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ABSTRACT 46 

 Multiple lines of evidence indicate that a reduction in the expression and function of the 47 

transcriptional coactivator peroxisome proliferator activated receptor gamma coactivator-1α 48 

(PGC-1α) is associated with neurodegeneration in diseases such as Huntington Disease (HD). 49 

Polymorphisms in the PGC-1α gene modify HD progression, and PGC-1α expression is reduced 50 

in striatal medium spiny neurons (MSNs) of HD patients and mouse models. However, neither 51 

the MSN-specific function of PGC-1α nor the contribution of PGC-1α deficiency to motor 52 

dysfunction is known. We identified novel PGC-1 -dependent transcripts involved in RNA 53 

processing, signal transduction and neuronal morphology and confirmed reductions in these 54 

transcripts in male and female mice lacking PGC-1α specifically in MSNs, indicating a cell-55 

autonomous effect in this population. MSN-specific PGC-1  deletion caused reductions in 56 

previously identified neuronal and metabolic PGC-1α-dependent genes, without causing striatal 57 

vacuolizations. Interestingly, these mice exhibited a hypoactivity with age, similar to several HD 58 

animal models. However, these newly identified PGC-1 -dependent genes were upregulated 59 

with disease severity and age in knockin HD mouse models independent of changes in PGC-1  60 

transcript, contrary to what would be predicted from a loss-of-function etiological mechanism. 61 

These data indicate that PGC-1  is necessary for MSN transcriptional homeostasis and function 62 

with age and that, while PGC-1  loss in MSNs does not replicate an HD-like phenocopy, its 63 

downstream genes are altered in a repeat-length and age-dependent fashion. Understanding the 64 

additive effects of PGC-1  gene functional variation and mutant huntingtin on transcription in 65 

this cell type may provide insight into the selective vulnerability of MSNs in HD. 66 

  67 
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SIGNIFICANCE 68 

Reductions in PGC-1α-mediated transcription have been implicated in the pathogenesis 69 

of Huntington Disease (HD). We show that while PGC-1α-dependent transcription is necessary 70 

to maintain MSN function with age, its loss is insufficient to cause striatal atrophy in mice. We 71 

also highlight a set of genes that can serve as proxies for PGC-1  functional activity in the 72 

striatum for target engagement studies. Furthermore, we demonstrate that PGC-1 -dependent 73 

genes are upregulated in a dose and age-dependent fashion in HD mouse models, contrary to 74 

what would be predicted from a loss-of-function etiological mechanism. However, given this 75 

role for PGC-1  in MSN transcriptional homeostasis, it is important to consider how genetic 76 

variation in PGC-1  could contribute to mutant-huntingtin-induced cell death and disease 77 

progression.    78 

 79 

INTRODUCTION 80 

 Reductions in the transcriptional coactivator peroxisome proliferator activated receptor 81 

gamma coactivator-1α (PGC-1α) are thought to be a key factor in the progression of multiple 82 

neurological disorders, including Huntington disease (HD). Polymorphisms in the gene encoding 83 

PGC-1α (Taherzadeh-Fard et al., 2009; Weydt et al., 2009, 2014; Ramos et al., 2012) and 84 

polymorphisms in PGC-1α-interacting transcription factors and downstream genes are genetic 85 

modifiers of disease progression (Taherzadeh-Fard et al., 2011). These data indicate that 86 

dysfunction in PGC-1α-dependent transcription may contribute to disease pathophysiology. In 87 

fact, several reports indicate a reduction in PGC-1α expression in the caudate of HD patients 88 

(Cui et al., 2006; Weydt et al., 2006) and in HD mouse models (Cui et al., 2006; Weydt et al., 89 

2006; Chaturvedi et al., 2010). Interestingly, PGC-1α expression is dramatically reduced 90 



 
 

 4 

specifically in striatal medium spiny neurons (MSNs) relative to other striatal populations in an 91 

HD model (Cui et al., 2006). 92 

 MSNs are the most affected neuronal population in HD (Ehrlich, 2012), and mutant 93 

huntingtin-mediated impairment in PGC-1α-dependent transcription in this population could 94 

contribute to their vulnerability. Animals lacking full-length or C-terminal expression of PGC-1α 95 

have vacuolizations throughout the brain, with severity being highest in the striatum (Lin et al., 96 

2004; Leone et al., 2005; Lucas et al., 2012; Szalardy et al., 2013). This phenotype mirrors that 97 

seen in genetic mouse models of HD subjected to energy deprivation (Chaturvedi et al., 2010). 98 

Additionally, PGC-1α null mice have severe motor deficits including impaired motor 99 

coordination and rearing ability, resting tremor, and hindlimb clasping (Lin et al., 2004; Lucas et 100 

al., 2012, 2014b). Mutant huntingtin (mthtt) is able to directly repress PGC-1α (Cui et al., 2006), 101 

and complete loss of PGC-1α in an HD mouse model exacerbates motor coordination deficits, 102 

neuronal degeneration and lesion size in response to mitochondrial inhibition (Cui et al., 2006). 103 

Further, extrasynaptic glutamate receptor stimulation can impair CREB-PGC-1α-mediated 104 

signaling to augment mthtt-induced cell death (Okamoto et al., 2009). Cultured neurons from the 105 

PGC-1α null striatum exhibit a dramatically reduced neuritic length (Lin et al., 2004) and a loss 106 

of PGC-1α dramatically affects the expression of MSN markers (Lucas et al., 2012). These data 107 

suggest that PGC-1α plays a significant role in maintaining MSN function, yet knowledge of the 108 

downstream genes regulated in this cell-type and the behavioral impact of PGC-1α deletion 109 

specifically from MSNs have not been determined.  110 

 To evaluate the contribution of MSN-specific PGC-1α deletion to the behavioral 111 

phenotype seen in the PGC-1α null line and/or an HD-like phenotype, PGC-1α was deleted from 112 

all MSNs using cre-lox technology. Here, we show that while no ambulatory changes are seen at 113 
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6 months of age, conditional knockout animals exhibit hypoactivity at 18 months of age. While a 114 

loss of PGC-1α specifically in MSNs does not result in overt cell loss, it does lead to a 115 

significant reduction in several PGC-1α-dependent transcripts including the synchronous release  116 

protein Cplx1, the axonal stabilizing protein Nefh, and a novel set of striatal transcripts involved 117 

in transcriptional processing, calcium transport, and metabolism. These genes were measured in 118 

the HDQ knock-in mouse lines to determine if this transcriptional profile was similarly reduced 119 

in the striatum of this HD model. While PGC-1α transcript was unaffected, several of its 120 

downstream targets were upregulated, particularly in homozygous HDQ mice with increased 121 

CAG repeat length at 6 months and heterozygous HDQ mice at 17 months of age. Together, 122 

these data highlight the importance of PGC-1α in maintaining and modulating striatal function 123 

and provide insight into how transcriptional dysregulation in this circuit can give rise to aging-124 

associated ambulatory deficits.  Further, these data suggest that a reduction in PGC-1α mRNA 125 

expression or function is not a key feature of the knock-in mouse models, but rather that 126 

upregulation of certain PGC-1α-dependent genes occurs as part of the disease process in MSNs.  127 

 128 

METHODS 129 

Animals.  130 

All experimental procedures were approved by the Institutional Animal Care and Use 131 

Committee of the University of Alabama at Birmingham. Animals lacking the full-length form of 132 

PGC-1α (Lin et al., 2004) (gift of Jiandie Lin, University of Michigan) were used for array 133 

experiments. Conditional deletion of PGC-1α was achieved by crossing mice with loxP sites 134 

flanking exons 3-5 of the PPARGC1A gene (Lin et al., 2004) (gift from Bruce Spiegelman, 135 

Dana-Farber Cancer Institute, Boston, MA) with those expressing Cre-recombinase driven by the 136 
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RGS9L promoter to specifically target both direct and indirect pathway medium spiny neurons in 137 

the striatum (Dang et al., 2006). Females that were heterozygous for both Cre-recombinase and 138 

the floxed allele for PGC-1α were bred with males that were heterozygous for the PGC-1α allele 139 

and lacking Cre-recombinase. Littermates expressing Cre-recombinase alone were used as 140 

controls. Both males and females generated from this breeding scheme (RGS9LCre: PGC-1α+/+, 141 

RGS9LCre: PGC-1αfl/fl) were tested at 6 and 18 months of age unless otherwise noted. As an 142 

indicator of Cre-mediated recombination, the RGS9LCre line was crossed to the ROSA mT/mG 143 

(JAX007576) line to generate progeny in which green fluorescence indicates efficient 144 

recombination. All mice were maintained on a C57BL6/J genetic background and housed two to 145 

five in a cage at 26 +/- 2°C room temperature with food and water ad libitum. cDNA from 146 

multiple HD knock-in mouse lines for transcriptional studies was isolated as described (Kumar et 147 

al., 2016). These animals are heterozygous or homozygous for CAG repeats within the 148 

huntingtin locus and compared to age-matched controls. The repeat lengths used for HD knockin 149 

lines between 5-7mo of age are as follows: HDQ250/+, 310/+, 50/50, 100/100, 150/150 (144-164 150 

repeats) and 200/200 (194-211 repeats) compared to control (HDQ7/7). Of note, the HDQ310/+, 151 

previously published as HDQ300/+(Kumar et al., 2016), age of onset is later than that of the 152 

HDQ150/150 and earlier than the HDQ200/200 as determined by weight loss, rotarod 153 

performance and activity levels indicating their placement on the phenotypic severity scale 154 

between the two homozygous genotypes. HDQ310/+ mice exhibit motor deficits by 8 months 155 

that worsen with age; by 35weeks of age, HDQ310/+ mice exhibit reductions in dopamine 156 

receptor expression and by 70 weeks, these mice exhibit aggregates and a significant reduction in 157 

brain weight compared to controls. These animals also exhibit an inability to breed, preventing 158 

homozygous HDQ310/310 offspring (Kumar et al., 2016). Due to symptom severity, the repeat 159 
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length for CAG repeats beyond 300 is restricted to the 315/+ mice at 17 months of age and was 160 

used as a comparison for transcriptional changes seen in the 18 month old conditional knockout 161 

line for PGC-1α. 162 

 163 

Behavior. 164 

Mice were evaluated, as previously described (Lucas et al., 2012), for the presence of 165 

hindlimb clasping by suspending the mouse by the tail for 15 seconds (clasping of hindlimbs 166 

together or forelimb to hindlimb). Additionally, mice were observed in a holding cage for signs 167 

of tremor. 168 

Open field (n=8-12/genotype) was assessed as previously described (Lucas et al., 2012). 169 

For assessment of baseline activity, animals were placed in a square apparatus (27.9 cm2) 170 

consisting of 48 infrared beams (MedAssociates, St. Albins, VT, USA) in a dark room for 60 171 

minutes. Data were collected with Open Field Activity Software (MedAssociates, St. Albins, 172 

VT, USA) in one-minute intervals over the test period. To evaluate responsivity to alterations in 173 

dopaminergic tone, animals were treated via intraperitoneal injection with 5mg/kg d-174 

amphetamine and immediately tested in the open field as described above. 175 

 176 

Oligonucleotide Array.  177 

The striatum was dissected from PGC-1α wild-type and null mice (n=4/genotype) at P30 178 

(an age prior to the appearance of vacuolizations to minimize the likelihood of compensatory 179 

transcriptional changes), and RNA was isolated as described below. Gene expression analysis 180 

was performed using the Mouse Ref-8 BeadChip and iScan system from Illumina, Inc. (San 181 

Diego, CA). Total RNA was converted to cDNA by reverse transcription, followed by second-182 
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strand synthesis to generate double-stranded cDNA.  After purification, the cDNA was converted 183 

to biotin-labeled cRNA, hybridized to a Mouse Ref-8 BeadChip and stained with strepavidin-184 

Cy3 for visualization.  The Mouse Ref-8 BeadChips contain sequences representing 185 

approximately 46,000 curated and putative genes and ESTs.  Quality standards for hybridization, 186 

labeling, staining, background signal, and basal level of housekeeping gene expression for each 187 

chip were verified.  After scanning the probe array, the resulting image was analyzed using the 188 

GenomeStudio software (Illumina, Inc., San Diego, CA).  Gene lists were created using 189 

GeneSpring. Data were analyzed through the use of Ingenuity Pathways Analysis (Ingenuity® 190 

Systems, www.ingenuity.com). WEB-based Gene SeT AnaLysis Toolkit was used to determine 191 

both transcription factor enrichment sequences for genes down regulated by microarray and for 192 

gene ontology; hypergeometric analysis was used followed by BH multiple test adjustment and 193 

significance was set at p<0.01.  194 

 195 

Fluorescent In Situ Hybridization 196 

Fluorescent in situ hybridization was performed using the RNAscope Multiplex Fluorescent 197 

assay (Advanced Cell Diagnostics, Newark, CA, USA), according to manufacturer’s 198 

instructions. Mice, 3 months of age (n=2/genotype), were briefly anesthetized with isoflurane 199 

and decapitated, and brains were removed and frozen with powdered dry ice for sectioning on a 200 

cryostat. 20 m sections were collected on SuperFrost Plus slides (Thermo Fisher Scientific), 201 

then immediately refrozen. Samples were fixed in 4% pre-chilled paraformaldehyde followed by 202 

dehydration in ethanol and pretreatment in protease IV (Advanced Cell Diagnostics). Probes 203 

were custom designed to recognize exons 3-5 of PGC-1α (Advanced Cell Diagnostics). 204 

Colocalization studies were performed using probes for DARPP32 (Advanced Cell Diagnostics). 205 
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Tissues were treated with a mixture of probes for 2 hours at 40°C followed by fluorescent 206 

amplification and mounting with Prolong gold antifade mounting media containing DAPI 207 

(Thermo Fisher Scientific). Images were captured with a Nikon A1+ confocal microscope.   208 

 209 

Transcript Analyses. 210 

Quantitative real-time PCR was conducted as previously described (Lucas et al., 2012). Mice 211 

were anesthetized with isoflurane and decapitated, and brains were rapidly removed and 212 

dissected. Tissue pieces were flash frozen on dry ice and stored at 80°C until use, at which time 213 

they were incubated in RNAlater-ICE (Ambion, Austin, TX, USA) according to the 214 

manufacturer’s instructions. Tissue was homogenized in Trizol using a Tissue-Tearor 215 

homogenizer (Biospec, Bartlesville, OK, USA), and RNA was isolated using the 216 

Trizol/choloform-isopropanol method following the manufacturer’s instructions (Invitrogen, 217 

Carlsbad, CA, USA). RNA concentration and purity were determined using a Thermo Scientific 218 

NanoDrop2000 (Fisher Scientific, Pittsburg, PA, USA). Equivalent amounts of RNA (1 μg) were 219 

treated with DNase I (Promega, Madison, WI, USA) at 37°C for 30 minutes and DNase Stop 220 

solution at 65°C for 15 minutes. RNA was reverse-transcribed using the High-Capacity cDNA 221 

Archive Kit (Applied Biosystems, Carlsbad, CA, USA). Transcripts were measured using 222 

mouse-specific primers from Applied Biosystems and JumpStart Taq Readymix (Sigma, St. 223 

Louis, MO, USA) using a protocol with an initial ramp (2 min, 50°C; 10 min, 95°C) and 40 224 

subsequent cycles (15 s, 95°C; 1 min, 60°C). Relative concentration of transcript was calculated 225 

in comparison to a standard curve generated from pooled cDNA samples and then diluted (1:5, 226 

1:10, 1:20, 1:40; calibrator method). These values were normalized to beta-actin and expressed 227 

as ratio to control samples +/- SEM (n=8-10/genotype for conditional knockout studies; 1-3 228 
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animals/sample, n=9-12 samples/genotype for 6 month HD knock-in studies, n=13-16/genotype 229 

for 17 month HDQ 310/+ studies). The following primer/probe sets were used: Actb 230 

(Mm00607939_s1), PGC-1α (Mm00447183_m1), PV (Mm00443100_m1), Got2 231 

(Mm00494703_m1), Ctsa (Mm00447194_g1), Mrps31 (Mm01222255_m1), Nfyc 232 

(Mm04204600_g1), Arntl (Mm00500222_m1), Wdr77 (Mm01296590_g1), Trib3 233 

(Mm00454879_m1), Lamc1 (Mm00711821_g1), Atp2b3 (Mm00623637_m1), Rap1gap 234 

(Mm01181215_m1), Sbsn (Mm00552057_m1), Pdyn (Mm00457572_m1), Tac1 235 

(Mm01166996_m1), Drd1a (Mm01353211_m1), Penk1 (Mm01212875_m1), Drd2 236 

(Mm00438541_m1), Gad1 (Mm00725661_s1), Calb1 (Mm00486645_m1), Oprm 237 

(Mm01188089_m1), Syt2 (Mm00436864_m1), Cplx1 (Mm00514378_m1), Nefh 238 

(Mm01191456_m1), Nceh1 (Mm00626772_m1), Ak1 (Mm00445475_m1), Inpp5j 239 

(Mm00552486_m1), Pdha1 (Mm00468675_m1), St8sia1 (Mm00456915_m1), Stac2 240 

(Mm00524631_m1), Atp50 (Mm01611862_g1), Atp5a1 (Mm00431960_m1), Idh3a 241 

(Mm00499674_m1), Phyh (Mm00477734_m1). PGC-1α splice variants were measured as 242 

previously described (Rowe et al., 2012). Relative expression of transcript was calculated using 243 

the 2-ΔΔCt method using the mean of two housekeeping genes, 36B4 and HPRT. Sequences for 244 

the primers are as follows: 36B4 forward (5’GGAGCCAGCGAGGCCACACTGCTG3’), 36B4 245 

reverse (5’CTGGCCACGTTGCGGACACCCTCC3’), HPRT forward 246 

(5’GTTAAGCAGTACAGCCCCAAA 247 

3’), HPRT reverse (5’AGGGCATATCCAACAACAAACTT3’), NT-PGC-1α forward 248 

(5’TGCCATTGTTAAGACCGAG3’), NT-PGC-1α reverse 249 

(5’GGTCACTGGAAGATATGGC3’), alternative PGC-1α forward 250 

(5’CCACCAGAATGAGTGACATGGA3’), alternative  251 
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PGC-1α reverse (5’GTTCAGCAAGATCTGGGCAAA3’) (Chinsomboon et al., 2009; Thom et 252 

al., 2014). 253 

 254 

Immunohistochemistry. 255 

Immunofluorescence was performed as previously described (Lucas et al., 2014a). 256 

Animals were anesthetized with isoflurane and perfused intracardially with cold PBS and 4% 257 

paraformaldehyde (PFA) in PBS. Brains were removed, postfixed in 4% PFA for 24 –72h, and 258 

cryoprotected in graded sucrose (5–20%). Following, brains were embedded in 2:1 20% sucrose 259 

and Tissue-Tek O.C.T. compound (Sakura Finetek, Torrance, CA, USA) and stored at 80°C. 260 

Tissue was sectioned at 30 μm and mounted onto charged slides (Thermo Fisher Scientific, 261 

Hampton, NH, USA). After drying overnight, slides were stored at -80°C. For the first day of 262 

immunohistochemistry, slides were washed in PBS prior to blocking for one hour with 10% 263 

serum from the host of the secondary antibody in PBS. When antigen retrieval was necessary, 264 

slides were incubated in citrate buffer (10 mM citric acid, pH 4.0) at 37°C for 10 minutes and at 265 

room temperature for 20 minutes. Slides were then incubated with the primary antibody in 3% 266 

BSA and 0.3% Triton-X100 (Sigma-Aldrich, St. Louis, MO, USA) in PBS at 4°C. The following 267 

primary antibodies were used: Nefh (Abcam; Cambridge, MA), PV (Swant; Marly, Switzerland), 268 

TH (Millipore; Billerica, MA). 269 

The following day, slides were rinsed and incubated with the corresponding fluorescence-270 

conjugated secondary antibodies (Jackson ImmunoResearch, West Grove, PA, USA; Invitrogen, 271 

Thermo Fisher Scientific) for confocal microscopy or IRDye secondary antibodies (LI-COR 272 

Biosciences, Lincoln, NE, USA) for quantification experiments for one hour at room temperature 273 
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in 5% serum, 3% BSA and 0.3% Triton-X100 in PBS. When necessary, autofluorescence 274 

eliminator reagent was used per manufacturer’s instructions (Millipore). 275 

Sections were coverslipped using Prolong Antifade Gold with DAPI (Invitrogen) and 276 

stored at 4°C. Images were captured with a Leica TCS-SP5 laser scanning confocal microscope. 277 

All confocal settings, including laser intensity, gain, offset, and zoom, were held constant across 278 

all groups for a given experiment. For quantification, images were collected using the 279 

ODYSSEY CLx system (LI-COR Biosciences, Lincoln, NE, USA), and intensity and area 280 

measurements were obtained using Image Studio Lite Version 4.0.21 (LI-COR Biosciences).  281 

For confocal microscopy, 3-4 animals/genotype and 3-4 sections/animal were imaged. 282 

For LI-COR quantification, 3-4 animals/genotype were used. Every tenth slide was taken per 283 

animal for sampling throughout the striatum resulting in 8-12 sections/animal. All microscopy 284 

images were imported into Adobe Photoshop CS3 (Adobe, San Jose, CA) for adjustments to 285 

contrast, sharpness and brightness. 286 

 287 

Statistical Analyses.  288 

Under an a priori hypothesis that transcriptional, immunohistochemistry and behavioral 289 

data in the RGS9LCre: PGC-1αfl/fl would replicate findings from the PGC-1α null animals, one-290 

tailed Student’s t-tests were used unless otherwise noted. For the remaining transcriptional 291 

studies, data were analyzed using a one-way ANOVA followed by Tukey’s multiple comparisons 292 

or Kruskal-Wallis for unequal variance followed by Dunn’s post-hoc test, student’s two-tailed t-293 

test or Mann-Whitney U test. All HDQ data is represented as fold control [WT (HDQ7/7)] and 294 

normalized to beta-actin. For ambulatory distance, data were analyzed using repeated-measures 295 
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ANOVA. Area analyses using LI-COR were performed using a two-way ANOVA and two-296 

tailed t-tests. 297 

 298 

RESULTS 299 

Unbiased identification of PGC-1α-dependent transcripts in the striatum. 300 

While a number of PGC-1α-dependent genes have been identified in various cell 301 

types and tissues by our lab and others, we initially sought to identify PGC-1α-dependent 302 

genes within the striatum using unbiased methods. RNA was isolated from striatal 303 

homogenate of postnatal day (P)30 PGC-1α+/+ and PGC-1α-/- mice. Microarray analysis 304 

from these samples revealed 659 genes that were significantly downregulated (p<0.05) 305 

and 429 genes upregulated (p>0.05) in the PGC-1α null striatum compared to control 306 

(GSE100510). Using the online WebGestalt database, gene ontology analysis for 307 

biological function revealed that down-regulated sets of genes play a role in metabolism, 308 

gene expression and RNA processing (Figure 1A). To limit our transcript analysis to 309 

genes that could be potential direct targets of PGC-1α-containing transcriptional 310 

complexes, we cross-referenced this striatal array data set to previously published 311 

microarray data (GSE100341) from PGC-1α-overexpressing neuroblastoma cells in 312 

which 1067 transcripts were upregulated over two-fold (Lucas et al., 2014a). This 313 

comparison revealed overlap in 11 genes involved in neurite growth, metabolism and 314 

transcription (Figure 1B) that are distinct from those identified to overlap with PGC-1α 315 

and parvalbumin expression patterns in the cortex.  316 

 317 

Identification of PGC-1α-dependent transcripts in striatal MSNs. 318 
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 The biological function of PGC-1α in MSNs is relatively unknown. While we have 319 

previously identified transcriptional changes in the striatum from whole body PGC-1  null mice 320 

(Lucas et al., 2012), it is not clear whether these changes are occurring in MSN populations or 321 

other striatal cell types that express PGC-1 , such as parvalbumin-positive interneurons (Lucas 322 

et al., 2010, 2014a; Bartley et al., 2015). To determine its role in this population, we generated 323 

mice lacking PGC-1α specifically in MSNs using mice expressing Cre-recombinase driven by 324 

the RGS9L promoter crossed with mice expressing loxP sites flanking exons 3-5 of the 325 

PPARGC1A gene; excision of these exons generates a nonfunctional and unstable protein (Lin et 326 

al., 2004). Our laboratory has used a similar approach to delete PGC-1  from all cells of the 327 

central nervous system by crossing the PGC-1  floxed mouse to a mouse expressing cre 328 

recombinase driven by the nestin promoter; this causes complete deletion of PGC-1  mRNA 329 

(exons 3-5) in multiple brain regions and profound motor impairment by three months of age 330 

(Lucas et al., 2012). Antibodies to adequately detect PGC-1α in mouse brain are unavailable. 331 

However, previously reported use of the RGS9LCre indicates that recombination in these 332 

animals occurs as early as postnatal day 8 in mice (Dang et al., 2006) in D1-positive and D2-333 

positive neuronal populations (Tecuapetla et al., 2014) of the striatum (Rahman et al., 1999). 334 

These studies suggest that conditional knockout of a gene is occurring in MSNs of the direct and 335 

indirect pathways. Here, RGS9LCre-positive mice were crossed to the mTmG reporter line, in 336 

which Cre-mediated recombination is indicated by a switch from red fluorescence to green. 337 

Recombination was restricted to MSNs of the striatum seen in the coronal plane and 338 

recombination was visualized in axonal projections to the globus pallidus and substantia nigra in 339 

the sagittal plane at three months of age (Figure 2A) supporting previous documentation that 340 

recombination occurs MSNs of both the direct and indirect motor pathways.  341 
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To confirm reductions in PGC-1α transcript, primers recognizing exons 5-6 were used to 342 

measure PGC-1  knockdown in the RGS9LCre: PGC-1αfl/fl striatum at 18mo. PGC-1α transcript 343 

was reduced by 52% (t(16)=4.48, p=0.0002, unpaired t-test; Figure 2B). As green fluorescence 344 

was distributed homogenously throughout the dorsal striatum and nucleus accumbens, we predict 345 

that residual expression of PGC-1α may be due to other cell-types (i.e. interneurons) that express 346 

high levels of this coactivator relative to MSNs such as parvalbumin-positive interneurons 347 

(Cowell et al., 2007), which do not undergo recombination in the RGS9LCre line. This 348 

interpretation is consistent with the absence of changes in parvalbumin expression (Figure 2C); 349 

PV transcript remained unaffected in the RGS9LCre: PGC-1αfl/fl striatum (t(16)=1.01, p= 0.16, 350 

unpaired t-test), confirming that recombination was not taking place in PV-INs in this model, as 351 

PV is the most robust readout of PGC-1  activity in this cell-type in the forebrain. To confirm 352 

that PGC-1  knockdown was occurring selectively in MSNs, we developed a custom probe to 353 

detect PGC-1  exons 3-5 using fluorescent in situ hybridization (FISH; Figure 2D). Signal for 354 

PGC-1  was reduced almost entirely in dorsolateral striatum of whole body knockout mice and 355 

concentrated highly in wildtype PV-INs (arrows), demonstrating specificity of the probe. Signal 356 

was reduced selectively in DARPP-32-positive neurons in the RGS9LCre: PGC-1αfl/fl striatum.   357 

 To determine if transcripts identified as putative PGC-1α targets (Figure 1D) were 358 

reduced in MSNs lacking PGC-1α, we tested this set in the 18mo RGS9LCre: PGC-1αfl/fl 359 

striatum. Got2 (t(16)=3.45, p=0.002, unpaired t-test), Ctsa (t(16)=2.15, p=0.02, unpaired t-test), 360 

Mrps31 (t(16)=2.47, p=0.01, unpaired t-test), Arntl (t(16)=2.49, p=0.01, unpaired t-test), Atp2b3 361 

(t(16)=1.79, p=0.046, unpaired t-test), and Wdr77 (t(16)=3.29, p=0.002, unpaired t-test) were 362 

significantly reduced in the RGS9LCre: PGC-1αfl/fl striatum. Trib3 (t(16)=0.37, p=0.36, unpaired 363 

t-test), Lamc1 (t(16)=1.04, p=0.16, unpaired t-test), Sbsn (t(16)=1.39, p=0.09, unpaired t-test),  364 



 
 

 16 

Nfyc (t(16)=1.35, p=0.10, unpaired t-test), and Rap1gap (t(16)=0.75, p=0.23, unpaired t-test) were 365 

unaffected by a loss of PGC-1α (Figure 2E).  366 

 367 

Absence of PGC-1α in MSNs does not lead to overt neuronal loss. 368 

 Previous studies from our lab have reported significant changes in general MSN markers 369 

and markers specific to the direct or indirect pathways in the PGC-1α null striatum at 3 months 370 

of age (Lucas et al., 2012). These alterations include significant upregulation of the matrix 371 

marker calbindin 1 (Calb1), the striosome marker opioid receptor, mu 1 (Oprm), the direct 372 

pathway markers prodynorphin (Pdyn) and tachykinin 1 (Tac1) and the indirect pathway markers 373 

preproenkephalin (Penk1) and dopamine receptor D2 (Drd2) (Lucas et al., 2012). To determine if 374 

alterations in MSN markers are occurring cell-autonomously in the PGC-1α null striatum, we 375 

measured transcript for Gad1(t(16)=0.47,  p=0.32, unpaired t-test), Calb1 (t(16)=0.72, p=0.24, 376 

unpaired t-test), and Oprm (t(16)=0.87, p=0.20, unpaired t-test) in the 18mo RGS9LCre: PGC-377 

1αfl/fl striatum, none of which were significantly different. We then measured the direct pathway 378 

markers Pdyn (t(16)=1.19, p=0.13, unpaired t-test), Tac1 (t(16)=0.41, p=0.34, unpaired t-test), and 379 

Drd1a (t(16)=0.45, p=0.33, unpaired t-test) and the indirect pathway markers Penk1 (t(16)=1.35, 380 

p=0.10, unpaired t-test) and Drd2 (t(16)=0.83, p=0.21, unpaired t-test); the expression of these 381 

transcripts was unaffected in the RGS9LCre: PGC-1αfl/fl striatum (Figure 3A-C). These data 382 

suggest that deletion of PGC-1α in MSNs is not sufficient to cause the transcriptional changes 383 

seen in the striatum of PGC-1α null mice. Additionally, a lack of change in MSN markers 384 

suggests that PGC-1α deletion within this population does not result in overt cell loss.  385 

 386 

Reduction in previously identified PGC-1α-dependent transcripts in striatal MSNs. 387 
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Our lab has previously shown that genes involved in calcium buffering (parvalbumin, 388 

PV), synchronous neurotransmitter release (synaptotagmin 2, Syt2; complexin 1, Cplx1), and 389 

axonal structure (neurofilament heavy chain, Nefh) are significantly reduced in the cortex of both 390 

PGC-1α null mice and mice lacking PGC-1α specifically in PV+-interneurons (PV-INs) (Lucas 391 

et al., 2014a). These transcripts were tested in the RGS9LCre: PGC-1αfl/fl striatum to determine 392 

if they are similarly regulated by PGC-1α in MSNs. Interestingly, while Syt2 transcript was 393 

unaffected (t(16)=0.10, p=0.46, unpaired t-test), that of Cplx1 (t(16)=1.87, p=0.04, unpaired t-test) 394 

and Nefh (t(16)=1.83, p=0.04, unpaired t-test) were significantly downregulated (Figure 3D). 395 

These data indicate that PGC-1α regulates genes for synchronous neurotransmitter release and 396 

axonal integrity in MSNs.  397 

 Next, we tested whether previously identified PGC-1α-dependent metabolic transcripts in 398 

the cortex were affected in the striatum (Lucas et al., 2014a). Nceh1 (t(16)=3.30, p=0.002, 399 

unpaired t-test), Ak1 (t(16)=2.24, p=0.02, unpaired t-test), St8sia1 (t(16)=2.66, p=0.009, unpaired t-400 

test), Stac2 (t(16)=1.94, p=0.04, unpaired t-test), Idh3a (t(16)=3.33, p=0.002, unpaired t-test), and 401 

Phyh (t(16)=2.21, p=0.021, unpaired t-test) were significantly reduced in the conditional knockout 402 

striatum while Inpp5j (t(16)=0.71, p=0.24, unpaired t-test), Pdha1 (t(16)=1.71, p=0.05, unpaired t-403 

test), Atp5o (t(16)=1.63, p=0.06, unpaired t-test), and Atp5a1 (t(16)=0.80; p=0.22, unpaired t-test) 404 

were unchanged (Figure 3E).  405 

 406 

Loss of PGC-1α in MSNs does not impact striatal volume. 407 

To determine whether knockdown of PGC-1  in MSNs causes striatal vacuolizations 408 

observed in PGC-1  null mice and/or a reduction in striatal volume, we stained sections with 409 

hematoxylin and eosin. No vacuolizations are observed in the RGS9LCre: PGC-1αfl/fl striatum by 410 
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hematoxylin and eosin staining (Figure 4A). To determine if a loss of PGC-1  in MSNs impacts 411 

overall striatal volume, sections sampled throughout the entirety of the region of both 412 

RGS9LCre: PGC-1αfl/fl and RGS9LCre: PGC-1α+/+ mice were labeled for TH and NEFH 413 

immunoreactivity using LI-COR. Representative sections for each genotype for quantification 414 

are shown in Figure 4A. There were no differences in striatal area (t(6)=1.82, p=0.12, unpaired t-415 

test; Figure 4B), hemispheric area (t(6)=1.82, p=0.12, unpaired t-test; Figure 4C), or the ratio of 416 

the two (t(6)=1.03, p=0.34, unpaired t-test; Figure 4D) between genotypes. Immunoreactivity for 417 

TH was not different in the RGS9LCre: PGC-1αfl/fl striatum (U=3, p=0.20, Mann-Whitney; data 418 

not shown). 419 

 420 

Reductions in Nefh immunoreactivity in the striatum. 421 

 Among the most robust reductions in gene expression was that of the PGC-1 -responsive 422 

gene Nefh.  To quantify changes in immunoreactivity, Nefh intensity was measured using LI-423 

COR. The reduction in Nefh intensity throughout the striatum was significant (t(5)=2.22; 424 

p=0.038, unpaired t-test; Figure 4E). By confocal microscopy, dense Nefh immunoreactivity (IR) 425 

can be seen in the striatal matrix of control animals (white arrows, Figure 4F), and, at a higher 426 

magnification, specifically in the cell bodies of MSNs. The cell body staining, while apparent in 427 

wildtype striatum, is reduced in the RGS9LCre: PGC-1αfl/fl striatum. Some Nefh expression can 428 

still be seen in the RGS9LCre: PGC-1αfl/fl matrix and in striosomes (white arrowheads). The 429 

remaining patch-like immunoreactivity of Nefh is likely due to projections from cortical 430 

pyramidal neurons and local PV-INs.  431 

  432 

Absence of PGC-1α in MSNs causes age-related hypoactivity. 433 
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 Both PGC-1α null animals and animals lacking PGC-1α specifically in neurons exhibit 434 

dramatic ambulatory and coordination deficits (Lin et al., 2004; Lucas et al., 2012, 2014b). To 435 

determine the contribution of MSN-specific PGC-1α deletion to motor deficits, 436 

RGS9LCre:PGC-1αfl/fl mice were tested in open field at 1, 2, 3 (not shown), 6 and 18 months of 437 

age. At 6 months of age and earlier, there was no significant effect of genotype (F(1, 18) = 0.15, 438 

p=0.70, ANOVA) or interaction between genotype and time (F(11, 198)=0.40, p=0.95, ANOVA; 439 

(Figure 5A). By 18 months of age, repeated measures ANOVA revealed a significant effect of 440 

genotype (F(1, 17)=11.86, p=0.0031, ANOVA), with no interaction between genotype and 441 

time(F(11, 187)=0.34, p=0.98, ANOVA), indicating a hypoactive phenotype in RGS9LCre:PGC-442 

1αfl/fl mice (Figure 5B).  443 

 To determine whether this hypoactivity was due to reduced sensitivity to dopamine in 444 

MSNs, we evaluated whether RGS9LCre:PGC-1αfl/fl mice were capable of responding to the 445 

dopamine transporter blocker d-amphetamine.  Repeated measures ANOVA did not reveal a 446 

significant effect of genotype (F(1, 18)=0.79, p=0.39, ANOVA) or interaction between the 447 

genotype and time (F(11, 198)=0.59, p=0.84, ANOVA) at 6 months of age (Figure 5C). Further, 448 

there was no effect of genotype (F(1, 17)=2.50, p=0.13, ANOVA) or an interaction between 449 

genotype and time (F(11, 187)=0.46, p=0.92, ANOVA) at 18 months (Figure 5D). These data 450 

demonstrate that the hypoactivity is not due to a decreased ability of MSNs to respond to 451 

dopaminergic input; this is consistent with a lack of alteration in DRD1a and DRD2 mRNA 452 

expression in these mice.  453 

 454 

PGC-1 -dependent pathways in HDQ mice 455 



 
 

 20 

To explore whether PGC-1  and mutant huntingtin (mHtt) converge on similar 456 

transcriptional pathways in HD, we measured the levels of our newly identified MSN-specific 457 

PGC-1 -dependent genes in the striatum of knock-in models of HD. We measured Drd2 458 

transcript in both the homozygous and heterozygous HDQ mouse lines at 6 and 15-17 months of 459 

age to determine if we were able to replicate previous findings that its expression is 460 

downregulated (Kumar et al., 2016). One-way ANOVA revealed a significant difference among 461 

the HD knock-in lines for Drd2 transcript levels at 6 months (F(6,64)=1.02, p<0.0001, ANOVA). 462 

Drd2 was significantly reduced in the 150/150 (p=0.0038, Tukey’s Multiple Comparisons) and 463 

200/200 striata (p=0.0033, Tukey’s Multiple Comparisons) compared to WT (Figure 6A). 464 

Further, Drd2 was significantly downregulated in the heterozygous HDQ200/+ (t(13)=2.53, 465 

p=0.025, unpaired t-test; Figure 6C) and HDQ310/+ (U=26, p=0.0003, Mann-Whitney; Figure 466 

6E) at 15-17 months of age. With regard to total PGC-1  transcript levels, no differences were 467 

detected in the HDQ homozygous HDQ knockins (H=18.36, p=0.0054, Kruskal-Wallis test; 468 

p>0.9999, Dunn’s Multiple Comparison), HDQ250/+ (H=18.36, p=0.0054, Kruskal-Wallis test; 469 

p=0.16, Dunn’s Multiple Comparison) or HDQ310/+ or heterozygous mice (H=18.36, p=0.0054, 470 

Kruskal-Wallis test; p=0.16, Dunn’s Multiple Comparison) at 6 months of age (Figure 6B). 471 

PGC-1  transcript was unchanged at 15-17 months for the HDQ200/+ (t(13)=0.10, p=0.92, 472 

unpaired t-test; Figure 6D) or HDQ310/+ (t(27)=0.34, p=0.74, unpaired t-test) mice compared to 473 

control (Figure 6F). We also used primers that recognize the N-terminal (NT) splice variant (to 474 

measure total NT levels) and the alternately spliced variant of PGC-1  to determine if there are 475 

changes in variants of PGC-1  in both the homozygous and heterozygous knock-in genotypes at 476 

6 months. The level of total NT- PGC-1  or the alternatively spliced PGC-1  variants in the 477 

homozygous knock-in lines did not differ compared to wildtype (p=0.28 and p=0.45, 478 
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respectively; Tukey’s multiple comparisons), and there were no differences detected amongst the 479 

heterozygous genotypes for total N-terminal (F(2,29)=0.13, p=0.88; one-way ANOVA) or 480 

alternatively spliced (F(2,29)=0.29, p=0.75; one-way ANOVA) PGC-1  variants compared to 481 

wildtype.  482 

HD knock-in mouse models exhibit late-onset motor phenotypes, with longer CAG repeat 483 

lengths causing symptom presentation at younger ages (Menalled, 2005; Rising et al., 2011). We 484 

assessed the expression of PGC-1 -dependent genes prior to the onset of behavioral 485 

abnormalities [i.e. HDQ150/150; (Heng et al., 2007; Kumar et al., 2016)] and after symptom 486 

onset [i.e. HDQ310/+; (Kumar et al., 2016)]), to provide insight into the role that PGC-1 -487 

dependent gene deficiency may play in progression of HD pathology. Transcripts that were 488 

reduced in the RGS9LCre:PGC-1αfl/fl striatum were tested in the HDQ lines at 6 months of age. 489 

Amongst transcripts identified through the array (Figure 7A-F), Wdr77 transcript was increased 490 

in the HDQ200/200 striatum compared to control (H=11.63, p=0.02, Kruskal-Wallis; p=0.04, 491 

Dunn’s multiple comparisons; Figure 7B). No differences were detected for Arntl (H=4.97, 492 

p=0.29, Kruskal-Wallis), Atp2b3 (H=7.08, p=0.13, Kruskal-Wallis), Got2 (F(4, 46)=2.813, p=0.03, 493 

ANOVA; p>0.14, Tukey’s multiple comparisons), Mrps31 (F(4, 46)=1.4, p=0.25, ANOVA), or 494 

Ctsa (H=8.79, p=0.067, Kruskal-Wallis) compared to wildtype (Figure 7A, C-F).  495 

 We next tested if previously identified PGC-1 -dependent transcripts were altered in the 496 

HDQ homozygous lines (Figure 7G-N). Idh3a was significantly upregulated in the HDQ150/150 497 

(H=29.99, p<0.0001, Kruskal-Wallis; p=0.0004, Dunn’s test) and HDQ200/200 (H=29.99, 498 

p<0.0001, Kruskal-Wallis; p=0.0006, Dunn’s test) striatum compared to wildtype (Figure 7I). 499 

Transcript levels for Phyh were significantly increased in mice HDQ150/150 CAG (H=23.59, 500 

p<0.0001, Kruskal-Wallis; p=0.001, Dunn’s test) compared to control (Figure 7J). HDQ200/200 501 
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showed a significant increase in AK1 expression compared to control (H=15.28, p=0.004, 502 

Kruskal-Wallis; p=0.04, Dunn’s test; Figure 7K). Additionally, Nceh1 expression was 503 

significantly increased in the HDQ 150/150 (F(4, 46)=19.82, p<0.0001, ANOVA; p<0.0001, 504 

Tukey’s multiple comparisons) and HDQ200/200 (F(4, 46)=19.82, p<0.0001, ANOVA; p<0.0001, 505 

Tukey’s multiple comparisons) striata compared to wildtype (Figure 7L). No differences 506 

amongst the groups were detected for the following transcripts: Cplx1 (H=8.82, p=0.066, 507 

Kruskal-Wallis), Nefh (H=9.35, p=0.053, Kruskal-Wallis), St8sia1 (F(4, 46)=3.45, p=0.02, 508 

ANOVA; p>0.29, Tukeys’s multiple comparisons), or Stac2 (H=11.41, p=0.022, Kruskal-Wallis; 509 

p>0.12, Dunn’s multiple comparisons) at 6 months of age (Figure 7G, H, M, N). These data 510 

indicate that while PGC-1α transcript levels remained unchanged in these HDQ lines, several 511 

PGC-1α-dependent transcripts are upregulated with increased CAG repeat length.  512 

 Transcripts were then measured in the 6 month HDQ250/+ and HDQ310/+ striata.  513 

In the HDQ250/+ striatum, Cplx1 was significantly reduced (U=23, p=0.028, Mann-Whitney) 514 

and Idh3a was significantly increased (U=17, p=0.0073, Mann-Whitney) compared to control 515 

The following transcripts were unchanged in the HDQ250/+ 6 month striatum (Figure 8A): Arntl 516 

(U=46, p=0.60, Mann-Whitney), Wdr77 (U=50, p=0.81, Mann-Whitney), Atp2b3 (t(19)=0.25, 517 

p=0.80, Mann-Whitney), Got2 (U=53, p=0.97, Mann-Whitney), Mrps31 (t(19)=0.39, p=0.70, 518 

Mann-Whitney), Ctsa (t(19)=1.83, p=0.083, unpaired t-test), Nefh (U=35, p=0.17, Mann-519 

Whitney), Phyh (t(19)=1.28, p=0.21, unpaired t-test), Ak1 (t(19)=1.79, p=0.089, unpaired t-test), 520 

Nceh1 (U=28, p=0.069, Mann-Whitney), St8sia1 (U=27, p=0.095, Mann-Whitney), Stac2 521 

(t(19)=0.98, p=0.34, unpaired t-test; Figure 8A).  522 

To determine if 200+ CAG repeats had an influence on transcript levels at an advanced 523 

age, these genes were tested in the striatum of mice heterozygous for 200CAG repeats in the htt 524 
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gene; no significant differences were detected in the 15 month aged HDQ200/+ striatum (Figure 525 

8B): Arntl (t(14)=0.51, p=0.62, unpaired t-test), Wdr77 (U=17, p=0.14, Mann-Whitney), Atp2b3 526 

(t(14)=0.10, p=0.92, unpaired t-test), Got2 (t(14)=0.46, p=0.65, unpaired t-test), Mrps31 (U=21, 527 

p=0.46, Mann-Whitney), Ctsa (t(14)=0.72, p=0.48, unpaired t-test), Cplx1 (t(14)=1.22, p=0.24, 528 

unpaired t-test), Nefh (t(14)=0.26, p=0.80, unpaired t-test), Idh3a (t(14)=1.97, p=0.069, unpaired t-529 

test), Phyh (t(14)=1.47, p= 0.16, unpaired t-test), Ak1 (U=16, p=0.11, Mann-Whitney), Nceh1 530 

(t(14)=0.55, p=0.59, unpaired t-test), St8sia1 (t(14)=0.59, p=0.56, unpaired t-test), Stac2 (U=26, 531 

p=0.61, Mann-Whitney). 532 

Regarding the HDQ310/+ striatum, all transcripts were unaffected at 6mo (Figure 8C): 533 

Arntl (t(21)=1.43, p=0.17, unpaired t-test), Wdr77 (t(21)=0.58, p=0.57, unpaired t-test), Atp2b3 534 

(t(21)=0.12, p=0.91, unpaired t-test), Got2 (U=58, p=0.65, Mann-Whitney), Mrps31 (t(21)=0.04, 535 

p=0.97, unpaired t-test), Ctsa (t(21)=0.94, p=0.36, unpaired t-test), Cplx1 (t(21)=0.66, p=0.51, 536 

unpaired t-test), Nefh (t(21)=0.12, p=0.90, unpaired t-test), Idh3a (U=46, p=0.24, Mann-Whitney), 537 

Phyh (U=48, p=0.29, Mann-Whitney), Ak1 (U=53, p=0.45, Mann-Whitney), Nceh1 (U=54, 538 

p=0.49, Mann-Whitney), St8sia1 (t(20)=1.96, p=0.065, unpaired t-test), Stac2 (t(21)=0.77, p=0.45, 539 

unpaired t-test). 540 

 To determine if these transcripts were affected with age, these transcripts were measured 541 

in the HDQ310/+ striatum at 17 months of age (Figure 8D). Compared to control, Stac2 was 542 

significantly downregulated (t(27)=2.61, p=0.015, unpaired t-test) while the following three genes 543 

were significantly upregulated (Figure 8D): Wdr77 (t(27)=2.72, p=0.01, unpaired t-test), Idh3a 544 

(t(27)=3.15, p=0.0039, unpaired t-test), Phyh (t(27)=3.40, p=0.0021). The remaining transcripts 545 

were unchanged (Figure 8D): Arntl (t(27)=0.87, p=0.39, unpaired t-test); Atp2b3 (t(27)=0.42, 546 

p=0.67, unpaired t-test); Got2 (t(27)=1.26,  p=0.22, unpaired t-test); Mrps31 (t(27)=0.20, p=0.84, 547 
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unpaired t-test); Ctsa (t(27)=0.39, p=0.70, unpaired t-test); Cplx1 (U=73, p=0.18, Mann-Whitney); 548 

Nefh (t(27)=1.017, p=0.32, unpaired t-test); Ak1 (U=103, p=0.98, Mann-Whitney); Nceh1 549 

(t(27)=0.78, p=0.44, unpaired t-test); St8sia1 (t(27)=0.43, p=0.67, unpaired t-test).  550 

 551 

DISCUSSION 552 

Studies indicate reductions in PGC-1α expression and PGC-1α-dependent transcripts in 553 

HD patients and rodent models (Cui et al., 2006; Weydt et al., 2006; Török et al., 2015). Mutant 554 

hutingtin (mthtt) can directly repress the expression of PGC-1α at its promoter by interacting 555 

with the upstream regulators CREB-TAF4 (Cui et al., 2006); activation of the CREB-TAF4-556 

PGC-1α pathway is able to rescue mitochondrial function, cell viability, morphological, and 557 

motor performance of in vitro and in vivo HD models (Cui et al., 2006; Wareski et al., 2009; 558 

Tsunemi et al., 2012). Additionally, reductions in CREB-PGC-1α-dependent transcription 559 

contribute to NMDAR-mediated excitotoxicity in cortical and striatal cultures when mthtt is 560 

present (Okamoto et al., 2009). Striatal MSNs are a highly vulnerable in HD, and though a 561 

significant reduction in PGC-1α transcript is detected in isolated MSNs from an HD mouse 562 

model (Cui et al., 2006), there has been no investigation into the causal relationship between 563 

PGC-1α loss in this cell type and the behavioral phenotype in disease.  564 

 A loss of PGC-1α throughout the body as well as neuron-specific deletion of PGC-1α in 565 

mice leads to robust motor deficits including hyperactivity, impaired coordination, and gait 566 

abnormalities by one month of age (Lin et al., 2004; Lucas et al., 2012, 2014a). Prominent 567 

vacuolizations are also present throughout the PGC-1α null cortex and striatum of these mice at 568 

one month (Lin et al., 2004; Lucas et al., 2012). We show here that deletion of PGC-1  from 569 

MSNs leads to hypoactivity (instead of hyperactivity) and lack of vacuolizations at an advanced 570 
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(instead of developmental) age, indicating that dysfunction in other cell types may be 571 

contributing to these abnormalities in the PGC-1  null mice (Lucas et al. 2010, 2014). In fact, 572 

MSNs show relatively low levels of PGC-1  expression with respect to these cell types (Cowell 573 

et al. 2007; Figure 2), suggesting that cell-types more highly enriched in PGC-1  rely heavily on 574 

its presence throughout development versus adulthood, conferring more robust behavioral 575 

dysfunction. Studies in which PGC-1  is deleted in CAMKII -positive or PV-positive cell-types 576 

suggest this as well with the former exhibiting vacuolizations (Ma et al., 2010) and the latter 577 

exhibiting nest-building, learning, and neuronal firing deficits at 3 months of age (Ma et al., 578 

2010; Dougherty et al., 2014; Lucas et al., 2014a; Bartley et al., 2015). 579 

Previous reports of decreased PGC-1  expression in HD have formed the basis for the 580 

idea that the PGC-1α null mouse could serve as an appropriate model to understand the 581 

pathogenesis of HD. Contrary to our predictions, we did not observe any reductions in PGC-1  582 

expression in the striatum of the HDQ mice. It is important to note that we did not measure PGC-583 

1  protein content or investigate the possibility of post-translational modifications of PGC-1 . 584 

However, with respect to the striatum-specific roles of PGC-1 , previous studies from our lab 585 

demonstrate many differences between the transcriptional profiles of the PGC-1  null mouse 586 

and R6/2 model of HD (Lucas et al., 2012). Therefore, the data presented here do not support the 587 

idea that striatal PGC-1  deficiency alone can generate an HD-like behavioral phenotype. 588 

However, it would be interesting to determine whether concurrent PGC-1  ablation in the 589 

cortex, another region affected in HD, could cause the emergence of more severe motor 590 

symptoms.  591 

We considered the possibility that the huntingtin-mediated effects on PGC-1  expression 592 

and/or function could be dependent on age. Most HD knock-in mouse models, including the 593 
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140CAG line, exhibit late-onset motor phenotypes (Menalled, 2005; Rising et al., 2011). In 594 

theory, reductions in PGC-1α in MSNs of late-onset HD models could contribute to hypoactivity, 595 

as this phenotype is seen in RGS9LCre:PGC-1αfl/fl mice. Though we did not detect any changes 596 

in striatal PGC-1  expression in the HDQ allelic series, including aged HDQ mice, it is possible 597 

that decreases in PGC-1  are occurring in select neuronal subsets. As MSNs of the indirect 598 

pathway are more vulnerable relative to those of the direct pathway in HD (Galvan et al., 2012), 599 

it is attractive to speculate that MSNs of the indirect pathway are more vulnerable to a loss of 600 

PGC-1α. Cre-recombinase expression under the RGS9L promoter affects MSNs of both the 601 

direct and indirect pathways. Further investigation into the reliance of direct and indirect 602 

pathway MSNs on PGC-1α and how inhibition of postsynaptic targets is influenced by these 603 

neurons is needed.  604 

   Though markers of MSNs remain unaffected by a loss of PGC-1α, several 605 

previously identified PGC-1α-dependent cortical transcripts (Lucas et al., 2014a) were reduced 606 

in the conditional knockout striatum including Cplx1 and Nefh. Several studies indicate that 607 

Cplx1 is important in synchronous neurotransmitter release (Martin et al., 2011; Lin et al., 2013; 608 

Lucas et al., 2014a; Chang et al., 2015); from these data we hypothesize that synchronous release 609 

of GABA from MSNs to the globus pallidus and/or substantia nigra pars reticulata is impaired. 610 

Further, due to a reduction in the axonal stabilizing protein Nefh, and previously published data 611 

indicating reduced neuritic branching of PGC-1α null striatal cultures (Lin et al., 2004), it is 612 

possible that axonal projections to these downstream regions are compromised and synapse 613 

number may be reduced. Further studies to investigate MSN morphology and synapse number in 614 

these downstream brain regions are warranted.  615 
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 As a transcriptional coactivator, PGC-1  does not bind directly to DNA but requires the 616 

presence of other factors for regulating gene expression, raising the possibility that gene 617 

expression changes in the HDQ mice are occurring independent of changes in PGC-1 . Though 618 

not shown, we identified via WebGestalt an enrichment of specificity protein 1 (SP1) binding 619 

sites in the promoter regions of genes downregulated in the PGC-1α null striatum. Studies have 620 

demonstrated that mthtt is able to suppress SP1-dependent transcription by preventing it from 621 

binding to DNA in postmortem tissue of pre-symptomatic and symptomatic HD patients and in 622 

in vitro and in vivo HD models (Dunah et al., 2002; Li et al., 2002; Chen-Plotkin et al., 2006).  623 

PGC-1  is notably a master regulator of metabolic and mitochondrial function, thus the 624 

link between polymorphisms in the PGC-1α-interacting transcription factor nuclear respiratory 625 

factor 1 (NRF-1) and HD is also of interest. Several metabolic transcripts (Got2, Mrps31, Ak1, 626 

Idh3a, and Phyh) are reduced in the conditional knockout striatum. Metabolic function may be 627 

reduced in MSNs of the conditional knockout line due to a downregulation in these transcripts 628 

collectively. We find that a number of PGC-1 -dependent genes are upregulated in homozygous 629 

(6 month) and heterozygous (17 month) knock-in mice with increasing repeat length, some of 630 

which are metabolic (Ak1, Idh3a, and Phyh). Interestingly, the overexpression of PGC-1  can 631 

prevent the aggregation of mutant huntingtin in mouse models (Tsunemi et al., 2012), and we 632 

and others have shown that PGC-1  overexpression can induce a large number of genes 633 

involved in mitochondrial function and antioxidant defense (Cowell et al., 2009; Wareski et al., 634 

2009; Ciron et al., 2012; Mudò et al., 2012; Lucas et al., 2014a), calcium buffering (Lucas et al., 635 

2014a), and synaptic plasticity (Cheng et al., 2012; Lucas et al., 2014a). It is possible that 636 

providing high levels of exogenous PGC-1  or increased expression of its interacting factors is 637 

capable of driving different subsets of genes than endogenous programs. It is also possible that 638 
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upregulation of PGC-1 -interacting transcription factors to elevate transcript levels in the HDQ 639 

lines here may be pathogenic. In fact, in light of the neuronal toxicity observed in some 640 

Parkinson’s (Ciron et al., 2012; Clark et al., 2012) and Alzheimer’s Disease (Dumont et al., 641 

2014) models, caution is warranted with long-term overexpression of PGC-1  and its interacting 642 

transcription factors for general use. Future experiments are required to better elucidate the cell-643 

specific transcriptional response to disease in order to design strategies for neuroprotection.    644 

  As PGC-1α polymorphisms influence the age of onset of HD, so too do they influence 645 

Parkinson’s Disease (PD) onset (Clark et al., 2011), a neurodegenerative disease marked by 646 

dyskinesia. PGC-1α dysfunction is linked to several PD candidate genes including Parkin/Park2, 647 

Pink1, and DJ-1 (Dauer and Przedborski, 2003; Zhong and Xu, 2008; Shin et al., 2011; Choi et 648 

al., 2013). PARIS, a substrate for Parkin, represses PGC-1α expression in the striatum of PD 649 

mouse models and human patients (Shin et al., 2011). PARIS similarly acts on NRF-1 (Shin et 650 

al., 2011) to affect transcription. It would be interesting to test these same PGC-1α-dependent 651 

transcripts in the striatum or substantia nigra of these PD models. Additionally, polymorphisms 652 

in NRF-1 itself are able to influence age of onset in HD (Taherzadeh-Fard et al., 2011). Studies 653 

from our lab have shown that NRF-1 is a potential mediator of PGC-1α-dependent regulation of 654 

both Nefh and Cplx1 in the cortex (McMeekin et al., 2016) and enrichment of NRF-1 binding 655 

sites have been reported in the promoter region of Nefh by CHIP-seq (Satoh et al., 2013). Further 656 

investigation into the overlap in SP1 and NRF-1 with PGC-1α-dependent transcription in MSNs 657 

and in age-related movement disorders will shed light on gene programs affected in these disease 658 

states and potential ways to improve motor function.  659 

 660 

 661 
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Figure 1. Identification of novel PGC-1α-dependent gene programs in the striatum. Gene 662 

ontology analyses using microarray data from the PGC-1α null striatum identified a number of 663 

gene programs that were significantly downregulated in (A) biological, molecular function 664 

categories, grouped into distinct cellular components. Hypergeometric analysis was used 665 

followed by BH multiple test adjustment. (B) Previously published microarray data of genes 666 

upregulated by PGC-1α overexpression in vitro (Lucas et al., 2014a) were cross-referenced with 667 

those significantly downregulated in the striatum in vivo to result in a subset of putative PGC-1α-668 

dependent transcripts in this region.  669 

 670 

Figure 2. Putative PGC-1α-dependent targets are reduced in conditional knockouts.  671 

(A) RGS9L promoter-driven Cre-recombinase activity was validated by crossing the RGS9Lcre 672 

line with the mTmG reporter line; green fluorescence indicates recombination in direct and 673 

indirect MSN populations (arrows). (B) RGS9LCre:PGC-1αfl/fl striatum exhibits a ~50% 674 

reduction in PGC-1α transcript compared to RGS9LCre:PGC-1α+/+ mice. (C) The expression of 675 

the PGC-1 -dependent gene parvalbumin (PV) is not significantly changed. (D) PGC-1α 676 

expression (green) is reduced in both the null and RGS9LCre:PGC-1αfl/fl in DARPP-32-positive 677 

neurons (red) in the striatum compared to controls by fluorescent in situ hybridization. (E) Loss 678 

of PGC-1α in striatal MSNs significantly reduces expression Got2, Ctsa, Mrps31, Arntl, Atp2b3, 679 

and Wdr77. n=8-10/genotype. *p < 0.05; **p < 0.01; one-tailed t tests based on previously 680 

published a priori hypotheses. Data are presented as mean + SEM. 681 

 682 

Figure 3. Previously identified PGC-1α-dependent genes are reduced in conditional 683 

knockouts.  684 
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(A-C) Markers of MSNs in either the direct or indirect motor pathways are unaffected by a loss 685 

of PGC-1α. (D) Among the previously identified non-metabolic PGC-1α-dependent transcripts, 686 

Cplx1 and Nefh are significantly reduced in the RGS9LCre:PGC-1αfl/fl striatum. (E) 6/10 687 

previously identified PGC-1α-dependent metabolic transcripts are reduced in the 688 

RGS9LCre:PGC-1αfl/fl striatum. n=8-10/genotype. *p < 0.05; **p < 0.01; one-tailed t tests 689 

based on previously published a priori hypotheses. Data are presented as mean + SEM. 690 

 691 

Figure 4. Nefh immunoreactivity is reduced in the conditional knockout striatum.  692 

Hematoxylin and eosin staining of RGS9LCre:PGC-1α+/+  and RGS9LCre:PGC-1αfl/fl striatum.  693 

LiCOR Odyssey was used for volumetric analyses and to measure Nefh immunoreactivity (IR) 694 

intensity. Representative images for each genotype throughout the striatum are shown (A). No 695 

differences in striatal or hemispheric area nor ratio between the two were found in the 696 

RGS9LCre:PGC-1αfl/fl striatum compared to control (B-D). Quantification of Nefh-IR using 697 

LiCOR shows significant reduction in intensity (E). While Nefh-IR is present striosomes of the 698 

RGS9LCre:PGC-1αfl/fl striatum (arrowheads), there is a loss of the lighter Nefh-IR in the 699 

striatal matrix (arrows) visualized by confocal microscopy (F). n=2 sections/slide, 12-14 700 

slides/animal and 3-4 animals/genotype (A-E); n=3-4 animals/genotype and 3-4 sections/animal 701 

were imaged (F). All settings were held constant across genotypes for microscopy images. *p < 702 

0.05, two-way ANOVA and two-tailed t-test (B-D); one-tailed t tests based a priori hypotheses 703 

(E). Data are presented as mean + SEM. 704 

 705 

Figure 5. Deletion of PGC-1α in MSNs results in age-related hypoactivity.  706 
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Ambulatory activity of mice lacking PGC-1α specifically in MSNs was assessed in open field. 707 

(A) Mice up to the age of 6 months show no differences between genotypes in ambulatory 708 

distance throughout the test session. (B) Mice at 18 months of age exhibit hypoactivity 709 

throughout the test session. There is a lack of genotype-dependent effect on d-amphetamine-710 

induced ambulation at 6 months (C) or 18 months of age (D). n/genotype are indicated on 711 

histograms. *p < 0.05, repeated-measured ANOVA. Data are presented as mean + SEM. 712 

 713 

Figure 6. PGC-1α expression is unaffected in the HDQ striatum. 714 

Among the HDQ knock-in mouse lines, Drd2 transcript is significantly reduced in the 715 

HDQ150/150 and 200/200 striata compared to wild-type at 6 months (A); PGC-1α transcript was 716 

unaffected at this time (B). Drd2 is significantly reduced in the HDQ200/+ (C) and HDQ310/+ 717 

(E) striatum at 15 and 17 months compared to wild-type, respectively while PGC-1α transcript 718 

was unchanged (D, F). n=1-3 animals/sample, n=9-12 samples/genotype (A, B); n=7-9/genotype 719 

(C,D); n=13-16/genotype (E,F). **p < 0.01; ***p<0.001, one-way ANOVA followed by 720 

Tukey’s multiple comparisons or Kruskal-Wallis followed by Dunn’s test; student’s t-test or 721 

Mann-Whitney U test. Data are presented as mean + SEM. 722 

 723 

Figure 7. PGC-1α-dependent transcripts are upregulated in the HDQ striatum at 6 months. 724 

Among the novel putative PGC-1α-dependent transcripts in the striatum, Wdr77 is significantly 725 

upregulated at 6 months in the HDQ 200/200 while Arntl, Atp2b3, Got2, Mrps31 and Ctsa are 726 

unaffected compared to wild-type (A-F). Among previously published PGC-1α-dependent genes, 727 

Idh3a, Phyh, Ak1, and Nceh1 are significantly upregulated in the HDQ 150/150 and/or 200/200 728 

compared to wild-type. Cplx1, Nefh, St8sia1 and Stac2 are unchanged compared to wild-type 729 
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(G-N). n=1-3 animals/sample, n=9-12 samples/genotype. **p < 0.01; ***p < 0.001; ****p < 730 

0.0001, one-way ANOVA followed by Tukey’s multiple comparisons or Kruskal-Wallis 731 

followed by Dunn’s test. Data are presented as mean + SEM. 732 

 733 

Figure 8. Age- and repeat-dependent upregulation of PGC-1α-dependent transcripts in the 734 

heterozygous HDQ striatum. 735 

Among the putative PGC-1α-dependent transcripts in the HDQ250/+ striatum, Cplx1 is 736 

significantly downregulated while Idh3a was upregulated compared to control at 6 months (A); 737 

expression of these transcripts is comparable to control in the HDQ200/+ striatum (B). There 738 

were no differences detected in PGC-1α-dependent transcripts in the 6 month HDQ 310/+ 739 

striatum (C). However, among these transcripts, Wdr77, Idh3a and Phyh are significantly 740 

upregulated in this line at 17 months compared to control while Stac2 is significantly reduced 741 

(D). n=1-3 animals/sample, n=9-12 samples/genotype (A,C); n=7-9/genotype (B); n=13-742 

16/genotype (D). *p < 0.05; **p < 0.01, student’s t-test or Mann-Whitney U test. Data are 743 

presented as mean + SEM. 744 
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