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Abstract

Although the huntingtin gene is expressed in brain throughout life, phenotypically Huntington's 

disease (HD) begins only in midlife to affect specific brain regions. Here, to investigate regional 

vulnerability in the disease, we used functional magnetic resonance imaging (fMRI) to 
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translationally link studies in patients with a mouse model of disease. Using fMRI, we mapped 

cerebral blood volume (CBV) in three groups: HD patients, symptom-free carriers of the 

huntingtin genetic mutation, and age-matched controls. In contrast to a region in the anterior 

caudate, in which dysfunction was linked to genotype independent of phenotype, a region in the 

posterior body of the caudate was differentially associated with disease phenotype. Guided by 

these observations, we harvested regions from the anterior and posterior body of the caudate in 

postmortem control and HD human brain tissue. Gene-expression profiling identified two 

molecules whose expression levels were most strongly correlated with regional vulnerability — 

protein phosphatase 1 regulatory subunit 7 (PPP1R7) and Wnt inhibitory factor-1 (WIF1). To 

verify and potentially extend these findings, we turned to the YAC128 (C57BL/6J) HD transgenic 

mice. By fMRI we longitudinally mapped CBV in transgenic and wildtype (WT) mice, and over 

time, abnormally low fMRI signal emerged selectively in the dorsal striatum. A relatively 

unaffected brain region, primary somatosensory cortex (S1), was used as a control. Both dorsal 

striatum and S1 were harvested from transgenic and WT mice and molecular analysis confirmed 

that PPP1R7 deficiency was strongly correlated with the phenotype. Together, converging 

findings in human HD patients and this HD mouse model suggest an anatomo/functional pattern 

of caudate vulnerability and that variation in expression levels of herein identified molecules 

correlate with this pattern of vulnerability.

INTRODUCTION

Huntington's Disease (HD) is a progressive neurodegenerative process that typically 

presents with abnormal choreic movements indicative of caudate dysfunction, as well as 

cognitive and psychiatric symptoms (Reiner et al., 1988). Linkage analysis identified 

disease-causing defects in a gene subsequently called huntingtin, characterized by an 

expanded number of CAG repeats (MacDonald, 1993). Since then many studies have 

clarified the function of huntingtin, the clinical consequences of CAG repeat expansions, 

and in general have informed hypotheses about disease pathogenesis (Kumar et al., 2010). 

Nevertheless, many questions remain and there is still no effective intervention for HD.

One outstanding question emerges from the observation that huntingtin is expressed early 

and diffusely throughout the brain, yet typically the disease is expressed in midlife and 

characterized by differential regional vulnerability. These observations suggest that 

genotype is necessary but insufficient to account for the disease's anatomical and temporal 

pattern of dysfunction.

To begin understanding regional vulnerability in the disease we used a variant of functional 

magnetic resonance imaging (fMRI) that maps basal CBV (cerebral blood volume), 

employing the steady-state gadolinium enhancement method (Lin et al., 1999). Like other 

hemodynamic variables, CBV is tightly coupled to brain metabolism (Gonzalez et al., 1995) 

and was the first variable to be used in fMRI (Belliveau et al., 1991). CBV is notable for its 

ability to generate functional maps with submillimeter resolution (Lin et al., 1999). High-

spatial resolution is useful for identifying dysfunction in small regions of the brain (Moreno 

et al., 2007; Pereira et al., 2007), thus CBV mapping is particularly well-suited for 

translational research across species. Indeed, by imaging patients and animal models, CBV 
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mapping employing this approach has been used to characterize hippocampal dysfunction in 

Alzheimer's disease (Moreno et al., 2007), schizophrenia (Gaisler-Salomon et al., 2009; 

Schobel et al., 2009), cognitive aging (Small et al., 2004), diabetes (Wu et al., 2008), and 

brainstem dysfunction in Parkinson's disease (Lewandowski et al., 2010).

In the current study, we relied on CBV mapping in human patients, asymptomatic gene 

carriers and in the YAC128 (C57BL/6J) mouse model of HD (Bayram-Weston et al., 2012; 

Brooks et al., 2010; Brooks et al., 2011a; Brooks et al., 2011b) to map a pattern of caudate/

striatal dysfunction differentially linked to phenotype versus genotype. We then exploited 

this differential pattern to isolate, by microarray, molecules whose expression level changes 

coincide with this pattern of caudate vulnerability in human postmortem brains of 

symptomatic patients. The molecular hits were then tested and confirmed at the protein level 

and in the mouse model of disease.

MATERIALS AND METHODS

Human fMRI

Subjects—Study subjects were recruited from the Columbia Health Sciences Huntington's 

Disease Society of America (HDSA) Center of Excellence and provided informed consent 

prior to participation. Subjects were included if they had clinically defined HD and a total 

functional capacity score (TFC) of >7, indicating mild to moderate disease. Subjects were 

considered asymptomatic HD gene carriers if they had a unified Huntington's disease rating 

scale (UHDRS) total motor score <10 and received a score of <4 on the diagnosis 

confidence level question of the UHDRS. Age-matched, healthy control subjects who had 

no history of HD were also enrolled and underwent MR imaging. Patient breakdown: 20 HD 

subjects (mean age= 49, 60% men, mean CAG repeats= 44, mean TFC= 9.5); 12 

asymptomatic subjects (mean age= 42, 60% men, mean CAG repeats= 41, mean TFC= 

12.8); and 20 healthy controls (mean age= 45, 50% men) (Table 1, fMRI subjects 

demographics).

Imaging—CBV maps were generated as previously described (Moreno et al., 2007). 

Briefly, imaging was performed with a 1.5 tesla Philips Intera scanner, generating T1-

weighted images (time to repeat, 20ms; time to echo, 6ms; flip angle, 25 degrees; in plane 

resolution, 0.86mm × 0.86mm; slice thickness, 4mm) acquired perpendicular to the long-

axis of the caudate before and 4 minutes after intravenous (i.v.) administration of the 

contrast agent (CA), gadolinium (0.1mmol/kg).

Voxel-based whole brain analysis—Voxel-wise processing and analysis was 

implemented using a three-step procedure comprising a) calculation of CBV maps in native 

anatomical space, b) transformation of individual CBV maps to standardized stereotactic 

space, and c) statistical analysis.

a) Calculation of CBV maps in native space: Each subject's pre-contrast and post-contrast 

images were coregistered to each other by six degrees of freedom (df) using Affine Inter-

Modal Image Registration (FSL's FLIRT) (Smith et al., 2004). Coregistrations were visually 

inspected for accuracy. The pre-contrast image was subsequently subtracted from the post-
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contrast image. We used values within the superior sagittal sinus as an estimate of 100% 

blood for subtraction, following recommendations of Lin and colleagues (Lin et al., 1999). 

The superior sagittal sinus for each subject was isolated through intensity thresholding on 

the subtracted image using a custom script written for Matlab software (The Mathworks, 

Natick, MA). Image processing was performed in three steps. First, the bottom half of the 

image in coronal orientation was masked out to remove interference of bone and neck tissue 

and blood. Second, the intensity threshold for the entire image was set at half of the 

maximum intensity value of the image. Third, a nearest neighbor clustering routine was run 

to cluster, or group, each voxel with each contiguous voxel that is above the half-maximum 

threshold. Determination was made of the cluster with the greatest mean intensity value 

from among those larger than 100 voxels. This cluster has been within the superior sagittal 

sinus in all images tested with this approach thus far, which has also been confirmed 

visually. The mean value of the 50 voxels with the highest intensity values within this 

cluster was taken as the estimate of 100% blood volume. Each voxel value in the subtracted 

image was then divided by the estimate of 100% blood volume from the sagittal sinus and 

multiplied by 100, yielding relative CBV maps (rCBV). We established reliability with this 

automated approach by comparing manually-derived absolute blood volume. rCBV values 

derived from a region of interest (ROI) placed in the caudate were highly correlated 

(r=0.978) with rCBV values in the same ROI employing this automated approach.

b) Transformation of individual CBV maps to standardized stereotactic space: Each 

subject's pre-contrast image was spatially normalized into standardized, high resolution 

(1×1×1mm) stereotactic space defined by the International Consortium for Brain Mapping 

(ICBM)-152 anatomical atlas (Mazziotta et al., 2001) using a 12 df FLIRT registration 

(Shattuck et al., 2008). The transformation matrix derived from this step was applied to the 

CBV map (i.e., the subtracted image normalized by values in the superior sagittal sinus). A 6 

mm Gaussian smoothing kernel was applied to the normalized rCBV map.

c) Statistical analysis: Statistical analyses were conducted with the image analysis software 

package SPM5 (Wellcome Department of Imaging Neuroscience, London, UK). We used a 

voxelwise approach similar to voxel-based morphometry used to examine density or 

volumetric differences between groups (Ashburner and Friston, 2000; Good et al., 2001). 

Group t-statistic contrasts were used to compare rCBV maps between asymptomatic (n=5) 

and symptomatic (n=7) huntingtin gene carriers to controls (n=12) using a t-test threshold of 

2.52 (α=0.01) and 3.53 (α=0.001), respectively. This analysis identified which individual 

voxels differed in rCBV as a function of symptomatology or gene carrier status, and 

generated statistical parametric maps showing the regional distribution of significant voxel 

differences. No corrections for multiple comparisons were made.

ROI analysis—Image analysis was performed by an investigator who was blinded to 

subject diagnosis and genetic status. To generate human CBV maps, the precontrast image 

was subtracted from the postcontrast image and the difference in the sagittal sinus (which 

serves as an estimate of the image intensity change of 100% blood), was recorded. The 

subtracted image was then divided by the difference in the top 4 pixels measured from the 
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sagittal sinus and multiplied by 100, yielding relative CBV maps (rCBV) (Moreno et al., 

2007).

ROIs were manually defined on each coronal pre-contrast T1 image. The caudate nucleus 

was outlined bilaterally and those ROIs were then transferred onto the rCBV map to obtain 

normalized CBV values for each region. Analysis was performed on two coronal sections/

subject: one at the rostral-most extent of the head of the caudate nucleus (typically 8 mm 

anterior to the level of the anterior commissure); and the second at the most caudal section 

of the body of the caudate nucleus that could be visualized. The lateral ventricle was used as 

the medial border of the structure and the surrounding white matter tracts defined the 

remainder of the structure (Fig. S1). Mean rCBV in the left and right anterior and posterior 

caudate was measured for each individual case. Additionally, in the same slices anterior and 

posterior caudate areas (right and left) were measured as an indirect indicator of tissue 

changes.

Mouse fMRI

Subjects—The yeast artificial chromosome mouse model of HD (YAC128–C57BL/6J) 

(Van Raamsdonk et al., 2007) and its WT littermates were obtained from Psychogenics Inc 

(Tarrytown, NY). Mutant and WT mice were generated crossing mutant male YAC128 

congenic C57BL/6J to C57BL/6J females. Mice were group-housed in an enriched 

environment as described in (Menalled et al., 2009). Food and water were available ad 

libitum. Genotype was determined at 15 days of age by PCR of tail snips (Morton et al., 

2000). CAG repeat lengths were measured by Laragen (USA). All CAG repeat numbers 

reported here are those determined directly by Genemapper software by Laragen Inc. (Los 

Angeles, CA). All YAC128 mice selected for this study carried around 119 CAG repeats.

Imaging—The following procedures were performed in accordance with approval from the 

Institutional Animal Care and Use Committee (IACUC) at Columbia University Medical 

Center. YAC128 mice and WT littermates (sex matched between groups) were imaged at 20 

weeks of age and then repeatedly at 12 week intervals (n=10 per group); 32 weeks (n=10 per 

group), 44 weeks (n=9 per group), and 56 weeks (n=9 WT; 7 YAC128). As previously 

described (Moreno et al., 2007), mice were imaged with a Bruker AVANCE 400WB 

spectrometer (Bruker NMR, Inc., Billerica, MA) outfitted with an 89 mm bore 9.4 Tesla 

vertical Bruker magnet (Oxford Instruments Ltd., UK), a 30 mm-i.d birdcage RF probe, and 

a shielded gradient system (100 G/cm). Like other fMRI studies in rodents, we used 

isoflurane for anesthesia (induction phase 3 vol % and maintenance 1.1- 1.5 vol % at 1 l/min 

air flow, via a nose cone).

An investigator blinded to subject grouping performed all imaging processing. Although 

anesthesia and soft head fixation minimized head motion, the AIR program was used to co-

register the images. A Gnu plot was generated to assess the quality of the co-registration, 

and an individual study was rejected if a shift greater than 1 voxel dimension was detected. 

CBV was mapped as changes of transverse relaxation rate (ΔR2) induced by the CA. Note 

that R2 = 1/T2. When the contrast agent reaches uniform distribution, then CBV maps can be 

measured from steady state T2-weighted images as: CBV α ΔR2= ln (Spre/Spost)/TE 
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(Belliveau et al., 1991). Where TE is the effective echo time, Spre is the T2-weighted signal 

before CA administration, and Spost is the T2-weighted signal after CA reaches steady state. 

We have previously studied the kinetics of intraperitoneal gadolinium generated CBV maps 

in C57BL/6J mice and identified the 37.5 minute time-point as the optimum post-contrast 

time interval (Moreno et al., 2006). The derived ΔR2 maps were then divided by 4 voxels 

with the highest ΔR2 measured from the posterior cerebral vein, yielding rCBV maps. We 

have published a detailed discussion on the necessity for normalization of CBV maps 

(Moreno et al., 2006; Moreno et al., 2007).

Dorsal Striatum (DS)—The lateral boundary follows the ventromedially facing concavity 

of the external capsule, which is inserted between its dorsal, lateral and anterior margins and 

the neocortex. The medial boundary is the lateral ventricle, with the globus pallidus, 

overlapping ventrally the ventral striatum (VS) and, the amygdale extending caudally. Given 

these anatomical references an axial slice corresponding to the stereotaxic coordinates 

[Interaural = 4.36 mm, bregma = -5.64mm], was selected to identify a DS-ROI.

Ventral Striatum—VS comprises the ventromedial caudate-putamen, the nucleus 

accumbens and part of the olfactory tubercule (Kelley et al., 1982). VS is considered by 

some to be the ventral continuation of the dorsal striatum because no clear boundary can be 

drawn between the regions. We selected an axial slice located ventrally form DS, where the 

nucleus accumbens and olfactory tubercule were identified, corresponding to the stereotactic 

coordinates [interarural=3.76 mm, bregma=-6.24]. Note that in the sagittal slice we also 

selected the nucleus accumbens, which is beneath the rostral caudate-putamen and the 

external capsule forms the boundaries.

Primary Somatosensory Cortex—The three subdivisions of S1 (forelimb, hind-limb 

and head representation areas) were included. S1 is bordered caudally by Par 2 and rostrally 

by the agranular insular cortex. Border zones were avoided in an axial slice corresponding to 

the stereotactic coordinates [interaural=-4.44 mm, bregma=5.56 mm] (Fig. S2A). Note that 

for the analysis we selected and analyzed right and left structures, but only report mean 

value of both, because no laterality differences were found.

Stereotactic coordinates for all ROIs were based on the mouse brain library (MBL) atlases 

for C57BL/6J (Rosen et al., 2000; Williams, 2000).

Structural Imaging

The MRIs generated for functional analysis were used to obtain anatomical volumes as well. 

2D-fast spin echo (FSE) were used to generate brain volumes utilizing the ITK-SNAP 

program (Yushkevich et al., 2006), which allows for active contour generation. For the 

present work manual boundary drawing was used, which involved slice-by-slice boundary 

drawing on available orthogonal views. This method has a coupling cursor between 2D 

slices and the 3D display, which significantly helps to reduce slice-by-slice jitter that occurs 

in this type of segmentation. Manual segmentation was performed by three highly trained 

raters using a standard anatomical atlas. We had previously compared 2D-FSE and 3D- 

gradient echo (GE) generated structural data, although there was a high correlation between 
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2D and 3D MRI measurements (r=0.87) reported in (Moreno et al., 2011), 2D images 

consistently provided slightly higher volumes. The volumes measured in 2D images were 

obtained by multiplying the pixel size by the interslice distance (SI=0.7mm). A slight 

overestimation may have resulted because the volume from where the signal is obtained 

reflects a smaller slice thickness (ST=0.6mm). Therefore we calculated the average height in 

the slice dimension for a given ROI (Hs) and multiplied the 2D volumes by the following 

correction factor: (1-(1-ST/SI)/Hs)). For instance Hs=1.2: (1-(0.6/0.7)/1.2=0.88; Hs = 2.34: 

(1-(1-0.6/0.7)/2.34)=0.94. We therefore used this correction factor in all data presented. 

Both rCBV-ROIs and anatomical ROIs- segmentations were compared between the three 

highly trained raters using common intraclass correlation statistics. The analysis showed 

high agreement between the raters for all the ROIs analyzed with values between 0.891 and 

0.976. Striatum ROI selection included VS and DS using the criteria described above.

Gene-expression studies

All samples from the New York Brain Bank (NYBB), and were flash frozen in liquid 

nitrogen and stored at −80°C. Guided by our imaging findings, we harvested the posterior 

and anterior caudate, as well as the S1 region, using strict anatomical criteria following 

NYBB procedures from each of the 20 brains: 10 control (mean age: 70; 60% male) and 10 

HD brains (mean age= 73, 60% male, mean CAG repeats = 41, rated at pathological stages 1 

or 2, as previously described (Vonsattel et al., 1985)). Using an Affymetrix chip platform 

(GeneChip; Affymetrix, Santa Clara, CA) we generated gene-expression profiles in each of 

these 60 brain samples. Total RNA was extracted from each of the 60 tissue samples with 

TRIzol reagent (Invitrogen, Carlsbad, CA) and purified with RNeasy mini columns (Qiagen, 

Valencia, CA). All subsequent steps followed, Affymetrix's Eukaryotic target preparation 

protocol found in the GeneChip Expression Analysis Technical Manual (Affymetrix, Santa 

Clara, CA). RNA and microarray workup was preformed as previously described 

(Lewandowski et al., 2010). The microarray data has been submitted in a MIAME-

compliant format to Gene Expression Omnibus (GEO) via NCBI, series accession # 

GSE11897.

Western blot analysis

A new set of 4 HD (mean age= 56, 75% male, mean CAG repeats= 46, rated pathological 

grade 2 or 3 (Vonsattel et al., 1985)) and 4 control (mean age=58, 50% male) brain samples 

were obtained from the NYBB, following the criteria described above. Within each brain the 

posterior caudate and the S1 region were identified and sectioned using strict anatomical 

criteria (total number of samples, n=14). Methods were preformed as previously described 

(Lewandowski et al., 2010), with primary antibodies for PPP1R7 (Zymed-Invitrogen custom 

made). Full-length human PPP1R7 was used to generate polyclonal antibodies, which were 

affinity isolated. WIF-1 antibodies obtained from (Novus Biologicals) were also used. All 

samples loading were normalized to tubulin expression. This protocol was repeated on 

laterally pooled striatum and S1 from 48 week old (7 YAC128 and 7 wildtype, total of 28 

samples) and 28 week old (4 YAC128 and 4 wildtype, total of 8 samples) mouse brains (See 

supplementary information for details).
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Statistics

Standard statistical methods were used for the data. These included generalized estimated 

equations (GEE) (as detailed in supplementary material), t-tests, analysis of variance 

(ANOVA) and repeated measures ANOVA. The specific selection of variables and methods 

is specified for each experiment in the Results section. Outcome variables were normally 

distributed.

RESULTS

Mapping a pattern of regional vulnerability within the caudate in HD

Steady-state gadolinium enhanced CBV (Moreno et al., 2007) maps were generated in three 

groups: 20 symptomatic patients with HD (mean age = 49, 60% male, mean CAG repeats = 

44, mean Total functional capacity score (TFC) = 9.5); 12 asymptomatic subjects with 

expanded CAG repeats (mean age = 42, 60% male, mean CAG repeats = 41, mean TFC = 

12.8), and 20 healthy controls (mean age = 45, 50% male).

Coregistration of brains into a unified space facilitated a whole brain voxel-based analysis 

comparing HD patients to controls. Consistent with previous functional imaging studies 

(Kuhl et al., 1985; Kuhl et al., 1984; Paulsen, 2009) and those using fluoro-deoxyglucose 

positron emission tomography (Kuhl et al., 1982), significantly lower CBV values were 

observed in the caudate of HD patients, indicating a functional abnormality (Fig. 1A). 

Previous studies have suggested a posterior-anterior gradient of caudate pathology in HD 

(Kassubek et al., 2004; Vonsattel and DiFiglia, 1998; Vonsattel et al., 1985), and because 

coregistration reduces spatial resolution, a “region of analysis” approach was used to 

investigate the long axis of the caudate. ROIs were identified in the anterior and posterior 

body of the caudate (Fig. S1), the most posterior aspect of the caudate that could reliably be 

visualized in HD patients with atrophy. ROIs were applied to each subject, and data were 

analyzed with repeated measures ANOVA, including region (anterior and posterior) and 

laterality (left and right) as within-subject factors, group (symptomatic, asymptomatic, 

controls) as a between-group factor, and age and sex as covariates. A significant group-by-

region interaction (F=3.8, p=0.024) was observed (Fig. 1B and C), which was confirmed by 

post-hoc comparisons (Bonferroni test). To address whether caudate atrophy may be 

contributing to the effect observed, we replicated the analysis but included measures of 

caudate area (see Methods) as covariates. Results still showed a significant group-by-region 

interaction (F=4.7, p=0.013). Nota Bene: No gender effects were noted within these 

comparisons.

The interaction was driven by rCBV differences measured in the posterior caudate between 

the symptomatic and asymptomatic groups (both with expanded repeats) (F=4.3, p=0.031), 

and by rCBV differences measured in the anterior caudate between the asymptomatic and 

control groups (F=5.7, p=0.024). These findings suggest that abnormally low rCBV values 

in the anterior caudate are linked to genotype independent of phenotype (both groups 

asymptomatic), while dysfunction in the posterior caudate is selectively linked to the clinical 

phenotype (symptomatic vs. asymptomatic). In anticipation of our molecular studies, we 

were interested in identifying a region that was unaffected by genotype or phenotype. In a 
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secondary analysis, therefore, ROIs were identified in the primary somatosensory cortex 

(S1), a region reported to be relatively less affected than the caudate nucleus in HD (de la 

Monte et al., 1988). An ANOVA revealed no significant difference between the three 

subject groups in this region (F=0.15, p=0.87) (Fig. S2A).

Molecules linked to regional vulnerability of the caudate

Ten healthy brains (mean age=70; 60% male) and ten HD brains (mean age=73, 60% male, 

mean CAG repeats= 41, rated at pathological stages 1 or 2) with minimal gliosis were 

identified. Guided by the imaging findings, 3 regions were harvested from each brain—the 

anterior caudate, posterior body of the caudate, and the S1 region of cortex. Affymetrix 

microarray chips were used to generate gene expression profiles in each of the 60 tissue 

samples.

As with imaging, two analyses were performed. First, applying the same statistical model 

used with fMRI, caudate expression levels were analyzed using a repeated-measures 

ANOVA, including region (anterior vs. posterior caudate) as a within subject factor and 

group (healthy vs. HD) as a between group factor. A group-by-region interaction was 

identified for 12 transcripts (p<0.05), (Table 2). Second, an ANOVA was used to compare 

expression levels of the 12 transcripts in S1 between HD and healthy brains. Nine transcripts 

were found to have abnormal expression levels in S1 (Table 2), suggesting that they are not 

selectively linked to HD-related caudate dysfunction. Based on both analyses, three 

transcripts were identified whose expression levels best tracked with regional vulnerability 

in the disease: Wnt inhibitory factor-1 (WIF1), protein phosphatase 1 regulatory subunit 7 

(PPP1R7) (Fig. 2), and an uncharacterized hypothetical protein FLJ10955. We concentrated 

in the study of PPP1R7 and WIF-1. When comparing controls vs. HD patients expression 

level of these two transcripts—ANOVA analysis showed that they were significantly lower 

in HD cases only in posterior caudate for both PPP1R7 (F= 4.67; p=0.027) and WIF-1 

(F=5.36 p=0.021), while no significant differences were observed when comparing 

expression levels in anterior and posterior caudate of HD patients for either PPP1R7 

(F=0.16; p=0.86) or WIF-1 (F=2.6; p=0.061).

Evaluating caudate function and structure with MRI in a HD mouse model

To confirm and extend the human fMRI findings, we imaged a mouse model of HD. 

Transgenic mice YAC128 in C57BL/6J background strain were selected for this study. This 

mouse line expresses a full-length genomic construct under the control of the human HD 

gene promoter and has been well characterized in prior studies (Brooks et al., 2010; Brooks 

et al., 2011a; Brooks et al., 2011b; Lerch et al., 2008b; Van Raamsdonk et al., 2007).

Steady-state gadolinium enhanced rCBV maps were generated using a 9.4 tesla dedicated 

rodent scanner, as previously described (Moreno et al., 2007). Ten YAC128 mice and 10 

WT littermates (gender-matched between groups) were imaged beginning at 20 weeks, prior 

to the observed onset of significant neurodegeneration (Slow et al., 2003) and then 

repeatedly at 12 weeks intervals; 32 weeks (n=10 per group), 44 weeks (n=9 per group), and 

56 weeks (n=9 WT; n=7 YAC128).
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Unlike human imaging, mice were imaged using a 2D acquisition. The acquisition protocol 

contained a 0.1mm inter-slice interval (ISI) in an attempt to minimize the effects of partial 

volume sampling in our dataset, as well as, interslice cross talk. Considering the relatively 

large ISI and its implications on the inference of anatomical and CBV changes, whole brain 

voxel-level analysis was not performed. Thus a ROI-based analysis was performed instead. 

Guided by the human imaging study, ROIs were identified in the ventral and dorsal striatum 

(VS and DS), equivalent to the anterior and posterior body of the caudate in primates, and in 

S1.

To map functional changes over time we used a GEE model, a statistical approach used for 

longitudinal data analysis (Zeger et al., 1988). This statistical method takes into account the 

multiple observations per subject which are likely to be correlated, and treats them as 

clusters. rCBV values from the 3 ROIs were included as the dependent variables, genotype 

was included as the independent variable, and genotype-by-time was included as the 

interaction variable. Gender was included as a covariate.

In the DS a significant effect was found for time (Beta=-0.002, Wald chi square=31.71, 

p=0.0001), and for the genotype-by-time interaction (Beta=-0.001, Wald chi square=9.64, 

p=0.002). The negative beta values indicate an age-related decline in rCBV for both groups, 

but more importantly the interaction variable indicates that transgenics had an accelerated 

decline in the dorsal striatum compared to WT littermates (Fig. 3A and 3B) without gender 

differences. For the VS, a significant time effect was observed (Beta=-0.002, Wald chi 

square=3.98, p=0.047) but no significant genotype-by-time interaction was observed (Fig. 

3C and 3D). For S1, no significant effects were found for genotype, time, or genotype-by-

time (Fig S2B).

Although, structural volumes of striatum in this mouse model have been reported before 

(Lerch et al., 2008a; Lerch et al., 2008b), we have measured MR striatum volumes 

longitudinally. This may provide more detail information on possible age-dependent 

structural changes and— more importantly help identify the influence, if any, of the 

structural changes on the rCBV measurements. We used the same horizontal 2D-T2 images 

used for the fMRI-analysis, and the same YAC128 and WT groups used for the fMRI 

analysis were used here [see Methods for details]. Striatum volume analysis employed the 

same GEE model described above. Volumes in mm3 were included as the dependent 

variable, genotype was included as the independent variable, and genotype-by-time was 

included as the interaction variable. Gender was included as a covariate.

In striatum volume, only a significant effect was found for time (Beta=-2.648, Wald chi 

square=53.81, p<0.001), the negative beta value indicates an age-related volume loss in 

striatum for both groups. Nevertheless no significant effect was found for the genotype-by-

time interaction (Beta=-0.391, Wald chi square=0.254, p=0.614), indicating that if there is 

striatum volume loss, aged-transgenics have no worsening of caudate atrophy. To clarify 

these findings we evaluated each age group independently. Although volumes tended to be 

lower in YAC128 mice after 32 weeks (Fig. 4). ANOVA analysis revealed that only at age 

44 weeks was there a significantly lower volume in YAC128 mice in striatum (F= 4.98, 

p=0.04).
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Finally, we replicated the rCBV GEE analysis in VS and DS, including as covariates the 

striatum volumes. The results were comparable. In DS time had values of (Beta=-0.012, 

Wald chi square=43.18, p<0.0001), and for the genotype-by-time interaction (Beta=-0.0231, 

Wald chi square= 5.64, p=0.036). For the VS the time effect was (Beta=-0.0017, Wald chi 

square=2.97, p=0.049) with no significant genotype-by-time interaction.

PPP1R7 protein deficiency correlates with striatum vulnerability in YAC128 mice

To confirm and extend the human microarray findings we performed molecular studies in 

brain tissue harvested from the mouse model. As in humans, the striatum was the brain 

region of interest, but because of the lack of clear boundaries between VS and DS in rodents 

(Heimer et al., 1995) the whole structure was harvested. Guided by the fMRI results, the 

striatum was harvested at 48 weeks of age, a time point at which lower striatal rCBV values 

had already emerged (Fig. 3A). The S1 cortex was also harvested as a within-brain control. 

Western blot analysis was used to measure expression levels of the two genes identified in 

the human microarray study—WIF1 and PPP1R7. Results showed that PPP1R7 levels in the 

striatum were significantly reduced in the YAC128 mice compared to WT littermates 

(F=19.3, p=0.0046) (Fig. 5A), while no significant difference was found for WIF1 (F=1.49, 

p=0.25). Additionally, no between-group differences were found for PPP1R7 levels 

measured from S1 (F=0.97, p=0.34). Finally, PPP1R7 levels measured in the striatum 

harvested from 28 week old mice, prior to the time at which striatal rCBV decline is 

observed (Fig. 3A), revealed no difference between YAC128 mice and their WT littermates 

(F=0.163, p=0.87) (Fig. 5A). In order to further confirm the PPP1R7 finding in light of 

reported mismatches in similar studies between mRNA and protein expression 

(Lewandowski and Small, 2005), we completed a second molecular study in human brains. 

Tissue was harvested from the posterior body of the caudate and S1 from a new group of 

human brains with [n=4 (mean age=56, 75% male, mean CAG repeats=46, rated 

pathological grade 2 or 3 (Vonsattel et al., 1985)] and without HD [n=4 (mean age=58, 50% 

male)]. Analysis by Western blot revealed that PPP1R7 protein levels were significantly 

reduced in HD compared to controls (F=18.62, p=0.007), with no difference found in the S1 

(F=0.088, p=0.71) (Fig. 5B).

DISCUSSION

Relying on the high resolution capabilities of CBV mapping with fMRI, our first study in 

human HD patients suggests that dysfunction in the posterior body of the caudate is 

differentially associated with phenotype, not only genotype. Nevertheless, there are obvious 

limitations to human studies. In particular, it is difficult to account for all the potential 

confounds, such as medication use or lifestyle differences, which might affect brain function 

independent of disease. Relying on the translational capabilities of CBV mapping (Moreno 

et al., 2007), the fMRI findings in the YAC128 (C57BL/6J) mouse model, in which there is 

better experimental control, addresses these concerns. By finding differential abnormalities 

in the dorsal striatum, a region homologous to the posterior caudate in humans, the mouse 

fMRI study provides confirmation of the human data.
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Despite convergent findings, fMRI discrepancies were noted between patients and mice. In 

particular, despite the link between reductions in anterior caudate CBV and genotype in 

humans, an equivalent group-specific reduction was not found in VS of YAC128 mice. The 

difference could have been masked by an aging effect, since significant age-dependent 

rCBV decline was observed in both transgenic and WT mice in the VS. Similarly, 

differences between the axes of striatum atrophy have been found between human HD and 

YAC128 mice in FVB/n background strain (Lerch et al., 2008b).

On the other hand cerebral blood flow (CBF) signals have been shown to correlate strongly 

with local field potentials [LFPs] (reflecting neurovascular coupling), which perhaps 

indicate the level of neuronal synchronization in a circuit (Chaigneau et al., 2007; Lauritzen, 

2005). Given the aforementioned consideration and the relationship between CBV and CBF 

(Rostrup et al., 2005), we expected that decreased regional rCBV might reveal abnormal 

baseline LFPs activity, if neurovascular coupling to neuronal energy demand was indeed 

preserved in mice and humans with or without HD. Since brain rCBV is a hemodynamic 

measure that indirectly informs on neuronal metabolism and function (Cepeda-Prado et al., 

2012), minor differences in microcirculation (in particular venular), circuit activity or 

glucose utilization may produces differences in the final readout between species.

MRI has facilitated longitudinal analysis of neuropathology in vivo, because the same group 

of mice can be imaged on several occasions (Bock et al., 2006). In fact, longitudinal 

structural MRI has been used in a HD mouse model, YAC128 FVB/n, (Lerch et al., 2008a; 

Lerch et al., 2008b), but to our knowledge this is the first longitudinal brain fMRI study in 

any HD mouse model. The fact that functional changes (rCBV) emerged over time further 

supports the interpretation that dysfunction in the dorsal striatum/posterior caudate is 

associated with disease phenotype, not merely genotype. Longitudinal behavioral studies in 

C57BL/6J YAC128 mouse line identified that mutant mice had significant deficits 

detectable in the rotarod test from 4 months of age, in the balance beam from 10 months of 

age (Brooks et al., 2010; Brooks et al., 2011a), and cognitive impairment from around 6 

months of age. Consistently with the present MRI structural findings, non-progressive 

striatal atrophy and cell loss has recently been reported in this mouse line (Bayram-Weston 

et al., 2012).

Whether observed reductions in an indirect indicator of metabolic function (rCBV) arise 

from tissue loss, as has been suggested by PET-FDG metabolic studies (Karow et al., 2010), 

was addressed both in the human and mice groups by covarying the data analysis with 

caudate area (humans) or with striatum volumes (mice, see Methods) of the identified 

abnormal ROIs. covariation of rCBV results with structural data did not affect rCBV 

findings, which suggests that rCBV abnormalities are not the result of the structural changes 

observed in HD.

The longitudinal mice fMRI study also demonstrated that S1 region did not differ 

significantly between mutant and WT mice, findings consistent with the human study. 

Mapping a unified fMRI- based anatomical pattern of caudate dysfunction in both patients 

and a mouse model formed the basis of the subsequent translational studies. Microarray 

analysis was combined with in vivo brain imaging in an attempt to: 1) maximize signal 
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amplitude in the microarray experiment; 2) reduce sources of noise; and 3) address the high 

rate of false positive that occurs with multiple comparisons (Lewandowski and Small, 

2005), HD is a regionally selective brain disorder, and it is likely that microarray analysis 

performed on brain tissue most affected by the disease should result in increased signal 

magnitude. Microarray analysis performed on large sections of brain tissue containing a 

mixture of affected, less affected, and unaffected tissue is likely to degrade the strength of 

the signal of an already low but meaningful abnormality in expression.

On the other hand pinpointing regions within the same brain structure that are differentially 

targeted by and relatively resistant to a disease can be used (identified by fMRI). 

Specifically, a 2 × 2 factorial ANOVA was designed which included both within and 

between-group factors, and this was effective in improving signal-to-noise in the microarray 

experiment as described in detail below.

As mentioned above the human study was guided by the fMRI results, in which we 

performed 60 microarray analyses in three regions of the brain harvested from brains with 

and without HD. In the primary analysis we used expression levels from the anterior caudate 

as a within-brain control in a repeated measures ANOVA, identifying a group of molecules 

whose expression levels were differentially affected in the posterior caudate. As previously 

described (Lewandowski and Small, 2005; Small et al., 2005), using a within-brain control 

to perform a “double subtraction” analysis is an effective statistical approach for 

constraining sources of noise when microarray is applied to the postmortem brain 

(Lewandowski and Small, 2005). Previous microarray studies have successfully used this 

analytic approach to isolate pathogenic defects in retromer sorting and trafficking in 

Alzheimer's disease (Small et al., 2005) and the polyamine pathway in Parkinson's disease 

(Lewandowski et al., 2010).

Expression levels from tissue harvested from S1 were used in a secondary analysis to further 

filter the list of candidate molecules. These two analyses identified a small list of molecules 

whose expression levels best tracked with the anatomical phenotype of the disease. In 

microarrays, generated from postmortem human brains, it is difficult to account for the inter- 

individual variance that may affect expression levels independent of disease; therefore, we 

exploited the anatomical phenocopy between human patients and the mouse model to 

address these concerns. Indeed, molecular analysis in the striatum of YAC128, at a time 

point in midlife when a decline in rCBV value in the striatum was detected by fMRI, 

strongly suggests that PPP1R7 deficiency is linked to the anatomical phenotype of the 

disease. An important related finding is that PPP1R7 do not vary prior to the observed 

decline in function (at 28 weeks). This finding was further evaluated in a second human 

study, showing that PPP1R7 protein is selectively deficient in the posterior caudate of HD 

patients.

Taken together, our human and mouse molecular analyses show that PPP1R7 deficiency is 

one molecular defect that coincides with the fMRI-detected anatomical phenotype in HD. 

PPP1R7 is one of the many proteins that regulate the function of protein phosphatase 1 

(PP1) by inhibiting its activity (Ceulemans et al., 1999). PP1 regulates the phosphorylation 

state of many receptors and channels and its activity has been implicated in many neuronal 
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processes, including long-term potentiation and long-term depression (Greengard et al., 

1999). Playing a role in dopaminergic signal transduction, PP1 is a key enzyme in medium 

spiny neurons of the caudate, a dominant site of dopaminergic projections (Greengard et al., 

1999). Interestingly, previous studies have identified deficiencies in other proteins that 

inhibit PP1 activity in the striatum of HD mouse models, including a decrease in protein 

phosphatase 1 inhibitor in the R6/2 mouse model (Luthi-Carter et al., 2000), and a decrease 

in DARPP32 in the R6/1 mouse model (van Dellen et al., 2000) also called ‘protein 

phosphatase 1 regulatory subunit 1b’. Specifically, in YAC128 mice FVB/n, downregulation 

of DARPP-32 in the lateral striatum is correlated with nuclear mutant htt expression (Van 

Raamsdonk et al., 2005). Together with our results, a convergence of studies suggests that 

the huntingtin mutation causes deficiencies in inhibitory proteins, leading to abnormal 

upregulation of PP1 activity. To our knowledge, the present findings are the first to link a 

deficiency in a PP1 regulatory protein to the human disease.

In conclusion, our results demonstrate that in vivo fMRI-CBV is capable of detecting 

regional specific brain abnormalities both in HD patients and a mouse model of the disease, 

supporting the view that YAC128 mice can model adult HD appropriately. From the 

molecular point of view, although our findings suggest that the observed PPP1R7 deficiency 

is related to huntingtin mutations, specific cellular and molecular mechanisms mediating this 

potential link remain unknown. Nevertheless, our findings open the possibility of exploring 

in more detail the role of PP1 activity in HD pathogenesis, and its potential as a target for 

drug discovery.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Mapping an anatomical phenotype of caudate dysfunction in HD
(A) Voxel-based analysis of rCBV in whole brain maps comparing HD patients to controls 

reveals greatest rCBV decreases in the caudate.

(B) ROIs in the caudate reveals decreased rCBV in the anterior caudate in asymptomatic 

gene positive subjects (light gray) and HD patients (dark gray) compared to controls (black), 

while decreased rCBV in the posterior body of the caudate was found only in HD patients. 

Shown are normalized mean rCBV values and standard deviation (SD).

(C) Individual representative examples of rCBV maps in the posterior body of the caudate 

of a control subject (upper panel), an asymptomatic gene positive subject (middle panel), 

and a HD patient (lower panel).

* denotes p≤0.05. rCBV maps in A and C were color coded, such that warmer colors 

represent higher rCBV values.
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Figure 2. Molecules that track the anatomical phenotype of HD-related caudate dysfunction in 
humans
The expression profiles of PPP1R7 and WIF1 measured in the anterior and posterior body of 

the caudate in HD (gray) and control (black) brains.

* denotes p≤0.05, ** denotes p≤0.01
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Figure 3. Age-dependent dorsal striatum dysfunction in the YAC128 mouse model
(A) rCBV imaged longitudinally over time reveals an accelerated decline in rCBV in the 

dorsal striatum of YAC128 mice (broken line) compared to WT littermates (solid line). 

Shown are mean normalized ΔR2 values (see Methods) and SD vs. age in weeks.

(B) Representative rCBV pseudocolor maps of the dorsal striatum shown for a 44 week old 

YAC128 mouse and a WT littermate. Warmer colors represent higher rCBV values.

(C) rCBV imaged longitudinally over time reveals no difference in the ventral striatum of 

YAC128 mice (broken line) compared to WT littermates (solid line). Shown are mean 

normalized ΔR2 values and SD vs. age.

(D) Representative rCBV pseudocolor maps of the ventral striatum shown for a 44 week old 

YAC128 mouse and a WT littermate. Warmer colors represent higher rCBV values
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Figure 4. Striatum Atrophy in YAC128 mice
Striatum volumes in YAC128 mice (gray) and WT littermates (black) were determined, 

demonstrating a significant atrophy only at the 44 weeks time point in YAC128 mice. 

Shown are mean values in mm3 and SD.

* denotes p≤0.05
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Figure 5. PPP1R7 deficiency correlates with anatomical phenotype
(A) As shown in individual blots and by group data, PPP1R7 deficiency is observed in the 

striatum, but not the S1, in 48 weeks old YAC128 mice compared to WT littermates (48 

weeks- upper panel). In contrast, 28 weeks old YAC128 mice compared to WT littermates 

showed no difference in PPP1R7 expression within the striatum (28 weeks- lower panel).

(B) As shown in individual blots and by group data, PPP1R7 deficiency is observed in the 

posterior body of the caudate, but not the S1, in HD human brains compared to controls. 

Lower panels in A and B show PPP1R7/Tubulin mean ratios and SE.

* denotes p≤0.05, ** denotes p≤0.01
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Table 1

fMRI subject and postmorten sample demographics

fMRI subject demographics

N Age (S.D.) Gender (M:F) CAG repeats (S.D.) TFC (S.D.)

Controls 20 45 (11.7) 10:10

Asymptomatics 12 42 (10.0) 7:4 42 (1.9) 12.8 (0.4)

Symptomatic 20 49 (10.6) 12:8 44 (3.1) 9.5 (2.6)

Postmortem sample demographics

Microarray Analysis

Controls 10 70 (8.1) 6:4

HD 10 73 (7.6) 6:4 41 (2.1)

Western Blot Analysis

Controls 4 58 (6.0) 2:2

HD 4 56 (7.4) 3:1 46 (3.2)

S.D. = Standard Deviation.

TFC = Total functional capacity score.
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Table 2

Twelve molecular transcripts that emerged from the microarray analysis

Gene name GenBank # Region X group S1 cortex

WIF1 NM_007191.1 p = 0.003
Ns

*

PP1R7 BF718769 p = 0.02
Ns

*

FLJ10955 NM_018282.1 p = 0.03
Ns

*

PRO0518 AF090934.1 p = 0.006 p = 0.009

DDX21 NM_004728.1 p = 0.009 p = 0.02

SNW1 NM_012245.1 p = 0.01 p = 0.004

NFYB AI804118 p = 0.02 p = 0.02

HSPC069 AI761110 p = 0.02 p = 0.01

BIRC2 NM_001166.2 p = 0.03 p = 0.01

FBRNP AA528233 p = 0.03 p = 0.001

PTPRK NM_002844.1 p = 0.04 p = 0.01

PLOD2 NM_000935.1 p = 0.04 p = 0.003

mRNA levels of 12 molecules conformed to the fMRI spatial profile of Huntington's disease (columns 1-3). A secondary analysis identified three 
molecules whose expression deficit was restricted to the posterior caudate (column 4, Ns). These hits are considered to best-tracked fMRI-
phenotype.

Group represents healthy vs. control. Region x group is the interaction term, including region (anterior vs. posterior caudate) and group.

*
Ns= Not Significant

Neurobiol Dis. Author manuscript; available in PMC 2015 May 18.


