 

of treatment (Pastores, 2008; Dumas et al., 2004).  

 Dierenfeld and colleagues (2010) used a canine model to examine the effects of ERT 

intervention at birth, particularly on symptoms like skeletal disease that are harder to treat. The 

untreated dogs presented with characteristic musculoskeletal symptomology, including spinal 

abnormalities, lax joints, a stiff gait, and an upturned nose (Dierenfeld et al., 2010). The dogs 

treated with ERT displayed normal cranium features and significantly less overextension of the 

joints in the feet (Dierenfeld et al., 2010). Dierenfeld et al. (2010) recommend early treatment 

intervention to increase the successful reduction of symptoms and suggest that higher ERT doses 

may benefit treatment outcomes. 

 Baldo and colleagues (2013) studied the effects of early ERT treatment in MPS-I mice. 

Treatment was initiated at birth, at 2 months of age, or not at all (Baldo et al., 2013). Several 
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multisystem tests were performed as well as open field behavioral tests (Baldo et al., 2013). 

Cardiac function improved, GAG levels were reduced, and locomotor activity improved for treated 

mice compared to untreated mice (Baldo et al., 2013). However, neither treatment group exhibited 

any improvements in joint function; these results conflict with canine and human studies of ERT 

and skeletal symptoms (Baldo et al., 2013). Regardless, Baldo et al. (2013) also suggest that ERT 

from birth leads to more positive treatment outcomes. 

 High-dose ERT has been proposed as another method of improving treatment outcomes. 

Ou and colleagues (2014) at the University of Minnesota injected MPS-I mice with a high dose of 

ERT in order to cross the blood-brain barrier and provide more improvements to neurological and 

cognitive function compared to mice treated with lower doses. After one high-dose ERT injection, 

IDUA enzyme activity increased in the heart, lungs, and brain cortex, but there was no increased 

activity in the cerebellum (Ou et al., 2014). After repeated high-dose ERT injections, GAG storage 

was reduced in the liver, spleen, heart, lungs, and brain cortex (Ou et al., 2014). Mice receiving 

the high-dose treatment also showed significant improvements in CNS function through a water 

T-maze test that analyzed learning, and thus cognitive, abilities (Ou et al., 2014). These researchers 

could not confirm how much ERT is required to yield similar effects in humans, but their results 

showed the potential for neurological benefits in MPS-I patients (Ou et al., 2014).  

 While MPS treatments are progressing, there are limited physical activity measures and 

tests. Open field activity chambers and water T-maze tests are regularly used for mouse models of 

the disease, but there are not many clear options for humans (Ou et al., 2013; Baldo et al., 2013; 

Greising et al., 2010). A group of physical therapists studied four children with MPS-I-H in order 

to measure their motor abilities and improve understanding of the disease’s effects on those 

abilities (Dusing et al., 2006). They found that common motor symptoms included locomotor 
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delays, limited independence with mobility and balance, and limited passive range of motion 

(Dusing et al., 2006). The results of their case review led the therapists to suggest physical therapy 

as a way to maximize functional motor abilities and minimize the impact of motor delays (Dusing 

et al., 2006).  

 Other physical performance evaluations have also been developed. Taylor (2013) measured 

the isokinetic strength of patients with MPS-I-H, I-A, II, or VI via a Biodex dynamometer. MPS-

I-H patients exhibited significant weakness compared to controls in all strength variables except 

right knee flexion at 180 d/s (Taylor, 2013). Dumas and colleagues (2004) performed a pilot study 

to develop and test a physical performance measure (PPM) specifically for MPS-I patients. The 

MPS-PPM included tests for arm function, leg function, and endurance (Dumas et al., 2004). 

However, participants displayed difficulty completing several of the performance tests due to 

decreased movement speed, range of motion, and cardiovascular endurance (Dumas et al., 2004). 

More research is still needed to find an appropriate physical performance evaluation for common 

use with MPS patients.  

 A limited sample size is a major limitation in all MPS-I studies. The prevalence of the 

disease is low (1 in 100,000 for MPS-I-H) so it is difficult to find willing participants (Giugliani 

et al., 2010). It is also challenging to acquire enough animal models of the disease. Although 

sample sizes in the aforementioned studies are limited, the results suggest significant potential 

with HCT and ERT treatments. The present study used this prior knowledge to evaluate the effects 

of HCT and ERT treatments in combination. 
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Methods 

Population Sample 

 A total of 44 adult male and female IDUA gene knockout mice were given HCT 4-5 

weeks after birth. Subgroups were subsequently given weekly intravenous injections of vehicle 

(PBS), low dose ERT, or high dose ERT through 11 months of age. Six adult male and female 

wild type C57BL/6 mice served as controls.  

 

Measures 

 After 8 months of treatment, mice were individually placed in a mock chamber that was 

identical to an open field activity monitoring chamber for 24 hours (Med Associates, St. Albans, 

VT). Mice were provided with water and the same food used in their colony cages. This allowed 

mice to acclimate to the new cage environment prior to physical activity testing. Immediately 

after 24 hours in the mock chamber, mice were transferred into a true activity chamber. Again, 

mice were provided with water and food. The activity chamber measures of jump counts, jump 

time, ambulatory distance, ambulatory time, vertical counts, stereotypic counts, stereotypic time, 

active time, and resting time quantitatively measured the physical activity levels of individual 

mice. Movement was detected via the disruption of photo beams passing through the chamber. 

Activity Monitor version 5 software was used to gather activity data, according to Greising et al. 

(2011). The room containing the mock chambers and activity chambers simulated their daily 

environmental conditions, including sound protection and a 12-hour dark and 12-hour light 

cycle. At the conclusion of a 24-hour session in the activity chamber, mice were returned to their 

colony cages. 
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Statistical Analysis 

 A one-way ANOVA was performed to compare jump counts, jump time, ambulatory 

distance, ambulatory time, vertical counts, stereotypic counts, stereotypic time, active time, and 

resting time across groups. If normality failed, then a Kruskal-Wallis was performed. Statistical 

significance was set at a p-value of 0.05. For measures that were statistically significant, Tukey 

post-hoc tests were done to determine which group(s) were different from one another.  

 

Results and Discussion 

 Figures 1-9 show means and standard errors of jump count, ambulatory distance, 

ambulatory time, jump time, stereotypic count, stereotypic time, active time, resting time, and 

vertical count, respectively. Bars that have the same letter are not different. 
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 One-way ANOVAs were performed to determine the statistical differences across groups 

for each testing variable. Statistically significant main effects were detected for ambulatory 

distance (p=0.016), ambulatory time (p=0.006), stereotypic counts (p=0.021), stereotypic time 

(p=0.019), active time (p=0.011), resting time (p=0.011), and vertical counts (p=<0.001). 

Kruskal-Wallis tests were used to determine differences for jump time (p=<0.001) and jump 

counts (p=<0.001). Tukey post-hoc tests were completed and those results are illustrated in the 

figures by letters above bars. Bars with the same letters are not different from one another. 

 The goal of this project was to compare the effects of various treatments on the ability of 

MPS-1-H mice to be physically active. It has been established that HCT and ERT are effective 

treatment options for afflicted individuals. The results in Figures 1-9 show the effects of these 

treatments separately and in combination on nine physical activity parameters for MPS-1-H 

mice. 

 The HCT + high dose ERT group resulted in a mean jump count and mean jump time that 

were the most similar to the WT group compared to the other three treatment groups, as seen in 

Figures 1 and 4, respectively. The HCT/PBS group resulted in a mean jump count that was the 

least similar to the WT group. The PBS/No HCT group resulted in a mean jump time that was 

the least similar to the WT group. However, the one-way ANOVA indicated that the difference 

in the means was not statistically significant for these parameters.  

 The HCT + high dose ERT group’s mean ambulatory distance was the closest to the WT 

group compared to the other three treatment groups, as seen in Figure 2 (p=0.016). Similarly, the 

HCT + high dose ERT group’s mean ambulatory time was the most similar to the WT group 

(Figure 3; p=0.006). The HCT/PBS group ambulated the shortest distance, but the PBS/No HCT 

group ambulated for the shortest amount of time. The results suggest that the combination of 
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HCT and high dose ERT increases MPS-1-H mice’s capacity for ambulation. Further, the results 

support the potential for the combined treatments to rescue muscular and cardiovascular 

endurance and functioning.  

 Figure 5 shows that the mean stereotypic counts of the HCT + high dose ERT group 

exhibited the highest number of stereotypic activities (p=0.021). The WT group only showed 

more stereotypic movements than the HCT + low dose ERT and HCT/PBS groups. The PBS/No 

HCT treatment group spent the most time performing stereotypic activities, as seen in Figure 6 

(p=0.019). The WT group only spent more time in stereotypic movement patterns than the 

HCT/PBS group. These results indicate a number of possibilities: stereotypic activities may 

require fewer skeletal muscles than other movements and are not as affected by musculoskeletal 

manifestations of MPS; the treatments could be causing above-average stereotypic movements 

compared to healthy mice; or a treatment of HCT alone may decrease the ability to perform 

stereotypic activities.  

 The mean active time, shown in Figure 7, encompasses all mobility measures and was 

different among groups (p=0.011). The WT and HCT + high dose groups spent the most time 

being active and, therefore, the least amount of time resting (Figure 8, p=0.011). The HCT/PBS 

group exhibited the least active time and the most resting time. These results suggest that the 

HCT + high dose ERT protocol improves the physical activity levels of MPS-1-H mice to a level 

similar to healthy mice. The rescued physical activities of the MPS-1-H mice supports a potential 

reduction in musculoskeletal MPS symptoms. This also suggests that the combined HCT and 

ERT treatment may return human MPS-1-H physical activity abilities close to unaffected 

individuals. 
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 The mean vertical counts of the HCT + low dose and HCT + high dose groups were the 

most similar to the WT group, as seen in Figure 9. The combined HCT and ERT treatments 

increased vertical activities of the mice in these groups. This suggests that combining the two 

MPS treatments for human subjects may improve upper and/or lower extremity muscular 

function and range of motion. 

 The ambulatory distance, ambulatory time, active time, and rest time are murine 

parameters that relate to human locomotion. The close proximity of the HCT + high dose ERT 

group with the WT group in the mean active and rest times indicates a significant improvement 

in physical activity ability. Because ambulation is a primary source of daily physical activity for 

mice and humans, the increased ambulation time in the high dose combination treatment group 

might correspond with a reduction in musculoskeletal malfunctions associated with MPS. If a 

similar combined treatment plan yielded comparable results in humans, locomotor activities have 

the potential to improve. An increased capacity for physical activity in MPS patients could also 

increase independence and quality of life. 

 Although seven of the nine physical activity parameters exhibited statistical significance, 

there were limitations with this study. The sample size was small, which is a common limitation 

with murine and human MPS studies. The limited population limits the extent to which the 

results can be extrapolated. Another limitation was the potential for error in the measurement and 

injection of intravenous treatments. Stress may have interfered with the physical activity 

behaviors of the mice in the activity chamber, making the measurements higher or lower than 

normal. The stress may have been caused by the change in environment or the sudden isolation 

from the rest of the cage colony. The experimental data was only representative of one 24-hour 

time period for each mouse. Repeated activity chamber measurements may have yielded a more 
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accurate quantitative representation of MPS-I-H mouse physical activity and how it was affected 

by treatments. Regular physical activity data acquisition throughout each mouse’s life could have 

shown the disease progression and treatment improvements over time.  

 Future implications of this study include the potential for rescued physical activity in 

MPS-I-H patients with a combined treatment regimen that includes both HCT and ERT. Further 

research is necessary to support or negate the findings of this study. These future studies would 

ideally address the limitations discussed above and incorporate more frequent physical activity 

measurements. Measurements of a variety of physical activity parameters across the lifespan 

could provide further insight into the progression of the musculoskeletal manifestations of MPS-

I-H and the benefits of HCT and ERT treatments in combination. The incorporation of physical 

or occupational therapies, which may further optimize treatment outcomes, should be evaluated 

upon the initiation of human clinical trials.  

 

Conclusion 

 The combination of HCT and high dose ERT appeared to significantly improve physical 

activities of mice with Hurler Disease. The mice that received the combined treatment regimen, 

which consisted of regular ERT following initial HCT, presented mean values that were the most 

similar to the non-disease wild type mice. These results are encouraging for future improvements 

upon MPS-I-H treatment options for human patients. A reduction in musculoskeletal symptoms 

and an increase in the physical capacity of MPS-I-H patients would be important for an 

improved quality of life.  
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