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Circuit dysfunction in complex brain disorders such as schizophrenia and autism is caused by imbalances between inhibitory and
excitatory synaptic transmission (I/E). Short-term plasticity differentially alters responses from excitatory and inhibitory synapses,
causing the I/E ratio to change as a function of frequency. However, little is known about I/E ratio dynamics in complex brain disorders.
Transcriptional dysregulation in interneurons, particularly parvalbumin interneurons, is a consistent pathophysiological feature of
schizophrenia. Peroxisome proliferator activated receptor � coactivator 1� (PGC-1�) is a transcriptional coactivator that in hippocam-
pus is highly concentrated in inhibitory interneurons and regulates parvalbumin transcription. Here, we used PGC-1��/� mice to
investigate effects of interneuron transcriptional dysregulation on the dynamics of the I/E ratio at the synaptic and circuit level in
hippocampus. We find that loss of PGC-1� increases the I/E ratio onto CA1 pyramidal cells in response to Schaffer collateral stimulation
in slices from young adult mice. The underlying mechanism is enhanced basal inhibition, including increased inhibition from parvalbu-
min interneurons. This decreases the spread of activation in CA1 and dramatically limits pyramidal cell spiking, reducing hippocampal
output. The I/E ratio and CA1 output are partially restored by paired-pulse stimulation at short intervals, indicating frequency-dependent
effects. However, circuit dysfunction persists, indicated by alterations in kainate-induced gamma oscillations and impaired nest build-
ing. Together, these results show that transcriptional dysregulation in hippocampal interneurons causes frequency-dependent altera-
tions in I/E ratio and circuit function, suggesting that PGC-1� deficiency in psychiatric and neurological disorders contributes to disease
by causing functionally relevant alterations in I/E balance.
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Introduction
Alteration in the balance between inhibitory and excitatory syn-
aptic transmission (I/E balance) is emerging as a fundamental
principle underlying a variety of neuropsychiatric and neurode-

velopmental disorders (for review, see Levitt et al., 2004; Lewis et
al., 2012). I/E imbalance has been found in schizophrenia (Lewis
and Hashimoto, 2007), bipolar disorder (Benes and Berretta,
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Significance Statement

Alteration in the inhibitory and excitatory synaptic transmission (I/E) balance is a fundamental principle underlying the circuit
dysfunction observed in many neuropsychiatric and neurodevelopmental disorders. The I/E ratio is dynamic, continuously
changing because of synaptic short-term plasticity. We show here that transcriptional dysregulation in interneurons, particularly
parvalbumin interneurons, causes frequency-dependent alterations in the I/E ratio and in circuit function in hippocampus.
Peroxisome proliferator activated receptor � coactivator 1� (PGC-1�-deficient) mice have enhanced inhibition in CA1, the
opposite of what is seen in cortex. This study fills an important gap in current understanding of how changes in inhibition in
complex brain disorders affect I/E dynamics, leading to region-specific circuit dysfunction and behavioral impairment. This study
also provides a conceptual framework for analyzing the effects of short-term plasticity on the I/E balance in disease models.
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2001), depression (Luscher et al., 2011), anxiety (Möhler, 2006),
fragile X syndrome (Gibson et al., 2008), and Rett syndrome
(Dani et al., 2005). Maintaining the proper balance is essential for
normal circuit function; decreases and increases in I/E can each
lead to dysfunction, as seen in autism and Down syndrome, re-
spectively (Rubenstein and Merzenich, 2003; Kleschevnikov et
al., 2004). Correcting the I/E imbalance is a potential therapy for
both neuropsychiatric and neurodevelopmental disorders (Fer-
nandez et al., 2007). Synaptic short-term plasticity differentially
alters the synaptic response of excitatory and inhibitory synapses,
causing the I/E balance to be dynamic (Bartley and Dobrunz,
2015). However, almost nothing is known about how the dynam-
ics of the I/E balance are affected in complex brain disorders.

GABAergic interneurons, particularly parvalbumin basket
cells, are critical regulators of circuit function (Roux et al., 2014).
Transcriptional dysregulation in interneurons causes altered in-
hibition in a variety of disorders, including schizophrenia (Lewis
and Hashimoto, 2007), bipolar disorder (Chen et al., 2011), and
epilepsy (Olivetti and Noebels, 2012). One of the most prevalent
findings in postmortem tissue from schizophrenia patients is a
decrease in parvalbumin mRNA in interneurons (Eyles et al.,
2002; Knable et al., 2004; Reynolds et al., 2004). Decreased parv-
albumin has also been observed in bipolar disorder (Sibille et al.,
2011) and autism (Gandal et al., 2012). Peroxisome proliferator
activated receptor � coactivator 1� (PGC-1�) is a transcriptional
coactivator in interneurons (Cowell et al., 2007) that regulates
transcription of parvalbumin (Lucas et al., 2010). Genetic dele-
tion of PGC-1� in mice results in decreased protein expression of
parvalbumin in interneurons (Lucas et al., 2010). PGC-1��/�

mice also have decreased expression of complexin (Lucas et al.,
2014), which is also decreased in postmortem schizophrenia tis-
sue (Sawada et al., 2005). PGC-1��/� mice provide a way to
investigate the multifactorial effects of interneuron transcrip-
tional dysregulation on synaptic and circuit function and to elu-
cidate the functional consequences of hippocampal PGC-1�
deficiency observed in neurological disorders such as Alzheimer’s
disease (Qin et al., 2009; Sheng et al., 2012; Pedrós et al., 2014).
These studies will also provide insight into possible functional
impacts of PGC-1� polymorphisms that are associated with gen-
eralized anxiety disorder (Hettema et al., 2011).

Previous studies have shown that genetic global deletion of
PGC-1� reduces inhibitory synaptic transmission in cortex
(Dougherty et al., 2014) while increasing high-frequency inhibi-
tory synaptic transmission in dentate gyrus of hippocampus (Lu-
cas et al., 2010). This indicates that the role of PGC-1� in
regulating inhibitory synaptic transmission is circuit dependent.
The effects of PGC-1� deletion in CA1, where inhibition by parv-
albumin basket cells strongly regulates the output of hippocam-
pus, are not yet known and nothing is known about the effects of
PGC-1� loss on circuit function or on the dynamics of the I/E
balance.

Here, we investigated alterations in the dynamic I/E balance in
the CA1 region of hippocampus caused by genetic deletion of
PGC-1�. We find that loss of PGC-1� causes an increase in the
I/E ratio caused by enhanced inhibition, which severely impairs

CA1 circuit function. This is caused in part by dysfunction of
parvalbumin interneurons and deletion of PGC-1� only from
parvalbumin interneurons recapitulates the enhanced inhibition
and circuit dysfunction. The effect is frequency dependent in that
paired-pulse stimulation at short intervals partially restores the
I/E balance and circuit function. However, loss of PGC-1� causes
alterations in kainate-induced gamma oscillations, indicating
that circuit dysfunction remains. PGC-1��/� mice also have im-
paired nest building, a hippocampal-dependent behavior (Dea-
con et al., 2002). Our results show that short-term plasticity is an
important modulator of the imbalance between inhibition and
excitation in an animal model of interneuron transcriptional
dysregulation.

Materials and Methods
Animals. Approval was obtained for all experimental protocols from the
University of Alabama at Birmingham Institutional Animal Care and Use
Committee. All experiments were conducted in accordance with the
Guide for the Care and Use of Laboratory Animals adopted by the National
Institutes of Health. Global (germline) PGC-1� �/� mice (Lin et al.,
2004) were maintained on a C57BL/6J genetic background and housed in
a 26 � 2°C room with food and water ad libitum. All experiments using
the global PGC-1� line were conducted in 4- to 8-week-old male and
female PGC-1� �/� and PGC-1� �/� littermates generated by breeding
PGC-1� �/� mice (JAX # 008597; Lin et al., 2004). A subset of experi-
ments were performed in mice that had PGC-1� specifically removed
from parvalbumin interneurons, generated by crossing parvalbumin-
Cre mice (PV-Cre, JAX # 008069; Hippenmeyer et al., 2005) with FLOX-
PGC-1� mice (LoxP cites flanking the exon 3–5 region of the PGC-1�
promoter, JAX # 009666; Lin et al., 2004). Specificity of recombination by
PV-Cre was assessed by crossing PV-Cre mice with tdTomato reporter
mice (Rosa-CAG-LSL-tdTomato-WPRE; JAX #007909; Madisen et al.,
2010). Complete recombination took up to 3 months (Lucas et al., 2014);
these animals were used at 7–9 months of age for all electrophysiology
experiments.

Slice preparation. Mice were anesthetized with isoflurane, decapitated,
and brains rapidly removed. Then, 400-�m-thick coronal slices of hip-
pocampus were cut on a vibrating microtome (VT1000S; Leica) using
standard methods (Sun et al., 2005; Sun and Dobrunz, 2006; Sun et al.,
2009). Slicing and dissection of the hippocampi were done in ice-cold
(1–3°C) dissecting solution containing the following (in mM): 120 NaCl,
3.5 KCl, 0.75 CaCl2, 4.0 MgCl2, 1.25 NaH2PO4, 26 NaHCO3, and 10
glucose, bubbled with 95% O2/5% CO2, pH 7.35–7.45. Slices were stored
at room temperature in a holding chamber containing the dissecting
solution. For animals 7–9 months of age, the slices were dissected in a
sucrose based solution containing the following (in mM): 87 NaCl, 3 KCl,
0.5 CaCl2, 7.0 MgCl2, 1.25 NaH2PO4, 26 NaHCO3, 75 sucrose, and 20
glucose, bubbled with 95% O2/5% CO2, pH 7.35–7.45. The slices from
older animals were placed in a 32°C water bath for 45 min to 1 h before
being returned to room temperature. Slices were bubbled with 95%
O2–5% CO2 for �1 h before recording.

Electrophysiology. Electrophysiology experiments were performed be-
tween 28°C and 30°C, unless noted otherwise. During experiments, slices
were held in a submersion recording chamber perfused (2.5–3.5 mls/
min) with external recording solution (ERS). ERS contained the follow-
ing compounds (in mM): 120 NaCl, 3.5 KCl, 2.5 CaCl2, 1.3 MgCl2, 1.25
NaH2PO4, 26 NaHCO3, and 10 glucose, bubbled with 95% O2/5% CO2,
pH 7.35–7.45. ERS also had 50 �M D-APV (D-2-amino-5-phos
phonopentanoic acid) to block NMDA receptor-mediated currents
and prevent postsynaptic short-term plasticity, as well as to prevent
long-term potentiation and long-term depression; 1 �M AM251
(N-(piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichlorophenyl)-4-methyl-
1H-pyrazole-3-car-boxamide) to block CB1 receptors and prevent
depolarization-induced suppression of inhibition (DSI) (De-May
and Ali, 2013); and 10 �M CGP 55845 ((2S)-3-[[(1S)-1-(3,4-
Dichlorophenyl-)ethyl]amino-2-hydroxypropyl](phenylmethyl)phosp-
hinic acid) to block GABAB receptors, including the receptors localized
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presynaptically at Schaffer collateral synapses, thereby preventing
activity-dependent reduction in glutamate release (Speed and Dobrunz,
2008). No effect of APV, CGP 55845, or AM251 on the I/E ratio induced
by paired-pulse stimulation was observed (Bartley and Dobrunz, 2015).
To isolate monosynaptic IPSCs, 10 �M NBQX (2,3-dioxo-6-nitro-1,2,3,4-
tetrahydr-obenzo[f]quinoxaline-7-sulfonamide) was added to the ERS.
Where noted, picrotoxin (100 �M) was added to the ERS to block inhibitory
synaptic responses mediated by GABAA receptors. To isolate monosynaptic
IPSCs from either cholecystokinin (CCK) or parvalbumin basket cells, the
following compounds were used, respectively, 500 nM DAMGO ([D-
Ala2,N-MePhe4,Gly-ol5]enkephalin) or 1 �M WINN55,212 (R-(�)-(2,
3-dihydro-5-methyl-3-[(4-morpholinyl)methyl]pyrol[1,2,3-de]-
1,4-benzoxazin-6-yl) (1-naphthalenyl)meth anone mesylate) (Glick-
feld et al., 2008). In experiments to isolate monosynaptic IPSCs from
basket cells (see below), AM 251 was not added to the ERS.

Pyramidal whole-cell recording. CA1 pyramidal cells were blindly
patched on a Nikon Optiphot-2 upright microscope. Neurons were
patched in the voltage-clamp configuration and recorded at various
holding potentials (0 mV, �40 mV, and �55 mV) using a Multiclamp
700A amplifier (Molecular Devices). Patch electrodes (4 – 6M�) were
filled with internal solution composed of the following (in mM): 125
Cs-gluconate, 0.6 EGTA, 1.0 MgCl2, 3 MgSO4, 25 HEPES, 10 Na-ATP,
0.3 GTP, 5 phospocreatine, pH was adjusted to 7.2 with CsOH. The
internal solution also contained 10 mM Cs-BAPTA to block DSI (Isokawa
and Alger, 2005) and QX-314 (N-(2,6-dimethylphenylcarbamoylme
thyl) triethylammonium chloride) (2 mM) to improve space clamp and
to reduce nonlinear effects caused by voltage-gated channels in dendrites
while recording from the soma (Colling and Wheal, 1994). The access
resistance and holding current (�200 pA) were monitored continuously.
Recordings were rejected if either access resistance or holding current
increased �25% during the experiment.

PSCs were recorded in response to extracellular stimulation elicited
using a bipolar tungsten microelectrode (FHC). Stimulation was gener-
ated from a DS8000 digital stimulator (WPI) and applied with a BSI-2
biphasic stimulus isolator (BAK Electronics). The stimulation intensity
ranged from 10 to 100 �A unless otherwise noted and the duration of
stimulation was 100 �s. Except where noted, the stimulating electrode
was placed in stratum radiatum to stimulate the Schaffer collateral axons
and positioned between 250 and 400 �m away from the cell being re-
corded. Paired-pulse stimulation at different intervals (in ms: 40, 60, 100,
200, and 1000) were applied and repeated 20 –25 times for each interval at
0.07 Hz. Paired-pulse ratios are calculated as the amplitude of response
2/amplitude of response 1.

Compound PSCs, which contain both excitatory and inhibitory re-
sponses, were recorded in CA1 pyramidal cells held between �45 mV to
�40 mV. The stimulus strength was adjusted to produce a PSC with a
single excitatory peak and a single inhibitory peak that was 40 – 60% of
the maximum inhibitory component. Disynaptic IPSCs and monosyn-
aptic IPSCs were recorded at 0 mV. To record disynaptic IPSCs, the
stimulating electrode was placed in stratum radiatum. To record mono-
synaptic IPSCs, the stimulating electrode was placed in stratum pyrami-
dale for somatic inhibition and distal stratum radiatum for dendritic
inhibition. The maximal IPSC was determined and stimulation was re-
duced to generate a response with an amplitude 40 – 60% of the maxi-
mum IPSC. EPSCs were recorded at �55 mV. The stimulation intensity
was adjusted to obtain a response that was �50% of the maximum EPSC.
For the input/output curves of EPSCs, disynaptic IPSCs, and monosyn-
aptic IPSCs, the stimulus intensity of the threshold evoked response,
referred to as 1	, was determined as the intensity that gave a response
between 10 and 15 pA. Stimulation was increased in a multiplicative
manner to develop the input/output curves. For isolation of monosyn-
aptic IPSCs from parvalbumin versus CCK basket cells, the maximal
IPSC amplitude was determined and the stimulus intensity was reduced
to reach 30% of the maximum IPSC amplitude.

Spontaneous IPSCs (sIPSCs) were pharmacologically isolated with
NBQX (10 �M) and D-APV (50 �M). Using 1 �M TTX (tetrodotoxin),
mini-IPSCs (mIPSCs) were then isolated. Analyses of sIPSCs and mIP-
SCs were performed using custom software written in Visual Basic,
which measured amplitude and interevent interval. Events were fit to a

template response and all sIPSCs and mIPSCs that fit the template and
passed visual inspection were included in the analysis.

EPSP-spike coupling recording. Two field recording electrodes were
placed in the slice, one in stratum pyramidale to measure the population
spike and the other in stratum radiatum to measure the dendritic field
EPSP. The population spike amplitude was calculated by measuring the
amplitude of the negative peak and adding it to the average response size
of the two positive peaks, as described previously (Marder and Buono-
mano, 2003). Stimulation was applied every 10 s as a pair of pulses 60 ms
apart. A stable baseline was obtained before applying a series of stimulus
intensities (10 –300 �A). The data were normalized to the maximum
population spike amplitude of the second pulse at 60 ms and fitted using
a Boltzmann curve.

In vitro gamma oscillations. For gamma oscillation experiments, 300-
�m-thick horizontal hippocampal slices were made from 4- to 6-week-
old male and female PGC-1� �/� and PGC-1� �/� mice using the
standard dissection solution described above. Slices recovered for 1 h in a
32°C water bath before being returned to room temperature. Field re-
cording electrodes were placed in stratum pyramidale of CA3 in slices
using a submerged recording chamber. Throughout the experiment, the
ERS was maintained at 32°C with a flow rate of 3–5 ml/min. After a
period of stabilization, 100 nM kainate was applied to generate gamma
oscillations (Fuchs et al., 2007). Fast Fourier transforms for power spec-
tra were computed using custom written software in Visual Basic.

Voltage-sensitive dye recordings. Slices were stained with the voltage-
sensitive fluorescent dye N-(3-triethylammoniumpropyl)-4-{4-[4-
(diethylamino)phenyl]butadienyl}pyridinium dibromide (RH-414; 30
�M) for at least 45 min at room temperature and with continuous bub-
bling using 95% O2/5% CO2. Excess dye was washed out for a minimum
of 10 min in a submersion chamber perfused (2.5–3.0 ml/min) with ERS
maintained at 30°C. RH-414 was briefly excited with 535 � 40 nm light.
RH-414 fluorescence emission was collected by a 	10 0.5 numerical
aperture Plan-Neofluar objective (Carl Zeiss) and detected by a Neu-
roPDA 464-element photodiode array (Red Shirt Imaging) mounted
under an inverted microscope (Zeiss Axiovert 135TV). To image mem-
brane depolarization in area CA1 with RH-414, Schaffer collateral axons
in stratum radiatum were stimulated with paired current pulses (50 and
500 ms) at different current intensities (30 –130 �A) delivered through a
bipolar tungsten microelectrode (FHC) connected to a constant-current
stimulus isolator (S8800 stimulator; Grass Instruments). Individual pho-
todiode currents were sampled at 1.6 kHz, amplified, digitized, and
stored on a computer running Neuroplex software (Red Shirt Imaging),
as described previously (Calfa et al., 2011).

Fluorescence measurements during image sequences were normalized
to the resting light intensity measured for each photodiode in the array.
RH-414 bleaching was corrected by imaging sequences in the absence of
stimulation. The maximum amplitude was obtained by averaging the
traces from 20 diodes located in the vicinity of the stimulus electrode. The
area of the spatial spread was obtained by determining the number of
photodiodes in the array that showed 
F/F levels twice the baseline noise
and multiplying by 75 �m. Similarly, the duration of RH-414 signals was
obtained from the interval between the first and the last frames of a
sequence that showed 
F/F levels above the baseline noise.

Gene and protein expression analyses. Mice were anesthetized with iso-
flurane before decapitation. Whole hippocampi were quickly dissected,
frozen on dry ice, and stored at �80°C until RNA or protein isolation.
RNA isolation, reverse transcription, and Taqman q-RT-PCR were
conducted as described previously (Lucas et al., 2010; Lucas et al., 2014)
with Applied Biosystems primer/probe sets for parvalbumin (Mm
00443100_m1), complexin 1 (Mm00514378_m1), and synaptotagmin 2
(Mm00436864_m1). Relative concentrations of the genes of interest
were calculated compared with a standard curve calculated from dilu-
tions of cDNA (1:5, 1:10, 1:20) from a pool of littermate controls. Values
were normalized to �-actin (Mm00607939_s1) and expressed as ratio to
control samples � SE.

Western blot analysis and immunofluorescence studies were con-
ducted as described previously (Lucas et al., 2014). Primary antibod-
ies included complexin 1,2 (Synaptic Systems; Pabst et al., 2000),
parvalbumin (Sigma-Aldrich), and synaptotagmin 2 (znp-1; Ze-
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brafish International Resource Center; Fox and Sanes, 2007). For
Western blot anlysis, �-actin (Millipore Bioscience Research Re-
agents; Cowell et al., 2007) was used as the internal control.

Nesting behavior. Two-month-old male and female PGC-1� �/� and
PGC-1� �/� mice were individually housed with food and water ad libi-
tum for at least 48 h. The room temperature was maintained at 21 � 2°C.
The floor of the cage was covered with bedding to a depth of 0.5 cm. One
hour before the onset of the dark phase of the light cycle, each cage was
supplied with a nestlet of pressed cotton (3 g; Ancare). The next morning,
cages were inspected for nests. Pictures were taken for documentation
and the untorn nestlet was weighed. Nest construction was scored using
an established 5 point system as follows (Deacon, 2006; Deacon, 2012): 1,
nestlet not noticeably touched; 2, nestlet partially torn up (50 –90% re-
maining intact); 3, nestlet mostly shredded but often no identifiable nest
site (�90% shredded); 4, an identifiable, but flat nest; or 5, a (near)
perfect nest with clear nest crater (�90% shredded). Nesting behavior
was also performed in PGC-1� WT:PV-Cre and PGC-1� fl/fl: PV-cre mice
(2– 8 months old).

Statistical analysis. All statistics were performed using Origin software
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 were
made using Student’s t test or one-way
ANOVA followed by Tukey post hoc analysis
for multiple comparisons.

Results
I/E ratio is enhanced in PGC-1��/�

mice due to increased inhibition
To test the effects of transcriptional
dysfunction in interneurons on the I/E
ratio, we recorded compound postsyn-
aptic currents from CA1 pyramidal cells
at a holding potential near the threshold
for action potential generation (be-
tween �45 mV and �40 mV) in re-
sponse to stimulation of Schaffer
collateral axons, which generates a trace
with both an EPSC and subsequent IPSC
(compound PSC; Fig. 1A, inset). We
quantified the I/E ratio by measuring
the peak amplitude of the inhibitory and
excitatory components of the com-
pound PSC. The baseline I/E ratio
showed almost a 4-fold increase in slices
from PGC-1� �/� mice compared with
PGC-1� �/� mice (Fig. 1A), although
there was no difference in the stimulus
intensity used (PGC-1� �/� 70.8 � 11.1
�A vs PGC-1� �/� 64.3 � 10.8 �A; Stu-
dent’s t test, p � 0.69). There was also no
difference in input resistance of CA1 py-
ramidal cells between the two genotypes
(PGC-1� �/� 136.93 � 11.06 M� vs
PGC-1� �/� 129.43 � 10.75 M�, n �
14, 20, Student’s t test, p � 0.59). How-
ever, the excitation window (the time
that the compound PSC is excitatory)
was dramatically reduced in PGC-
1� �/� mice (Fig. 1B). The change in I/E
ratio could be caused by either changes
in excitation or inhibition or possibly
both. To test this, we measured EPSCs
and disynaptic IPSCs at their respective
reversal potentials (0 mV, �55 mV).
There was an almost 2-fold enhance-

ment of the basal disynaptic inhibition (Fig. 1C), but no
change in the magnitude of excitation onto CA1 pyramidal
cells (Fig. 1D). We also quantified the I/E ratio using the peak
amplitudes measured at the respective reversal potentials
(Torborg et al., 2010; Bartley and Dobrunz, 2015); this
method showed approximately a two-fold enhancement of the
baseline I/E ratio (PGC-1� �/� 1.8 � 0.2 vs PGC-1� �/� 3.9 �
0.7; Student’s t test, p � 0.05, n � 10, 13). To verify that the
observed effects were not caused by differences in stimulation
intensity between the two genotypes, we measured input/out-
put curves for both disynaptic IPSCs and for EPSCs, plotting
peak amplitude as a function of stimulus intensity (as a mul-
tiple of threshold intensity). The input/output curves showed
greatly enhanced amplitude of disynaptic IPSCs across a range
of stimulus intensities (Fig. 1E), but no significant difference
in EPSC amplitudes (Fig. 1F ). Therefore, the alterations in I/E
balance in PGC-1� �/� mice are only due to the large increase
in the magnitude of disynaptic inhibition.

Figure 1. Increased I/E ratio in PGC-1� �/� mice is caused by enhanced inhibition. A, The I/E ratio in CA1 pyramidal cells, as
determined from the peaks of the compound PSC in response to Schaffer collateral stimulation, is greatly enhanced in slices from
PGC-1� �/� mice (n � 10, 6). Inset, Example traces of compound PSCs in CA1 pyramidal cells held at �45 mV from PGC-1� �/�

(black) and PGC-1� �/� (red) mice. Scale bars, 50 ms, 50 pA. B, The excitation window (width of the excitatory component of the
compound PSC at the points that it crosses 0 pA as depicted by arrows; Chittajallu et al., 2013; Bartley and Dobrunz, 2015) is shorter
in slices from PGC-1� �/� mice. Inset, Example traces of compound PSCs in CA1 pyramidal cells held at �45 mV from PGC-
1� �/� (black) and PGC-1� �/� (red) mice. Scale bars, 10 ms, 50 pA. C, The peak amplitude of disynaptic inhibition is enhanced
nearly two-fold in slices from PGC-1� �/� mice (n � 17, 22). Inset, Example traces of disynaptic IPSCs onto CA1 pyramidal cells
held at the reversal potential of excitation (0 mV) from PGC-1� �/� (black) and PGC-1� �/� (red) mice. Scale bars, 50 ms, 200
pA. D, The peak amplitude of the EPSCs is not significantly reduced in slices from PGC-1� �/� mice (n � 12, 13). Inset, Example
traces of EPSCs onto CA1 pyramidal cells held at the reversal potential of inhibition (�55 mV) from PGC-1� �/� (black) and
PGC-1� �/� (red) mice. Scale bars, 25 ms, 75 pA. E, Input/output curve for disynaptic IPSCs onto CA1 pyramidal cells held at 0 mV
indicates that the peak IPSC amplitude is larger in slices from PGC-1� �/� mice at all stimulation amplitudes above threshold
(ANOVA, F(7, 40) �5.81, p�0.001, n�4, 4). F, Input/output curve for EPSCs onto CA1 pyramidal cells held at�55 mV in indicates
that the peak EPSC amplitude is not different in slices from PGC-1� �/� mice across a range of stimulus intensities (ANOVA,
F(6, 35) � 1.12, p � 0.37, n � 4, 3). *p � 0.05, Student’s t test.
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The spread of activity and the output of
CA1 pyramidal cells are greatly reduced
in PGC-1��/� mice
To determine how the enhanced inhibi-
tion affected the CA1 microcircuit, we
used voltage-sensitive dye imaging (Alb-
ertson et al., 2011; Calfa et al., 2011) to
measure the spatiotemporal spread of de-
polarization in CA1 in response to Schaf-
fer collateral stimulation (Fig. 2A–D).
Example images show that the spread of
activity is greatly reduced in CA1 from
PGC-1��/� mice compared with PGC-
1��/� mice (Fig. 2A). Group results show
that the amplitude (Fig. 2B), spatial
spread (Fig. 2C), and duration (Fig. 2D) of
the voltage-sensitive dye signal are all
greatly reduced in PGC-1��/� mice.

To test the effects of the increased I/E
ratio on CA1 output, we used extracellular
recordings to measure EPSP-spike cou-
pling (Marder and Buonomano, 2003) in
CA1 from PGC-1��/� and PGC-1��/�

mice in response to Schaffer collateral
stimulation over a wide range of stimulus
intensities (10 –300 �A). Although popu-
lation spikes in the CA1 pyramidal cell
layer were readily observed in slices from
PGC-1��/� mice, almost no spiking was
observed in PGC-1��/� mice even at
high stimulus intensities (Fig. 2E–G). The
maximum population spike amplitude
was greatly reduced (Fig. 2F) and 50% of
slices from PGC-1��/� mice had no de-
tectable population spikes even at 300 �A
stimulation. The narrow excitation win-
dow observed in these mice (Fig. 1B) most
likely plays a strong role in the reduced
spiking. In slices in which spiking was ob-
served, the relationship between spiking
and the dendritic field potential slope was
shifted downward (Fig. 2G), indicating
that more excitatory input was required to
cause CA1 pyramidal cell spiking. This
shows that the enhanced I/E ratio due to
loss of PGC-1� causes a large decrease in
synaptically evoked spiking of CA1 pyra-
midal cells. This would lead to an impair-
ment of CA1 output, and thus hippocampal output, caused by
transcriptional dysregulation in interneurons.

Loss of PGC-1� causes increased GABA release
To determine whether the enhancement in disynaptic inhibition in
CA1 is caused by a change in the properties of the inhibitory syn-
apses, we recorded from CA1 pyramidal cells holding the cell at 0 mV
without applying stimulation to record either mIPSCs (addition of
TTX; Fig. 3A) or sIPSCs (Fig. 3B). The mIPSC amplitude was un-
changed in PGC-1��/� slices (Fig. 3A1), suggesting that the respon-
siveness of GABAA receptors is not enhanced. Instead, the frequency
of mIPSCs was increased (Fig. 3A2), suggesting an increase in the
release of GABA. This could be caused by an increase in the release
probability of GABA, an increase in the number of inhibitory syn-
apses, or both. If the number of inhibitory synapses were increased, it

would be expected that the average number of synapses made by
individual GABAergic axons onto each CA1 pyramidal cell would be
greater. Because spontaneous action potentials would cause simul-
taneous release from multiple synapses per axon at the same time,
this would therefore cause an increase in the sIPSC amplitude. How-
ever, the amplitude of the sIPSCs was unchanged (Fig. 3B1), suggest-
ing that the number of inhibitory synapses is not increased. The
frequency of sIPSCs was also enhanced in PGC-1��/� compared
with PGC-1��/� mice (Fig. 3B2), consistent with the increase in
mIPSC frequency.

PGC-1� is found in all types of interneurons (Cowell et al.,
2007). Previous work has shown that PGC-1� regulates the ex-
pression of parvalbumin (Lucas et al., 2010), which is expressed
primarily in fast-spiking basket cells that heavily innervate cell
bodies of CA1 pyramidal cells, although it is also expressed in a

Figure 2. Reduced activation of CA1 hippocampal circuit in PGC-1� �/� mice. A, Example images of the spatiotemporal
pattern of voltage-sensitive dye signals evoked in CA1 from PGC-1� �/� and PGC-1� �/� mice. Frames are 2.47 ms apart. B, The
maximum amplitude of the response is reduced in PGC-1� �/� mice (n � 14, 9). C, The spread of the response is reduced in
PGC-1� �/� mice (n � 14, 9). D, The duration of the response is reduced in PGC-1� �/� mice (n � 14, 9). E, Example traces of
field recording in stratum pyramidale and stratum radiatum from PGC-1� �/� (black) and PGC-1� �/� (red) mice. Scale bars, 15
ms, 1 mV (top and bottom). F, Population spike amplitudes were measured in stratum pyramidale. The maximum population spike
generated in PGC-1� �/� mice (n � 6) was dramatically reduced compared with PGC-1� �/� mice (n � 9). G, EPSP-spike
coupling was measured in response to stimulation of Schaffer collateral axons. The average Boltzmann curve for each group is
displayed. In PGC-1� �/� mice, the output from CA1 pyramidal cells was greatly reduced (ANOVA, F(14, 749) � 80.28, p � 0.001,
n � 9, 6). *p � 0.05, Student’s t test.
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subset of dendritic-targeting interneurons. It is therefore possible
that the loss of PGC-1� has a greater effect on somatic inhibition
than dendritic inhibition. We tested this by measuring mono-
synaptic inhibition in CA1 (with excitatory synapses blocked
by 10 �M NBQX) in response to extracellular stimulation of
inhibitory axons in stratum pyramidale (somatic) or stratum
radiatum (dendritic) (Miles et al., 1996; Chevaleyre and Cas-
tillo, 2003; Mendoza et al., 2006). In both the somatic and
dendritic targeting inhibition, the amplitude of the monosyn-
aptic IPSCs in PGC-1� �/� mice was enhanced �2-fold com-
pared with PGC-1� �/� mice (Fig. 3C,D), suggesting that loss
of PGC-1� affects both somatic and dendritic inhibition. To
further explore the possibility that PGC-1� �/� mice have en-
hanced GABA release probability, we measured the coefficient

of variation (CV) of monosynaptic IPSCs from both genotypes
(Dvorzhak et al., 2013). The PGC-1� �/� mice had a lower CV
compared with PGC-1� �/� mice for both somatic IPSCs (Fig.
3E) and dendritic IPSCs (Fig. 3F ), which indicates an in-
creased GABA release probability in the PGC-1� �/� mice. To
further verify that the enhanced monosynaptic inhibition was
not due to stimulation intensity differences between PGC-
1� �/� and PGC-1� �/� mice, we measured input/output
curves of monosynaptic inhibition from somatic and dendritic
targeting interneurons. The input/output curves showed en-
hanced monosynaptic IPSCs across a range of stimulus inten-
sities in PGC-1� �/� slices for both somatic and dendritic
inhibition (Fig. 3G,H ). Together, these data show that loss of
PGC-1� in interneurons causes enhanced inhibitory synaptic

Figure 3. Inhibitory synapses are altered by the loss of PGC-1�. A, The amplitude of mIPSCs is not altered (A1, n � 10, 6). However, the frequency of the mIPSCs is enhanced in PGC-1� �/� mice
(A2, n � 10, 6). Insets, Example traces of mIPSCs onto CA1 pyramidal cells from PGC-1� �/� (black) and PGC-1� �/� (red) mice. Scale bars, 200 ms, 25 pA. B, Similar to the mIPSCs, the amplitude
of the sIPSCs is unchanged (B1, n � 11, 13), whereas the frequency of the sIPSCs is enhanced in PGC-1� �/� mice (B2, n � 11, 13). Insets, Example traces of sIPSC onto CA1 pyramidal cells from
PGC-1� �/� (black) and PGC-1� �/� (red) mice. Scale bars, 200 ms, 50 pA. C, D, Evoked monosynaptic inhibition is enhanced from both somatic (C, n � 12, 8) and dendritic (D, n � 19, 11)
targeting interneurons in slices from PGC-1� �/� mice. Monosynaptic IPSCs were generated from stimulation in stratum radiatum near the stratum pyramidale (somatic, left) and near stratum
lacunosum moleculare (dendritic, right). Insets, Example traces of evoked monosynaptic IPSCs onto CA1 pyramidal cells held at 0 mV from PGC-1� �/� (black) and PGC-1� �/� (red) mice. Scale
bars, 50 ms, 200 pA. E, F, The CV of monosynaptic IPSCs is reduced in PGC-1� �/� mice for both somatic IPSCs (E, n � 12, 8) and dendritic IPSCs (F, n � 14, 12). G, H, Input/output curves for
monosynaptic IPSCs indicate that the peak IPSC amplitude is larger in slices from PGC-1� �/� mice at all stimulation amplitudes above threshold for both somatic (G, ANOVA, F(7, 44) � 11.25, p �
0.002, n � 4, 4) and dendritic (H, ANOVA, F(7, 44) � 10.04, p � 0.003, n � 4, 4) targeting interneurons. I, There are two main classes of somatic targeting interneurons, parvalbumin (PV) and CCK
basket cells. Inhibition from each subtype can be pharmacologically isolated by application of either 1 �M WINN or 500 nM DAMGO, respectively. Somatic monosynaptic IPSCs from PV (n � 5, 4) and
CCK (n � 3, 3) interneurons have larger amplitudes in slices from PGC-1� �/� mice. J, The percentage of the somatic monosynaptic IPSC that is from parvalbumin cells is larger in PGC-1� �/� mice
(n � 8, 7). *p � 0.05, Student’s t test.
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transmission as a result of an increase in
the probability of GABA release.

Somatic targeting inhibition mainly
comes from parvalbumin and chole-
cystokinin (CCK) basket cells (Berghuis
et al., 2004). Monosynaptic IPSCs that
are primarily from parvalbumin basket
cells can be pharmacologically isolated
by recording somatic IPSCs and block-
ing GABA release from CCK basket
cells with the CB1 receptor agonist
WINN (1 �M) (Glickfeld et al., 2008).
Monosynaptic inhibitory synapses from
parvalbumin basket cells have an approx-
imately 3-fold greater IPSC amplitude in
PGC-1��/� mice compared with PGC-
1��/� mice (Fig. 3I). In addition, there
was an approximately 2-fold increase in
the amplitude of monosynaptic IPSCs
from CCK basket cells, which was mea-
sured by blocking parvalbumin inhibitory
output with 500 nM DAMGO (Glickfeld et
al., 2008). The percentage of the mono-
synaptic somatic IPSC that is from parv-
albumin interneurons is also increased in
PGC-1��/� mice (Fig. 3J). Together, our
results show that loss of PGC-1� has
widespread effects on inhibition, both so-
matic and dendritic, including both parv-
albumin and CCK cells. Because many
dendritic targeting interneurons contain
CCK (Bezaire and Soltesz, 2013) and there
is a population of parvalbumin-positive
dendritic targeting interneurons (Bezaire
and Soltesz, 2013), parvalbumin and CCK
interneurons could play a role in the en-
hanced dendritic inhibition, although
other subtypes might also contribute.

Loss of PGC-1� causes reduced levels of
specific synaptic proteins
Previous work has shown that inhibition is decreased in motor
cortex of PGC-1��/� mice (Dougherty et al., 2014) and that, in
addition to reduced parvalbumin (Lucas et al., 2010), specific
transcripts influencing synaptic release are reduced in cortex,
specifically synaptotagmin 2 and complexin 1 (Lucas et al., 2014).
Because loss of PGC-1� causes enhanced inhibition in hip-
pocampus rather than reduced inhibition, it is possible that the
transcriptional changes are different in hippocampus from those
previously described in cortex. To test this, we used q-RT-PCR,
which revealed that transcripts for parvalbumin (t(11) � 8.6, p �
3.2 	 10�6), synaptotagmin 2 (t(18) � 4.2, p � 0.0006), and
complexin 1 (t(19) � 4.4, p � 0.0003) are all significantly reduced
in hippocampal homogenates from PGC-1��/� mice (Fig. 4A).
However, alterations in transcript levels do not always correlate
with reduce protein expression (Ghazalpour et al., 2011). There-
fore, to confirm that the protein level was reduced, we used West-
ern blot analysis and immunohistochemistry. A prior study
showed a dramatic reduction in parvalbumin protein expression
in PGC-1��/� hippocampus (Lucas et al., 2010) and Western
blot analysis confirmed that protein expression of synaptotagmin
2 (t(6) � 8.9, p � 0.0001) and complexin 1 (t(7) � 8.7, p � 5.2 	
10�5) was also reduced in hippocampal homogenates from PGC-

1��/� mice (Fig. 4B,C). Immunofluorescence double labeling
with antibodies against synaptotagmin 2 and parvalbumin re-
vealed high coexpression in axon terminals throughout the CA1
pyramidal cell layer in PGC-1��/� mice (Fig. 4D). Synaptotag-
min 2 is highly expressed in parvalbumin-positive puncta in
PGC-1��/� mice, especially in baskets surrounding pyramidal
cell soma. Both synaptotagmin 2 and parvalbumin expression
were markedly reduced in PGC-1��/� mice, but very limited
coexpression in axon terminals was still evident. Immunohisto-
chemistry also showed that complexin 1 expression is reduced
throughout CA1 in PGC-1��/� mice (data not shown). These
large reductions in synaptotagmin 2 and complexin 1 in hip-
pocampus are consistent with the fact that, within the hippocam-
pus, these transcripts are primarily expressed by GABAergic
interneurons (Marquèze et al., 1995; Eastwood et al., 2000).

I/E ratio is dynamically regulated in PGC-1��/� mice
Because short-term plasticity alters both excitatory and inhibi-
tory synapses and can dynamically regulate the I/E ratio (Bartley
and Dobrunz, 2015), we next tested what the overall effect of
short-term plasticity is on the difference in I/E between PGC-
1��/� and PGC-1��/� mice. During paired-pulse stimulation

Figure 4. PGC-1� is required for the expression of synaptic vesicle fusion proteins in hippocampus. A, q-RT-PCR revealed
significant reductions in transcript expression of parvalbumin (PV), synaptotagmin 2 (Syt2), and complexin 1 (Cplx1) in hippocam-
pal homogenates from PGC-1� �/� (n � 6 –9 per group) compared with PGC-1� �/� mice (n � 7–12 per group). B, Western
blot analysis confirmed that protein expression of Syt2 and Cplx1 was also reduced in hippocampal homogenates from PGC-
1� �/� (n � 7) compared with PGC-1� �/� mice (n � 7). C, Representative Western blots of data shown in B. Arrowheads
indicate bands for Cplx1 and Cplx2. D, Immunofluorescence double-labeling with antibodies against Syt2 (green) and PV (red)
revealed high coexpression (yellow) of the two proteins in axon terminals throughout the CA1 pyramidal layer in PGC-1� �/�

mice. Syt2 is highly expressed in rings of PV-positive puncta (arrowheads) surrounding CA1 pyramidal cells. Both Syt2 and PV
expression were markedly reduced in PGC-1� �/� mice, but limited coexpression in axon terminals was still evident (arrowhead).
Scale bar, 25 �m. n � 3–5 per group for immunofluorescence experiments. ***p � 0.0005, **p � 0.005, two-tailed,
independent-samples t tests.

15282 • J. Neurosci., November 18, 2015 • 35(46):15276 –15290 Bartley et al. • Dynamic I/E Imbalance in PGC-1��/� Mice



(Fig. 5A), both genotypes showed a decrease in the I/E ratio on
the second pulse (closed symbols) compared with the first pulse
(open symbols at 0 ms) across a range of intervals. This indicates
that the I/E ratio is dependent on stimulus interval in both geno-
types, as we had shown previously for wild-type mice (Bartley and
Dobrunz, 2015). In addition, the I/E ratio on the second pulse
was larger in slices from PGC-1��/� mice compared with PGC-
1��/� mice at all interpulse intervals (Fig. 5A). However, the
difference between the two genotypes was greater at longer inter-
vals (200 –1000 ms) compared with shorter intervals and the ef-
fects were smaller on the second pulse at all intervals than on the
first pulse. This indicates that the alteration in the I/E ratio in
slices from PGC-1��/� mice is not constant. Instead, the mag-
nitude of the I/E imbalance is modulated by the timing of the
stimulus as a result of short-term plasticity.

To determine the source of this effect, we next examined the
paired-pulse responses of excitation and inhibition separately. There
was no difference in the amount of paired-pulse facilitation of exci-

tation (measured at �55 mV) between the two genotypes (Fig. 5B);
both showed strong paired-pulse facilitation of Schaffer collateral
evoked EPSCs. Disynaptic inhibition (measured in CA1 pyramidal
cells at 0 mV) also showed robust paired-pulse facilitation in slices
from PGC-1��/� mice (Fig. 5B), as we have observed previously
(Bartley and Dobrunz, 2015). In contrast, disynaptic IPSCs in slices
from PGC-1��/� mice had paired-pulse depression (Fig. 5C), indi-
cating that short-term plasticity of inhibition is different between the
two genotypes. We next measured paired-pulse responses of somatic
targeting monosynaptic inhibition (in NBQX) and found that
monosynaptic IPSCs had paired-pulse depression in slices from
PGC-1��/� mice (Fig. 5D), consistent with what has been reported
previously (Davies et al., 1990; Klyachko and Stevens, 2006; Bartley
and Dobrunz, 2015). Somatic monosynaptic IPSCs in slices from
PGC-1��/� mice also had paired-pulse depression (Fig. 5D). At
short intervals, however, the paired-pulse ratio of somatic monosyn-
aptic IPSCs was greater in PGC-1��/� mice compared with PGC-
1��/� mice (Fig. 5D), consistent with what was previously observed

Figure 5. Alteration in the I/E ratio is frequency dependent in PGC-1� �/� mice. A, The I/E ratio of the second pulse in response to paired-pulse stimulation is larger in slices from
PGC-1� �/� mice compared with PGC-1� �/� mice across a range of interpulse intervals. However, the magnitude of the difference between PGC-1� �/� mice and PGC-1� �/� mice
is interval dependent, being smaller at shorter intervals and larger at longer intervals (ANOVA, F(15, 87) � 24.26647, p � 0.001, n � 10, 6). The I/E ratio on the first pulse, which has the
largest magnitude of difference between PGC-1� �/� mice and PGC-1� �/� mice, is shown for comparison (open symbols at time 0 ms). Insets, Example traces of compound PSCs at
a 200 ms interval from PGC-1� �/� (black) and PGC-1� �/� mice (red) measured in CA1 pyramidal cells held at �45 mV. Scale bar, 100 ms, 100 pA. B, The paired-pulse ratio of the
excitation is unchanged (ANOVA, F(24, 72) � 2.40803, p � 0.13, n � 12, 13). Insets, Example traces of EPSCs from PGC-1� �/� (black) and PGC-1� �/� mice (red) measured in CA1
pyramidal cells held at �55 mV. Scale bar, 50 ms, 100 pA. C, The paired-pulse ratio of disynaptic inhibition shows paired-pulse facilitation in the PGC-1� �/� mice but shows
paired-pulse depression in PGC-1� �/� (ANOVA, F(38, 114) � 15.45, p � 0.001, n � 22, 17). Insets, Example traces of disynaptic IPSCs from PGC-1� �/� (black) and PGC-1� �/� mice
(red) measured in CA1 pyramidal cells held at 0 mV. Scale bar, 50 ms, 200 pA. D, Inhibitory synapses from putative somatic targeting interneurons have less paired-pulse depression with
the loss of PGC-1� (ANOVA, F(5, 42) � 3.42, p � 0.02, n � 9, 6). E, The paired-pulse ratio at a 60 ms interval of monosynaptic inhibition from putative somatic targeting interneurons
in PGC-1� �/� slices shows less paired-pulse depression compared with PGC-1� �/� at stimulation intensities greater than threshold (ANOVA, F(7, 44) � 5.42, p � 0.008, n � 4, 4).
F, Inhibitory synapses from dendritic targeting interneurons have no significant change in their paired-pulse ratio with the loss of PGC-1� (ANOVA, F(5, 66) � 0.80, p � 0.55, n � 14,
10). G, There is no difference between genotypes in the paired-pulse ratio at a 60 ms interval of monosynaptic inhibition from putative dendritic targeting interneurons across a range
of stimulation intensities (ANOVA, F(7, 44) � 0.93, p � 0.34, n � 4, 4). Paired-pulse ratios are calculated as the amplitude of response 2/amplitude of response 1. *p � 0.05.
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in dentate granule cells (Lucas et al., 2010).
The enhanced paired-pulse ratio at the short
interval was seen for a range of stimulus in-
tensities above threshold (Fig. 5E). This is
most likely caused by the reduction in cal-
cium buffering by parvalbumin (Caillard et
al., 2000) rather than indicating a decrease
in the initial release probability because the
increased mIPSC frequency (Fig. 3A2) and
decreased CV (Figs. 3E,F) suggest that the
GABA release probability is enhanced in
slices from PGC-1��/� mice. The effect on
short-term plasticity of monosynaptic inhi-
bition is specific for somatic synapses; there
was no significant difference in the paired-
pulse ratio of dendritic monosynaptic IPSCs
at any interval (Fig. 5F) or at the short inter-
val across a range of stimulus intensities
(Fig. 5G).

We have shown previously that the dif-
ference in short-term plasticity between di-
synaptic IPSCs (paired-pulse facilitation)
and monosynaptic IPSCs (paired-pulse de-
pression) is caused by an increase in the re-
cruitment (spiking) of interneurons on the
second pulse compared with the first pulse
in slices from wild-type mice (Bartley and
Dobrunz, 2015). Here, we show that disyn-
aptic IPSCs in slices from PGC-1��/� mice
have paired-pulse depression instead of fa-
cilitation, which cannot be accounted for by
differences in the properties of the inhibi-
tory synapses themselves. Specifically, the
monosynaptic IPSC amplitude on the sec-
ond pulse of the 60 ms interval is 2-fold
larger in the PGC-1��/� mice (PGC-
1��/� 48.2 � 12.2 pA vs PGC-1��/�

103.7 � 19.4 pA; Student’s t test, p � 0.05).
However, the disynaptic IPSC amplitude on
the second pulse of the 60 ms interval is not
significantly different between the two ge-
notypes (PGC-1��/� 238.6 � 36.8 pA vs
PGC-1��/� 179.0 � 36.8 pA; Student’s t
test, p � 0.26). Together, these data suggest
that the enhanced interneuron recruitment
that normally happens on the second pulse
(compared with the first pulse) is impaired
in PGC-1��/� mice. Overall, our data show
that the altered dynamics of the I/E ratio in
slices from PGC-1��/� mice are caused by
changes in short-term plasticity of disynap-
tic inhibition, most likely through altera-
tions in interneuron recruitment on the
second pulse.

Alterations in the CA1 microcircuit are
frequency dependent
We next tested how short-term plasticity af-
fects the CA1 microcircuit in PGC-1��/�

mice using voltage-sensitive dye imaging
(Fig. 6A–G) to measure the spatiotemporal
spread of activity in CA1 in response to
Schaffer collateral stimulation on the sec-

Figure 6. Partial restoration of circuit function at short paired-pulse intervals in PGC-1� �/� mice. A, Example images
of the spatiotemporal pattern of voltage-sensitive dye signals evoked in CA1 by Schaffer collateral stimulation in slices from
PGC-1� �/� and PGC-1� �/� mice from the second pulse in a paired-pulse stimulation at a 50 ms interval. B, The
maximum amplitude of the voltage-sensitive dye response is similar on the second pulse (n � 12, 7). C, The spread of the
response is unchanged (n � 12, 7). D, The duration of the response is reduced at the 50 ms interval on the second pulse in
PGC-1� �/� mice (n � 12, 7). E, The maximum amplitude of the voltage-sensitive dye response is not significantly
different on the second pulse of a 500 ms interval (n � 11, 7). F, The spread of the response is decreased at the 500 ms
interval (n � 11, 7). G, The duration of the response is decreased at the 500 ms interval in the PGC-1� �/� mice (n � 11,
7). H, Population spike amplitudes were measured in stratum pyramidale on the second pulse of paired-pulse stimulation
at a 60 ms interval. The maximum population spike generated in the PGC-1� �/� mice (n � 6) is not significantly reduced
compared with PGC-1� �/� mice (n � 9). I, EPSP-spike coupling was measured on the second pulse at a 60 ms interval in
response to stimulation of Schaffer collateral axons. The average Boltzmann curve for each group is displayed. In PGC-
1� �/� mice, the output from CA1 pyramidal cells is now similar to PGC-1� �/� mice (ANOVA, F(14, 749) � 1.87, p � 0.09,
n � 9, 6). *p � 0.05, Student’s t test.
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ond pulse at two intervals, 50 and 500 ms. The voltage-sensitive dye
response has returned to baseline levels before the start of the second
pulse at these two intervals, preventing any cumulative effects on the
signal. Although the spread of activation was greatly reduced in slices
from PGC-1��/� mice on the first pulse (Fig. 2A–D), example im-
ages show that the spread of activity in CA1 is similar between PGC-
1��/� and PGC-1��/� on the second pulse in a 50 ms paired-pulse
interval (Fig. 6A). Group results show that the amplitude (Fig. 6B)
and spatial spread (Fig. 6C) of the voltage-sensitive dye signal are not
significantly different on the second pulse of the 50 ms interval. This
is consistent with the fact that the disynaptic IPSC amplitude is no
longer different between the genotypes at the short paired-pulse in-
terval. However, the duration (Fig. 6D) of activation at 50 ms is still
diminished in PGC-1��/� mice. The effect is frequency dependent

because, at the 500 ms interval, the spatial
spread of activity (Fig. 6F) is also reduced in
PGC-1��/� mice in addition to the dura-
tion (Fig. 6G).

Short-term plasticity caused an increase
in the population spike amplitude on the
second pulse (compared with the first pulse)
at a short paired-pulse interval (60 ms) for
both PGC-1��/� and PGC-1��/� mice
(compare Figs. 6H, 2F). However, there is a
trend for the maximum population spike to
still be reduced at this interval in PGC-
1��/� mice compared with PGC-1��/�

mice (p � 0.1; Fig. 6H). The EPSP-spike
coupling curve between genotypes is similar
at a short paired-pulse interval (Fig. 6I).
This shows that the enhanced I/E balance
due to loss of PGC-1� causes a large de-
crease in synaptically evoked spiking of CA1
pyramidal cells at low frequencies; however,
higher frequencies have partial restoration
of the synaptically evoked spiking. There-
fore, the impairment of hippocampal out-
put is frequency dependent.

Gamma oscillations are enhanced in
PGC-1��/� mice
Transcriptional dysfunction caused by
the deletion of PGC-1� increases inhi-
bition from parvalbumin interneurons
(Fig. 3I ), which are important for regu-
lating gamma oscillations (Bartos et al.,
2007). However, the effect on inhibition
and the I/E ratio is frequency depen-
dent, making it difficult to predict the
effects on gamma oscillations in re-
sponse to the loss of PGC-1�. To deter-
mine if gamma oscillations are altered in
PGC-1� �/� mice, we recorded from the
CA3 pyramidal layer and bath applied
100 nM kainate, which has been shown
to induce gamma oscillations that are
regulated by parvalbumin interneurons
(Fuchs et al., 2007). We observed an in-
crease in the power of kainate-induced
gamma oscillations in slices from PGC-
1� �/� mice (Fig. 7). The power from 20
to 80 Hz was increased (Fig. 7C), as was
the peak power (Fig. 7D), but there was

no difference in the peak frequency (Fig. 7E). This indicates
that, even with a partial rescue of circuit function in response
to short-term plasticity, the circuit is still impaired.

PGC-1��/� mice exhibit nesting dysfunction
The line of global PGC-1� �/� mice used in this study have
severe motor deficits (Lucas et al., 2012), making them unsuit-
able for most hippocampal-dependent learned behavioral
tasks. We therefore tested for differences in nest building,
which is a hippocampal-dependent nonlearned innate behav-
ior (Deacon et al., 2002). Figure 7F shows example nests built
by PGC-1� �/� and PGC-1� �/� mice. Nest quality was scaled
from 1 to 5, with lower numbers indicating impairment (Dea-
con et al., 2002). PGC-1� �/� mice scored poorly in nest for-

Figure 7. Loss of PGC-1� enhances gamma oscillations and impairs nest building. A, Example traces of oscillations
recorded in stratum pyramidale in CA3 in slices from PGC-1� �/� (top) and PGC-1� �/� (bottom) mice after application
of 100 nM kainate. Scale bars, 100 ms, 0.02 mV. B, Group results for the power as a function of frequency (n � 19 slices, 4
mice PGC-1� �/�; n � 18 slices, 4 mice PGC-1� �/�). C, The average power in the gamma range (20 – 80 Hz) is enhanced
in PGC-1� �/� mice. D, The peak power is enhanced in PGC-1� �/� mice. E, However, the peak frequency is not altered
between the two genotypes. F, Example images of nests built by PGC-1� �/� and PGC-1� �/� mice after 18 h. The nest
generated by the PGC-1� �/� mouse scored a 5, whereas the nest built by the PGC-1� �/� mouse scored a 3. G,
PGC-1� �/� mice build nests with lower scores compared with PGC-1� �/� mice (n � 13, 10). *p � 0.05, Student’s t
test.
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mation compared with PGC-1� �/�

littermates (Fig. 7G), indicating impair-
ment in hippocampal circuit function
(Duszczyk et al., 2006; Etherton et al.,
2009). The average nest score was re-
duced (PGC-1� �/� 3.1 � 0.4 vs PGC-
1� �/� 4.7 � 0.2; Student’s t test, p �
0.05) and some PGC-1� �/� mice failed
to build any nests at all (score of 1; Fig.
7G). There was no difference in the av-
erage nest score between male and fe-
male mice (Student’s t test, p � 0.3, data
not shown).

Loss of PGC-1� only in parvalbumin-
expressing interneurons recapitulates
phenotypes observed in the global
PGC-1� knock-out
A previous study showed that mice with
PGC-1� deleted only from parvalbumin in-
terneurons [parvalbumin-Cre (PV-Cre)
mice crossed with floxed PGC-1� (PGC-
1� fl/fl) mice] have a deficit in the Barnes
maze task (Lucas et al., 2014), indicating im-
pairment of hippocampal-dependent learn-
ing. However, the effects of PGC-1�
deletion only from parvalbumin cells on
the I/E ratio and circuit function in hip-
pocampus have not been determined.
Neuroanatomical location of recombina-
tion was assessed by crossing PV-Cre mice
with a line of reporter mice and confirm-
ing localization of reporter fluorescence
with parvalbumin immunoreactivity in
hippocampus (Fig. 8A). We next mea-
sured the extent of PGC-1� regulation of
parvalbumin, synaptotagmin 2, and com-
plexin 1 in parvalbumin-positive hippocampal interneurons by
comparing transcript expression in hippocampal homogenates
from PGC-1� fl/fl:PV-Cre mice with homogenates from PGC-
1� WT:PV-Cre mice. Expression of parvalbumin (t(23) � 4.6, p �
5.6 	 10�5), synaptotagmin 2 (t(23) � 4.0, p � 0.0003), and
complexin 1 (t(23) � 7.4, p � 7.7 	 10�8) were all dramatically
decreased in PGC-1� fl/fl:PV-Cre mice (Fig. 8B), similar to global
(germline) PGC-1��/� mice (Fig. 4A). We also found that the
amplitude of disynaptic IPSCs (Fig. 8C) and the I/E ratio (Fig.
8D) were enhanced in CA1 pyramidal cells in slices from the
PGC-1� fl/fl:PV-Cre mice compared with PGC-1� WT:PV-Cre
mice, demonstrating that deletion of PGC-1� only from parval-
bumin interneurons causes enhanced inhibition and I/E imbal-
ance. The loss of PGC-1� only in parvalbumin interneurons was
sufficient to reduce the basal activation of CA1; the maximum
amplitude and the spread of excitation were reduced in voltage
sensitive dye experiments, although the duration of the response
remained unchanged (Fig. 9A–D). The effect of PGC-1� deletion
on CA1 microcircuit function remains frequency dependent be-
cause the maximum amplitude and the spread of excitation on
the second pulse at a 50 ms interval were similar between both
genotypes (Fig. 9E–G). Furthermore, PGC-1� fl/fl:PV-Cre mice
have impaired nest building compared with PGC-1� WT:PV-Cre
mice (Fig. 9H). The average nest score was reduced (PGC-1� WT:
PV-Cre 4.6 � 0.2 vs PGC-1� fl/fl:PV-Cre 3.7 � 0.4; Student’s t
test, p � 0.05). Because PGC-1� fl/fl:PV-Cre mice do not have the

motor impairments that occur in the global PGC-1��/� mice
(Lucas et al., 2014), this indicates that the impaired nest building
is caused by altered hippocampal circuit function in mice with
PGC-1� deletion and not motor dysfunction. Together, these
data show that loss of PGC-1� only from parvalbumin interneu-
rons recapitulates the transcriptional dysregulation, enhanced
inhibition, circuit dysfunction, and impaired nest building be-
havior seen in the global PGC-1��/� mice. The enhanced inhi-
bition in the PGC-1� fl/fl:PV-Cre mice is likely to also contribute
to the observed impairment in other hippocampal-dependent
behaviors in these mice (Lucas et al., 2014).

Discussion
Alteration in the I/E balance is emerging as a feature underlying the
circuit dysfunction observed across a wide spectrum of neuropsychi-
atric and neurodevelopmental disorders. Despite this, little is known
about how the dynamics of the I/E balance are altered in animal
models of disease. Here, we show that transcriptional dysregulation
in interneurons causes frequency-dependent increases in the I/E bal-
ance in the CA1 region of hippocampus in PGC-1��/� mice. The
enhancement of the basal I/E ratio is caused by increased GABA
release from interneurons, whereas differences in short-term plastic-
ity of disynaptic inhibition enable partial restoration of the I/E
balance at short paired-pulse intervals. This large hyperinhi-
bition causes circuit dysfunction, seen as frequency-dependent
reductions of CA1 activation and output, as well as increased

Figure 8. Deletion of PGC-1� only from parvalbumin interneurons recapitulates enhanced inhibition and increased I/E
ratio seen in global PGC-1� �/�. A, Efficiency and neuroanatomical specificity of recombination by PV-Cre was assessed
with a tdTomato reporter mouse. Reporter signal (red) overlapped substantially with immunoreactivity for PV (green;
colocalization appears yellow). Scale bar, 200 �m. B, q-RT-PCR revealed significant reductions in transcript expression of
PV, Syt2, and Cplx1 in hippocampal homogenates from PGC-1� fl/fl:PV-Cre (n � 12) compared with PGC-1� WT:PV-Cre
mice (n � 13). ***p � 0.0005, two-tailed, independent-samples t tests. C, The peak amplitude of disynaptic inhibition
measured in CA1 pyramidal cells held at 0 mV is enhanced in PGC-1� fl/fl:PV-Cre mice (n � 9, 14). D, The I/E ratio measured
in CA1 pyramidal cells in response to Shaffer collateral stimulation is enhanced in PGC-1� fl/fl:PV-Cre mice (n � 10, 7).
*p � 0.05, Student’s t test.
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power of hippocampal gamma oscillations. PGC-1��/� mice
also have impaired nest building, an innate hippocampal-
dependent behavior. Deletion of PGC-1� from parvalbumin in-
terneurons recapitulates the enhanced inhibition, circuit
dysfunction, and nesting impairment seen in the global PGC-
1��/� mice. Although inhibition from other interneurons is also
enhanced, this indicates that PGC-1� regulation of parvalbumin

interneurons is essential for normal cir-
cuit function and behavior.

The enhanced basal I/E ratio in PGC-
1��/� mice is caused by an increase in the
amplitude of disynaptic IPSCs. Because
monosynaptic inhibition is also increased,
this indicates that the hyperinhibition is
caused by alterations at inhibitory synapses.
Enhanced transmission from inhibitory
synapses is also seen in Down syndrome
mice (Kleschevnikov et al., 2004) and
mice with an autism-linked mutation in
neuroligin-3 (Etherton et al., 2011). The en-
hanced inhibition must be caused by an in-
crease in GABA release, and not by
increased responsiveness to GABA, because
the mIPSC amplitude was unchanged. Con-
sistent with this, we see an increase in the
frequency of both sIPSCs and mIPSCs, indi-
cating either enhanced GABA release prob-
ability or an increase in the number of
inhibitory synapses. The decreased CV of
monosynaptic IPSCs supports the idea that
there is an increase in GABA release proba-
bility. However, the paired-pulse ratio of
somatic monosynaptic inhibition was in-
creased, which usually indicates a decrease
in release probability (Dobrunz et al., 1997;
Regehr, 2012), although not always (Sippy
et al., 2003; Sun et al., 2009; Walters et al.,
2014). In this case, the enhanced paired-
pulse ratio is most likely caused by reduced
parvalbumin expression (Eggermann and
Jonas, 2012) because calcium buffering by
parvalbumin is critical for regulating short-
term plasticity of inhibition from parvalbu-
min interneurons (Vreugdenhil et al., 2003;
Eggermann and Jonas, 2012). The enhanced
basal inhibition is not likely to be secondary
to the reduced parvalbumin levels because
inhibition from CCK cells is also increased
and parvalbumin�/� mice do not have in-
creased basal inhibition (Vreugdenhil et al.,
2003; Eggermann and Jonas, 2012). The in-
creased GABA release could potentially be
caused by the reduction of complexin 1,
which has been shown to increase synaptic
vesicle exocytosis (Yang et al., 2010; Yang et
al., 2013).

Disynaptic inhibition in wild-type
slices has robust paired-pulse facilita-
tion, which we have shown previously to
be caused by increased recruitment of
feedforward interneurons on the second
pulse (Bartley and Dobrunz, 2015). This
is caused by enhanced excitatory input,

as we and others have shown that most CA1 interneurons have
paired-pulse facilitation of their Schaffer collateral inputs
(Wierenga and Wadman, 2003; Sun and Dobrunz, 2006; Sun
et al., 2009). In contrast, disynaptic inhibition has paired-
pulse depression in the PGC-1� �/� mice, suggesting that
there is less (or no) facilitation of interneuron recruitment on
the second pulse compared with the first pulse in these mice.

Figure 9. Deletion of PGC-1� only from parvalbumin interneurons recapitulates circuit dysfunction and behavioral impairment
seen in global PGC-1� �/�. A, Example images of the spatiotemporal pattern of voltage-sensitive dye signals evoked in CA1 by
Shaffer collateral stimulation in slices from PGC-1� WT:PV-Cre mice and PGC-1� fl/fl:PV-Cre mice on the first pulse. B, The maxi-
mum amplitude of the voltage-sensitive dye response is reduced on the first pulse (n � 5, 4). C, The spread of the response is
reduced (n � 5, 4). D, The duration of the response is unchanged (n � 5, 4). E, The maximum amplitude of the voltage-sensitive
dye response is similar on the second pulse at a 50 ms interval (n � 4, 4). F, The spread of the response is unchanged on the second
pulse at a 50 ms interval (n � 4, 4). G, The duration of the response is unchanged on the second pulse at a 50 ms interval (n � 4,
4). H, PGC-1� fl/fl:PV-Cre mice (n � 6) build nests with lower scores compared with PGC-1� WT:PV-Cre mice (n � 8). *p � 0.05,
Student’s t test.
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This could be caused by a frequency-dependent decrease in
excitatory input onto interneurons, as has been shown in
parvalbumin �/� mice (Wöhr et al., 2015). The reduced re-
cruitment could also be caused by enhanced inhibition onto
interneurons, especially because parvalbumin interneurons
innervate each other (Fukuda and Kosaka, 2000). The paired-
pulse depression of disynaptic inhibition in the PGC-1� �/�

mice is not caused by vesicle depletion because the paired-
pulse ratio of monosynaptic IPSCs is either unchanged (den-
dritic) or increased (somatic).

The enhanced basal inhibition in PGC-1��/� mice causes a
large increase in the I/E ratio and reduces CA1 activation, as seen
with voltage-sensitive dye imaging. The effect is frequency de-
pendent in that the severity of the I/E imbalance and circuit im-
pairment are reduced at shorter paired-pulse intervals and
intermediate at longer paired-pulse intervals. Loss of PGC-1�
also decreases hippocampal output in a frequency-dependent
manner. There is a large reduction in basal EPSP-spike coupling
in PGC-1��/� mice such that spiking of CA1 pyramidal cells in
response to single-pulse Schaffer collateral stimulation is essen-
tially prevented, but spiking is partially restored at a short paired-
pulse interval. The restoration of CA1 activation and spiking on
the second pulse is consistent with the fact that the amplitude of
disynaptic inhibition is no longer enhanced on the second pulse
at the short interval. Because the strength of inhibition is impor-
tant for regulating the time window for integration of multiple
inputs to produce spiking (Pouille and Scanziani, 2001; Bartley
and Dobrunz, 2015), this is also likely to be severely impaired in a
frequency-dependent manner. Together, these data show that
interneuron dysfunction caused by transcriptional dysregulation
leads to impaired CA1 circuit function, an effect that depends
upon stimulus frequency (paired-pulse interval).

We also observe increased power of gamma oscillations in
PGC-1��/� mice. Enhanced gamma oscillation power is
thought to increase the functional connectivity between brain
regions (Popescu et al., 2009), which is impaired in schizophrenia
(Kraguljac et al., 2014), whereas increased gamma frequency has
been associated with autism (Dickinson et al., 2015). Reduced
parvalbumin levels in PGC-1��/� mice likely underlie the in-
creased gamma power, which is also observed in parvalbu-
min�/� mice (Vreugdenhil et al., 2003). Although reduced
power of gamma oscillations is associated with behavioral im-
pairment (Fuchs et al., 2007), the effect of heightened gamma
oscillation power on behavior is not well understood. No
hippocampal-dependent learning deficits were reported in parv-
albumin�/� mice, which have behavioral deficits related to
autism core symptoms (Wöhr et al., 2015). We find that PGC-
1��/� and PGC-1� fl/fl:PV-Cre mice have impaired nest build-
ing, indicating a deficit in an innate hippocampal-dependent
behavior. Similarly, Down syndrome mice, which also have en-
hanced hippocampal inhibition, has impaired nest building
(Heller et al., 2014). In addition, we showed previously that PGC-
1� fl/fl:PV-Cre mice have impaired learning on the Barnes maze
task (Lucas et al., 2014). The increased I/E ratio observed here, as
well as the impaired long-term potentiation caused by loss of
PGC-1� (Lucas et al., 2010), are likely to underlie these
hippocampal-dependent behavioral impairments, although it is
possible that the enhanced gamma oscillations also contribute.

Interestingly, the effect of PGC-1� in CA1 is different from
what has been observed in motor cortex (Dougherty et al., 2014)
and dentate gyrus (Lucas et al., 2010), indicating region-specific
effects of PGC-1� on inhibition. Similarly, region-specific effects
on I/E are also seen in mice with an autism-linked mutation in

neuroligin-3 (Etherton et al., 2011). However, we find that tran-
scriptional targets of PGC-1� (parvalbumin, complexin 1, and
synaptotagmin 2) that are reduced in cortex of PGC-1��/� mice
and PGC-1� fl/fl:PV-Cre mice (Lucas et al., 2010; Lucas et al.,
2014) are also reduced in hippocampus. Hippocampal parvalbu-
min interneurons have different molecular properties than cor-
tical parvalbumin interneurons (Kawaguchi and Kubota, 1997;
Bezaire and Soltesz, 2013), indicating region-specific differences
in parvalbumin interneuron subtypes. It is possible that certain
populations of parvalbumin interneurons are more vulnerable to
a lack of PGC-1�; for example, prefrontal cortical parvalbumin
interneurons are preferentially sensitive to NMDAR blockade in
development (Wang et al., 2008; Jiang et al., 2013). Furthermore,
it has been shown that different transcripts are regulated by PGC-
1�, depending on the cell type and the complement of transcrip-
tion factors present (Houten and Auwerx, 2004). There may be
other PGC-1�-dependent transcripts, which have not yet been
identified, that are different between hippocampus and cortex
and underlie the different regional effects of PGC-1� on
inhibition.

A key result from our study is that the extent of the I/E imbal-
ance and circuit dysfunction in PGC-1��/� mice is not constant,
but instead is modulated by input frequency. This is likely to be
true in other disorders, although it is usually not tested.
Frequency-dependent modulation will make the I/E imbalance
more difficult to treat pharmacologically; a reduction in inhibi-
tion that is sufficient to restore the I/E balance at low frequency
might cause too little inhibition at higher frequencies. Consistent
with this, attempts to correct alterations in the I/E balance in
patients with neuropsychiatric diseases through pharmacological
modulation of inhibition have had limited success (Taylor and
Tso, 2015). Many studies showing changes in I/E balance in ani-
mal models of disease use only simple measures of excitation and
inhibition such as mEPSCs and mIPSCs. Although such mea-
sures indicate changes in excitation or inhibition, they are limited
in their ability to predict what the overall effect will be on circuit
function. Our results highlight the importance of testing for al-
terations in I/E ratio using evoked transmission, including disyn-
aptic inhibition as well as monosynaptic inhibition and looking at
frequency dependence of the imbalance.
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