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Abstract

Suppression of transgene expression in a conditional transgenic mouse model of spinocerebellar 

ataxia 1 (SCA1) reverses the Purkinje cell pathology and motor dysfunction that are hallmarks of 

SCA1. We previously showed that cerebellar neurochemical levels measured by magnetic 

resonance spectroscopy (MRS) correlate with progression of pathology and clinical status of 

patients and that abnormal neurochemical levels normalize upon suppression of transgene 

expression, indicating their potential as robust surrogate markers of treatment effects. Here we 

investigated the relative sensitivities of MRS, histology, transgene expression and motor 

behavioral testing to disease reversal in conditional SCA1 mice. Transgene expression was 

suppressed by doxycycline administration and treated and untreated mice were assessed by MRS 

at 9.4 tesla before and after treatment and with an accelerating Rotarod, histology and quantitative 

polymerase chain reaction (qPCR) for ataxin-1 transgene expression following doxycycline 

treatment. The MRS-measured N-acetylaspartate-to-myo-inositol ratio (NAA/Ins) correlated 

significantly with the molecular layer (ML) thickness and transgene expression. NAA/Ins, ML 

thickness and transgene expression were highly significantly different between the treated vs. 

untreated groups (p<0.0001), while the Rotarod assessment showed a trend for treatment effect. 

MRS, qPCR and histology had high sensitivity/specificity to distinguish treated from untreated 

mice, all with areas under the curve (AUC) = 0.97–0.98 in receiver operating characteristic (ROC) 
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analyses, while Rotarod had significantly lower sensitivity and specificity (AUC = 0.72). 

Therefore, MRS accurately reflects the extent of recovery from neurodegeneration with sensitivity 

similar to invasive measures, further validating its potential as a surrogate marker in pre-clinical 

and clinical treatment trials.
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Introduction

Spinocerebellar ataxia 1 (SCA1) is a fatal hereditary neurodegenerative disorder that results 

in loss of motor coordination and balance, primarily caused by cerebellar Purkinje cell 

dysfunction and loss. It is dominantly inherited, typically late onset and is one of nine 

known neurodegenerative diseases that are caused by an expanded CAG repeat coding for 

polyglutamine tracts in the affected protein. In addition to the atrophy and loss of Purkinje 

cells, the pathology involves deep cerebellar nuclei, the inferior olive and the pons (Zoghbi 

and Orr, 2009).

As in many other neurodegenerative diseases (Taylor et al., 2002), toxic accumulation of the 

mutant protein is causal for pathology in SCA1 (Zoghbi and Orr, 2009). Consistently, 

suppressing the expression of the mutant ataxin-1 reverses the pathology and ataxic 

phenotype in mouse models of SCA1 (Zu et al., 2004). Therefore, therapies designed to 

reduce the synthesis of the mutant protein, such as gene silencing by RNA interference 

(RNAi), are some of the most promising therapeutic routes in SCA1 (Keiser et al., 2014; 

Keiser et al., 2013; Xia et al., 2004), as well as in other polyglutamine diseases 

(Kordasiewicz et al., 2012). Successful translation of such treatments to the clinic will 

necessitate robust outcome measures that accurately reflect how well the gene expression is 

suppressed and that can also be used to monitor treatment efficacy in patients. In this 

respect, animal models enable validation of such non-invasive outcome measures against 

invasive measures that are typically used in pre-clinical work, namely gene expression and 

histology.

Using a mouse model of SCA1 (the SCA1[82Q] line) that overexpresses the mutant human 

ataxin-1 protein in Purkinje cells and reproduces the cerebellar neuropathological and 

behavioral features of the human disease (Burright et al., 1995; Clark et al., 1997), we have 

shown that neurochemical levels measurable by magnetic resonance spectroscopy (MRS) 

reflect the pathological progression in SCA1 (Öz et al., 2010b). Remarkably, the same 

neurochemicals, namely N-acetylaspartate (NAA), myo-inositol (Ins) and glutamate, also 

distinguished patients with SCA1 from controls and correlated with scores on a standardized 

ataxia rating scale (Öz et al., 2010a). We further showed that abnormal neurochemical levels 

reverse towards wild-type (WT) levels upon suppression of transgene expression in a 

conditional SCA1[82Q] line (Öz et al., 2011b) and that early neurochemical changes are 

detectable even in the absence of overt pathology in a knock-in model of SCA1 (Emir et al., 
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2013). Together these data demonstrated the potential of MRS-measured neurochemical 

levels as robust biomarkers of progressive neurodegeneration and its reversal in SCA1.

Two important remaining questions prior to clinical translation of these potential surrogate 

markers are: 1) how accurately they reflect the suppression of gene expression and 2) how 

their sensitivity to detect treatment effects compares to other standard non-invasive motor 

behavioral assessments, which are easier to administer. Therefore we investigated the 

correlations between and relative sensitivities of two non-invasive (MRS and Rotarod 

assessment of motor ability) and two invasive outcome measures (histology and qPCR 

assessment of transgene expression) to detect treatment effects in conditional SCA1[82Q] 

mice.

Methods

Study design

All animal experiments were approved by the University of Minnesota Institutional Animal 

Care and Use Committee and performed according to the National Research Council’s 

Guide for theCare and Use of Laboratory Animals. A total of 28 male conditional 

SCA1[82Q] (condSCA1[82Q]) transgenic mice that overexpress the mutant human ataxin-1 

with an 82 glutamine stretch were studied. These mice were generated using the regulatory 

region from the Pcp2/L7 gene to direct expression of the tetracycline-responsive activator, 

tTA, to cerebellar Purkinje cells (Zu et al., 2004). Therefore the expression of the transgene 

is under doxycycline control, i.e. doxycycline binds to tTA and inhibits transgene 

expression. Mice from the background strain (tTA) (N=14, male) were used as WT controls. 

CondSCA1[82Q] mice were obtained from 6 different litters and tTA mice from 2 different 

litters to introduce inter-litter variability. Only male mice were studied to obviate the need to 

control for the phase of estrous cycle in female mice (a requirement difficult to reconcile 

with scanner time availability) and because gender was not shown to influence 

neurochemical levels in prior MRS studies (Nagae-Poetscher et al., 2004; Pouwels and 

Frahm, 1998). In addition, exclusion of female mice from the analysis had not changed the 

findings in our prior study (Öz et al., 2011b).

Half of the condSCA1[82Q] mice were treated with doxycycline from 12 to 24 weeks of age 

to suppress transgene expression (Fig. 1). All tTA mice were also treated with doxycycline 

from 12 to 24 weeks to account for potential effects of the doxycycline treatment on the 

neurochemical profiles. Note that our prior study indicated that doxycycline treatment alone 

does not significantly alter the neurochemical profile in WT mice (Öz et al., 2011b). All 

mice were scanned at 9.4 tesla (T) before treatment began at 12 weeks and after treatment 

ended at 24 weeks. Motor ability of the mice was assessed at 24 weeks using an accelerating 

Rotarod apparatus on 4 consecutive days, one of which coincided with the second and last 

MR scan. On the day of both Rotarod and MR acquisition, the Rotarod assessment was 

always done before MR scanning to avoid effects of anesthesia on motor performance. After 

the last MR scan/Rotarod assessment, mice were asphyxiated by CO2, brains were harvested 

and cerebellum bisected. Half of the cerebellum was used for histology (with hematoxylin-

and-eosin staining) and the other half for ataxin-1 transgene expression (with qPCR).
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Doxycycline administration

Doxycycline (Medisca Inc., Plattsburgh, NY) was administered in drinking water (1.5 

mg/mL doxycycline in a 4% sucrose solution). With this protocol the mice received 

approximately 350–400 mg of doxycycline per kg of body weight per day. Untreated SCA1 

littermates received 2.4% sucrose water to match sugar intake between groups, which was 

determined based on the water intake of the first few litters receiving treatment.

MR scanning

For MR scanning, animals were induced with 3–4% isoflurane and a 1:1 mixture of O2:N2O 

and then maintained anesthetized with 1.5–2% isoflurane while keeping body temperature at 

36–37ºC and respiration rate at 80–110 breaths per minute, as described previously (Öz et 

al., 2010b; Öz et al., 2011b). The scanning time for each animal was ~50 min.

All experiments were performed using a 9.4 T/31 cm Varian/Magnex system and a 

quadrature surface coil, as described previously (Öz et al., 2010b; Öz et al., 2011b). Briefly, 

the volume-of-interest (VOI, 1.8 × 2.1 × 1.8 mm3, Fig. 2) was placed centered on the 

midline in the cerebellum based on coronal and sagittal multi-slice images obtained with a 

rapid acquisition with relaxation enhancement (RARE) sequence (Hennig et al., 1986) 

(repetition time TR = 4 s, echo train length = 8, echo time TE = 60 ms, slice thickness = 1 

mm, 7 slices). Reproducible VOI positioning between mice and between the two scans of 

each mouse was accomplished based on cerebellar landmarks (Fig. 2). First- and second-

order shims were adjusted for the VOI using FASTMAP with echo-planar readout (Gruetter 

and Tkáč, 2000). Localized 1H MR spectra were acquired with a short-echo localization by 

adiabatic selective refocusing (LASER) sequence (TE = 15 ms, TR = 5 s, 256 averages) 

(Garwood and DelaBarre, 2001) combined with variable power RF pulses with optimized 

relaxation delays (VAPOR) water suppression (Tkáč et al., 1999). Single shots were 

frequency and phase corrected prior to summing. Unsuppressed water spectra acquired from 

the same VOI were used as a metabolite quantification reference.

Metabolite quantification

The contribution of individual metabolites to the spectra was quantified using LCModel 

(Provencher, 1993), as described previously (Öz et al., 2010b; Öz et al., 2011b). Reliability 

criteria for reporting metabolites were identical to our prior studies, namely metabolites 

quantified with Cramér-Rao lower bounds (CRLB) ≤ 50% in at least 90% of the spectra 

were reported and the sum of metabolites with high correlations (correlation coefficient < - 

0.5) were reported, as in the case of total creatine (tCr, creatine + phosphocreatine) and total 

choline (tCho, glycerophosphocholine + phosphocholine).

Assessment of motor ability

The motor coordination and balance of the mice were assessed at 24 weeks of age using an 

accelerating Rotarod apparatus (Ugo Basile North America, Inc., Collegeville, PA) as 

described previously (Clark et al., 1997; Zu et al., 2004). Assessments were always 

performed by the same investigator, in the same setting and at the same time of day. Briefly, 

mice were assessed for four trials per day with 10 min between trials on 4 consecutive days. 

During a trial, the rod accelerated from 4 to 40 rpm over 5 min and then remained at 40 rpm 
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for an additional 5 min. Trials lasted until the mouse fell from the rod or for a maximum of 

10 min. A passive rotation was recorded if the mouse passively rotated twice, where the 

mouse hangs on to the rod and rides it around one full revolution without walking on the 

rod. The trial was stopped immediately following the second passive rotation and latency 

recorded. Means of the latencies on the 4 trials on each day were calculated for statistical 

analysis. Statistical results did not change after excluding data collected with passive 

rotations.

Analysis of transgene expression

Following harvesting of the brain, half of the cerebellum was flash frozen in liquid nitrogen 

and stored at −80º until use for qPCR analysis. Total RNA was isolated using the TRIzol 

Reagent (Life Technologies) following the manufacturer’s protocol. cDNA was then made 

using the SuperScript VILO Master Mix kit (Life Technologies) using 1 μg or RNA as per 

the kit’s directions. Reverse transcriptase qPCR was then conducted on the Roche 

LightCycler 480 II. Reagents included Roche Probes Master Mix, Roche Universal 

ProbeLibrary Human Probe #67, hATXN1 2777F: 5′-

AGAGATAAGCAACGACCTGAAGA-3′, hATXN1 2888R 5′-

CCAAAACTTCAACGCTGACC-3′. Roche reference gene assay mouse βActin was used as 

a control. Primers and Probe design were all done through www.universalprobelibrary.com, 

against gene NM000332.3. The hATXN1 2775F and hATXN1 2888R PCR products were 

run on an agarose gel, which showed one band. The primers and probe were optimized for 

concentration, and a cDNA dilution series to determine PCR efficiency. Cycling parameters 

were as follows: pre-incubation 95º C for 10 minutes, amplification 95º C for 10 seconds, 

60º C for 10 seconds, single acquisition, 40 cycles.

Histology

Following harvesting of the brain, half of the cerebellum was fixed in 10% formalin. 

Histology was performed in a blind fashion on paraffin-embedded sections using 

hematoxylin-and-eosin (H & E) staining. To quantify the pathological involvement, the 

molecular layer (ML) thickness was measured at the primary fissure (Öz et al., 2010b). In 

addition, each sample was rated according to the following severity scale: 0, no pathological 

changes; 0.5, near-normal but ML somewhat thinner; 1, mild changes including heterotopic 

Purkinje cells, vacuoles in Purkinje cells, thinning of ML, largely confined to the posterior 

lobules; 2, similar to 1 but more widespread; heterotopic Purkinje cells more numerous and 

often higher in the ML; 3, widespread ML thinning, numerous heterotopic Purkinje cells 

involving anterior lobules nearly as frequently as posterior, mild Purkinje cell loss, primarily 

in the posterior lobules; 4, severe disorganization of cerebellar cortex with generalized 

severe atrophy of ML, frequent heterotopic Purkinje cells and Purkinje cell loss.

Statistical Analysis

Each metabolite, ML thickness, pathology severity score, qPCR relative transgene 

expression, and Rotarod mean latency on day 4 were summarized separately by group and 

by study week (12 and 24) using means, standard deviations, and histograms. Repeated 

measures ANOVA models were used to estimate five pre-specified comparisons of interest 
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(Table 1) among groups and across weeks for each metabolite; multiple comparisons 

adjustment was done with a step-down Bonferroni method (Holm, 1979). Diagnostics were 

carried out to verify that model assumptions were met. Spearman correlations were 

computed between each metabolite and each of ML thickness, pathology severity score, 

transgene expression, and Rotarod latency. Logistic regression was used to estimate ROC 

curves for predicting untreated vs. treated condSCA1[82Q] mice at week 24 based on each 

metabolite, ML thickness, pathology severity score, transgene expression, and Rotarod 

latency. Based on the repeated measures ANOVA models, 3 metabolites (NAA, Ins, taurine) 

were also used to jointly predict treated vs. untreated condSCA1[82Q] mice at week 24 using 

a multiple logistic regression. Predictive ability was quantified as AUC of the ROC curve; 

with the AUC of transgene expression as the reference method, each other AUC was 

compared to the transgene expression AUC using DeLong's non-parametric test (DeLong et 

al., 1988).

Results

Effect of transgene suppression on cerebellar neurochemical levels in conditional SCA1 
mice

High quality MR spectra (good signal-to-noise ratio, resolution, water/artifact suppression) 

were obtained from the cerebella of mice in all groups (Fig. 2). The gene-on 

condSCA1[82Q] mice did not show any indication of atrophy on the conventional T2-

weighted images, consistent with prior work (Öz et al., 2011b). On the other hand, a number 

of neurochemical differences were observed between the condSCA1[82Q] and WT mice 

starting at 12 weeks, with the strongest differences being the neuronal marker NAA, putative 

glial marker Ins and lactate at this age (Fig. 3, Table 1). Following treatment with 

doxycycline, NAA, Ins and their ratio were significantly different between the treated 

condSCA1[82Q] vs. untreated littermates. Consistently, the levels of these neurochemicals at 

24 weeks were no longer different between the treated condSCA1[82Q] mice vs. WT 

controls while the significant difference remained between the untreated condSCA1[82Q] vs. 

WT mice (Table 1). Since NAA and Ins were also the neurochemicals that most reliably 

distinguished patients with SCA1 from controls (Öz et al., 2010a), we focused on their ratio 

for correlation analyses with the invasive outcome measures (see below).

In addition to NAA and Ins, taurine was a robust predictor of treatment status in 

condSCA1[82Q] mice (Fig. 3). Other neurochemicals that were different between 

condSCA1[82Q] vs. WT mice at 12 weeks, namely glucose, glutamine, lactate and tCr, 

showed a trend to approach WT values at 24 weeks (Fig. 3). These differences were likely 

detected at 12 weeks due to the higher statistical power, where 28 condSCA1[82Q] mice 

were compared with 14 WT mice, while at 24 weeks the comparisons were between 14 mice 

per group and therefore remained at trend level.

Effect of transgene suppression on motor ability in conditional SCA1 mice

Here we focus only on the treated vs. untreated condSCA1[82Q] mice since the outcome of 

the Rotarod assessment is sensitive to minor changes in the environment, presenting a 

confound on comparing groups assessed on different days. In our study design, the treated 
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condSCA1[82Q] mice and their untreated littermates were assessed in parallel on the same 

days, allowing a robust comparison. The treated condSCA1[82Q] mice performed 

progressively better than their untreated littermates with each trial day (Fig. 4). However, 

due to the large variance in the data, the group difference in average latency over all 4 days 

did not reach significance (p = 0.16, repeated measures ANOVA). A comparison of only the 

day 4 data revealed the clear trend for the better performance of the doxycycline treated 

mice (p = 0.08, 2 tailed, 2-sample equal variance t-test), despite the large overlap between 

the latencies obtained in the two groups (Fig. 5D).

Invasive assessments of transgene suppression in conditional SCA1 mice

Quantitative PCR analysis demonstrated the suppression of transgene expression, with little 

overlap in relative transgene expression between treated and untreated condSCA1[82Q] mice 

(Fig. 5C). These data also showed that the doxycycline treatment did not work like an on/off 

switch and there was residual transgene expression upon doxycycline administration, i.e. a 

range of efficacies of the treatment, which allowed us to evaluate the correlations of the 

MRS measures with transgene expression (see below).

As expected, the histology measures of the condSCA1[82Q] mice normalized towards WT 

levels with treatment. Due to lower variance the ML thickness was more sensitive than the 

severity score to detect the treatment effect. Namely, the difference between the ML 

thickness was significantly different between treated vs. untreated condSCA1[82Q] mice 

(Fig. 5A), while the difference in the severity score remained at trend level (p = 0.08, 2 

tailed, 2-sample equal variance t-test).

MRS accurately reflects degree of transgene expression and pathology reversal in SCA1

To investigate the correlations between the invasive and non-invasive outcome measures, 

data from all 3 groups were pooled. Here we focus only on correlations with p < 0.01 due to 

the large number of parameters investigated. While both NAA and Ins were individually 

correlated with ML thickness and transgene expression (e.g. r = −0.43, p = 0.006 for Ins vs. 

ML thickness and r = 0.42, p = 0.025 for Ins vs. qPCR), the strongest correlations were 

detected between NAA/Ins vs. ML thickness (r = 0.45, p = 0.004) and between NAA/Ins vs. 

qPCR (r = −0.59, p < 0.001), indicating that this measure reflects the degree of transgene 

expression and pathology reversal with doxycycline (Fig. 6).

In addition, taurine levels were significantly correlated with transgene expression (r = − 

0.49, p = 0.009) and tCho levels were correlated with latency to fall on Rotarod on day 4 (r 

= − 0.41, p = 0.008). No other correlations were detected between the outcome measures 

with a p < 0.01.

MRS has comparable sensitivity to invasive assessments to detect treatment effects in 
SCA1

The sensitivity and specificity of the outcome measures to distinguish treated from untreated 

condSCA1[82Q] mice was investigated using ROC analyses. NAA, Ins and taurine were 

selected as the MRS measures in this analysis due to the significant differences observed in 

their levels between treated and untreated condSCA1[82Q] mice (Fig. 3), as well as their 

Öz et al. Page 7

Neurobiol Dis. Author manuscript; available in PMC 2016 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



correlations with qPCR (Fig. 6), which is the ‘gold standard’ assay to measure treatment 

efficacy in this model. Since the largest difference between treated and untreated 

condSCA1[82Q] mice was observed on day 4 of Rotarod testing, these data were used for 

the ROC analysis. A perfect group separation is indicated with an AUC of 1 in these 

analyses. The AUCs of the ROC curves for qPCR, ML thickness and MRS (Fig. 7) were all 

in the 0.97–0.98 range and the ML thickness and MRS curves were statistically not different 

from the qPCR curve (p > 0.7). The ROC curve for Rotarod had an AUC of 0.72, which was 

significantly different from the qPCR curve (p = 0.03).

Discussion

Here we took advantage of a conditional transgenic mouse model to compare the 

sensitivities of invasive and non-invasive outcome measures to assess treatment effects in 

SCA1. We had previously shown that MRS is sensitive to disease reversal using the same 

model (Öz et al., 2011b), however transgene expression was not assessed in that study. 

Therefore it was not clear how well MRS reflects the level of mutant ataxin-1 expression, a 

critical question in view of the highly promising therapeutic efforts that involve gene 

silencing in SCA1 (Keiser et al., 2014; Keiser et al., 2013; Xia et al., 2004). The current 

study demonstrated that MRS-measured NAA/Ins is strongly correlated with gene 

expression (Fig. 6) and that the method has comparable sensitivity to histological and gene 

expression assays to detect treatment effects (Fig. 7). Tremendous effort has been put into 

developing MRI reporter agents to image gene expression, either during normal brain 

function or when inhibiting mRNA translation (Ifediba and Moore, 2012; Koretsky, 2012; 

Vandsburger et al., 2013), however these contrast-based techniques are currently far from 

clinical translation. Here we are using an MR modality that does not require exogenous 

contrast agents, is currently available in the clinic and has already been shown to sensitively 

detect neurochemical alterations in patients with SCAs (Öz et al., 2011a). By quantifying 

endogenous neurochemicals in selected brain regions, MRS detects the downstream effects 

of suppressing gene expression, which seem to strongly correlate with the gene expression 

levels.

The current study further demonstrated that MRS is more sensitive to detect treatment 

effects than standard motor assessment in rodents. The need to use a large number of 

animals to detect statistically significant differences with behavioral testing is known 

anecdotally; this study confirmed this quantitatively using ROC analyses.

Characteristics of the conditional transgenic SCA1 model

The condSCA1[82Q] mice were investigated at a relatively early disease stage based on the 

pathological assessment (Fig. 5A, 5B). In fact, the mice presented with milder pathology at 

the same ages relative to our prior study (Öz et al., 2011b), because of downward drift in 

CAG numbers in the transgenic line with generations. The mild disease stage is more 

relevant to future human applications as neuroprotective therapies will likely be most 

effective at early stages (prior to substantial cell loss). In addition, validation of non-invasive 

imaging methods at an early stage and the demonstration of an ability to detect subtle 

disease effects and their reversal are critical.
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The neurochemical abnormalities detected in the condSCA1[82Q] mice were consistent with 

prior observations. Based on all our MRS studies in SCA1 mice so far, the earliest changes 

are observed in taurine, glutamine, tCr and tCho, indicative of osmolytic changes and of 

disturbances in membrane phospholipid and energy metabolism (Emir et al., 2013). These 

are followed by changes in the neuronal viability marker NAA, the putative gliosis marker 

Ins and later by the neurotransmitter glutamate (Öz et al., 2010b). In addition, elevations of 

glucose and lactate are observed at all disease stages (Öz et al., 2010b) and may indicate 

deficits in mitochondrial metabolism. Consistent with these prior studies, we observed 

higher Ins, tCr, glutamine, glucose, lactate and lower NAA levels in the condSCA1[82Q] 

mice vs. controls (Fig. 3). Unlike prior studies (Emir et al., 2013; Öz et al., 2010b; Öz et al., 

2011b), taurine levels in the WT group were lower, rather than higher, than the 

condSCA1[82Q] mice. The reason for this difference is unclear, but may be related to a 

different osmolytic status of the tTA mice than the FVB strain, which we had used as the 

background control for the transgenic SCA1 model in the past (Öz et al., 2010b; Öz et al., 

2011b). On the other hand, consistent with prior work, the doxycycline treatment increased 

taurine levels in the condSCA1[82Q] mice (Fig. 3).

The neurochemicals that showed the strongest response to doxycycline administration were 

NAA, Ins and taurine; namely NAA and taurine increased and Ins decreased with treatment 

(Fig. 3). These were the same neurochemicals that distinguished the treated from untreated 

condSCA1[82Q] mice in the early stage group in our prior study, which received 

doxycycline from 6–12 weeks (Öz et al., 2011b). This is entirely consistent with the fact that 

the pathological severity at 24 weeks in the current study was comparable to the 

pathological severity at 12 weeks in the prior study. We had observed a partial normalization 

of neurochemical levels in the prior study, which could have been due to a lower dose of 

doxycycline used leading to an incomplete suppression of transgene expression. The 

rationale in using the low dose doxycycline chow was that high dose doxycycline had to be 

administered in sucrose solution, the long term administration of which may cause diabetes. 

Upon recent demonstration that doxycycline in sucrose solution can be administered for up 

to 14 weeks without causing diabetes, the current study used the higher doxycycline dose. 

While the pathological and neurochemical reversal was almost complete in the current study 

(no statistical differences between the neurochemical levels except taurine and pathology 

measures of treated vs. WT mice, Table 1, Fig. 5A, 5B), we also observed residual transgene 

expression with the high dose doxycycline treatment.

Characteristics of invasive and non-invasive outcome measures tested for SCA1

The outcome measures assessed in this investigation reflect different aspects of disease and 

therefore ideally should be utilized in conjunction in treatment trials. Thus, qPCR measures 

the expression of the mutant gene and the other modalities measure the downstream effects 

of this gene modulation, with histology detecting primarily the dendritic atrophy of Purkinje 

cells (as cell loss only occurs at late stages in these models), MRS measuring alterations in 

cellular physiology and Rotarod assessing the ultimate symptomatic outcome. While all of 

these measures are available to pre-clinical investigations of potential treatments in rodents, 

only imaging and motor assessment are available to assess effects of treatments on the brain 
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for human trials. In addition, invasive measures will also be challenging to use in primate 

investigations as treatments move through the pipeline towards human testing.

We observed little overlap between treated and untreated condSCA1[82Q] mice in the 

qPCR, ML thickness and MRS measures, which translated to very high AUC values in ROC 

analyses for these measures. A perfect classifier is indicated by an AUC of 1 in this type of 

analysis. Interestingly, our prior pilot investigation demonstrated separation of patients with 

SCA1 from healthy controls without overlap, i.e. with 100% specificity and sensitivity, 

when using NAA/Ins (Öz et al., 2010a). Note however that any potential treatments in 

humans will likely have a smaller effect size, i.e. not completely normalize neurochemical 

levels to healthy control values, thereby reducing the sensitivity/specificity to detect 

treatment effects.

There was more variability and greater group overlap in the Rotarod data (Fig. 5D) than ML 

thickness, qPCR and MRS, leading to lower AUC values in ROC analysis. The outcomes of 

behavioral assessments can be affected by the individual administering the test and other 

environmental factors, both in rodents and humans. We took measures to minimize these 

effects (see Methods), however still observed a large variability in the Rotarod data (Fig. 

5D) and differences between treated vs. untreated SCA1 mice remained at trend level. We 

previously had estimated a great reduction in sample size necessary for a 2-arm 

interventional trial when using MRS as an outcome measure vs. the standardized ataxia 

scale used for SCAs (Öz et al., 2011b). The demonstration of a higher sensitivity with MRS 

than motor testing to detect treatment effects in the current study supports this prediction. 

Note however that a relatively crude and variable motor function test like the Rotarod is not 

fully representative of a detailed clinical rating by an experienced clinician. Consistently, 

MRS-measured NAA, Ins and glutamate levels correlated significantly with scores on the 

Scale for the Assessment and Rating of Ataxia (Öz et al., 2010a), but they did not correlate 

with Rotarod outcomes in the current study. Therefore the sensitivities to disease- or 

treatment-related change over time of MRS vs. clinical ataxia scales need to be further 

evaluated in humans. Along these lines, we recently reported that MRS measures obtained at 

3T are more sensitive to progression of neurodegeneration than clinical assessment in a 

preliminary analysis of a currently active, longitudinal study of patients with SCA1 

(Deelchand et al., 2014b).

Challenges with clinical translation

We used an ultra-high field strength (9.4T) MRI scanner, which is not widely available for 

clinical trials in humans. However, 3T scanners are widely available in academic centers and 

all major university hospitals. In fact our patient studies that demonstrated the feasibility to 

detect neurochemical alterations in patients with SCAs were all performed at 4T (Öz et al., 

2010a; Öz et al., 2011a) and recently reproduced at 3T (Emir et al., 2012). Thus, most of 

what is demonstrated here can be accomplished with 3T technology as long as optimized 

methods are used for MRS data acquisition and analysis. Another consideration for 

applicability of an imaging method for trials targeting a rare disease like SCA1 is that it can 

be utilized in a multi-site setting. We have recently demonstrated that identical 

neurochemical profiles are obtained from age- and gender-matched healthy populations by 
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different operators at different 3T sites and that multi-site 3T MRS data collected from the 

cerebellum and the brainstem can be pooled (Deelchand et al., 2014a). Finally, an important 

limitation of MRS that needs to be addressed prior to utilizing the technique in multi-site 

clinical trials is the operator-dependence of voxel selection. While the voxel selection was 

very consistent in the abovementioned 2-site 3T study performed in the research setting 

(Deelchand et al., 2014a), it may be more variable in a multi-site clinical trial setting, where 

VOI are selected by rotating MR technologists. Therefore automated methods for VOI 

selection, as well as protocol execution, are critically needed in the field.

In clinical trials for neurodegenerative diseases like SCA1 some treatments may affect 

symptoms, but not prevent the progression of the underlying pathology. Conversely, subtle 

effects of treatments on the pathology may be obscured by the many confounds that may 

affect behavioral assessments. Therefore, symptomatic assessments that are typically used in 

clinical trials need to be supplemented by objective measures that reflect the brain pathology 

and gene expression when targeting the expression of the mutated gene. This study 

demonstrates the high potential of MRS in this respect.
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List of Abbreviations

SCA1 spinocerebellar ataxia 1

MRS magnetic resonance spectroscopy

qPCR quantitative polymerase chain reaction

NAA/Ins N-acetylaspartate-to-myo-inositol ratio

AUC area under the curve

ROC receiver operating characteristic

RNAi RNA interference

tTA tetracycline-responsive activator

RARE rapid acquisition with relaxation enhancement

TR repetition time

TE echo time

VOI volume-of-interest

FASTMAP fast automatic shimming technique by mapping along projections

LASER localization by adiabatic selective refocusing
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RF radiofrequency

VAPOR variable power RF pulses with optimized relaxation delays

CRLB Cramér-Rao lower bounds

tCr total creatine

tCho total choline

ML molecular layer
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HIGHLIGHTS

• We studied a conditional transgenic mouse model of SCA1

• We compared outcome measures for sensitivity to treatment effects in the brain

• In vivo MRS detects treatment effects with sensitivity similar to histology and 

qPCR

• Motor behavioral testing has lower sensitivity

• In vivo MRS reflects degree of transgene expression
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Figure 1. 
Study design. Transgene expression in the condSCA1[82Q] mice was suppressed with 

doxycycline administration in drinking water with sucrose from 12–24 weeks in the 

treatment group. Transgenic, untreated littermates received sucrose water during the same 

period to match sugar intake and wild type (WT, tTA background) mice received 

doxycycline in sucrose water. The gene on periods are shown with a bold line.
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Figure 2. 
Voxel placement and spectral quality in condSCA1[82Q] and WT mice. Mid-sagittal T2-

weighted images and localized proton MR spectra (LASER, TE = 15 ms, TR = 5 s) obtained 

at 24 weeks of age are shown for an untreated condSCA1[82Q] mouse (A), a doxycycline 

treated condSCA1[82Q] mouse (B) and a WT mouse (C). The voxel position for the spectra 

is shown on each image. The spectra were processed identically, weighted with the same 

Gaussian function prior to Fourier transformation and scaled based on neurochemical 

concentrations obtained by LCModel. The alterations in N-acetylaspartate (NAA), myo-

inositol (Ins) and taurine (Tau) with treatment are shown with arrows. Other prominent 

peaks in the spectra are marked: creatine (Cr), choline (Cho), glutamate (Glu), lactate (Lac).
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Figure 3. 
Cerebellar neurochemical profiles of the untreated condSCA1[82Q] (− Dox), doxycycline 

treated condSCA1[82Q] (+ Dox) and WT mice (N=14 per group) at 12 and 24 weeks. Error 

bars shown are SEM. For simplicity, only the significant differences between the combined 

(treated + untreated) condSCA1[82Q] mice vs. WT are shown at 12 weeks (since there were 

no significant differences between the condSCA1[82Q] mice randomly assigned to treatment 

vs. no treatment before doxycycline administration, see Table 1) and only the significant 

differences between treated vs. untreated condSCA1[82Q] mice are shown at 24 weeks. * p 

< 0.05, ** p < 0.001, *** p < 0.0001, p-values corrected for multiple comparisons using the 

stepdown Bonferroni/Holm approach (Holm, 1979). Asc: ascorbate/vitamin C, GABA: γ-

aminobutyric acid, Glc: glucose, Gln: glutamine, Glu: glutamate, GSH: glutathione, Ins: 

myo-inositol, Lac: lactate, NAA: N-acetylaspartate, NAAG: N-acetylaspartylglutamate, PE: 

phosphoethanolamine, Tau: taurine, tCho: glycerophosphocholine + phosphocholine, tCr: 

creatine + phosphocreatine.
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Figure 4. 
Effect of transgene suppression on motor behavior in condSCA1[82Q] mice. Rotarod 

performance progressively improved with each trial day in the treated mice (+ Dox) vs. 

untreated littermates (− Dox) (N=14 per group), but did not reach statistical significance. 

Error bars shown are SEM.
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Figure 5. 
Assessment of transgene suppression in condSCA1[82Q] mice with histology (A, B), qPCR 

(C) and Rotarod on day 4 (D). Values shown are mean ± SEM in treated (+ Dox) and 

untreated (− Dox) condSCA1[82Q] and WT mice at 24 weeks. In addition, data from 

individual mice are overlaid with each bar plot to demonstrate the variability in each 

measure. The pathological severity score (B) ranges from 0 – 4, with 0 = no pathological 

changes; 0.5 = near normal but molecular layer (ML) somewhat thinner; 1 = mild changes 

including heterotopic Purkinje cells and thinning of ML, largely confined to the posterior 

lobules and 2 = similar to 1 but more widespread; heterotopic PCs more numerous and often 
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higher in the ML (Öz et al., 2010b). * p < 0.0001, unpaired, two-tailed t-test comparison of 

the treated vs. untreated condSCA1[82Q] mice.
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Figure 6. 
Correlations between A) MRS and histology and B) MRS and qPCR measures. Data from 

all mice are shown in A), while only data from condSCA1[82Q] mice are shown in B since 

WT mice have no transgene expression. The NAA-to-myo-inositol ratio is significantly 

correlated with both molecular layer thickness at the primary fissure and relative transgene 

expression (p < 0.005).
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Figure 7. 
ROC analyses for the sensitivity and specificity to distinguish the treated from untreated 

condSCA1[82Q] mice for: A) qPCR, B) histology, C) MRS measures (NAA, myo-inositol, 

taurine) and D) Rotarod on day 4. The MRS measures have similar sensitivity/specificity to 

the invasive measures qPCR and histology, all with areas under the curve (AUC) = 0.97 – 

0.98, while Rotarod testing has lower sensitivity and specificity.
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