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Abstract

Deficiency in peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a.)
expression or function is implicated in numerous neurological and psychiatric disorders. PGC-1a
is required for the expression of genes involved in synchronous neurotransmitter release, axonal
integrity, and metabolism, especially in parvalbumin-positive interneurons. As a transcriptional
coactivator, PGC-1a requires transcription factors to specify cell-type-specific gene programs;
while much is known about these factors in peripheral tissues, it is unclear if PGC-1a utilizes
these same factors in neurons. Here, we identified putative transcription factors controlling
PGC-1la-dependent gene expression in the brain using bioinformatics, and then validated the role
of the top candidate in a knockout mouse model. We transcriptionally profiled cells overexpressing
PGC-1a and searched for over-represented binding motifs in the promoters of upregulated genes.
Binding sites of the estrogen-related receptor (ERR) family of transcription factors were enriched
and blockade of ERRa attenuated PGC-1a-mediated induction of mitochondrial and synaptic
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genes in cell culture. Localization in the mouse brain revealed enrichment of ERRa expression
in parvalbumin-expressing neurons with tight correlation of expression with PGC-1a across
brain regions. In ERRa null mice, PGC-1a-dependent genes were reduced in multiple regions,
including neocortex, hippocampus, and cerebellum, though not to the extent observed in PGC-1a
null mice. Behavioral assessment revealed ambulatory hyperactivity in response to amphetamine
and impairments in sensorimotor gating without the overt motor impairment characteristic of
PGC-1a null mice. These data suggest that ERRa is required for normal levels of expression

of PGC-1a-dependent genes in neurons, but that additional factors may be involved in their
regulation.

INTRODUCTION

The transcriptional coactivator peroxisome proliferator activated receptor (PPAR) gamma
coactivator 1-alpha (PGC-1a) interacts with a wide variety of transcription factors in
different tissues. These transcription factors include, but are not limited to, members of

the PPAR family, the nuclear respiratory factor family, estrogen receptor family, estrogen
related receptor (ERR) family, and several non-nuclear receptor proteins (1-4). Interactions
with these transcription factors largely mediate metabolic or mitochondrial gene programs
that regulate the energy needs of that particular tissue (i.e. lipid metabolism versus oxidative
phosphorylation).

While there is ample evidence for PGC-1a-interacting factors in peripheral tissues, not
much is known about the mechanisms of PGC-1a-mediated transcriptional regulation in
the brain, especially in discrete neuronal populations. In the brain, PGC-1a transcript is
enriched in parvalbumin (PV)-positive interneurons (PV-INs), upregulated during PV-IN
maturation, and required in adulthood for maintaining PV-IN-mediated circuit inhibition
(5-7). Importantly, the silencing or activation of these interneurons is able to reduce or
enhance cortical gamma oscillations and circuit function (8,9), highlighting the importance
of understanding the transcriptional pathways that lead to their proper function. PV-INs
are structurally complex with fast firing rates (10), making them inherently metabolically
demanding. Accordingly, PV-INs have a higher number of mitochondria and enriched
cytochrome ¢ content relative to other neuronal populations (11) and PV-INs lacking
PGC-1a show a reduction in intrinsic firing rate (5). The expression of PV itself is also
dependent on PGC-1a and, within PV-INs, a loss of PGC-1a. leads to a reduction in

its previously identified dependent genes synaptotagmin 1l (Syt2), complexin 1 (Cp/xZ),
neurofilament heavy chain (NVeff) (7,12), suggesting that PGC-1a facilitates the coordinated
expression of genes involved in energy production and neurotransmission. As such, it is
crucial to understand how these pathways are regulated by PGC-1a and to identify the
transcription factors are responsible maintaining these pathways.

In this study, we use a combination of bioinformatics and cell culture studies to prioritize
putative transcription factors which may mediate PGC-1a.’s responses and then test whether
the top candidate, ERRa,, is required for PGC-1a-dependent gene expression in cell culture
and the mouse brain.
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SH-SY5Y neuroblastoma cells were cultured in Dulbecco’s Modified Eagle’s Medium/
DMEM and 2mM Glutamax (degradation-resistant L-glutamine) media with 10% fetal
bovine serum and 1% penicillin-streptomycin. Cells were grown to 70% confluency in 10
cm plates in a humidified atmosphere containing 5% CO» at 37°C. Cells were transfected
for one hour with AdV-CMV-GFP (4.0x1012 particles/ml) or AdV-CMV-PGC-1a-ires-GFP
(4.0x1012 particles/ml), originally provided by Bruce M. Spiegelman (Dana Farber Cancer
Research Center, Harvard University) and further propagated at the University of Michigan
Cancer Center Vector Core as in (7). For RNA-seq studies, cells were treated with
AdV-CMV-GFP or AdV-CMV-PGC-1a-ires-GFP for 48 hours, total RNA isolated with
Trizol and chloroform/isopropanol, and sent to the Hudson Alpha Genomics Services Lab
(Hunstville, Alabama) for sequencing (3 plates pooled per sample; 3 samples per group).
For studies involving blockade of ERRa activity, 24 hours following transduction, cells were
treated with different doses of XCT790 (2-50 uM, cat#X4753, Sigma, St. Louis, MO, USA)
or the vehicle, DMSO, and collected 48 hours later in Trizol for RNA isolation (see below).

cing.

Libraries were constructed using the Poly A method, with the addition of a directional
library preparation module to retain strand information. Sequencing was performed on an
Illumina HiSeq 2500 (HI-PE50 v4), and FASTQ files were generated using DRAGEN
Host Software v01.011.222.02.04.04.36875. Raw reads were aligned using STAR v2.6.0c,
and transcript abundances were calculated using HTSeg-Count v0.10.0. Normalization and
differential expression was performed using DESeq2 v1.20.0, using Gencode GRCh38 (p7
release 25) as a reference, with p and g values of < 0.05, as determined with Wald (p)

and Benjamini-Hochberg (q) calculations. Data files have been deposited in the GEO NCBI
database (GSE151499).

To assess overlap of genes across data sets, we used the SuperExactTest program (19).
SuperExactTest analyzed the intersection between gene sets through a combinatorial
algorithm that used fold enrichment, Fisher’s Exact Test and hypergeometric modeling to
generate a p value and FDR for commonalities. This test is done by analyzing the gene

lists as subsets of an overarching list, the proteome or the genome of the species, and then
calculating the overlap as a derivative of the overarching list. For the Exact Test, overlap of
multiple gene lists is assumed to be equal and then analyzed, creating a formula where there
is a one-tailed probability that the overlap is greater than predicted.

Identification of Transcriptional Regulators

To identify consensus binding sequences in the promoter of a set of genes, we used WEB-
based GEne SeT AnaLysis 2017 (http://www.webgestalt.org/; (20). The set of genes of
interest were input as Homo sapien gene symbols, as data were obtained from human
neuroblastoma cells, with the method of interest set to Gene Set Enrichment Analysis
(GSEA) and the functional database identified as “network: transcription factor target.”

Neuroscience. Author manuscript; available in PMC 2022 December 15.
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Default parameters were maintained; data was analyzed using Holm-Bonferroni and the top
ten results were reported.

Secondary Analysis of Mouse Brain Single-cell Transcriptome Data.

Animals.

To explore cell-type-specific expression patterns of putative PGC-1a-interacting factors

and their correlation with PGC-1a distribution in the brain, we used data downloaded

from Dropviz.org (18). Subcluster metacell data representing aggregate Unique Molecular
Identifier (UMI) counts were downloaded and normalized to the total UMI count per
subcluster, using the previously defined identity of subclusters as a guide. Additional
classifications were made to specify fast-spiking interneurons, dopaminergic neurons
(outside of the midbrain), dopaminergic neurons (in the midbrain), and medium spiny
neurons. Clusters or subclusters with one or two datapoints per cell type were not included
in the analyses. Datasets were visualized and analyzed in GraphPad Prism v.8 using volcano
plots and a non-parametric one-way ANOVA test (Kruskal-Wallis test) followed by a Dunn’s
multiple comparison test, with significance set at p < 0.05.

All experimental procedures were approved by the Institutional Animal Care and Use
Committee of Southern Research and the University of Alabama at Birmingham and
performed in accordance with the Association for Assessment and Accreditation of
Laboratory Animal Care (AAALAC). ERRa null mice (Esrra”'~) were obtained from
Jackson Labs (JAX#005801) and were designed with a beta-galactosidase gene inserted

in place of exon 2. Breeding schemes were established using mice heterozygous for ERRa.
to generate littermate controls. All experiments were conducted using male and female mice
between 3-5 months of age (unless otherwise stated), and the experimenter was blind to
genotype. Mice were maintained on a C57BL6/J genetic background and housed two to
seven per cage at 26 +/- 2°C room temperature with food and water ad libitum.

Small Molecule Fluorescent In situ Hybridization (SM-FISH)

SM-FISH was performed as previously described (21,22) using the RNAscope Multiplex
Fluorescent assay (Advanced Cell Diagnostics, Newark, CA, USA) according to the
manufacturer’s instructions. Mice were anesthetized with isoflurane and decapitated, and
brains were rapidly removed and frozen with powdered dry ice. Brains were sectioned

on a cryostat at 20 um thickness and collected on SuperFrost Plus slides (Thermo Fisher
Scientific) and kept frozen to maintain RNA integrity. For fluorescent /n situ hybridization,
sections were fixed in 4% pre-chilled paraformaldehyde followed by dehydration in ethanol.
Due to the small length of transcript deleted in Esrra null mice, BaseScope (ACD, Newark,
CA, USA) was used to detect Esrratranscript in these experiments. Probes were custom
designed to recognize exons 1-3 (180-533bp) of £srra (NM_007953, Advanced Cell
Diagnostics/ACD, Newark, CA, USA). The protocol was conducted per manufacturer’s
instructions. Sections were fixed and dehydrated then incubated in hydrogen peroxide
followed by washes. Sections were then incubated in protease 111 (ACD) followed by
incubation with probes for 2 hours at 40°C followed by amplification and incubation with
BaseScope Fast RED A and B. BaseScope was followed by the RNAscope Multiplex
Fluorescent assay (ACD) per manufacturer’s instructions for concurrent ISH. Tissues were
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treated with a mixture of probes for 2 hours at 40°C followed by fluorescent amplification.
If BaseScope was not used, slides were pretreated with ethanol and protease 1V (ACD); no
hydrogen peroxide step was used for RNAscope alone. Probes used for RNAScope are as
follows: Pvalb (Cat#421931), S/c17a7 (Cat#416631), Gjal (Cat#486191). Slides were then
coverslipped with Prolong Gold antifade mounting media containing DAPI (Thermo Fisher
Scientific). The experimenter was blind to genotype for quantification of transcripts. Images
were captured with a Nikon A1+ confocal microscope; all settings, including laser intensity,
gain, offset, and zoom, were held constant across all groups for a given experiment. Image
thresholding for individual channels and quantification of mean pixel density for a given
area was performed using Image J (23). To generate representative images presented in
figures, images were imported to Adobe Photoshop CS3 (Adobe, San Jose, CA) and
adjustments to contrast, sharpness and brightness were held constant across experimental
groups.

Western Blot

This protocol was conducted as previously described (7). Cortical and hippocampal tissue
(n=3/genotype/region) were collected and frozen on dry-ice then stored at —80°C until use.
For preparation, samples were placed in RIPA buffer (150 mM NaCl, 50 mM Tris, 1% Triton
X-100, 0.1% SDS, 0.5% deoxycholic acid, pH 8.0), and homogenized using the Omni Bead
Ruptor Homogenizer (OMNI International). Total protein concentration was determined
with a bicinchonicic acid protein assay kit (Thermo Fisher Scientific), and absorbance was
measured at 540 nm. Protein was then denatured in sample buffer (62.5 mM Tris-HCI, 20%
glycerol, 2% SDS, 5% p-mercaptoethanol, 1 mg/mL bromophenol blue; pH 6.8) at 95 °C
and equivalent amounts of protein were loaded into 4-20% Mini-PROTEAN® TGX™
precast gels (Bio-Rad, Hercules, California, USA). Next, protein was transferred onto PVDF
membranes which were then blocked for 1 h with 5% milk in Tris-buffered saline (TBS;

pH 7.6) with 1% Tween (TBS-T). Following, membranes were probed with an antibody for
ERRa (1:1000; ab76228, Abcam, Cambridge, UK) in 5% IgG-free bovine serum albumin
(BSA,; Jackson ImmunoResearch) in TBS-T overnight at 4 °C. Following incubation in
HRP-conjugated secondary antibodies (Invitrogen) in 5% milk in TBS-T for 1 h at room
temperature, membranes were placed in Clarity™ Western ECL HRP substrate (Bio-Rad)
and imaged using the ChemiDoc MP Imaging System (Bio-Rad). Membranes were then
washed and re-probed for actin (MAB1501, Millipore) in 5% milk in TBS-T for 1 h at room
temperature and developed as before to confirm equal loading of protein in samples probed
for ERRa.. The optical density of bands was calculated after background subtraction using
Image Studio Lite (LI-COR, Lincoln, NE, USA). All bands were normalized to the signal
for actin from the corresponding lanes and expressed as mean optical density, ratio to actin.

Immunofluorescence

Animals were anesthetized with isoflurane and perfused intracardially with cold PBS and
4% PFA in PBS. Brains were removed, postfixed in 4% PFA for 24-72 h, and cryoprotected
in 15% sucrose for 24 hours followed by 30% sucrose for 24 hours. Brains were then frozen
in chilled 2-methyl-butane and stored at —80°C. Tissue was cryosectioned at 40 um into 1:1
glycerol and PBS and stored at —20°C. For immunohistochemistry, sections were washed
with PBS, permeabilized with 0.3% Triton-X100 (Sigma-Aldrich, St. Louis, MO, USA) in
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PBS, and then blocked with 10% serum from the host of the secondary antibody in PBS

for 1 hour at room temperature. Following, sections were incubated in goat-anti-PV (1:1000;
PVG213, Swant, Switzerland) and rabbit anti-ERRa antibodies (1:1000; ab76228, Abcam,
Cambridge, UK) in 0.3% TxPBS and 5% serum from the host of the secondary antibody
overnight at 4°C. On the second day, sections were washed with PBS, incubated with
fluorescence-conjugated anti-goat and anti-rabbit secondaries (1:2000; Invitrogen, Thermo
Fisher Scientific) for 2 hours at room temperature in 5% serum. Following washes, sections
were coverslipped using Prolong Antifade Gold with DAPI (Invitrogen) and stored at

4 °C. Images were captured with a Nikon A1+ confocal microscope. All confocal settings,
including laser intensity, gain, offset, and zoom, were held constant across all images.

Transcript Analyses

Quantitative PCR was performed as described (24). Mice were anesthetized with isoflurane
prior to decapitation. Brains were rapidly removed, and microdissected brain regions were
flash frozen on dry ice and stored at —80°C until use. Tissue was homogenized in TRIzol
(Thermo Fisher Scientific, Pittsburg, PA, USA) using either a Tissue-Tearor homogenizer
(Biospec, Bartlesville, OK, USA) or the Omni Bead Ruptor Homogenizer (OMNI
International, Kennesaw, GA, USA), and RNA was isolated using the TRIzol/choloform-
isopropanol method following the manufacturer’s instructions (Invitrogen, Carlsbad, CA,
USA). RNA concentration and purity were assessed using a NanoDrop One (Thermo Fisher
Scientific, Pittsburg, PA, USA). Equivalent amounts of RNA (1 ug) were treated with DNase
I (Promega, Madison, WI, USA) at 37°C for 30 minutes followed by DNase Stop solution
at 65°C for 15 minutes. RNA was then reverse-transcribed using the High-Capacity cDNA
Reverse Transcription Kit (Thermo Fisher Scientific, Carlsbad, CA, USA). Transcripts were
measured using mouse-specific primers from Applied Biosystems (Supplemental Table 1)
and JumpStart Tag Readymix (Sigma, St. Louis, MO, USA) using a protocol with an initial
ramp (2 minutes, 50°C; 10 minutes, 95°C) and 40 subsequent cycles (15 seconds, 95°C;

1 minute, 60°C). Relative concentration of transcript was calculated in comparison to a
standard curve generated from pooled cDNA samples and then diluted (1:5, 1:10, 1:20, 1:40;
calibrator method). These values were then normalized to beta-actin or 18S expression and
reported as ratio to control samples. For cell culture studies, target transcript abundance was
normalized to PGC-1a transcript abundance to take into account any changes in PGC-1a
transcription caused by XCT790 treatment.

Behavioral analyses.

All behavioral testing was conducted between 10am and 3pm during the “lights-on” period
(6am-6pm) with the exception of elevated plus maze and pre-pulse inhibition; these studies
were conducted between 7 pm and 12 am in the dark. Initially, to measure anxiety,
performance was assessed in the elevated plus maze as previously described (25). Animals
were placed on an NIR backlit maze (MedAssociates, St. Albins, VT, USA) for 5 minutes.
Data was analyzed and represented as an anxiety index which incorporates the time spent in
the open arms as well as number of entries into open arms compared to the total maze time
and total maze exploration; a higher index indicates more anxiety-like behaviors (26).

Neuroscience. Author manuscript; available in PMC 2022 December 15.
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For assessment of baseline activity, animals were placed in a square apparatus (27.9 cm?)
consisting of 48 infrared beams (MedAssociates, St. Albins, VT, USA) for 30 minutes.
Data were collected with Open Field Activity Software (MedAssociates, St. Albins, VT,
USA) in one-minute intervals over the test period. To evaluate responsivity to alterations
in dopaminergic tone, animals were treated via intraperitoneal injection with 5mg/kg &
amphetamine and immediately placed in the open field for one hour. Data were collected
with Open Field Activity Software (MedAssociates, St. Albins, VT, USA) in one-minute
intervals over the test period.

Startle reflex and prepulse inhibition were measured as outlined (25) using the Acoustic
Startle Reflex Package for mice (Med Associates, St. Albins, VT, USA). The startle
response was recorded in response to 120dB and prepulse inhibition was recorded in
response to 0, 4, 8, and 16dB pulses above a 65dB white noise background.

All transcript data with three groups or more were analyzed using parametric one-way
ANOVA followed by Tukey’s multiple comparisons following tests for normality using the
Kolmogorov-Smirnov test and QQplots as well as variance across groups using the Bartlett’s
test. These experiments included transcript data for both /n vitro and in vivo experiments
and behavioral assessment. In the event that these assumptions were not met, data were then
analyzed using a Kruskal-Wallis followed by Dunn’s multiple comparisons. For analyses

of two groups which included transcript analysis, sm-FISH experiments and western blot,
data were analyzed using a two-tailed t-test unless assumptions of normality and variance
were not met. In those instances, data were analyzed using a Mann-Whitney. For analysis

of ambulation over time (open field) and prepulse inhibition, data were analyzed using a
repeated measures two-way ANOVA using the Geisser-Greenhouse correction for sphericity
followed by Tukey’s or Dunnett’s Multiple Comparison. Outliers for transcript data were
identified using ROUT with Q set at 1%.

Identification of enriched promoter sequences in PGC-la-dependent transcripts.

Overexpression of PGC-1a in SH-SY5Y leads to the upregulation of 887 transcripts
compared to control through microarray data (7), and a number of these PGC-1a-responsive
genes have been validated in multiple regions of PGC-1a null and cell-specific knockout
lines (6,7,21,22). Here, we used RNA sequencing (RNA-seq) to comprehensively identify
transcripts differentially regulated with PGC-1a overexpression; 2889 transcripts were
upregulated whereas 874 transcripts were downregulated with PGC-1a overexpression
compared to GFP control (n=3/group; Figure 1A). As predicted from our microarray data,
the PGC-1a-dependent gene parvalbumin (PVALB) was robustly upregulated, being the
second most-highly induced transcript identified by RNA sequencing (7,12).

We next compared the genes upregulated by PGC-1a overexpression in cell culture
to previously identified genes found to be enriched in either PV-INs or pyramidal
neurons (PNs; (27) in mice, to determine the utility of PGC-1a-overexpressing cells for

Neuroscience. Author manuscript; available in PMC 2022 December 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McMeekin et al.

Page 8

understanding the biology of PV-INs. There was a significant overlap of genes increased in
response to PGC-1a overexpression with those enriched in PV-INs (268, p = 1.89E107105)
versus those enriched in PNs (147, p = 1.64E10718) as determined using the SuperExactTest
(Figure 1B). The preferential expression of PGC-1a responsive targets in PV-INs was
confirmed by SuperExactTest when compared across eight subcluster populations of human
cortical inhibitory populations (28); overlap of PGC-1a-responsive targets was significant
only in PV-INs (60, p = 3.56E10707), PV-Obox3 (94, p = 1.77E1079), and SST subtypes
(34, p =0.031); Figure 1C). These data show that the overexpression of PGC-1a can induce
genes enriched in PV-INs and suggest that PGC-1a. plays an important role in PV-INs versus
other non-PV-expressing neuronal populations (7,12).

To identify putative transcription factors mediating the upregulation of PGC-laresponsive
genes, we used WebGestalt to detect enrichment of consensus binding sequences within

the promoters of genes upregulated by PGC-1a. These factors included: splicing factor 1
(“SF1”), estrogen-related receptor alpha (“ERRL/ERRa™), estrogen receptor (“ER family™),
lymphocyte function-associated antigen 1 (“LFA1/ITGB2”), nuclear factor erythroid 2
(“NFE2”), hepatocyte nuclear factor 4 (“HNF4”), and down-regulator of transcription 1
(“DR1”). The transcription factor highest in significance for enrichment in consensus
binding sequences was ERR1/ERRa (Figure 1D). This information, in combination with
previously published evidence for PGC-1a/ERRa interactions (13,15,16), implicated ERRa
as a likely candidate for regulating PGC-1a-responsive genes.

We also compared these RNA-seq data to previously published microarray data and
found an overlap of 627 genes as being upregulated by overexpression of PGC-1a.. To
identify if these overlap in genes yielded similar mechanisms of regulation, we again
used WebGestalt to identify which transcription factor consensus binding sequences were
enriched and again identified ERR1/ERRa as a candidate (Figure 1D). Importantly, we
found that the RNA-seq data replicated previous findings with microarrays, with g-rt-
PCR confirmation of PGC-1a expression and induction of Pvalb (Figure 1E) and other
previously identified PGC-1adependent genes with PGC-1a overexpression (Figure 1F).
First, we confirmed with g-rt-PCR that PGC-1a was indeed overexpressed (OE) in cells
treated with AdV-CMV-PGC-1a-ires-GFP (PGC-1aOE) (Mdn=157394) as compared to
cells treated with AdV-CMV-GFP (GFP, Mdn=0.60; U=0, p<0.0001). We next measured
Pvalb transcript; previous experiments have shown Pvalb transcript to be the most

robust readout of PGC-1a activity and significantly increased transcript upregulated by
PGC-1aOE (7,12). As expected, Pvalb transcript following PGC-1aOE (Mdn=3918) was
significantly increased compared to those treated with GFP (Mdn=0.92; U=0, p<0.0001).
Neuronally-enriched PGC-1a-dependent transcripts (7) including synaptotagmin Il (Syz2),
complexin | (Cp/x1), and neurofilament heavy chain (NVef#) as well as ubiquitously-
expressed metabolic transcripts were induced with overexpression, except Phyh. Syt2
(U=0, p<0.0001) and Cplx1 (U=0, p<0.0001) were both significantly upregulated with
PGC-1a.OE (Mdn=22.03 and 10.30, respectively) compared to GFP (Mdn=0.42 and 0.83,
respectively). Meffitranscript responded similarly; there was a significant increase in
transcript with PGC-1aOE (Mdn=15.11) compared to GFP (Mdn=1.20; U=0, p<0.0001).
Nceh1 transcript was also upregulated with PGC-1a.OE (Mdn=4.60) compared to GFP
(Mdn=1.06; U=0, p=0.0003). PGC-1a.OE significantly increased AkZ (U=0, p<0.0001)
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and /npp5/ (U=0, p<0.0001) transcripts (Mdn=4.25 and 3.90, respectively) compared

to GFP (Mdn=0.87 and 0.80, respectively). Pahlatranscript was significantly increased

in PGC-1a.OE (Mdn=4.55) samples compared to GFP (Mdn=0.78; U=2, p<0.0001).
St8sial (U=4, p=0.0005) and Stac2 (U=0, p<0.0001) transcripts were also significantly
upregulated with PGC-1a.OE (Mdn=3.96 and 14.42, respectively) compared to control
(Mdn=0.99 and 0.91, respectively). PGC-1a.OE upregulated Azp50 transcript compared to
GFP (t17=4.40, p=0.0004). PGC-1a.OE also increased Afp5a1 (Mdn=1.94; U=19, p=0.02)
and /dh3a (Mdn=10.24; U=0, p<0.0001) transcripts compared to control (Mdn=0.69 and
1.08, respectively). There was no change in Phy# transcript between groups (t16=1.13,
p=0.28).

Prioritization of Esrra based on neuroanatomical distribution similar to that of Ppargcla in
the mouse brain.

Previous studies show enrichment for Ppargclatranscript and PGC-1a protein in
GABAergic populations and document the transcriptional and functional consequences

of its deletion in cortical PV-interneurons (PV-INs) (7,12,29). Based on these studies,

we further prioritized candidates by exploring their neuroanatomical distributions with
respect to the distribution of Ppargcla using the single-cell RNA-sequencing database
Dropviz.org (18). Three examples, Esrra, Nrfl, and Ppard are shown in Figure 2A with
reference to Ppargclain all cell types in the database. Gene abundance data for all top

hits from Figure 1 are included in Supplemental Figure 1 and descriptive statistics are
located in Supplemental Table 2 for neuronal populations in the mouse cortex. Correlations
of Ppargclato Esrratranscript in multiple neuronal populations (n=231 non-neuronal,
n=152 glutamatergic, n=88 PV~ GABAergic, =33 PV* GABAergic, n=16 medium spiny
neuron, n=7+ cholinergic, n=13 DAergic) throughout the brain revealed a strong correlation
(R2=0.64), with GABAergic PV* populations showing the highest expression of both
transcripts. In contrast, correlations between Ppargclaand Nrfl (R?=0.032) or Ppard
(R2=0.0035) were weak (Figure 2A). When exploring transcription factor expression
abundance in PV-IN populations (Supplemental Figure 1), Esrraand Esrrg were most highly
expressed in PV-INs as compared to other transcription factors, with higher enrichment

in PV-INs than in other neuronal populations. Together, the enrichment of ERR1/ERRa
consensus binding sites in genes responsive to PGC-1a overexpression and localization
data indicating Esrraenrichment in PV-INs suggested ERRa as a prime candidate for the
regulation of PGC-1la-dependent transcription in the CNS, particularly in PV-expressing
populations.

Parvalbumin induction by PGC-1a relies on ERRa activity

ERRa is a known binding partner of PGC-1a in peripheral cell types and tissues (13—

17), and several studies have suggested its importance in neuronal function (32-34). To
investigate the potential for ERRa to influence PGC-1a-responsive transcripts we used
XCT790, an inverse agonist of ERRa (35,36). Notably, XCT790 not only disrupts PGC-1a
interaction with ERRa,, it also targets ERRa for proteosomal degradation. SH-SY5Y
neuroblastoma cultures were treated with 2 uM (n=8-10), 10 uM (n=8-10), 20 uM (n=8-
10), or 50 UM (n=3-4) XCT790 and compared to DMSO-treated control samples (n=9-10).

Neuroscience. Author manuscript; available in PMC 2022 December 15.


http://www.dropviz.org/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McMeekin et al.

Page 10

First, we verified that PGC-1a.OE was maintained in the presence of the selected XCT790
doses compared to DMSO control (Figure 2B). There was a significant difference in the
expression of Ppargclatranscript across groups (Hs=25.40, p=0.0001); when compared

to dually treated DMSO and GFP control samples, post hoc analysis revealed that
Ppargclatranscript was significantly increased in PGC-1a.OE samples treated with DMSO
(p=0.03), 2 uM (p=0.0027), 10 uM (p=0.0045), 20 uM (p=0.0002), and 50 pM XCT790
(p=0.0006). To determine if XCT790-mediated blockade of ERRa could influence PGC-1a-
responsive transcription, we first measured transcript for PVALB. PVAL B transcript was
significantly different between groups (H4=27.01, p<0.0001); post-hoc analysis revealed
PVAL B transcript to be significantly reduced at 20 uM (p=0.0002 and p=0.0048) and 50 uM
(p=0.0062 and p=0.034), compared to DMSO and 2 uM XCT790 (Figure 2C). To confirm
that knockdown of PVALB transcript was due to the interference of ERRa activity and

not another known PGC-1a interacting factor, we measured PVALB transcript in response
bisphenol A diglycidyl ether (BADGE), an antagonist of the known PGC-1a binding partner
of PPARY (37,38). First, we measured gene expression (n=3/group) of the PPARy target,
Glut4 (39). There were significant differences across BADGE dose for GLUT4 expression
(F2,6=62.59, p>0.0001; data not shown); post-hoc analysis revealed significant reductions in
10 UM (0.54+0.0030) and 20 pM BADGE (0.34+0.011) compared to control (1.055+0.0030;
p=0.0006 and p<0.0001, respectively) and a significant stepwise reduction from 10 uM

and 20 uM (p=0.049). Notably, one-way ANOVA revealed no differences between control
(1.00+0.075), 10 uM (0.82+0.087) and 20 pM BADGE (0.96+0.12) for PVALB transcript
(F2,6=0.93, p=0.44; data not shown).

Blockade of ERRa in culture interferes with the ability of PGC-1a to induce neuron-
enriched PGC-la-responsive genes

We predicted that neuronally enriched transcripts for SY72, CPLX1, and NEFH would

be reduced in response to XCT790 in a manner similar to PVALB. SYTZexpression

was significantly different across XCT790 doses (F4 36=5.99, p=0.0008); post-hoc analysis
revealed significant reductions in expression at 10 uM (p=0.0053), 20 uM (p=0.022) and 50
UM (p=0.0088) doses of XCT790 compared to control (Figure 2D). CPL X1 transcript was
also affected by XCT790 (H4=16.06, p=0.0029); post-hoc analysis showed that transcript
was significantly reduced at 20 uM XCT790 compared to control (p=0.0012; Figure

2E). XCT790 also influenced NVEFH expression (F4 33=6.36, p=0.0007); post-hoc analysis
revealed a reduction in NVEFH transcript at both 20 uM (p=0.041) and 50 uM (p=0.039)
XCT790 compared to control. Additionally, expression levels at 10 pM (p=0.034), 20 uM
(p=0.0056), and 50 uM (p=0.0092) treatments were significantly reduced compared to 2 uM
XCT790 (Figure 2F). These data demonstrate that blockade of ERRa dramatically impedes
the ability of PGC-1a to upregulate neuron-enriched PGC-1a-dependent transcripts /n vitro.

Our lab has also identified several PGC-1a-responsive transcripts whose expression is

not limited to neuronal populations, many of them with roles in metabolism (7). NCEH1
(H4=14.77, p=0.0052) and AKI (H4=16.06, p=0.0029) were significantly affected by
XCT790 treatment; 50 puM XCT790 significantly reduced NCEHI expression compared

to control (p=0.0018; Figure 2G) while AKZ was significantly reduced at 20 uM

XCT790 compared to control (p=0.039, Figure 2H). One-way ANOVA revealed differences
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amongst conditions for /NPP5Jexpression (H4=10.84, p=0.029); post-hoc analysis showed
significant reductions in expression were between 50 uM and control (p=0.013, Figure 2I).
PDHA1 expression was also influenced by ERRa inhibition (H4=0.014, p=0.014); post hoc
analysis revealed differences at 20 uM XCT790 compared to control (p=0.037; Figure 2J).

Significant differences amongst XCT790 doses were also detected for ST8S/A1 expression
(H4=20.96, p=0.0003); post-hoc analysis revealed reductions in ST8S/A1 expression at

20 pM (p=0.022) and 50 uM (0.0047) XCT790 compared to control. The reduction in
expression at 50uM XCT790 was also significantly less compared to 2 uM XCT790
(p=0.012; Figure 2K). Significant reductions in STAC2 gene expression (F3 26=5.15,
p=0.0063) were found between 10 uM (p=0.032) and 50 pM (p=0.035) XCT790 compared
to control by post-hoc analysis (Figure 2L). ATP5A1 (F4 37=3.63, p=0.014; Figure 2M)
was significantly reduced in expression in response to 50 uM XCT790 compared to control
(p=0.036) as revealed by post hoc analysis. No differences were detected across XCT790
doses in ATP50 (F4 36=2.24, p=0.084) or PHYH (H4=2.50, p=0.64; Supplemental Figure
2) gene expression. All median and confidence intervals for /n vitro data are included in
Supplemental Table 3.

As positive controls for ERRa inhibition, we confirmed the reduction of two previously
identified ERRa direct targets, isocitrate dehydrogenase 3a (/dh3a) and monoamine

oxidase B (Maob) (32,40). Kruskal-Wallis revealed significant differences in /DH3A and
MAOB expression across treatment groups (Hz=15.25, p=0.0042 and H4=23.25, p=0.0001,
respectively; Figure 2N, O). Post-hoc analysis showed a significant reduction in MAOB
expression at 20 uM and 50 uM XCT790 doses compared to control (p=0.035 and p=0.015),
2 UM XCT790 (p=0.023 and p=0.011), and 10 uM XCT790 (p=0.011 and p=0.0058,
respectively) and for /DH3A (H4=15.25, p=0.0042) at 50 uM XCT790 compared to control
(p=0.036).

Expression of ERRa is concentrated in parvalbumin-positive neuron populations

Previous studies have demonstrated widespread expression of ERRa throughout the brain,
particularly in cortex, hippocampus, thalamus, the mammillary nucleus, cerebellum and
brainstem (33). To measure Esrratranscript in the brain in a cell-type-specific way, we
designed a probe to specifically target exons 1-3 (180-533bp) of E£srra (NM_007953;
ACDBI0). The Esrra-specific probe shows expression in Esrra*!* cortex and hippocampus
and this signal is lost in these regions of the Esrra”'~ brain, validating the utility of this probe
in localization studies (n=2 sections/mouse; 2 mice/genotype; Figure 3A). Previous studies
from our lab show enrichment by /n situ hybridization for PGC-1a in cortical PV-INs
compared to pyramidal neurons and astrocytes (21). To evaluate this enrichment pattern

for Esrra, and confirm Dropviz.org data, we used fluorescent probes for Esrra, Pvalb, and
Slc17a7 (glutamatergic marker) or GjaZ (astrocytic marker; Figure 3B) and quantified Esrra
pixel density in these populations using ImagelJ analysis (23,41). Within each experiment,
Esrra pixel density in a given cell was normalized to that in Pvalb* cells and then compared
across cell-types (n=3 sections/mouse, 2 images/section, n=4 mice; n=1147-2006 S/c17a7*
cells/mouse, n=42-130 Pvalt* cells/mouse, N=60-149 GjaI* cells/mouse). There were
significant differences amongst the cell-types (F» 9=22.28, p=0.0003); Esrratranscript was
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significantly higher in Pvalb* cells compared to S/c17a7" (p=0.0021) and Gjal* (p=0.0003)
cells (Figure 3C), largely replicating what is shown by Dropviz.org. Descriptive statistics are
as follows: Pvalb* cells (1+0.13; Q1=0.74, Q2=1.00, Q3=1.26), S/c17a7" cells (0.40+0.062;
Q1=0.27, Q2=0.42, Q3=0.51), Gjal" cells (0.23+0.024; Q1=0.18, Q2=0.23, Q3=0.28).

We used data obtained from the Dropviz.org database to determine if the enrichment

for Esrrain PV-INs (n=3) was also seen in the hippocampus when compared to PV~
GABAergic neurons (n=23), glutamatergic neurons (n=43) and non-neuronal cells (n=32).
Indeed, there were significant differences across these populations (F3 97=36.79, p<0.0001,
Figure 3D). Post-hoc analysis showed significant enrichment of Esrratranscript in PV-INs
compared to PV~ GABAergic and glutamatergic neurons and non-neurons (p<0.0001). PV~
GABAergic neurons were also more enriched in Esrratranscript compared to glutamatergic
neurons and non-neuronal populations (p<0.0001). Glutamatergic neurons were significantly
higher in gene expression of Esrracompared to non-neuronal cells (p=0.011). Descriptive
statistics are as follows: GABAergic PV cells (12.81+0.85; Q1=11.53, Q2=12.50,
Q3=14.42), GABAergic PV~ cells (6.15+0.58; Q1=4.34, Q2=5.55, Q3=8.16), glutamatergic
cells (3.77+0.26; Q1=2.54, Q2=3.45, Q3=4.97), non-neuronal cells (2.29+0.29; Q1=1.05,
Q2=1.87, Q3=3.29). These data are represented by SM-FISH in CA3 of the hippocampus
(n=3 sections/mouse, 3 mice; Figure 3E). To confirm that protein mirrored enrichment for
transcript in PV-INs, we colocalized ERRa protein with that for PV in wildtype cortex (n=3
mice); a similar localization pattern was observed (Figure 3F).

We hypothesized that the developmental timecourse of Esrra expression would correspond
to that of PGC-1a,, which increases from birth to adult levels at postnatal day 14 in

cortex (29). We measured Esrrain the developing cortex and hippocampus at postnatal

day 7 (P7, n=3,4 mice), P14 (n=4), P21 (n=3,4), P30 (n=4), P60 (n=4), and P90 (n=4).
There was a significant difference in £srratranscript across the ages in cortex (Fs 16=8.29,
p=0.0005; Figure 3G) and hippocampus (Fs 15=3.67, p=0.018; Figure 3H). Post-hoc analysis
revealed a significant increase in the expression of Esrraat P30 (p=0.0022), P60 (p=0.0014),
and P90 (p=0.0007) compared to P7 in the cortex. Post hoc analysis similarly showed a
significant increase in Esrratranscript at P60 (p=0.018) and P90 (p=0.018) compared to P7
in hippocampus. Descriptive statistics for cortical expression at these ages are as follows:
P7 (0.29+0.024; Q1=0.26, Q2=0.28, Q3=0.34), P14 (0.46+0.066; Q1=0.35, Q2=0.44,
Q3=0.60), P21 (0.47+0.0053; Q1=0.46, Q2=0.46, Q3=0.48), P30 (0.60+0.039; Q1=0.51,
Q2=0.62, Q3=0.65), P60 (0.61+0.033; Q1=0.57, Q2=0.59, Q3=0.68), P90 (0.63+0.044;
Q1=0.54, Q2=0.67, Q3=0.69). These data for hippocampal expression are as follows:

P7 (0.46+0.073; Q1=0.33, Q2=0.44, Q3=0.60), P14 (0.77+0.058; Q1=0.66, Q2=0.76,
Q3=0.87), P21 (0.78+0.073; Q1=0.63, Q2=0.80, Q3=0.91), P30 (0.77+0.071; Q1=0.63,
Q2=0.80, Q3=0.89), P60 (0.88+0.051; Q1=0.79, Q2=0.88, Q3=0.98), P90 (0.88+0.13;
Q1=0.64, Q2=0.87, Q3=1.14). These data indicate that £srra expression increases through
developmental maturation from P7 to its highest expression in adulthood, where it is
maintained. A comparable developmental timeline is seen for Ppargc1alPGC-1a (29) and
some of its previously identified downstream targets (7).
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ERRa is necessary in the cortex and hippocampus for the expression of PGC-1a-
responsive neuron-enriched genes

Based on cell culture data and overlapping patterns of temporal and regional localization,
we expected that mice lacking ERRa would have reduced gene expression of PGC-1a-
dependent transcripts. Using gPCR, we measured the transcripts tested /7 vitro (Figure

2) in the murine cortex of Esrranull line (n=11 Esrrat!*, 6-7 Esrrat’=, 6 Esrra™).

First, we confirmed knockdown of ERRa in the cortex Esrra*’~ and Esrra”’~ mice
compared to control (Figure 4A). There were significant differences in Esrratranscript
across genotypes (H»=19.90, p<0.0001); post-hoc analysis revealed significant reductions

in transcript in Esrra*!~ (p=0.025) and Esrra”’~ (p=0.0001) compared to Esrrat’*. We also
confirmed this loss of transcript in the hippocampus (n=10-11 Esrra**, 7 Esrra*!~, 5-6
Esrra ). There were significant differences in Esrra transcript across genotypes (H,=18.88,
p<0.0001); post-hoc analysis showed a significant reduction in gene expression for £srra

in the knockout hippocampus compared to the £srra*'* (p=0.0001) and Esrra*!~ (p=0.018)
hippocampus. These transcript data corresponded to a loss of ERRa protein by western

blot in the cortex and hippocampus (n=3/group; Figure 4B). There was a significant
difference across genotypes in cortex (F; §=185.4, p<0.0001) and hippocampus (F, ¢=213.2,
p<0.0001) for ERRa protein. There was a significant reduction in Esrra*’* cortical protein
compared to Esrrat’* (p=0.0004) and a significant reduction in content in the Esrra™/~
cortex compared to that of Esrra™* and Esrra*!~ (p<0.0001). In the hippocampus, ERRa
protein content was significantly reduced in both £srra*~ and Esrra”’~ compared to control
(p<0.0001). ERRa protein was also significantly reduced in the £srra’~ hippocampus
compared to that of Esrra*/~ (p<0.0002). Descriptive statistics for cortex as follows: Esrra**
(1.00+0.052; Q1=0.93, Q2=0.96, Q3=0.1.10), E£srra*’~ (0.57+0.036; Q1=0.50, Q2=0.59,
Q3=0.61), £srra”’~ (0.0046+0.0046; Q1=0, Q2=0, Q3=0.014). Descriptive statistics for
hippocampus as follows: Esrra*’* (1.00+0.042; Q1=0.92, Q2=1.03, Q3=1.05), Esrra*!
(0.47+0.042; Q1=0.39, Q2=0.51, Q3=0.52), Esrra”’~ (0+0 6; Q1=0, Q2=0, Q3=0).

We next measured transcripts that we have found to be responsive to PGC-1a and that

are that are developmentally regulated and localized to PV-INs (7). In the cortex, there

was a significant reduction in Pvalb transcript (H=7.84, p=0.02) in the Esrra’~ cortex
compared to control (p=0.03). There were also significant differences amongst genotypes
for the expression of Syt2 (F, 21=19.55, p<0.0001), Cplx1 (F, 21=6.24, p=0.0075), and Nefh
(F2,21=5.26, p=0.014). Post hoc analysis revealed significant downregulation in Syt2, Cplx1,
and Neff transcripts in the £srra’~ cortex compared to £srrat’~ (p=0.0003, p=0.0065,

and p=0.036, respectively) and Esrra*’* (p<0.0001, p=0.038, and p=0.016, respectively;
Figure 4C). As seen in the cortex, neuronal transcripts were reduced in the hippocampus

in the absence of ERRa (Figure 4D). As expected, there was a significant reduction in
Pvalb transcript by across genotypes (F2 21=6.96; p=0.0048); post-hoc analysis showed

a significant reduction in Pvalb expression in the £srra”'~ hippocampus compared to

the Esrrat’* hippocampus (p=0.0041). There were also significant differences amongst
genotypes for Syt2 (F, 21=30.75; p<0.0001), Cplx1 (F,,21=7.50; p=0.0035) and Nefh
(Hp=11.8, p=0.0027) transcript. Post-hoc analyses revealed reductions in Sy#2transcript

in the £srra”’~ hippocampus compared to Esrrat’* (p<0.0001) and Esrrat’~ (p<0.0001)
hippocampi. Likewise, CpixZ transcript in the £srra”’~ hippocampus was reduced compared
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to Esrrat’* (p=0.0045) and Esrrat’~ (p=0.010) hippocampi. Nef? expression was reduced in
the hippocampus of Esrra™'~ mice compared to Esrra** mice (p=0.0018).

We measured an additional set of genes in the cortex not restricted to neurons that are
largely metabolic in function (Figure 4E). Post-hoc analyses found the following transcripts
to be significantly reduced in the £srra™~ cortex compared to the Esrra*!* cortex: Ncehl
(p=0.002), Ak (p=0.02), Pdhal (p=0.0005), Stac2 (p=0.02), Atp50 (p=0.008), Alp5al
(p=0.03), /dh3a (p=0.008), Phyh (p<0.0001). Compared to the £srra*’~ cortex, the following
transcripts were significantly reduced in the Esrra~ cortex: Ak1 (p=0.02), Pahal (p=0.02),
Atp50 (p=0.0006), Atpsal (p=0.01), /dh3a (p=0.03), Phyh (p<0.0001). St8sial transcript
was unchanged between genotypes (F 21=2.46, p=0.11).

As seen in cortex, the remaining transcripts responsive to PGC-1a were also reduced

in Esrra”’~ hippocampus (Figure 4F). Significant differences across genotypes were

found for Ncehl (F; 20=6.79, p=0.0056), AkI (F221=29.21, p=0.0001), /npps5f (H,=6.087,
p=0.048), Pahal (F221=14.18, p=0.0001), St8sial (F31=4.15, p=0.030), Stac2 (F; 21=4.41,
p=0.025), Aip50 (H,=13.20, p=0.0014), Atp5al (H,=11.46, p=0.0032), /dh3a (F321=13.03,
p=0.0002), Phyh (H,=14.92, p=0.0006). Those transcripts found by post-hoc analyses

to be significantly downregulated in the £srra’~ hippocampus compared to the Esrra™*
hippocampus are as follows: Ncehl (p=0.0041), AkZ (p<0.0001), /npp5f (p=0.042), Pdhal
(p<0.0001), Stac2 (p=0.025), Atp50 (p=0.0009), Afpsal (p=0.0022), /dh3a (p=0.0002),
Phyh (p=0.0003). The following genes were also reduced in the £srra”'~ hippocampus
compared to the £srra*'~ hippocampus: AkZ (p=0.0034), Pahal (p=0.025), and /dh3a
(p=0.0027). AkI expression was also reduced in the £srra*/~ hippocampus compared to
wildtype (p=0.0039).

As a proxy for mitochondrial number, we assessed cytochrome ¢ (CoxZ) transcript in

the cortex (Figure 4E) and hippocampus (Figure 4F). There was no significant difference
across the genotypes for cortical CoxI transcript (F2 19=0.33, p=0.72). Descriptive statistics
are as follows: Esrrat’* (1.00+0.082; Q1=0.87, Q2=0.96, Q3=1.08), Esrra*’~ (1.08+0.17;
Q1=0.63, Q2=0.94, Q3=1.68), Esrra’~ (0.93+0.078; Q1=0.81, Q2=0.86, Q3=1.08).

Despite the reduction in CoxZ expression in the Esrra”'~ hippocampus, there was no
significant difference across genotypes (F» 21=1.48, p=0.25). Descriptive statistics are as
follows: Esrra** (1.00£0.060; Q1=0.87, Q2=0.94, Q3=1.11), Esrra*’~ (0.91+0.11; Q1=0.76,
Q2=0.79, Q3=1.25), Esrra”’~ (0.82+0.035; Q1=0.76, Q2=0.82, Q3=0.90).

Considering the reduction in Pvalb gene expression in both the cortex and hippocampus,

we measured glutamic acid decarboxylase 67 (Gad67/Gadl) and 65 (Gad65/ Gad?) transcript
as an indicator of potential neuron loss. In the cortical homogenate, Gadl (F; 21=0.49,
p=0.62) and Gad2 (H,=2.89, p=0.25) transcript was unchanged across genotypes. However,
in hippocampus there was a significant difference across genotypes for Gad transcript
(F2,19=3.67, p=0.045); post-hoc analyses revealed a significant reduction in the Esrra!~
hippocampus compared to control (p=0.036). In contrast, there was no difference detected
across genotypes for GadZtranscript (F» 15=1.28, p=0.30), indicating that a reduction in
Gadl may not necessarily represent a reduction in cell number but the expression of the
transcript on a cell-by-cell basis. See Supplemental Table 4 for additional statistics.
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Impact of ERRa knockout on PGC-la-responsive transcript expression in the striatum and

cerebellum

In addition to cortex and hippocampus, we assessed PGC-1a-dependent transcripts in
striatal (N=9-12 Esrra*’*, 6-7 Esrrat!~, 3-6 Esrra™'™) and cerebellar (n=12 Esrrat’*, 7
Esrrat!'=, 7-8 Esrra") homogenates. First we assessed localization of £srra using SM-FISH
in the striatum, cerebellum and deep cerebellar nuclei (Figure 5A) and confirmed that £srra
is expressed in PV* populations in these regions.

We also explored the Dropviz.org localization data for £srrain these regions. In the
striatum (Figure 5B), we compared PV* GABAergic neurons (n=3) to PV~ GABAergic
neurons (n=8), glutamatergic neurons (n=3), medium spiny neurons (n=8) and non-neuronal
populations (n=27). There were significant differences across striatal cell type for Esrra
abundance (H4=23.93, p<0.0001); post-hoc analysis revealed a significantly increased
enrichment for Esrra expression in PV+ neurons compared to glutamatergic (p=0.045) and
non-neuronal (p=0.013) cells. E£srra expression was also enriched in medium spiny neurons
compared to non-neuronal cells (p=0.005). Descriptive statistics for striatal populations are
as follows: GABAergic PV* cells (9.81+1.41; Q1=7.00, Q2=10.98, Q3=11.45), GABAergic
PV~ cells (6.15+1.76; Q1=2.69, Q2=5.10, Q3=7.09), glutamatergic cells (1.74+1.39;

Q1=0, Q2=0.74, Q3=4.48), MSNs (6.20+0.65; Q1=5.12, Q2=6.34, Q3=7.74), non-neuronal
cells (2.39+0.35; Q1=0.75, Q2=2.18, Q3=4.26). We compared Esrraenrichment in PV*
populations (n=6) in the cerebellum to glutamatergic neurons (n=3) and non-neuronal cells
(n=15; Figure 5C). There was a significant difference in £srraabundance across populations
(F2,21=25.50, p<0.0001); post-hoc analysis showed a significant enrichment of transcript

in PV* cells (14.99+1.62; Q1=11.95, Q2=15.67, Q3=18.22) compared to glutamatergic
(5.21£3.19; Q1=0, Q2=4.64, Q3=10.99; p=0.0025) and non-neuronal (2.69+0.78; Q1=0,
Q2=1.47, Q3=4.51; p<0.0001) cells.

We next confirmed knockdown of Esrrain these regions (Figure 5D, E). There was

a significant difference in Esrratranscript in the striatum (H,=18.78, p<0.0001) and a
significant reduction in transcript in the £srra™'~ (p=0.0001) and Esrra*!~ (p=0.018) striata
compared the Esrra™!* striatum by post-hoc analysis. There was also a significant different
between genotypes for Esrratranscript in the cerebellum (H,=20.76, p<0.0001); post hoc
analysis revealed a significant reduction in the £srra”’~ cerebellum compared to wildtype
(p<0.0001).

We then measured the neuronal transcripts in the striatum with the expectation that similar
trends in these transcripts would be seen as in the cortex and hippocampus. There was no
significant difference in Pvalb (F, 15=1.43, p=0.27), Syt2 (F, 21=0.39, p=0.68), Cpix1 (F»,
20=2.56, p=0.10), or Nefh (F;20=0.25, p=0.78) gene expression in the striatum (Figure 5F),
contrary to what was observed in PGC-1a null striatum (22). In the cerebellum (Figure 5G),
there was no difference in Pvalb transcript (F2 24=2.37, p=0.12), yet there was a difference
in that of Syt2 (F2 24=7.06, p=0.0039), CpixI (F724=14.10, p<0.0001), and Neff (H,=14.94,
p=0.0006). Post-hoc analysis revealed a reduction in Syz2expression in the Esrra’~ to
Esrrat!~ (p=0.0078) and Esrra™* (p=0.0092) cerebellum. For Cp/xI gene expression, there
was a significant increase in the Esrra™’~ cerebellum compared to Esrra™'~ (p<0.0001)
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and Esrrat™* (p=0.0021) cerebella. Finally, NVeff transcript was significantly reduced in the
Esrra '~ cerebellum compared to £srrat’~ (p=0.0017) and Esrra** (p=0.0028) cerebella.

We next measured the panel of PGC-1a-responsive metabolic transcripts in the striatum and
cerebellum. In the striatum (Figure 5H), transcript for the following genes were unchanged:
Ncehl (Hp=2.19, p=0.33), AkI (F;21=0.22, p=0.80), St8sial (F,1=0.25, p=0.78), Stac2
(F2,21=0.18, p=0.84), Atv50 (F, 18=0.60, p=0.56), Atp5al (H,=4.78, p=0.086), /dh3a
(F2,21=0.60, p=0.56), and Phyh (F, 20=2.87, p=0.081). Significant differences were detected
across genotypes for /npp5jtranscript (H,=7.02, p=0.022); post-hoc analysis revealed a
significant increase in the Esrra*/~ striatum compared to the Esrra’* striatum (p=0.030).
There were also significant differences in Pahal transcript (F2 21=3.90, p=0.036); post-hoc
analysis showed a significant reduction in the £srra”’~ striatum compared to wildtype
(p=0.033). In the cerebellum (Figure 51), there were no differences detected in transcript

for Neehl (F2 24=2.73, p=0.086) or StacZ (F224=2.04, p=0.15). There were significant
differences detected amongst genotypes for AkZ (F;24=3.81, p=0.037); post-hoc analysis
showed a significant reduction in the £srra’~ cerebellum compared to £srra*’~ cerebellum
(p=0.028). The same trend was seen for St8sial (F; 24=4.15, p=0.028), Aipbal (F3 24=7.30,
p=0.0033), and /dh3a (F;,24=5.56, p=0.010); post-hoc analyses found reductions in the

null cerebellum compared to Esrra*'~ cerebellum for St8sial (p=0.023), Atp5al (p=0.0023)
and /dh3a (p=0.0077). Significant differences in /npp5f gene expression were detected
amongst genotypes (F2 24=3.92, p=0.034); post-hoc analysis revealed a significant reduction
in transcript in the £srra*’* cerebellum to Esrra*’~ cerebellum (p=0.042). Differences

in gene expression were also found across genotypes for Pdhal (H,=12.90, p=0.0016),
Alpb50 (F2 24=29.32, p<0.0001), and Phyh (F2 24=21.31, p<0.0001). Pdhal (p=0.021), Atp50
(p<0.0001), and Phyh (p=0.0009) transcripts were all reduced in the null cerebellum
compared to wildtype by post-hoc analyses. Transcripts for Pdhal (p=0.0017), Afp50
(p<0.0001), and Phyh (p<0.0001) transcripts were also reduced in the null cerebellum
compared to Esrrat’~ cerebellum. Phyh transcript was increased in the Esrrat’~ cerebellum
compared to wildtype cerebellum (p=0.017). Descriptive statistics for both striatum and
cerebellum are include in Supplemental Table 5.

Similarly, we measured these transcripts in the midbrain. Differences in Esrra expression
across genotypes were confirmed (H,=16.60, p=0.0002); by post-hoc analysis there was

a significant reduction in the Esrra”’~ midbrain compared to Esrrat’* (p=0.0002). In
homogenate, there was no difference between genotypes for Pvalb (F; 2,=0.61, p=0.55),
Syt2 (F,22=1.13, p=0.34), Cpix1 (F222=0.30, p=0.74), or Nefh (F; 2,=1.13, p=0.34). There
were also no differences in the remaining measured PGC-1a-responsive transcripts: Ncehl
(H2=0.40, p=0.82), AkI (Hp=1.34, p=0.51), /npp5j (F2,2,=0.78, p=0.47), Pdhal (H,=2.18,
p=0.34), St8sial (F;22=0.66, p=0.53), Stac2 (F7 2,=1.77, p=0.19), Afp50 (F; 2,=0.78,
p=0.47), Aip5al (H,=1.70, p=0.43), /dh3a (H,=2.94, p=0.23), Phyh (H,=3.69, p=0.16).
Descriptive statistics are listed in Supplemental Table 6.
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ERRa null mice display hyperactivity in response to amphetamine and impairment in
sensorimotor gating.

To determine if motor behavior was influenced by a lack of ERRa,, we measured ambulation
in open field (n=17 Esrra**, n=14 Esrra*'~, n=12 Esrra™'~; Figure 6A). Though a one-

way ANOVA indicated significant differences amongst the genotypes in overall activity
(F2,40=4.73, p=0.014), post-hoc analysis revealed a significant reduction in just ERRa ™~
mice compared to Esrrat’™ mice (p=0.011). Descriptive statistics for ambulation are as
follows: Esrrat* (9012+498; Q1=7222, Q2=9859, Q3=10522), £srrat’~ (10155+412.9;
Q1=8870, Q2=10195, Q3=11305), Esrra'~ (7845+601.3; Q1=6084, Q2=7832, Q3=9351).

Since ambulatory distance was reduced in the Esrra~ mice relative to control, we

analyzed ambulation over time. A two-way repeated measures analysis revealed a significant
effect of genotype on ambulatory distance (F, 40=4.73, p=0.014) with no interaction of
genotype and time (F19 200=1.59, p=0.11). Post hoc analyses revealed significantly increased
ambulation for £srra*'~ mice during the first five minutes compared to Esrra*’* and Esrra™~
mice (p=0.03 and 0.041, respectively). Esrra*!~ mice exhibited hyperactivity compared

to £srra’~ mice at 20 (p=0.0042) and 25 minutes (p=0.02) of the test session. By

the end of the test session, £srra™* mice were significantly more active than Esrra -

mice (p=0.049; Figure 6B). There was no significant difference across genotypes in

average velocity (F2 40=2.42, p=0.10; Figure 6C) and, though trending, there was no
significant difference between genotypes for jump count (F,, 40=2.65, p=0.083; Figure

6D). Despite a significant difference amongst genotypes for vertical counts (F, 40=6.40,
p=0.0039), post-hoc analyses only found a reduction in £srra~'~ mice compared to

Esrrat'~ mice (p=0.0026; Figure 6E). Together, these data show that a lack of ERRa

does not lead to overt motor dysfunction in open field. Descriptive statistics for average
velocity are as follows: Esrra™* (33425+514.1; Q1=31776, Q2=32633, Q3=34810), Esrra*’~
(33313+502.8; Q1=32064, Q2=33217, Q3=34881), Esrra”’~ (31929+493.2; Q1=30502,
Q2=32298, Q3=33518). Descriptive statistics for jump count are as follows: Esrra*’*
(315.1+40.25; Q1=200, Q2=298, Q3=364), E£srra*~ (395+46.03; Q1=266.5, Q2=382,
Q3=476.5), Esrra”’~ (243.7+47.46; Q1=125.5, Q2=197, Q3=332). Descriptive statistics

for vertical count are as follows: Esrra** (291.5+20.91; Q1=231, Q2=290, Q3=368),
Esrrat!’= (350+28.15; Q1=279.5, Q2=355.5, Q3=432.8), Esrra '~ (223.2+21.64; Q1=183.5,
Q2=240, Q3=258.3). To determine if a loss of ERRa confers an anxiety-like phenotype,

we tested these mice in elevated plus maze (n=8 Esrra*’*, n=11 Esrra*’~, n=5 Esrra"). An
anxiety index was calculated as previously described (26); no differences were identified
across genotypes (H,=0.94, p=0.63; Figure 6E). Descriptive statistics for anxiety index

are as follows: Esrra*’* (0.91+0.024; Q1=0.86, Q2=0.93, Q3=0.96), Esrra*’~ (0.86+0.031;
Q1=0.86, Q2=0.86, Q3=0.91), £srra’~ (0.90+0.039; Q1=0.82, Q2=0.91, Q3=0.99).

ERRa has been shown to regulate Maoa and Maob transcription (32,40). As such, a loss
of ERRa would be expected to sensitize mice to dopamine. To test this, we enhanced
dopaminergic signaling by intraperitoneally administering 5mg/kg a-amphetamine and
assessing ambulatory activity in open field (n=10 Esrra**, n=9 Esrra*’~, n=7 Esrra™").
There was a significant main effect of time (F,, 05 47.15=22.80, p<0.0001), genotype
(F2,23=4.56, p=0.023), and interaction between the two (F22 253=3.29, p<0.0001). When
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compared to Esrra*’* mice, post hoc analysis revealed a significant increase in ambulatory
activity in the £srra”’~ mice at 10 minutes (p=0.041) and 15 minutes (p=0.0002) post
injection (Figure 6G).

For average velocity, there was a significant main effect of time (Fy 29, 52.68=11.74,
p<0.0001) and a significant interaction between time and genotype (F2p, 253=2.17,
p=0.0023). There was no main genotypic effect (F» »3=3.03, p=0.068). When compared
to Esrrat’* mice, post hoc analysis revealed a significant increase in average velocity for
the Esrra”’~ mice at 15 minutes post injection (p=0.026) and in the Esrra*’~ mice at 20
minutes post injection (p=0.033; Figure 6H). These data indicate that £sr7a”'~ mice are
hypersensitive to dopamine release compared to controls, suggesting that a lack of ERRa
may potentially be impacting transcripts involved in dopamine release, metabolism, or
receptor responsivity and/or expression.

To evaluate if a loss of ERRa elicited deficits in sensorimotor gating, a phenotype observed
in animal models (43-45) and patients with schizophrenia (46), we measured prepulse
inhibition (PPI; n=9 Esrra**, n=9 Esrra*!~, n=4 Esrra’™). A two-way ANOVA revealed

a significant main effect of prepulse (F1 73 32.87=20.56, p<0.0001) and a significant main
effect of genotype (F2,19=6.90, p=0.0056) with no interaction between the two (F, 35=0.27,
p=0.90). In comparison to control, there was a significant reduction in startle response for
the £srra”’~ mice and a trending reduction for Esrrat’~ mice at 4dB (p=0.0052 and p=0.057,
respectively) and 16dB (p=0.049 and p=0.070, respectively). Inversely, there was a trending
reduction in the £srra'~ mice and significant reduction in the £srra*/~ mice at 8dB (p=0.078
and p=0.016, respectively; Figure 61). There were no differences in basal startle responses
(F2,19=0.55, p=0.59; Figure 6J). Considering the possibility that ERRa knockdown could

be influencing dopamine metabolism by causing a deficiency in MAOB (suggested by
SH-SY5Y data in Figure 20) or MAOA (32,40), we measured Maoa and Maob transcript
abundance in all assayed brain regions (cortex, n=6-11/genotype; hippocampus, n=5-11/
genotype; striatum, n=5-11/genotype; cerebellum, n=7-12/genotype; and midbrain, n=5-11/
genotype); we did not detect differences amongst any of the groups (Supplemental Figure 3;
descriptive statistics are listed in Supplemental Table 7.

DISCUSSION

Studies have identified transcription factors which interact directly with PGC-1a to regulate
metabolic programs in peripheral tissues. Similar efforts in the brain have been limited

for numerous reasons, including the relatively restricted expression pattern of PGC-1a

in the mouse brain and the cell and region-specific differences in PGC-1a-driven gene
programs (4,6,7,12,21,22,24,42,47). The heterogeneity among neuronal populations within
and across regions has only recently gained appreciation with help from cell-type-specific
transcriptional and epigenomic profiling. This heterogeneity, along with the inability to
isolate PGC-1a and its associated complexes via immunoprecipitation, has drastically
impeded the ability to directly and accurately identify its binding partners in discrete
neuronal populations.
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We found an enrichment in consensus binding sites for ERRa in the promoters of PGC-1a.-
responsive genes /n vitro. In peripheral tissues, ERRa is a key effector in the regulation of
PGC-1a-dependent transcripts involved in mitochondrial biogenesis and function (13,14).
Further, PGC-1a shows selective interactions with ERRa (13,15,16), upregulating and
maintaining the expression of ERRa. in a feed-forward manner (13,17) and potentiating

its transcriptional activity (16). We found that ERRa transcript (£sr7a) is enriched in PV*
populations in the cortex similar to Ppargcla (PGC-1a), and ERRa is necessary for the
expression of Syt2, Cplx1, Neffrand metabolic transcripts in the presence of PGC-1a both
in vitro and in vivo. Furthermore, we identified behavioral abnormalities in the ERRa null
mouse including hypersensitivity to changes in dopaminergic tone and deficits in prepulse
inhibition. Together, our data suggest ERRa as an important driver of PGC-1a.-dependent
transcription in the CNS, particularly of transcripts enriched in PV-INs, and suggest that
ERRa serves as a putative factor involved in PV-IN maturation, function, and metabolism.

Previously published data using ATAC-sequencing showed enrichment for ERRa in
PV-INs relative to excitatory neurons and vasoactive intestinal peptide (\VIP)-expressing
interneurons in the cortex (27). As shown in Figure 3G—H, the temporal expression pattern
for ERRa is similar to what has been shown for PGC-1a and PV. We and others (49)
hypothesize that ERRa may be playing a large role particularly in this cell type. With

an expansive post-synaptic network, PV-INs are largely responsible for oscillatory network
activity in the gamma frequency (8,9,50,51) and the energy demand in maintaining the
pacemaking activity characteristic of PV-INs is substantial (52). ERRa is largely known as
a regulator of transcripts for the generation of cellular energy and responses to stress in
peripheral tissues with high metabolic demand (13,14,48). While the brain has comparable
energy demand (53) to peripheral tissues, genomic profiling of ERRa-dependent metabolic
genes in this tissue are lacking.

Here we show that knockdown of ERRa. prevents PGC-1a overexpression-mediated
upregulation of downstream metabolic transcripts, including known ERRa targets Afp50
and /dh3a (48), in vitro and that ERRa null mice show deficiencies in Atp50and /adh3a

in vivo. Previous studies show that, in addition to blocking the PGC-1a-binding site on
ERRa and causing ERRa degradation, XCT790 uncouples mitochondria and activates
AMP-activated protein kinase (AMPK) in a dose-dependent manner below concentrations
used to inhibit ERRa (54). In our study, transcriptional changes are normalized to
overexpression of PGC-1a, a known mitochondrial regulator, and XCT790 at higher doses
showed efficient blockade of known PGC-1la-responsive transcripts. As such, though it is
possible that transcriptional changes may result from XCT790 independent of the effects
of ERRa, it is likely in this case that the inability to upregulate transcripts by PGC-1a are
due to effective blockade of ERRa, suggesting an important role of this transcription factor
in the regulation of these transcripts. Additionally, the majority of tested transcripts are
also reduced in ERRa null cortical and hippocampal homogenate. Notably, there were no
significant differences in transcript for mitochondrial-encoded CoxZ in cortex and a trending
decrease in hippocampus, suggesting that mitochondrial number is not reduced in these
mice. It would be of interest to not only test cell-specific changes in transcript for CoxZ but
to evaluate mitochondrial mass and structure in PV-INs via electron microscopy.
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Generally, any metabolic compromise can lead to a multitude of negative consequences for
PV-INs. For example, cytochcrome ¢ oxidase ablation in PV-INs leads to deficits in circuit
inhibition and impaired sensory gating and sociability (55), the latter two being documented
in the ERRa null mouse. Further, PV-INs largely rely on PV to buffer calcium in order

to maintain their pacemaking activity. A loss of PV itself significantly impacts their firing
phenotype, shifting the excitatory/inhibitory balance towards overall circuit inhibition (56—
59). Here, we show a significant decrease in Pvalb expression in the ERRa null cortex

and hippocampus as well as decreased Syz2and CplxI in these regions. Both Syt2and
Cplx1 are responsible for the synchronous release of neurotransmitter (60-62). A reduction
in these and/or the above metabolic genes, many of which are reportedly enriched in
PV-INs (63), would likely impact neuronal firing in the ERRa. null brain. Notably, a loss

of PGC-1a specifically in PV-INs leads to an overall reduction in synchronous release

of neurotransmitter and an increase in the release of GABA (7), as expected. Previous
studies indicate enhanced excitatory drive onto striatal medium spiny neurons in ERRa

null mice (34). It is possible, in this model, that there is a shift in excitarory/inhibitory
balance and that enhanced excitation in the corticostriatal circuit may be explained by
reduced network inhibition by PV-INs in this region. As such, a reduction in PV would not
solely account for such electrophysiological differences. ERRa expression is abundant in
pyramidal neurons and this population would likely be affected by the absence of ERRa in
the null mouse. Thus, it is equally plausible that a loss of ERRa in pyramidal neurons could
in some way enhance their excitability and/or vesicular release. Further investigation into the
cortical and hippocampal network activity in these mice and, more specifically, the effect of
cell-specific deletion of ERRa in PV-INs versus pyramidal neurons would shed light on the
downstream functional consequences of transcription deficiencies and their contributions to
behavioral impairment. Considering the deficit in maturation related transcripts (i.e. Pvalb)
and neurotransmission in PV-INs with a loss of PGC-1a, it is also of interest to evaluate

the concurrent upregulation of Esrra expression in development. It is possible that PGC-1la
and ERRa may work together to drive gene programs for PV-IN maturation and may be

of importance for understanding PV-IN function in neurodevelopmental disorders in which
PGC-1a dysregulation is implicated. Confirmation of their direct interaction in brain will
require the development of selective antibodies for the immunoprecipitation of endogenous
PGC-la.

While we did not assess social behavior in this study, previous reports indicate that ERRa
null mice exhibit sociability deficits (33). Notably, coordinated transcriptional control of
metabolic and neuronal transcripts in response to social challenge is largely regulated by
ERRa (64). Additionally, reduced transcriptional activity of ERRa is suggested to be a key
contributor to deficits in motivation and reward-seeking behavior (33,34,65). In this same
pathway, ERRa null mice exhibit behaviors reminiscent of psychiatric disorders including
behavioral rigidity and increased compulsive tendencies (33). Here, we also report deficits in
prepulse inhibition/sensory gating in these mice as well as hypersensitivity to amphetamine
challenge. These cognitive and behavioral deficits are largely seen in mouse models of, and
patients diagnosed with, neuropsychiatric disorders such as schizophrenia (SZ). Evidence
implicates PV-INs at the junction between genetic and environmental stressors in cognitive
dysfunction (66), SZ in particular. Insult to PV-INs in the form of oxidative stress, metabolic
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or mitochondrial deficit, or dysregulation of mitochondrial regulators, such as PGC-1a,, is
proposed to be a central effector in the onset of cognitive deficits in SZ (66).

As previously stated, PGC-1a is enriched in, and necessary for, normal PV-IN

function. Notably, PGC-1a has been suggested as an etiological candidate in several
psychopathologies including eating disorders (67), SZ, and bipolar disorder (68-72).
Additionally, PGC-1a expression is reduced in mouse models that display SZ-like behaviors
(66,73), and behavioral deficits in PGC-1a null mice are rescued by the antipsychotic
haloperidol (74). In fact, the expression levels of Pvalb, Syt2, Cplx1, and Nefh, transcripts
enriched in PV-INs (63) are significantly reduced in human postmortem cortex without

a change in PGC-1a. itself (47). These data suggest these transcriptional deficits are due

to changes in posttranscriptional modifications, epigenetic modifications or alternations in
the abundance or activation state of PGC-1a-interacting transcription factors. Reductions

in Nirflin SZ cortical homogenate could contribute to the disassociation of PGC-1a from
its targets, although transcriptional data from Dropviz.org (Figure 1) indicates that Ar7Z
expression is low in neuronal populations. Others have shown that £srra mRNA expression
is reduced in human postmortem SZ, though this finding was not replicated (75). Further
experiments are necessary to determine if reductions in ERRa expression occur specifically
in PV-INs or the association between PGC-1a and ERRa is impaired.

We show that absence of ERRa enhances locomotor sensitivity to amphetamine.

Previous studies identify ERRa as a regulator of Maoaand Maob transcription (32,40).
Functionally, MAO-A and MAO-B are mitochondrially localized and deaminate biogenic
amines, including dopamine. If Maoaand Maob were dependent on ERRa expression

in vivo, it would be predicted that ERRa null mice would exhibit a hypersensitive
response to dopaminergic transmission (76). Interestingly, MAO-A hypomorphic mice
show perseverative behaviors and decreased sociability (77), behavior patterns others have
revealed in the ERRa null mice. Hypersensitivity to amphetamine, along with several
behavioral indicators of cognitive deficiencies, have been reported in mice lacking the
dopamine receptor D2 (Drd2) specifically in PV-INs (78). Similar to what is seen in
postmortem SZ, mice lacking Drd2in PV-INs mice show reductions in both PV and Gad
expression in the cortex and hippocampus without a loss in cell number (78). Considering
the reduction in Pvalband Gadl gene expression in the ERRa null hippocampus as well
as the increase dopaminergic sensitivity, it would be interesting to evaluate the effects

on dopaminergic tone in the cortex and hippocampus following PV-IN specific ERRa
deletion. Further, previous studies have demonstrated that the promoter region of Dra2

is rich in consensus binding sequences for ERRa and that overexpression as well as
knockdown of ERRa in primary neuronal culture is able to modulate the expression of
Drd2 expression (75). The cell-specific influence of ERRa modulation of Dra2 expression
would be important to assess.

With regard to regulation of the MAOs by ERRa, our data suggests that there is not a
dramatic change in expression of either MAO-A or MAO-B in homogenate of any regions
tested. It would be important to evaluate these changes at a cell-specific level. However,

it does raise the question of other mechanisms by which an increase in dopamine could
elicit such hypersensitivity aside from receptor expression level including neurotransmitter
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release, packaging, and firing rate; the nigrostriatal circuit in these animals greatly warrants
further investigation in the context of movement and motivation.

Of potential relevance for understanding alterations of dopamine responsivity in these
mice, the E3-ubiquitin ligase and Parkinson Disease risk gene PARKI/N associates directly
with ERRa (40,79) and enhances both the transcription and turnover of ERRa (79).
Consequently, the degradation of ERRa leads to a reduction in MAQOs and associated
oxidative stress (40). The Parkinson’s disease (PD)-linked mutation fails to adequately
degrade ERRa, leading to an increase in MAOs and, consequently, increased oxidative
stress and deamination of dopamine (40). Interestingly, nuclear translocation of PARKIN
leads to an upregulation in PGC-1a (79). A relationship between PARKIN and PGC-1a in
the midbrain and in the context of PD has been documented (80). Analysis of genes reduced
in laser-captured nigral neurons of patients with symptomatic PD revealed that PGC-1la
occupied the ERRE binding motif of several genes including Afp5aZ (81). In light of these
data, the potential roles for ERRa in the maintenance of dopaminergic neuron function and
viability should be determined.

Interestingly, analysis of the single-cell data (18) revealed an enrichment of estrogen-
related receptor gamma (£srrg/ERRy) in PV-INs. ERRy enrichment has been previously
documented by others (27,63), though little is known about roles for this factor in PV-INs.
Considering that the magnitude of reductions in PGC-1a-dependent gene expression in
ERRa null mice did not reach the levels of genes in PGC-1a null mice (7,12), it is
possible that ERRYy is also involved in gene regulation in PV-INs. ERRYy also binds the
“AAGGTCA” consensus binding site in genes and can form heterodimers with ERRa (82).
However, ERRYy is expressed earlier than ERRa in development (31), and ERRy null mice
show embryonic lethality (30), suggesting that ERRa and ERRy have differential roles

in the regulation of gene expression in neurons. In light of the developmental regulation

of ERRy, future experiments can explore the role for ERRYy in the induction of PGC-1a-
dependent genes in development.
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SIGNIFICANCE STATEMENT

The transcription factors with which PGC-1a. interacts determine specificity of the
transcriptional program it drives across cell populations, but those mediating its functions
in parvalbumin-expressing neurons are unknown. Relative to other PGC-1a-interacting
transcription factors, ERRa is enriched in parvalbumin-expressing neurons and shows
robust spatial and temporal correlation with PGC-1a expression throughout the brain.
ERRa is also necessary for PGC-1a-dependent transcription both /n vitro and /n vivo

for metabolic and neuronal transcripts. These data suggest that ERRa is an important
player in cell-specific PGC-1a-dependent transcription in the CNS and may play a role in
regulating parvalbumin-expressing neuron maturation and function.
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HIGHLIGHTS:
. ERR binding sites are enriched in the promoter region of PGC-1a-responsive
genes.
. ERRa antagonism impedes the ability of PGC-1a to upregulate genes /in
vitro.
. ERRa and PGC-1a are colocalized in parvalbumin-expressing interneurons.
. ERRa deletion leads to reductions in PGC-1a-dependent transcripts /in vivo.
. ERRa null mice exhibit schizophrenia-like behaviors.
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Transcriptional profiling of cells overexpressing PGC-1a reveals similarity to PV-IN profiles
and identifies enriched transcription factor binding sequences in responsive genes. (A) RNA
sequencing identified transcripts up- and down-regulated following AdV-CMV-Ppargcla-
ires-GFP (PGC-1a.OE) or AdV-CMV-GFP (GFP) treatment of SH-SY5Y neuroblastoma
cells. n=3/group. (B) SuperExactTest of overlap between genes induced with PGC-1a OE
in SH-SY5Y cells compared to genes enriched in either PV-INs or PNs (Mo et al.,

2015). (C) SuperExactTest of overlap between genes induced with PGC-1a.OE in SH-
SY5Y cells with those enriched in eight distinct GABAergic subclusters. (D) WebGestalt
enrichment analysis of consensus binding sites in the promoters of identified transcripts
upregulated by PGC-1a overexpression. There was an overlap of 627 genes between

these RNA sequencing data and previously published microarray data (Lucas et al., 2014).
WebGestalt enrichment analysis for these overlapping genes are shown. (E) Ppargclaand
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Pvalbtranscript in samples treated with DMSO and either AdV-CMV-Ppargcla-ires-GFP
(PGC-1a.0E) or AdV-CMV-GFP (GFP) to confirm overexpression. (F) Previously identified
PGC-1a-responsive transcripts in the DMSO and PGC-1aOE as fold control. *p< 0.05, @p
<0.001, $p<0.0001.
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Figure 2. Inverse agonist of ERRa attenuates the induction of PGC-1a-responsive transcripts.
(A) Correlation of Esrra, Nrfl, and Ppardtranscript abundance across neuronal and non-

neuronal populations throughout the brain with that of Ppargcia (Dropviz.org; n=231
non-neuronal, n=152 glutamatergic, n=88 PV~ GABAergic, n=33 PV* GABAergic, =16
medium spiny neuron, n=7+ cholinergic, n=13 DAergic). (B) Significantly increased
Ppargclatranscript levels in DMSO and XCT790-treated SH-SY5Ys following PGC-1a OE
compared with samples treated with DMSO and AdV-CMV-GFP. (C-F) Transcript for
neuronally enriched genes PVALB, SYT2, CPLX1, and NEFH in the presence of both
PGC-1aOE and increasing dose of XCT790. The expression of ubiquitous (G-M) and
previously demonstrated direct targets of ERRa (N, O) was also measured. DMSO, n=8-10;
2 uM, n=8-10; 10 uM, n=8-10; 20 uM, n=8-10; 50 uM, n=3-4 XCT790. *p<0.05, #p<0.01,
@p<0.001, $p<0.0001. Median is represented by the solid line, upper and lower quartiles are
represented by dotted lines.
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Figure 3. Enrichment of Esrra in parvalbumin-expressing neuronal populations.
(A\) Validation of SM-FISH probe in Esrrat’* and Esrra”’~ cortex and hippocampus (n=2

sections/mouse; 2 mice/genotype). (B) Distribution of Esrratranscript using SM-FISH in
Pvalbt, Slci7a7", and Gjal* populations in the cortex of wildtype mice (n=3 sections/
mouse, 2 images/section, n=4 mice; n=1147-2006 S/c17a7" cellsimouse, n=42-130 Pvalb*
cells/mouse, n=60-149 GjaI" cells/mouse). These data are quantified in (C) using ImageJ.
(D) Localization data of Esrraobtained from Dropviz.org for hippocampus (n=3 PV*
GABAergic neurons, n=23 PV~ GABAergic neurons, n=43 glutamatergic neurons, n=32
non-neuronal cells) and (E) represented by SM-FISH in wildtype (n=3 sections/mouse,

3 mice). (F) Confocal microscopy showing colocalization of ERRa protein and PV

in murine cortex (n=3 mice). (G, H) Expression of Esrrain the wildtype cortex and
hippocampus across age (n=3-4/group). *p<0.05, #p<0.01, @p<0.001, $p<0.0001, %
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indicates a significant difference from all other groups. Median is represented by the solid
line, upper and lower quartiles are represented by dotted lines.
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Figure 4. Mice lacking ERRa show a reduction in expression of PGC-la-responsive transcripts
in neocortex and hippocampus.

(A) Esrratranscript in Esrrat’*, Esrrat!=, and Esrra™'~ cortex (n=11 Esrra**, 6-7 Esrra!-,
6 Esrra”’") and hippocampus (n=10-11 Esrra*’*, 7 Esrrat!=, 5-6 Esrra™™). (B) Western
blot and quantification of ERRa protein in cortex and hippocampus (n=3/genotype/region),
with normalization to actin protein on the same membrane. (C, D) Expression of
PGC-1a-responsive neuronal transcripts in the Esrra*’*, Esrrat!~, and Esrra™~ cortex and
hippocampus. (E, F) Expression of remaining PGC-1a-responsive transcripts in cortex
and hippocampus, including Cox1. *p<0.05, #p<0.01, @p<0.001, $p<0.0001. Median is
represented by the solid line, upper and lower quartiles are represented by dotted lines.
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Figure 5. ERRa is required for the expression of a subset of PGC-la-responsive transcripts in
the striatum and cerebellum.

(A) Localization of Esrraby SM-FISH in the striatum, cerebellum and deep cerebellar
nuclei. N=3 sections/mouse, 3 mice total. UMI enrichment for Esrrain the (B) striatum
(n=3 PV* GABAergic neurons, n=8 PV~ GABAergic neurons, n=3 glutamatergic neurons,
n=8 medium spiny neurons, n=27 non-neuronal populations) and (C) cerebellum (n=6 PV*,
n=3 glutamatergic, and n=15 non-neuronal populations) obtained from dropviz.org. (D, E)
Esrratranscript in Esrra™*, Esrrat’~, and Esrra™~ striatum and cerebellum. Expression of
PGC-1la-responsive transcripts in the £srra™*, Esrrat~, and Esrra™~ (F, H) striatum and
(G, 1) cerebellum. Striatum: n=9-12 Esrra*’*, 6-7 Esrrat!~, 3-6 Esrra =, Cerebellum: n=12
Esrrat™*, 7 Esrrat!~, 7-8 Esrra™~. *p<0.05, #p<0.01, @p<0.001, $p<0.0001. Median is
represented by the solid line, upper and lower quartiles are represented by dotted lines.

Neuroscience. Author manuscript; available in PMC 2022 December 15.


http://www.dropviz.org/

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

McMeekin et al.

Page 37

A Ambulatory Distance B Ambulatory Distance C Average Velocity
15000 % -~ Esrra™ 50000
-o- Esrra*
= 600 -o- Esrra*
5 jud £ 40000
4 12 c
£ 10000 5 = é . 3
& G A 2 400 < 30000 N7
£ E ko
& ' & £ 20000
5000 200 g
© 10000
B 0+ T T T T T 1 0!
5‘ & & 0 5 10 15 20 25 30 & W ¥
@%gk & & Time (minutes) & @f;@ @s‘@
D Jump Counts Vertical Counts F Elevated Plus Maze
1000 600 # 1.2
|8
3 v & 400 T 08 e
£ 600 £ 0 £
S 2 2
- . A E
S 400 ] z
° £ 200 Y < 04
200 ' ()
G 0-—.—.—.—\_ g - 0=
y e‘{b ¢ 5‘@ p e‘(b @ 9&\@ ¢ 5\@ p é@ ¢ %\(b g é@ y 6‘(8
G Ambulatory Distance +5mg/kg d-amph H Average Velocity +5mg/kg d-amph
2000 - Esrra*’ 2000 * - Esrra™
-o- Esrra*t § -o- Esrra*
@ -0 Esrra™ 2. -0 Esrra’
1500 2 1500{
» =R B o WP S S g 2 S T
s s
o &
£ 1000 & 10004
z [7}
@ £
° 5
500 3 500
0. 0 — 77—
0 5 10 15 20 25 30 35 40 45 50 55 60 0 5 10 15 20 25 30 35 40 45 50 55 60
Time (minutes) Time (minutes)
I Prepulse Inhibition J Basal Startle Response
=3 Esrra‘’t
100 * D= Esrra™ 600
# — D Esrra 500
< 80 - *
S =
= 400
2 60
£ Vi 8 300
1
o 40 =
% ‘ l v 2-200 !
o (- <
20 ' A 100
0
0 0-
4dB 8dB 16dB

. .
¢ & &
& & &

Figure 6. ERRa null mice show hyperactivity in response to amphetamine and deficits in sensory
motor gating.

(A) Overall ambulatory distance and (B) across time, (C) average velocity, (D) jump counts,
(E) and vertical counts in open field for Esrra™*, Esrra*!=, and Esrra”’~ mice. (n=17
Esrrat™* n=14 Esrrat’~, n=12 Esrra’"). (F) Anxiety index in elevated plus maze. (n=8
Esrrat’*, n=11 Esrra*’~, n=5 Esrra”’). (G) Ambulatory distance and (H) average velocity

in open field following intraperitoneal injection of 5mg/kg a-amphetamine. (n=10 Esrra*'*,
n=9 Esrra*’~, n=7 Esrra™7). (1) Prepulse inhibition (N=4-9/genotype) and (J) baseline
startle response (n=9 Esrra*’*, n=9 Esrrat’~, n=4 Esrra”’"). (K, L) Maoa and Maob transcript
in cortex, hippocampus, striatum, midbrain and cerebellum. (see previous regional data for
samples sizes). *p<0.05, #p=<0.01, @p=<0.001. Violin plots show median represented by the
solid line, upper and lower quartiles are represented by dotted lines. Line graphs show mean
+ SEM.
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