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ABSTRACT 

Niemann Pick Type C (NPC) disease is a rare genetic disease which is most often 

diagnosed in children, causes tragic irreversible neurologic deterioration, and is 

universally fatal.  Many therapies and treatments are in development and would benefit 

from improved methods of assessing disease progression and treatment response.  A large 

amount of NPC research is carried out in animal models such as the Npc1-/- mouse model 

of the most common type of NPC disease, NPC1.  This dissertation investigates three 

methods of noninvasive assessments of disease state in the Npc1-/- mouse model with the 

use of magnetic resonance imaging (MRI) and magnetic resonance spectroscopy (MRS).   

MRI and MRS provide safe and widely available methods of measuring and 

visualizing internal tissue characteristics, suitable for longitudinal studies of disease 

progression and response to therapy.  In this work, disease-associated dysmyelination of 

white matter tracts in the brain of Npc1-/- mice was quantitatively measured at multiple 

time points with MRI methods of diffusion tensor imaging (DTI) and T2-mapping.  

These quantitative in vivo measures of disease status show promise as biomarkers for use 

in future studies of disease progression and treatment response in NPC disease models.  

High resolution MRI data was also collected and analyzed at multiple time points to 

quantify differences in both global and regional brain volumes in the Npc1-/- mice as 

brain atrophy develops with disease progression.  MRS was utilized to quantitatively 

examine changes in brain metabolite levels previously reported in clinical NPC disease 

studies. 
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The results of the MRI and MRS studies in the Npc1-/- mouse model demonstrate 

the ability to quantify changes in the brain due to neurodegeneration at multiple time 

points along the progression of neurological Npc1-/- disease.  MRI methods of quantifying 

white matter pathology with currently available DTI and T2-mapping techniques appear 

to be promising in vivo biomarkers of disease in the brain for future studies, while 

quantification of volumetric changes due to brain atrophy currently shows changes only 

at later disease stages.  In vivo MRS with currently available methodology provides 

insight into the neurodegenerative disease pathology in the Npc1-/- mouse but appears to 

lack sensitivity as a biomarker. 
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INTRODUCTION 

Niemann Pick Type C (NPC) is an autosomal recessive genetic disease 

characterized by neurodegenerative decline and death due to accumulation of unesterified 

cholesterol and glycosphingolipids within cells throughout the body.  There is currently 

no cure, and a lack of effective proven treatments persists.  NPC disease is rare, with 

prevalence estimated at 1/150,000 live births (1), although an accurate count of the 

disease is complicated by difficulty in diagnosis, which currently requires extensive 

biochemical study or genotyping for a definitive diagnosis.  Niemann Pick disease was 

first described in the early 20th century as characterized by infantile neurodegenerative 

disease and hepatosplenomegaly (enlarged liver and spleen).  Biochemical findings and 

clinical symptoms were later used to separate Niemann Pick disease into 4 sub-types A-

D.  Types A and B were found to be caused by a deficiency of the enzyme acid 

sphingomyelinase, not found in types C and D.  Types C and D were later found to be 

caused by defective intracellular transport of unesterified cholesterol and glycolipids.  

The primary cause of both C and D types was shown to be mutation of the NPC1 gene, 

found on chromosome 18q11, and type D is no longer considered to be distinguishable 

from type C (2-6).   

The NPC1 gene is responsible for the production of NPC1 protein, the exact 

functions of which are still being determined (7,8), but are known to include the transport 

of unesterified cholesterol and glycolipids in the late endosomes of cells throughout the 

body.  Approximately 95% of NPC cases are caused by mutations in the dysfunctional 

NPC1 protein, with the remaining 5% caused by dysfunctional NPC2 protein.  The NPC2 
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protein has been shown to act in conjunction with NPC1 and is likely a part of a common 

intracellular cholesterol transport pathway (9,10).  In many clinical cases the precise 

genetic mutation is unknown and so clinical reports often do not distinguish between 

NPC disease caused by NPC1 or NPC2 mutation.  Recent preclinical NPC studies have 

specified the disease-causing mutation, described as NPC1 disease (caused by NPC1 

mutation) or NPC2 disease (caused by NPC2 mutation).  The work described in this 

dissertation was undertaken on an animal model of NPC1 disease.   

NPC disease is most commonly diagnosed in early childhood, with progressively 

worsening symptoms including ataxia, dysarthria, dysphagia, vertical supranuclear gaze 

palsy, and irreversible neurological decline.  Most children die from the disease in their 

teenage years.  However, clinical cases have heterogeneity in their presentation with 

varying ages of symptom onset and progression, likely due to variability in the precise 

nature of the genetic mutation.  Over 240 mutations of the NPC1 gene have been found to 

cause human disease as well as 18 NPC2 mutations (11).  There is currently no effective 

treatment for the underlying defect in NPC disease.  Palliative care and treatment of 

symptoms are the current standard (6).  While no cure or effective treatments for NPC 

disease are currently available, many treatments have been proposed and investigated.  

Past studies have included neurosteroids, sterol-binding agents, curcumin, transplantation 

of bone marrow and stem cells, and cholesterol lowering agents (4,6).  N-butyl-

deoxynojirimycin (miglustat), has been studied and has shown promise in delaying the 

progression of neurological symptom progression (12-15).  Miglustat is an inhibitor of 

glycosphingolipid synthesis and has been approved for a genetic condition called 



13 
 

Gaucher’s disease.  Cyclodextrins have also been studied and shown some promise in 

ameliorating the neurological effects of the disease in animal models, although their 

precise mechanisms and effects are still being determined (16-21).  Cyclodextrins are 

membrane-impermeant cyclic oligosaccharides, and have been used to solubilize 

pharmaceuticals to aid drug delivery in many disease studies (22).  Cyclodextrin studies 

in cellular and animal models have been promising enough to motivate an IND 

(Investigational New Drug) application to the FDA as a step towards a human clinical 

trial.  The evaluation of neurodegeneration in clinical trials is difficult and is based 

primarily on measures of disease-related symptoms.  As treatment studies of NPC disease 

continue to be carried out, surrogate biomarkers of treatment efficacy will be needed to 

determine and guide appropriate treatments and dosages for individual patients, as most 

treatment courses will likely need to be tailored to individual cases and specific 

symptoms of the disease.   

MRI and MRS techniques offer advantages as in vivo biomarkers due to their 

non-invasiveness, safety in longitudinal and child studies, and flexibility in being able to 

measure several different types of brain structure and function.  In vivo imaging 

biomarkers provided by MRI and MRS could add greatly to the ability to evaluate current 

promising treatments such as miglustat and cyclodextrins, as well as future treatments as 

they become available.  MRI and MRS technologies have become widely available in the 

last several decades and have been used to investigate clinical NPC disease.  Reported in 

vivo brain MRI findings include white matter hypointensities and atrophy of brain 
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structures, most prominent in advanced disease states (23-28).  In vivo clinical MRS 

studies have described inconsistent findings of altered brain metabolite levels (29,30,12).  

 Large clinical studies of NPC disease are infrequent and prohibitively difficult 

for many reasons.  The disease itself is quite rare, with an estimated prevalence of 

1/150,000 live births.  With approximately 4,000,000 live births per year in the United 

States, only 27 new cases would be expected each year, which combined with a quickly 

progressing disease causes a relatively low number of patients available for clinical 

studies.  There is also difficulty in obtaining a group of patients with homogenous disease 

onset, progression, and severity due to the large number and variety of disease-causing 

mutations involved in clinical NPC disease.   

Due to the difficulties in conducting clinical studies, animal models have been 

used for many studies of NPC disease and evaluation of treatments.  A mouse model of 

NPC disease, Npc1nih Balb/C (Npc1-/-) contains a defect in the Npc1 gene which causes a 

complete lack of NPC1 protein function and resembles a severe infantile form of NPC 

disease (31).   The Npc1-/- model has been utilized in many reported studies of NPC1 

disease treatments including miglustat (32), and recent studies of cyclodextrins (33,17-

19,34).  Numerous ex vivo studies of the Npc1-/- model have reported dysmyelination and 

neurodegeneration, and are summarized in prior reviews (4,5).  The Npc1-/- mouse model 

has been studied with MRI techniques; findings have resembled those seen in clinical 

NPC reports and include white matter abnormalities and visible widespread atrophy at 

later disease stages (35-37).   
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In the current work, MRI and MRS measurements were undertaken in the Npc1-/- 

model at several time points to quantify the white matter abnormalities, brain atrophy, 

and brain metabolite alterations that have been reported in past studies of NPC disease 

and NPC disease models.  These methods were investigated in the Npc1-/- mouse to 

determine their possible suitability as in vivo biomarkers of disease status for use in 

future studies of disease modifying treatments in preclinical as well as eventual clinical 

studies. 

Dissertation Format 

This dissertation investigates the use of MRI and MRS techniques as measures of 

disease status in a mouse model of NPC1 disease.  The research making up this 

dissertation is presented in a series of three scientific papers which are contained in 

appendices.  The main points of each paper are summarized in the following chapter, 

Present Study.  Each paper has several co-authors and per University of Arizona 

Graduate College and Biomedical Engineering GIDP policy the contribution of the 

dissertation author to each paper is described below.   

Appendix A:  “In Vivo Assessment Of Neurodegeneration In Niemann-Pick Type 

C Mice By Quantitative T2 Mapping And Diffusion Tensor Imaging” – This paper was 

submitted to, accepted by, and published in the Journal of Magnetic Resonance Imaging  

(38).  The dissertation author was responsible for the experimental design, pulse sequence 

design testing and implementation, data acquisition, image reconstruction, analysis, and 

interpretation of the quantitative T2 experiments included in the manuscript, as well as 

writing and revising of the publication.  Co-author Silvia Lope-Piedrafita carried out the 
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data acquisition and analysis of the DTI and electron microscopy data included in the 

manuscript.  Co-author Ivan Borbon was integral to the collection and analysis of 

histology data used in the project.  Co-authors Silvia Lope-Piedrafita, Eriko Yoshimaru, 

Ivan Borbon, Robert Erickson, and Theodore Trouard provided input into the 

interpretation of the experimental results and contributed to manuscript revisions.   

Appendix B:  “Quantitative Volumetric Magnetic Resonance Imaging of Brain 

Atrophy in a Mouse Model of Niemann Pick Type C Disease” – This paper has been 

submitted for review to the journal Magnetic Resonance Imaging.  The dissertation 

author was responsible for the design and implementation of all imaging experiments, 

investigation and implementation of volumetry and morphometry analysis 

methodologies, analysis of all data, interpretation of results, and writing of the 

manuscript.  Co-authors Eriko Yoshimaru, Robert Erickson, and Theodore Trouard 

assisted with interpretation of results and manuscript revisions. 

Appendix C:  “1H Magnetic Resonance Spectroscopy of Neurodegeneration in a 

Mouse Model of Niemann-Pick Type C1 Disease” – This paper has been submitted to the 

Journal of Magnetic Resonance Imaging for review.  The dissertation author was 

responsible for the design and carrying out of all MRS experiments, as well as the 

selection and execution of all analysis procedures, interpretation of results, and writing of 

the publication.  Interpretation of results and editing of the manuscript were aided by co-

authors Eriko Yoshimaru, Robert Erickson, and Theodore Trouard.  
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PRESENT STUDY 

The methods, results, and conclusions of this dissertation are presented in the 

three papers appended to this document.  The following is a summary of the most 

important findings of the document. 

In Vivo Assessment Of Neurodegeneration In Niemann-Pick Type C Mice By 
Quantitative T2 Mapping And Diffusion Tensor Imaging 

T2 mapping and DTI experiments were conducted to quantitatively assess the 

degree of myelination in major white matter regions of the brains of Npc1-/-mice 

compared to wild-type controls (WT) at early and late stages of disease progression.  

Published studies of clinical NPC disease had described changes in white matter intensity 

on MRI images, with hypointensities apparent on T2 weighted images that were likely 

due to dysmyelination of white matter tracts (23-25,27).  The changes in white matter 

signal intensity were particularly apparent at later stages of disease and had been shown 

to be measurable with DTI techniques (26).  Changes in white matter tract myelination of 

the Npc1-/- model had also been described (5) but in vivo quantification of the white 

matter pathology as a disease biomarker had not been reported. 

T2 measurements were found to vary significantly in the corpus callosum and 

external capsule regions of the brains at all studied time points.  The myelin present in the 

axons of neurons in the white matter normally reduces the rotational mobility of nearby 

water molecules, thereby lowering the spin-spin (T2) relaxation times, causing a decrease 

in measured signal.  The myelin in white matter also normally causes increased 

anisotropy of water movement due to its restriction of water movement to directions 
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parallel to the long axis of the axons.  This restricted water movement is responsible for 

the signal changes seen in brain tissue with DTI.  The amount of diffusion anisotropy was 

quantified with the parameters fractional anisotropy (FA) and radial diffusivity (RD).  

These parameters were found to significantly vary in the internal capsule and fimbria 

regions of the Npc1-/- mice, with decreased FA an increased RD as would be expected 

with dysmyelination.  The white matter abnormalities measured with T2 mapping and 

DTI in the Npc1-/- mice were found to correspond to dysmyelination seen in ex vivo 

examinations of brain tissues with histology and electron microscopy.  The results of the 

study show that quantitative T2 and DTI (FA and RD) measurements can be made in the 

Npc1-/- mouse model over time and show promise as in vivo biomarkers of 

neurodegenerative disease status in future studies. 

Magnetic Resonance Imaging of Brain Atrophy in a Mouse Model of Niemann Pick Type 
C1 Disease 

High resolution 3D in vivo MRI was used to investigate and quantify, at early and 

late stage disease time points, the regional brain atrophy seen in the Npc1-/- mouse model.  

Clinical MRI studies had described apparent brain atrophy due to neurodegeneration 

especially in advanced stage NPC disease but only a single study had reported 

quantitative measures of volume changes with disease state (28).  The Npc1-/- mouse 

model has been reported to undergo atrophy due to neurodegeneration and had been 

analyzed ex vivo (39,4,5), and brain atrophy had been described with in vivo MRI (35-

37), but the changes in brain volume had not been investigated with in vivo methods 

across the entire brain. 
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High resolution 3D image datasets were obtained and semi-automatically 

processed to segment brain regions from non-brain tissues.  Advanced image registration 

techniques were implemented with the advanced normalization tools (ANTs) software 

package to register the segmented brain images with an in vivo MRI atlas (40).  Volumes 

of fourteen brain region were obtained and compared between Npc1-/- and age-matched 

WT mice at early and late stage disease time points.  In order to visualize volume 

changes within brain regions as well as throughout the entire brain, brain templates were 

created for the WT and Npc1-/- mouse groups, and quantitative maps of local volume 

change were obtained through the use of tensor based morphometry (TBM) techniques.  

Six of the fourteen brain regions studied, the hippocampus, caudate putamen, thalamus, 

cerebellum, superior colliculi, and the neocortex, showed significant decreases in volume 

relative to WT control mice at the advanced disease time point.  These regions 

correspond to brain areas described in clinical studies of NPC patients with MRI (28) as 

well as positron emission tomography (PET) studies (41,42).  The results of this work 

show that regional brain volumes in the Npc1-/- mouse can be quantified in vivo with 

MRI and show changes in regional as well as global brain tissue volumes particularly at 

advanced disease state.   

1H Magnetic Resonance Spectroscopy of Neurodegeneration in a Mouse Model of 
Niemann-Pick Type C1 Disease 

Magnetic resonance spectroscopy (MRS) allows in vivo measurements and 

quantization of the biochemical environment in brain tissue.  This technique is used in 

many studies of neurodegenerative disease and had been used in case studies of NPC 
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disease which showed interesting, but inconsistent results (29,30,12).  MRS results had 

not been reported in the Npc1-/- mouse prior to this work. 

Single voxel MRS was used to evaluate the metabolite concentrations in two 

regions of Npc1-/- and WT control mouse brains at both early and late disease stages.  A 

time-domain analysis software package, jMRUI, was used to quantify the concentrations 

of nine metabolites (43,44).  The results indicated a significant difference in levels of two 

metabolites, myo-inositol and taurine, at the late disease stage in the cerebellar region of 

the brain, which may provide interesting insight into the neurodegeneration seen in the 

disease model and its relation to other neurodegenerative diseases.  The results, however, 

did not match the reports of the metabolite abnormalities seen in the clinical NPC studies 

and did not show the level of change with disease status that would indicate its suitability 

for use as a biomarker in future studies.  This is somewhat surprising due to the severe 

nature of the disease in the Npc1-/- mouse, but indicates an insensitivity of the MRS-

observable brain metabolites to the specific disease processes involved in the mouse 

model of NPC.  

The dissertation author also was a co-author of two related publications (36,45) 

not included in this dissertation.  The first used in vivo DTI methods and histology to 

quantitatively investigate dysmyelination in the Npc1-/- mouse at a young age (36).  The 

dissertation author was responsible for the quantitative analysis of the histology images 

as well as preparation of figures and manuscript revisions.  The second publication 

reported a novel mouse model of NPC disease, called Npc1nmf164, which has a milder 

phenotype than Npc1-/- and more closely resembles the most common form of human 
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NPC disease (45).  The dissertation author was responsible for all MRI experiments and 

analysis of the new mouse model and comparisons to WT and Npc1-/- mice, as well as 

contributions to the manuscript text and creation and revisions of figures. 

Conclusions 

The investigations of MRI and MRS techniques for use as in vivo biomarkers of 

disease status in the Npc1-/- mouse model of NPC1 disease have shown that the 

characteristic white matter pathology due to dysmyelination can be reliably quantified 

and tracked over time with T2-mapping and Diffusion Tensor Imaging (DTI) techniques.  

Atrophy of brain tissue can be quantified with high-resolution 3D imaging techniques.  

Volumetric atlas-based registration provides a measure of brain volume changes in 

several areas of the brain, and tensor based morphometry (TBM) methods provide high 

resolution 3D maps for visualization of disease-related atrophy both within regions as 

well as across the entire brain in the Npc1-/- model.  The results of the in vivo MRS study 

of the Npc1-/- mouse found interesting changes in two metabolites which have been found 

to differ in other neurodegenerative conditions, but did not show the level of signal 

change that would be suitable for use as reliable biomarkers of disease status.  Overall the 

results of the work described in this document demonstrate that MRI and MRS 

techniques can provide useful quantitative measures of disease condition which could 

prove useful in future studies of NPC disease in both preclinical animal models as well as 

clinical studies.  
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Abstract 

Purpose:  To quantitatively and non-invasively assess neurological disease 

progression in a mouse model of Niemann-Pick type C (NPC) disease by measuring 

white matter status with MRI techniques of T2 mapping and Diffusion Tensor Imaging 

(DTI).  

Materials and Methods:  Quantitative T2 and DTI experiments were performed 

in-vivo in NPC disease model and control mice at three time points to quantify 

differences and changes in white matter with measurements of T2 relaxation and DTI 

parameters.  Histological staining for myelin content was also performed at two time 

points to compare with the MRI findings. 

Results:  The results of the T2 and DTI measurements show significant 

differences in white matter areas of the brain in the NPC disease model compared to 

control mice at several time points, and were seen to change over time in both groups. 

Conclusions:  The findings of this study suggest that quantitative MRI 

measurements may be suitable in-vivo biomarkers of disease status for future studies of 

NPC disease models.  The changes in white matter measurements between time points in 

both control and NPC disease groups suggest that white matter structures continue to 

change and develop over time in the NPC model and can be tracked with MRI 

techniques.  
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Introduction 

Niemann-Pick Type C (NPC) disease is a rare genetic neurodegenerative disease 

with no cure and few effective options for treatment.  Disease prevalence estimates vary 

due to lack of clinical awareness and difficulties in biochemical diagnostic testing, but 

have been reported as approximately 1/150,000 live births (1).  The underlying defect in 

the most common form of the disease is mutation of the NPC1 gene (2), which has been 

located on chromosome 18q11 in humans (3), and chromosome 18 in mice (4).  The 

NPC1 gene codes for the transmembrane protein NPC1.  This protein is the subject of 

much study and has been described in detail in several recent publications (5,6).  Briefly, 

NPC1 is located in the membrane of endosomes/lysosomes in cells throughout the body 

and is involved in intracellular cholesterol transport.  The lack of functional NPC1 

protein causes impaired cholesterol trafficking and a buildup of cholesterol and 

glycolipids in cells, resulting in the pathologies of NPC disease.   

The clinical presentation of NPC disease varies with the precise nature of the 

patient’s genetic mutation in the NPC1 gene, and can include visceral involvement of the 

liver, spleen, and lung.  Commonly reported symptoms of NPC disease include 

hepatosplenomegaly, vertical supranuclear gaze palsy, progressive ataxia, dystonia, 

dysphagia, and dementia.  The age at which the disease presents varies but ultimately all 

patients develop a progressive and fatal neurological disease.  Diagnosis is most often 

made during childhood with symptoms progressively worsening and leading to death 

prior to adulthood (1,7,8).  Magnetic Resonance Imaging (MRI) of clinical NPC disease 

has been reported in case studies and has shown brain atrophy, ventricular enlargement, 
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and T2-weighted hyperintensities in white matter regions (9-12).  Diffusion Tensor 

Imaging (DTI) was performed in two reported clinical studies, showing reduced 

Fractional Anisotropy (FA) in NPC patients compared to control subjects (13,14).  A 

recent MRI study of adult NPC patients reported widespread reductions in gray matter 

volumes across the brain as well as reduced myelination and axonal structure as 

measured by DTI (15).  In this study, we have investigated the use of quantitative T2-

mapping and DTI techniques to follow the progression of NPC disease in mice as 

measured by changes in white matter integrity. 

 The current study made use of the most common mouse model of NPC 

disease, NPCNIH Balb/C (Npc1-/-), which was originally identified from a spontaneous 

mutation and has been studied for decades (16).  This mouse model has a mutation in the 

Npc1 gene, resulting in loss of Npc1 protein, and mimics a severe neurological form of 

NPC disease (3,17).  The Npc1-/- mouse presents with neurological symptoms comparable 

to human disease and lives to approximately 10 weeks of age, compared to wild-type 

control (WT) mice which commonly live up to 100 weeks.  The Npc1-/- mouse model has 

been used in many studies of proposed treatments for NPC disease, including 

cyclodextrins which have been the subject of several past and recent studies (18-20). 

MRI techniques have been used to characterize the neurological disease state with 

DTI in two reported studies of Npc1-/- mice (21,22) at single time points, and to measure 

brain atrophy in another (23).  The DTI studies found that quantification of white matter 

integrity with diffusion MRI techniques could provide a biomarker of disease progression 

and possibly response to treatment. 
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The study described here is the first reported use of T2 & DTI measurements at 

multiple time points as biomarkers of neurological NPC disease progression in the Npc1-/- 

mouse model.  The parameters obtained from these measurements are compared to 

histological measures of myelination.  
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Materials and Methods 

Animals 

Wild-type control (WT) and Npc1-/- mice were studied in-vivo at 3, 6, and 9 

weeks of age with T2 mapping and DTI techniques.  All animal experiments were carried 

out under protocols approved by the local Institutional Animal Care and Use Committee.  

For all imaging experiments, mice were anesthetized with isoflurane gas at a 

concentration of 1.5%, breathing rate monitored, and body temperature monitored and 

maintained at 37° C with a circulating heated water system. 

MRI: T2 Mapping 

All T2-weighted imaging was carried out on a 7T horizontal bore Bruker Biospec 

instrument using a 72 mm ID birdcage coil for excitation and a four element phased array 

surface coil for reception (Bruker BioSpin, Billerica, MA). Animals were imaged in an 

animal bed restraint system with ear bars and bite bar for head fixation.   

T2-weighted datasets were acquired with a 2D radial fast spin-echo sequence 

using imaging parameters: TR=5000 ms, ETL=8, echo spacing=10ms, 1024 radial lines 

acquired with 170 data points collected per line, 21 coronal 0.5 mm slices, and a scan 

time of 10:40 (min:sec). 

T2-weighted image reconstruction and T2 map calculations were performed using 

programs written with MATLAB software (Mathworks, Natick, MA).  A reconstruction 

method taking advantage of the oversampling of the center of k-space in radial sampling 

(24) was used to obtain 9 sets of images for each slice, one for each of the 8 effective 
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echo times (TEeff) as well as a set constructed from all echoes with an average TE (TEave) 

of 45 ms, all with in-plane resolutions of  100 x 100 µm2.  T2 maps were calculated from 

the 8 sets of echo images.  Region of interest (ROI) analyses were carried out with the aid 

of MRIcro software (http://www.cabiatl.com/mricro/).  Average values of T2 were 

measured within four brain structures known to contain large amounts of white matter, 

the Corpus Callosum (CC), External Capsule (EC), Internal Capsule (IC), and Fimbria 

(FI).    Regions were manually outlined on several slice images for each brain structure 

with the aid of a mouse brain atlas (25) and T2 values averaged for each region.  T2 

values were also measured in regions of cortical gray matter. 

MRI: DTI 

DTI experiments were carried out on a 4.7T horizontal bore Bruker Biospec 

instrument using a 20 mm Litz Transmit/Receive coil (Doty Scientific Inc, Columbia, 

SC).  Animals were positioned within a mouse holder custom-built to fit inside the coil.  

A 2D diffusion-weighted radial spin-echo pulse sequence (26) was used with the 

following parameters: Repetition Time (TR) = 2000 ms, number of averages = 6, Echo 

Time (TE) = 54 ms, Field of View (FOV) = 1.92 × 1.92 cm2, and acquisition matrix = 

128 × 128 (data points along a radial line × number of radial lines) for an in-plane 

resolution of 150 x 150 µm2.  Twelve contiguous 0.5 mm coronal slices were acquired.  

Seven image sets were collected for each slice, one without diffusion weighting (b=0) 

and six with a diffusion weighting of b = 1010 s/mm2, ∆ = 25 ms, and δ = 9 ms, along six 



37 
 

non-colinear directions (27).  The total scan time for each animal was approximately 3 

hours.   

Diffusion weighted images were reconstructed with a magnitude-only filtered 

back projection reconstruction and FA, apparent diffusion coefficient (ADC), axial 

diffusivity (AD), and radial diffusivity (RD) maps were calculated using standard 

algorithms (28).  FA provides a measure of the anisotropy of water diffusion in tissue, 

with values ranging from 0 (isotropic diffusion) to 1 (diffusion restricted to a single 

direction).  Axial and radial diffusivity measurements provide more details about the 

observed anisotropy and have been reported to provide useful insight into white matter 

diseases.  Decreases in axial diffusivity have been associated with axonal injury and 

dysfunction, and increases in radial diffusivity with myelin injury (29).  A ROI analysis 

was used to obtain average FA, ADC, axial diffusivity, and radial diffusivity values from 

the white matter areas of the CC, EC, IC, and FI.  Measurements were also obtained in 

regions of cortical gray matter.  Average diffusion weighted images were created by 

averaging the intensities from the 6 diffusion weighted image sets for each slice.  DTI 

image reconstructions and analyses were carried out using programs written with 

MATLAB and Interactive Data Language (IDL) software (Research System, Boulder, 

CO).   

Histology and Electron Microscopy 

WT and Npc1-/- mice were studied ex-vivo to obtain histological measures of 

myelination at two time points and to obtain electron microscopy images of white matter 
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myelination.  For histology, mice were anesthetized, perfused, and their brains removed 

and placed in formalin for fixation.  After fixation, brains were paraffin-embedded, 

sectioned with a microtome into coronal 5 µm slices at locations separated by 200 µm, 

and stained using Luxol Fast Blue (LFB) with Hematoxylin as a counter stain to aid in 

identification of brain structures.  Histology sections were photographed and regions of 

interest manually drawn to outline the white matter structures of the CC, EC, IC, and FI 

with the aid of a mouse brain atlas (25).  A hue transformation was performed to isolate 

color information from the LFB histology images.  A range of hue values from 170-220 

(green-blue) was found to correspond to LFB-stained myelin in areas of control wild-type 

mice known to contain white matter.  The number of pixels in each ROI with hue values 

in the green to blue range was divided by the total number of pixels in the ROI to obtain a 

percentage of pixels classified as containing myelin by LFB staining.  Analysis was 

performed with programs written in MATLAB software.   

Electron microscopy was performed to examine myelination in the CC region at 

the cellular level.  Several 1 x 1 mm2 pieces of CC tissue were fixed overnight in 

Karnovsky’s fixative (2% paraformaldehyde, 2.5% glutaraldehyde in 0.1M cacodylate 

and 0.05% CaCl2, pH7.3) at 4C.  They were then washed 3 times for 10-15 minutes in 

storage buffer (0.1M cacodylate, 0.1M sucrose, 0.05% CaCl2, pH7.3).  Thin sections 

were stained with osmium tetroxide and uranylic acid and imaged with a Zeiss 910 

electron microscope.    
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Results 

Representative T2-weighted images of WT and Npc1-/- mice at 3, 6, and 9 weeks 

of age are shown in Figure 1.  Differences in the contrast between white matter and gray 

matter in WT and Npc1-/- mice are visible at all ages studied.  These differences are most 

easily seen in the CC and EC regions and are indicated by arrows in Figure 1.  The white 

matter of the CC and EC appears darker than the surrounding gray matter in the WT 

images (a,c,e), but appears equally intense or even brighter than the gray matter in the 

Npc1-/- mice (b,d,e).   Brain atrophy in Npc1-/- mice can be seen in the apparent size 

differences of the images shown in panels e and f.  The Npc1-/- brain in panel f appears 

smaller than that of the WT brain in panel e, although slight variations in animal 

positioning and slice location can complicate precise comparisons between slices in 2D 

MRI images with anisotropic voxel resolutions. 
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Figure 1. Representative T2-weighted in-vivo mouse brain MRI scans are shown.  Wild 
type (a,c,e) and Npc1-/- scans are shown (b,d,f).  Mice are shown aged 3 weeks (a,b), 6 
weeks (c,d), and 9 weeks (e,f).  Differences in contrast between white and gray matter 
structures in the two mouse types are evident in the areas of the Corpus Callosum and 
External Capsule, as indicated by arrows (e,f). 
 

T2 mapping was carried out to quantify the differences seen on the T2-weighted 

images.  Examples of T2-weighted images reconstructed at different TEeff are shown in 

Figure 2.  The radial pulse sequence and tiered reconstruction resulted in 8 sets of T2-

weighted images with different TEeff, shown in panels a-h.  An example TEave image is 

shown in panel i.  The T2 map created from the 8 TEeff images is shown in panel j.  The 
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decreasing sensitivity of the surface coils towards the ventral (bottom of the coronal 

slices) side of the mice results in decreased signal to noise ratio in the T2-weighted 

images and significant noise in the T2 maps.    

 

Figure 2. Example T2-weighted images of a 9 week old WT mouse, images are shown 
reconstructed at 8 TEeff values for a single slice (a-h), as well as the corresponding 
TEave=45ms image (i) used for drawing of regions of interest, and T2 parameter map (j). 
 

 Representative DTI images and parametric maps of a single slice from 

WT and Npc1-/- mice at 9 weeks of age are shown in Figure 3.  T2-weighted images 

without diffusion weighting (b = 0 s/mm2) are shown in panels a and b.  Average 

diffusion images at b = 1010 s/mm2 are shown in panels c and d.  Maps of ADC, FA, 

axial diffusivity (AD), and radial diffusivity (RD) are shown in panels e-f, g-h, i-j, and k-l 

respectively.  To allow visual comparison between mouse types, maps are displayed with 

identical grayscale.  Notable features in these maps include increases in ventricular size 

in the Npc1-/- mouse brain as well as general reduction of FA values and focal increases 

in the values of radial diffusivity.   
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Figure 3. Example DTI images are shown at 9 weeks of age in WT (a,c,e,g,i,k) and 
Npc1-/- (b,d,f,h,j,l) mice.  T2-weighted images with zero diffusion weighting (b=0 s/mm2) 
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are shown for a representative slice (a,b), as well as Average diffusion images (b=1010 
s/mm2) (c,d),  and maps of ADC (e,f), FA (g,h), axial diffusivity (i,j), and radial 
diffusivity (k,l). 
 

Figure 4 shows representative ROIs drawn on a single WT mouse at age 9 weeks 

for quantitative T2 analysis.  The EC region was able to be identified in the greatest 

number of slices for each set of images, followed by the CC, IC, and FI.  Similar regions 

were drawn directly on the FA maps for DTI analyses.  These ROIs were then applied to 

the ADC, AD and RD maps.   

 

Figure 4. Representative images of regions of interest (ROI) drawn for analyses of white 
matter regions of the Corpus Callosum (CC), External Capsule (EC), Internal Capsule 
(IC), and Fimbria (FI).  Regions are shown overlaid upon T2-weighted images of a WT 
mouse at 9 weeks of age. 
 

Differences in myelination in white matter regions of the WT and Npc1-/- mice 

brains were confirmed with LFB histology and electron microscopy, examples of which 

are shown in Figure 5 for 9-week old mice.  In WT mice, the EC and CC can be seen as 
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thick sections of tissue stained a darker blue color compared to surrounding tissue.  In 

Npc1-/- mice, these areas are much thinner and stain lighter in color.  The FI region of the 

WT brain section stains blue with LFB, while the same region in the Npc1-/- mice shows 

very little LFB staining.  Interestingly, the IC appears to contain similar amounts of LFB 

staining in WT and Npc1-/- sections.  Electron microscopy images from the CC region of 

WT and Npc1-/- mice are shown in panels e and f of figure 5, respectively.  The cross 

sections of myelinated axons are visible in both images and the myelin sheaths can be 

seen as dark bands along the circumference of the axons.  Axons in Npc1-/- mice appear 

to be both smaller and less myelinated compared to those in WT mice. 
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Figure 5.  Example Luxol-Fast Blue stained histology (a-d), and electron microscopy 
(e,f) images of WT (a,c,e) and Npc1-/- (b,d,f) mice at 9 weeks of age.  Regions of white 
matter in the Corpus Callosum (CC) and External Capsule (EC) are indicated with labels 
in panels a and b.  Regions of the Internal Capsule (IC) and Fimbria (FI) labeled in panels 
c and d. Dark bands of myelin are visible on the perimeter of the myelinated neuronal 
cells in the EM images of the CC region (e,f). 
 

Quantitative measurements of T2, FA, ADC, axial diffusivity, radial diffusivity, 

and histological staining in brain regions of WT and Npc1-/- mice at 3 ages are plotted in 

Figure 6.  T2 relaxation times shown in panels a-e of figure 6 show a significant (p<.001) 

difference between the WT and Npc1-/- mouse groups in the regions of the CC and EC at 

all time points, but not in the IC, FI, or gray matter at any time points.  The T2 values 

measured in the WT and Npc1-/- mice were seen to decrease over from the 3 week to 9 

week time points in all regions studied.  There is no significant difference in the values of 

ADC between groups or over time in the CC, EC and IC (f-g).  However, in the fimbria 

ROI, significant differences between WT and Npc1-/- mice are observed at all ages with 

the ADC of the WT mice less than that of the Npc1-/- mice (i).  Gray matter ADC is 

significantly different only at 9 weeks of age (j).  Significant differences (p < 0.05) were 

found in FA measurements between the WT and Npc1-/- mice in all four regions of white 

matter at all time points, as seen in panels k-n of figure 6.  The FA results obtained at 3 

weeks of age were described in previously published work (22).  Interestingly, the FA is 

seen to increase from the 3 week to 9 week time points in the CC and IC regions of the 

WT and Npc1-/- groups, but not in the EC and FI regions.  The AD results are shown in 

panels p-t and show a significantly decreased diffusivity in Npc1-/- mice compared to WT 

in the internal capsule at all time points.  RD measurements are shown in panels u-y and 

demonstrate a significant increase in diffusivity in the Npc1-/- mice compared to WT in 
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the corpus callosum, internal capsule, and fimbria at each time point.  The radial 

diffusivity results shown at 3 weeks of age were described in previously published work 

(22).    
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Figure 6.  Summary of results of region of interest analyses in WT (black lines, solid 
circles) and Npc1-/- (gray lines, open triangles) mice.  T2 measurements are shown at 3 
time points (a,b,c,d,e)  with standard deviations (N=5,6,4 for WT mice at 3,6,9 weeks of 
age, and N=6,4,6 for Npc1-/-  mice at 3,6,9 weeks of age respectively).  Measurements of 
ADC (f,g,h,i,j), FA (k,l,m,n,o), axial diffusivity (p,q,r,s,t), and radial diffusivity 
(u,v,w,x,y) are shown at 3,6,9 weeks of age with standard deviations (N=4 for WT and 
Npc1-/- mice at all time points).  The FA and radial diffusivity results shown at week 3 
were described in previous work (22).  Significant differences between WT and Npc1-/- 
mice are indicated (* P < 0.05, ** P < 0.01, *** P < 0.001).  Results of Luxol Fast Blue 
histology quantification are shown (z,aa,bb,cc,dd) at two time points (N=1).   
 

Quantitative LFB staining is shown in panels z-dd of Figure 6 at the youngest and 

oldest ages studied.  The percentage of pixels in the regions stained by LFB is higher in 

all regions of the WT mouse compared to the Npc1-/- mouse, and interestingly, increased 

over time in both WT and Npc1-/- mice for all regions studied.  The IC shows a relatively 

large amount of myelination compared to the other regions (panel bb), even in the Npc1-/-  

mouse, as can be seen in the example histology images (figure 5).  
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Discussion 

The major findings of this work are the measured differences in T2 and diffusion 

anisotropy between WT and Npc1-/- mice at different stages of life.  The first time point 

studied at 3 weeks of age is shortly after weaning and the Npc1-/- mice at this point are 

pre-symptomatic.  At six weeks of age, the Npc1-/- mice are symptomatic with weight 

loss and ataxia compared to WT mice (19), and at 9 weeks of age are near death due to 

disease progression. 

T2 measurements have not been previously reported in the Npc1-/- mouse model, 

but increased T2 values have been reported in the shiverer mouse, a model of 

dismyelination (30).  The myelin present in the axons of neurons normally causes the 

rotational tumbling rate of local water molecules to be reduced compared to other tissues.  

The decreased tumbling rate results in a greater signal dephasing and increased spin-spin 

relaxation (lower T2 times).  This leads to the characteristic contrast seen in T2-weighted 

brain imaging, in which white matter appears dark relative to gray matter.  This contrast 

is absent, and even reversed, in white matter regions of the Npc1-/- mouse, illustrated in 

figure 1.  Quantitative T2 measurements in this study of four white matter regions show 

differences between WT and Npc1-/- mice.  In the CC and EC, Npc1-/- mice have 

significantly higher T2 relaxation times than do WT mice at all ages studied.  In the IC 

and FI, this trend is observed, although differences do not reach significance.  This may 

be due to the difficulty in drawing reliable ROIs in these areas of the brain, particularly in 

the Npc1-/- mice, which lack the normal gray/white matter contrast used for identifying 

brain regions.  The use of an automated atlas-based registration method of identifying 
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brain regions may be a way of eliminating the errors associated with manual ROIs in 

future studies.  The T2 values measured in all regions of the brain are seen to decrease 

over time, this is consistent with reports of decreasing T2 values in human brain 

structures throughout development and maturation (31,32).  

Significant differences in FA and RD have previously been reported in Npc1-/- 

mice at 3 weeks of age with a ROI based analysis (22) and suggested at 9 weeks of age 

with a whole-brain analysis (21).  Decreased FA and increased RD have also been 

reported in the shiverer mouse model of dismyelination (33).  Myelin in white matter 

normally causes increased anisotropy relative to gray matter due to the myelin sheath’s 

restriction of the translational movement of water perpendicular to the long axis of the 

axons.  Decreased myelination would be expected to result in decreased FA and increased 

RD, as the translational movement of water perpendicular to the long axis of the axon 

would tend to increase with fewer hydrophobic barriers.  Although FA and RD are 

sensitive to the translational mobility of water and T2 relaxation is sensitive to the 

rotational mobility of water, it is likely that biological changes that affect one, will affect 

the other.  If tissue water becomes more like free water, increases in both rotational and 

translational mobility are expected, causing increased T2, decreased FA, and increased 

RD.  The current study expands upon previous DTI studies in the Npc1-/- mice by 

including FA and RD measurements of specific brain regions at 6 and 9 weeks of age.  

The FA values in Npc1-/- mice are significantly lower than those in the same regions of 

WT mice at all ages in the current study.  The RD values in Npc1-/- mice are significantly 

higher than those in the same regions of WT mice at most ages studied.  In two of the 



50 
 

regions studied, the CC and IC, increases in FA and decreases in RD are seen in both WT 

and Npc1-/- mice as the their age increases.  This could indicate some process of white 

matter maturation, even in the Npc1-/- mice.  The significant differences in FA and RD 

seen in all of the brain regions studied, and the changes seen at different ages, suggest 

that DTI measurements may be suitable biomarkers for in-vivo therapeutic studies of the 

Npc1-/- model.  In addition to FA and RD, the ADC and axial diffusivity were also 

determined.  The ADC results did not show significant differences between the WT and 

Npc1-/- mice, except in the fimbria, which may be susceptible to partial volume 

contamination from the adjacent lateral ventricles which are expanded in the Npc1-/- 

mice.  The axial diffusivity of the Npc1-/- mice was decreased significantly in the IC 

region at all ages studied.  Other regions showed little difference between WT and Npc1-/- 

mice.  Because of this, it appears that the changes observed in the FA are being driven for 

the most part by changes in RD and to a lesser extent by AD.  This would be expected 

with a deficient myelination in the Npc1-/- mice.  The five quantitative MRI parameters 

presented in this study all show significant changes between Npc1-/- and WT mice, with 

T2 showing the greatest significant separation in the CC and IC regions at all time points 

(p<.001), FA in the IC at all time points (p<.001), and RD in the FI (p<.01 at 3 weeks, 

p<.001 at 6 and 9 weeks).  The ROI based results in the current study vary from region to 

region, indicating a differential response of the various MRI parameters to the disease in 

different brain regions.  This suggests possible variability in disease progression in 

different brain regions and that there is not one parameter that is “best” for evaluating the 

disease for all ROIs.  It should be noted that the ability to draw consistent ROIs of a 
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specific brain region can be affected by the presence of the disease, and that this may 

play a role in obtaining ROI-dependent results. A major drawback of the DTI method 

used in this work is the long time required (~3 hours).  Advancements in DTI pulse 

sequences, scanner hardware, animal fixation, and improved MRI coils may allow faster 

and more practical DTI studies of the Npc1-/- mouse in the future.   

The differences measured in both T2 and diffusion anisotropy (FA and RD) are 

likely a result of the lack of myelination in the Npc1-/- mouse seen in both LFB histology 

and electron microscopy images of the Npc1-/- mouse, shown in figure 5.  The LFB 

histology results in this work, which resemble earlier reported histological studies of 

myelination in the Npc1-/- mouse (34,22,35), show differences in myelination on a 

regional scale.  The Npc1-/- mouse has decreased staining for myelination in all regions 

studied compared to WT, and staining increased over time along with the WT mouse.  

This corresponds with the results of the T2 and DTI studies and suggests an increased 

maturation of white matter over time, even in the dismyelinated Npc1-/- mouse.  The 

Npc1-/- mouse shows a dramatic decrease in the quantity of myelinated axons in the CC 

region at 9 weeks of age compared to the WT mouse, similar to past studies of the Npc1-/- 

mouse model at 3 and 7 weeks of age (36,37).   

 The MRI changes found in this study corroborate and extend previous 

neuropathological findings in the Npc1-/- mouse model.  Neurodegeneration and a lack of 

myelinated axons are commonly reported features of the Npc1-/- mouse, and are 

associated with activation of glial cells and increased apoE and apoD synthesis (38) but 

likely not due to apoptosis (39,40).  The quantitative MRI and histology results presented 
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here suggest an increase in myelination over time in both WT and Npc1-/- mice.  

Histological studies in larger numbers of mice would be needed to conclusively 

demonstrate an increase in myelination over time in regions of the Npc1-/- mouse brain, 

and may be a worthwhile avenue of future study.  An interesting finding in the current 

work is the relative preservation of myelination in the IC region of the Npc1-/- mouse at 9 

weeks shown in figure 5, and quantified in figure 6.  This is similar to a reported clinical 

case study (13), which found nearly normal FA values in the IC even at an advanced 

disease state. 

In conclusion, the results of this study show that MRI measurements of T2 and 

diffusion anisotropy (FA and RD) can be quantifiably obtained at multiple time points in 

the Npc1-/- mouse model and show promise as useful biomarkers for future studies of 

disease progression and proposed treatments in NPC disease models. 
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Abstract 

Purpose:  To investigate regional and global brain atrophy in the 

neurodegenerative Niemann Pick Type C1 (NPC1) disease mouse model using in vivo 

magnetic resonance imaging (MRI). 

Materials and Methods:  MRI experiments were conducted with the most 

commonly studied mouse model of NPC1 disease at early and late disease states.  High 

resolution in vivo datasets were acquired and analyzed with atlas-based registration and 

tensor based morphometry to obtain measurements of brain region volumes as well as 

maps visualizing volume changes due to atrophy in the NPC1 disease model. 

Results:  Six of fourteen brain regions studied in this work showed significant 

changes between the NPC1 model and control mice at an advanced disease stage, with 

one region significantly changed at an early presymptomatic timepoint. 

Conclusions:  Brain atrophy in the most commonly studied mouse model of NPC1 

disease was quantified and visualized with in vivo MRI techniques.  Several regions of 

the mouse brain associated with NPC disease neurodegeneration in clinical and 

preclinical NPC studies are measurably decreased in volume by end stage in the mouse 

model.  The ability to measure in vivo neurodegeneration evidenced by brain atrophy 

adds to the ability to monitor disease progression and treatment response in the mouse 

model. 

 

  



59 
 

Introduction 

Niemann Pick Type C (NPC) is a rare genetic neurodegenerative disease which 

currently lacks effective treatments, and is universally fatal with death occurring prior to 

adulthood in the majority of patients [1,2].  NPC disease is most commonly diagnosed in 

early childhood with symptoms including ataxia, dysarthria, dysphagia, vertical 

supranuclear gaze palsy, and progressive neurological decline.  The primary cause of the 

disease is mutation of the NPC1 gene, resulting in a lack of functional NPC1 protein.  

The precise functions of the NPC1 protein are a topic of recent studies [3-5] and are 

known to include cholesterol transport within cells throughout the body.  The dysfunction 

of NPC1 protein in NPC disease causes impaired cholesterol trafficking leading to a 

buildup of cholesterol and glycolipids in cells.  A small percentage of NPC cases are 

caused by defects in NPC2 protein, which has been found to work with NPC1 to transport 

cholesterol [6,7].  The current study focuses on NPC disease caused by NPC1 gene 

mutations (NPC1 disease). 

MRI studies of NPC patients have reported abnormalities in white matter tracts 

throughout the brain, gray matter atrophy, and enlargement of ventricles [8-12].  A study 

of adult patients reported a pattern of cortical frontal lobe atrophy associated with 

psychiatric or cognitive symptoms, while patients with gait and movement disorders had 

more pronounced brainstem and cerebellar atrophy, and at late stages of the disease, 

diffuse atrophy was found throughout the brain [13].  A recent study of adult NPC 

patients with MRI morphometry techniques described widespread alterations in white 

matter tracts but focal rather than widespread reductions in gray matter volumes [14].  
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Variability in clinical reports of MRI-visible brain atrophy is likely due to differences in 

disease severity associated with the over 240 separate mutations of NPC1 which are 

currently known to cause disease [15].  Due to the low incidence of NPC disease, 

estimated at approximately 1 in 150,000 live births [16], large clinical treatment studies 

are prohibitively difficult, making the use of animal models a valuable component of 

NPC disease research.   

A commonly studied mouse model of NPC1 disease (Npc1-/-) has a mutation in 

the Npc1 gene which causes truncation of 11 of 13 transmembrane domains of the Npc1 

protein and consequently, a complete lack of functional Npc1 protein [17].  The Npc1-/-

mouse model exhibits disease symptoms mimicking a severe infantile form of NPC 

disease, and lives to approximately 10 weeks of age [2].  The Npc1-/-model has been used 

in many studies of NPC disease, including recent studies of promising therapies using 

cyclodextrins [18-20].  The phenotype of the Npc1-/-brain has been described with white 

matter abnormalities including hypomyelination and myelin degeneration [21] and 

atrophy including a progressive loss of Purkinje cell neurons in the cerebellum [22].  

MRI studies of the Npc1-/-mouse model in vivo have shown abnormal myelination and 

atrophy of brain structures including the cerebellum, but have not examined brain 

abnormalities across the entire brain [23-26].   

In vivo MRI-based mouse brain atlases and templates have made possible the 

determination of multiple brain region volumes from 3 dimensional MRI without the 

need for manual image segmentation.  Techniques such as tensor based morphometry 

(TBM) [27] have also been developed and used clinically with MRI to obtain in vivo 
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quantitative measures of neurodegeneration in a variety of diseases.  Currently available 

preclinical MRI systems and 3D imaging techniques have made possible the use of MRI 

atlas-based volumetry and morphometry techniques in preclinical disease models such as 

the Npc1-/-mouse.  The current study utilized high-resolution 3D MRI in combination 

with atlas-based segmentation and TBM to investigate, in vivo, whole brain and region 

specific brain atrophy in the Npc1-/-mouse model of NPC1 disease. 

Materials and Methods 

Npc1-/- and age matched wild-type control (WT) mice were studied at 3 and 9 

weeks of age, corresponding to an early presymptomatic age and an end stage time point 

near-death from disease progression.  Imaging was carried out with a 7T Bruker Biospec 

MRI system (Bruker Biospin Corp., Billerica MA) using a 72mm ID birdcage coil for 

excitation and a four element phased-array surface coil for signal reception.  Mice were 

anesthetized with 2% isoflurane gas and positioned with an animal holding system 

including bite bar and ear bars for head fixation within the imaging coils.  Breathing rate 

was monitored throughout all experiments and body temperature was maintained at 37oC 

with a heated circulating water system and monitored with a rectal fiber optic probe.  

Images were collected with a 3D fast spin-echo sequence with the following parameters: 

TR=1800 ms, ETL=8, Echo Spacing=10 ms, TEeff=40 ms, FOV=30 x 17 x 9.6 mm3, 

100µm isotropic resolution, and scan time: 60:08 (min:sec).  In the images, brain tissue 

was semi-automatically segmented from non-brain tissue.  An initial brain surface 

demarcation was made with an intensity based 3D region of interest (ROI) selection tool 

included in the MRIcron software package (Chris Rorden ©2007).  The brain edges were 
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manually examined and adjusted in the coronal orientation for each slice of the 3D image 

datasets, with reference to a mouse brain atlas [28].  The brainstem was manually 

trimmed at the base of the cerebellum for each dataset.  Heterogeneous signal intensity 

due to the use of a four element phased-array surface coil was corrected by the use of the 

N4ITK bias correction method [29], as implemented in the Advanced Normalization 

Tools (ANTS) toolbox [30].  

After initial segmentation of brain from surrounding tissue and bias correction 

with N4ITK, datasets were registered to a MRI mouse brain atlas, determined from in 

vivo data [31], using the Symmetric Normalization (SyN) registration algorithm as 

implemented in the ANTS toolbox [30].  Registration with the in vivo MRI brain atlas 

allowed for reliable quantization of volumes from 14 brain regions (listed in table 1) to be 

calculated for each dataset without the need for manual drawings of ROIs.   

Further analysis using TBM techniques was undertaken to examine morphometric 

differences without reliance on ROIs, as well as to visualize changes in volume across the 

entire brain.  Average brain templates were constructed from the WT and Npc1-/- datasets 

separately at 9 weeks of age using SyN registration with an iterative registration 

procedure implemented in the ANTS software [32].  The resulting Npc1-/- brain template 

was then registered to the WT template and the volume transformation describing the 

warping operation was analyzed to obtain a measure of volume change for each voxel.  

Maps of the determinant of the Jacobian matrix of the volume transformation of the 

Npc1-/- template to that of the WT were created.  The resulting determinant map is a 

scalar at each voxel indicating the volume difference between the Npc1-/- and WT mice 
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[27].  This 3D map of volume change allows inspection of volume changes within the 

larger regions analyzed by the atlas-based registration as well as observation of patterns 

of global volume changes across regions. 

Results 

Representative T2-weighted images of late stage (panels a-f) and early 

presymptomatic (g-l) Npc1-/- mice and WT controls are shown in figure 1.  Changes in 

intensity are visible in the white matter regions of the corpus callosum, external capsule, 

fimbria, and internal capsule.  The cerebellum of the Npc1-/- mouse appears reduced in 

size relative to the WT mouse, especially apparent in the sagittal view as seen in panels b 

and e.  While it is difficult to definitively demonstrate this effect with unregistered 2D 

slices, the overall size of the brain at 9 weeks of age appears reduced in the Npc1-/- mouse 

(panels d-f) relative to WT (a-c). 
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Figure 1.  Example high resolution T2-weighted in vivo images of WT (a-c, g-i) and 
Npc1-/- (d-f, j-l) mice aged 9 weeks (a-f) and 3 weeks (g-l) are shown.  Areas of 
prominent differences seen with MRI between mouse types are marked with an arrow in 
panel a pointing to the white matter areas of the Corpus Callosum and External Capsule, 
where contrast changes are seen between the WT and Npc1-/- mouse.  Panel b circles the 
cerebellum, which is visibly reduced in size in the Npc1-/-  mouse at 9 weeks.  The arrow 
in panel c indicates the bright signal of the CSF in the lateral ventricles, which are seen to 
be increased in size in the Npc1-/- mouse at 9 weeks.  

Figure 2 demonstrates the steps used in the processing of the high resolution T2-

weighted datasets for analysis.  Example datasets are shown in panel a for a WT mouse at 

9 weeks of age.  Panel b displays the result of the semi-automated masking of non-brain 

tissue from the 3D volume.  The estimated bias field from the heterogeneous sensitivity 

of the 4-channel surface coil is shown in panel c, as determined by the N4 technique.  

The high signal intensities in the upper regions of the cortex and cerebellum due to 

surface coil sensitivity are visible as bright regions in the bias field.  The segmented and 

bias field intensity-corrected images are shown in panel d and are used for further 

analyses with volumetry and morphometry methods. 
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Figure 2.  Example 9 week WT mouse images illustrating the processing steps for 
volumetry and morphometry analyses.  Orthogonal views of the example T2-weighted in 
vivo dataset are shown in panel a.  The images after semi-automated segmentation to 
remove signal from non-brain material are shown in b.  The bias field estimate due to 
surface coil sensitivity obtained using the N4ITK software are shown in panel c.  Panel d 
illustrates the processed 3D dataset ready for image registration and analysis.  

 
Figure 3 shows the whole brain volumes of the WT and Npc1-/- brains as 

measured by the semi-automated segmentation of the brains from surrounding tissue.  

The Npc1-/- brain is significantly reduced in volume at 3 weeks of age relative to WT and 

the difference is greater at 9 weeks. 

 

Figure 3.  Volumes of mouse brains obtained by semi-automated segmentation.  Npc1
-/-

 

mice are smaller than WT at 3 weeks (p<.01) and 9 weeks (p<.001) of age.  

Results of atlas-based registration volumetry are shown in figure 4 and listed in 

table 1.  Six of the 14 brain regions studied with atlas-based registration volumetry were 

found to significantly differ in volume in the Npc1-/- mouse relative to WT at 9 weeks of 
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age.  Only a single region, the neocortex, was found to also differ significantly at 3 weeks 

of age. 

Table 1 

Results of volumetric atlas-based analysis in 14 brain regions

 

 WT 3 wks Npc1-/- 3 wks  WT 9 wks Npc1-/- 9 wks 

Brain Region  (n=5)  (n=6) P  (n=4)  (n=5) P 

 

Hippocampus 27.47 ± 0.92 27.36 ± 1.19 0.873 29.38 ± 1.22 24.75 ± 0.78 <0.001 

Caudate putamen 24.96 ± 1.51 23.12 ± 1.44 0.069 28.32 ± 1.14 19.16 ± 1.39 <0.001 

Thalamus 24.31 ± 0.89 21.95 ± 1.04 0.003 25.77 ± 1.22 19.86 ± 0.55 <0.001 

Cerebellum 58.44 ± 3.62 54.73 ± 2.07 0.061 63.08 ± 4.61 48.14 ± 2.37 <0.001 

Superior colliculi 8.92 ± 0.20 8.19 ± 0.31 0.001 8.97 ± 0.68 7.07 ± 0.23 <0.001 

Hypothalamus 12.07 ± 0.59 12.01 ± 0.23 0.807 14.01 ± 1.17 12.51 ± 0.63 0.043 

Inferior colliculi 5.31 ± 0.12 5.11 ± 0.18 0.080 5.52 ± 0.42 4.30 ± 0.36 0.002 

Central gray 3.70 ± 0.27 3.25 ± 0.12 0.005 3.91 ± 0.43 3.29 ± 0.25 0.030 

Neocortex 155.39 ± 6.43 134.45 ± 5.96 <0.001 157.69 ± 6.94 127.45 ± 2.85 <0.001 

Amygdala 10.82 ± 0.42 10.51 ± 0.28 0.181 12.16 ± 1.13 9.86 ± 0.62 0.006 

Olfactory bulb 27.06 ± 1.28 24.52 ± 1.02 0.005 29.92 ± 2.12 25.62 ± 1.47 0.009 

Brainstem 51.68 ± 2.81 49.59 ± 1.62 0.155 56.67 ± 4.47 50.02 ± 2.82 0.029 

Rest of midbrain 12.25 ± 0.58 12.15 ± 0.46 0.738 13.02 ± 1.02 11.68 ± 0.49 0.034 

Basal forebrain-sep 15.68 ± 0.90 14.43 ± 0.65 0.025 16.48 ± 1.27 14.92 ± 0.75 0.054 

*Brain region volumes are reported as mean ± standard deviation in units of mm3 
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Figure 4.  Volumes of 6 mouse brain regions at 3 (a) and 9 (b) weeks of age, determined 
by atlas-based registration volumetry.  At 9 weeks of age all 6 regions differ significantly 
(P<.001), at 3 weeks, only the neocortex region differs significantly (P<.001).  
 

The locations of the six regions of significant volume reduction at 9 weeks are 

shown in a series of volume cutaway views in figure 5.  The atlas regions are shown 

registered and overlaid upon an example WT dataset at 9 weeks of age. 
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Figure 5.  Sagittal (a), transverse (b), and coronal (c) cutaway views of a 9 week WT 
mouse brain with registered regions of the atlas created from in vivo images overlaid in 
color, illustrating areas of the Npc1-/- brains seen to significantly differ in volume 
compare to WT at 9 weeks of age.  
 

Example images of the 9 week old WT and Npc1-/- templates created for TBM 

analysis are shown in figure 6.  The differences in white matter intensities and cerebellar 

size shown by figure 1 are also evident in the template images.  
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Figure 6. T2-weighted in vivo templates used in morphometry analysis.  Templates were 
created with ANTS software from 9 week WT (n=4) and Npc1-/- (n=5) segmented and 
bias-corrected datasets.  Differences in brain size and appearance are evident as shown in 
figure 1. 
 

Analysis of the Npc1-/- template relative to WT with TBM methodology resulted 

in maps of volume contraction and expansion illustrated in figure 7.  The visualization of 

volume changes across the entire brain volume allows the examination of regional 

changes as well as global patterns of tissue atrophy in the disease model.  Comparison 

with the volume regions illustrated in figure 5 reveals the neocortex, thalamus, caudate 

putamen, and cerebellum to be homogeneously decreased in volume relative to WT mice.  

The hippocampus appears to be more variable, with regions of expansion indicated, 

although this may be complicated by proximity to the adjacent lateral ventricles which 

are increased in size in the Npc1-/- mouse. 
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Figure 7. Maps of local volume contraction and expansion, measured by the determinant 
of the jacobian matrix of the volume transformation of a created Npc1-/- template to a WT 
template at 9 weeks of age.  Values are displayed on a scale of -1 to +1, with smaller 
values (blue colors) indicating regions of decreased volume in the Npc1-/- template 
relative to WT, and larger values (red colors) indicating areas of increased volume.   The 
cerebellum appears uniformly contracted (turquoise-blue) while ventricular spaces appear 
expanded (orange-red). 
 

Discussion 

Six of the 14 brain regions studied with atlas-based registration volumetry and 

TBM were found to be significantly decreased in size at 9 weeks of age in the current 

study.  The regions included the hippocampus, caudate putamen, thalamus, cerebellum, 

superior colliculi, and the neocortex.  These brain regions have previously been reported 
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to be affected by neurodegeneration in clinical NPC cases as well as in ex vivo studies of 

the Npc1-/- mouse model. 

Clinical case studies of NPC disease have described widespread but variable 

amounts of MRI visible brain atrophy associated with neurodegeneration.  A recent study 

of adult NPC patients quantified brain atrophy with morphometry methods [14] and 

reported focal areas of grey matter reductions in the areas of the hippocampus, 

cerebellum, and thalamus.  Similar regions were found to be significantly reduced in 

volume at 9 weeks of age in the current study of the Npc1-/- mouse.  Neuroimaging case 

studies of adult NPC patients have also been carried out with 18F-flourodeoxyglucose 

positron emission tomography (FDG-PET), which provides a measure of tissue metabolic 

activity that can be associated with neurodegeneration.  Reported FDG-PET findings 

include severe hypometabolism in the frontal cortex, thalamus, and cerebellum, [33], 

which would be expected with neurodegenerative atrophy in those regions, similar to the 

current findings in the Npc1-/- mouse.  A second FDG-PET study found hypometabolism 

in the prefrontal cortex and thalamus, but hypermetabolism in the cerebellum 

hypothesized to be related to symptomatic dystonia [34].   

Several ex vivo studies of the Npc1-/- mouse model have described 

neurodegeneration and brain atrophy, and are described in previous reviews [2,35].  A 

quantitative ex vivo study of regional brain volumes in 11 week old Npc1-/- mice used a 

stereological cell counting method and found significantly decreased numbers of neurons 

in the prefrontal cortex and thalamus, and decreased Purkinje cell counts in the 

cerebellum [36].  An ex vivo MRI study reported reduced whole-brain and cerebellar 



72 
 

volumes at 6 weeks of age [25].  In vivo MRI studies of the Npc1-/- mouse to date have 

identified but not quantified atrophy in the brain [23,24,37,26]. The current work is the 

first reported in vivo quantification of atrophic neurodegeneration in the Npc1-/- mouse 

model.   

The current work, while able to measure in vivo brain volume differences in the 

Npc1-/- model compared to WT, has limitations which could be improved upon in future 

studies.  The collection of 3D in vivo MRI data in an animal model requires care to be 

taken to limit motion artifacts.  While the ear bar and bite bar system employed in this 

study was able to greatly reduce the level of artifact in the hour long scans, artifacts are 

still visible as seen in the alternating light and dark bands seen parallel to the brain edges 

in panels d-f of figure 1.  The disease state limits the amount of time available for 

imaging under anesthesia, particularly in the 9 week Npc1-/- mice, limiting the amount of 

signal averaging that can be undertaken to obtain an acceptable SNR for high resolution 

imaging.  Reliable image registration is needed for analysis with the volumetry and 

morphometry methods used in this work. While the ANTS program has been shown to be 

well suited to MRI brain registration tasks [30], registrations of small structures with 

complex shapes such as white matter tracts and ventricular spaces were not found to be 

reliable enough to be included in the quantitative analyses.  

In conclusion, changes in brain volume were quantified in vivo in the Npc1-/- 

mouse model at early and late disease stages with MRI measurements of regional brain 

volumes and visualization of local volume contractions and expansions.  Six brain 

regions were found to be significantly reduced in size with advanced disease.   These 
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regions correspond to findings reported in ex vivo studies of the Npc1-/- model as well as 

clinical reports of NPC disease.  The ability to measure in vivo neurodegeneration 

evidenced by brain atrophy provides an additional means to monitor disease status and 

could prove useful in future studies of treatments in the Npc1-/- mouse model of NPC1 

disease. 
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Abstract 

Purpose:  To evaluate brain metabolite levels as in vivo indicators of disease 

progression in a widely studied mouse model of Niemann-Pick type C1 (NPC1) disease 

with quantitative 1H Magnetic Resonance Spectroscopy (MRS). 

Materials and Methods:  Single voxel MRS experiments were carried out in vivo 

in a mouse model of NPC1 disease and in control mice in two brain regions (central and 

posterior) at two time points (presymptomatic and end stage) to examine changes in 

metabolite levels in NPC1 disease.  Concentrations of nine metabolites were quantified 

by fitting a simulated basis set of metabolite signals to the acquired spectra. 

Results:  The only differences found in brain metabolite levels between NPC1 

disease model and control mice were for myo-inositol and taurine in the posterior region 

of the brain at the end stage of the disease.  Metabolite changes reported in past clinical 

MRS studies of NPC disease were not found in the current study of the mouse model. 

Conclusions:  The 1H spectra obtained from NPC1 mice and control mice were 

very similar, even at end stages of the disease.  Although differences in two metabolites 

associated with neurodegenerative diseases were found and could inform future studies of 

the disease model, it appears that MRS in this mouse model of NPC1 disease does not 

have the sensitivity desired for a biomarker.  
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Introduction 

Niemann-Pick type C (NPC) disease is a rare genetic condition which is currently 

incurable and lacks effective treatment options.  The disease is most often diagnosed in 

childhood with progressively worsening symptoms including vertical gaze palsy, ataxia, 

dysphagia, and dementia leading to death (1).  Mutations of two genes have been found 

to cause NPC disease, with NPC1 mutations responsible for ~95% of NPC cases, and 

~5% attributed to NPC2 mutations (2).  The current study focuses on NPC1 disease, 

caused by NPC1 mutations.  The NPC1 gene codes for NPC1 protein, which is a 

transmembrane protein found in late endosomes and lysosomes of cells throughout the 

body.  Dysfunctional NPC1 protein caused by NPC1 mutation has been found to result in 

cholesterol trafficking defects, leading to a buildup of cholesterol and glycolipids in cells, 

causing the symptoms seen in NPC disease (3).  While NPC disease is most often 

diagnosed in childhood followed by rapid neurological deterioration and death prior to 

adulthood, there is heterogeneity in the disease presentation and diagnosis ranging from 

early infanthood (<1 year) to adult presentations (>30 years) (4).  At least 133 disease-

causing NPC1 mutations have been reported, likely contributing to the wide age range of 

clinical disease diagnosis and progression (2). 

A commonly used mouse model of NPC1 disease, NPC1nih Balb/C (Npc1-/-), has a 

defect in the Npc1 gene which causes a complete lack of functional Npc1 protein in the 

mouse and resembles the severe infantile neurological form of human NPC disease 

(5,6,2).  This mouse model has been the subject of much study and has been used in past 

magnetic resonance imaging (MRI) studies of NPC1 disease, (7-11) and studies of 
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treatments which have shown promise in ameliorating the neurodegeneration seen in the 

disease (12-16). 

Magnetic resonance spectroscopy (MRS) is a noninvasive technique used to 

obtain in vivo information about metabolite levels in living tissues.  It has been used in 

recent investigations of many diseases including cancers (17), and neurodegenerative 

diseases in clinical and preclinical studies  (18-20).  MRS findings have also been 

reported in clinical studies of NPC disease.  Results included an elevated lipid signal at 

~1.2ppm in an infant patient, which normalized after treatment with a cholesterol-

lowering statin drug (21), reduced N-Acetyl Aspartate (NAA) and increased Choline 

(Cho) shown with magnetic resonance spectroscopic imaging (MRSI) (22), and a 

decrease in Cho levels of adult NPC patients over time after treatment with an inhibitor 

of glycosphingolipid synthesis (23).  To date, MRS studies have not been reported in the 

Npc1-/- mouse model.  In the current work we present results of a MRS study of the Npc1-

/- mouse model at early and late stages of the disease, measuring brain metabolite levels 

in vivo in two brain regions. 

 

Materials and Methods 

Npc1-/- and age-matched Balb/C wild type control (WT) mice were studied with 

MRS at 3 and 9 weeks of age.  At 3 weeks of age, Npc1-/- mice are pre-symptomatic and 

at 9 weeks of age are near death.  All animal experiment protocols were approved by and 

carried out under the supervision of the local Institutional Animal Care and Use 

Committee.   
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MRS Acquisition 

MRS experiments were carried out with a 7 Tesla Bruker Biospec preclinical MRI 

system (Bruker Biospin Corp., Billerica MA).  A 72mm ID birdcage volume coil was 

used for excitation and a 4 channel phased-array mouse brain surface coil (Bruker 

Biospin Corp., Billerica MA) for reception of signal.    Mice were anesthetized with 1.5% 

isoflurane gas and breathing rate was monitored throughout all experiments.  Body 

temperature was monitored via fiber optic rectal probe and kept at 37°C with a circulating 

heated water system.  Animals were placed in a restraint system which included bite and 

ear bars for minimization of head motion and allowed for precise placement of the 

animal’s head within the magnet.  Mice were carefully positioned to situate the brain 

region of interest as near as possible to the iso-center of the magnet, in order to obtain the 

best possible field homogeneity.  T2-weighted scout images of orthogonal slices were 

acquired with a RARE (Rapid Acquisition with Relaxation Enhancement) sequence to 

verify animal position.  A cubic MRS voxel with dimensions of 3mm (27µL volume) was 

defined with the aid of the scout images for each experiment.  Voxels were carefully 

positioned to avoid signal contribution from lipids in the subcutaneous fat layers of the 

scalp.  The FASTMAP (fast, automatic shimming technique by mapping along 

projections) (24) method was used to optimize magnetic field homogeneity throughout 

the prescribed MRS voxel. Two brain regions were studied in each experiment, a central 

area of the brain including portions of the hippocampus, thalamus, and superior colliculi, 

and a posterior region consisting primarily of the cerebellum and dorsal brain stem.  Mice 
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were repositioned after acquisition of data from the first region in order to center the 

second region within the magnet.     

A point-resolved spectroscopy (PRESS) pulse sequence was used for collection of 

MRS datasets with parameters: TR=2500 ms, TE=20 ms, 2048 collected points with a 

spectral width of 4 kHz, and 250 averages for a scan time of 10:35 (min:sec) per voxel.  

Outer volume suppression (OVS) and a VAPOR (variable power RF pulses with 

optimized relaxation delays) (25) water suppression scheme were used to mitigate the 

contribution of signal from outside the prescribed voxel and suppress unwanted signal 

from water.  An unsuppressed water spectrum was also collected from each MRS voxel. 

MRS Analysis 

Acquired MRS data were first processed with Paravision 5.0 software (Bruker 

Biospin Corp., Billerica MA) to account for the effects of the digital filter group delay 

used in the acquisition system.  The resulting datasets were then imported into jMRUI 4.0 

software (26,27) for further processing and quantification of metabolites.  The data were 

apodized with a 5 Hz Lorentzian lineshape, the zero-order phase manually adjusted, and 

the residual water peak removed with a 25-component HLSVD (Hankel-Lanczos 

Singular Value Decomposition) filter.  A basis set of 9 metabolite spectra was created 

with the NMR-SCOPE tool (28) as implemented in the jMRUI software package.  The 

basis set included choline (Cho), lactate (Lac), creatine (Cr), N-acetyl aspartate (NAA), 

gamma-aminobutyric acid (GABA), glutamate (Glu), glutamine (Gln), myo-inositol (M-

ins), and Taurine (Taur).  The resonance and J-coupling values used in the creation of the 

simulated metabolite signals were obtained from published reports (29).  The metabolite 
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basis set was used with the jMRUI QUEST quantitation tool (30,31) to obtain 

concentration estimates of the nine metabolites in the central and cerebellar regions of the 

WT and Npc1-/- mice.  The first 25 points of each time-domain spectral signal were used 

to estimate the short T2 macromolecular background signal contribution and remove it 

from the basis set fitting procedure, using the QUEST-subtract method (30).  The 

metabolite concentrations obtained from the QUEST tool were converted to units of 

molarity using the unsuppressed water signal obtained from the appropriate voxel 

location, assuming a tissue water molarity of 55M. 

 

Results 

MRS measurements were made in two brain regions at each time point studied.  

The locations of the spectroscopy voxels are shown in Fig. 1, overlaid upon high 

resolution T2-weighted images of WT and Npc1-/- mice studied at 9 weeks of age.  The 

MRS voxels were deliberately placed away from the scalp to minimize any signal 

contribution from lipids present in the subcutaneous fat layer.   
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Figure 1.  Orthogonal high resolution T2-weighted images illustrating placement 
of 3mm cubic MRS voxels in WT (a) and Npc1-/- (b) mice aged 9 weeks.  The position of 
the central voxel (labeled ‘c’) is located in the approximate middle of the brain.  The 
posterior voxel (labeled ‘p’) is located towards the rear of the brain in the area of the 
cerebellum. 

 
Figure 2 shows example spectra collected from 9-week old WT and Npc1-/- mice 

in the central and posterior brain regions.  The spectra shown have been corrected for the 

group delay of the Bruker system’s digital filter, apodized by 5 Hz, the zero order phase 



86 
 

adjusted, and the residual water peak minimized with the use of a HLSVD filter.  The 

region from 0-5 PPM covering the resonances of the metabolites of interest is shown.  

The nine metabolites studied are labeled near their most prominent peaks.  The prominent 

peaks of NAA, Cho, and Cr are easily distinguished, while those of the remaining 

metabolites are more difficult to differentiate.  Lipid peaks at approximately 0.9 and 1.3 

PPM are also seen. 

 

Figure 2.  Example in vivo spectra from WT and Npc1-/- mice aged 9 weeks, after 
preprocessing and immediately prior to metabolite quantitation.  The major peaks 
corresponding to the metabolites examined in the current study are labeled.  The spectral 
range from 0-5 PPM is shown for the central and posterior voxels. 
 

The metabolite signal basis set generated from the known resonances and J-

coupling characteristics of the nine metabolites using the NMR-Scope tool in jMRUI 4.0 

is shown in Fig. 3.  The overlap of complicated signals from metabolites including M-ins 

and Taur can be seen in the assembled basis set in panel a. 
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Figure 3.  Basis set of 9 metabolite spectra assembled (a) and separated (b) simulated 
with jMRUI NMR-SCOPE software for a PRESS MRS sequence with TE=20ms at 7T.   
 

Figure 4 illustrates the results of the quantitative metabolite fitting estimation with 

jMRUI software.  The residual signal after fitting the metabolite basis set is shown in 

panel a.  The calculated metabolite signals after iterative estimation are shown in panel b 

as separate signals, and in panel c in summation.  Panel c also shows a dashed line 

denoting the estimated background signal from short T2 macromolecules which were not 

included in the basis set but were estimated with the QUEST-subtract method and 
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removed from the metabolite estimation process.  The original preprocessed spectrum is 

shown in panel d. 

 

Figure 4.  Example result of jMRUI QUEST metabolite analysis for data from the central 
voxel of a WT mouse at 9 weeks of age.  The residual signal after metabolite basis set 
fitting is shown (a).  The 9 individual metabolite basis signals found to best fit the data 
are shown (b).  The sum of the fitted basis signals is shown (c) along with the 
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macromolecule background signal estimated by the QUEST-SUBTRACT method (blue 
dashed line).  The original spectrum is also shown (d). 

 

Figure 5 shows the results of the MRS analysis of 3 and 9 week old Npc1-/- and 

WT mice.  The means and standard deviations are displayed.  Significant changes from a 

student’s t-test are denoted by * for P<0.05 between WT and Npc1-/- mice at 3 and 9 

weeks of age in the central and posterior brain regions.  The myo-inositol and taurine 

metabolite concentration estimates at 9 weeks of age were the only significant differences 

found.  No other metabolites, including NAA or Cho, were seen to vary significantly in 

the current study between the WT and Npc1-/- mice. 
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Figure 5.  Results of in vivo MRS in WT and Npc1-/- mice at 3 and 9 weeks of age in the 
cortex and cerebellum (n=3 in all groups).  Means and standard deviations are shown.  
Significant changes between mouse types were found only in myo-inositol (M-ins) and 
taurine (Taur) at 9 weeks of age in the posterior region (P<0.05). 
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Discussion 

A motivation for the study of the Npc1-/- mouse with the 1H MRS techniques 

described herein came from clinical studies of NPC disease which suggested a possible 

role for MRS in monitoring neurodegenerative disease status, progression, and treatment 

response.  The first reported MRS study of human NPC disease reported normal NAA 

and Cho levels relative to Cr with an elevated lipid peak at ~1.2 ppm (21).  The patient 

was studied at 9, 13, and 19 months of age and was treated with cholesterol-lowering 

agents cholestyramine and lovastatin.  The elevated lipid peak was only observed at the 

initial 9 month time point.  In the current study, lipid peaks at ~0.9ppm and 1.3ppm were 

observed in the WT and Npc1-/- mice, as shown in Fig. 2.  These peaks were examined 

but not seen to vary consistently between WT and Npc1-/- mouse types by analysis of the 

peaks compared to the signal from Cr.  In this study, as in the reported clinical case study, 

MRS voxels were carefully placed in order to minimize any lipid signal contributions 

from the scalp.   

A second clinical study employing MRS techniques to investigate NPC disease 

reported changes in NAA and Cho levels (22).  In that study, MRSI was used to 

investigate the spatial distribution of NAA, Cho, and Lac signals relative to Cr within the 

brain.  The ratio of NAA to Cr was found to be significantly decreased in the NPC 

patients and the ratio of Cho to Cr to be increased.  The decreased NAA levels were 

ascribed to neuronal degeneration and the increased Cho to processes of demyelination 

and astrogliosis.  The patients in that study included both children and adults, ranging in 

age from 6-39 years.  A third reported clinical study of NPC disease using MRS 
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measured NAA and Cho relative to Cr at 4 time points spanning 24 months as markers of 

the effect of treatment with a glycosphingolipid synthesis inhibitor, N-butyl-

deoxynojirimycin (miglustat) (23).  The NAA levels were not seen to change over the 24 

month period, but the Cho levels were seen to decrease relative to Cr.  The patients in this 

study were adults, aged 21, 23, and 38 years, and all had been diagnosed with NPC 

disease in their teenage years.  In the current study no differences in NAA or Cho levels 

were found between the Npc1-/- mouse model and WT controls, by either estimation of 

the metabolite concentrations or examination of a ratio of metabolite signals to that of Cr. 

The only significant changes in metabolite signal between the Npc1-/- and WT 

control mice were seen in M-ins and Taur at 9 weeks of age in the posterior brain region.  

At nine weeks of age, Npc1-/- mice are severely affected by the disease and are close to 

the average time of death at approximately 10-11 weeks of age (10).  A MRS voxel was 

deliberately positioned in the posterior of the brain including the cerebellum since that 

region has long been known to be affected in the Npc1-/- mouse model with progressive 

neuronal death including Purkinje cells (32).  The reported clinical MRS studies of NPC 

disease focused on the prominent metabolite peaks of NAA, Cho, Cr, and Lac, and did 

not report estimates of M-ins or Taur, whose spectral peaks are more complex and 

overlap other metabolites, as can be seen in Figs. 2 and 3.  M-ins, the predominate form 

of inositol found in tissue, is a cyclic sugar alcohol, taurine is an amino acid.  The 

findings of increased M-ins and decreased Taur in the Npc1-/- mouse model are 

interesting in the context of reported in vivo MRS findings in other neurodegenerative 

diseases.  Elevated M-ins levels have been reported in a recent clinical study of 
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Alzheimer’s disease (33).  The cerebellum of a spino cerebellar ataxia mouse model 

featuring Purkinje cell dysfunction and loss showed increased M-ins and decreased levels 

of Taur compared to WT which normalized after treatment (34).  A MRS study of a 

Huntington disease rat model showed decreased Taur compared to controls (35).  

Interestingly, a past ex-vivo study of neurochemicals in the Npc1-/- mouse model found 

no significant difference in Taur levels in the cerebellum at 7 weeks of age (36).   The 

interpretation of these findings, however, is difficult as the specific roles of M-ins and 

Taur in NPC1 disease are not known. 

In conclusion, MRS was carried out in the Npc1-/- mouse model of Niemann Pick 

Type C disease at early and late stages of the disease and in two brain regions.  

Differences in metabolite levels were measured only for myo-inositol and taurine in the 

posterior/cerebellar region of the brain at the most advanced disease time point.  The 

reported clinical findings of altered lipid, NAA, and Cho levels were not found in the 

mouse model.  The findings of in vivo changes in M-ins and Taur levels in the Npc1-/- 

mouse brain are the first reported and are comparable to MRS findings in preclinical and 

clinical studies of other neurodegenerative conditions. 
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