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Abstract—Peroxisome proliferator-activated receptor 7y
coactivator 1o (PGC-1a) is a transcriptional coactivator
known to regulate gene programs in a cell-specific manner
in energy-demanding tissues, and its dysfunction has been
implicated in numerous neurological and psychiatric disor-
ders. Previous work from the Cowell laboratory indicates
that PGC-1a is concentrated in inhibitory interneurons and
is required for the expression of the calcium buffer parvalbu-
min (PV) in the cortex; however, the impact of PGC-1a defi-
ciency on inhibitory neurotransmission in the motor cortex
is not known. Here, we show that mice lacking PGC-1a exhi-
bit increased amplitudes and decreased frequency of spon-
taneous inhibitory postsynaptic currents in layer V
pyramidal neurons. Upon repetitive train stimulation at the
gamma frequency, decreased GABA release is observed.
Furthermore, PV-positive interneurons in PGC-1a —/— mice
display reductions in intrinsic excitability and excitatory
input without changes in gross interneuron morphology.
Taken together, these data show that PGC-1a is required
for normal inhibitory neurotransmission and cortical PV-
positive interneuron function. Given the pronounced motor
dysfunction in PGC-1a —/— mice and the essential role of
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PV-positive interneurons in maintenance of cortical excit-
atory:inhibitory balance, it is possible that deficiencies in
PGC-1a expression could contribute to cortical hyperexcit-
ability and motor abnormalities in multiple neurological
disorders. © 2014 IBRO. Published by Elsevier Ltd. All rights
reserved.

Key words: peroxisome proliferator-activated receptor gam-
ma coactivator 1o, parvalbumin, inhibitory neurotransmis-
sion, motor cortex, interneuron.

INTRODUCTION

Peroxisome proliferated-activated receptor y coactivator
1o (PGC-1a) is a transcriptional coactivator which, by
interacting with different transcription factors, initiates
cell and tissue-specific gene programs. Since the
discovery of PGC-1a in 1998 (Puigserver et al., 1998),
many studies have suggested that a reduction in its levels
andfor activity plays a role in neurological disorders
including Parkinson Disease (Zheng et al., 2010), Alzhei-
mer Disease (Qin et al.,, 2009; Sheng et al., 2012),
Huntington Disease (Cui et al., 2006; Taherzadeh-Fard
et al., 2009; Chaturvedi et al., 2010), schizophrenia
(Christoforou et al., 2007; Jiang et al., 2013b), anxiety dis-
orders (Hettema et al., 2011) and multiple sclerosis (Witte
et al., 2013). Studies with whole body and neuron-specific
PGC-1a —/— mice indicate that PGC-1a is required for
the expression of a subset of metabolic and neuronal tran-
scripts (Lin et al., 2004; Lucas et al., 2010, 2012; Ma
et al., 2010), but the physiological consequences of these
transcriptional changes are not clear. Elucidating the
impact of PGC-1a. deficiency on neuronal function will
give us insight into its contribution to neuronal dysfunction
in various disorders.

The PGC-1a protein is highly concentrated in
GABAergic cell populations throughout the brain (Cowell
et al., 2007; Jiang et al., 2013b), and PGC-1a. —/— mice
exhibit deficiencies in the expression of the calcium buffer
protein parvalbumin (PV) in forebrain regions including
cortex, hippocampus, and striatum (Lucas et al., 2010).
In these regions, PV is expressed by a subset of GABAer-
gic interneurons that exhibit fast-spiking (FS) and non-
adapting properties (Kawaguchi, 1993; Kawaguchi and
Kondo, 2002; Tepper and Bolam, 2004) and entrain local
pyramidal neurons to generate gamma oscillations
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(Wang and Buzsaki, 1996; Bartos et al.,, 2002;
Vreugdenhil et al., 2003; Sohal et al., 2009). Interestingly,
mice lacking PGC-1a show pronounced motor abnormal-
ities and decreased PV protein expression in the motor
cortex by 4 weeks of age (Lucas et al., 2012), suggesting
that the motor cortex may be particularly dependent on
PGC-1a for proper function. Previous investigations of
inhibitory neurotransmission in the hippocampus of PGC-1a
—/— mice (Lucas et al., 2010) suggest that inhibition is
enhanced in this region, similar to what is observed in
PV —/— mice (Vreugdenhil et al., 2003). However, it is
possible that inhibition in the cortex is affected differen-
tially by a lack of PGC-1q; it is therefore important to
evaluate the impact of PGC-1a deficiency in the cortex,
with relevance for disorders in which cortical PGC-1at defi-
cits have been reported, including Parkinson Disease (Zheng
et al.,, 2010) and Alzheimer Disease (Qin et al., 2009).

In light of the deficiency in PV expression in the cortex
of PGC-1a, —/— mice and the profound motor dysfunction
in these animals, we sought to determine the
physiological impact of PGC-1a deletion on inhibitory
neurotransmission in the motor cortex. We hypothesized
that mice lacking PGC-1o0 would exhibit altered
inhibitory transmission onto cortical pyramidal neurons
and that PV+ interneurons would be especially
affected. In order to investigate the potential role of
PGC-1a in cortical inhibitory neurotransmission, we
utilized motor cortex acute slices from a PGC-1a0 —/—
mouse model (Lin et al., 2004). Our data show that, in
contrast to results from the PGC-1a. —/— hippocampus,
a loss of PGC-1a leads to alterations in basal GABA
release in the cortex, concurrent with reduced GABA
release upon gamma frequency stimulation. Furthermore,
in PGC-10. —/— mice expressing enhanced green fluores-
cent protein (EGFP) specifically in PV + cells, we found
that FS interneurons have a reduced firing rate in
response to current injections, suggesting that PGC-1a
functions in a cell-autonomous manner to regulate inter-
neuron excitability. Additionally, PV+ cells showed
reduced synaptic excitatory activity, suggesting that
PV + cells could be less active in the motor cortex of
PGC-1a —/— mice. Taken together these data suggest
that reductions in PGC-1a expression are associated with
deficiencies in inhibitory neurotransmission and synaptic
function in the cortex. These results have implications
for understanding the impact of PGC-1a alterations on
cortical network signaling in disease, as synchronization
of firing by PV + interneurons is critical for normal cortical
output and higher cognitive processing (Sohal et al.,
2009).

EXPERIMENTAL PROCEDURES
Animals

All experimental protocols were approved by the
Institutional Animal Care and Use Committee of the
University of Alabama at Birmingham. PGC-1o —/—
mice (generous gift of Jiandie Lin, University of
Michigan, (Lin et al., 2004)) were maintained on a
C57BL/6J genetic background and housed two to five in
a cage at 26 £ 2°C room temperature with food and

water ad libitum. All experiments were conducted with
4-week-old male and female PGC-1a +/+ and —/— litter-
mates generated by breeding PGC-1a +/— mice.

For pyramidal neuron recordings, PGC-1o. +/+ and
—/— mice were used. For targeted interneuron
recordings, mice from the PGC-1a —/— line were
crossed with mice expressing EGFP under the control
of the glutamic acid decarboxylase (GAD67) promoter
(G42 line; JAX#7677) to generate EGFP-positive PGC-
1o +/+ and EGFP-positive PGC-1a. —/— littermates.
This mouse line was chosen for two reasons: (1) EGFP
is only expressed in the PV+ subset of inhibitory
interneurons, primarily in cortex (Chattopadhyaya et al.,
2004; Bartley et al., 2008) and (2) EGFP expression is
not dependent on the activity of the PV promoter (which
would be expected to be reduced in the absence of
PGC-1a). All experiments were conducted in accordance
with the Guide for the Care and Use of Laboratory Ani-
mals adopted by the U.S. National Institutes of Health.

For pyramidal neuron recordings

Whole-cell recordings. Mice aged postnatal day (P) 27
to P33 were anesthetized with isoflourane and then
decapitated. Brains were placed in ice-cold artificial
cerebral spinal fluid (ACSF) containing the following (in
mM): 125 NaCl, 3.5 KCI, 0.5 CaCl,, 3.5 MgCl,, 26
NaHCO3; and 10 b-glucose. The ACSF was bubbled
with 95% 05,/5% CO,. Coronal brain slices (300-pm
thick) containing motor cortex were cut using a
Vibratome (Ted Pella, Inc., Riverside, CA, USA). The
slices were kept for 30 min at 37 £ 1°C and then
stored at room temperature (22 £ 1°C). Slices were
perfused continuously with oxygenated recording ACSF
containing the following (in mM): 125 NaCl, 3.5 KClI, 2.0
CaCl,, 2.0 MgCl,, 26 NaHCO3; and 10 b-glucose at
room temperature. Whole-cell patch clamp recordings
were acquired from visually identified pyramidal neurons
in layer five of the motor cortex. Position in cortex was
verified through inclusion of 0.4% biocytin in the internal
solution followed by streptavidin staining (Invitrogen,
Carlsbad, California, US, s32355). Recordings were
conducted on a Zeiss AxioExaminer microscope (Carl
Zeiss, Thornwood, NY, USA). Cells were voltage
clamped at —70 mV, using internal solution containing
the following (in mM): 129 CsCl, 2 MgATP, 10 EGTA,
10 HEPES, 0.2 GTP and 2 QX-314, pH 7.2. Pipette tip
resistance was 2-5 M. Voltage clamp recordings were
obtained using a PC505A amplifier (Warner
Instruments, Hamden, CT, USA) controlled by Clampex
8.0 software via a Digidata 1322A interface (Molecular
Devices, Union City, CA, USA), filtered at 5 kHz and
digitized at 10kHz. |Input resistance and series
resistance were monitored by applying a 10-mV voltage
step. Spontaneous IPSCs (sIPSCs) and evoked IPSCs
were pharmacologically isolated with CNQX (6-cyano-
7-nitroquinoxaline-2,3-dione) (10 M) and  bL-APV
(pL-2-amino-5-phosphonoovaleric acid) (50 M),
Miniature IPSCs (mIPSCs) were recorded, on a
separate cohort of animals, in the presence of CNQX,
D-APV, and TTX (tetrodotoxin) (1 LM).
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Stimulation. Synaptic responses were evoked with a
bipolar stimulating electrode consisting of a twisted pair
of 25-um Formvar-insulated nichrome wires. The
electrode was positioned in layer V of the motor cortex.
For each cell the stimulation threshold for evoking
IPSCs was determined, and the stimulus intensity was
set at twice the threshold intensity. A series of paired
stimulations at 20-, 30-, and 100-ms intervals were
applied to elucidate paired-pulse ratios. For gamma train
recordings, 34 stimulations were applied in 500 ms to
evoke a response in patched pyramidal cells (66 Hz).
Recordings were taken at 32 + 1 °C.

Data analyses. Analyses of sSIPSCs and mIPSCs were
performed using the EVAN event analysis software
(generously provided by Istvan Mody, UCLA, CA, USA)
and Clampfit 8.0 software which focused on amplitude,
inter-event interval, rise time, and decay time of events.
Tso, which is 50% of the peak decay time, was used as
a measure of decay time. All sSIPSCs/mIPSCs that fit the
template and passed visual inspection were included in
the analysis. Analyses of all other electrophysiological
experiments were performed using Clampfit 8.0,
GraphPad Prism, and Microsoft Excel. To calculate the
paired-pulse ratio, the amplitude of the second inhibitory
postsynaptic current (IPSC) was measured after
subtracting the first IPSC, and divided by the amplitude
of the first IPSC relative to the baseline set immediately
before the first stimulus. Train stimulation was analyzed
by measuring the charge transfer (area under the curve)
for 1 s after stimulation. The amplitude of the first pulse
was also measured, as was the ratio of the last to first
response (IPSCs34/IPSC4). Response amplitudes were
measured by taking the peak value minus the value
immediately before stimulation. For Fig. 3E, we
calculated IPSC,/IPSC, for each pulse in the train and
determined the standard deviations within the train for
each cell. A two-tailed student’s t-test assuming unequal
variance was utilized to assess statistical significance.
Values were considered statistically significant when the
p-value was less than 0.05.

For interneuron recordings

Slice preparation. Experiments were conducted in
300-um acute brain slices prepared from of P27 to P33
mice. The animals used were obtained from crossing
the PGC-1a heterozygous (Lucas et al., 2010) line with
the G42 mouse line. In the G42 mouse line, GFP was only
expressed in a subset of neocortical PV + inhibitory neu-
rons, the FS basket cells (Chattopadhyaya et al., 2004;
Bartley et al., 2008). The mice were anesthetized with iso-
flurane and decapitated, and their brains were removed
rapidly. Coronal slices of the brain were cut using a vibrat-
ing microtome (VT1000S; Leica, Bannockburn, IL, USA).
Slicing and dissection of the cortex was done in ice-cold
(1-3 °C) dissecting solution containing the following (in
mM): 87 NaCl, 3 KCI, 0.5 CaCl,, 7.0 MgCl,, 1.25
NaH,PO,4, 26 NaHCO3, 75 sucrose and 20 glucose,
bubbled with 95% 0,-5% CO,, pH 7.35-7.45. Slices
were stored in a holding chamber containing a slightly

modified ACSF (see below) for approximately 30 min at
30 to 32°C and then transferred to room temperature.
Modified ACSF contained (in mM) 1 CaCl, and 2 MgCl..
Slices were bubbled with 95% O,-5% CO, for >1h
before recording.

Intrinsic firing assessment. During the experiment,
slices were held in a submersion recording chamber
perfused (3—4 mLs/min) with ACSF composed of (in
mM): 126 NaCl, 3 KCI, 2 CaCl,, 1 MgCl,, 1.25
NaH,PO,, 26 NaHCOj;, and 20 glucose. The solution
was bubbled with 95% O,/5% CO,, and the pH was
between 7.35 and 7.45. Picrotoxin (100 pM) was added
to the external solution to block inhibitory synaptic
responses mediated by GABAa receptors; 50 pM
D-APV was added to prevent N-methyl-D-aspartate
(NMDA) receptor-mediated currents. All intrinsic firing
experiments were performed at 28 to 30°C.
Interneurons expressing EGFP were identified visually
using infrared differential inference contrast optics and
epifluorescent optics on a Nikon (New York) E600FN
upright microscope. Targeted layer IV interneurons were
patched in the voltage-clamp configuration and recorded
in current-clamp configuration while maintaining a
holding potential of —60 £ 1 mV using an Axopatch
200B amplifier (Molecular Devices). Patch electrodes
(4-6 MQ) were filled with internal solution composed of
the following (in mM): 150 K-gluconate, 0.1 EGTA, 3
NaCl, 6 KCI, 10 HEPES, 10 Na-ATP, and 0.3 GTP. pH
was adjusted to 7.3 with KOH. The resting potential was
measured immediately after break-in, and input
resistance was measured in voltage-clamp with a 400-
ms, —8-mV step from a —60-mV holding potential.
Firing frequency versus injected current plots (F—I plots)
were made by measuring the initial firing frequency of a
spike train evoked by a series of incremental 600-ms
current steps at intervals of 50 or 100 pA. The spike
threshold potential was defined as the membrane
potential, in a 5-ms window preceding spike peak, at
which the third derivative was maximum (an inflection
point). The action potential (AP) amplitude was
calculated from the spike threshold to the peak of the
AP. The AP half-width is the duration of the AP by the
500-pA current step. Afterhyperpolarization (AHP) was
calculated from the spike threshold to the peak of the
AHP. The access resistance and holding current
(<200 pA) were monitored continuously. Recordings
were rejected if either access resistance or holding
current increased >20% during the experiment.

Electrophysiological interneuron classification. To
distinguish FS interneurons from non-FS (NFS)
interneurons, depolarizing current steps were used to
analyze the firing response of each interneuron. Single-
spike properties were determined on spikes elicited by
near threshold current injection. Spike-frequency
adaptation was quantified by the ratio between the last
and first interspike intervals in spike trains evoked by
600-ms depolarizing steps. Cells were classified as FS if
they had the following (Rotaru et al., 2011): (1) by the
500-pA current step the firing frequency reached at least
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150 Hz; (2) narrow spikes (duration at half peak amplitude
<0.6 ms); (3) large afterhyperpolarizing potentials
(amplitude >14 mV); and (4) absence of significant
spike-frequency adaptation (adaptation ratio <1.5). These
criteria may exclude some FS neurons. Spontaneous
AMPA-mediated excitatory postsynaptic current (EPSCs)
(sEPSCs) were pharmacologically isolated with 100 M
picrotoxin and 50 pM D-APV.

Biocytin filling of interneurons. Brain slices were
prepared as described above. Interneurons expressing
eGFP were identified visually using epifluorescent optics
on a Nikon E600FN upright microscope (Melville, New
York, USA). Patch electrodes (4—6 MQ) were filled with
internal solution containing 0.4% biocytin. Cells were
patched for 15—-25 min to allow for adequate filling of the
processes. After filling, slices were immediately placed
in 4% paraformaldehyde (PFA) for 24—72 h and stored
in phosphate buffered saline (PBS) until processing.
Slices were washed in PBS, incubated in 10% methanol
and 3.5% H50, in PBS for 10 min, washed in PBS, and
incubated in tetramethylrhodamine (TRITC) conjugated
steptavidin (Jackson Immunoresearch, West Grove, PA,
USA) in 0.3% phosphate buffered saline with Triton
X-100 (PBST) for 2 h. After washes with PBS, slices
were mounted onto charged microscope slides and
coverslipped with Prolong Antifade Gold (Invitrogen).
Neurolucida software (MBF Bioscience, Williston, VT,
USA) was used to trace biocytin-labeled interneurons.
As axons were not reliably labeled, only soma and
dendrite characteristics were measured. Variables of
interest included soma size, dendrite length and volume,
and number of dendrites, branch points, and branches.

Data analyses. All statistics were performed using
Origin software (Origin Lab Corporation, 2002) and
statistical significance was p < 0.05. Data are presented
as means + SE and sample number (n) refers to cell
number for electrophysiological experiments. Statistical
comparisons for electrophysiological data were made
using Student’s t-test or a one-way analysis of variance
(ANOVA) followed by Tukey’s posthoc analysis. In
figures and table, “indicates a statistically significant
difference.

RESULTS

Basal GABA release is reduced in the motor cortex of
PGC-1a —/— mice

To assess basal inhibitory neurotransmission, we initially
evaluated both spontaneous and miniature IPSCs in the
motor cortex from PGC-1a. —/— mice around P30. This
age was chosen based on evidence that these mice
exhibit structural changes in the brain at older ages
(Lucas et al., 2012) and that PGC-1a expression in the
cortex peaks around P14-21 (Cowell et al., 2007). The
motor cortex is of particular interest because decreases
in PV protein expression in PGC-1a —/— mice are very
robust in this region (Lucas et al., 2010), and these mice
have pronounced motor deficits (Lucas et al., 2012).
Whole-cell voltage clamp recordings were performed on
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Fig. 1. Global ablation of PGC-1al results in alterations in basal
GABA release. (A) Representative traces of sIPSCs from
PGC-1a +/+ and PGC-1a —/— animals (B) Cumulative probability
plot of sIPSC amplitudes for PGC-1a. +/+ and PGC-1a. —/— groups.
Curves are shifted to the right in the PGC-1a0 —/— group, indicating an
increase in amplitude. Insert (B’) shows a histogram summarizing
effects on mean amplitude. (C) Similar to B but showing cumulative
probability plots of inter-event intervals. (C’) sIPSC frequency
(extrapolated from inter-event interval) was reduced in the
PGC-1a —/— animals as evidenced by a lengthening of the inter-
event interval. The observed changes in sIPSCs are indicative of
alterations in basal GABA release from the cortical interneurons.
Student’s t-test *p < 0.05 n = 3 animals/group, approx. 10 cells per
condition.

layer V pyramidal neurons in the motor cortex in the pres-
ence of APV and CNQX. The observed sIPSCs exhibited
increased amplitudes (Fig. 1B, B, p = 0.0363,
gy = 2.252) and decreased frequency (Fig. 1C, C/,
p = 0.0265, {14 = 1.993) in PGC-1a. —/— mice as com-
pared to PGC-1a +/+ littermates. There were no signif-
icant differences in event kinetics as measured by rise
time (212 +£ 0.51ms in PGC-1aa +/+ mice and
2.38 + 0.24 ms in PGC-1a. —/— mice; p = 0.627) or time
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to decay to 50% of peak value (T5p 2.69 + 0.35 ms in
PGC-1a0 +/+ mice and 3.54 + 0.23ms in PGC-1a
—/— mice; p = 0.07).

AP-mediated activity and spontaneous vesicle fusion
events (miniature IPSCs, mIPSCs) can be differentially
regulated (Ramirez and Kavalali, 2011). Therefore, we
pharmacologically isolated mIPSCs with bath application
of TTX to eliminate AP-mediated activity. The observed
mIPSCs exhibited decreased amplitudes (Fig. 2B, B/,
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Fig. 2. Global ablation of PGC-1a. results in alterations in spontane-
ous inhibitory vesicle fusion events. (A) Representative traces of
mIPSCs from PGC-1a +/+ and PGC-1a —/— animals. (B, C)
Cumulative probability plots of amplitude and interval, respectively.
(B’) Quantification revealed that the mIPSC amplitude was reduced in
the PGC-1a0 —/— animals as compared to PGC-1a +/+ mice. (C')
mIPSC frequency (extrapolated from inter-event interval) was
reduced in the PGC-1a —/— animals as evidenced by a lengthening
of the inter-event interval. Student’s t-test *p < 0.05 n = 3 animals/
group, approx. 10 cells per condition.

p = 0.0231, t44) = 2.551) and decreased frequencies
(Fig. 2C, C', p = 0.0426, t14) = 1.853) in PGC-1a —/—
mice as compared to those measured in +/+ littermates.
There were no significant differences in event kinetics as
measured by rise time (1.82 + 0.23 ms in PGC-1a +/+
mice and 2.18 £ 0.16ms in PGC-1a0 —/— mice;
p = 0.19) or time to decay to 50% of peak value (Tso
286 +£0.36ms in PGC-1a¢ +/+ mice and
3.14 £ 0.30 ms in PGC-1at —/— mice; p = 0.8). These
alterations suggest that PGC-1oa differentially affects
spontaneous vesicle release and AP-mediated activity;
mIPSCs are smaller and less frequent whereas AP-regu-
lated events are larger in magnitude but still less frequent.

Global ablation of PGC-1a is associated with reduced
evoked cortical GABA release with gamma frequency
stimulation

In order to further investigate the presynaptic contribution
to the altered GABA neurotransmission in these mice, we
recorded evoked IPSCs at a stimulus intensity set to be
twice the intensity threshold for producing detectible
IPSCs, and measured short-term plasticity in response
to paired stimuli and short stimulus trains. In response
to paired-pulse stimulation, which has been shown to
indirectly measure presynaptic release (Dobrunz et al.,
1997; Dobrunz and Stevens, 1997), we saw no change
in PGC-1a0 —/— mice in the paired-pulse ratio of inhibitory
responses onto pyramidal neurons in the motor cortex
(data not shown). To evaluate how a lack of PGC-1a
affects evoked GABA release during stimulation trains,
we applied repetitive trains of stimuli in the gamma
frequency range, which mimics the frequency at which
PV + interneurons entrain the cortical network (Traub
et al, 1996; Wang and Buzsaki, 1996). Example
traces are shown in Fig. 3A; while responses from
PGC-1a +/+ mice consistently showed short-term
depression during the train, responses from
PGC-1a0 —/— mice were more variable. Some cells in
PGC-1a0 —/— mice showed even larger short-term
depression whereas others showed a mixture of
facilitation and depression. We observed a reduction in
overall charge transfer in the PGC-1o¢ —/— mice as
compared to PGC-1a. +/+ mice (Fig. 3B, p = 0.0044,
tg) = 3.257). This was caused in part by a reduction in
the initial response size (Fig. 3C, p = 0.025,
t7y = 2.838). When we compared the amplitude of the
final response to the amplitude of the first response to
evaluate short-term plasticity over the stimulation period,
we found that the ratio of the last response to the first
response was consistently <1 in PGC-1o0 +/+ mice,
while the ratio was larger and more variable in
PGC-1a. —/— mice (Fig. 3D, p = 0.0082, f1g, = 2.967).
The decrease in short-term depression (increase in
IPSC34/IPSC,) is consistent with a decrease in the initial
release probability, which could also contribute to the
observed reduction in the initial response size. Further,
the stimulation to stimulation variability across events,
measured as the standard deviation of IPSC,/IPSC;,
across all stimuli in the train, is significantly larger in cells
from the PGC-1a —/— mice (Fig. 3E, p < 0.0001,
te4y = 6.996). There is no change in event decay kinetics
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as measured by decay slope (p = 0.158). These obser-
vations suggest altered regulation of synchronous release
in response to gamma frequency stimulation. This could
potentially result from the exhaustion of actively docked
vesicles in the PGC-1a —/— mice, or from the stimulated
axons firing less reliably in the PGC-1a0 —/— mice
compared to PGC-1a. +/+ mice.

Global ablation of PGC-1a causes reductions in
intrinsic firing rate and excitability of FS interneurons

Two interneuron subtypes that contribute significantly to
perisomatic inhibition of layer V pyramidal neurons are
PV-positive and cholecystokinin (CCK)-positive
interneurons. Based on our previous findings of PV
deficiency in PGC-1o0 —/— mice and the high
concentration of PGC-1a in PV-positive interneurons
(Jiang et al., 2013b), we sought to determine whether
the intrinsic firing properties of PV-positive interneurons
are disrupted in PGC-1a0 —/— mice. It is possible that
reductions in any number of PGC-1a’s putative targets,
including PV and metabolic genes (St-Pierre et al,
2006; Cowell et al., 2009), could contribute to alterations
in calcium concentrations and depletion of metabolic sub-
strates for the maintenance of normal intrinsic firing. To
allow for visualization of PV+ neurons, whose somas
are concentrated in cortical layer IV, we generated
PGC-1a +/+ and —/— mice with EGFP-positive PV +
interneurons by crossing PGC-1a0 —/— mice with the
G42 GAD-EGFP mouse line (Chattopadhyaya et al.,
2004; Bartley et al., 2008) to use for whole-cell current
clamp recordings. Upon current injection, PV + interneu-
rons, in layer IV, of EGFP-PGC-1a —/— mice showed a
reduction in excitability as compared to +/+ littermates
(Fig. 4A, B, ANOVA, p < 0.02). The frequency is still
reduced in PGC-1a0 —/— mice when comparing only FS
PV + interneurons (Fig. 4C, Table 1). Furthermore, FS

PV interneurons in EGFP-PGC-1a —/— mice showed an
increase in AHP and a reduction in frequency at the
maximum current step with no alteration in resting
membrane potential or input resistance (Table 1). Inter-
estingly, there was a large reduction in the percentage
of PV+ interneurons that met the classification criteria
for FS in the EGFP-PGC-1a0 —/— mice (Fig. 4D). This
reduction in interneuron excitability could contribute to
the observed reduction in AP-mediated GABA release in
the cortex during gamma stimulation.

Global ablation of PGC-1a results in alterations in the
excitatory synaptic activity onto FS interneurons
without altering interneuron morphology

The decrease in the frequency of sIPSCs onto pyramidal
cells in PGC-1a. —/— mice could be caused by reduced
activation of PV + interneurons. In order to determine if
activation of these cells is affected by the absence of
PGC-1a, whole-cell voltage clamp recordings were
performed on EGFP-positive PV + interneurons in layer
IV of the motor cortex in the presence of picrotoxin and
APV to isolate AMPA-mediated sEPSCs. The observed
sEPSCs exhibited decreased amplitudes (Fig. 5D, F,
p = 0.0098, t41) = 3.120) and decreased frequency
(Fig. 5E, G, p = 0.00381, {11y = 3.651) in PGC-1a, —/—
mice as compared to PGC-1o +/+ littermates.
Interestingly, the decrease in sEPSC amplitudes is due
to a loss of the large sEPSCs events (Fig. 5C, H,
p = 0.04094, {44 = 2.315). These large sEPSCs
events are normally caused by glutamate release in
response to APs. Additionally, it is possible that the
large events observed are multiquantal and that the
extent of multiquantal release is reduced in the PGC-1a
—/— mice. The number of smaller sEPSCs events
(<20 pAs) is unaltered between PGC-1a0 —/— and PGC-
1o0 +/+ mice. These results suggest that a possible



S. E. Dougherty et al./Neuroscience 271 (2014) 137-148

A PGC-1a +/+
Fast Spiking
PV+ Interneuron PV+ Interneuron

PGC-1a-/-
Fast Spiking

PGC-Ta+/+
Non Fast Spiking
PV+ Interneuron

PGC-1a-/-
Non Fast Spiking
PV+ Interneuron

oy

_ 360 360 100
N 320 A4 w35 = B

< 280 f : < 280 A € 80
g 240 ATt T Y et 2
o o o

§ 200 Py S 4 § 200 2t = 60

3 160 3 3 160 i 2 40
£l g 218 §
©

40 ’(ijk}é'% —PGC-1a+/+ 40 w’é ~e~PGC-la +/+ th; 20

0l —o—PGC-1a-/- 0 —0—PGC-1a-/- 0

0 200 400 600 800 1000
Current Steps (pA)

0 200 400 600 8001000

Current Steps (pA)

PGC-1a +/+PGC-1a-/-

143

Fig. 4. Absence of PGC-1a alters interneuron intrinsic excitability. (A) Representative traces of the intrinsic firing due to an injection of a 200-pA
current step in fast-spiking and non-fast-spiking PV + interneurons from PGC-1at +/+ and PGC-1a —/— animals. (B) Data are plotted as firing
frequency as a function of injected current (F-I). The PGC-1o. —/— fast-spiking PV + interneurons overall have decreased excitability compared to
PGC-1a +/+ fast-spiking PV + interneurons (n = 11 PGC-1a +/+, n = 13 PGC-1a. —/—). (C) The firing frequency is still decreased in PGC-1a.
—/— mice when comparing only the fast-spiking interneurons (n = 9, 5). (D) The percentage of PV + interneurons that met the criteria for

classification as fast-spiking interneurons was also reduced.

Table 1. Intrinsic properties of PV interneurons in motor cortex from PGC-1a. +/+ and PGC-1a —/— mice. The values displayed in bold show
statistically significant differences. The majority of the intrinsic properties between fast-spiking and non-fast-spiking PV interneurons are not significantly

altered between genotypes

WT (9) PGC-1aaKO p- WT (8) PGC-10 KO p- WT (2) PGC-1a KO p-
(13) Value (5) Value (8) Value
All PV All PV INs Fast- Fast-spiking Non-fast- Non-fast-
INs spiking spiking spiking
Resting potential (mV) —58.56 —55.92 0.610 —56.00 —65.60 0.163 —56.00 —48.63 0.317
Input resistance (M) 172.89  145.15 0.369 160.13 206.20 0.252  200.00 107.00 0.096
Spiking threshold (mV) —44.09 -39.79 0.037 —43.63 —44.01 0.666 —43.04 -37.77 0.149
Action potential amplitude (mV) 59.66 51.74 0.073 54.27 54.39 0.979 64.60 46.29 0.019
Action potential half-width (ms) 0.54 0.59 0.196 0.51 0.54 0.222 0.69 0.63 0.530
AHP (mV) 17.87 17.06 0.063 17.41 21.68 0.007 19.87 14.31 0.334
Frequency at maximum current  314.21  251.57 0.040 327.98 268.46 0.020 185.37 236.70 0.428
step (Hz)
consequence of a lack of PGC-1a is decreased excitatory DISCUSSION
drive onto PV + interneurons, potentially leading to a ) o ) .
decrease in spontaneous inhibiton and a blunted Despite reports of PGC-1o deficiency in  multiple

response to gamma frequency stimulation.

In order to assess the potential contribution of
interneuron morphological changes in the observed
physiological abnormalities of the PGC-1at —/— mice we
performed structural analysis on EGFP+ PV+
interneurons. While PV immunoreactivity is strong in the
processes and cell bodies of PGC-1a +/+ EGFP+
interneurons (Fig. 6A) EGFP+ PV-negative cells are
observed (6A, arrows) in PGC-1aa —/— cortex,
demonstrating that the interneurons are still present but
lack PV expression. To determine if loss of PGC-1a
affects interneuron morphology, interneurons patched in
the previously described experiments were filled with
biocytin, counterstained with  streptavidin—TRITC,
imaged and traced with Neurolucida software (sample
traces, Fig. 6B). Cell soma size and dendrite
characteristics were measured (Fig. 6C, D, n = 5-9
cells/group). No significant differences in interneuron
morphology were observed between PGC-1a +/+ and
—/— mice, with no changes in the size and/or number of
dendrites, branches, or branch points.

neurological disorders and the documented ability of
PGC-1a to drive transcriptional programs in energy-
demanding tissues, little is known about the impact of
PGC-1a deficiency on neurotransmission and neuronal
function in the cortex. To determine the functional
consequences of a lack of PGC-1o expression, we
performed electrophysiological recordings in acute slices
from the motor cortex of PGC-1a0 —/— mice.
Considering that PGC-1a is most highly concentrated in
GABAergic cell populations (Cowell et al., 2007), we pos-
tulated that alterations in PGC-1a would result in dysfunc-
tion of inhibitory neurotransmission. Here we show that
PGC-1a —/— mice exhibit dysfunctional inhibitory trans-
mission in the motor cortex characterized by alterations
in basal GABA release. Upon repetitive stimulation at
the gamma frequency, there is a marked reduction in
overall charge transfer. Finally, PV + interneurons dis-
played reduced intrinsic excitability and decreased excit-
atory drive. As these mice display impairments in motor
function, including reductions in coordination and an
increased occurrence of resting tremor (Lucas et al.,



144 S. E. Dougherty et al./Neuroscience 271 (2014) 137-148

B

PGC-1a +/+

PGC-1a +/+

PGC-1a -/-

W’T‘" MR At it A

™Y n i
PGC-1a -/-

Wmmw T e
_|5OPA JSOpA
E

TT!TI L Y "'lrr ) | T

C 10s D 200 ms
800 1.2+ 1.2 —PGC-1a +/+
& ——PGC-1a -/
S 1.0 1.0
— = 0.8 & 0.8
§ @ . § .
ui 400 '5 0.6 'S 0.6
5 = 2
5 204 204
< 200 IS 1S )
£ 3 0.24 302
z - .
0 0.0 = 0.0
20 40 60 80 100 >100 0 -25 -50 -75 -100 -125 -150 0 0.25 0.50 0.75 1.00 1.25 1.50
Amplitude (pA) Amplitude (pA) Interevent Interval (s)
F -35j G 10 H 250 B PGC-1q +/+
-30 [ PGC-1a-/-
— 8 E 200
< -25 § g z
& T 23
g 20 = 6 2 =150 *
£ * s * ‘5 g
g -5 1 3 4 1 £ & 100 1
[ =
< -10 s £¢
2 € -50
<

0

0

Fig. 5. Global ablation of PGC-1a results in decreased spontaneous excitatory activity onto parvalbumin interneurons in the motor cortex. (A)
Representative traces of sEPSCs onto PV + interneurons in PGC-1at +/+ and PGC-1a —/— animals. (B) Representative traces of SEPSCs in
PGC-1a +/+ and PGC-1a —/— animals on an expanded time scale. (C) Histogram plot of SEPSCs onto PV + interneurons from PGC-1a, +/+
(black) and PGC-1a. —/— (gray) animals. The larger amplitude sEPSCs are diminished in the PGC-1o0 —/— animals (D, E) Cumulative probability
plots of amplitude and inter-event interval, respectively. (F) Quantification revealed that the SEPSC amplitude was reduced in the PGC-1ot —/—
animals compared to PGC-1a. +/+. (G) sEPSC frequency was reduced in the PGC-1a —/— animals. (H) The maximum amplitude of sEPSCs is
reduced on the PV + interneurons in the PGC-1a —/— animals. Student’s t-test *p < 0.05 (PGC-1a. +/+ n = 6; PGC-1ot —/— n = 8).

2012), it is intriguing to postulate that the physiological
alterations in cortical function contribute to hyperactivity
via overexcitation of downstream neuronal targets.

In the absence of PGC-1a, PV expression is reduced
by approximately 80% in the cortex (Lucas et al., 2010);
as such, it is possible that a loss of PV could be contrib-
uting to the synaptic deficits in these mice. While the elec-
trophysiological responses to gamma frequency
stimulation are similar in the hippocampus of PGC-1a
—/— and PV —/— mice (Schwaller et al., 1999; Caillard
et al., 2000; Vreugdenhil et al., 2003; Lucas et al.,
2010), motor impairment is much more severe in PGC-
1ot —/— mice than PV —/— mice (Schwaller et al., 1999;
Farre-Castany et al., 2007; Lucas et al., 2012). Therefore
it is possible that alterations in other PGC-10-dependent
transcripts in PV + interneurons, such as metabolic regu-
lators (Lin et al., 2004; Finck and Kelly, 2006; St-Pierre
et al., 2006) or synaptic proteins (St-Pierre et al., 2006;
Cowell et al., 2009) could be causing changes in inhibitory
neurotransmission. Considering the reduced excitatory
drive onto PV + interneurons in PGC-1a. —/— mice, it is
possible that while PGC-1at is not highly concentrated in
pyramidal neurons, its loss could have an effect on pyra-
midal neuron function. In fact, previous work suggests

that deletion of PGC-1a in excitatory neurons can cause
structural abnormalities (vacuolizations) in the cortex
(Ma et al., 2010), although the functional consequences
of PGC-1a deletion from pyramidal neurons have not
been evaluated. Additionally, we previously suggested
that the observed higher facilitation in the hippocampus
was due to a deficiency of PV at presynaptic terminals
and reduced PV-mediated calcium buffering. In contrast,
we observed a reduction in IPSC amplitude and charge
transfer in the cortex; we believe that changes in
the expression of transcripts, in addition to PV, could be
occurring in the cortex, contributing to the observed
changes in cortical physiology.

PV interneurons are described as primarily FS and
non-adapting (Kawaguchi, 1993; Kawaguchi and Kondo,
2002; Tepper and Bolam, 2004). These intrinsic proper-
ties, together with their perisomatic targeting of pyramidal
neurons (Freund and Katona, 2007), make PV + inter-
neurons ideal modulators of network oscillations in cortex,
particularly gamma oscillations (Freund, 2003; Bartos
et al., 2007; Sohal, 2012). PV—/— mice have an
enhancement of kainate-induced gamma oscillations in
hippocampal CA3 (Vreugdenhil et al., 2003). However,
mice in which NMDA receptors onto PV interneurons



S. E. Dougherty et al./Neuroscience 271 (2014) 137-148 145

B PGC-1a +/+

600 -

microns

Soma Mean Mean
Perimeter  Dendrite Dendrite

Length Volume
(umd)

OPGC-1a -/- (n=9)

500 o
400
300 A B PGC-1a +/+ (n=5)
200
100 A
04

PGC-1a -/-

35 4
30 A

25

20 1
15 4
10 4
0 . .

Dendrites Branch
Points

BPGC-1a +/+ (n=5)
OPGC-1 /- (n=9)

Number

Branches

Fig. 6. Unaltered PV interneuron morphology in PGC-1o. —/— mice. (A) Immunohistochemistry reveals that PV and EGFP colocalize as expected in
PGC-1a. +/+ animals (arrowheads). In PGC-1a. —/— mice, EGFP+ PV-negative cells are observed (arrows). (B) Sample traces of PV +
interneurons with morphological quantification of size (C) and number (D) of soma perimeter, dendrites, branches, and branch points. No
differences are observed between PGC-1at +/+ and PGC-1at —/— measurements. (n = 5-9 cells/group) Scale bars A = 25 pm, B = 50 pm.

have been ablated exhibit a loss of regional synchrony in
the hippocampus and deficits in working memory
(Korotkova et al., 2010). Further studies could provide
additional insight into how the absence of PGC-1a, which
is associated with both a reduction in PV levels and an
impairment in excitatory input onto PV neurons, affects
gamma oscillations and cognition.

There are multiple ways in which decreases in
inhibitory neurotransmission could arise. A loss of
GABAergic neurons, for example, could lead to the
observed decreases in sIPSC and mIPSC frequency.
However, Glutamic Acid Decarboxylase 67
immunostaining is normal in the cortex (Lucas et al.,
2010), no appreciable difference in the number of
EGFP + interneurons in PGC-1a0 —/— mice was noted
when performing recordings of PV + interneurons, and
dendritic morphology and soma size are not affected. It
is possible, though, that a subtle reduction in perisomatic

innervation of pyramidal neurons by PV + interneurons
could contribute to this result, as neurons from knockout
mice have reduced complexity of axonal arbors in culture
(Lin et al., 2004). Additionally, there is a small reduction in
mIPSC amplitude in the PGC-1a. —/— mice. Since PV +
interneurons primarily innervate the soma, the reduced
mIPSC amplitude could potentially be caused by a reduc-
tion in the number of synaptic contacts from PV + inter-
neurons. This would result in a relatively greater
contribution of dendritic targeting interneurons in PGC-
1ot —/— mice compared to PGC-1at +/+ mice, which
would also be expected to cause mIPSCs to have slower
kinetics (Magee, 2000). However, there were no signifi-
cant changes in mIPSC kinetics, making this unlikely.

A lack of PGC-1a0 —/— is also accompanied by
changes in the intrinsic properties of PV + interneurons,
including a decrease in firing rate in response to current
injection and a reduction in the percentage of PV+
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interneurons that met the criteria to be classified as FS.
These changes in PV + cell firing rate could be caused
by changes in metabolic genes regulated by PGC-1a
(Finck and Kelly, 2006); there is abundant evidence for
a high metabolic requirement for cortical PV + interneu-
rons (reviewed in Jiang et al., 2013a). A loss of PV itself
could contribute to the decreased firing rate, as loss of
the calcium buffer in PV knockout mice has been shown
to alter intrinsic excitability of GABAergic neurons in the
reticular thalamic nucleus (Alberi et al., 2013). However
it is also possible that other factors contribute to this
reduction. In addition, there was a reduction in the fre-
quency and amplitude of sEPSCs onto PV + interneurons
in the PGC-1a0 —/— mice. Altogether, these changes
could cause a decrease in spontaneous AP activity in
PV + cells, which could contribute to the decrease in
sIPSC frequency observed in layer V pyramidal cells.
The observed increase in sIPSC amplitude seems con-
trary to this line of reasoning; however, it is possible that
the increase in sIPSC amplitude could be an indirect con-
sequence of the reduced mIPSC frequency. The loss of
the smallest events would bias the sIPSC measurements
in favor of larger events.

The change in intrinsic excitability could also
contribute to the decrease in IPSCs onto pyramidal cells
at gamma frequency, if the presynaptic axons from
PV + interneurons are not able to fire as reliably at
66 Hz in the PGC-1at —/— mice. The observed reduction
in initial response size could contribute to the reduced
charge transfer observed. Though when given in train
stimulation if the first event is small we observed that
the size of the subsequent responses can still increase
over time. Alternatively, the decrease in GABA release
during gamma frequency stimulation could be caused by
the depletion of vesicles in the PGC-1o0 —/— mice.
Because short-term depression during trains of stimuli is
governed in part by the size of the readily releasable
vesicle pool (Dobrunz, 2002), this could be caused by a
reduction in the number of readily releasable vesicles
(Pozzo-Miller et al., 1999), which are thought to equal
the number of docked vesicles (Schikorski and Stevens,
2001). A change in the number of readily releasable ves-
icles might be expected to also alter the paired-pulse ratio
(Walters et al., 2014), which was seen at dentate gyrus
synapses from PGC-1a —/— mice (Lucas et al., 2010)
but not the cortical synapses studied here. However,
other examples have shown no difference in the paired-
pulse ratio between two types of synapses but differences
in short-term plasticity during longer physiological trains
(Speed and Dobrunz, 2009).

Our studies of evoked inhibitory transmission utilized
perisomatic (inter-layer V) stimulation in efforts to
primarily —activate axons from GABAergic cell
populations that target the soma of pyramidal neurons.
As previously discussed, PGC-1a is concentrated
primarily in GABAergic neurons and tightly regulates
PV; therefore, it is tempting to postulate that the main
subtype of interneuron contributing to the observed
physiological changes is the PV + interneuron. In fact,
we found that the excitatory input onto and the firing
rate of PV + interneurons are reduced in the absence of

PGC-1a. However, it is possible that other interneuron
populations also contribute to alterations in inhibitory
neurotransmission. For example, CCK+ interneurons
also target the perisomatic regions of pyramidal neurons
and are thought to work in concert with PV+ cells to
regulate oscillations (reviewed in (Freund and Katona,
2007)). It is possible that PGC-1at is playing a regulatory
role on transcription within the CCK+ interneuron sub-
type. Cell-specific PGC-1a ablation studies could shed
light on the role of these individual populations in the
observed synaptic dysfunction and allow for differentiation
of interneuron susceptibility in response to loss of PGC-1aL.

Here we show that genetic ablation of the coactivator
PGC-1a0 results in overt alterations in GABAergic
transmission in the motor cortex that are different from
what was previously seen in the hippocampus. The
reduction in GABAergic transmission during high-
frequency stimulation could result in hyperexcitability
and contribute to the observed motor dysfunction in
these animals. Although further studies are required to
identify additional PGC-1a-regulated transcripts that
could influence interneuron function and definitively link
deficits in inhibitory neurotransmission to the motor
abnormalities, these studies highlight the critical role for
PGC-1a in the maintenance of normal cortical inhibition.
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