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Abstract

Altered inhibition/excitation (I/E) balance contributes to various brain disorders. Dysfunctional 

GABAergic interneurons enhance or reduce inhibition, resulting in I/E imbalances. Differences 

in short-term plasticity between excitation and inhibition cause frequency-dependence of the I/E 

ratio, which can be altered by GABAergic dysfunction. However, it is unknown whether I/E 

imbalances can be rescued pharmacologically using a single dose when the imbalance magnitude 

is frequency-dependent. Loss of PGC-1α (peroxisome proliferator activated receptor γ coactivator 

1α) causes transcriptional dysregulation in hippocampal GABAergic interneurons. PGC-1α−/− 

slices have enhanced baseline inhibition onto CA1 pyramidal cells, causing increased I/E ratio 

and impaired circuit function. High frequency stimulation reduces the I/E ratio and recovers 

circuit function in PGC-1α−/− slices. Here we tested if using a low dose of bicuculline that 

can restore baseline I/E ratio can also rescue the frequency-dependent I/E imbalances in these 

mice. Remarkably, bicuculline did not reduce the I/E ratio below that of wild type during 

high frequency stimulation. Interestingly, bicuculline enhanced the paired-pulse ratio (PPR) 

of disynaptic inhibition without changing the monosynaptic inhibition PPR, suggesting that 

bicuculline modifies interneuron recruitment and not GABA release. Bicuculline improved CA1 

output in PGC-1α−/− slices, enhancing EPSP-spike coupling to wild type levels at high and low 

frequencies. Our results show that it is possible to rescue frequency-dependent I/E imbalances in 

an animal model of transcriptional dysregulation with a single treatment.
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1. Introduction

The balance between inhibitory and excitatory synaptic transmission (I/E balance) is 

responsible for shaping the dynamic homeostatic plasticity required for physiological 

information processing in the brain (Turrigiano and Nelson, 2004). The I/E balance helps to 
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maintain neuronal firing patterns within tightly controlled ranges to establish stable circuit 

output in different brain regions (Bhatia et al., 2019; Murphy and Miller, 2009; Tatti et 

al., 2017), and is essential for efficient neural coding (Zhou and Yu, 2018). The ratio of 

I/E varies widely among neuronal subtypes as well as during developmental stages (Gulyás 

et al., 1999; Liu, 2004; Zhang et al., 2011). As a result, alterations in the I/E balance 

can disrupt the maturation of neuronal circuits, leading to behavioral impairments (Kehrer 

et al., 2008; Lee et al., 2017; Lewis et al., 2003; Nelson and Valakh, 2015). Evidence 

suggests that neuropsychiatric and neurological disorders share imbalances in I/E ratio as 

a common phenomenon (Bi et al., 2020; Canitano and Pallagrosi, 2017; Gao and Penzes, 

2015). I/E balance is thought to be reduced in some disorders such as schizophrenia, autism, 

and Alzheimer’s Disease (Bernardino et al., 2022; Canitano and Pallagrosi, 2017; Lee et 

al., 2017; Oliveira et al., 2018; Rubenstein and Merzenich, 2003), but enhanced in others, 

including Down Syndrome (Kleschevnikov et al., 2004). Similarly, disruption of the I/E 

balance by pharmacological perturbations of either glutamatergic excitation or GABAergic 

inhibition causes circuit dysfunction and behavioral deficits (Auger and Floresco, 2014; 

Krystal et al., 2003; Mohammadian et al., 2022; Yizhar et al., 2011). A proper understanding 

of the mechanisms underlying I/E imbalance is necessary to determine pharmacological 

targets and effective treatment strategies for multiple disorders (Gao and Penzes, 2015).

Inhibitory GABAergic transmission provides a check on the overall output of networks by 

preventing uncontrolled excitatory drive in neuronal circuits (Bartos and Elgueta, 2012). 

In addition to limiting spike generation, GABAergic interneurons play an important role 

in regulating spike timing and synchronization (Bartley and Dobrunz, 2015; Jang et al., 

2020; Pouille and Scanziani, 2001). GABAergic neurons exert control not only of the 

principal neurons but also of other inhibitory neurons (Galarreta and Hestrin, 2002; Gibson 

et al., 1999; Pelkey et al., 2017). Therefore, changes in GABAergic inhibitory control 

can have complex effects on the I/E balance in neuronal circuits. For example, reduced 

GAD67 expression is observed in parvalbumin positive interneurons in the dorsolateral 

prefrontal cortex of adults with schizophrenia, resulting in impairment of inhibitory control 

of pyramidal cells and gamma oscillations (Lewis et al., 2012). Impaired excitatory drive 

onto interneurons may also cause disruption of neuronal synchrony in brain circuitry (Choi 

et al., 2018; Hashimoto et al., 2003; Marín, 2012). Because I/E imbalance in disease is often 

caused by changes in GABAergic inhibition (Kramvis et al., 2020; Nomura, 2021; Selten et 

al., 2018), it is important to understand if impaired I/E ratio can be restored back to optimal 

condition by pharmacological modulation of inhibition.

The I/E balance can be dynamic, as a result of frequency-dependent changes mediated by 

synaptic short-term plasticity (Bartley and Dobrunz 2015; Grangeray-Vilmint et al. 2018). 

There are differences in the short-term plasticity of excitatory and inhibitory synapses onto 

excitatory neurons (Bartley and Dobrunz, 2015), with excitatory synapses in hippocampus 

typically showing short-term facilitation (Dobrunz and Stevens, 1997; Zucker and Regehr, 

2002) whereas inhibitory synapses usually have short-term depression (Maccaferri et al., 

2000; Szabó et al., 2010). In addition, short-term plasticity differs between excitatory inputs 

onto excitatory and inhibitory cells (Blackman et al., 2013; Pelkey and McBain, 2007; 

Sun et al., 2018, 2005; Wierenga and Wadman, 2003), and between different subtypes of 

inhibitory cells (Beierlein et al., 2003; Li et al., 2017; Losonczy et al., 2002; Ma et al., 
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2012; Sun and Dobrunz, 2006). Facilitation of excitatory inputs onto interneurons can cause 

frequency-dependent increases in interneuron recruitment, leading to short-term facilitation 

of feedforward inhibition (Bartley and Dobrunz, 2015; Nanou et al., 2018). Short-term 

plasticity of inhibitory inputs onto interneurons may also influence their recruitment 

(Patenaude et al., 2005). In hippocampus, the net result is paired-pulse depression of the 

I/E ratio onto CA1 pyramidal cells in response to stimulation of Schaffer collateral axons 

(Bartley and Dobrunz, 2015; Bartley et al., 2015; Nanou et al., 2018). The effect of reducing 

inhibition on the dynamics of the I/E ratio in CA1 pyramidal cells is not yet known.

Fast spiking GABAergic interneurons containing the Ca2+-binding protein parvalbumin have 

a powerful role in regulating the output of excitatory pyramidal neurons and influencing 

behavior (Cardin, 2018; Selten et al., 2018). Functional deficiency of parvalbumin+ 

interneurons is prominently observed in diseases such as schizophrenia and autism, 

resulting in alterations in I/E balance and circuit function (Ferguson and Gao, 2018). 

The transcriptional coactivator peroxisome proliferator-activated receptor γ coactivator 

1α (PGC-1α) is required for the expression of parvalbumin and other synaptic proteins 

essential for neurotransmitter release (Lucas et al., 2014, 2010). Studies from postmortem 

schizophrenia brain have shown reduced expression of parvalbumin and complexin I 

(Eyles et al., 2002; Knable et al., 2004; Sawada et al., 2005), which are also observed 

in mice lacking PGC-1α (Lucas et al., 2014). Other PGC-1α dependent gene transcripts 

are also reduced in post mortem schizophrenia, suggesting that there is a disruption of a 

PGC-1α-dependent transcriptional program in the disease (McMeekin et al., 2016). PGC-1α 
mice therefore provide a model for studying the effects of interneuron transcriptional 

dysregulation on I/E balance and circuit function.

Our lab has previously shown that PGC-1α null mice have enhanced GABAergic 

feedforward inhibition in response to stimulation of the Schaffer collateral pathway, which 

greatly increases the I/E ratio onto CA1 pyramidal cells (Bartley et al., 2015; Brady et 

al., 2016). Loss of PGC-1α also changes the dynamics of feedforward inhibition; as a 

result, the extent of I/E imbalance in PGC-1α null slices is reduced at short paired-pulse 

intervals (Bartley et al., 2015). This shows that the effect of interneuron transcriptional 

dysregulation on the I/E balance is frequency-dependent and suggests possible frequency-

dependent alterations in the recruitment of feedforward interneurons. Because the extent 

of I/E imbalance in PGC-1α−/− slices varies depending upon the stimulus pattern, it is 

uncertain whether it can be pharmacologically restored by reducing inhibition.

Here we tested the extent to which reducing inhibition can restore the dynamic I/E balance 

and rescue the deficits in circuit function in PGC-1α null slices. We tested the effect in 

PGC-1α−/− slices of a low dose of bicuculline methiodide (Bic, 1 μM), which partially 

blocks GABAA receptors and small-conductance calcium-activated potassium channels (SK 

channels) (Khawaled et al., 1999; Nowak et al., 1982). Surprisingly, we find that Bic rescues 

the I/E balance in PGC-1α−/− slices during paired-pulse stimulation as well as at baseline. 

Bic increases the paired-pulse ratio (PPR) of disynaptic inhibition in PGC-1α null slices, 

suggesting that it is altering interneuron recruitment. Bic also improves CA1 output in slices 

from PGC-1α null mice to levels comparable to wild type, as measured by EPSP-Spike 
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(E-S) coupling. Our results show that pharmacology can potentially rescue I/E imbalances 

even when they are frequency-dependent.

2. Materials and Methods

2.1 Animals:

University of Alabama at Birmingham Institutional Animal Care and Use Committee 

approved all animal experiments performed. 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-1α−/− 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 were conducted using 5- to 9-week-old male and female global 

PGC-1α line (PGC-1α+/+ and PGC-1α−/− littermates) generated by breeding PGC-1α+/− 

mice (JAX # 008597; (Lin et al., 2004). Mouse genotypes were determined from tail 

biopsies using real time PCR with specific probes designed for PGC-1α (Transnetyx, 

Cordova, TN).

2.2 Slice preparation:

Mice were anesthetized with isoflurane, decapitated, and brains rapidly removed. Then, 

400-μm-thick coronal slices of hippocampus were prepared using a vibrating microtome (Ci 

7000 SMZ2; Camden) using standard methods (Sun and Dobrunz, 2006; Sun et al., 2009, 

2005). 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 incubated in a holding chamber containing the dissecting solution at room 

temperature continuously bubbled with 95% O2–5% CO2 for ≥1 h before recording.

2.3 Electrophysiology:

Electrophysiology experiments were performed in a submersion recording chamber 

perfused (2.5–3.5 mls/min) with external recording solution (ERS) at temperatures 

between 28°C and 30°C. ERS contained the following 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. For whole cell recordings, the ERS 

contained 50 μM D-APV (D-2-amino-5- phosphonopentanoic acid) to block NMDA 

receptor-mediated currents; 1 μM 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 (De-May and Ali, 2013); and 

10 μM CGP 55845 ((2S)-3-[[(1S)-1-(3,4-Dichlorophenyl-)ethyl]amino-2-hydroxypropyl]

(phenylmethyl)phosphinic acid) to block GABAB receptors, including the receptors 

localized presynaptically at Schaffer collateral synapses, thereby preventing activity-

dependent reduction in glutamate release (Speed and Dobrunz, 2008). To isolate 

monosynaptic inhibitory postsynaptic currents (IPSCs), 10 μm NBQX (2,3-dioxo-6-

nitro-1,2,3,4-tetrahydr-obenzo[f]quinoxaline-7-sulfonamide) was added to the ERS. For the 

EPSP-spike coupling experiments no antagonists were added to the ERS. For the PGC-1α−/− 

and bicuculline condition, a sub-maximal dose (1 μm) of bicuculline methiodide (Bic) 
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was used to reduce the strength of GABAergic inhibition in PGC-1α−/− slices to the level 

observed in PGC-1α+/+ slices.

2.4 Pyramidal whole-cell recording:

CA1 pyramidal cells were blindly patched on a Zeiss Axioskop microscope and recorded 

in the voltage-clamp configuration using an Axoclamp 200B amplifier (Molecular Devices). 

Patch electrodes (4–6MΩ) 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 depolarization induced suppression of inhibition (Isokawa 

and Alger, 2005) and QX-314 (N-(2,6-dimethylphenylcarbamoylmethyl) 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 (<250 pA) were monitored continuously. Recordings 

were rejected if either access resistance or holding current increased >30% during the 

experiment.

Synaptic responses were measured in response to extracellular stimulation by a bipolar 

tungsten microelectrode (FHC). Stimulation was applied with a BSI-2 biphasic stimulus 

isolator (BAK Electronics). The stimulation intensity ranged from 10 to 200 μA unless 

otherwise noted and the duration of stimulation was 100 μs. Except where noted, the 

stimulating electrode was placed in stratum radiatum to stimulate the Schaffer collateral 

axons and positioned between 250 and 400 μm away from the cell being recorded. Paired-

pulse stimulation at different intervals (in ms: 60 and 1000) were applied and repeated 

15–20 times for each interval at 0.07 Hz. Paired-pulse ratios are calculated as the amplitude 

of response 2/amplitude of response 1.

Disynaptic IPSCs were recorded at 0 mV (reversal potential for excitation) in the absence 

of NBQX. Excitatory postsynaptic currents (EPSCs) were recorded at −60 mV (reversal 

potential for inhibition). To record disynaptic IPSCs and EPSCs, the stimulating electrode 

was placed in stratum radiatum. In most cases, the disynaptic IPSCs and EPSCs were 

recorded from the same cell to measure the I/E ratio. Previously it was demonstrated that 

excitation was not altered in the PGC-1α−/− slices (Bartley et al., 2015). Therefore, the 

stimulation intensity was based on the size of the EPSC generated. The stimulation intensity 

was set to obtain an EPSC amplitude between 90 and 250 pA. The same stimulus intensity 

was used to record the disynaptic IPSCs. The I/E ratio was calculated as the peak IPSC 

amplitude/peak EPSC amplitude.

To record monosynaptic IPSCs, the stimulating electrode was placed in or near stratum 

pyramidale to specifically stimulate somatic inhibition. The CA1 pyramidal cell was held 

at 0 mV to generate an outward inhibitory response. The maximal IPSC amplitude was 

determined and the stimulation was reduced to generate a response with an amplitude 30–

40% of the maximum IPSC.
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2.5 EPSP-spike (E-S) coupling recording:

Two field recording electrodes were used, one in stratum pyramidale to measure the 

population spike and the other in stratum radiatum to measure the dendritic field 

postsynaptic potential (fPSP) in the slice. Stimulation was applied every 10 s as a pair 

of pulses 60 ms apart or 1000 ms apart. A stable baseline was obtained before applying 

a pseudorandom series of stimulus intensities (20–450 μA). For each experiment, the 

stimulus intensity was set to give fPSP amplitudes in a specific range (0.1 mV to 2.5 

mV). For analysis, the initial slope of the fPSP was measured, which corresponds to the 

excitatory postsynaptic potential of the fPSP. 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 (Bartley et al., 2015; Marder and 

Buonomano, 2003). The data were fitted using a Boltzmann curve. Experiments were 

excluded if the Boltzmann curve failed to fit or if a plateau of spiking was not observed.

2.6 Statistics:

Statistics were calculated using Origin software, with statistical significance of p < 0.05. 

Data are presented as mean ± standard error of the mean (SE) and sample number (n) 

refers to cell number in whole cell recordings. In EPSP-spike coupling sample number (n) 

refers to the number of slices. Statistical comparisons were made using one-way ANOVA or 

two-way ANOVA followed by Bonferroni post hoc analysis, or using paired t-test between 

two groups for monosynaptic IPSCs. NS = not significant; *= p < 0.05.

3. Results

3.1 Reducing inhibition with Bic improved the I/E ratio in PGC-1α−/− slices

We have previously shown that loss of PGC-1α increases the I/E ratio onto CA1 pyramidal 

cells through enhanced feedforward (disynaptic) inhibition, with no change in excitation 

(Bartley et al., 2015). To investigate whether the effects caused by loss of PGC-1α can 

be restored by reducing the level of inhibition, we compared disynaptic inhibition and 

I/E balance with and without 1 μM bicuculline (Bic) in PGC-1α−/− slices (knockout) and 

compared the two groups to PGC-1α+/+ slices (wild type). We recorded both feedforward 

disynaptic IPSCs (at 0 mV, the reversal potential for excitation) and EPSCs (at −60 mV, the 

reversal potential for inhibition) from CA1 pyramidal cells in response to Schaffer collateral 

(SC) stimulation. There was almost a two-fold increase in the amplitude of disynaptic IPSCs 

from PGC-1α−/− slices as compared to PGC-1α+/+ (Figure 1A), consistent with our previous 

results (Bartley et al., 2015). Bic significantly reduced the disynaptic IPSC amplitude in 

PGC-1α−/− slices (Figure 1A), to a level that was no longer significantly different from 

PGC-1α+/+ slices (Figure 1A). There was no statistical significant difference in the EPSC 

amplitude among the three groups PGC-1α−/−, BicPGC-1α−/− and PGC-1α+/+ (Figure 1B), 

indicating that Bic had no effect on the EPSC amplitude in PGC-1α−/− slices. There was 

also no difference in the stimulus intensity for the three conditions (one-way ANOVA 

(F(2,25) =1.834, p =0.16; PGC-1α+/+ 30 ± 9.6 μA, BicPGC-1α−/− 19.9± 2.9 μA, PGC-1α−/− 

17.9 ± 1.7 μA). The I/E ratio was therefore nearly twice as large in PGC-1α−/− slices 

compared to PGC-1α+/+ (Figure 1C). Bic reduced the I/E ratio significantly in PGC-1α−/− 

slices and brought it back to the level observed in PGC-1α+/+ slices (Figure 1C). Together, 
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these data show that reducing disynaptic IPSCs with Bic rescues the baseline I/E ratio in 

slices from PGC-1α−/− mice.

3.2 Bic improved the CA1 circuit output in PGC-1α−/− slices

We have previously shown that enhanced inhibition in PGC-1α−/− slices affects the CA1 

circuit output, causing a large decrease in basal CA1 pyramidal cell spiking and reduced 

EPSP-Spike (E-S) coupling (Bartley et al., 2015). Here, we tested whether restoring the 

baseline I/E ratio with Bic can rescue the reduced CA1 output in PGC-1α−/− slices. We 

measured the initial slope of fPSP responses in stratum radiatum and population spike 

amplitudes in stratum pyramidale in response to SC pathway stimulation (Figure 2A). 

PGC-1α−/− slices showed consistently reduced CA1 pyramidal neuron spiking across a 

range of fPSP sizes in response to increasing stimulus intensities (Figure 2B), as previously 

reported (Bartley et al., 2015). Indeed, bath applied Bic improved the E-S coupling in CA1 

pyramidal neurons in PGC-1α−/− slices across increasing fPSP responses. Thus, the CA1 

output is no longer suppressed in PGC-1α−/− slices with Bic as compared to PGC-1α+/+ 

slices (Figure 2B). The maximum population spike amplitude is also rescued by Bic in 

PGC-1α−/− slices and is no longer different when compared to PGC-1α+/+ slices (Figure 

2C). Together, these data show that reduced inhibition improves basal CA1 network output 

in PGC-1α−/− slices.

3.3 Frequency dependent enhancement in the I/E ratio is restored with Bic in PGC-1α−/− 

slices

Our lab has previously reported that the enhanced I/E ratio in CA1 pyramidal cells in 

slices from PGC-1α−/− mice is frequency-dependent. Specifically, the I/E ratio is largest 

for basal synaptic transmission (0.07 Hz), but is reduced considerably with high frequency 

stimulation (second pulse of paired-pulse stimulation at short paired-pulse intervals), and 

intermediate in magnitude at low-middle frequency stimulation (second pulse at longer 

paired-pulse interval) (Bartley et al., 2015). Here we also observed that the I/E ratio 

in PGC-1α−/− slices is reduced on the second pulse at the 60 ms paired-pulse interval 

compared to its basal (pulse 1) I/E ratio (Figure 3A vs Figure 1C) (one-way ANOVA (F(2,36) 

=5.09, p =0.011), and not significantly different from that of the second pulse in PGC-1α+/+ 

slices (Figure 3A). In contrast, the I/E ratio on the second pulse at 1000 ms paired-pulse 

interval is significantly larger in PGC-1α−/− slices than PGC-1α+/+ slices (Figure 3A), 

although the difference is not as large as during basal transmission (Figure 1A), consistent 

with previous results (Bartley et al., 2015). Because the magnitude of the increase I/E ratio is 

variable, it is not known if a single dose of Bic can restore the I/E ratio in PGC-1α−/− slices 

on the second pulse of paired-pulse stimulation as it does for the basal I/E ratio. Here we 

tested the effects of 1 μM Bic on two intervals of paired-pulse stimulation (60 ms and 1000 

ms). We expected that application of Bic would reduce the I/E ratio on the second pulse 

at both intervals in PGC-1α−/− slices, based on the fact that it causes a two-fold decrease 

in disynaptic IPSC amplitude for pulse 1. Interestingly, there was no significant difference 

in the I/E ratio on the second pulse at 60 ms in PGC-1α−/− slices with Bic compared to 

PGC-1α+/+ slices (Figure 3A), indicating that Bic did not cause the I/E ratio to be reduced 

past wild type levels (smaller response as compared to wild type). On the second pulse at the 

1000 ms paired-pulse interval, bath applied Bic reduced the I/E ratio in PGC-1α−/− slices to 
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wild type level (Figure 3A). Therefore, a single dose of Bic can rescue the I/E imbalance in 

the PGC-1α−/−slices even though it is frequency dependent.

Since Bic was able to restore the I/E ratio on the second pulse at both intervals back to 

wild type levels, this suggests that Bic is differentially reducing disynaptic IPSCs on the 

second pulse at 60 ms, compared to its effects on the first pulse (Figure 1A) and on the 

second pulse at the 1000 ms paired-pulse interval. To investigate this, we examined the PPR 

of the EPSCs and disynaptic IPSCs used to calculate the I/E ratio. No significant difference 

was observed in the PPR at either interval of EPSCs onto CA1 pyramidal cells among 

PGC-1α+/+, PGC-1α−/−, and PGC-1α−/− with Bic (Figure 3B), suggesting the effect of Bic 

is entirely on IPSCs, as expected. We next calculated the PPR of disynaptic IPSCs at the 

two intervals. At the 60 ms interval, disynaptic IPSCs have robust paired-pulse facilitation 

in PGC-1α+/+ slices, whereas disynaptic IPSCs in PGC-1α−/− has very little facilitation 

(Figure 3C), similar to our previous results (Bartley et al., 2015). There was no difference 

in the PPR at the 1000 ms interval between PGC-1α+/+ slices and PGC-1α−/− slices, in 

agreement with our previous report (Bartley and Dobrunz, 2015). However, Bic reduced the 

IPSC amplitude and potentiated the PPR in PGC-1α−/− slices at 60 ms, restoring the PPR 

to the level measured in PGC-1α+/+ (Figure 3C). The effect of Bic is therefore smaller on 

the second pulse at 60 ms compared to the first pulse, causing an increase in the PPR. In 

contrast, there was no effect of Bic on the PPR at 1000 ms (Figure 3C), indicating that Bic 

reduced the disynaptic IPSC amplitude equally on the first and second pulses at the 1000 ms 

interval.

Because PPR is usually inversely related to initial release probability (Dobrunz and Stevens, 

1997; Zucker and Regehr, 2002), changes in PPR often indicate presynaptic changes in 

the probability of neurotransmitter release. However, PPR of disynaptic inhibition is also 

influenced by changes in the recruitment of feedforward interneurons on the second pulse 

(Bartley and Dobrunz, 2015). The effect of Bic to increase the PPR at 60 ms therefore 

suggests that Bic may either influence GABA release or the recruitment of feedforward 

interneurons. To determine whether Bic application alters GABA release in the PGC-1α−/− 

slices, we measured the PPR of monosynaptic IPSCs on pyramidal neurons at the 60 ms 

paired-pulse interval with and without Bic treatment. Bic significantly reduced the amplitude 

of somatic GABAergic monosynaptic IPSCs on pulse 1 by more than 2-fold in PGC-1α−/− 

slices (Figure 3D). However, we found no significant change in PPR of monosynaptic IPSCs 

with Bic in PGC-1α−/− slices (Figure 3D), indicating that Bic treatment is not altering the 

probability of GABA release in PGC-1α−/− slices.

3.4 Bic recovered frequency dependent deficit in CA1 pyramidal neuron spiking in 
PGC-1α−/− slices

The effect of PGC-1α deletion on CA1 microcircuit output also showed frequency-

dependent alterations. Figures 4A–C show E-S coupling measured on the second pulse 

at the 60 ms paired pulse interval. The output of PGC-1α−/− slices is slightly impaired 

relative to PGC-1α+/+ slices. The E-S coupling curve is shifted to the right, indicating that 

PGC-1α−/− slices required a larger synaptic input before starting to plateau (Figure 4B). 

The output of CA1 was nearly identical between PGC-1α+/+ slices and BicPGC-1α−/− slices 
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(Figure 4B), indicating that even though there was a small trend for the I/E ratio at 60 ms 

with the addition of bicuculline in PGC-1α−/− slices to be smaller than in PGC-1α+/+ slices 

(Figure 3A), this was not reflected in the E-S coupling experiments. There was no difference 

among the three groups in the maximum population spike amplitude on the second pulse at 

this short interval (Figure 4C). Figures 4D–4F show E-S coupling measured on the second 

pulse at the 1000 ms paired pulse interval. Similar to the basal condition, there is a large 

deficit in CA1 output in PGC-1α−/− slices at the 1000 ms interval, which again is rescued 

by bicuculline (Figure 4E). The maximum population spike amplitude on the second pulse 

at 1000 ms was significantly reduced in PGC-1α−/− slices as compared to PGC-1α+/+ slices, 

and restored by Bic (Figure 4F). Together, the results show that bicuculline treatment can 

rescue the frequency dependent I/E imbalance and CA1 circuit output in PGC-1α−/− slices.

4. Discussion

The goal of this study was to investigate whether a pharmacologically reducing inhibition 

can rescue the frequency-dependent I/E imbalance seen in mice with deletion of PGC-1α. 

We used a 1 μM dose of Bic to reduce inhibition. The dose of Bic was sufficient to 

significantly reduce the I/E ratio in PGC-1α−/− slices at baseline, restoring it to a level 

comparable to that in wild type slices. Surprisingly, Bic has a differential effect on the 

I/E ratio depending on the paired-pulse interval (60 ms and 1000 ms). In particular, Bic 

rescued the I/E ratio of the second pulse at 1000 ms, without causing the I/E ratio to be 

reduced to below wild type levels on the second pulse at the 60 ms interval. Thus the same 

dose of Bic normalized the I/E ratio at baseline and at both short and longer paired-pulse 

intervals in PGC-1α−/− slices, despite differences in the magnitude of the I/E imbalance. 

In addition, Bic rescued the reduced PPR of disynaptic IPSCs at 60 ms, but had no effect 

at 1000 ms. This was not caused by an effect on GABA release, as Bic did not alter the 

PPR of monosynaptic IPSCs. Reducing the I/E ratio with Bic also improved the CA1 circuit 

function in PGC-1α−/− slices at baseline and at both paired-pulse intervals tested. Together 

our results suggest that pharmacologically targeting inhibition can improve I/E imbalances 

even when they are frequency dependent.

The low dose of bicuculline methodiode caused a ~60% reduction of both monosynaptic 

and disynaptic IPSCs. Bicuculline and its quaternary salts such as bicuculline methiodide 

are competitive antagonists of GABAA receptors (Seutin and Johnson, 1999), and 1 μM 

bicuculline methiodide is expected to block about half of GABAA receptor currents (Nowak 

et al., 1982; Ueno et al., 1997). Bicuculline methiodide can also inhibit SK channels, the 

primary mediator of the medium afterhyperpolarization (Faber and Sah, 2007). SK channels 

are expressed in interneurons (Deister et al., 2009; Orduz et al., 2013), and blocking SK 

channels can potentially increase their action potential firing. The EC50 of bicuculline 

methiodide for SK channel ranges from 1–25 μM (Faber and Sah, 2007), so there is likely to 

be only a partial block of SK in our experiments. It is possible that reduced current through 

SK channels in interneurons contributes to the changes in disynaptic inhibition seen with 

Bic. However the effect of reduced SK channel current on baseline disynaptic inhibition is 

expected to be minimal, and the main mediator of bicuculline’s effects is likely the block of 

GABAA receptors.

Bhattacharya et al. Page 9

Neurosci Res. Author manuscript; available in PMC 2024 February 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



An important finding is that partially blocking inhibition can restore the I/E ratio and 

rescue circuit function in PGC-1α−/− slices despite the frequency-dependence of the I/E 

imbalance. Short-term plasticity has been shown to regulate both the I/E ratio and E-S 

coupling (Bartley and Dobrunz, 2015; Bartley et al., 2015; Marder and Buonomano, 2003). 

Paired-pulse stimulation reduces the I/E ratio (enhances the E/I ratio) at short paired-pulse 

intervals (Bartley and Dobrunz, 2015; Bartley et al., 2015), however the effect is more 

dramatic in PGC-1α−/− slices. As a result, the magnitude of the increase in I/E ratio is 

greatest on the first pulse and smaller at shorter intervals. Therefore, the expectation would 

be that the dose of Bic that rescues the I/E ratio on the first pulse would reduce inhibition 

so much on the second pulse that the I/E ratio would actually be smaller in PGC-1α−/− 

than in wild type slices However, that was not observed, as there was no difference in 

I/E ratio between BicPGC-1α−/− as compared to PGC-1α+/+ slices on the second pulse. 

Bic also rescued the deficit in E-S coupling. The increase in E-S coupling at baseline in 

BicPGC-1α−/− slices (compared to PGC-1α−/− slices) is consistent with previous studies 

that have shown reducing or abolishing inhibition increases the spike probability by as much 

as 5 fold (Bartley and Dobrunz, 2015; Pouille and Scanziani, 2001; Pouille et al., 2009). 

There was no enhancement (compared to PGC-1α+/+ slices) in E-S coupling on the second 

pulse, either because the I/E ratio was similar or possibly through a ceiling effect of reduced 

inhibition on spiking. There is still a possibility that at a more intermediate paired-pulse 

interval the low dose of bicuculline would not restore the effect back to wild type levels. 

Together, our results support reducing inhibition as an effective therapeutic treatment for a 

dynamic imbalance in E/I ratio.

Increased inhibition has been observed in other mouse models of disease, including 

Down Syndrome (Kleschevnikov et al., 2012, 2004), autism (Tabuchi et al., 2007) and 

schizophrenia (Nomura et al., 2016). It is not yet known whether the I/E imbalances in 

these models are frequency-dependent. Repeated administration of phencyclidine, a non-

competitive N-methyl-d-aspartate (NMDA) receptor antagonist causes enhanced GABA 

transmission and increased long-term potentiation threshold in adult mice (Nomura et al., 

2016). These mice also showed schizophrenia related deficits in cognition (Nomura et 

al., 2016), which were alleviated by Bic administration into hippocampus (Meltzer et al., 

2018). In addition, studies using picrotoxin to partially block GABAA receptors have been 

successful in rescuing some deficits in Down Syndrome mice, including impairment of 

long-term potentiation and behavior (Fernandez et al., 2007; Martínez-Cué et al., 2014). 

Loss of PGC-1α causes behavioral deficits, including impairments in nest building behavior 

(Bartley et al., 2015; Brady et al., 2016) and the Barnes maze (Lucas et al., 2014), which 

are consistent with impaired CA1 circuit function. Administration of Bic to hippocampus 

may therefore improve these behavioral deficits in PGC-1α−/− mice. Although it can be 

challenging to find a safe therapeutic dose, reducing inhibition may be a useful strategy to 

treat disorders that have enhanced GABAergic inhibition (Vinkers et al., 2010).

Interestingly, Bic was able to restore the PPR of disynaptic inhibition on the second pulse 

at the short paired-pulse interval in PGC-1α−/− slices. For EPSCs and monosynaptic IPSCs, 

the PPR is usually inversely related to the initial release probability (Dobrunz and Stevens, 

1997; Regehr, 2012; Sun et al., 2005; Zucker and Regehr, 2002), and changes in PPR 

often are indicative of presynaptic changes in neurotransmitter release (Regehr, 2012). While 
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alterations in PPR are typically a result of changes in initial release probability, changes 

in release probability only on the second pulse of paired stimulation can also occur (Sippy 

et al., 2003; Speed and Dobrunz, 2009; Walters et al., 2014). Although we find here that 

Bic restores the PPR of disynaptic IPSCs onto CA1 pyramidal cells in PGC-1α−/− slices, 

the lack of effect on the PPR of monosynaptic IPSCs indicates that Bic is not acting to 

modulate presynaptic GABA release probability on either the first or second pulse. This 

is not surprising. GABAA receptors are not typically found on presynaptic terminals of 

GABAergic synapses in hippocampus (Kullmann et al., 2005). SK channels are expressed 

in GABAergic interneurons (Deister et al., 2009; Orduz et al., 2013), but it is unknown 

if they are expressed presynaptically or postsynaptically. However, in pyramidal cells SK 

channels are mainly expressed postsynaptically (Faber et al., 2005; Stackman et al., 2002). 

It is possible that the disynaptic IPSCs are recruiting synapses from different subtypes 

of interneurons than were recorded for monosynaptic IPSCs, which were in response to 

stimulation of axons near stratum pyramidale. These somatic targeting monosynaptic IPCSs 

were likely composed largely of parvalbumin and cholecystokinin positive basket cells, both 

of which have been shown to be affected by loss of PGC-1α (Bartley et al., 2015). Loss of 

PGC-1α also has been shown to affect dendritic targeting interneurons (Bartley et al., 2015). 

However, neither somatic or dendritic monosynaptic IPSCs have paired-pulse facilitation in 

wild type slices (Bartley et al., 2015), so it is unlikely that the restoration of paired-pulse 

facilitation in the disynaptic IPSCs in PGC-1α−/− slices is caused by incorporation of 

dendritic targeting inhibitory synapses. Therefore, the restoration of disynaptic PPR in 

PGC-1α−/− slices by Bic is most likely not caused by an increase in monosynaptic PPR.

Another possible mechanism for the enhancement of disynaptic PPR in PGC-1α−/− slices by 

Bic is through effects on interneuron recruitment, as illustrated in the cartoons in Figure 5. 

Our lab has previously shown in wild type slices that differences in interneuron recruitment 

between pulse 1 and pulse 2 can contribute to the PPR of feedforward disynaptic IPSCs 

(Bartley and Dobrunz, 2015). Feedforward inhibition in response to Schaffer collateral 

stimulation has paired-pulse facilitation (Bartley and Dobrunz, 2015; Nanou et al., 2018), 

even though GABAergic synapses onto CA1 pyramidal cells have paired-pulse depression 

(Maccaferri et al., 2000; Szabó et al., 2010). This results from increased recruitment of 

feedforward interneurons on the second pulse at short intervals (Bartley and Dobrunz, 2015). 

EPSCs onto most subtypes of feedforward CA1 interneurons have paired-pulse facilitation 

(Sun and Dobrunz, 2006; Sun et al., 2005), helping to increase spike probability on the 

second pulse in wild type slices (Bartley and Dobrunz, 2015). Paired-pulse depression of 

IPSCs onto interneurons (Ma et al., 2012) may also contribute to their enhanced spiking 

on the second pulse. In PGC-1α−/− slices, in contrast, feedforward (disynaptic) IPSCs have 

very little paired-pulse facilitation or can even express paired-pulse depression (Bartley et 

al., 2015), indicating impaired recruitment of interneurons on the second pulse compared 

to wild type. It is not yet known whether this results from reduced paired-pulse facilitation 

of excitatory inputs onto CA1 interneurons (Nanou et al., 2018), reduced excitability of 

GABAergic interneurons (Dougherty et al., 2014), or increased PPR of GABAergic input, 

and which subtypes of interneurons are affected. Because Bic also partially blocks GABAA 

receptors on interneurons, reducing their inhibitory input, it is tempting to speculate that 

altered inhibitory input onto interneurons is responsible. Additionally, partially blocking 
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SK channels could increase the excitability of GABAergic interneurons (Orduz et al., 

2013) leading to enhanced recruitment on the second pulse. It is possible that partially 

blocking both GABAA receptors and SK channels are needed to rescue the frequency-

dependent imbalance seen in PGC-1α−/− slices; a similar synergistic role occurs to generate 

thalamocortical oscillations (Kleiman-Weiner et al., 2009). In any case, the effect of Bic to 

rescue the PPR of disynaptic IPSCs onto CA1 pyramidal cells PGC-1α−/− slices is most 

likely through an enhancement of interneuron spiking on the second pulse.

We have previously shown that an increase in GABA release contributes to the enhanced 

inhibition onto CA1 pyramidal cells in PGC-1α−/− slices (Bartley et al., 2015). CA1 

pyramidal cells in PGC-1α−/− slices had an increase in mIPSC frequency and reduced 

coefficient of variation of monosynaptic IPSCs, indicating enhanced GABA release 

probability (Bartley et al., 2015). There was no change in mIPSC amplitude in pyramidal 

cells, consistent with a lack of effect of PGC-1α−/− deletion on postsynaptic GABAA 

receptors (Bartley et al., 2015). PGC-1α is a transcription cofactor required for the 

expression of synaptic proteins in interneurons that are associated with neurotransmitter 

release, including synaptotagmin 2 and complexin 1 (Bartley et al., 2015; Lucas et al., 

2014). This does not explain the enhanced GABA release in CA1 of PGC-1α−/− slices, 

as loss of synaptotagmin 2 or complexin 1 would be expected to instead reduce or 

desynchronize GABA release (Chen et al., 2017; Yang et al., 2010). Reduced parvalbumin 

levels are observed in PGC-1α−/− mice (Bartley et al., 2015; Lucas et al., 2010), which 

would be expected to decrease presynaptic calcium buffering, potentially enhancing GABA 

release. Genetic deletion of parvalbumin increases the paired-pulse ratio of GABAergic 

synapses (monosynaptic inhibition) (Caillard et al., 2000). Consistent with this, the paired-

pulse ratio of monosynaptic inhibition is greater in PGC-1α−/− slices (Bartley et al., 2015). 

Bic does not alter the paired-pulse ratio of monosynaptic inhibition in PGC-1α−/− slice, 

indicating that it does not affect GABA release probability. Our results here show that 

bicuculline is able to balance the effect of increased release of GABA on the I/E ratio, thus 

reducing inhibition by a different mechanism than is altered by loss of PGC-1α.

Because GABAergic dysfunction and resulting imbalance between excitatory and inhibitory 

transmission occur in a wide range of neurodevelopmental and neuropsychiatric disorders 

(Canitano and Pallagrosi, 2017; Gao and Penzes, 2015; Lee et al., 2017; Oliveira et al., 

2018; Rubenstein and Merzenich, 2003; Selten et al., 2018), pharmacological restoration 

of normal I/E balance has therapeutic potential for numerous disorders. Alterations in the 

magnitude of I/E imbalance as a function of frequency can potentially complicate this, 

as a constant reduction of inhibition could cause the I/E ratio to be reduced below wild 

type levels at some frequencies. A key finding of our study is that bicuculline does not 

cause a constant reduction of disynaptic inhibition but reduces it to a lesser extent on 

the second pulse depending on frequency (Figure 5). As a result in a rodent model of 

transcriptional dysregulation, a low dose of bicuculline can restore the I/E balance even 

though it is frequency-dependent. This appeared to be caused by frequency-dependent 

modulation of interneuron recruitment by bicuculline. Future studies can investigate the 

role of GABAA receptors and SK channels on interneuron recruitment. Additionally, 

since bicuculline blocks GABAA receptors on both excitatory and inhibitory neurons, 

subtype selective GABAA receptor modulation (Rudolph and Möhler, 2014) may be useful 

Bhattacharya et al. Page 12

Neurosci Res. Author manuscript; available in PMC 2024 February 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



for altering inhibition onto excitatory neurons or interneurons selectively, or on specific 

subtypes of interneurons, giving more therapeutic options. While it may not be true that the 

I/E balance can be restored by bicuculline at multiple frequencies in other disorders, our 

results highlight the importance of investigating the effects of pharmacological treatments on 

the frequency dependence of the inhibition/excitation balance, as well as on the recruitment 

of interneurons.
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Abbreviations

PGC-1α peroxisome proliferator activated receptor γ coactivator 1α

I/E Inhibition/Excitation

Bic bicuculline

E-S coupling EPSP-spike coupling

ERS external recording solution

PPR paired-pulse ratio

SC Schaffer collateral

IPSCs Inhibitory postsynaptic currents

EPSCs Excitatory postsynaptic currents

fPSP field postsynaptic potential

SK channels small-conductance calcium-activated potassium channels
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Figure 1. Bic reduces inhibition to rescue baseline I/E ratio in PGC-1α−/− slices.
A: The peak amplitude of disynaptic inhibition onto CA1 pyramidal cells is enhanced nearly 

two-fold in PGC-1α−/− slices compared to PGC-1α+/+ slices. 1 μM Bic reduced IPSC 

amplitude significantly in PGC-1α−/− slices (One-way ANOVA, (F(2,25) = 5.31, p = 0.013); 

PGC-1α+/+ (n = 8), PGC-1α−/− (n = 13) and BicPGC-1α−/− (n = 7). Inset, example traces 

of disynaptic IPSCs from PGC-1α+/+, PGC-1α−/− and BicPGC-1α−/− slices. Scale bars, 30 

ms, 100 pA. B: The peak amplitude of the EPSCs is not significantly different among the 

three groups (One-way ANOVA, F(2,25) = 0.19, p = 0.83); PGC-1α+/+ (n = 7), PGC-1α−/− 

(n = 13) and BicPGC-1α−/− (n = 7). Inset, example traces of EPSCs from PGC-1α+/+, 

PGC-1α−/− and BicPGC-1α−/− slices. Scale bars, 20 ms, 100 pA. C: The I/E balance in 

CA1 pyramidal cells, as determined from the ratio of IPSC to EPSC amplitudes, is greatly 

enhanced in BicPGC-1α−/− slices compared to PGC-1α−/− slices. I/E ratio in BicPGC-1α−/− 

slices do not significantly differ from PGC-1α+/+ slices (One-way ANOVA, F(2,25) = 11.45, 

p = 0.0003); PGC-1α+/+ (n = 7), PGC-1α−/− (n = 13) and BicPGC-1α−/− (n = 7).
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Figure 2. Bic rescues baseline CA1 circuit output in PGC-1α−/− slices measured with E-S 
coupling.
A: Example traces of field potential (fEPSP) recordings in stratum pyramidale (SP) and 

stratum radiatum (SR) from PGC-1α+/+, PGC-1α−/−, and BicPGC-1α−/− slices. Scale bars, 

10 ms, 1mV; B: E-S coupling was measured from single pulse stimulation every 10 

seconds. In PGC-1α−/− slices, the output from CA1 pyramidal cells was greatly reduced 

compared to PGC-1α+/+ slices and recovered with Bic treatment (Two-way ANOVA, F(2,499) 

= 133.9, p < 0.000001); PGC-1α+/+ (n = 6), PGC-1α−/− (n = 7) and BicPGC-1α−/− (n 

= 7). * indicates significant difference from PGC-1α+/+ and BicPGC-1α−/− slices. C: 
The maximum population spike generated in PGC-1α−/− slices was dramatically reduced 

compared with PGC-1α+/+ slices. Bic treatment significantly recovered the population spike 

amplitude in PGC-1α−/− slices (One-way ANOVA, F(2,17) = 7.69, p = 0.0042); PGC-1α+/+ 

(n = 6), PGC-1α−/− (n = 7) and BicPGC-1α−/− (n = 7).
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Figure 3. Bic rescues frequency dependent I/E ratio in PGC-1α−/− mice.
A: The I/E ratio on the second pulse at the 1000 ms interpulse interval is significantly 

enhanced in PGC-1α−/− slices compared to PGC-1α+/+ slices, and this was rescued by 

Bic treatment. Surprisingly, Bic did not cause the second pulse of the I/E ratio at the 60 

ms interval to be reduced below wild type levels (Two-way ANOVA, F(2,50) = 26.30, p < 
0.000001). * indicates significant difference from PGC-1α+/+ and BicPGC-1α−/− slices. B: 
The paired-pulse ratio of the excitation is unchanged among the three groups (Two-way 

ANOVA, F(2,50) = 0.241, p = 0.786). Insets, example traces of EPSCs from PGC-1α+/+, 
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PGC-1α−/− and BicPGC-1α−/− slices at 60 ms inter-pulse interval. Scale bars, 30 ms, 200 

pA. C: The paired pulse ratio of disynaptic inhibition shows facilitation in PGC-1α+/+ 

slices and lower facilitation in PGC-1α−/− slices. Bic treatment enhanced the paired pulse 

facilitation back to PGC-1α+/+ levels in PGC-1α−/− slices (Two way ANOVA, F(2,50) 

= 4.25, p = 0.019). Insets, example traces of IPSCs from PGC-1α+/+, PGC-1α−/− and 

BicPGC-1α−/− slices at 60 ms inter-pulse interval. Scale bars, 30 ms, 200 pA. For A-C: 

PGC-1α+/+ (n = 8), PGC-1α−/− (n = 13) and BicPGC-1α−/− (n = 7); D. Monosynaptic IPSC 

amplitude significantly decreased after addition of 1 μM Bic in PGC-1α−/− slices (t(10) = 

6.45, p = 0.00007). For monosynaptic IPSC: PGC-1α−/− slices (n = 6) and BicPGC-1α−/− 

slices (n = 6). However, 1 μM Bic did not change the paired pulse ratio of monosynaptic 

IPSCs in slices from PGC-1α−/− mice, indicating no change in presynaptic release of GABA 

(t(19) = 0.89, p = 0.38). Insets, example traces of IPSCs from PGC-1α−/− and BicPGC-1α−/− 

slices at 60 ms inter-pulse interval. Scale bars, 30 ms, 200 pA. For PPR monosynaptic IPSC: 

PGC-1α−/− slices (n = 12) and BicPGC-1α−/− slices (n = 9).
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Figure 4. Bic rescues CA1 output at low and high frequencies as measured with E-S coupling on 
pulse 2 of paired-pulse stimulation.
A: Example traces of pulse 2 at 60 ms interpulse interval from field recordings in SP and 

SR from PGC-1α+/+, PGC-1α−/− and BicPGC-1α−/− slices. Scale bars, 10 ms, 3 mV B: 
On the second pulse at 60 ms interval, the output from CA1 pyramidal cells in PGC-1α−/− 

slices was reduced compared to PGC-1α+/+ slices (Two-way ANOVA, F(2,724) = 50.1, p 

< 0.000001); PGC-1α+/+ (n = 10), PGC-1α−/− (n = 9) and BicPGC-1α−/− (n = 10). The 

addition of 1 μM bicuculline to PGC-1α−/− slices brought E-S coupling back to wild type 

levels. * indicates significant difference from PGC-1α+/+ and BicPGC-1α−/− slices. C: The 

maximum population spike generated was plotted for the three groups at 60 ms interpulse 

interval showing no significant difference between the three groups (One-way ANOVA, 

F(2,26) = 0.50, p = 0.61); PGC-1α+/+ (n = 10), PGC-1α−/− (n = 9) and BicPGC-1α−/− (n = 

10). D: Example traces of pulse 2 at 1000 ms interpulse interval from field recordings in SP 

and SR from PGC-1α+/+, PGC-1α−/− and BicPGC-1α−/− slices. Scale bars, 10 ms, 3mV. E: 
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On pulse 2 at 1000 ms interval, the output from CA1 pyramidal cells for both PGC-1α+/+ 

and BicPGC-1α−/− slices differ from PGC-1α−/− slices (Two-way ANOVA, F(2,549) = 115.5, 

p < 0.000001); PGC-1α+/+ (n = 7), PGC-1α−/− (n = 8) and BicPGC-1α−/− (n = 7), similar to 

pulse 1 (Figure 2B). * indicates significant difference from PGC-1α+/+ and BicPGC-1α−/− 

slices. F: The maximum population spike amplitude on pulse 2 at 1000 ms interpulse 

interval is reduced in PGC-1α−/− slices and restored by Bic. (One-way ANOVA, F(2,19) = 

5.16, p = 0.016); PGC-1α+/+ (n = 7), PGC-1α−/− (n = 8) and BicPGC-1α−/− (n = 7).
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Figure 5. Bic rescues disynaptic inhibition in a frequency-dependent manner.
A schematic depicting the underlying circuit changes that occur in the three conditions 

(PGC-1α+/+, PGC-1α−/−, and PGC-1α−/− plus 1 μM bicuculline) and the expected 

disynaptic IPSC response. The top half depicts what is happening at low frequency 

stimulation. This shows that bicuculline reduces inhibition in a uniform manner (to the 

same extent on pulse 2 as pulse 1), consistent with effects of blocking GABAA receptors 

on pyramidal cells, and therefore does not alter short-term plasticity of disynaptic inhibition. 

The bottom half depicts what is happening at high frequency stimulation (e.g. second pulse 
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at 60 ms). Bicuculline reduces inhibition in a non-uniform manner (greater reduction on 

pulse 1 than pulse 2). This shows that bicuculline is most likely also increasing recruitment 

of interneurons on the second pulse, potentially through blockade of SK channels or 

reduced inhibition onto GABAergic interneurons, which allows the short-term plasticity 

to be restored to PPF.
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