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PGC-1a Provides a Transcriptional Framework for
Synchronous Neurotransmitter Release from Parvalbumin-
Positive Interneurons
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John J. Hablitz,2 and “Rita M. Cowell!
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Accumulating evidence strongly implicates the transcriptional coactivator peroxisome proliferator-activated receptor vy coactivator 1o
(PGC-1a) in the pathophysiology of multiple neurological disorders, but the downstream gene targets of PGC-1c in the brain have
remained enigmatic. Previous data demonstrate that PGC-1« is primarily concentrated in inhibitory neurons and that PGC-1« is re-
quired for the expression of the interneuron-specific Ca>*-binding protein parvalbumin (PV) throughout the cortex. To identify other
possible transcriptional targets of PGC-1« in neural tissue, we conducted a microarray on neuroblastoma cells overexpressing PGC-1a,
mined results for genes with physiological relevance to interneurons, and measured cortical gene and protein expression of these genes
in mice with underexpression and overexpression of PGC-1c.. We observed bidirectional regulation of novel PGC-1«a-dependent tran-
scripts spanning synaptic [synaptotagmin 2 (Syt2) and complexin 1 (Cplx1)], structural [neurofilament heavy chain (Nefh)], and meta-
bolic [neutral cholesterol ester hydrolase 1 (Ncehl), adenylate kinase 1 (Ak1), inositol polyphosphate 5-phosphatase ] (Inpp5j), ATP
synthase mitochondrial F1 complex O subunit (Atp50), phytanol-CoA-2hydroxylase (Phyh), and ATP synthase mitrochondrial F1 com-
plex « subunit 1 (Atp5al)] functions. The neuron-specific genes Syt2, Cplx1, and Nefh were developmentally upregulated in an expres-
sion pattern consistent with that of PGC-1a and were expressed in cortical interneurons. Conditional deletion of PGC-1¢ in PV-positive
neurons significantly decreased cortical transcript expression of these genes, promoted asynchronous GABA release, and impaired
long-term memory. Collectively, these data demonstrate that PGC-1a is required for normal PV-positive interneuron function and that

loss of PGC-1a in this interneuron subpopulation could contribute to cortical dysfunction in disease states.
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Introduction

A growing body of literature strongly implicates the transcrip-
tional coactivator peroxisome proliferator-activated receptor y
coactivator la (PGC-1a) in the pathophysiology of neurological
disorders. Initial reports demonstrated that PGC-1a expression
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is reduced in brain and muscle of patients with Huntington dis-
ease (HD; Cui et al., 2006; Weydt et al., 2006; Chaturvedi et al.,
2009; Kim et al., 2010), and subsequent studies found polymor-
phisms and/or postmortem expression abnormalities in PGC-1«
in patients with Huntington (Taherzadeh-Fard et al., 2009;
Weydt et al., 2009, 2014), Alzheimer (Qin et al., 2009), and Par-
kinson (Zheng et al., 2010; Clark et al., 2011; Shin et al., 2011)
diseases. Despite the proposed therapeutic potential of targeting
PGC-1le in such disorders, little is known about the primary
downstream transcriptional targets of PGC-1a in the CNS. Thus,
the consequences of decreased expression and/or function of
PGC-1a in the brain and its active role in neurological disorders
have remained enigmatic.

As a transcriptional coactivator, PGC-la regulates gene
expression by binding to specific transcription factors and re-
cruiting histone acetyltransferases to simultaneously influence
chromatin structure and initiate transcription (Lin, 2009). In pe-
ripheral tissues, PGC-1a has been coined the “master regulator”
of metabolism because of its ability to induce transcription of
genes involved in mitochondrial biogenesis and antioxidant pro-
duction (Lin et al., 2005). Whereas it has been mainly assumed
that PGC-1a regulates similar genes in the brain (Rona-Voros
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and Weydt, 2010), only modest reductions have been found in
well established peripheral PGC-1a target genes in brain from
PGC-1a /™ animals (Lin et al., 2004; St-Pierre et al., 2006; Lucas
etal., 2010).

Previous work has shown that PGC-1a becomes primarily
concentrated in GABAergic neurons during early postnatal de-
velopment of the rodent brain (Cowell et al., 2007), suggesting
that PGC-1la serves to regulate gene expression specifically
within this neuronal population. In support of this idea, we dis-
covered that the presence of PGC-1a is required for expression of
the Ca*"-binding protein parvalbumin (PV) in interneurons
throughout the cerebrum (Lucas et al., 2010). Interestingly,
PGC-la '~ mice exhibit asynchronous and delayed neurotrans-
mitter release from presynaptic terminals in the hippocampus
(Lucas et al., 2010), which is uncharacteristic of normally func-
tioning PV-positive interneurons and difficult to attribute to a
loss of PV alone (Hefft and Jonas, 2005; Manseau et al., 2010). We
thus hypothesized that PGC-1a must have additional transcrip-
tional targets relevant to interneuron physiology.

We show here that PGC-1« is required for a developmental
gene program regulating synaptotagmin 2 (Syt2) and complexin
1 (Cplx1), two high-affinity Ca** sensors essential for synchro-
nous neurotransmitter release, and the structural protein neuro-
filament heavy chain (Neth). In accordance with their expression
in interneurons and the known physiological roles of these tran-
scripts, conditional deletion of PGC-1« from PV-positive neu-
rons decreased the expression of PGC-1a, PV, Syt2, Cplx1, and
Neth; increased asynchronous GABA release onto pyramidal
cells; and impaired long-term memory. These data suggest that
PGC-1a provides a transcriptional framework to mediate syn-
chronous neurotransmitter release and that loss of PGC-1a in
interneurons could contribute to cortical dysfunction in disease
states.

Materials and Methods

Cell culture and microarray. SH-SY5Y neuroblastoma cells were trans-
fected using an adenovirus encoding green fluorescent protein (GFP)
alone or GFP and PGC-1« in tandem (Cowell et al., 2009). Cells were
collected 48 h later in Trizol reagent (n = 3 per group). RNA was isolated
by the Trizol method following the manufacturer’s (Invitrogen) instruc-
tions. Briefly, cells were triturated in Trizol reagent. RNA was isolated
using the chloroform—isopropanol method and purified with an RNease
MinElute Cleanup kit (Qiagen). RNA concentration was adjusted to 200
ng/ul before submitting to the W.M. Keck Biotechnology Resource Lab-
oratory at Yale University for microarray analysis.

An Illumina human gene expression array was used. The expression
data were normalized using quantile normalization. Independent-
samples ¢ tests were applied to compare the differences in gene expression
between GFP- and PGC-1a-transfected samples. Transcripts with a two-
fold or greater expression change induced by PGC-1a overexpression
and a t test p value of <0.01 were filtered out for further statistical
analyses. False discovery rate correction for multiple testing was then set
at <0.05 to identify transcripts for additional studies.

To mine microarray data for genes with physiological relevance in the
mouse brain, we cross-referenced genes significantly upregulated by
PGC-1a with a list of genes that overlapped neuroanatomically with
ppargcla and pvalb using the Neuroblast feature of the Allen Brain Atlas
(www.brain-map.org). The Allen Brain Atlas is an online library of in situ
hybridization images of ~20,000 genes in the adult mouse brain, and the
Neuroblast feature is a search tool to help identify genes with similar 3D
spatial gene expression profiles. A mathematical algorithm is applied to
each in situ image to determine “expression energy” for each gene with
respect to individual cubes within a 200 um? grid (Lein et al., 2007; also
see http://mouse.brain-map.org/pdf/NeuroBlast.pdf). Pearson’s corre-
lation coefficient is then used to measure similarity between expression
energy of each gene within the same cube.
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Animals. All experimental protocols were approved by the Institu-
tional Animal Care and Use Committee of the University of Alabama at
Birmingham. Two independent lines of PGC-1la: ™/~ mice (Lin et al.,
2004; Leone et al., 2005) were used for experiments, and PGC-1« AN
PGC-1a ™, and PGC-1a /™ mice were obtained from offspring of
PGC-la '™ breeding pairs. All experiments were conducted with male
and female mice from the line described by Lin et al. (2004) on postnatal
day 30 (P30) unless otherwise specified. Conditional deletion of PGC-1c
was produced by crossing mice with LoxP sites flanking the exon 3-5 region
of the PGC-1a gene (Lin et al., 2004; gift from Bruce Spiegleman, Dana-
Farber Cancer Institute, Boston, MA) with mice expressing cre recombinase
driven by the PV (Hippenmeyer et al., 2005; The Jackson Laboratory) or
nestin (gift from Albert La Spada, University of San Diego, San Diego, CA)
promoter. To determine specificity and efficiency of the cre-mediated re-
combination pattern, PV-Cre mice were crossbred to mutant tomato/mu-
tant green reporter mice (Muzumdar et al., 2007; The Jackson Laboratory).
For conditional knock-out experiments, littermates expressing cre recombi-
nase without loxP sites were used as controls. All mice were maintained on a
C57BL6/]J genetic background and housed two to five in a cage at 26 = 2°C
room temperature with food and water ad libitum.

AAV preparation and injections. Mouse PGC-1a (Addgene Plasmid
#1026, donated by B. Speigelman; Monsalve et al., 2000) was cloned into
the pTR-SB-smCBA-V2 vector and packaged into AAV2/9 (University of
Florida Vector Core). C57BL1/6 mice received 2 ul injections of AAV-
PGC-1a or AAV-GFP into the anterior cortex (AP, +1.34; ML, =1.75;
DV, —1.75 mm from bregma); three to four mice were given injections
per group. Tissue was removed for QRT-PCR analysis 14 d later.

Gene expression analyses. Mice were anesthetized with isoflurane be-
fore they were killed by decapitation. Brains were rapidly removed and
dissected by gross anatomical markers. Tissue pieces were collected in
centrifuge tubes, flash frozen on dry ice, and stored at —80°C. Before
processing, samples were incubated in RNAlater-ICE (Ambion) accord-
ing to the manufacturer’s instructions. Tissue was homogenized with
Tissue-Tearor (Biospec) in Trizol reagent, and RNA was isolated and reverse
transcribed as described above. RNA concentrations and purity were quan-
tified using NanoDrop 2000 (Thermo Fisher Scientific). Equivalent amounts
of RNA (1 ug) were treated with DNase I (Promega) at 37°C for 30 min, and
DNase was inactivated at 65°C for 15 min. RNA was reverse transcribed
using the High-Capacity cDNA Archive kit (Applied Biosystems).
Gene expression was measured with Tagman qRT-PCR using the
mouse-specific Applied Biosystems primers listed in Table 1.

Reaction protocols consisted of an initial ramp (2 min, 50°C; 10 min,
95°C) and 40 subsequent cycles (15 s, 95°C; 1 min, 60°C). Relative con-
centrations of the genes of interest were calculated in comparison with a
standard curve calculated from dilutions of cDNA (1:5, 1:10, 1:20) from
a pool of GFP (cell-culture studies) or littermate (animal studies) con-
trols. Values were normalized to 18S rRNA (cell-culture studies, devel-
opmental time course animal studies) or B-actin (all other animal
studies) for values for the same sample and expressed as a ratio to control
samples = SEM.

Western blot analyses. Primary antibodies included PGC-1a« (gift from
Daniel Kelly, Sanford-Burnham Medical Research Institute, Orlando,
FL; Cowell et al., 2007), Syt2 (znp-1; Zebrafish International Resource
Center; Fox and Sanes, 2007; Su et al., 2010), Cplx1,2 (Synaptic Systems;
Pabst et al., 2000), Nefh (Abcam), and actin (Millipore; Cowell et al.,
2007). All primary antibodies, with the exception of PGC-1la, produce
bands at the previously published molecular weights. The PGC-1a antibody
produces many nonspecific bands in the mouse brain and was, therefore,
only used for confirmation of overexpression in cell-culture studies.

Cells (cell-culture studies) were sonicated, and brain regions (animal
studies) were homogenized in RIPA buffer (150 mm NaCl, 50 mm Tris,
1% Triton X-100, 1% SDS, 0.5% deoxycholic acid, pH 8.0) containing a
protease inhibitor tablet. Total protein concentration was determined
with a bicinchonicic acid protein assay kit (Thermo Fisher Scientific),
and absorbance was measured at 540 nm. Protein was denatured in
sample buffer (62.5 mm Tris-HCl, 20% glycerol, 2% SDS, 5%
B-mercaptoethanol, pH 6.8) at 95°C. Equivalent amounts of protein
were loaded into precast polyacrylamide NuPage gels (Invitrogen). One
interblot control sample was loaded onto every gel to permit comparison
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Table 1. List of Applied Biosystems (ABI) primers with catalog numbers

Gene name ABI catalog #
Acsle Mm00522786_m1
Ak1 MmO00445475_m1
Atp50 Mm01611862_g1
Atp5al Mm00431960_m1
Atpsh Mm02392026_g1
Actinb Mm00607939_s1
(dc42ep1 MmO00840486_m1
Coxéc Mm00835813_g1
Cox7b Mm00835076_g1
Cplx1 Mm00514378_m1
Gasé Mm00490378_m1
Grin2c Mm00439180_m1
Impat Mm00497770_m1
ltgh1bp Mm00492707_m1
KCKK1 MmO00434624_m1
Lifr MmO00442942_m1
Nefh Mm01191456_m1
Neceh1 Mm00626772_m1
Ndufs8 Mm00523063_m1
Pacsin2 Mm00449303_m1
PDHA1 MmO00468675_m1
Inpp5j Mm00552486_m1
Ppargcla MmO00447183_m1
Phyh Mm00477734_m1
Pvalb Mm00443100_m1
Slc39a14 MmO01317439_m1
Sparcl1 MmO00447780_m1
St8sial Mm00456915_m1
St8sia5 Mm00457285_m1
Stac2 Mm00524631_m1
Syt2 MmO00436864_m1
Uqarfst Mm00481849_m1
Ugcrh Mm00835199_g1
Vamp2 Mm00494119_g1
185 Hs99999901_s1

among gels. Protein was transferred onto nitrocellulose membranes.
Blots were blocked with 5% milk in Tris-buffered saline (TBS; pH 7.6)
with 1% Tween (TBS-T) and probed with primary antibodies in 5%
IgG-free bovine serum albumin (BSA; Jackson ImmunoResearch)/
TBS-T overnight at 4°C and peroxidase-conjugated secondary antibodies
(Jackson ImmunoResearch) in 5% milk TBS-T for 1 h at room temperature.
Blots were incubated in chemiluminescent substrate (Thermo Fisher Scien-
tific) and exposed to film. The optical density of bands was calculated after
background subtraction using UN-SCAN-IT gel analysis software (Silk Sci-
entific). All bands were normalized to the interblot control band, then to
actin, and expressed as mean optical density = SEM.

Immunofluorescence. Animals were anesthetized with isoflurane and
perfused intracardially with PBS and 4% paraformaldehyde (PFA) in
PBS. Brains were removed, postfixed in 4% PFA for 24-72 h, cryopro-
tected in graded sucrose (5-20%), embedded in a mixture of 20% sucrose
and Tissue-Tek O.C.T. compound (Sakura Finetek), and frozen at
—80°C. Tissue blocks were sectioned at 20 um, mounted onto charged
slides (Thermo Fisher Scientific), and allowed to dry overnight before
freezing at —80°C.

The same primary antibodies were used for immunofluorescence as
Western blot analysis (see above) with the addition of GAD67 (Milli-
pore) and PV (Sigma or Swant). Slides were thawed, washed in PBS, and
blocked with 10% serum from the host of the secondary antibody in PBS
for 1 h. Optimal staining of PV and Syt2 required antigen retrieval by
incubation in citrate buffer (10 mu citric acid, pH 4.0) at 37°C for 10 min
and at room temperature for 20 min. Sections were then incubated in the
primary antibodies overnight with 3% BSA and 5% serum from the host
of the secondary antibody in PBS with Triton-X100 (PBS-T; Sigma) at
4°C. Slides were washed in PBS-T and PBS and incubated for 2 h at room
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temperature with the corresponding fluorescence-conjugated secondary
antibody (Jackson ImmunoResearch) with 5% serum for the host of the
secondary antibody in PBS-T. Slides were washed in PBS. For colabeling
with GAD67, a mouse-on-mouse kit (Vector Laboratories) was used
following the manufacturer’s instructions to reduce background stain-
ing. Sections were coverslipped with Prolong Antifade Gold (Invitrogen)
and stored at 4°C. All images were captured with a Leica confocal micro-
scope. All confocal settings, including laser intensity, gain, offset, and
zoom, were held constant across all groups for a given protein.

Whole-cell recordings. Three-month-old PGC-1a“":PV-Cre and
PGC-1a™"%:PV-Cre mice were anesthetized with isoflurane, and brains
were rapidly removed. Brains were sectioned at 300 wm in ice-cold arti-
ficial CSF (in mm: 125 NaCl, 3.5 KCl, 0.5 CaCl,, 3.5 MgCl,, 26 NaHCO,,
and 10 p-glucose) bubbled with 95%0,/5%CO,. Slices were incubated
for 30 min at 37 * 1°C and stored at room temperature (22 = 1°C) until
recording. Whole-cell patch-clamp recordings were acquired from visu-
ally identified pyramidal neurons in layer 5 of the motor cortex. Cells
were voltage clamped at —70 mV. Patch electrodes (2-5 M()) were filled
with an internal solution containing (in mm) 129 CsCl, 2 MgATP, 10
EGTA, 10 HEPES, 0.2 GTP, and 2 QX-314, pH 7.2. Recordings were
obtained using a MultiClamp 700A amplifier (Molecular Devices) con-
trolled by Clampex 8.0 software via a Digidata 1322A interface (Molec-
ular Devices), filtered at 5 kHz, and digitized at 10 kHz. Input resistance
and series resistance were monitored by applying a 10 mV voltage step.

Evoked IPSCs (eIPSCs) were pharmacologically isolated with CNXQ
(6-cyano-7-nitroquinoxaline-2,3-dione; 10 um) and APV (DpL-2-amino-
5-phosphonoovaleric acid; 50 um). Miniature IPSCs were further
isolated with tetrodotoxin (TTX; 1 um). To assess alterations in asyn-
chronous neurotransmitter release, extracellular calcium was replaced
with the cation strontium (Rumpel and Behrends, 1999). Control evoked
responses were initially recorded in 2 mm calcium. The bathing solution
was then changed to one in which 2 mM strontium was substituted for
calcium. After 5 min, evoked responses were again measured with each
cell serving as its own control.

Behavioral analyses. Behavioral analyses were conducted on littermates
at 3 or 6 months of age during the lights-on period (6:00 A.M. to 6:00
P.M.). All experiments were conducted blind to the genotype of the
animals. Rotarod, open-field, and qualitative behavioral analyses were
performed as done by Lucas et al. (2012) on the same group of animals.
To detect subtle differences in motor coordination, a more difficult ro-
tarod task was implemented on a separate set of conditional knock-out
animals. The training protocol remained unchanged from that of Lucas
etal. (2012). On test day, mice underwent four trials of accelerating 4—40
rotations per minute during, and latency to fall was recorded. Mice still
remaining on the rotarod were removed after 5 min, and mice were
allowed to rest at least 10 min between trials. To assess learning and
memory, a separate group of animals underwent Barnes maze testing.
The Barnes maze consisted of a 122-cm-diameter circular platform with
forty 5 cm diameter holes spaced 9 cm apart. The platform was raised 140
cm above the floor. An escape box (22.9 X 5.3 X 8.6 cm) filled with clean
bedding was placed beneath one of the holes of the platform. Animals
were trained over a 5 d period, and the escape box position remained con-
sistent for a given animal on all test days. Each day, mice were placed in the
center of the Barnes maze, and distance traveled to the escape box was re-
corded with EthoVision 3.1 video tracking software (Noldus). If an animal
did not find the escape box after 4 min, it was manually placed into the box.
Differences between genotypes were assessed on the fifth day.

Data analyses. All statistical analyses were conducted with SPSS soft-
ware (IBM). For initial tests of microarray results in PGC-1ae */* versus
PGC-1a /™ mice, two-tailed ¢ tests with Bonferroni’s correction for
multiple testing were used. Subsequent gene and protein expression
analyses were analyzed with one-tailed t tests based on a priori hypothe-
ses based on initial results in PGC-1a ™™ versus PGC-1a /™ mice. De-
velopmental time course data were analyzed with one-way ANOVA
followed by Tukey’s HSD. For behavioral analyses, repeated-measures
ANOVA (rotarod), x? test for independence (qualitative data), or two-
tailed ¢ tests (open field, Barnes maze) were implemented. Electrophysi-
ology data were analyzed with Kolmogorov-Smirnov tests (cumulative
probability) or one-tailed # tests (miniature and evoked IPSCs). All data
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A = B Gene Name Microarray* | FDR-adjusted p-value PGC-1a ™ Cortex** Function
a

1 2 8 1 2 3 PVALB 89.89 6.7 x10° 0.10+0.03, p=0.8x 10° Calcium buffer
CPLX1" 14.89 54x10° 0.47 +0.03, p=0.3x10° Neurotransmitter release
SPARCL1 ? 8.37 37x10* 0.99 +0.23, n.s. Extracellular matrix
ST8SIAS ' 7.04 6.1x10° 0.93 +0.05, n.s. Carbohydrate metabolism
NEFH * 6.78 1.9x10* 0.55 + 0.03, p = 0.00001 Structural support
PDHA1 _1 58 1.8x10™ 0.85+0.06, p=0.05 Gycolysis, TCA cycle
STAC2? 4.95 6.7x10° 0.75+0.08, p = 0.03 Metal ion binding
KCNK1 49 7.8x10° 1.01+0.09, ns. Inward rectifying K channel
NCEH1"’ 4.84 26x10* 0.75+0.02,p=0.1x 10° Lipid metabolism
cox7B’' 451 2.8x10* 1.13+0.19, n.s. Electron transport
ITGB1BP1 ? 4.32 25x 10" 1.14+0.11, ns. Cell adhesion
UQCRFS1' 3.94 46x10* 0.87 £ 0.06, n.s. Metal ion binding
AK1' 3.93 8.9x 10° 0.86 £ 0.02, p = 0.0005 Adenine nucleotide metabolism
PACSIN2 ' 3.87 1.7x10* 0.86 + 0.06, n.s. Vesicle trafficking
INPP5J " 3.62 1.2x10* 0.69 + 0.04, p = 0.00003 Phosphatidylinositol met.
ACSL6 ' 3.57 6.7x10° 1.04+0.10, n.s. Lipid metabolism
ATP50 " 3.12 1.6x10* 0.85 £ 0.03, p = 0.0009 ATP synthesis
IMPA1 " 2.88 12x10* 1.010.04, n.s. Myoinositol metabolism
LIFR"’ 2.8 32x10* 1.02+0.07, n.s. Leukemia inhib. factor binding
NDUFS8 ' 277 48x10" 0.93+0.08, n.s. Respiration (complex I)
GAss' 262 13x10* 0.91+£0.06, n.s. Cell proliferation
CDC42EP1 * 2.53 12x10* 0.76 + 0.06, p = 0.003 Cytoskeleton reorganization
SYT2? 247 3.1x10* 0.17 £ 0.02, p = 0.00003 Neurotransmitter release
GRIN2C* 24 1.8x10* 1.00+0.17, n.s. Excitatory transmission
SLC39A14* 233 0.0013 0.93+0.07,ns. Zinc transport
UQCRH ' 2.31 0.021 117 £0.21, n.s. Electron transport
coxec ' 227 1.9x10* 1.28+0.24,ns. Electron transport (complex V)
VAMP2 ' 223 7.4x10* 0.87 £0.03, n.s. Neurotransmitter release
PHYH' 2.23 0.0033 0.62 £ 0.06, p = 0.00003 Lipid metabolism
ATP5H ' 2.14 2.4x10* 1.08+0.11, n.s ATP synthesis
ATP5A1 " 2.09 1.41x10* 0.83 +£0.02, p = 0.0002 ATP synthesis
ST8SIA1T ' 2.08 9.4x10™ 0.85 +0.04, p = 0.01 Ganglioside metabolism

Figure 1. Identification of novel PGC-1c-dependent genes in neural tissue. A, Microarray heat map of neuroblastoma cells overexpressing PGC-1cx and GFP in tandem or control samples
overexpressing GFP alone. Red/green indicates anincrease/decrease in gene expression of the ~27,000 tested transcripts. n = 3 per group. B, Microarray data were mined for significantly increased
genes with physiological relevance to interneurons based on their neuroanatomical overlap with (1) PGC-Tex or (2) PV (indicated by superscript number behind gene name; see Materials and

Methods). Selected transcripts were then measured by qRT-PCRin cortical homogenates from PGC-1ac */* and PGC-1x ~

'~ mice with the hypothesis that a true PG(-1ce-dependent gene would

be both increased by overexpression and decreased by deletion. Two-tailed ¢ tests with Bonferroni’s correction for multiple testing. The gray highlight indicates statistically significant decreases.n =
67 per group. *Values expressed as PGC-1a::GFP ratio; **values expressed as PGC-Ta ~/~/PGC-1ce /™ ratio after normalization to 3-actin. Data are presented as mean = SEM.

were confirmed to have normal distributions before parametric tests
were applied. Data are reported as mean = SEM.

Results

Identification of neuronal PGC-1a-dependent genes

With the initial goal of evaluating the expression patterns of
interneuron-specific markers in PGC-1a: ~/~ mice, we found that
PGC-1a is required for the expression of the Ca**-binding pro-
tein PV in the cerebrum (Lucas et al., 2010). In light of PGC-1a’s
well established role as a transcriptional coactivator, we hypoth-
esized that PGC-1a is also required for the expression of other
interneuron-specific transcripts. We surmised that a true PGC-
la-dependent gene would be both upregulated by PGC-1a over-
expression and reduced in PGC-1a '~ animals. First, to identify
novel PGC-1a-responsive genes in an unbiased manner, we con-
ducted an Illumina human gene expression microarray analysis
in SH-SY5Y neuroblastoma cells transfected with GFP alone or
with PGC-1« and GFP in tandem. Of the ~27,000 tested tran-
scripts, 1067 were increased at least twofold by expression of
PGC-1a (Fig. 1A). Then, to identify transcripts with a possible
role in PV-positive interneurons, we mined the array data for
transcripts with statistically similar gene expression profiles as
PGC-la or PV based on Neuroblast analyses using the Allen
Brain Atlas (see Materials and Methods). The final list comprised
32 putative targets (Fig. 1B).

The expression of these 32 transcripts was measured with
qRT-PCR in anterior cortex from PGC-1a *'* and PGC-1a ™/~
littermates (Lin et al., 2004) at P30, an age that precedes the
appearance of vacuoles in this region but postdates the develop-
mental peak of PGC-1a expression at P14 (Cowell et al., 2007).
Ten transcripts spanning synaptic (PV, Syt2, and Cplx1), struc-
tural (Nefh), and metabolism-related [neutral cholesterol ester

hydrolase 1 (Ncehl), adenylate kinase 1 (Akl), inositol polyphos-
phate 5-phosphatase J (Inpp5j), ATP synthase mitochondrial
F1 complex O subunit (Atp50), phytanol-CoA-2hydroxylase
(Phyh), and ATP synthase mitrochondrial F1 complex a subunit
1 (Atp5al)] functions were significantly reduced in PGC-1a '~
compared with PGC-1a /" cortex after Bonferroni’s correction
for multiple comparisons (Fig. 1B, 2A). These transcripts were
subsequently measured in three other lines of mice: (1) a second
line of germline PGC-1a ~/~ mice in which the biologically active
portion of the N terminus of PGC-1a is present (Leone et al.,
2005); (2) nervous system conditional knock-out mice (Lucas et
al., 2012); and (3) mice with inducible overexpression of PGC-
loe. All 10 transcripts were significantly reduced in the nervous
system conditional PGC-1a knock-out mice (Fig. 2C) and signif-
icantly increased by PGC-1a overexpression (Fig. 2D). Interest-
ingly, N-terminus expression of PGC-la was sufficient for
expression of metabolism-related transcripts except Phyh but not
the neuron-specific transcripts Syt2, Cplx1, and Neth (Fig. 2B).
Three of the 10 novel PGC-1a-dependent genes (Syt2, Cplx1,
and Neth) have well defined roles in the nervous system. Syt2 and
Cplx1 are components of the soluble N-ethylmaleimide-sensitive
factor attachment protein receptors (SNARE) complex and are
essential for fast, synchronous neurotransmitter release triggered
by Ca?" (Reimetal., 2001; Pangetal., 2006; Tang et al., 2006; Sun
etal., 2007; Xu et al., 2007; Xue et al., 2007; Maximov et al., 2009;
Yang et al., 2010). Neth is a member of the intermediate filament
family that forms part of the cytoskeleton scaffolding complex
and plays a role in axonal structure as well as the speed of axonal
neurotransmission (Zhu et al., 1998; Lariviere and Julien, 2004).
We limited subsequent analyses to these three genes, as neuron-
specific transcripts regulated by PGC- 1o have not been well defined.
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Regulation of novel transcripts by ablation and overexpression of PGC-1cx in vivo. Expression of putative transcriptional targets of PGC-1« was analyzed by qRT-PCR in cortical

homogenates of four mouse lines. 4, Complete germline knock-out of PGC-1cx significantly decreased expression of the neuron-specific genes PV, Syt2, Cplx1, and Nefh and the metabolism-related
genes Phyh, Inpp5j, Nceh1, Ak1, Atp50, and Atp5a1. B, Incomplete germline deletion in which the biologically active N terminus of PGC-1cx is still present significantly decreased neuron-specific but
not metabolism-related transcripts. C, Conditional deletion of PGC-1cx in the CNS recapitulated the transcriptional changes in the complete germline knock-out. D, Acute overexpression of PGC-1cx
in the cortex significantly increased the expression of all novel PGC-1c-dependent genes. Numbers per group are indicated on the bar histograms. *p << 0.05; ** p << 0.005; ***p << 0.0005,
two-tailed  tests followed by Bonferroni's correction for multiple testing (4) and one-tailed ¢ tests based on a priori hypotheses based on A (B-D). Data are presented as mean = SEM.

Induction of Syt2, Cplx1, and Nefh expression by PGC-1l«
overexpression was first confirmed by Western blot analysis of
neuroblastoma cells transfected with PGC-1a (Fig. 3A). Then, we
also confirmed that Syt2 (t,5) = 15.65, p = 2.15 X 10 ~°), Cplx1
(ts) = 3.63, p = 0.002), and Nefh (.5, = 4.06, p = 0.001)
protein expression was significantly reduced in the cortex of
PGC-la ™/~ compared with PGC-1a™* mice (Fig. 3B). To-
gether, these studies indicate that PGC-1a is both necessary and

sufficient for expression of Syt2, Cplx1, and Neth gene and pro-
tein expression in vitro and in vivo.

Spatial and temporal distribution of novel
PGC-1a-dependent genes

Expression of PGC-1a follows a distinct developmental time
course in the rodent cortex with a peak in gene expression at P14
and concentration of protein in nuclei of neurons that express
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Control of protein expression by PGC-1cx. A, Western blot analysis shows that overexpression of PGC-1cx in neuroblastoma cells increases the protein expression of PGC-1¢, Syt2, Cpix1,

and Nefh, which are negligibly expressed in GFP control cells. B, Western blot analysis demonstrates that protein expression of Syt2, Cplx1, and Nefh, but not the non-PGC-1c-dependent gene Cpix2,

—/— +/+

were significantly decreased in PGC-1c
presented as mean == SEM.

compared with PGC-1cx

high levels of GAD67 (Cowell et al., 2007). If PGC-1a is a key
driver of Syt2, Cplx1, and Nefh, we hypothesized that these pu-
tative downstream targets would have a similar spatial and tem-
poral distribution as PGC-la. To test our hypothesis, we
conducted a developmental time course of transcript and protein
expression of novel putative targets in the cortex of wild-type
mice at P7, P14, P21, P30, and P90. Using qRT-PCR, we found
that Syt2, Cplx1, and Neth exhibited a pronounced upregulation
of gene expression between P7 and P14, at which point expres-
sion stabilized throughout the late postnatal period and into
adulthood (Fig. 4A). Western blot analysis revealed that protein
expression followed a similar pattern as that of the transcript,
albeit with cortical expression of all three proteins significantly
increasing throughout the early postnatal period compared with
adult expression at P90 (Fig. 4B, C).

As PGC-1a is primarily concentrated in inhibitory interneu-
rons in the cortex, a series of immunofluorescence double-
labeling experiments was conducted to determine whether Syt2,
Cplx1, and Nefh are also localized to cortical GAD67- and/or
PV-positive neurons in PGC-1a*'* and PGC-1a ™/~ mice. Ex-
pression of Syt2 was predominantly localized to cortical layers
V/VI; punctate in nature; and abundantly, but not exclusively,
expressed in neuronal processes. Some Syt2 labeling consisted of
clear somatic staining, and double-labeling with PV revealed that
the majority of these somatically labeled cells (Fig. 5A, arrow-
heads) were PV-positive in PGC-1a /" mice. Immunoreactivity
for Syt2 and PV was almost undetectable in the cortex of PGC-
la ™'~ mice; the remaining faintly labeled PV cells in layer V/VI
did not express detectable levels of Syt2 (Fig. 5A). PV, rather than
GADG67, was used for Syt2 double-labeling experiments because
of primary antibody species constraints.

Cplx expression was predominantly localized to cortical layers
IV/V and exhibited high staining in neuronal cell bodies and
processes. Double labeling with GAD67 in PGC-1a ™/ mice re-
vealed that the majority of somatically labeled Cplx-positive cells
also expressed GADG67 (Fig. 5B, arrowheads). Almost no somatic
staining of Cplx was apparent in PGC-1ar /™ mice in this region,
but the few faintly labeled cells were still GAD67 positive (Fig. 5B,
arrowheads). As the antibody for Cplx recognizes both Cplx1 and
Cplx2, we were unable to conclude with certainty whether Cplx1,
Cplx2, or both are localized to cortical interneurons. However,
Western blot analysis with the same antibody did not reveal sig-
nificant reductions in Cplx2 in cortical homogenates in PGC-
la '~ mice (Fig. 3B). Given that Cplx staining was greatly
reduced in PGC-1a '~ animals and that Cplx1 has previously

cortex. Numbers per group are indicated on the bar histogram. **p << 0.005; ***p < 0.0005, one-tailed ¢ tests. Data are
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Figure 4.  Neuron-specific PGC-1-dependent genes have a similar temporal expression
pattern as PGC-1cv. A, qRT-PCR shows that cortical gene expression of Syt2, Cplx1, and Nefh is
significantly upregulated between P7 and later ages. B, Representative Western blots of cortical
Syt2, Cplx1, and Nefh protein expression in development. (, Protein expression tends to in-
crease throughout the late postnatal period into adulthood (P90). n = 4 per group. *p << 0.05
versus P7; *p << 0.05 versus P7—P14; ®p << 0.05 versus P7—P21; *p << 0.05 versus P7—P30,
one-way ANOVA followed by Tukey’s HSD. Data are presented as mean = SEM.

been reported to be the main isoform in layer IV/V by in situ
hybridization (Freeman and Morton, 2004), it is likely that the
observed colocalization of Cplx immunoreactivity with GAD67 is
specific for Cplx1 in PGC-1a ™" mice.
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Figure 5.  Reduction of cortical interneuron-specific expression of PGC-1c-dependent proteins in PGC-1cc ~/~ mice at P30.
Immunofluorescence colabeling was conducted to determine cellular localization of Syt2, Cplx1, and Nefh. 4, Syt2 (green) exhib-
ited strong cortical labeling in the soma (arrowheads) of neurons that also express PV (red) in PGC-Tae ™/ miice. Expression of
both Syt2 and PV were drastically reduced in PGC-1cc ~'~ mice. B, Cplx1,2 (red) exhibited strong cortical labeling in the soma
(arrowheads) of neurons that also express GAD67 (green) in PGC-1c "+ mice. Expression of Cplx1,2 was drastically reduced but
still colocalized to GAD67 in PGC-Tae ~'~ mice. €, Nefh (red) expression was predominantly localized to neuronal processes.
However, in superficial cortical layers, clear somatic staining was observed specifically in cells that also expressed GAD67 (green) in
PGC-Tae ™™ mice. No somatic staining of Nefh was observed in PGC-1cc ~'~ mice. Confocal microscope settings were kept
consistent between genotypes for a given protein. Scale bars, 25 wm (representative of all images). n = 5 per group.
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Nefh expression was almost exclu-
sively expressed in neuronal processes.
However, in cortical layer II/I11, clear so-
matic staining was present. In PGC-
la™™" mice, all somatically labeled cells
were GADG67 positive (Fig. 5C). No so-
matically labeled Neth-positive cells were
presentin PGC-1a '~ mice (Fig. 5C), but
labeled neuronal processes were still pres-
ent in deeper cortical layers (data not
shown).

Deletion of PGC-1« in PV-positive
interneurons results in decreased
transcription of novel PGC-1a-
dependent genes
Based on our previous observation for the
requirement of PGC-1la for PV expres-
sion and PGC-la’s concentration in
GABAergic neurons, we hypothesized
that conditional deletion of PGC-la
specifically within PV-positive neurons
would recapitulate the gene expression
changes and behavioral phenotype of
PGC-1a ™/~ mice. Conditional deletion
was accomplished by crossing mice with
loxP sites flanking critical exons of the
PGC-1a gene (Lin et al., 2004) with mice
expressing cre recombinase driven by the
PV promoter (Hippenmeyer et al., 2005).
Activity of cre recombinase was verified
by crossing the PV-Cre mouse with a
mutant tomato/mutant green reporter
mouse strain (Muzumdar et al., 2007).
Consistent with a prior study (Carlén et
al., 2012), we determined that recombina-
tion occurs in most cortical PV-positive
interneurons by 3 months of age (Fig. 6A).
Recombination was confirmed in DNA
isolated from whole brains of PGC-1a™™:
PV-Cre, PGC-1a™*:PV-Cre, and PGC-
1a":PV-Cre mice (Fig. 6B). PGC-1a™":
PV-Cre mice were born at the expected
Mendelian ratio and developed normally.
Unlike PGC-1ae '~ or PGC-1a™":Nestin-
Cre mice (Lucas et al., 2012), PGC-1a/":
PV-Cre mice did not develop spongiform
lesions in the striatum or cortex (Fig. 6C).
To determine whether deletion of
PGC-1a specifically in PV-positive neurons
was sufficient to produce transcriptional
changes, we used qRT-PCR to analyze gene
expression of PGC-la-dependent genes
in cortical homogenates. Expression of
PGC-la (t,3y = 1.94, p = 0.03) and its
neuron-specific dependent transcripts
PV (t5;, = 10.98, p = 2.0 X 10 ?), Syt2
(tos) = 3.41, p = 0.001), Cplxl (f.,5, =
3.74, p = 0.0005), and Nefh (1,3, = 1.94
p = 0.03) was significantly decreased
in PGC-1a™™PV-Cre compared with
PGC-1a W :PV-Cre littermates (Fig. 6D).
Expression of the metabolism-related
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transcripts Ncehl, Akl, Inpp5j, Atp5o,
Phyh, and Atp5al, although significantly
reduced in PGC-1a™™:Nestin-Cre cortex
(Fig. 2C), was unaltered in PGC-1a™™;
PV-Cre mice. Reductions in PV expres-
sion were confirmed at the protein level
using immunofluorescence. PV-positive
cell bodies were still present in PGC-1a"":
PV-Cre, yet the intensity of the staining in
processes was markedly reduced (Fig. 6E),
similar to the germline PGC-la ™'~
mouse (Fig. 5A4). Of note, expression of
Syt2, Cplx1, and Neth was not reduced to
the same extent as in germline and nervous
system conditional PGC-1a ™'~ mice, indi-
cating that PGC-1a-mediated regulation of
these transcripts is not exclusive to PV-
positive interneurons.

Conditional PGC-1a deletion in PV-
positive interneurons produces cortical
GABAergic asynchrony

As our prior electrophysiological results
in germline PGC-la ™/~ mice (Lucas et
al., 2010; Dougherty et al., 2014b) may
have been affected by alterations in pyra-
midal cell dendritic spine formation
and/or maintenance (Cheng et al., 2012),
we sought to determine the physiological
impact of PGC-1a deletion specifically in
aspiny cortical PV-positive interneurons.
We evaluated basal inhibitory synaptic
transmission and evoked IPSCs in layer V
pyramidal neurons from PGC-la™":PV-
Cre mice. Given the well established
requirement of Syt2 and Cplx1 for synchro-
nous release of neurotransmitter from the
presynaptic terminal (Reim et al., 2001;
Pang et al., 2006; Tang et al., 2006; Sun et
al., 2007; Xu et al., 2007; Maximov et al.,
2009; Yang et al., 2010), we hypothesized
that the synaptic phenotype of PGC-1a/"":
PV-Cre mice would include asynchronous
GABA release onto cortical pyramidal
cells. Whole-cell voltage-clamp record-
ings were obtained in anterior cortex from
mice 3-5 months of age. We found no
change in the frequency or amplitude
of spontaneous IPSCs (data not shown).
However, consistent with PGC-1a-induced
presynaptic loss of Syt2 and/or Cplx1, we
observed an increase in frequency (t,5, =
2.02, p = 0.04) of miniature IPSCs with-
out a change in amplitude (Fig. 7A,B),
demonstrating an increase in vesicular
GABA release in PGC-1a"™:PV-Cre cor-

tex. Typical examples of miniature IPSCs recorded in the pres-

ence of TTX are shown in Figure 7C.
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Figure 6.  Conditional deletion of PGC-1cx in PV-positive interneurons reduces cortical expression of neuron-specific PGC-1ax-

dependent genes. 4, To determine specificity of cre recombinase, PV-Cre mice were crossbred to reporter mice that express GFP
after recombination. Somatic GFP expression (green) was restricted to PV (red)-positive cell bodies. Scale bar, 25 wm. B, Efficacy
of Cre-mediated recombination was confirmed with qualitative PCR on genomic DNA isolated from whole brains. PGC-1ac ¥ *:PV-
Cre and PGC-1c "™:PV-Cre but not PGC-1a: "T:PV-Cre exhibit recombination of the PGC-1c gene (450 bp PGC-Tae ~/~ band). €,
Representative photos of hematoxylin and eosin staining demonstrating that PGC-1c: ":PV-Cre mice (6 months) do not develop
spongiform lesions in the striatum like PGC-Tae ~/~ mice (P30; arrowheads). Scale bar, 2 mm. cc, Corpus collosum. n = 3 per
group. D, qRT-PCR revealed that transcript expression of PGC-1cy, PV, Syt2, Cplx1, and Nefh was significantly decreased in PGC-
Ta"™:pV-Cre compared with PGC-1a: WT:PV-Cre cortex. *p < 0.05; **p << 0.005; ***p << 0.0005, one-tailed t tests. £, Protein
expression of PV was confirmed to be decreased by immunofluorescence staining (n = 3—4 per group). Scale bar, 50 wm.
Numbers per group are indicated on the bar histogram. Data are presented as mean = SEM.

release as a result of changes in molecular buffering and produces
a reduction in eIPSC amplitude and an increase in delayed syn-

To assess alterations in synaptic synchrony that could occur
with the combined loss of PV, Syt2, and Cplx1 expression in
PV-positive interneurons, we replaced calcium in the extracellu-
lar recording medium with strontium during the measurement
of eIPSCs. Bath application of strontium results in asynchronous

aptic events (Behrends and ten Bruggencate, 1998; Rumpel and
Behrends, 1999). Representative traces of eIPSCs in the presence
of calcium and strontium are shown in Figure 7D; eIPSC ampli-
tudes were reduced after replacement of calcium with strontium.
The decrease in eIPSC amplitude was markedly greater in PGC-
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Figure7.

Ablation of PGC-1cx in PV-positive interneurons increases asynchronous GABA release in the cortex. Recordings of IPSCs in cortical layer V pyramidal cells were conducted to determine

the physiological consequences of PGC-1cx deletion. A, The frequency of miniature IPSCs was significantly increased in PGC-10: "™:PV-Cre compared with PGC-1c "":PV-Cre cortex. B, Miniature [PSC
amplitude was not affected. €, Representative traces of spontaneous miniature IPSCs. D, Representative traces showing evoked IPSCs from PGC-1cx V":PV-Cre and PGC-1a ™:PV-Cre mice recorded
in normal concentrations of extracellular calcium (left) and after replacing calcium with equimolar concentrations of strontium (right). Traces represent 10 stimulus sweeps from the same cell. Late
asynchronous events after strontium application (arrowheads; left) were present in PGC-1a ™PV-Cre neurons under normal physiological conditions (arrowheads; right). E, Evoked IPSC ampli-
tudes were significantly decreased in PGC-1c ™:PV-Cre compared with PGC-1a¢ WT:PV-Cre mice. F, No changes were observed in charge transfer (evoked IPSC area under the curve), a measure of
total GABA release. Numbers per group are indicated on the bar histograms. *p << 0.05; **p << 0.005, one-tailed t tests. Data are presented as mean = SEM.

1a"":PV-Cre compared with PGC-1aV":PV-Cre pyramidal
cells (Fig. 7D). In both PGC-1a“":PV-Cre and PGC-1a":pV-
Cre mice, there was an increase in late IPSC frequency after stim-
ulation in the presence of strontium (Fig. 7D, right, arrowheads).
Similar late IPSC events were observed in PGC-1a™™":PV-Cre
slices before strontium replacement of calcium (Fig. 7D, left, ar-
rowheads), indicating that asynchronous neurotransmitter re-
lease occurs in these animals under normal physiological
conditions. Replacement of calcium with strontium severely
attenuated the amplitude of evoked responses in PGC-1a":PV-
Cre cells (t,5) = 4.89, p = 0.0008; Fig. 7E). However, asynchro-
nous events were still observed. Importantly, these alterations in
peak amplitude were not caused by a change in total GABA re-
lease (no change in charge transfer; Fig. 7F). Together, these data
suggest that the reduction in amplitude of eIPSCs represents in-
creased sensitivity to strontium-mediated asynchrony, support-
ing the hypothesis that a functional consequence of PGC-la
ablation from PV-positive interneurons includes abnormalities
in synchronous neurotransmitter release.

Impaired long-term memory in mice lacking PGC-1« in
PV-positive neurons

Given the proposed role of PV-positive interneurons in memory
formation (Donato et al., 2013), we hypothesized that deficits in
long-term memory formation would be impaired in mice lacking
PGC-1a in PV-positive neurons. As germline PGC-1a '~ mice
exhibit severe motor impairments that preclude their testing in
paradigms of cognitive functioning, we first wanted to determine
whether motor functioning was compromised in PGC-1a/"™:
PV-Cre mice. Using the same behavioral protocols as Lucas et al.
(2012), we found that deletion of PGC-1a in PV-positive cells
was not sufficient to elicit the behavioral deficits present in PGC-
la ™'~ mice, such as hindlimb clasping, tremor, or rotarod im-
pairment, at 3 months of age (Fig. 8A,B). As our previously
published rotarod paradigm may not be sufficient to detect subtle
deficits in motor coordination, we implemented a more difficult
rotarod task in which mice run on the rotarod at an accelerating
speed of 4—40 rotations per minute for 5 min. PGC-1a/":PV-
Cre mice were able to perform this paradigm as well as their
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Figure 8.

Impaired long-term memory but not motor function in mice lacking PGC-Tex in PV-positive neurons. A, Unlike PGC-1ac

Day 1 Day 5

'~ mice, PGC-10¢"™:PV-Cre mice do not have decreased

latencies to fall on a rotarod task in which mice were removed after 60 s. B, Unlike PGC-1ce /™ mice, PGC-1a™™PV-Cre do not exhibit increased instance of tremor or hindlimb clasping. C,
PGC-1c ¥:PV-Cre mice do not perform differently from PGC-1c: "™:PV-Cre littermates on a rotarod task in which mice were removed after 5 min. D, E, PGC-1ac ™:PV-Cre do not display differences
inlocomotor activity (D) or thigmotaxis (E) compared with PGC-1c"™:PV-Cre mice in a novel open field. F, PGC-10: "™PV-Cre mice traveled significantly farther to reach the escape box on the fifth
day of the Barnes maze compared with their PGC-1a¢ "":PV-Cre littermates. Data from PGC-1ce ~/~ mice are reproduced with permission from PLoS One (Lucas etal., 2012). Numbers per group are
indicated on the bar histograms. *p < 0.05 for PGC-1cc ~/~ versus PGC-1c. "T:PV-Cre; *p << 0.05 for PGC-Tce ~~ versus PGC-1a "™ PV-Cre; *p < 0.05 for PGC-10c "W:PV-Cre versus PGC-1a " :PV-Cre,
repeated-measures ANOVA followed by planned comparisons with Holm-Bonferroni test (), x test forindependence (B), and two-tailed t tests (D—F ). Data are presented as mean + SEM.

PGC-1a"":PV-Cre littermates (Fig. 8C), demonstrating that ab-
lation of PGC-1a in PV-positive cells does not result in motor
deficits.

We next trained male PGC-1a“":PV-Cre and PGC-1a™":
PV-Cre mice on the Barnes maze task in which mice are trained
to use spatial cues to find an escape box for 4 consecutive days. On
test day (day 5), PGC-1a™™:PV-Cre mice traveled significantly
further to reach the escape box than their PGC-1aV*:PV-Cre
littermates (t,5, = 2.587, p = 0.03; Fig. 8F ). This deficit in Barnes
maze performance was not attributable to differences in overall
locomotor activity, as distance traveled and anxiety-like behavior
in an open field did not differ between PGC-1a™™:PV-Cre and
PGC-1a“":PV-Cre mice (Fig. 8 D,E). These data suggest that
impaired memory formation is a primary behavioral conse-
quence of decreased PGC-1a expression in PV-positive cells.

Discussion

While it has been primarily assumed that the transcriptional co-
activator PGC-1a is a “master regulator” of metabolism in cen-
tral and peripheral tissues, we show here that, in addition to
metabolism-related transcripts, PGC-1a also controls a distinct
transcriptional program designed to mediate synchronous re-
lease of neurotransmitter in the brain. Previous work has dem-
onstrated that PGC-la localizes to the nuclei of GABAergic
neurons (Cowell et al., 2007), and our laboratory has recently
discovered that PGC-1a is required for the expression of the
Ca’**-binding protein PV within GABAergic interneurons in the
cerebrum (Lucas et al., 2010). To determine other putative tran-
scriptional targets of PGC-1« in this neuronal population, we
conducted a microarray in neuroblastoma cells overexpressing
PGC-1a and mined microarray results for genes to test in PGC-
la ™'~ mice based on their potential relevance to interneuron

physiology using unbiased criteria (see Materials and Methods).
We found significant reductions in cortical transcript expression
of neuron-specific transcripts Syt2, Cplx1, and Neth in PGC-
la '~ mice. We then confirmed that the expression of Syt2,
Cplx1, and Nefth, like that of PGC-1a, is postnatally upregulated
and localized to cortical interneurons within the first month of
life. In support of the cellular specificity of our immunofluores-
cence studies, conditional deletion of PGC-la within PV-
positive neurons decreased transcript expression of PGC-1a;, PV,
Syt2, Cplx1, and Neth and increased asynchronous GABA release
onto pyramidal cells in the cortex. Based on the defined roles for
these genes in the regulation of neurotransmitter release and neu-
ronal function, we propose that PGC- 1« regulates a developmen-
tal program for the synchronous release of neurotransmitter
from neurons, including PV-positive interneurons, and that dis-
ruptions of PGC-1a expression in disease states could contribute
to abnormalities in neuronal function in cortex.

PGC-1a mediates synchronous neurotransmitter release by
coordinated regulation of PV, Syt2, and Cplx1

In our prior investigation, we found that most physiological ab-
normalities of inhibition in the hippocampus of PGC-1a ™'~
mice resembled abnormalities reported for PV knock-out mice.
However, inhibitory PGC-1a '~ synapses were also character-
ized by delayed and asynchronous neurotransmitter release
(Lucas et al., 2010). Accumulation of residual Ca*" in the pre-
synaptic terminal during high-frequency action potential trains is
thought to mediate asynchronous release (Atluri and Regehr,
1998; Lu and Trussell, 2000; Hagler and Goda, 2001). In this way,
the Ca**-buffering properties of PV itself are predicted to pro-
vide a means to limit Ca>" transient buildup, and thus asynchro-
nous release, after an action potential train (Collin et al., 2005).
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However, the effects of endogenouslevels of PV on asynchronous
release pale in comparison with the application of exogenous
buffers such as EGTA (Manseau et al., 2010), so the finding that
PGC-1a /™ synapses also have reduced expression of Syt2 and
Cplx1, Ca®"-sensitive SNARE proteins required for fast, synchro-
nous release of neurotransmitter from the presynaptic terminal, fur-
ther explains their electrophysiological phenotype.

Our findings that PGC-1« provides a transcriptional mecha-
nism to mediate synchronous release in PV-positive interneu-
rons by coordinately regulating PV, Syt2, and Cplx1 is of extreme
importance considering the substantial evidence that properly
functioning PV-positive interneurons play a critical role in the
generation and maintenance of gamma oscillations in the cortex
and hippocampus (Tamas et al., 2000; Fuchs et al., 2007; Cardin
etal., 2009; Sohal et al., 2009; Korotkova et al., 2010; Carlén et al.,
2012). Although beyond the scope of this study, it is appealing to
speculate that disruption of synchronous release of neurotrans-
mitter by PV-positive interneurons caused by a loss of PGC-1«
would lead to abnormalities in gamma oscillations.

In addition to PV, Syt2, Cplx1, and Nefh, it is possible that
PGC-1a controls the expression of metabolic transcripts in PV-
positive interneurons. However, the novel metabolism-related
PGC-1a-dependent genes Nceh1, Akl, Inpp5j, Atp50, Phyh, and
Atp5al, while reduced in the cortex from PGC-1a ~/~ mice and
increased by acute cortical overexpression of PGC-1a, were un-
changed in PGC-1a"™:PV-Cre cortex, suggesting that these tran-
scripts may not be concentrated in PV-positive interneurons.
Our electrophysiology results indicate that, if present, any meta-
bolic deficiencies caused by deletion of PGC-la from PV-
positive interneurons is not sufficient to impair GABA release
meaningfully. Mitochondrial inhibition has been shown to
greatly reduce the firing rate of fast-spiking basket cells and de-
crease the frequency of inhibitory postsynaptic potentials in the
hippocampus (Whittaker et al., 2011), effects we have observed in
PGC-1a ™'~ cortex (Dougherty et al., 2014b). However, in PGC-
1a"LPV_-Cre cortex, we observed an increase rather than a de-
crease in inhibitory events, which is not consistent with
mitochondrial defects and alludes to a specific alteration in vesi-
cle fusion events.

Developmental regulation of novel PGC-1a-dependent genes
Expression of PGC-1a in cerebral regions increases signifi-
cantly between P7 and P14, a time period marked by an overall
increase in the number of synapses and synaptic vesicles in the
cortex (Jones and Cullen, 1979; Blue and Parnavelas, 1983).
Accordingly, we and others have found that transcript and
protein expression of Syt2, Cplx1, and Nefh substantially in-
crease during this period (Shaw and Weber, 1982; Alcantara et
al., 1993; de Lecea et al., 1995; Berton et al., 1997), indicating
that PGC-1a may be required for the developmental induc-
tion of these genes. In light of the knock-out and overexpres-
sion data suggesting that PGC-1a may be both necessary and
sufficient for the expression of these genes, we hypothesize
that PV, Syt2, Cplx1, and Nefh are direct targets of PGC-1a.
Chromatin immunoprecipitation experiments are required to iden-
tify the specific promoter regions occupied by PGC-1a-containing
complexes to test this hypothesis.

Disease relevance of novel PGC-1a-dependent genes

PGC-la ~'~ mice were originally reported to develop severe neu-
rodegeneration with behavioral abnormalities indicative of neu-
rological disorders such as hyperactivity and hindlimb clasping
(Lin etal., 2004; Lucas et al., 2012). Remarkably, 4 of the 10 novel

J. Neurosci., October 22, 2014 - 34(43):14375-14387 + 14385

PGC-1a-dependent genes have been implicated in motor func-
tion. Mice lacking Syt2, Cplx1, or Phyh recapitulate one or more
of the behavioral manifestations of germline PGC-1a~/~ mice
(Glynn et al., 2005; Pang et al., 2006; Wierzbicki, 2007), and Neth
has long been used as a biomarker for neurodegenerative disor-
ders, particularly those with a loss of motor function component
(Constantinescu et al., 2009). Given the proposed involvement of
PGC-1a in neurological disorders, the finding that PGC-1a may
regulate four genes independently involved in motor functioning
could increase its potential therapeutic value.

Our conditional knock-out studies give further insight to the
brain regions where PGC-1a is required for proper motor func-
tioning. Global CNS deletion of PGC-1« mediated by Nestin-Cre
was able to completely recapitulate the neurodegeneration and
motor phenotype of PGC-1a /™ mice, including impaired ro-
tarod performance and increased instance of himdlimb clasping
and tremor (Lucas et al., 2012). We hypothesized that if PGC-1«
expression is truly restricted to PV-expressing neurons, then loss
of PGC-1a solely within this neuronal population would recapit-
ulate the phenotype of the whole-body and CNS-specific knock-
out. However, PV-Cre-mediated deletion of PGC-1a did not
cause motor coordination deficits. This suggests that PGC-1a
expression in cells that normally express PV, such as the globus
pallidus, reticular nucleus of the thalamus, substantia nigra pars
reticulata, Purkinje cells of the cerebellum, and PV-positive in-
terneurons throughout the CNS, is not required for normal mo-
tor function.

A large amount of evidence suggests the involvement of
PGC-1a in the pathophysiology of HD, so it is interesting that
several recent studies have found abnormalities in PV expression
and PV-positive interneuron function in mouse models of HD.
Decreased expression of PV has been reported in the cortex and
striatum of mouse models of the disease (Fusco et al., 1999;
Luthi-Carter et al., 2002; Giampaet al., 2009), and recent evi-
dence from our laboratory indicates that selective expression of
mutant huntingtin within this neuronal population is sufficient
to elicit the motor hyperactivity characterized by HD (Dougherty
et al., 2014a). Whereas deletion of PGC-1a in PV-positive cells
did not cause hyperactivity, it is still possible that dysregulation of
PGC-1a-dependent transcripts contributes to interneuron dys-
function in this disorder.

A large amount of evidence also exists suggesting the involve-
ment of PV interneurons in the pathology of schizophrenia
(Lewis etal., 2005). In fact, downregulation of PGC-1a in cortical
PV-positive interneurons was recently observed in a mouse
model of schizophrenia (Jiang et al., 2013). As several genetic
association studies have linked the chromosomal location of the
PGC-1a gene (4p15.1) with the occurrence of schizophrenia and
bipolar disorder (Blackwood et al., 1996; Christoforou et al.,
2007, 2011; Le Hellard et al., 2007; Dempster et al., 2011), it is
attractive to speculate that either deficiencies in PGC-la
and/or alterations in its activity contributes to interneuron
dysfunction in this disorder, considering the well established
role of properly functioning PV-positive interneurons in cog-
nitive processes such as long-term memory, which is impaired
in PGC-1a™":PV-Cre mice. Future studies investigating the
mechanisms by which PGC-1« directs cell-specific programs
of gene regulation will enable targeted manipulation of gene
programs for maintenance of neurotransmitter release in mul-
tiple pathological settings.
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