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Cellular/Molecular

Chemogenetic Isolation Reveals Synaptic Contribution
of  GABA, Receptors in Mouse Dentate Granule Neurons

Min-Yu Sun,' Hong-Jin Shu,' Ann Benz,' John Bracamontes,’ “Gustav Akk,>* Charles F. Zorumski, !>+
Joe Henry Steinbach,>* and “Steven J. Mennerick! >+
Departments of 'Psychiatry, 2Neuroscience, *Anesthesiology, and *Taylor Family Institute for Innovative Psychiatric Research., Washington University
School of Medicine, St. Louis, Missouri 63110

Two major GABA , receptor classes mediate ionotropic GABA signaling, those containing a & subunit and those with a y2 subunit. The
classical viewpoint equates y2-containing receptors with IPSCs and 5-containing receptors with tonic inhibition because of differences in
receptor localization, but significant questions remain because the populations cannot be pharmacologically separated. We removed this
barrier using gene editing to confer a point mutation on the & subunit in mice, rendering receptors containing the subunit picrotoxin
resistant. By pharmacologically isolating 8-containing receptors, our results demonstrate their contribution to IPSCs in dentate granule
neurons and weaker contributions to thalamocortical IPSCs. Despite documented extrasynaptic localization, we found that receptor
localization does not preclude participation in isolated IPSCs, including mIPSCs. Further, phasic inhibition from & subunit-containing
receptors strongly inhibited summation of EPSPs, whereas tonic activity had little impact. In addition to any role that 8-containing
receptors may play in canonical tonic inhibition, our results highlight a previously underestimated contribution of -containing recep-
tors to phasic inhibition.

Key words: GABA; hippocampus; inhibition; IPSC; picrotoxin; tonic

/Signiﬁcance Statement \

GABA , receptors play key roles in transient and tonic inhibition. The prevailing view suggests that synaptic y2-containing GABA ,
receptors drive phasic inhibition, whereas extrasynaptic 8-containing receptors mediate tonic inhibition. To re-evaluate the
impact of 0 receptors, we took a chemogenetic approach that offers a sensitive method to probe the synaptic contribution of
o-containing receptors. Our results reveal thatlocalization does not strongly limit the contribution of 8 receptors to IPSCs and that

o receptors make an unanticipated robust contribution to phasic inhibition.

)

Introduction

GABA, receptor-mediated inhibition sculpts neuronal activity
and regulates key behaviors (Vardya et al., 2012; Ye et al., 2013).
These functions are mediated by two classes of GABA , receptors
defined by y2 versus & subunit incorporation (referred to herein
as y2 receptors and 6 receptors, respectively). The relative con-

Received March 26, 2018; revised July 18, 2018; accepted July 24, 2018.

Author contributions: M.-Y.S. wrote the first draft of the paper; M.-Y.S., J.B., G.A,, CF.Z, J.H.S., and S.J.M. edited
the paper; M.-Y.S., J.B., G.A., LH.S., and S..M. designed research; M.-Y.S., H.-J.S., A.B., J.B., and S.J.M. performed
research; M.-Y.S., H.-).S., J.H.S., and S.J.M. analyzed data; S.J.M. wrote the paper.

This work was supported in part by the Hope Center Transgenic Vectors Core and the Mouse Genetics Core at
Washington University School of Medicine; NIH MH111461, MH104506, GM108580; the Bantly Foundation; and the
Center for the Investigation of Membrane Excitability Diseases at Washington University (Grant CIMED-17-03). We
thank Dr. Werner Sieghart for & subunit antibody.

CF.Z.is on the scientific advisory board of Sage Therapeutics. Sage Therapeutics was not involved in the design
or funding of this study. The remaining authors declare no competing financial interests.

Correspondence should be addressed to Dr. Steven J. Mennerick, Washington University School of Medicine,
Department of Psychiatry, 660 South Euclid Avenue, Box 8134, St. Louis, MO 63110. E-mail: menneris@wustl.edu.

DOI:10.1523/JNEUR0SCI.0799-18.2018
Copyright © 2018 the authors  0270-6474/18/388128-18%15.00/0

tributions of these two receptor classes to inhibition remain un-
clear. The prevailing picture is that y2 subunits carry synaptic
localization signals and mediate IPSCs (phasic inhibition),
whereas 8 subunits are extrasynaptic, confer high GABA affinity,
and mediate tonic inhibition (Brickley and Mody, 2012; Whissell
etal., 2015). & Receptors have been implicated in consciousness,
mood disorders, schizophrenia, and epilepsy (Cope et al., 2005;
Maguire et al., 2005; Maldonado-Avilés et al., 2009; Feng et al.,
2010; Macdonald et al., 2010; Whissell et al., 2015), perhaps be-
cause of expression in select though pivotal neuronal populations.
Pharmacology and genetic deletions of 6 or its preferred part-
ners, a4 and a6, suggest a small or negligible contribution of & to
IPSCs (Wei et al., 2003; Brickley and Mody, 2012; Herd et al.,
2013). The caveats of genetic deletion studies and pharmacology
notwithstanding (Peng et al., 2002; Hoestgaard-Jensen et al.,
2010; Lee and Maguire, 2014), the prevailing view attributes &
receptors’ major role in tonic inhibition to extrasynaptic localiza-
tion (Nusser et al., 1998; Wei et al., 2003; Sun et al., 2004; Wu et
al., 2012; Martenson et al., 2017). An untested alternative is that
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the high GABA affinity of & receptors compensates for extrasyn-
aptic localization (Brown et al., 2002; Wohlfarth et al., 2002; Akk
etal., 2004; You and Dunn, 2007; Mortensen et al., 2010; Eaton et
al., 2014). It is also difficult to test the quantitative impact of the
& contribution to inhibition, using absence (genetic deletion)
models or potentiation by drugs, which may recruit receptors not
normally activated. Instead, pharmacological isolation of & re-
ceptors could mitigate the disadvantages of previous approaches
and reveal the quantitative impact of & receptors on inhibition.
Unfortunately, no known antagonists distinguish 8 receptors
from y2 receptors.

Here we introduce a knock-in/chemogenetic approach to iso-
late endogenous & and y2 receptor populations. We developed
two knock-in mouse lines harboring picrotoxin (PTX) resistance
in the endogenous & or y2 subunit, respectively. Previous work
showed that point mutations in a single subunit dramatically
reduce PTX sensitivity while having little effect on basal receptor
function (Gurley et al., 1995; Shen et al., 1999; Sedelnikova et al.,
2006; Erkkila et al., 2008). We studied GABA inhibition in den-
tate granule cells (DGCs), neurons that control information flow
through the hippocampus (Dengler and Coulter, 2016) and that
is well known for a4/ subunit expression (Wei et al., 2003). The
2 mutation induced kinetic changes to baseline IPSCs, limiting
the usefulness of these mice. However, the & mutation rendered
PTX resistance but produced no differences from WT behavior at
baseline. PTX application thus allowed us to eliminate pharma-
cologically non-8-containing receptors, thereby circumventing
possible compensation for genetic loss and opening up within-
cell experimental designs. Whole-cell recordings from DGCs
suggest that the extrasynaptic location of 8-containing receptors
does not limit participation in quantal events nor in evoked
IPSCs. Further, the relative 8 receptor contribution to evoked
IPSC charge did not change with increased numbers of activated
presynaptic fibers, implying that 6 receptors accessible to synap-
tic GABA are fully recruited during evoked transmission. We
found less contribution of & receptors to IPSCs in thalamocorti-
cal neurons, another cell type expressing 6 subunits. Despite the
small contribution to peak IPSCs in DGCs, we demonstrate that
phasic inhibition mediated by 8 receptors reduces temporal sum-
mation of excitatory depolarization, whereas tonic inhibition
contributes little. Our results suggest that the prevailing views of
& receptors’ roles in tonic versus phasic inhibition need to be
re-evaluated, at least for hippocampal DGCs.

Materials and Methods

CRISPR design/oligo design. To generate 6* KI or y2* KI knock-in mice,
guide RNAs targeting the mouse GABRD or GABRG2 subunit and
single-stranded oligodeoxynucleotide (ssODN) donor DNAs harboring
the T269Y mutation were designed by The Hope Center Transgenic Vec-
tors Core at Washington University. The targeting strategy included a
silent mutation eliminating a CviAll restriction enzyme site to aid
screening of mutant alleles. Target-specific single-guide RNAs (sgRNAs)
were cloned into BbsI digested plasmid pX330 (Addgene, 42230) and
sgRNA cleavage activity was validated in vitro by transfecting N2A cells
with ROCHE Xtremegene HP, followed by T7E1 assay (New England
Biolabs). T7 sgRNA and Cas9 templates for in vitro transcription were
amplified by PCR, gel purified, and in vitro transcribed with the
MEGAshortscript T7 kit (sgRNA, ThermoFisher Scientific) or the T7
mMessage mMachine Ultra kit (Cas9, ThermoFisher Scientific). After
transcription, both RNAs were purified with the Megaclear kit (Thermo-
Fisher Scientific). Two hundred nucleotide ssODN donor DNAs with the
mutations centered within the oligos were synthesized by IDT Technol-
ogies as ultramer oligos. Concentrations for injection into the cytoplasm
of fertilized eggs were as follows: 50 ng/ul Cas9, 25 ng/ul gRNA, 100
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ng/ul ssODN. Founders were identified using Qiagen pyrosequencer and
Pyromark Q96 2.5.7 software or by deep sequencing.

Sequence for sgRNAs were as follows:

8: 5'-gctgacaatgaccacgetCa and y2: taggaatcACTactgtectg, respec-
tively. The ssODN sequences were as follows:

&: tgaagaactcccctttcectggaacccagecctgttggetagggtaaggaggagagggtagga
cttcatcgctgaccatctactcccaccaggeatcTACactgtgetgacaatgaccacgetTatggt
gtgcccgetecteectgecacgggcttcage tatcaaagetctggatgtgtatttttggatctgetacg.

¥2: aagcaaacagatacaaagagatccattgctgtgacataggagaccttgggeagagattttct
ggctatggtgcttaaagttgtcatTgtcaggacagtGT Agattcctatggacagcaaaataaaat
aaaacaaatcacatggtggcatcagagatagcctagagcacaagacggatgatgctctgtccaaget
cccaca.

All animal procedures were performed according to NIH guidelines
and approved by the Washington University Institutional Animal Care
and Use Committee (IACUC). Cas9 mRNA, sgRNA, and ssODN con-
structs were injected into the cytoplasm and pronucleus of fertilized eggs.
Injected eggs were cultured at 37°C under 5% CO, overnight, after which
20-25 two-cell stage embryos were transferred into oviducts of pseudo-
pregnant females. The mutant allele of the 6 KI or y2* KI knock-in
mouse was confirmed by PCR-based genotyping from tail DNA.

Mosaic founders were bred with WT mice. We screened and identified
F1 mice with the desired mutations to establish colonies by heterozygote
crosses. Littermate WT or heterozygote controls, variably obtained from
the &* KI or y2* KI colony, were used for all experiments. In the case of 8*
KI mutants, we discovered that all founders carrying the desired muta-
tion also carried an unanticipated nucleotide change in intron 7-8, 15 nt
upstream of the desired mutation. For the selected founders, this change
was a C-A mutation 15 nt upstream of the desired mutation. Predictive
software (http://spliceport.cbcb.umd.edu) showed no expectation for al-
tered splicing, so we proceeded with characterization of the line. Mice
were maintained on a mixed C57BL/6CBA background.

Slice preparation. Hippocampal slices were prepared from postnatal
day (P)28 to P58 GABA 4R &* KI, y2* KI, or WT littermates of both sexes.
The age range was in accord with previous studies of rodent dentate
neurons (Stell et al., 2003; Wei et al., 2003; Glykys et al., 2008; Tao et al.,
2013). The ages avoided developmental changes in IPSC kinetics, which
stabilize after P21 (Hollrigel and Soltesz, 1997). When explicitly studying
tonic current, we focused on P28 P46 to avoid undue influence of re-
ported developmental changes in tonic current (Holter et al., 2010; Lee
and Liou, 2013). Thalamocortical neurons were recorded from ventro-
basal nuclei in 300 wm horizontal slices. Evoked IPSCs were stimulated
from near the border of the reticular nucleus and the recorded cell. We
used mice of both sexes (Hollrigel and Soltesz, 1997; Wei et al., 2003;
Holter et al., 2010; Tao et al., 2013). Although female changes in & asso-
ciated with estrous may contribute to quantitative effects observed in
DGCs (Maguire et al., 2005; Wu et al., 2013), the key finding of synaptic
8 contribution was observed in slices from both female and male animals,
and so results from males and females other than Figure 1 were pooled.
Numbers of males and females were approximately balanced in each
experiment.

In accordance with protocols approved by the Washington University
IACUC, mice were anesthetized with isoflurane and decapitated. The
brain was removed and glued onto a Leica VT1200 specimen holder.
Sagittal (300 um) slices were cut in ice-cold, modified artificial CSF
(ACSF; in mm: 87 NaCl, 75 sucrose, 25 glucose, 25 NaHCO;, 2.5 KCl,
1.25 NaH,PO,, equilibrated with 95% oxygen-5% CO, plus 0.5 CaCl,, 3
MgCl,; 320 mOsm). Slices were then incubated at 32-34°C for 30 min in
choline-based ACSF (in mwm: 92 choline chloride, 25 glucose, 30
NaHCO;, 2.5 KCl, 1.2 NaH,PO,, 20 HEPES, 2 thiourea, 5 Na ascorbate,
3 Na pyruvate, 2 CaCl,, and 1 MgCl,, equilibrated with 95% oxygen-5%
CO,; 300 mOsm), and subsequently stored at room temperature in reg-
ular ACSF (in mm: 125 NaCl, 25 glucose, 25 NaHCO;, 2.5 KCl, 1.25
NaH,PO,, equilibrated with 95% oxygen-5% CO, plus 2.6 CaCl,, 1.2
MgCl,; 310 mOsm), allowing for at least 1 h recovery before experiments.
Except for noted exceptions, drugs were obtained from ThermoFisher
Scientific.

Whole-cell patch-clamp recording in slices. Slices were transferred to a
recording chamber and continuously perfused with oxygenated, regular
ACSF at 2 ml - min ', Experiments were performed at 30-32°C. To
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isolate GABA, responses, ionotropic glutamate receptors were blocked
with either 2 mm kynurenic acid or 10 um NBQX (Tocris Bioscience) and
50 uM D-APV (Tocris Bioscience) for all experiments unless otherwise
stated. For experiments assessing the impact of either tonic or phasic
GABA inhibition on EPSP summation, 1 um CGP-55845 (Tocris Biosci-
ence) was also included in extracellular solutions to inhibit GABAgRs.
One hundred micromolar PTX (Tocris Bioscience) was bath-applied to
isolate either 6* KI or y2* KI-mediated GABA R currents, and in most
experiments 100 uMm gabazine was applied at the end to verify pure
GABA R currents.

Somatic, whole-cell patch-clamp recordings were performed using
standard differential contrast interference microscopy under infrared
illumination. Dentate granule cells were identified on an upright Nikon
Eclipse E600FN microscope and a QImaging camera controlled with
QCapture (QImaging). Somatic whole-cell recordings were made with
borosilicate patch pipettes (World Precision Instruments; Sutter Instru-
ments), having open tip resistance of 3—7 M{). After a whole-cell config-
uration was established, cells were allowed to fill with the intracellular
solution for ~5 min. Recordings were obtained using a MultiClamp
700B amplifier (Molecular Devices), Digidatal1550 16-bit A/D converter,
and pClamp 10.4 software (Molecular Devices). Pipette capacitance was
adjusted using MultiClamp 700B Commander software. Somatic access
resistance values were between 10 and 25 M() and were compensated for
current amplitudes >2 nA (see Fig. 4), and cells with unstable access
resistance (>20% change) were excluded from analysis.

Measurement of tonic and phasic GABA 4R currents. Cells were voltage-
clamped at —70 mV, with the intracellular pipette solution containing
the following (in mm): 130 CsCl, 10 HEPES, 5 EGTA, 2 MgATP, 0.5
NaGTP, and 4 QX-314; pH was adjusted with CsOH to pH 7.3; 290
mOsm. Tonic GABA R currents were induced by THIP (1 um), GABA (5
M), or muscimol (0.5 uM; ThermoFisher Scientific). In some experi-
ments DS2 (10 u™m; Tocris Bioscience) was used. Tonic currents were
acquired in gap-free mode at 2 kHz, filtered at 1 kHz using an 8-pole
Bessel filter. For assessing evoked GABA,R TPSCs, a glass monopolar
stimulating electrode was placed in the molecular layer, ~20 um away
from DGC body layer and 50 wm away from the recorded cell. Stimula-
tion was applied at 0.05 Hz, with 0.2 ms pulse width. For measuring
spontaneous or miniature GABA R IPSCs, data were acquired in gap-
free mode in the absence or presence of 1 um tetrodotoxin (TTX; Tocris
Bioscience). All the IPSC data were acquired at 5 kHz, and filtered at
2 kHz using an 8-pole Bessel filter.

Assessment of GABA R 1=V relationship. Cells were initially voltage-
clamped at —70 mV, with the intracellular pipette solution containing
the following (in mm): 130 Cs methanesulfonate, 4 NaCl, 0.5 CaCl,, 10
HEPES, 5 EGTA, and 5 QX-314, pH was adjusted with CsOH to pH 7.3;
290 mOsm. Holding current was recorded during 1 s voltage ramps from
+50to —90 mV. Voltage-dependent Ca®" channels were inactivated by
depolarizing the cell to +50 mV for 0.2 s before each ramp. Ramps were
performed at baseline, during bath-applied GABA application (10-20
uM), and after GABA washout/100 um gabazine application. In two of
the four cells recorded, 1 um CGP-55845 was included in the extracellular
solution to block GABALR receptors. Six sweeps from each condition
were averaged, and the GABA I-V curve was constructed by digitally
subtracting current in the presence of gabazine.

Measurement of aEPSP and electrically-evoked EPSPs. Cells were
current-clamped, with the intracellular pipette solution containing the
following (in mm): 140 K-gluconate, 4 MgCl,, 10 HEPES, 0.4 EGTA, 4
MgATP, 0.3 NaGTP, and 10 phosphocreatine, pH was adjusted with
KOH to pH 7.25; 290 mOsm. For measuring aEPSP peak summation,
DGCs were initially maintained at —85 mV with constant current injec-
tion when necessary, and a train of sEPSC-like currents was injected.
SsEPSC-like currents were generated by averaging 140 sEPSCs collected
from a DGC. A train of these currents composed of five pulses at 50 Hz
was generated by Clampfit’s time-shift and arithmetic function. Current
intensity was adjusted to evoke o EPSPs with peak amplitudes =6 mV. To
evoke phasic GABA currents, a concentric bipolar stimulating electrode
was placed in the molecular layer, ~50 wm away from DG cell body layer.
We delivered five stimuli at 50 Hz (0.05—0.2 ms pulse width), with each
pulse delivered 10 ms before each «EPSP. For measuring electrically-
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evoked EPSPs, AMPARs were left unblocked throughout the experi-
ments, and both EPSPs/IPSPs were electrically-evoked with 50 Hz
stimulation. Five micromolar QX-314 was included in the internal solu-
tion to block sodium current in the recorded cell. Data were acquired at
10 kHz, and filtered at 4 kHz using an 8-pole Bessel filter.

GABA iontophoresis. lontophoresis was performed using an Axoclamp-
2B amplifier (Molecular Devices). The iontophoretic pipette, with 50—
100 MQ tip resistance, was filled with 1 M GABA solution (pH was
adjusted to ~5 with HCI). AlexaFluor 488 hydrazide (100-200 uM; Ther-
moFisher Scientific) was added into both iontophoretic pipette and
whole-cell patch pipette for visualization. Before penetrating slice tissues,
the iontophoretic pipette capacitance was compensated using a 10 nA,
10 ms test pulse. The iontophoretic pipette was then moved to ~1 um
from the cell soma or dendrite without touching it, as described previ-
ously (Miiller and Remy, 2013). To prevent GABA from leaking out of
the pipette, a negative retaining current (—10 to —40 nA) was applied
until no change of the holding current in the whole-cell recording was
observed as the iontophoretic pipette approached the targeted cell. To
evoke iontophoretic GABA IPSCs, 0.5-1 ms current pulses ranging from
10 to 970 nA were applied to generate an input/output (I/O) curve.
Current injection at 900 nA induced GABA current that reached satura-
tion for both peak and decay time constant. Therefore, 900 pA was se-
lected as the fixed-current value for inducing iontophoretic GABA IPSCs
before/after PTX.

Immunostaining. Mice were perfused transcardially with PBS, fol-
lowed by 4% paraformaldehyde for 3 min. Brains remained in the skull
for 30 min on ice, then were postfixed for 1 h in 4% paraformaldehyde
and cryoprotected for 48 h in 30% sucrose at 4°C. Brains were frozen on
dry ice, then coronally sectioned at 45 um on a freezing microtome.
Free-floating sections were blocked in 10% normal goat serum and 0.3%
Triton-X detergent for 1 h, then incubated overnight at room tempera-
ture in a 1:1000 dilution of primary rabbit anti-8 subunit antibody vali-
dated previously (Spigelman et al., 2003, courtesy Dr. Werner Sieghart).
Staining patterns were confirmed with another antibody (Alomone Labs,
catalog #AGA-014; Antibody registry #AB-2340938). Antibodies were
visualized with an AlexaFluor 488-conjugated anti-rabbit secondary
antibody.

Western blotting. Proteins were isolated from mouse hippocampal tis-
sue with RIPA lysis buffer containing 150 mm sodium chloride, 1% Tri-
ton X-100, 0.5% sodium deoxycholate, 2.5 mm EDTA, 0.1% SDS, and
50 mm Tris-HCI, pH 8. Protease inhibitor cocktail was added in the lysis
buffer. Homogenates were centrifuged at 15,000 rpm at 4°C for 20 min.
The clear supernatant was stored at —70°C. Protein concentrations
within each homogenate were determined with the Pierce Coomassie
protein assay reagent (Micro BCA, ThermoFisher Scientific). A 25 ug
sample of proteins was subjected to a 4-15% polyacrylamide gel (Bio-
Rad Laboratories) at 100 V for 1 h. Resolved proteins and prestained
molecular weight markers (ThermoFisher Scientific) were transferred
electrophoretically onto an Immunobilon-P membrane (Millipore; Sigma)
at 4°C and processed for immunodetection. The membrane was incu-
bated with a blocking solution containing 3% nonfat milk in PBS for 1 h
at RT. The membrane was then incubated with the same rabbit anti-8
polyclonal antibody used for immunostaining at 1 mg/ml dilution in
blocking solution at 4°C overnight and washed at RT for 15 min three
times. The membrane was next incubated with horseradish peroxidase-
conjugated goat anti-rabbit IgG secondary antibody (Santa Cruz Bio-
technology) 1:500 dilution for 2 h at RT. Detection was performed with
the Lumigen ECL Ultra kit, according to the manufacturer’s protocol. The
Kodak ImageStation 440CF was used to capture the bands digitally. The
intensity of bands was quantitated with Image] software (NTH). After
image capture, blots were stripped using Restore Western blot Stripping
Buffer (Pierce) and reprobed with tubulin antibody (Millipore; Sigma) as
a control for sample loading.

Experimental design and statistical analysis. For tonic GABA, current
measurement, mean values of holding currents from each condition were
calculated within a selected region where drug(s) had reached maximal
effect. For evoked or iontophoretic IPSC analysis, mean values of peak/
weighted decay time constant (7,,) were calculated from the average of
10—-20 sweeps taken at baseline and again following stabilization of drug
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Figure1. Validation of the knock-in/chemogenetic approach. A, Effect of the 5-preferring agonist THIP in a representative DGC from a WT slice. THIP induced a current superimposed on ongoing
spontaneous phasic IPSCs. The putative & selective positive allosteric modulator DS2 potentiated the THIP response, and PTX abolished both the phasic and potentiated THIP current. B, Summary
of the THIP current in the indicated conditions from cells from five WT animals. Data points, each representing a cell, are color-coded by animal. Open triangles represent male mice, and circles
represent female mice. The labels on the abscissa represent the conditions shown above the traces in A and indicate sequential coapplications. €, D, The same experiment from &* Kl animals. Note
that the THIP/DS2 induced current was resistant to PTX, but phasic currents were strongly reduced. E, F, Same experiment from -y2* Kl animals, with an outcome complementary to that of the 6*
Kislices. Phasic IPSCs were left mostly intact, but THIP response was strongly antagonized. N = 22 cells from 5 WT animals, 19 cells from 5 * Kl animals, and 19 cells from 5 y2* Kl animals. A general
linear model assessment of THIP and THIP+ DS2 current showed a strong main effect of drug on membrane current (p << 0.01) and a marginal main effect of sex (p = 0.046). The effect of drugs
on membrane current did not interact statistically with sex (p = 0.15) or with genotype group (p = 0.16). Bonferroni corrected ¢ tests on residual PTX current showed a difference between WT and
&% Kl current (adjusted p value = 5.8 X 10 ") but not between WT and ~y2* KI current (adjusted p value = 0.88). G, Sample average mIPSC waveforms obtained in the presence of 1 pm
tetrodotoxin (TTX). Each waveform represents 68 —207 events from a single animal of each genotype, color-coded by animal and sex as above. H-J, Pooled mIPSC characteristics, showing altered
mIPSCs from y2* Kl cells (N = 14 cells from 3 WT animals, 11 cells from 4 5* Kl animals, and 15 cells from 4 -y2* Kl animals). IPSCs typically exhibited a bi-exponential decay. For ease of comparisons
among IPSCs with complex decays, 7,, was calculated as described in the Materials and Methods. A one-way ANOVA with Bonferroni’s multiple-comparisons test showed a difference in 7;,, (adjusted
pvalue = 1.3 X 10 ~7*** panel ) and frequency (adjusted p value = 5.3 X 10 ~¢*** panel J) between WT and y2* KImIPSCs on but not between WT and &* KI mIPSCs (adjusted p value >
0.99 and p = 0.5, respectively). Asterisks in J indicate comparisons with WT and &* KI respectively. K, Sample average sIPSC waveforms obtained in the absence of 1 um TTX. Each waveform
represents 122—181 events from a single animal of each genotype, color-coded as indicated. L—N, Analysis of basal sIPSCs, obtained in the absence of TTX (N = 12 cells from 4 WT animals, 13 cells
from 5 &* Kl animals, and 14 cells from 3 -y2* Kl animals). A one-way ANOVA with Bonferroni’s multiple-comparisons test showed a significant difference between WT and y2* KI sIPSCs on 7,
(adjusted p value = 9.1 X 10 ~7*** panel M) but not between WT and & * KI sIPSCs (adjusted p value > 0.99).
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effects. For oEPSP analysis, mean values of summation and decay ,,
were calculated from a single sweep. For spontaneous IPSC (sIPSC)/
miniature IPSC (mIPSC) analysis, the entire dataset was excluded if signs
of seal breakdown were detected in the gabazine condition. sIPSCs/mIPSCs
were detected using a template-matching algorithm in Clampfit (Cle-
ments and Bekkers, 1997); templates were created by averaging >20
events. For estimation of maximal & currents induced by muscimol, we
used a literature estimate of muscimol EC,;, on y2 and 8 receptors (You
and Dunn, 2007; Mortensen et al., 2010), as described in the Results.
Decay times were assigned based on single or bi-exponential least-
squares fits as appropriate. For bi-exponential fits, we collapsed the two
components into an overall decay 7, constant for pooling and for com-
parisons. The 7, was calculated as ZAi X 7i, where Ai is the fractional
amplitude and 7i is the time constant of the component.

For quantification of 8 contribution to IPSCs, we calculated the effect
of PTX on peak evoked and mIPSC amplitude in 8% KI slices. For
mIPSCs, a correction was made for the apparent decrease in mIPSC
frequency after PTX application. The method assumes that the frequency
decrease arises because the smallest 8 receptor mIPSCs fall below detec-
tion threshold. If § mIPSC frequency in PTX is 10% that observed for y+
6 mIPSCs before PTX application, we assume that the 8 mIPSCs repre-
sent the largest 10% of combined 2 and & events in the absence of PTX
(Stelland Mody, 2002). Comparison of 8 mIPSC average peak amplitude
with that of the largest 10% of y2+ & mIPSCs yields the estimated &
contribution to synaptic (mIPSC) responses.

Cells served as the statistical basis of N for all experiments; animal
number is reported in figure legends. For genotype comparisons, we
confirmed that p values remained below the 0.05 criterion when animals
(averages from all cells from an animal) were used as data points. Stu-
dent’s independent, two-tailed ¢ test was performed to determine statis-
tical significance between the means of two groups. For multiple group
(>2 groups) comparisons, one-way ANOVA and Bonferroni corrected,
post hoc analyses were performed, or a general linear model analysis as
indicated. For detection of effects within cells, a paired ¢ test or one-way
repeated-measures ANOVA was performed. Statistical analysis was per-
formed using GraphPad Prism 7. For clarity, specific tests are described
in the Results. In figures significance is displayed at the level of *p = 0.05,
**0.01, and ***0.001. Summary data are presented as mean *+ SEM. Raw
data are available at the Figshare data repository https://figshare.com/s/
22f424870163b0e9ed3c.

Results

PTX-resistant components of GABA,R current in

knock-in mice

We used CRISPR-Cas9 to edit the endogenous y2 or & locus of
two separate lines of mice to generate a point mutation rendering
either 8- or y2-containing receptor populations insensitive to
PTX (abbreviated 6* KI and y2* KI herein). We first validated the
use of the animals in several ways. We addressed the impact of
PTX on agonist responses and phasic GABA transmission in
DGCs of the various genotypes. We applied the 5-preferring ag-
onist THIP (1 uwm; Belelli et al., 2005; Cope et al., 2005; Jia et al.,
2005; Meera et al., 2011) to elicit GABA , receptor-mediated cur-
rents (Fig. 1A—F). Consistent with expected THIP selectivity for &
receptors, the current amplitude was enhanced by the putative
8-selective-positive allosteric modulator DS2 in WT, &* KI and
y2* Kl slices (10 um; Fig. 1A—F; Wafford et al., 2009; Shu et al.,
2012; Jensen et al., 2013). Both the DS2-potentiated THIP cur-
rent and spontaneous phasic currents were eliminated by PTX in
WT slices (100 um; Fig. 1A,B). We observed little evidence of
basal tonic current in WT animals, evidenced by the lack of out-
ward current with PTX application, relative to initial baseline
(Fig. 1A,B). Unlike WT cells, DS2-potentiated THIP current
from &* KI cells was insensitive to PTX, whereas spontaneous
phasic IPSCs were strongly reduced (Fig. 1C,D; WT vs &* KI
holding currents in PTX, 5, = 8.22; p = 5.8 X 10 "', Bonfer-
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roni corrected £ test). y2* KI slices exhibited complementary re-
sults; THIP current was abolished by PTX, whereas phasic IPSCs
remained (Fig. 1 E,F; WT vs y2* KI holding currents in PTX,
ts7y = 0.77; p = 0.88, Bonferroni corrected t test). The amplitude
of THIP current was not statistically different among genotypes
(Fig. 1A-F; F(, 55 = 1.93, p = 0.16; general linear model assess-
ment), suggesting that mutant receptors are expressed similarly
to WT. We conclude that &* KI slices offer a powerful model
system for exploring conditions under which &-containing
GABA ,Rs are activated.

In these initial studies we examined the influence of sex on the
amplitude of THIP-induced current (Fig. 1 B,D,F). We found a
modest effect of sex on THIP-induced current across genotype
(Fig. 1B, D,F; F; 55y = 4.2, p = 0.046; general linear model assess-
ment). Throughout remaining figures males and females were
pooled and used in approximately equal numbers for each
experiment.

Characteristics of spontaneous GABA, receptor-mediated
transmission in & KI slices were consistent with the idea that
mutated 8 subunits did not discernibly alter mIPSCs in the pres-
ence of tetrodotoxin or sIPSCs (Fig. 1 G-N; mIPSC peak: F(, 5,, =
1.79, p = 0.18, ANOVA; mIPSC decay: F, 5,y = 31.27,p = 1.1 X
10 "%, ANOVA; t5,, = 0.44, p > 0.99, Bonferroni corrected t test;
sIPSC peak: F, 55y = 0.42, p = 0.66, ANOVA; sIPSC decay:
Fiyag) = 26.45,p = 8.6 X 10 %, ANOVA; £ 5 = 0.06, p > 0.99,
Bonferroni corrected t test). However, we observed unexpected
changes in y2* Kl-mediated sIPSCs and mIPSCs from y2* KI
cells (before PTX application) that limited usefulness of these
animals for present purposes. Kinetics of decay of both sIPSCs
and mISPCs in y2* KI cells were faster than WT or &* KI cells
(Fig. 1G-N; mIPSC decay: F(, 5, = 31.27, p = 1.1 X 10"%,
ANOVA; t;7) = 6.73,p= 1.3 X 10 ~7,Bonferroni corrected ¢ test;
sIPSC decay: F, 35, = 26.45, p = 8.6 X 10 °, ANOVA; t35, =
6.14, p = 9.1 X 107, Bonferroni corrected ¢ test). In addition,
the frequency of mIPSCs from y2* KI animals was lower than
that of either WT or of 8* KI animals (Fig. 1J; F(, 5,y = 16.72,p =
6.7 X 10 "% ANOVA; 3, = 5.54, p = 5.3 X 10~ °, Bonferroni
corrected £ test). The altered kinetics appears to result from the
mutated y2* KI subunit rather than omission of y2 or substitu-
tion of another subunit, as sSIPSCs from y2* KI cells were resistant
to PTX (Fig. 1E). We conclude that the y2* KI mutation had
unanticipated effects on the kinetics of receptor function, which
may in turn have induced secondary changes, including the
mIPSC frequency decrease. The latter change could suggest fewer
postsynaptic sites or presynaptic changes relative to WT cells. As
aresult of observations in Figure 1, we focused on characterizing
&* KI transmission in subsequent studies.

Contribution of 6 subunit-containing receptors to evoked
IPSCs, spontaneous IPSCs, and miniature IPSCs

The results of Figure 1 suggest that 8* Kl receptors target similarly
to WT & receptors. We also examined light microscopic evidence
for this. In tissue immunostained for the 8 subunit, we found that
characteristic expression patterns in the dentate molecular layer
and in certain thalamic nuclei were preserved in 6* KI tissue (Fig.
2A-D). We also found no difference in 8 subunit protein levels
between &* KI and WT hippocampal tissues (Fig. 2E,F; t) =
0.86, p = 0.42, unpaired ¢ test).

To verify previous suggestions of weak & contributions to
evoked IPSCs in DGCs (Wei et al., 2003), we examined IPSCs
stimulated with weak electrical stimulation, which evoked IPSCs
with comparable sizes to sIPSCs, to limit GABA spillover and
pooling at extrasynaptic receptors. In the absence of PTX, there
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Figure 2.  Similar pattern and quantity of & subunit expression in WT and &* KI mouse
brains. A-D, Immunostains for & subunit in hippocampus and thalamus from WT (4, €) and 6*
KI (B, D) mice at P45. E, F, & Protein levels were similarin WT and &* Kl hippocampus (n = 4 WT

J. Neurosci., September 19, 2018 - 38(38):8128 —8145 « 8133

was no detectable difference in evoked transmission between WT
and &* KI cells (Fig. 2G-K; peak: t,4) = 1.4, p = 0.17, unpaired
ttest; decay: t(,5) = 1.52, p = 0.14, unpaired ¢ test; Q: 55, = 0.009,
p = 0.99, unpaired ¢ test), again indicating that the genetic ma-
nipulation did not cause changes to GABA transmission in the
absence of PTX. In WT slices, evoked IPSCs were abolished by
100 uMm PTX. By contrast, in 6* KI slices a portion of evoked
IPSCs persisted in the presence of PTX (Fig. 2H,L,M; Q: t(56, =
3.12, p = 0.004, unpaired ¢ test). Evoked IPSCs in &* KI slices
exhibited much slower decay kinetics after PTX application (de-
cay: t5, = 7, p = 1.5 X 10 ~°, paired ¢ test), representing direct
identification of the 8 component previously inferred from sub-
unit deletion studies in DGCs (Wei et al., 2003) and other cell
types, such as somatosensory thalamocortical cells (Herd et al.,
2013). These previous studies have demonstrated that the 6 com-
ponent of transmission is particularly sensitive to GABA uptake
inhibition, consistent with transmitter rebinding or spillover. In-
deed, we found that evoked IPSCs from &* KI cells in the presence
of PTX were prolonged by 10 um NO-711 (Fig. 2N, O; decay:
tsy = 4.76, p = 0.018, paired ¢ test).

We also evaluated the contribution of & receptors in another
cell type, thalamocortical neurons, which, like DGCS, are rich in
a4/8 subunits. Previously, positive allosteric modulator potenti-
ation and effects of deletion of the a4 partner subunit have sug-
gested that & receptors contribute to ventrobasal thalamocortical
IPSCs (Herd et al., 2013). Other studies have failed to find a &
receptor component of dorsal thalamocortical IPSCs (Ye et al.,
2013). Notably, sensitivity to positive allosteric modulators may
artificially amplify the & contribution and recruit receptors not
normally activated. We found that WT, heterozygote (8 */7)
and 6* KI ventrobasal thalamocortical cells displayed robust
THIP-gated current, which was completely blocked by PTX in
both WT and & ™'~ but persisted in & KI cells, demonstrating
the expected PTX insensitivity of 6* receptors (Fig. 3A-C; WT vs
& KI PTX current: t4 = 4.51, p = 0.001, unpaired ¢ test), also
verifying ample & receptors in WT, 8* ™/~ and &* KI cells. How-
ever, the PTX-insensitive component of IPSC charge in 6* KI
cells was larger than that of WT or 8* ™/~ neurons (Fig. 3D-F; §%
IPSC charge: t(,4) = 2.96, p = 0.01, unpaired ¢ test), and & con-
tribution to peak IPSC amplitudes did not differ from WT or
& /7 (7.6 = 2.6% for WT and & ™/~ and 7.4 * 1.5% for &*
cells. t,4) = 0.075, p = 0.94). Together, results from DGCs and
thalamocortical neurons suggest that the contribution of 8 to
IPSCs can differ by cell type and brain region.

Thelocalization of 8 receptors to perisynaptic or extrasynaptic
regions in DGCs might predict that recruitment of more presyn-
aptic fibers will enhance spillover (Korn and Dingledine, 1986;
Isaacson et al., 1993) and increase the proportional contribution
of 6 receptors to IPSCs. We examined this possibility by system-

<«

and 4 &* KI samples, unpaired t test, p = 0.42). Protein levels were expressed relative to
ac-tubulin. G—0, Evoked IPSCs from WT and &* Kl slices. G, H, Evoked responses in the absence
(black) and presence (red) of 100 wm PTX. Stimulus amplitude was set to the lowest level
eliciting a reliable response. /-K, Summary of evoked IPSC parameters in the absence of PTX
from WT and &* Kl cells (N = 9 WT cells from 4 animals and 19 6* KI cells from 7 animals;
unpaired ¢ test, p = 0.17, 0.14, and 0.99). L, Postsynaptic charge (Q) measured in the
presence of PTX from the same cells represented in /-K (unpaired ¢ test, p = 0.004, **).
M, IPSCdecay 7,, from &* Kl cells before/after PTX application (N = 19 &* Kl cells from 7
animals; paired t test, p = 1.5 X 10 ~6, ***)_N, Left, Effect of 10 M NO-711 perfusion
on average evoked IPSC waveform in 6* Kl animals in the presence of 100 wm PTX.
0, Summary of effect of NO-711 on ,,, of PTX-isolated IPSCs (N = 4 cells from 2 animals;
paired t test, p = 0.018, *).
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Validation of & expression and picrotoxin resistance in thalamacortical cells from &* Kl slices. 4, B, 1 um THIP induced a & current that was sensitive to PTX in WT cells but resistant to

PTXin 8* K cells. €, Quantification of current changes relative to baseline in THIP, PTX, and gabazine. THIP-induced current was strongly inhibited in WT and heterozygote (8% */) cells, but
persisted in 5* Kl cells (N = 2 WT cells from 2 animals, 2 5* = cellsfrom 1animal, and 7 8* Kl cells from 3 animals; p = 0.001, **). Responses from the heterozygote were indistinguishable from
WT so pooled here. D, E, Evoked IPSCs in the absence (black) and presence (red) of PTXin WT or 6* Kl cells. F, Postsynaptic charge measured in the presence of PTX was normalized to baseline (before
PTXapplication) to quantify percentage of the PTX insensitive componentin grouped WTand 8* */~ cells, and in 8* Kl cells. Comparison of the PTX insensitive current reveals alarger PTX insensitive
component in &* Kl cells, suggesting involvement of & receptors in evoked IPSCs (N = 6 WT cells from 2 animals, 3 6* 1~ cell from 1 animal, and 7 8* KI cells from 3 animals; p = 0.01,*).

atically increasing stimulus intensity to generate full input/out-
put curves for evoked IPSCs (Fig. 4A,B). Interestingly, the &
receptor contribution to peak IPSC did not increase with stimu-
lation intensity and in fact fell between weak and strong stimula-
tion (Fig. 4C; F(y 73,1057 = 7.33, p = 0.012, ANOVA; t.g) = 3.79,
p = 0.027, Bonferroni corrected ¢ test). On the other hand, the
decay of the PTX-insensitive 8 component slowed with stimulus
intensity (Fig. 4D, bottom; F(y 57641, = 68.34, p = 4.4 X 10,
ANOVA; low vs mid: ¢, = 5.98, p = 0.003; mid vs high: ¢4, =
7.62, p = 0.0008; low vs high: t;, = 9.9, p = 0.0002; Bonferroni
corrected ¢ test) leading to no overall change in & contribution to
IPSC charge (Fig. 4C, bottom; F, 4,945 = 0.39, p = 0.64,
ANOVA). The increased decay of 8 IPSCs is consistent with the
idea that spread of transmitter and/or rebinding of receptors in-
creases with additional fiber recruitment. Time to peak IPSC,

however, decreased between weak and strong stimulation (Fig.
4E; Fiy 10650 = 7.26, p = 0.03, ANOVA; 1) = 3.71, p = 0.03,
Bonferroni corrected ¢ test), consistent with the stronger 6 con-
tribution to peak IPSC at weak stimulus intensity (Fig. 4C).

Weak 6 contributions to sSIPSCs and mIPSCs

Some previous studies have used selective pharmacological
potentiation to test the role of & receptors in spontaneous trans-
mission (Vardya et al., 2012; Ye et al., 2013). Caveats with phar-
macological potentiation include artificial amplification of
receptor contribution and possible nonselectivity. Here, we iso-
lated spontaneous transmission driven purely by & receptors. To
explore 8 receptor contributions to spontaneous transmission,
we examined sIPSCs, which are driven by a combination of spon-
taneous action potentials and spontaneous vesicle fusion events,



Sun et al. e Chemogenetic Isolation of & GABA, Receptors J. Neurosci., September 19, 2018 - 38(38):8128 —8145 « 8135

A B

Low

= . 9
® © N
© © o
o =
—o—
o
Fo =—

i
o
_
e

% Max. Response
[=2)
o

20 - s
0 -
0 100 200 300 400 500 600
Current (nA)
C * D E
no PTX no PTX
40 - 80 D 20 - .o
i : - E
= 30 - ° 60 - 1
SN R n 5
w© . E s
x 2078 s o 10 .
g * s [ -+ = 8
2 10 - ¢ 20 - Q 5.
E°
it
oL 1L 0 - 0 -
in PTX
70 - 120 - % 50 -
i (]
601 * 100 - 540 | B
— 50 i L] L ] — -
32 . @ 80 - :u
~ 40 - £ - g 30 -
Ze) - .
30 (8] || [® 4 Q 20 -
0 20 | 5 L ] o 40 i .:; 20
10 - 20 | E 10 1
it
0 : . . 0‘ L | 0 - | ]
Low Mid High Low Mid High Low Mid High

Figure 4.  Effect of stimulus intensity on the & contribution to evoked IPSCs. A, Input/output characteristics of peak IPSCs before PTX application, generated by normalizing peak
amplitude of each IPSCto the final IPSC (N = 8 cells from 2 6* Kl animals). Arrows indicate low, moderate, and high intensities used for following comparisons. The amplitudes analyzed
represented 22.3 = 2.7%, 73 = 8.5% and 102 = 4.8% of the maximum intensity. B, Representative evoked IPSCs from a single cell at the various (Figure legend continues.)
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Similar characteristics of baseline sIPSCsin WT and &* KI mouse brain slices. A—F, sIPSCs in the absence of PTX from WT and &* Kl animals. 4, B, Representative sIPSCs from the indicated

genotypes. ¢, Cumulative probability plot of event amplitudes from the two genotypes (N = 560 events in each curve from 8 cells with =70 events from 3 animals each for WT and &* KI). The first
70 events were analyzed from each cell. Six cells were excluded on the basis of <70 events. D, Averaged waveforms (=173 events each) from representative WT and 6* K cells (black and red,
respectively) are shown superimposed with a bi-exponential fit (gray trace). E, Ten to 90% rise time summary of sIPSCs in the absence of PTX from WT (black) and &* Kl (red). Unpaired ¢ test revealed
no difference between groups (p = 0.2). F, Summary of fast and slow time constants and relative contribution of the fast component (right plot) for WT (black) and &* KI (red) as indicated. No
differences were found (N = 8 WT and 8 5* Kl cells, 3 animals for each genotype; unpaired t test, p = 0.65, 0.94 and 0.73). G, Effect of 10 um NO-711 on parameters of IPSCs in 6* KI DGCs. This
dataset showed neither a change in peak amplitude nor of decay 7, (N = 8 5* Kl cells from 2 animals, p = 0.19 and 0.67, paired t test).

in WT versus 8* KI slices. Compared with evoked IPSCs, sIPSCs
are nearly assured of being driven by no more than a single axon.
In the absence of PTX, the peak amplitude, rise time, and decay
kinetics of sSIPSCs were indistinguishable in 6* KI slices compared
with sibling WT slices (Fig. 5A—F; cumulative probability: p =
0.63, Kolmogorov—Smirnov test; rise time: t,,) = 1.35, p = 0.2,
unpaired ¢ test; decay fast: £,,) = 0.47, p = 0.65, unpaired ¢ test;
decay slow: t(,4) = 0.081, p = 0.94, unpaired  test; fraction fast:

<«

(Figure legend continued.)  stimulus intensities in the absence (black) and presence (red) of
PTX. ¢, Comparison of peak amplitude and total charge of IPSCs evoked at low, moderate, and
high intensities (V = 7 cells from 2 &* KI animals). D, IPSC decay 7, values at the various
stimulus intensities in the absence and presence of PTX. E, Time to peak for IPSCs at the
various stimulus intensities in the absence and presence of PTX. Time to peak was calcu-
lated from the stimulus artifact. (—E, Comparisons were made by one-way repeated-
measures ANOVA, followed by Bonferroni’s multiple-comparisons test between the
indicated conditions. These results revealed a significant change in percentage contribu-
tion of 8o IPSC peak amplitude, and time to peak IPSCin the absence of PTX, between low
and high intensity (adjusted p value = 0.03 for both comparisons, *), and significant
increase of decay T, of IPSCwith increasing stimulus intensity in PTX (adjusted p value =
0.003 **,0.0002, and 0.0008, ***).

ta4) = 0.35,p = 0.73, unpaired t test), supporting the preliminary
analysis in Figure 1. Both genotypes exhibited similar rise times
and bi-exponential decay kinetics, including similar proportions
of fast and slow decay components (Fig. 5D—F). In the absence of
PTX, sIPSCs from 6* KI cells showed minimal or no prolongation
by 10 um NO-711 (Fig. 5G-I; decay: ¢, = 0.44, p = 0.67, paired
t test), consistent with observations of others in WT mice (Over-
street and Westbrook, 2003), suggesting that y2-dominated IP-
SCs are characterized by very local GABA interaction with
synaptic receptors.

In the presence of PTX, the apparent frequency of sIPSCs
strongly decreased, from 6.4 * 0.8 Hz in the absence of PTX to
0.08 = 0.009 Hz in PTX (N = 13 &* KI cells). If the small number
of remaining events results from GABA release onto PTX-
insensitive 8 receptors, we expect that the events should be sen-
sitive to uptake inhibition by NO-711. Indeed, the PTX
insensitive population of presumed sIPSCs was sensitive to NO-
711 and blocked by gabazine (Fig. 6). NO-711 increased both rise
time and decay of sIPSCs, consistent with increased transmitter
spread and/or rebinding (Fig. 6 F, G; rise time: ,,, = 2.2, p =
0.048, paired t test; decay: t,,, = 3.29, p = 0.006, paired ¢ test).
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Figure 6.

Characteristics of 5-mediated sIPSCs obtained in the presence of 100 um PTX. A, PTX-isolated sIPSCs in 6* Kl slice. The black traces represent slow sweeps. NO-711 was used at 10

and gabazine at 100 m. The green and purple horizontal bars above the traces indicate color-matched regions shown in insets below the traces at higher temporal resolution. Five sequential sIPSCs
from each condition are shown below the traces in gray. B, Similar representative regions from a WT slice in PTX. C, Average waveforms of PTX-isolated sIPSCs in a &6* KI slice before and during
incubationinNO-711 (21 events for “+ PTX"; 28 events for“ +PTX+N0-711", same cell as A). D-G, NO-711 caused a significant increase in each of the indicated parameters of PTX-isolated & sIPSC
(paired ¢ test, p = 0.02*, 0.002**, 0.048%, and 0.006**, respectively; N = 13 cells from 5 animals; one additional cell was excluded from analysis on the basis of only 2 events at baseline).

Overall these results are consistent with previous work with ge-
netic deletions and suggest that transmitter spillover augments
8-mediated sIPSCs. We conclude that there is sufficient 8 subunit
present near at least some synapses to produce phasic, single-
axon IPSCs even in the absence of uptake inhibition. Thus, our
results positively identify 8-mediated IPSCs, with characteristics
consistent with those expected of §-mediated IPSCs from ge-
netic deficiencies and from positive allosteric modulators.
The results of Figure 6 demonstrate that 8-containing recep-
tors can be recruited by GABA release from single axons. How-
ever, the results leave open the possibility that 6 IPSCs occur only
when action potentials trigger release of more than one vesicle per
active zone or release from several terminals of the same axon
synchronously. If 6 receptor IPSCs are also evident under condi-
tions of single-vesicle release, this would demonstrate that at least
some & receptors are within reach of single quanta and thus do
not require interactions among vesicles for activation. To explore
this, we examined baseline (—PTX) and PTX-isolated single-
vesicle, spontaneous mIPSCs in the presence of TTX in &* KI
slices. Similar to sIPSCs, PTX-isolated, 6-mediated mIPSCs were
evident, but at lower apparent frequency than the y2-dominated
mIPSCs observed in the absence of PTX (Fig. 7A-I; frequency:
t9y = 5.4, p = 0.0004, paired t test). The average (mean) ampli-
tude of pre-PTX mIPSCs (y2 dominated) was larger than that of
6 mIPSCs isolated by PTX (Fig. 7B-F; peak: t4) = 4.93, p =
0.0008, paired ¢ test). Median amplitudes before and after PTX
revealed similar results (—22.6 * 3.9 pA before PTX, —6.9 * 0.4
pA after PTX; t4) = 4.07, p = 0.003, paired ¢ test). PTX-resistant

mIPSCs did not represent incompletely blocked y2-mediated
mIPSCs because subsaturating concentrations of PTX speed the
decay of IPSCs (Yoon et al., 1993; Eisenman et al., 2003), and this
was not evident in our experiments. In fact rise times of presumed
6 mIPSCs were slower than y2-dominated mIPSCs obtained in
the absence of PTX, but the decay time constant of presumed 6
mIPSCs did not differ from the larger (7y2-driven) mIPSCs in the
absence of PTX (Fig. 7G,H; decay: t4) = 1.45, p = 0.18, paired ¢
test; rise time: tg) = 3.54, p = 0.006, paired ¢ test). Further sup-
porting the idea that events in the presence of PTX represented
8-mediated mIPSCs, DS2 prolonged decays of PTX-isolated &
mIPSCs (10.97 * 0.30 ms baseline, vs 15.09 = 0.75ms DS2, t ) =
5, p = 0.008, paired ¢ test, N = 5 cells from 3 animals).

To determine whether the faster decay of 6 receptor mIPSCs is
associated with less transmitter rebinding/diffusion than for
sIPSCs, we evaluated the effect of NO-711 on TTX- and PTX-
isolated mIPSCs in &* KI slices. In contrast with sIPSCs and
evoked IPSCs, NO-711 did not alter the rise or decay time con-
stant but did increase mIPSC peak amplitude (Fig. 7/-M; rise
time: ¢,y = 0.018, p = 0.99, paired ¢ test; decay: t;) = 1.41, p =
0.203, paired t test; peak: t;) = 6.85, p = 0.0002, paired ¢ test).
Comparison of median peak amplitude before and after NO-711
revealed similar results (—6.1 = 0.3 pA before NO-711, —9.4 =
0.6 pA after NO-711; ;) = 7.16, p = 0.0002, paired ¢ test). NO-
711 insensitivity of the kinetics suggests that GABA from a single
vesicle does not spread far enough or rebind receptors sufficiently
to induce temporal expansion of phasic currents. To probe this
point further, we directly compared peak amplitude and decay
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Figure7. Characteristics of -mediated mIPSCs obtained in the presence of 1 um TTX. 4, Representative traces froma &* Kl cell in the indicated conditions. B—D, Representative mIPSCs and peak
distribution histograms from WT and &* KI cells. B, C, Twenty successive events from a WT cell and a 6* K cell in the absence of PTX. D, Twenty events from the same &* Kl cell as in C, after PTX
application. The histograms below each set of traces shows the entire mIPSC peak distribution for the cells (206, 168, and 20 events respectively). E, Representative average waveform for mIPSCs
before and during 100 wum PTX application. The black trace represents average waveform of all non-overlapping mIPSCs in a 5* KI cell before PTX application (V = 168 events over 3 min). The red
trace indicates PTX-isolated events from the same cell (V = 20 events over 3 min). F-1, Average parameters from 6* Kl cells (N = 10 cells from 4 animals). F, Inset, The cumulative amplitude
probability plot for events obtained in the presence of PTX (10 events per cell for the cells shown in (). The total number of events per cell ranged from 37 to 645 in (Figure legend continues.)
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Figure8.  Changes to & sIPSCversus mIPSC waveform. A, Representative average waveform for sIPSCs (black, n = 260 events) and mIPSCs (red, n = 305 events) from a &* KI cell before PTX

application. B, Comparison of 7,, and peak amplitude (Pk) between sIPSCs and mIPSCs before PTX application (N = 6 cells from 2 animals; paired ¢ test, p = 0.77 and 0.65, respectively). C,
Representative average waveform for sIPSCs (black, n = 74 events) and mIPSCs (red, n = 36 events) from a 6* Kl cell in PTX. D, Comparison of 7, and peak amplitude between sIPSCs and mIPSCs

in PTX (N = 6 cells from 2 animals; paired ¢ test, p = 0.036* and 0.045*, respectively).

time constants of sSIPSCs and mIPSCs (Fig. 8). For y2-dominated
IPSCs recorded in the absence of PTX, TTX application produced
no change in either peak or decay time constant, suggesting quan-
tal independence (Fig. 8 A, B; peak: t(5, = 0.48, p = 0.65, paired ¢
test; decay: ¢5) = 0.31, p = 0.77, paired ¢ test). However, in the
presence of PTX, TTX induced smaller, faster 8 events (Fig. 8C,D;
peak: t5) = 2.65, p = 0.045, paired ¢ test; decay: t5) = 2.85, p =
0.036, paired t test). These observations suggest that at small
scales of release, 8 contribution is graded with vesicular output, as
might be expected from extrasynaptic localization.

Estimates of & contribution to synaptic GABA responses

The preceding results suggest that & receptors contribute a small
amount to all forms of phasic inhibition, but the difference be-
tween 6 sIPSCs and 8 mIPSCs may suggest a graded contribution
at different levels of release. We sought to quantify & receptor
contributions to the different ends of the spectrum of release. The
contribution of & receptors to evoked IPSCs is readily quantified
as in Figures 2 and 4. Overall, we found that & receptors contrib-
ute 16 = 2% to peak evoked IPSCs (Fig. 9), obtained from com-
paring peak IPSC amplitude before PTX to peak amplitude
following PTX application in 6* KI slices. We cannot derive a
reliable quantitative estimate of 8 contribution to sIPSCs because
PTX-induced changes may not entirely result from direct post-
synaptic inhibition at the recorded cell. If PTX alters the activity
of interneurons, the amplitude and frequency of sIPSCs may
yield misleading estimates of & receptor contributions. However,
simply comparing peak amplitudes yields an estimate of 11%
contribution of & receptors. In contrast to sSIPSCs, mIPSCs arise
from action potential independent release and should not be sub-
ject to these complicating effects of PTX. To estimate the contri-
bution of § receptors to mIPSCs, we assumed PTX has no effect
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(Figure legend continued.)  the absence of PTX and from 10 to 42 in the presence of PTX. Both
peak amplitude and frequency were significantly reduced in PTX (paired ¢ test, p = 0.0008 and
0.0004, respectively). Rise time but not decay time constant was significantly slowed in PTX
(paired ¢ test, p = 0.006 and 0.18, respectively). J, Representative average waveform for PTX-
isolated mIPSCs before and during 10 m NO-711 application. Black: before NO-711; N = 87
events over 5 min. Purple: in NO-711; N = 240 events over 5 min). K—M, Comparison of mean
peak amplitude, 10-90% rise time and T,,, of PTX-isolated mIPSCs before/after NO-711 appli-
cation from 6* Kl cells. Peak amplitude, but not rise time or decay ,,, was significantly in-
creased in NO-711 (V = 8 cells from 3 animals; paired ¢ test, p = 0.0002, 0.99, and 0.2,
respectively). The total number of events per condition ranged from 34 to 266.
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Figure9.  Estimates of & contribution to mIPSCs and to evoked IPSCs. A, Average waveform
for PTX-isolated mIPSCs (purple; N = 20 events) and the largest 20 pre-PTX events from a
period of the same duration in the absence of PTX (black trace). B, Summary of estimates of
relative & contributions to mIPSCs and evoked IPSCs. The purple bar indicates results from the
event-matching protocol described in A and in the Results, which matches all events in PTX to
the largest events of the same number in the same amount of time (N = 10 cells from 4 animals;
same animals as Fig. 5). The red bar represents estimates derived from peak amplitude of
evoked IPSCs pre-PTX and post-PTXin 6* Kl cells (V = 23 cells from 9 animals; same animals as
Fig. 2; unpaired t test, p = 0.17).

on spontaneous vesicle release and that 6 contributes evenly, on
average, to all mIPSCs. A corollary is that the smallest events drop
below detection without the y2 component to “mark” the events,
thereby resulting in the low apparent frequency. To estimate &
receptor contribution, we compared the average amplitude of
events detected in the presence of PTX with the largest events of
the same number (over an equivalent time period) in the pre-
PTX condition (Stell and Mody, 2002). This “event matching”
method estimated a & contribution of 11 & 2% for mIPSCs (Fig.
9A, B). This value was not statistically different from the estimate
for evoked IPSCs (#5,, = 1.41, p = 0.17, unpaired ¢ test).

Estimates of 6 contribution to total granule-cell

GABA current

Results thus far suggest that 8 receptors make a clear but relatively
minor contribution to evoked transmission, as also reported by
others (Stell et al., 2003; Wei et al., 2003; Brickley and Mody,
2012; Herd et al., 2013; Ye et al., 2013). Moreover, we also dem-
onstrated & receptor-driven mIPSCs, which to our knowledge
have not been observed previously without artificial pharmaco-
logical potentiation. The prevailing view is that the perisynaptic
location of 8 receptors accounts for the minor contribution to
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Figure 10.  Estimates of & contribution to cell-wide GABA responses. A, Muscimol was applied to a DGCin a &* K slice, followed by 100 wum PTX application, as indicated. Inset, y2-Dominated
sIPSCs, which are not significantly occluded by muscimol application, reflecting the low relative activation achieved by 0.5 um muscimol at y2 receptors. B, After correction for the estimated ECvalue
of muscimol at the two receptor types, as described in the Results, maximum whole-cell GABA current was estimated. Contribution of & s estimated to be 10% of total GABA response cell wide (N =
6 cells from 2 5* Kl animals). €, 1/0 curve of iontophoretic GABA currentsin 5* Kl slices. Top, Representative iontophoretic GABA current traces from a 5* KI cell. A series of positive currents (0.5 ms),
ranging from 10 to 950 nA with 20 nA increments and superimposed on a retaining current of —10 nA, was injected through the iontophoretic pipette to evoke increasing GABA currents in the
dendrite of a DGC. Bottom, An I/0 curve generated by normalizing peak amplitude of each iontophoretic current to the final current response. Red arrow indicates the response evoked by 900 nA
current injection, an intensity selected for pharmacological block by PTXin D—E (N = 12 cells from 4 &* Kl animals). D, Representative examples of GABA iontophoresis in the indicated conditions
for & Kl cells (black, —PTX; red, +PTX). Each set of traces is from a different cell. A current/response curve was obtained for each cell as in C. Receptors containing -y2 clearly dominate cellular
responses to saturating GABA. E, Left, Calculated & contribution (%) to peak iontophoretic GABA currents from &* Kl cells (N = 6 somas/cells, 10 dendrites/cells from 4 animals). Peak amplitude to
locally saturating GABA in the presence of PTX was normalized to the peak amplitude in the absence of PTX. Dashed lines mark & percentage calculated from event-matched mIPSC (purple) and
evoked IPSC (red; Fig. 7) for comparison. Right. Summary of decay kinetics of iontophoretic responses *PTX from somas and dendrites of §* Kl cells (V = 6 somas/cells from 4 animals, paired t test,

p = 0.024%; N = 10 dendrites/cells from 4 animals, unpaired ¢ test, p = 0.007**).

phasic inhibition, including evoked transmission. However,
whether the perisynaptic localization truly limits the contribu-
tion of & receptors to evoked IPSCs has not been experimentally
tested. For instance, the high affinity of & receptors could com-
pensate for localization. A saturation effect at high-affinity & re-
ceptors may help explain the decreasing contribution of &
receptors to peak evoked IPSC amplitude with increasing stimu-
lus intensity (Fig. 4). Thus, an alternative hypothesis to explain
the weak & contribution to evoked transmission is that & recep-
tors are simply expressed at lower levels than y2 receptors.

Our initial thought to test the overall contribution of 8 recep-
tor was to estimate whole-cell responsiveness to a saturating
concentration of a GABA, agonist. Applying a saturating con-
centration directly is problematic because current amplitude will
be influenced by receptor desensitization and shifts in chloride
gradient. Therefore, we applied a low effective concentration and
extrapolated maximum responses. We challenged DGCs with 0.5
M muscimol, a broad-spectrum and weakly transported agonist
(Lodge et al., 1978), which should reach all parts of the cell at full
concentration. Muscimol generated a DGC current that was 69 *+
3% attributable to y2 receptors and 31% attributable to & recep-
tors (Fig. 10A).

To convert the responses to this low concentration to the
maximal response to muscimol, we used published values for the
EC,, and Hill coefficient for activation of recombinant receptors
(Youand Dunn, 2007): 6.17 um and 0.93 for y2 and 1.08 uM and
0.93 for 8. These values suggest that the estimated maximal re-
sponses for y2 and 8, shown in Figure 10B, would be 11.3-fold
and 3.0-fold larger than the responses to 0.5 uM, respectively.
Adjusting the observed relative responses by these factors pro-
vides estimates that the maximal response to activation of & re-
ceptors would be 10% of the total [(0.3 X 3)/(0.3 X 3) + (0.7 X
11.3); Fig. 10B]. Using an alternative set of parameter values
(Mortensen et al., 2010) gives an estimate of 15%. If the efficacies
of muscimol at the two types of receptor are similar, these calcu-
lations predict that & receptors can contribute 10-15% of the
total functional response on these cells.

The above analysis relies on estimates of ECy, values for mus-
cimol acting at recombinant y2 and & receptors. As a more direct
verification of 8 contributions to overall GABA responsiveness,
we used iontophoresis to apply GABA locally at a saturating con-
centration (Miiller and Remy, 2013) in the absence and presence
of PTX (Fig. 10C,D). Because of the ability to achieve rapid, brief
GABA application, this method minimizes the pitfalls of desen-
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Figure11.  Impact of phasic 8 responses oninhibition of neuronal depolarization. We assessed the impact of presumed y2 and & receptors with successive application of 100 M PTXand 100 wm
gabazine in WT and &* Kl slices. 4, In &* Kl slices, «tEPSPs were generated by injecting a scaled EPSC waveform at 50 Hz, with different evoked stimulation and antagonist conditions, as indicated
below the traces. The current driving the «EPSPs was adjusted to produce =6 mV of initial depolarization in the absence of inhibition. A2—A4, Inhibition was stimulated in the dentate molecular
layer 10 ms before each EPSP. The insets show the resulting IPSCs in the indicated conditions, clamped at —40 mV. A potassium gluconate pipette solution was used for these «tEPSP experiments
to foster an inhibitory effect of GABA, receptor activation. All preceding experiments used CsCl pipette solution to provide strong driving force for GABA, currents at —70 mV. B, Summary of EPSP
amplitude, showing that 100 wm PTX did not significantly reduce inhibition, but gabazine significantly abrogated the effect of evoked inhibition observed in PTX only and restored full EPSP
summation. The peak amplitudes of the fifth «EPSP from the four conditions were compared pairwise for post hoc statistics (N = 11 cells from 6* Kl slices obtained (Figure legend continues.)
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sitization and chloride gradient shifts. We found that decay time
constants of iontophoretic events were 56.7 * 7.6 ms in somas
and 47.1 = 4.81 in dendrites in the absence of PTX, somewhat
slower than mIPSCs but similar to the kinetics of evoked IPSCs
(Fig. 10E). In the presence of PTX, decay time constants of the
remaining events became larger, consistent with the idea that that
these PTX-resistant events are mediated by & (Fig. 10E; soma:
ts) = 3.2, p = 0.024, paired t test; dendrite: t,,) = 3.1, p = 0.007,
unpaired t test; compare Fig. 2M). Figure 10C-E shows the re-
sults of & contributions to iontophoretic responses. Although
considerably variable, averages from the soma (6 = 2%) and
dendrites (11 = 2%) of 6* KI cells were similar to estimates
obtained from bath muscimol application (Fig. 10A, B). More-
over, & contributions to total (synaptic + extrasynaptic) GABA
current, estimated from the iontophoretic responses, are similar
to the range of 8 contributions to synaptic GABA responses (Figs.
10E, red and purple dashed lines, 9). Thus, two independent
methods suggest small & receptor contribution to total GABA
responsivity. Overall, these results indicate that the functional
contributions of 8-containing receptors to synaptically-evoked
responses is comparable to their overall functional representa-
tion. There is no indication that that 8-containing receptors are
functionally excluded from regions reached by synaptically re-
leased GABA at the peak of IPSCs. (Figs. 9, 10).

Contribution to phasic inhibition by & subunit-

containing receptors

Does the small contribution of 8 receptors to IPSCs meaningfully
contribute to inhibition? We addressed this question by compar-
ing the impact of phasic and tonic 8-mediated inhibition on
depolarization. To generate phasic inhibition we stimulated mo-
lecular layer inhibitory inputs in the presence of NBQX and
D-APV to block recurrent glutamatergic activity. We first per-
formed experiments by ‘exciting’ DGCs with artificial EPSPs
(aEPSPs), using scaled sEPSC waveforms as the input in current-
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(Figure legend continued.) ~ from 7 animals; one-way repeated-measures ANOVA with Bon-
ferroni’s multiple-comparisons test). The double asterisk (**) indicates gabazine versus base-
line IPSP and gabazine versus PTX, adjusted p value = 0.008 and 0.003, respectively. PTX versus
baseline IPSP did not reach statistical significance (adjusted p value = 0.93). (, Electrically
evoked EPSPsin WT slices in the absence of NBQX at 50 Hz, with different antagonist conditions,
as indicated below the traces. D, Summary of EPSP amplitudes, showing that both PTX and
gabazine significantly abrogated the effect of evoked inhibition observed at baseline and in-
creased EPSPs to similar levels. The peak amplitudes of the fifth EPSP were compared between
all the conditions (N = 10 cells from WT slices obtained from 5 animals; one-way repeated-
measures ANOVA with Bonferroni’s multiple-comparisons test; adjusted p value = 0.006** for
PTX vs baseline IPSP, and 0.009** for gabazine vs baseline IPSP). There was no difference
between gabazine versus PTX conditions (adjusted p value = 0.85). E, Electrically evoked EPSPs
in 5* Kl slices in the absence of NBQX at 50 Hz, with different antagonist conditions, as indicated
below the traces. F, Summary of EPSP summation, showing that 100 m PTX did not signifi-
cantly alter the fifth EPSP amplitude, but gabazine significantly increased the EPSP. The peak
amplitudes of the fifth EPSP were compared among conditions (N = 8 cells from &* Kl slices
obtained from 2 animals; one-way repeated-measures ANOVA with Bonferroni’s multiple-
comparisons test; adjusted p = 0.24 for PTX vs baseline IPSP, and 0.004** for gabazine vs
baseline IPSP). G, In CsCl-filled &* KI DGCs, 5 wm GABA, a concentration typically used in past
studies of tonic-current (Lee and Maguire, 2014) gates a current that is only partly sensitive to
PTX and fully blocked by gabazine. H, An /-V curve of GABA,R generated from 10 to 20 wm
GABA-induced, gabazine-sensitive currents in 6* KI DGCs filled with (s methanesulfonate. The
resulting /-V relationship was outwardly-rectifying (V = 4 cells from 3 animals). /, GABA (5
um) application to a potassium gluconate-filled cell had little effect on kEPSPs generated as in
A.J, Summary of summation experiments, shown in the same format as B and D. N = 6 cells
from &* Kl slices obtained from two animals. There was no significant impact of tonic GABA
current on EPSP amplitudes (one-way repeated-measures ANOVA, p = 0.24).
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clamp recordings. Five EPSCs were injected at 50 Hz (Fig. 11A).
The use of «EPSPs aided experimental control and interpretation
by avoiding complications of presynaptic plasticity and changes
in recurrent excitation with application of GABAR modulators.
Unconditioned aEPSPs were compared with sweeps in which
each aEPSP was preceded by 10 ms with synaptic stimulation to
the inhibitory inputs. Figure 11, A1 and A2, shows that temporal
summation was weakened by synaptic inhibition.

We assessed the impact of presumed y2 and 8 receptors with
successive application of 100 uM PTX and 100 uM gabazine in &*
Kl slices to isolate the contributions of non-8 receptors and PTX-
resistant, presumed 6 GABA, receptors, respectively. Results in
Figure 11A-B shows that PTX failed to alter inhibition, but gaba-
zine strongly reduced inhibition in the same cells (Fig. 11A-B;
Firairas = 18.32, p = 9.0 X 103, ANOVA; PTX vs IPSP:
taoy = 1.54, p = 0.93, Bonferroni corrected t test; gabazine vs
PTX: t(,) = 5.14, p = 0.003, Bonferroni corrected t test). These
results demonstrate that despite their low functional expres-
sion levels, & receptors contribute substantially to accumu-
lated phasic inhibition under conditions of appropriately
timed excitatory—inhibitory interactions. EPSPs in the pres-
ence of gabazine were not altered compared with those in the
absence of gabazine, confirming that tonic current in the ab-
sence of added GABA under our experimental conditions is
not an important contributor to inhibition.

Although the «EPSP studies are instructive, they introduce
artificial aspects, including the lack of an excitatory conductance
change and depolarization of the soma instead of dendrites,
where excitatory synapses are most prominent. To circumvent
these shortcomings, we examined genuine evoked EPSPs/IPSPs
in the absence of NBQX, with combined electrically evoked EPSP
and IPSP combinations. Results using natural EPSPs showed
similar overall effects as experiments using artificial EPSPs. In
WT cells, PTX inhibited the entire set of receptors that were
inhibited by gabazine, demonstrating that PTX indeed blocks all
GABA, receptors under our experimental conditions (Fig.
11C-D; F(y 35,1125 = 15.94, p = 0.0013, ANOVA; PTX vs IPSP:
t) = 4.34, p = 0.0056, Bonferroni corrected  test; gabazine vs
PTX: t4) = 1.14, p = 0.85, Bonferroni corrected t test). By con-
trast, in 6* KI cells PTX failed to reduce inhibition at the end of a
train of stimuli, whereas subsequent addition of gabazine in-
creased EPSP amplitude similar to the effect of PTX in WT cells,
consistent with the idea that & receptors participate in phasic
inhibition (Fig. 11E-F; F; 545 65) = 25.04, p = 0.0006, ANOVA;
PTX vs IPSP: ¢, = 2.04, p = 0.24, Bonferroni corrected ¢ test;
gabazine vs IPSP: t,) = 5.12, p = 0.004, Bonferroni corrected t
test). Together, these experiments demonstrate that electrically
evoked & inhibition (phasic inhibition) has a prominent role in in
inhibiting EPSPs and limiting excitation in DGCs.

The experiments above showed no evidence that tonic current
in the absence of added GABA inhibits «EPSPs. Some studies
apply exogenous GABA to induce tonic current believed to
mimic in vivo conditions (Lee and Maguire, 2014). Figure 11
shows that 5 uM GABA, a concentration routinely used to gener-
ate putatively physiologically relevant tonic current in DGCs
(Glykys et al., 2008; Lee and Maguire, 2014), failed to affect
aEPSPs (Fig. 11G,I-J; F(j 9909097y = 1.67, p = 0.24, ANOVA).
One possible explanation is the high chloride-containing internal
solution used to generate driving force for tonic current (Fig.
11G) results in linearization of GABA ,R [~V relationship (Pavlov
et al., 2009). On the other hand, when the low chloride-
containing internal solution, which is considered more physio-
logically relevant, is being used, GABA,R exhibits a strongly
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outward-rectified current—voltage relationship (Pavlov et al,
2009). As expected, when we used low chloride internal solution
to keep the GABA,R reversal potential negative, the gabazine-
sensitive membrane conductance induced by 10-20 um GABA
was negligible at —70 mV compared with + 50 mV (Fig. 11H;
N = 4 cells).

Discussion

GABA , receptors containing the & subunit have important roles
in seizure prevention, mood, and cognition (Maguire et al., 2005;
Cope et al., 2009; Maldonado-Avilés et al., 2009; Feng et al., 2010;
Macdonald et al., 2010; Whissell et al., 2015), and are a target of
clinically important drugs (Rudolph and Mohler, 2006; Whissell
et al., 2015). Here we demonstrate several new aspects of &
GABA, receptor signaling with likely import for their roles in
normal brain function. First, we validate a new resource for in-
vestigating synaptic and circuit roles of 8 receptors. Second, we
unequivocally demonstrate & receptor participation in IPSCs in
DGCs. Third, we show that the quantitative contributions of &
receptors to IPSCs are limited by functional receptor expression
in addition to being influenced by extrasynaptic/perisynaptic lo-
calization. Fourth, we quantify the contribution of & receptors to
IPSCs at different levels of transmitter output. Finally, we dem-
onstrate a perhaps unexpectedly large impact of phasic é receptor
transmission on EPSPs. Thus, the establishment of the PTX-
insensitive mouse line considerably deepens investigative power
for studies of 8-containing receptors. Overall, our results revise
prevailing explanations for weak & contributions to IPSCs in
DGCs and reveal the inhibitory impact of & receptors during
phasic inhibition.

Our work was based on the previous discovery that a single
amino acid substitution at the 6" position of any one of the five
GABA, receptor subunits comprising a functional receptor will
dramatically reduce PTX sensitivity without substantially alter-
ing other aspects of receptor function (Gurley et al., 1995; Shen et
al., 1999; Sedelnikova et al., 2006; Erkkila et al., 2008). Further
study will be needed to understand why this did not turn out to be
so for the y2* KI line. The non-steady-state conditions of synap-
tic activation may reveal differences in behavior of the receptors
not evident in the previous studies, which used steady-state mea-
surements in oocytes (Gurley et al., 1995). Alternatively, aspects
of the native environment may interact with the y2 mutation to
alter baseline kinetics in ways that were not evident in previous
studies. Our results (Figs. 1, 2, 5) support the idea that editing the
& gene locus to confer PTX insensitivity does not substantially
alter receptor properties when &* KI receptors are expressed in
native cells under native promoters. THIP-induced currents as
well as IPSCs are indistinguishable in WT and 6* KI mice before
PTX application (Figs. 1, 2, 5). Thus, the 8 KI genetic model
developed here should be useful in future studies of the contri-
butions of 8 receptors in additional aspects of inhibition and drug
actions.

Although there is substantial range in our estimates of the
contribution of 8 receptors to the various phasic responses of
DGCs, it is clear that the contribution to synaptic responses is not
negligible compared with the & receptor contribution to the
whole-cell response. That is, our data do not support the idea that
d receptors are excluded from regions of the cell membrane that
are rapidly reached by synaptically released GABA. Indeed, the
estimated contribution to evoked IPSCs is at the upper end of
estimates for the total cellular representation. The results indicate
that both evoked and spontaneous 8 IPSCs, which contain events
resulting from presynaptic action potentials, exhibit increased
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amplitude and duration when GABA uptake is inhibited. This
effect is consistent with concentrated 8 receptors in the perisyn-
aptic region where they can be accessed by the spike-triggered
GABA concentration transient, and with a larger and longer re-
sponse when uptake is inhibited. It is surprising that the &
mIPSCs seen in the combined presence of TTX and PTX have
somewhat different properties: the decay time course is more
rapid than evoked or spontaneous & IPSCs, and it is not pro-
longed by uptake inhibition, although DS2 does potentiate & re-
ceptor mIPSCs. One possibility is that more than one vesicle is
often released during action potentials (multivesicular output;
Lisman et al., 2007). The larger GABA concentration transient
arising from more than one vesicle may lead to larger, slower
sIPSCs and evoked IPSCs compared with single-vesicle mIPSCs
(Figs. 2, 5-8). Another possibility is that the pool of vesicles par-
ticipating in the generation of mIPSCs differs from the pool re-
leased by action potentials and may access a somewhat different
set of postsynaptic receptors (Kavalali, 2015).

6 mIPSCs exhibited faster decay kinetics than & sIPSCs and
similar decay kinetics compared with those of y2-dominated
mIPSCs (Figs. 7G, 8). In heterologous expression systems, & re-
ceptors exhibit faster deactivation than 2 receptors (Haas and
Macdonald, 1999), although in some studies 6 receptors exhibit
slow deactivation kinetics (Bright et al., 2011). It thus remains
unclear whether 8-mediated mIPSCs represent responses to
impulse-like synaptic GABA presentation or whether they, like
evoked IPSCs, have a diffusional contribution. Regardless, the
difference in kinetics among 6 mIPSCs, sIPSCs, and evoked
IPSCs appears to reflect a § component that increases in duration
with transmitter output. With evoked IPSCs, the diffusional/re-
binding contribution of § receptors increased with stimulus in-
tensity, as measured by decay time of 6 IPSCs (Fig. 4D). It is
possible that the decrease in time to peak IPSC and 8 contribution
to peak IPSC amplitude with increasing stimulus intensity (Fig.
4C,E) are explained by the complicated interplay among diffu-
sion/rebinding, receptor localization, and GABA uptake.

Our results suggest that the small contribution of & receptors
to evoked IPSCs arises from low functional expression, and the
small contribution to evoked transmission is not solely deter-
mined by selective extrasynaptic localization. Functional expres-
sion includes the number of surface receptors, the efficacy of the
receptors for GABA, and single-channel conductance. Single-
channel conductance for the two receptor classes is similar
(Mortensen etal., 2010). However, muscimol and GABA are both
partial agonists at 6 receptors (Brown et al., 2002; Wohlfarth et
al., 2002; Akk et al., 2004; You and Dunn, 2007; Mortensen et al.,
2010; Eaton et al., 2014). THIP is generally considered to be a full
agonist and produces maximal current ~35-100% larger than
GABA acting at 6 receptors (Brown et al., 2002; You and Dunn,
2007; Mortensen et al., 2010). Thus, efficacy can account only
partially for the weak contribution of & receptors to maximum
overall GABA current, and it appears that a paucity of surface &
receptors relative to y2 receptors is the main driver of weak 6
contributions.

Despite the small contribution to peak IPSCs, é receptors con-
tribute substantially to total charge transfer and therefore to in-
hibition generated by IPSPs (Fig. 11). Overlapping decays of 6
receptor IPSPs during short trains of stimuli increase the impact
further. These observations suggest that phasic inhibition should
be accounted for when considering mechanisms of drugs that
target 6 receptors (Whissell et al., 2015).

The knock-in/chemogenetic approach offered unprecedented
sensitivity to parse the role of & receptors in tonic versus phasic
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inhibition. Under basal conditions, we found little evidence for
tonic current, and even with the addition of 5 uM GABA the
impact of tonic inhibition on EPSP-like depolarization was min-
imal (Fig. 11). The strong outward rectification of GABA , recep-
tors, especially under conditions of low intracellular chloride
(Pavlov et al., 2009), likely contributes to weak tonic inhibition
(Fig. 11). GABA receptor outward rectification has two sources.
First, there is inherent voltage dependence to the gating of recep-
tors at low [GABA] (Weiss, 1988). Second, Goldman—Hodgkin—
Katz rectification will reduce current flow at negative membrane
potentials when intracellular [Cl ] is low (Hille, 2001). The sum
of these two sources of rectification will cause minimal current to
flow at negative V, and will conspire to limit the inhibitory in-
fluence of tonic current (Pavlov et al., 2009). A plethora of factors
will affect tonic GABA levels in vitro and in vivo (Bright et al.,
2014). The many unknowns make it difficult to discern defini-
tively how strongly tonic current will contribute to & receptor
inhibition in various physiological conditions. Past analyses have
shown that the ongoing nature of even very small tonic current
can be important (Mitchell and Silver, 2003), but our results (Fig.
11) suggest that phasic 6 receptor IPSCs are a largely overlooked
but important inhibitory influence.

In summary, we have used gene editing to facilitate pharma-
cological isolation of a mysterious GABA , receptor class in native
neurons in situ. The sensitivity of the technique revealed a small
yet consistent & receptor contribution to peak IPSCs and allowed
insight into the potential importance of 8-mediated phasic inhi-
bition. Our results reorient attention away from widespread at-
tention on tonic inhibition to the potential importance of &
receptors for phasic inhibition, which has remained largely un-
appreciated. This cellular contribution could be the basis for the
important roles that 8 receptors play in mood, cognition, and
other aspects of brain function and dysfunction.

References

Akk G, Bracamontes J, Steinbach JH (2004) Activation of GABA, receptors
containing the a4 subunit by GABA and pentobarbital. ] Physiol 556:387—
399. CrossRef Medline

Belelli D, Peden DR, Rosahl TW, Wafford KA, Lambert JJ (2005) Extrasyn-
aptic GABA , receptors of thalamocortical neurons: a molecular target for
hypnotics. ] Neurosci 25:11513-11520. CrossRef Medline

Brickley SG, Mody I (2012) Extrasynaptic GABA, receptors: their function
in the CNS and implications for disease. Neuron 73:23-34. CrossRef
Medline

Bright DP, Renzi M, Bartram J, McGee TP, MacKenzie G, Hosie AM, Farrant
M, Brickley SG (2011) Profound desensitization by ambient GABA lim-
its activation of delta-containing GABAA receptors during spillover.
J Neurosci 31:753-763. CrossRef Medline

Bright D, Houston C, Brickley S (2014) Sources of GABA that activate ex-
trasynaptic GABA , receptors. In: Extrasynaptic GABAA Receptors (Err-
ington AC, Di Giovanni G, Crunelli V, eds), pp 85-124. New York:
Springer.

Brown N, Kerby J, Bonnert TP, Whiting PJ, Wafford KA (2002) Pharmaco-
logical characterization of a novel cell line expressing human 4336
GABA, receptors. Br ] Pharmacol 136:965-974. CrossRef Medline

Clements JD, Bekkers JM (1997) Detection of spontaneous synaptic events
with an optimally scaled template. Biophys J 73:220—229. CrossRef
Medline

Cope DW, Hughes SW, Crunelli V (2005) GABA 4 receptor-mediated tonic
inhibition in thalamic neurons. J Neurosci 25:11553—-11563. CrossRef
Medline

Cope DW, Di Giovanni G, Fyson SJ, Orban G, Errington AC, Lorincz ML,
Gould TM, Carter DA, Crunelli V (2009) Enhanced tonic GABAA inhi-
bition in typical absence epilepsy. Nat Med 15:1392-1398. CrossRef
Medline

Dengler CG, Coulter DA (2016) Normal and epilepsy-associated pathologic

Sun et al. e Chemogenetic Isolation of & GABA, Receptors

function of the dentate gyrus. Prog Brain Res 226:155-178. CrossRef
Medline

Eaton MM, Bracamontes J, Shu HJ, Li P, Mennerick S, Steinbach JH, Akk G
(2014) Gamma-aminobutyric acid type A a4, 2, and 8 subunits assem-
ble to produce more than one functionally distinct receptor type. Mol
Pharmacol 86:647-656. CrossRef Medline

Eisenman LN, He Y, Fields C, Zorumski CF, Mennerick S (2003)
Activation-dependent properties of pregnenolone sulfate inhibition of
GABA, receptor-mediated current. ] Physiol 550:679-691. CrossRef
Medline

Erkkila BE, Sedelnikova AV, Weiss DS (2008) Stoichiometric pore muta-
tions of the GABA R reveal a pattern of hydrogen bonding with picro-
toxin. Biophys J 94:4299-4306. CrossRef Medline

Feng Y, Kapornai K, Kiss E, Tamas Z, Mayer L, Baji I, Dar6czi G, Bendk I,
Kothencné VO, Dombovari E, Kaczvinszk E, Besnyé M, Gadoros J,
Székely J, Kovacs M, Vetr6 A, Kennedy JL, Barr CL (2010) Association of
the GABRD gene and childhood-onset mood disorders. Genes Brain Be-
hav 9:668—672. CrossRef Medline

Glykys J, Mann EO, Mody I (2008) Which GABA, receptor subunits are
necessary for tonic inhibition in the hippocampus? J Neurosci 28:1421—
1426. CrossRef Medline

Gurley D, Amin J, Ross PC, Weiss DS, White G (1995) Point mutations in
the M2 region of the alpha, beta, or gamma subunit of the GABAA chan-
nel that abolish block by picrotoxin. Receptors Channels 3:13-20.
Medline

Haas KF, Macdonald RL (1999) GABAA receptor subunit gamma2 and
delta subtypes confer unique kinetic properties on recombinant GABA
receptor currents in mouse fibroblasts. ] Physiol 514:27—45. CrossRef
Medline

Herd MB, Brown AR, Lambert JJ, Belelli D (2013) Extrasynaptic GABA,
receptors couple presynaptic activity to postsynaptic inhibition in the
somatosensory thalamus. ] Neurosci 33:14850—14868. CrossRef Medline

Hille B (2001) Ion channels of excitable membranes, Ed 3. Sunderland, MA:
Sinauer.

Hoestgaard-Jensen K, Dalby NO, Wolinsky TD, Murphey C, Jones KA,
Rottlinder M, Frederiksen K, Watson WP, Jensen K, Ebert B (2010)
Pharmacological characterization of a novel positive modulator at
a4338-containing extrasynaptic GABA , receptors. Neuropharmacology
58:702-711. CrossRef Medline

Hollrigel GS, Soltesz I (1997) Slow kinetics of miniature IPSCs during early
postnatal development in granule cells of the dentate gyrus. ] Neurosci
17:5119-5128. CrossRef Medline

Holter NI, Zylla MM, Zuber N, Bruehl C, Draguhn A (2010) Tonic GABAe-
rgic control of mouse dentate granule cells during postnatal development.
Eur J Neurosci 32:1300-1309. CrossRef Medline

Isaacson JS, Solis JM, Nicoll RA (1993) Local and diffuse synaptic actions of
GABA in the hippocampus. Neuron 10:165-175. CrossRef Medline

Jensen ML, Wafford KA, Brown AR, Belelli D, Lambert JJ, Mirza NR (2013)
A study of subunit selectivity, mechanism and site of action of the delta
selective compound 2 (DS2) at human recombinant and rodent native
GABA(A) receptors. Br ] Pharmacol 168:1118-1132. CrossRef Medline

Jia F, Pignataro L, Schofield CM, Yue M, Harrison NL, Goldstein PA (2005)
An extrasynaptic GABAA receptor mediates tonic inhibition in thalamic
VB neurons. ] Neurophysiol 94:4491-4501. CrossRef Medline

Kavalali ET (2015) The mechanisms and functions of spontaneous neu-
rotransmitter release. Nat Rev Neurosci 16:5-16. CrossRef Medline

Korn §J, Dingledine R (1986) Inhibition of GABA uptake in the rat hip-
pocampal slice. Brain Res 368:247-255. CrossRef Medline

Lee CY, Liou HH (2013) GABAergic tonic inhibition is regulated by devel-
opmental age and epilepsy in the dentate gyrus. Neuroreport 24:515-519.
CrossRef Medline

Lee V, Maguire J (2014) The impact of tonic GABA, receptor-mediated
inhibition on neuronal excitability varies across brain region and cell
type. Front Neural Circuits 8:3. CrossRef Medline

Lisman JE, Raghavachari S, Tsien RW (2007) The sequence of events that
underlie quantal transmission at central glutamatergic synapses. Nat Rev
Neurosci 8:597—-609. CrossRef Medline

Lodge D, Curtis DR, Johnston GA (1978) Does uptake limit the action of
GABA agonists in vivo? Experiments with muscimol, isoguvacine and
THIP in cat spinal cord. ] Neurochem 31:1525-1528. CrossRef Medline

Macdonald RL, Kang JQ, Gallagher MJ (2010) Mutations in GABA , recep-



Sun et al. @ Chemogenetic Isolation of & GABA, Receptors

tor subunits associated with genetic epilepsies. ] Physiol 588:1861-1869.
CrossRef Medline

Maguire JL, Stell BM, Rafizadeh M, Mody I (2005) Ovarian cycle-linked
changes in GABA , receptors mediating tonic inhibition alter seizure sus-
ceptibility and anxiety. Nat Neurosci 8:797—804. CrossRef Medline

Maldonado-Avilés JG, Curley AA, Hashimoto T, Morrow AL, Ramsey A]J,
O’Donnell P, Volk DW, Lewis DA (2009) Altered markers of tonic in-
hibition in the dorsolateral prefrontal cortex of subjects with schizophre-
nia. Am J Psychiatry 166:450—459. CrossRef Medline

Martenson JS, Yamasaki T, Chaudhury NH, Albrecht D, Tomita S (2017)
Assembly rules for GABAA receptor complexes in the brain. eLife
6:€30826. CrossRef Medline

Meera P, Wallner M, Otis TS (2011) Molecular basis for the high THIP/
gaboxadol sensitivity of extrasynaptic GABA, receptors. ] Neurophysiol
106:2057-2064. CrossRef Medline

Mitchell §J, Silver RA (2003) Shunting inhibition modulates neuronal gain
during synaptic excitation. Neuron 38:433—445. CrossRef Medline

Mortensen M, Ebert B, Wafford K, Smart TG (2010) Distinct activities of
GABA agonists at synaptic- and extrasynaptic-type GABA, receptors.
J Physiol 588:1251-1268. CrossRef Medline

Miiller C,Remy S (2013) Fast micro-iontophoresis of glutamate and GABA:
A useful tool to investigate synaptic integration. J Vis Exp 77:¢50701.
CrossRef Medline

Nusser Z, Sieghart W, Somogyi P (1998) Segregation of different GABAA
receptors to synaptic and extrasynaptic membranes of cerebellar granule
cells. ] Neurosci 18:1693-1703. CrossRef Medline

Overstreet LS, Westbrook GL (2003) Synapse density regulates indepen-
dence at unitary inhibitory synapses. ] Neurosci 23:2618-2626. CrossRef
Medline

Pavlov I, Savtchenko LP, Kullmann DM, Semyanov A, Walker MC (2009)
Outwardly rectifying tonically active GABA , receptors in pyramidal cells
modulate neuronal offset, not gain. ] Neurosci 29:15341-15350. CrossRef
Medline

Peng Z, Hauer B, Mihalek RM, Homanics GE, Sieghart W, Olsen RW, Houser
CR (2002) GABAA receptor changes in 8 subunit-deficient mice: altered
expression of a4 and 2 subunits in the forebrain. ] Comp Neurol 446:
179-197. CrossRef Medline

Rudolph U, Mohler H (2006) GABA-based therapeutic approaches:
GABA, receptor subtype functions. Curr Opin Pharmacol 6:18-23.
CrossRef Medline

Sedelnikova A, Erkkila BE, Harris H, Zakharkin SO, Weiss DS (2006) Stoi-
chiometry of a pore mutation that abolishes picrotoxin-mediated antag-
onism of the GABA , receptor. ] Physiol 577:569—-577. CrossRef Medline

Shen W, Mennerick S, Zorumski EC, Covey DF, Zorumski CF (1999)
Pregnenolone sulfate and dehydroepiandrosterone sulfate inhibit GABA-
gated chloride currents in Xenopus oocytes expressing picrotoxin-
insensitive GABA(A) receptors. Neuropharmacology 38:267-271.
CrossRef Medline

Shu HJ, Bracamontes J, Taylor A, Wu K, Eaton MM, Akk G, Manion B, Evers
AS, Krishnan K, Covey DF, Zorumski CF, Steinbach JH, Mennerick S
(2012) Characteristics of concatemeric GABA, receptors containing
alpha4/delta subunits expressed in Xenopus oocytes. Br ] Pharmacol 165:
2228-2243. CrossRef Medline

Spigelman I, Li Z, Liang J, Cagetti E, Samzadeh S, Mihalek RM, Homanics GE,

J. Neurosci., September 19, 2018 - 38(38):8128 —8145 « 8145

Olsen RW (2003) Reduced inhibition and sensitivity to neurosteroids
in hippocampus of mice lacking the GABA(A) receptor delta subunit.
J Neurophysiol 90:903-910. CrossRef Medline

Stell BM, Mody I (2002) Receptors with different affinities mediate phasic
and tonic GABA, conductances in hippocampal neurons. ] Neurosci 22:
RC223. CrossRef Medline

Stell BM, Brickley SG, Tang CY, Farrant M, Mody I (2003) Neuroactive
steroids reduce neuronal excitability by selectively enhancing tonic inhi-
bition mediated by & subunit-containing GABA, receptors. Proc Natl
Acad Sci U S A 100:14439-14444. CrossRef Medline

Sun C, Sieghart W, Kapur ] (2004) Distribution of alphal, alpha4, gamma2,
and delta subunits of GABA, receptors in hippocampal granule cells.
Brain Res 1029:207-216. CrossRef Medline

Tao JX, Yung I, Lee A, Rose S, Jacobsen J, Ebersole JS (2013) Tonic phase of
a generalized convulsive seizure is an independent predictor of postictal
generalized EEG suppression. Epilepsia 54:858 —865. CrossRef Medline

Vardya I, Hoestgaard-Jensen K, Nieto-Gonzalez JL, Désa Z, Boddum K,
Holm MM, Wolinsky TD, Jones KA, Dalby NO, Ebert B, Jensen K (2012)
Positive modulation of 8-subunit containing GABA , receptors in mouse
neurons. Neuropharmacology 63:469—479. CrossRef Medline

Wafford KA, van Niel MB, Ma QP, Horridge E, Herd MB, Peden DR, Belelli
D, Lambert JJ (2009) Novel compounds selectively enhance & subunit
containing GABA, receptors and increase tonic currents in thalamus.
Neuropharmacology 56:182—189. CrossRef Medline

Wei W, Zhang N, Peng Z, Houser CR, Mody I (2003) Perisynaptic localiza-
tion of & subunit-containing GABA, receptors and their activation by
GABA spillover in the mouse dentate gyrus. ] Neurosci 23:10650-10661.
CrossRef Medline

Weiss DS (1988) Membrane potential modulates the activation of GABA-
gated channels. ] Neurophysiol 59:514-527. CrossRef Medline

Whissell PD, Lecker I, Wang DS, Yu J, Orser BA (2015) Altered expression
of 6GABA , receptors in health and disease. Neuropharmacology 88:24—
35. CrossRef Medline

Wohlfarth KM, Bianchi MT, Macdonald RL (2002) Enhanced neurosteroid
potentiation of ternary GABA , receptors containing the & subunit. ] Neu-
rosci 22:1541-1549. CrossRef Medline

Wu X, Wu Z, Ning G, Guo Y, Ali R, Macdonald RL, De Blas AL, Luscher B,
Chen G (2012) gamma-aminobutyric acid type A (GABA,,) receptor al-
pha subunits play a direct role in synaptic versus extrasynaptic targeting.
] Biol Chem 287:27417-27430. CrossRef Medline

Wu X, Gangisetty O, Carver CM, Reddy DS (2013) Estrous cycle regulation
of extrasynaptic delta-containing GABA(A) receptor-mediated tonic in-
hibition and limbic epileptogenesis. ] Pharmacol Exp Ther 346:146-160.
CrossRef Medline

Ye Z, McGee TP, Houston CM, Brickley SG (2013) The contribution of
delta subunit-containing GABA, receptors to phasic and tonic conduc-
tance changes in cerebellum, thalamus and neocortex. Front Neural Cir-
cuits 7:203. CrossRef Medline

Yoon KW, Covey DF, Rothman SM (1993) Multiple mechanisms of picro-
toxin block of GABA-induced currents in rat hippocampal neurons.
J Physiol 464:423—439. CrossRef Medline

You H, Dunn SM (2007) Identification of a domain in the 8 subunit (S238—
V264) of the 4336 GABA , receptor that confers high agonist sensitivity.
J Neurochem 103:1092-1101. CrossRef Medline



	Washington University School of Medicine
	Digital Commons@Becker
	2018

	Chemogenetic isolation reveals synaptic contribution of δ GABAA receptors in mouse dentate granule neurons
	Min-Yu Sun
	Hong-Jin Shu
	Ann Benz
	John Bracamontes
	Gustav Akk
	See next page for additional authors
	Recommended Citation
	Authors


	Chemogenetic Isolation Reveals Synaptic...ptors in Mouse Dentate Granule Neurons

