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The transcriptional coactivator peroxisome proliferator-activated receptor 7y coactivator 1o (PGC-1c) is a master regulator of metabo-
lism in peripheral tissues, and it has been proposed that PGC-1« plays a similar role in the brain. Recent evidence suggests that PGC-1«
is concentrated in GABAergic interneurons, so we investigated whether male and female PGC-1oc —/— mice exhibit abnormalities in
interneuron gene expression and/or function. We found a striking reduction in the expression of the Ca** -binding protein parvalbumin
(PV),but not other GABAergic markers, throughout the cerebrum in PGC-1a +/— and —/— mice. Furthermore, PGC-1c overexpression
in cell culture was sufficient to robustly induce PV expression. Consistent with a reduction in PV rather than a loss of PV-expressing
interneurons, spontaneous synaptic inhibition was not altered in PGC-1ae —/— mice. However, evoked synaptic responses displayed less
paired-pulse depression and dramatic facilitation in response to repetitive stimulation at the gamma frequency. PV transcript expression
was also significantly reduced in retina and heart of PGC-1oe —/— animals, suggesting that PGC-1c is required for proper expression of
PV in multiple tissues. Together these findings indicate that PGC-1a is a novel regulator of interneuron gene expression and function and

a potential therapeutic target for neurological disorders associated with interneuron dysfunction.

Introduction

Locally projecting interneurons that release the inhibitory neu-
rotransmitter GABA are arguably the most diverse cell popula-
tion in the brain (Markram et al., 2004; Danglot et al., 2006).
While certain interneuron subsets are preferentially affected in
psychiatric (Lewis and Gonzalez-Burgos, 2008) and developmen-
tal (Di Cristo, 2007) disorders, only a limited number of tran-
scriptional cues by which specific interneuron populations
mature and function during early postnatal brain development
have been identified. We have previously found that the tran-
scriptional coactivator peroxisome proliferator-activated receptor y
coactivator lae (PGC-1a) is selectively localized to interneuron
nuclei by the second week of postnatal life (Cowell et al., 2007).
However, little is known about the function of PGC-1a in this
neuronal population.

In non-neuronal tissues, PGC-1a has been coined the “master
regulator of metabolism” based on its ability to induce gene pro-
grams controlling mitochondrial biogenesis and antioxidant
production (Lin et al., 2005). PGC-1a is highly expressed in tis-
sues with high energy demands, such as brown adipose tissue
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(BAT), heart, liver, skeletal muscle, and brain (Puigserver et al.,
1998), and PGC-1« is robustly induced under physiological con-
ditions of cold in BAT, fasting in liver, and exercise in skeletal
muscle. Key to PGC-1a’s differential effects in specific tissues is
its ability to coactivate a wide array of transcription factors. As a
transcriptional coactivator, PGC-1a facilitates the interactions of
transcription factors and their activating proteins to form func-
tional DNA-binding complexes. Thus, its downstream targets are
dependent on coexpressed transcription factors.

Accumulating evidence suggests that PGC-1a plays a role in
neuroprotection by activating genes involved in reactive oxygen
species metabolism (St-Pierre et al., 2006; Cowell et al., 2009).
Adult mice lacking PGC-1a exhibit severe neurodegeneration
throughout the striatum, cortex, and hippocampus and manifest
behavioral abnormalities reminiscent of neurological disorders
(Lin et al., 2004; Leone et al., 2005). Reductions in PGC-1a have
been observed in brain and muscle from patients with Hunting-
ton disease (HD) (Cui et al., 2006; Weydt et al., 2006; Chaturvedi
etal., 2009), potentially due to pathogenic interactions of mutant
huntingtin with transcriptional regulators of PGC-1« (Cui et al.,
2006). In addition, PGC-1a may be involved in the pathologies of
Alzheimer’s disease (Qin et al., 2009) and Friedreich’s ataxia
(Marmolino and Acquaviva, 2009). However, given its develop-
mental regulation, we hypothesized that analyses of GABAergic
gene expression and function during the first month of life in
PGC-1a —/— mice would reveal primary downstream targets for
PGC-1a in the brain.

To test our hypothesis, we evaluated the expression of a bat-
tery of GABAergic markers using region-specific quantitative
RT-PCR and immunohistochemistry. We also investigated alter-
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ations in GABAergic synaptic transmission with whole-cell elec-
trophysiology. We found that PGC-1« is required for mRNA and
protein expression of the Ca®"-binding protein parvalbumin
(PV) throughout the cerebrum, and abnormalities in inhibitory
signaling are consistent with loss of PV from perisomatic
GABAergic terminals. These studies have revealed a unique role
for PGC-1a in interneuron gene expression and function and
suggest that disruptions in PGC-1a expression could have pro-
found consequences for interneuron function.

Materials and Methods

Animals. All experimental protocols were approved by the Institutional
Animal Care and Use Committee of the University of Alabama at Bir-
mingham. Two independent lines of PGC-1a knock-out mice (Lin et al.,
2004; Leone et al., 2005) were maintained on a C57BL/6] genetic back-
ground and housed two to five in a cage at 26 * 2°C room temperature
with food and water ad libitum. PGC-1a +/+, +/—, and —/— mice were
obtained from offspring of PGC-1a +/— 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.

Immunohistochemistry. Animals were anesthetized with a mixture of
ketamine (60 mg/kg) and xylazine (5 mg/kg) and perfused intracardially
with PBS, pH 7.4, and 4% paraformaldehyde in PBS. Brains were re-
moved, postfixed in 4% paraformaldehyde for 24-72 h, cryoprotected 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 wm, mounted onto charged slides
(Fisher), and allowed to dry overnight before freezing at —80°C. 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 parvalbu-
min (Sigma) and GAD67 (Millipore Bioscience Research Reagents) re-
quired antigen retrieval by incubation in citrate buffer (10 mwm citric acid,
pH 6.0) at 37°C for 10 min and room temperature for 20 min and then
washing in PBS. Sections were then incubated in the primary antibody
overnight with 5% serum from the host of the secondary antibody in PBS
with Triton X-100 (PBST; Sigma) at 4°C. Slides were washed in PBST and
PBS and incubated for 1 h at room temperature with the corresponding
secondary antibody with 5% serum for the host of the secondary anti-
body in PBST. Slides were washed in PBST, peroxidase quenched with
0.3% hydrogen peroxide in methanol, and incubated with horseradish
peroxidase-labeled avidin-biotin complex (Vector Laboratories) for 30
min. After washes in PBS, antibody binding was visualized with diami-
nobenzamide (Vector Laboratories), and sections were dehydrated in
graded ethanols and xylenes and mounted with nonaqueous mounting
media. Selected images were captured using a SPOT camera and software
system (Diagnostic Instruments) attached to a Leica DM5000B micro-
scope (Leica) with 4X, 10X, 20X, and 60X objectives, and images were
imported into Adobe Photoshop CS3 (Adobe) for adjustments to con-
trast and brightness.

Gene expression analyses. Mice were anesthetized with a mixture of ket-
amine (60 mg/kg) and xylazine (5 mg/kg) before they were killed by decap-
itation. Brains were rapidly removed and dissected by gross anatomical
markers. Eyes, hearts, and mixed-type skeletal muscle from quadriceps fem-
oris were also removed. Tissue pieces were collected in centrifuge tubes, flash
frozen on dry ice, and stored at —80°C. At least 12 h before homogenization,
RNAlater-ICE (Ambion) cooled to —80°C was added to tissue pieces on dry
ice, and samples were stored at —20°C. RNA was isolated by the Trizol
method following the manufacturer’s instructions (Invitrogen). Briefly, tis-
sue was homogenized with Tissue-Tearor (Biospec) in Trizol reagent. RNA
was isolated using chloroform-isopropanol, and concentrations were quan-
tified at A260. 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). Tagman PCR was performed with JumpStart Tag
Readymix (Sigma) and Applied Biosystems primers for PGC-1a (cat-
alog no. Mm00447183_m1), GAD67 (Mm00725661_s1), GAD65
(Mm00484623_m1), parvalbumin (MmO00443100_m1), calbindin
(MmO00486645_m1), calretinin (MmO00801461_m1), somatostatin
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(Mmo00436671_m1), cholecystokinin (MmO00446170_m1), KV3.1
(Mm00657708_m1), manganese superoxide dismutase (MnSOD)
(MmO01344233_gl), glucose transporter 4 (Glut4) (Mm00436615_m1), mi-
tochondrial transcription factor A (Tfam) (Mm00447485_m1), mitofusin 2
(Mfn2) (Mm00500120_m1), and B-actin.

Human-specific primers for SH-SY5Y experiments (see below) in-
cluded primers for parvalbumin (Hs00161045_m1) and 18S rRNA
(Hs99999901_s1). Reactions were performed with an initial ramp time of
2 min at 50°C and 10 min at 95°C and 40 subsequent cycles of 15 s at 95°C
and 1 min at 60°C. Relative concentrations of the genes of interest were
calculated in comparison to a standard curve made with 1:5, 1:10, and
1:20 dilutions of ¢cDNA from a +/+ littermate control. Values were
normalized to B-actin values for the same sample and then expressed as
fold of the averaged values for +/+ mice = SEM.

Cell culture experiments. SH-SY5Y neuroblastoma cells were trans-
fected using an adenovirus encoding green fluorescent protein (GFP)
alone or GFP and PGC-1« in tandem (see Cowell et al., 2009). Cells were
collected 48 hlater in Trizol reagent (n = 4/group), and RNA was isolated
as above. Representative data are shown from one of three replicate
experiments.

Whole-cell recordings. Mice (P25-P36) were killed by decapitation un-
der isoflurane anesthesia. Brains were placed in ice-cold artificial CSF
(ACSF) containing the following (in mm): 110 choline chloride, 26
p-glucose, 2.5 MgCl,, 2.5KCl, 1.25 Na,PO,, 0.5 CaCl,, 1.3 Na-ascorbate,
3 Na-pyruvate, and 25 NaHCOj;, bubbled with 95% O,/5% CO,, and
350-wm-thick hippocampal slices were prepared using a vibratome
(Vibratome 3000EP). Slices were incubated at 37°C for ~30 min in re-
cording solution containing the following (in mm): 125 NaCl, 2.5 KCl,
1.25 Na,PO,, 2 CaCl,, 1 MgCl,, 25 NaHCO3, and 25 p-glucose bubbled
with 95% O,/5% CO,, then transferred to room temperature in the same
solution. Slices were superfused continuously with oxygenated recording
ACSF at room temperature. Whole-cell patch-clamp recordings were
acquired from visually identified mature granule cells of the dentate
gyrus using Dodt optics on an upright microscope (Olympus BX51).
Cells were voltage clamped at —70 mV, using an internal solution con-
taining the following (in mm): 129 CsCl, 2 MgCl,, 10 EGTA, 10 HEPES,
3 Na-ATP, 0.3 GTP, and 2 QX-314, pH 7.2. Pipette tip resistance was 3—4
M), and series resistances were <15 M(). Voltage-clamp recordings
were obtained using a Multiclamp 700B amplifier (Molecular Devices),
filtered at 2 kHz, and digitized at 10 kHz. Input resistance and series
resistance were monitored by applying a 5 mV voltage step, and data were
discarded when series resistance changed by >20%. Spontaneous and
evoked IPSCs were pharmacologically isolated with NBQX (10 um) and
D-APV (50 uMm). Analysis of spontaneous IPSCs (sIPSCs) was performed
using the event detection package with a variable amplitude template in
AxoGraphX (Axograph Scientific). All sIPSCs that fit the template and
passed visual inspection were included in the analysis. A patch pipette
filled with recording solution was used to focally stimulate at the border
of the granule cell layer and inner molecular layer. To calculate the
paired-pulse ratio, the amplitude of the second IPSC was measured rel-
ative to the baseline set immediately before the second stimulus. The
decay of IPSCs was fit with two exponentials and the weighted decay 7
was calculated from the equation A, 7, + A,7,, where A is the relative
amplitude of each component and 7 is its time constant. NBQX (1,2,3,4-
tetrahydro-6-nitro-2,3-dioxo-benzo(f]quinoxaline-7-sulfonamide), APV
(pL-2-amino-5-phosphonovaleric acid), and picrotoxin (PTX) were diluted
from stock solutions to final concentrations in ACSF. All drugs were from
Tocris Bioscience.

Field potential recordings. Animals were killed under isoflurane anes-
thesia using a rodent guillotine. The brain was immersed in ice-cold
cutting saline [CS (in mm): 110 sucrose, 60 NaCl, 3 KCl, 1.25 NaH,PO,,
28 NaHCO;, 0.5 CaCl,, 7 MgCl,, 5 glucose, and 0.6 ascorbate]. Trans-
verse hippocampal slices (400 wm) were prepared with a Vibratome (The
Vibratome Company) and equilibrated in a mixture of 50% CS and 50%
ACSF (in mm: 125 NaCl, 2.5 KCl, 1.25 NaH,PO,, 25 NaHCO,, 2 CaCl,,
1 MgCl,, and 25 glucose) at room temperature. Slices were further equil-
ibrated in 100% ACSF for 45 min at room temperature, followed by a
final incubation in 100% ACSF at 32°C for 1 h. Oxygenated ACSF
(95%/5% 0O,/CO,) was perfused into an interface recording chamber
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Figure 1.

(Fine Science Tools) at a rate of 1 ml/min. Extracellular stimuli were
administered on the border of areas CA3 and CA1l along the Schaffer
collaterals using Teflon-coated, bipolar platinum electrodes. fEPSPs
were recorded in stratum radiatum with an ACSF-filled glass recording
electrode (1-3 M()). Experimental stimuli were set to an intensity that
evoked a fEPSP that had a slope of 50% of the maximum fEPSP slope.
Long-term potentiation (LTP) was induced with two 100 Hz tetani (1 s)
with an interval of 20 s between tetani. Synaptic efficacy was monitored
0.5 h before and 3 h following induction of LTP by recording fEPSPs
every 20 s (traces were averaged for every 2 min interval). All electrophys-
iological recordings and analysis was performed blind to the genotype.

Statistical analysis. For gene expression studies, one-way ANOVAs
were used to analyze each gene of interest with genotype (mouse exper-
iments) or multiplicity of infection (cell culture experiments) as the in-
dependent variable and gene expression as the dependent variable. Post
hoc analyses were performed using two-tailed ¢ tests. For electrophysio-
logical recordings, statistical differences were determined with one-tailed
ttests or, if the data failed tests for normality, Mann—Whitney U tests. For
all tests, a = 0.05.

Results

PGC-1ais required for PV protein and transcript expression
throughout the cerebrum

To initially determine whether specific subtypes of GABAergic
neurons were affected in PGC-1a-deficient animals, we evalu-
ated the intensity and distribution of GAD67 and several
subtype-specific GABAergic markers in +/+, +/—, and —/—
littermates (Lin et al., 2004) throughout the lifespan. Drastic re-

Loss of PV immunoreactivity throughout the cerebrum in PGC-1ce —/— mice. Immunohistochemistry with an
antibody specific to PV was conducted on 20 um sagittal and coronal brain sections from PGC-Tex +/4 and —/— littermates.
A, Low-magpnification photos in the sagittal plane demonstrate a striking absence of PV immunoreactivity in —/— animals
compared to +/+ littermates throughout the cortex (arrowheads), hippocampus, and basal ganglia (nuclei shown by arrows).
B, Low-magpnification photos in the coronal plane reveal that loss of PV immunoreactivity was not uniform across the cerebrum.
Motor cortex (arrows) was more affected than parietal cortex (arrowheads). This differential loss was more pronounced in posterior
(bottom panels) than anterior (top panels) brain regions. C, Representative higher-magnification photos show that the dentate
gyrus of —/— animals was devoid of PV-labeled cell bodies (arrowheads). Some preservation of labeled cell bodies was observed
in other areas of hippocampus such as the CA4 region (arrows). n = 3/group. Scale bars, T mm.
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ductions in immunoreactivity for the
interneuron-specific Ca®"-binding pro-
tein PV were noted in +/— and —/—
compared to +/+ animals (Fig. 1), while
no major changes were apparent in any
other protein tested (data not shown).
Lack of PV protein was apparent as early
as P14 (data not shown), when cortical
protein expression was first observed in
+/+ mice, and was more pronounced by
P30, when protein expression reaches
adult levels. Decreased staining was still
evident in adult animals (9 months of age;
data not shown).

Interestingly, deficiencies in PV im-
munoreactivity were most pronounced in
brain regions originating from the telen-
cephalon, including the hippocampus,
cortex, and basal ganglia, while PV ex-
pression in the thalamus, cerebellum, and
hindbrain appeared to be unaffected (Fig.
1A). Even subregions within the cere-
brum did not exhibit homogenous loss of
PV immunoreactivity. For instance, while
PV staining intensity was greatly reduced
in all areas of cortex, posterior regions ap-
peared to be more affected than anterior
regions, and while most cortical regions
exhibited virtually no PV, some PV im-
munoreactivity was still present in parietal
cortex (Fig. 1 B). At higher magnification,
it was clear that PV immunoreactivity was
reduced in both cell bodies and processes
(Fig. 1C).

General immunostaining observations
were confirmed at the transcript level with
region-specific q-RT-PCR in PGC-la
+/+, +/—, and —/— littermates at P30. Regions for transcript
analyses were chosen based on immunohistochemistry observa-
tions, and q-RT-PCR was conducted on total RNA isolated from
discrete anatomical regions. As expected, PGC-1a transcript was
reduced ~50% of +/+ levels in +/— animals and undetectable
in —/— animals (supplemental Fig. 1, available at www.jneurosci.
org as supplemental material). We found significant differences
in PV transcript expression among genotypes in the hippocam-
pus (F,17) = 24.95, p = 8.77 X 10~°), cortex (F, ;) = 21.31,
p =2.34 X 10 ), and striatum (F, ;) = 5.28, p = 0.02) but not
the cerebellum (Fig. 2A). Significant decreases in PV expression
were found in +/— and —/— compared with +/+ animals in the
hippocampus, cortex, and striatum (two-tailed # tests, p < 0.05).
PGC-1a —/— animals also had significantly decreased PV ex-
pression compared with +/— animals in the hippocampus and
cortex (two-tailed ¢ tests, p << 0.05), indicating a dose-dependent
relationship between PGC-1a and PV transcript expression in
these areas. In fact, simple linear regressions revealed that
PGC-1a transcript expression significantly predicted PV tran-
script expression in the hippocampus (b = 0.74, t(,4, = 5.83,p =
1.58 X 10 ), cortex (b = 0.84, f;9) = 7.53,p = 5.76 X 107,
striatum (b = 0.50, t,9) = 2.92, p = 0.009), and cerebellum (b =
0.21, £, = 2.21, p = 0.04).

Because these findings demonstrated a tight correlation
between PGC-1la and PV expression within these regions, we
examined PGC-la and PV transcript expression in the hip-
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Figure2. PGC-1aeis necessary and sufficient for neural expression of PV. 4, Region-specific

g-RT-PCRwas conducted on homogenates of hippocampus, cortex, striatum, and cerebellum of
PGC-1e +/+, +/—,and —/— mice. Significant decreases in PV transcript expression were
found in PGC-1ex +/— and —/— compared to +/+ mice in the hippocampus, cortex, and
striatum but not the cerebellum. In the hippocampus and cortex, PV expression in —/— ani-
mals was significantly decreased compared to +/— animals, indicating a dose-dependent
relationship between PGC-Tcx and PV. B, The dose-dependent decreases in PGC-1ce and PV
transcript expression were replicated in the hippocampus of a separate line of PGC-1ce-deficient
animals (Leone et al., 2005). Values for mRNA abundance were normalized to actin and pre-
sented as fold +/+ == SEM. Group sizes (n) are indicated on the bars. C, PV expression was
robustly induced in neuroblastoma cells transfected with an adenovirus (AdV) for PGC-1cx (mul-
tiplicity of infection 10:1 and 20:1, n = 4/group) as compared to cells transfected with GFP
alone. Values for mRNA abundance were normalized to 185 and presented as percentage max-
imal expression == SEM. One-way ANOVA was used, followed by two-tailed ¢ tests. *p << 0.05,
**p < 0.01, ***p < 0.005.

pocampus of a second independent line of PGC-1a-deficient an-
imals (Leone et al., 2005). We found significant differences
among genotypes in both PGC-1a (F, 5,y = 75.52, p = 1.40 X
10 '%) and PV (F(,,,, = 9.23, p = 0.001) transcript expression.
Again, expression of PGC-1a and PV was significantly different
among all genotypes (two-tailed t tests, p < 0.05), indicating a
dose-dependent relationship between PGC-1a and PV transcript
expression in this region (Fig. 2 B).

Overexpression of PGC-1a in neuroblastoma cells robustly
induces PV expression

We transfected SH-SY5Y neuroblastoma cells with either an ad-
enovirus for green fluorescent protein or PGC-1a (10:1 or 20:1
multiplicities of infection) and found a significant effect of
PGC-1la overexpression on PV transcript expression (F,q, =
18.78, p = 0.0006) (Fig. 2C). These results indicate that PGC-1a
is sufficient to induce PV in cultured cells and suggest that
PGC-1a may be a component of the transcriptional machinery
required for PV expression.
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Figure 3.  Other GABAergic markers are unaffected by loss of PGC-1c in the hippocampus.
A, Immunohistochemistry with an antibody specific to GAD67 was conducted on 20 m sagittal
and coronal brain sections from PG(-Tax +/+ and —/— littermates. Representative high-
magpnification photos of the dentate gyrus in the coronal plane demonstrate thatimmunoreac-
tivity for GAD67 (arrowheads) was not observably different in intensity or distribution between
+/+ and —/— animals. n = 3/group. B, Region-specific -RT-PCR was conducted on ho-
mogenates of gross anatomical dissections of hippocampus of PGC-1ac +/+, +/—, and
—/— mice. Transcript expression of GAD67, GAD65, and the PV-interneuron-specific potas-
sium transporter KV3.1 was not significantly different among genotypes. C, Expression of other
interneuron-specific transcripts was not significantly altered among genotypes. Values for
mRNA abundance were normalized to actin and presented as fold +/+ == SEM. Group sizes (n)
are indicated on the bars. One-way ANOVAs were used, and no significant differences were
found.

Other GABAergic markers in the hippocampus are unaffected
by loss of PGC-1«

To determine whether the reduction in PV transcript and protein
expression was attributable to a loss of interneurons in PGC-1a-
deficient animals, we investigated the expression of several other
GABAergic markers. The hippocampus was specifically chosen as
a model region because of the drastic deficiency of PV in —/—
and +/— animals in this region. Immunoreactivity for the
pan-GABAergic marker GAD67 was not altered in intensity or
distribution in any area of the hippocampus. Even in the dentate
gyrus, an area devoid of PV staining, labeling for GAD67 ap-
peared to be comparable among genotypes (Fig. 3A). Using
region-specific ¢-RT-PCR, we then measured transcript expres-
sion of GAD67 and GADG65 in this region and found no signifi-
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Figure 4.  Metabolic gene targets are not affected in the hippocampus of PGC-1ae —/—

animals. PGC-Ta metabolic gene targets MnSOD, Mfn2, Tfam, and Glut4 were analyzed in
homogenates of gross anatomical dissections of the hippocampus and cerebellum by region-
specificg-RT-PCRin PGC-1c¢ +/+, +/—,and —/— littermates. 4, No significant differences
were found for these targets in the hippocampus. B, Transcript expression of MnSOD and Mfn2
was significantly decreased in —/— compared to +/+ mice in the cerebellum. Values for
mRNA abundance were normalized to actin and presented as fold +/+ = SEM. Group sizes (n)
areindicated on the bars. One-way ANOVA was used, followed by two-tailed ¢ tests. *p << 0.05,
*¥p <0.01.

cant differences among genotypes (Fig. 3B). Of note, transcript
expression of KV3.1, a potassium channel concentrated specif-
ically in PV-positive neurons, was also unaltered in +/— and
—/— animals. To investigate whether loss of PV was compen-
sated by increases in other types of Ca**-binding proteins or
neuropeptides expressed by interneurons in the hippocampus,
we measured transcript expression of calbindin, calretinin, cho-
lecystokinin, and somatostatin and found no significant differ-
ences among genotypes (Fig. 3C).

Metabolic gene targets are not affected in the hippocampus of
PGC-1a —/— animals

We next investigated whether well established metabolic gene
targets of PGC-1a were altered in the brain of PGC-1a-deficient
animals. We used region-specific -RT-PCR to analyze transcript
expression of the previously identified neural targets of PGC-1a
(Cowell et al., 2009) MnSOD, Mfn2, Tfam, and Glut4 in the
hippocampus and cerebellum of PGC-1ae —/—, +/—, and +/+
littermates. In stark contrast to the sharp decline of PV expres-
sion, PGC-1a loss did not affect the expression of these metabolic
genes in the hippocampus at this age (Fig. 4A). As PGC-la is
expressed in low levels in the hippocampus, we also measured
these targets in the cerebellum, the brain region with the highest
expression of PGC-1a (Cowell et al., 2007). We found significant
differences in expression of MnSOD (F, ;5) = 5.57,p = 0.02) and
Mifn2 (F,,5 = 4.47, p = 0.03) in this region. For both of these
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genes, the significant differences were found only between —/—
and +/+ animals (two-tailed £ tests, p < 0.05) (Fig. 4B).

Basal GABA release is unaffected by PGC-1« deficiency

In the brain, fast and precise release of GABA from PV-positive
interneurons is important for generating fast oscillatory activity
in hippocampus and cortex (Bartos et al., 2007). To examine
functional consequences of PV loss, we first evaluated basal
GABA release in PGC-1a +/+ and —/— mice by measuring
sIPSCs in dentate granule cells (Fig. 5A). There was no difference
in sIPSC frequency or amplitude between genotypes. The fre-
quency of sSIPSCs was 8.4 = 1.4 Hz in +/+ mice (n = 16) com-
pared to 7.6 = 1.0 Hz in —/— mice (n = 13), and the average
amplitude of sIPSCs was 69 = 8 pA in +/+ mice compared to
56 * 5 pA in —/— mice. The similarity in the frequency and
amplitude of sIPSCs between genotypes confirmed that deletion
of PGC-1a does not reduce the total number of GABAergic syn-
apses or the overall level of spontaneous GABA release. The half-
width of sIPSCs was unaltered (7.9 = 0.2 ms in +/+ mice and
7.8 = 0.3 ms in —/— mice), but the 20—80% rise time of sIPSCs
tended to be slower in —/— mice (1.5 = 0.09 ms compared to
1.3 = 0.08, p = 0.05), possibly suggesting that more distal syn-
apses make a larger contribution to sIPSCs in the absence of
PGC-1a.

PGC-1a —/— mice exhibit less paired-pulse depression

Since PV controls short-term plasticity of GABA release by shap-
ing the time course of the presynaptic Ca** transient (Caillard et
al., 2000; Collin et al., 2005), we next tested the paired-pulse ratio
of IPSCs evoked by focal stimulation of perisomatic inhibitory
terminals in the granule cell layer. Consistent with reduced
paired-pulse depression of IPSCs in PV —/— mice (Caillard et al.,
2000), loss of PV in the dentate gyrus was associated with signif-
icantly less paired-pulse depression at short interstimulus inter-
vals (Fig. 5B). There was no difference in the average amplitude of
evoked IPSCs (813 = 75 pA in +/+ mice, n = 12, and 729 = 49
PA in —/— mice, n = 12), and the 20—80% rise times of evoked
IPSCs were also not different between genotypes (1.45 * 0.24 ms
in +/+ mice and 1.87 = 0.29 ms in —/— mice). Interestingly, the
weighted decay 7of evoked IPSCs was significantly slower in —/—
mice (37 = 3 ms compared to 30 £ 1.5ms in +/+ mice, p = 0.04)
(supplemental Fig. 2 A, available at www.jneurosci.org as supple-
mental material), an effect that could result from delayed release
events that appeared as inflections on the decay phase of the
IPSC. Supporting this possibility, delayed synaptic events were
apparent in individual traces from most cells in —/— mice, and
the average number of delayed release events per cell was greater
in —/— mice compared to +/+ mice ( p = 0.007) (supplemental
Fig. 2B, available at www.jneurosci.org as supplemental mate-
rial). Delayed release events in —/— mice were not due to differ-
ences in the rate of sSIPSCs between genotypes but rather could
reflect a greater contribution of non-PV-expressing terminals
that display asynchronous GABA release (Hefft and Jonas, 2005).

Repetitive stimulation at the gamma frequency enhances
GABA release

PV-expressing fast spiking basket cells play a key role in generat-
ing gamma-frequency oscillations (Bartos et al., 2007). We thus
tested whether GABA release in response to gamma-frequency
stimulation is altered in PGC-1aw —/— mice. Stimulation trains
(500 ms duration) at 40 Hz delivered to axons surrounding gran-
ule cell soma caused depression of GABA release throughout the
train in +/+ mice, measured by the normalized amplitude of the
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last IPSC in the train (0.53 = 0.05, n =
12). In —/— mice, however, there was a
robust increase in GABA release during
the train (normalized last amplitude,
1.37 = 0.26,n = 12, p = 0.002) (Fig. 6A),
as well as a significant increase in the total
charge during the train (942 = 186 A - sin
—/— mice compared to 328 = 28 A s in
+/+ mice, p = 0.001) (Fig. 6 B). Consis-

A +/+

PTX
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/-
PTX

tent with PV contributing to the synchro-
nicity of GABA release (Hefft and Jonas,
2005), asynchronous release was evident
in individual traces during 40 Hz train
stimulation in —/— mice, whereas release
was highly synchronous in +/+ mice
(Fig. 6C). We quantified asynchronous
release after the train (i.e., delayed release) -/-
by normalizing the amplitude of the last
IPSC in the averaged response and then
measuring the area from the last stimulus
to the end of the recorded episode. The area
after the train was significantly greater in
—/— mice (166 = 7 pA - ms compared to
87 = 8 pA - ms, p = 0.001, data not shown),
suggesting that there is enhanced delayed re-
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Ablation of PGC-1cxalters short-term plasticity of evoked IPSCs but not basal GABA release. 4, Representative traces of sIPSCs

lease. Altogether these results demonstrate
that the short-term plasticity and the syn-
chrony of GABAergic signaling are im-
paired in PGC-1a —/— mice in a manner
consistent with the loss of PV from periso-
matic inhibitory terminals.

PGC-1a —/— mice exhibit reduced
long-term potentiation

We expected that enhanced GABA release
following train stimulation could impair the
induction of long-term plasticity at excita-
tory synapses. Consistent with this idea, the
magnitude of LTP induced by 100 Hz train
stimulation at CA1 Schaffer collateral syn-
apses was reduced in PGC-la —/— mice
(p = 0.005) (supplemental Fig. 3A, avail-
able at www.jneurosci.org as supplemental
material). Importantly, no changes were ob-
served in the input/output function or the

(blocked by the GABA, receptor antagonist PTX) in +/+ and —/— animals. Quantification of spontaneous IPSCs revealed that the IPSC
frequency and amplitude were not different between genotypes. B, Paired-pulse depression was reduced in PGC-1ce —/— mice. Example
IPSCs are the average of 15 traces with stimulus artifacts blanked for clarity (left). Reduced paired-pulse depression was seen at the 20 and
30 msinterstimulus intervals (right, n = 12 per interval). Mann—Whitney U tests. *p << 0.05.

A B C +/+

300 ms

Figure6. Repetitive stimulation at the gamma frequency enhances GABA release. Stimulation trains (500 ms duration) at 40 Hz
delivered to axons surrounding the somas of mature granule cells resulted in robust increases in GABA release in PGC-1a —/—
mice. A, The amplitude of the last IPSCin the train (gray dotted lines) was significantly largerin —/— compared to +/+ animals.
Reponses were normalized to the peak amplitude of the first IPSC (black dotted line). B, Total charge during the train (gray area)
was also significantly increased in —/— compared to +/+ mice. Traces shown in A and B are the average normalized response
fromall 12 cellsin +/+ and —/— mice. C, Asynchronous release was apparentin individual IPSCs during and after the 40 Hz train
in recordings from —/— mice. Seven individual episodes from one cell in a +/+ and —/— mouse are overlaid.

paired-pulse ratio of evoked excitatory field

responses (supplemental Fig. 3B,C, avail-

able at www.jneurosci.orgas supplemental material), suggesting that
excitatory synaptic transmission was normal. These results further
suggest that there is a selective dysregulation of inhibitory synaptic
transmission in PGC-1a-deficient mice.

PGC-1a regulates PV in a tissue-specific manner

As PV is not exclusively expressed in the brain, we questioned
whether PV expression in peripheral tissues was also affected by
loss of PGC-1a. PGC-1a is abundantly expressed in heart and
skeletal muscle (Puigserver et al., 1998), and these tissues express
PV as well (Heizmann et al., 1982; Vongvatcharanon et al., 2008).
We also wanted to investigate the expression of PV in the retina;
although the expression of PGC-1a has not yet been examined in the
retina, PV is found in AIl amacrine cells (Wissle et al., 1993). Using
q-RT-PCR, we measured transcript expression of PGC-1a and PV
in retina, heart, and mixed-type skeletal muscle of PGC-1a +/+,

+/—, and —/— littermates at P30. Significant differences among
genotypes were found for expression of PGC-1a in retina (F, ;7 =
33.94,p = 1.16 X 10 °), heart (F, ,5) = 107.31,p = 2.17 X 10~ '?),
and skeletal muscle (F, ;;, = 32.88, p = 1.44 X 10 °) (Fig. 7A). In
retina and heart, PGC-1a transcript expression differed among all
genotypes (two-tailed t tests, p < 0.05); however, in skeletal muscle,
expression of PGC-1a did not differ between +/+ and +/— ani-
mals, suggesting some compensation in the remaining allele in +/—
mice. Expression of PV was significantly different among genotypes
in the retina (F, ,,, = 5.51, p = 0.01) and heart (F, ,3, = 5.73,p =
0.01) but not skeletal muscle, consistent with the fact that PGC-1a is
primarily expressed in slow-twitch muscle fibers (Lin et al., 2002),
while PV is expressed in fast-twitch muscle fibers (Celio and
Heizmann, 1982). In the retina, decreases in PV expression were found
in +/— and —/— compared to +/+ mice; whereas, in the heart,
decreases were in —/— compared to +/+ and +/— mice (Fig. 7B).
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Figure7. PGC-1cxregulates PVinatissue-specificmanner. Transcript expression was analyzed by

g-RT-PCR in homogenates of retina, heart, and skeletal muscle taken from PGC-1cx +/+, +/—,
and —/— mice. A, Transcript expression of PGC-1cx significantly differed among all genotypesin the
retina and heart, but only —/— mice differed from +/+ and +/— mice in skeletal muscle.
B, Decreased PV transcript expression was found in —/— mice compared with +/+ and +/—
mice in the retina and heart. €, Cardiac expression of MnSOD and Tfam was decreased in —/— mice
compared to +/+ and +/— mice. Values for mRNA abundance were normalized to actin and
presented as fold +/+ == SEM. Group sizes (n) are indicated on the bars. One-way ANOVA was used,
followed by two-tailed ¢ tests. *p << 0.05, **p << 0.01, ***p << 0.005.

To investigate whether PV was decreased to a similar extent as
traditional PGC-1a gene targets, expression of MnSOD, Mfn2,
Glut4, and Tfam was also analyzed in the heart (Fig. 7C). Signif-
icant differences among genotypes were found in transcript ex-
pression for MnSOD (F,,;) = 12.06, p = 0.0003) and Tfam
(Fa,03) = 11.95, p = 0.0003). Decreases in —/— compared to
+/+ and +/— mice accounted for these differences for both
transcripts. Of note, PV expression (41 = 6% of +/+) in the
heart of —/— mice was decreased to an extent similar to MnSOD
(63 = 4% of +/+) and Tfam (61 = 5% of +/+).
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Discussion

Previous work has demonstrated that PGC-1calocalizes to the nuclei
of GABAergic interneurons by the second week of postnatal life dur-
ing the maturation of the rodent brain (Cowell et al., 2007). To
elucidate the roles of PGC-1« in this neuronal population, we mea-
sured the expression of a variety of GABAergic protein and gene
targets in mice lacking PGC-1a. We found a striking and selective
reduction in expression of the Ca**-binding protein PV in PGC-1a
+/— and —/— mice within the first month of life. Expression of
other interneuron-specific transcripts, such as GAD67, GAD65, cal-
bindin, calretinin, cholecystokinin, and somatostatin, was not signif-
icantly affected at this age, leading us to the hypothesis that the
PV-expressing interneuron population was still present but lacking
PV. This hypothesis was supported by our electrophysiological in-
vestigations in the dentate gyrus of the hippocampus, which dem-
onstrate that basal GABA release was not affected (GABAergic
terminals still intact) but that GABA release was enhanced with gamma-
frequency stimulation, as seen in a PV —/— animals (see below).

Interestingly, loss of PV expression was limited to the hippocam-
pus, cortex, and basal ganglia. PV interneurons, as well as those
containing somatostatin, in the hippocampus, cortex, and striatum
are thought to rise from progenitors in the medial ganglionic emi-
nence during embryonic development and tangentially migrate to
these regions (Marin et al., 2000; Danglot et al., 2006; Wonders and
Anderson, 2006). However, due to the postnatal induction of
PGC-1a expression (Cowell et al., 2007), it is unlikely that PGC-1a
mediates fate determination of interneurons. Rather, our studies of
GABAergic abnormalities in the hippocampus suggest that PGC-1a
regulates the expression of PV within PV interneurons rather than
PV-interneuron differentiation or migration. First, loss of PV pro-
tein and transcript expression is not accompanied by decreases in the
pan-GABAergic marker GAD67 or changes in spontaneous inhibi-
tory signaling, which would be expected if an entire population of
interneurons were absent. Second, we do not observe changes in
expression of the PV-interneuron-specific potassium channel KV3.1
(Chow et al., 1999; Rudy and McBain, 2001), and we would predict
that KV3.1 expression would mirror changes PV expression if the
interneurons themselves were missing. Third, certain electrophysi-
ological changes in inhibitory signaling in PGC-1a —/— mice mimic
the changes observed in PV —/— animals, in which PV interneurons
are present but lack PV.

The dose-dependent decrease in PV transcript expression in the
hippocampus and cortex in PGC-1ae +/— and —/— animals sug-
gests that PGC-1a may directly regulate PV in these regions. In
accordance with this view, overexpression of PGC-la in a
neuroblastoma cell line robustly induced PV transcript expression in
a dose-responsive manner. As PGC-1a cannot directly bind DNA,
we speculate that the regional specificity of PV deficiency is due to
differential expression of transcription factors activated by PGC-1a.

PV is one of three Ca®"-binding proteins that, together
with calbindin and calretinin, are expressed in largely non-
overlapping populations of GABAergic neurons. Unlike calbi-
ndin and calretinin, PV has slow Ca”*-binding kinetics that
accelerate the initial fast decay phase of Ca®™ transients (Chard et
al., 1993; Lee et al., 2000). Paired-pulse modulation in PV —/—
animals reveals that loss of PV from presynaptic terminals
switches synapse phenotype from depressing to facilitating, an
effect attributed to PV speeding the fast component of the pre-
synaptic Ca®" transient to ensure a small-amplitude residual
component that minimizes facilitation and asynchronous release
(Caillard et al., 2000; Collin et al., 2005). We show that loss of
PGC-1a reduces paired-pulse depression of IPSCs only at short
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interstimulus intervals that are likely affected by the residual
component of the presynaptic Ca®" transient. The inhibitory
effect of PV on facilitation may be magnified during repetitive
stimulation at short interstimulus intervals, resulting in more
dramatic facilitation during gamma-frequency stimulation, sim-
ilar to the marked enhancement of postsynaptic inhibition upon
repetitive stimulation in PV —/— mice (Vreugdenhil et al., 2003).
In future studies, it would interesting to test whether other ab-
normalities in PV —/— mice, such as increased power of gamma
oscillations, are also present in PGC-1a —/— animals.

Slow Ca*" binding by PV is also predicted to slow the residual
component of the Ca®" transient that develops during repetitive
high-frequency stimulation (Collin et al., 2005). This slow compo-
nent drives delayed transmitter release and, accordingly, the dura-
tion of delayed GABA release at cerebellar synapses is reduced in
PV—/— mice (Collin et al., 2005). In contrast, we observed an
increase in asynchronous and delayed GABA release in PGC-1a
—/— mice. This discrepancy could stem from differences in Ca**
handling at the specific synapses tested. Significantly delayed GABA
release occurs at PV-positive inhibitory terminals in the cerebellum
(Collin et al., 2005). However, in the dentate gyrus, delayed release
occurs only at non-PV-positive basket cell terminals, whereas PV-
positive basket terminals display highly synchronous release (Heftt
and Jonas, 2005). Thus, loss of PV in the dentate gyrus would be
expected to enhance asynchronous release, mimicking release medi-
ated by non-PV-expressing perisomatic terminals. Overall, the loss
of PV is sufficient to underlie the alterations in short-term plasticity
and timing of GABA release that we observed in PGC-1a —/— mice.
However, we cannot rule out the possibility that changes in meta-
bolic activity within PV-expressing interneurons (see below) also
makes a contribution.

Unlike PV —/— animals, adult PGC-1a —/— mice (3—4 months
of age) have global reductions in key metabolic and antioxidant
genes, such as MnSOD (Lin et al., 2004; St-Pierre et al., 2006). Un-
expectedly, none of the traditional PGC-1a« target genes were altered
in +/— or —/— animals in the hippocampus at P30. As we and
others have found that overexpression of PGC-1a in vitro increases
the expression of key mitochondrial proteins in neural cell lines
(Cowell et al., 2009; Wareski et al., 2009), we suspect that PGC-1a
serves to regulate metabolic function within interneurons. However,
due to the fact that interneurons comprise such a small percentage of
the total cells in a homogenate, the cell-specific decreases in ubiqui-
tous transcripts are undetectable. Single-cell transcriptional studies
are required to determine whether metabolic targets are reduced
specifically in interneurons in PGC-1oe —/— animals.

In light of the reductions in MnSOD and other PGC-1a meta-
bolic targets in older PGC-1ca-deficient animals, it is possible that the
roles for PGC-1a become more important in cell types besides in-
terneurons as animals age. With age, PGC-1a-null mice develop
spongiform vacuolizations throughout the striatum, hippocampus,
and cortex (Lin et al., 2004; Leone et al., 2005). Interestingly, these
are the same regions that we observe blunted expression of PV, but it
is unlikely that loss of PV alone is sufficient to give rise to lesions.
Indeed, vacuolizations in PGC-1a-deficient animals are thought to
be predominantly localized to white matter tracts; accordingly, these
animals also exhibit reduced expression of myelin-associated oligo-
dendrocyte basic protein (Lin et al., 2004). Experiments involving
the cell-specific deletion of PGC-1e in different cell types, such as
interneurons and glia, are critical to identify the relative contribu-
tions of each cell population to the transcriptional, anatomical, and
behavioral phenotype in PGC-1a —/— mice.

A link between PV and PGC-1a is not that surprising consid-
ering the role of PGC-1a in the normal function of mitochon-

Lucas et al. ® PGC-1ce and Parvalbumin

dria, which act as temporary Ca?" stores and are thus involved
with the shaping of intracellular Ca®" transients (Gunter et al.,
2004). In muscle, chemically induced Ca?" influx increases
PGC-1a expression and PGC-1a-mediated mitochondrial bio-
genesis (Wu et al., 2002; Wright et al., 2007), and accumulating
evidence suggests that neural expression of PGC-1« is also gov-
erned by an activity-dependent Ca" pathway. Depolarization of
neurons by NMDA receptor activation or potassium chloride
increases PGC-1a expression (Meng et al., 2007), which can be
prevented by NMDA antagonists or Ca>* channel blockade, re-
spectively (Luo et al., 2009; Liang et al., 2010). Conversely, block-
ade of neuronal activity by tetrodotoxin or sensory deprivation
decreases PGC-1a expression in visual cortex (Liang and Wong-
Riley, 2006). While it is currently unknown whether Ca**-
mediated induction of PGC-la results in mitochondrial
biogenesis in neurons, an inverse relationship appears to exist
between PV and mitochondria in neurons such that overexpres-
sion of PV decreases mitochondrial density (Maetzler et al., 2004)
and loss of PV increases mitochondrial density (Chen et al.,
2006). Thus PGC-1a, PV, and mitochondria may coordinately
regulate Ca®" homeostasis in a cell-specific manner in the brain.

Of clinical relevance, decreased expression of PGC-la has
been reported in striatum and muscle from patients with HD
(Cui et al., 2006; Weydt et al., 2006; Chaturvedi et al., 2009).
While there are conflicting reports regarding the relative number
of PV-positive interneurons in postmortem tissue from HD pa-
tients (Cicchetti et al., 2000), animal models clearly implicate the
involvement of PV interneurons in HD pathology. Intranuclear
inclusions of mutant huntingtin (mtHtt) have been localized to
86% of PV-positive interneurons in the striatum in the R6/2
mouse model (Kosinski et al., 1999; Meade et al., 2002), and PV
mRNA and protein expression is also reduced in these animals
(Luthi-Carter et al., 2002; Giampa et al., 2009). Others have dem-
onstrated that mtHtt expression in GABAergic interneurons is
required for HD-related pathology in the cortex (Gu et al., 2005),
and detailed electrophysiological characterization of PV-positive
neurons in the cortex of the BACHD model has shown that abnor-
malities in signaling in PV-positive neurons in the cortex are ob-
served around the onset of mild motor symptoms before pyramidal
neurons show changes in signaling or viability (Spampanato et al.,
2008). Considering the concentration of PGC-1a in interneurons
and our demonstration of the requirement of PGC-1a for proper
PV expression, we speculate that the alterations of PGC-1a expres-
sion in HD reflect an underlying interneuron pathology. Future
studies are required to define the roles of PV-positive interneurons
in the etiology and progression of HD.
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