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Abstract
Fast inhibitory GABAergic transmission plays a fundamental role in neural circuits. Current theories of cortical function
assume that fast GABAergic inhibition acts via GABAA receptors on postsynaptic neurons, while presynaptic effects of GABA
depend on GABAB receptor activation. Manipulations of GABAA receptor activity in vivo produced different effects on
cortical function, which were generally ascribed to the mode of action of a drug, more than its site of action. Here we show
that in rodent primary visual cortex, α4-containing GABAA receptors can be located on subsets of glutamatergic and
GABAergic presynaptic terminals and decrease synaptic transmission. Our data provide a novel mechanistic insight into the
effects of changes in cortical inhibition; the ability to modulate inputs onto cortical circuits locally, via presynaptic
regulation of release by GABAA receptors.
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Introduction
Neocortical GABAergic neurons are diverse and connect broadly
to excitatory neurons, providing cortical circuits with sophisticated computational control of neuronal activity. In sensory
neocortex, experimental manipulations of inhibitory circuits
have been used to determine the functional role of thalamocortical (TC) inputs (Liu et al. 2007; Khibnik et al. 2010). Different
approaches have been employed to increase GABA levels
(Hensch et al. 1998; Fagiolini and Hensch 2000), activity of
inhibitory neurons (Guo et al. 2014), or activity of GABAA receptors (Burchﬁel and Duffy 1981; Mower et al. 1981; Sillito et al.
1981; Ramoa et al. 1988; Hata et al. 1999; Fagiolini et al. 2004;
Khibnik et al. 2010). While there is general agreement regarding
the involvement of fast GABAA receptor-mediated inhibition in
the control of circuit excitability, several unresolved issues
remain regarding how this regulation is achieved. The current
interpretation of results obtained using infusions of GABAA
receptor agonists in vivo is based on the idea that GABAA

receptors are located only postsynaptically, thus manipulation
of fast inhibition would only affect intracortical circuits, while
leaving incoming afferent inputs unaffected (Reiter and Stryker
1988; Liu et al. 2007; Khibnik et al. 2010). Several studies however challenge this view. There is evidence for presynaptic
GABAA receptors in a few non-neocortical circuits (Kullmann
et al. 2005) including hippocampus (Ruiz et al. 2003, 2010) and
cerebellum (Pouzat and Marty 1999). Thus, changes in the levels
of cortical inhibition has the potential of regulating not only
postsynaptic neuron activity, but also presynaptic release from
the terminals that express GABAA receptors. In neocortical circuits, GABAA receptors have been detected in neocortical synaptosome preparations (Long et al. 2009), however, no evidence
for the presence of such receptors in functional synapses is
currently available. In the hippocampus presynaptic GABAA
receptors contain the subunit alpha 2 and, when activated,
they increase glutamatergic release from mossy terminals and
facilitate the induction of long-term potentiation (Ruiz et al.
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2003, 2010). Differently, GABAA receptors detected in synaptosomes from sensory neocortex contain the subunit alpha 4,
and reduce release (Long et al. 2009). The identity of cortical
terminals containing GABAA receptors is currently unknown, as
is the relevance of these receptors for synaptic transmission
and dynamics.
Here we report that GABAA receptors are present on speciﬁc
presynaptic terminals in the primary input layer (Layer 4, L4) of
rat primary visual cortex (V1). When activated, these receptors
decrease neurotransmitter release and modulate short-term
plasticity. We demonstrate that these presynaptic receptors are
activated in response to GABA released by high frequency ﬁring
of inhibitory neurons, and suppress release onto neighboring
neurons.
GABAergic inhibitory neurons in neocortical circuits are
broadly connected with each other via synapses and gapjunctions (Gibson et al. 1999; Amitai et al. 2002) and make synaptic contacts with a large number of pyramidal neurons (Fino
and Yuste 2011). As the action of GABA can be exerted at synaptic and extrasynaptic receptors, changes in cortical inhibition
may have broad effects on the circuit possibly limiting selectivity. The presence of presynaptic GABAA receptors at speciﬁc
presynaptic terminals suggests that GABA (Olah et al. 2009) can
have selective actions even when diffusing extrasynaptically.
In our study, presynaptic GABAA receptors were identiﬁed at
recurrent GABAergic and TC glutamatergic terminals, suggesting a role for presynaptic GABAA receptors in regulating local
circuit excitability, gating TC inputs to V1, and possibly providing a novel mechanism for local corticothalamic feedback.

studies (Wang et al. 2013; Kloc and Maffei 2014), this construct
produced strong, and site speciﬁc expression in the LGN and
LGN terminal ﬁelds in V1.

Experimental Procedures

TC-EPSCs were classiﬁed as monosynaptic if their delay-fromstimulus-onset was below 2.5 ms and showed no additional
peaks on the decay phase. Neurons showing delayed or multipeak responses were excluded from the analysis (Wang et al.
2013; Kloc and Maffei 2014). In our preparation, the amplitude
of TC-EPSCs evoked by minimal light intensity was comparable
to that of TC-EPSCs evoked by focal laser stimulation of putative single ﬁbers (Cruikshank et al. 2010), and to that of TCEPSCs evoked by minimal electrical stimulation in TC slices
(Beierlein et al. 2003). TC-EPSCs showed no failures in our
recordings, likely because they were evoked by direct depolarization of LGN terminals by ChR2.

Experimental procedures were in accordance with regulations
from the Institutional Animal Care and Use Committee of Stony
Brook University, and guidelines of the National Institutes of
Health. Both male and female rats were included in the study.

Viral Injections
Adeno associated virus serotype 9 (AAV9) containing the
ChoP2-Venus (EYFP) gene (Petreanu et al. 2007) was delivered
with a nanoject pressure injector (50 × 1012 viral particles/ml) in
the LGN of P14 rats anesthetized with a cocktail containing
100 mg/kg ketamine, 0.7 mg/kg acepromazine, and 10 mg/kg
xylazine. The coordinates of injection at P14 were 3.6 mm posterior from Bregma, 3.05 mm lateral from midline, 3.8 mm
below the pia. This procedure resulted in positive expression of
ChR2-Venus in the location expected for the LGN and in the terminal ﬁelds in V1, 14 days after surgery at P28. The location,
size of the injection and labeling of LGN terminal ﬁelds in V1
were veriﬁed post hoc. A calibration curve of the level of ChR2Venus expression in V1 was built, as previously described, to
assess consistency across preparations (Wang et al. 2013; Kloc
and Maffei 2014). To determine the success of each injection,
the proﬁle of Venus expression was quantiﬁed for each acute
slice used for patch clamp recordings. Only data obtained from
slices whose expression proﬁle was within one standard deviation of the calibration curve was included in the analysis. This
allowed for comparisons of recordings obtained from slices
with similar levels of ChR2 expression in the LGN terminal
ﬁelds in V1. Histological analysis was performed to conﬁrm the
speciﬁcity of the approach. No nonspeciﬁc expression, leaks
into cortical regions above the injection site, nor backﬁlled V1
somata were observed in any preparation. As in our previous

Electrophysiology
After 14 days from the injection of the AAV9-ChoP2-Venus construct (Petreanu et al. 2007), rats were anesthetized with isoﬂurane and decapitated. Acute coronal slices containing V1 were
prepared (Wang and Maffei 2014). Quadruple simultaneous
patch clamp recordings were obtained from L4 pyramidal (Pyr)
and fast spiking (FS) neurons (Wang and Maffei 2014), so that
the effects of pharmacological manipulations on TC excitatory
postsynaptic currents (TC-EPSC), unitary excitatory postsynaptic currents (uEPSC) and unitary inhibitory postsynaptic currents (uIPSC) could be compared on simultaneously recoded
inputs within in the same slice before grouping data by input
type, and comparing results across animals. Activation of LGN
terminal ﬁelds was performed by delivering light pulses (1 ms)
through a ×40 water immersion objective of an upright microscope (Olympus BX51WI) as previously described (Wang et al.
2013; Kloc and Maffei 2014). Light intensity was regulated
through a blue LED light (range of intensity at the tissue level:
0.1–0.3 mW/mm2). Recorded neurons were ﬁlled with biocytin
(0.4%) and their morphology and location were veriﬁed post
hoc.

Criteria to Deﬁne Light-Evoked TC Responses
as Monosynaptic

Electrophysiology Data Analysis
Data from electrophysiological recordings were analyzed using
custom scripts in Igor and Matlab. To be included in the analysis, recorded neurons needed to meet the following requirements: (1) be recorded from slices in which the intensity of
Venus ﬂuorescence was within mean ± 1 standard deviation
(SD) from the calibration curve (Wang et al. 2013); (2) have
series resistance of 20 MΩ or lower; (3) show no more than 20%
change in series resistance during the course of the recording;
(4) show no more than 15% change in resting membrane potential during the recording session; (5) their location in L4 was
veriﬁed post hoc. The number of neurons, or connected pairs of
neurons, included in the analysis is indicated in the text. Data
reported in ﬁgures and text are presented as average ± mean
standard error (SEM) for the number of neurons indicated. The
Shapiro–Wilk test was used to assess normality of data distributions. For data following normal distributions one-way
ANOVA and t-tests were used to assess statistical signiﬁcance.
Paired t-tests were used to assess within-recordings effects,
while unpaired t-tests were used when data were compared
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across conditions. Corrections for multiple comparisons were
obtained using the Bonferroni method. For multiple comparisons of data that were not normally distributed we used
Kruskall–Wallis ANOVAs followed by post hoc Mann–Whitney
tests. P-values <0.05 were considered signiﬁcant.

trimmed to a 1 × 2 mm2 strip containing all 6 layers of V1, and
60–80 nm near-surface sections were obtained using an ultramicrotome (Leica UTC). A JEOL 1010 transmission electron
microscope was used to examine layer 4; a 16-megapixel CCD
camera was used for imaging.

Post Hoc Neuron Identiﬁcation

Image Acquisition and Data Analysis

During recordings neurons were ﬁlled with 0.4% biocytin. At
the end of the recordings, slices were ﬁxed in 4% paraformaldehyde—PBS for 1 week. Following washes and permeabilization,
slices were incubated overnight at 4 °C in PBS, streptavidinconjugated AF-594 (1:1000, Invitrogen) and 0.1% Triton-X 100.
Slices were then mounted with Fluoromount, and imaged with
a ﬂuorescent microscope (Zeiss Axioskop).

Following immunohistochemical procedures, sections were
imaged with an Olympus Fluoview FV-1000 microscope (Fig. 5,
at SUNY-Stony Brook), or with a Nikon Eclipse 80i (Fig. 6, at
University of Virginia). To identify layers in V1, lower magniﬁcation images were taken with a ×5 objective. To assess colocalization of antibody markers with Venus, images of L4 were
taken with a ×60 objective [2 μm z slice]. Image analysis with
ImageJ was performed on 4 slices/animal. The analysis was
limited to regions of interest (ROI) of 100 × 100 μm2. The
Colocalization Finder plugin (author: Christophe Laummonerie)
was used to detect overlap of ﬂuorescent signals. The analysis
was restricted to pixels with the maximum intensity using the
correlation scatterplot. Next, the ﬂuorescence proﬁle of each
colocalized puncta identiﬁed by the Colocalization Finder was
measured by plotting the signal intensity for each channel along
a 6 μm line-ROI (arbitrary units, A.U.). The 2 markers and Venus
were considered colocalized if the peak of ﬂuorescent signal (at
least 50% greater than background) for each channel fell within
±0.1 μm of the other 2 (overlap method) (Lachmanovich et al.
2003; Akgul and Wollmuth 2010). The line-ROI angle was determined manually for optimum signal to noise ratio. As control,
analysis was repeated with the gephyrin channel ﬂipped either
on the X (Fig. 5, Geph X) or on the Y axis (Fig. 5, Geph Y) to
assessed whether the Colocalization Finder would still detect
comparable numbers of colocalized puncta (Lachmanovich et al.
2003). In addition, for each ROI the percentage of VGluT2-Venus
puncta coexpressing gephyrin as well as the percentage of
gephyrin puncta coexpressing VGluT2-Venus were quantiﬁed. For
EM analysis, immunolabeled ultrathin sections through V1 were
systematically examined and the occurrence of labeled structures
identiﬁed. Terminal boutons, synapses, postsynaptic dendrites and
glial structures were identiﬁed by routine criteria. Any cross-section
proﬁle containing vesicles was classiﬁed as terminal bouton; when
a terminal bouton displayed (1) parallel alignment presynaptic and
postsynaptic membranes, (2) presence of a synaptic cleft, and (3)
the accumulation of more than 2 vesicles by the presynaptic membrane, the structure was classiﬁed as synaptic bouton; postsynaptic
proﬁles containing mitochondria and microtubules were classiﬁed
as dendrites; and those lacking mitochondria or microtubules as
spines or ﬁlopodia (Fig. 6B). Astrocytic processes displayed uneven
morphology, no mitochondria or cytoskeleton, and they ﬁlled the
spaces between neurites.

Procedures for Venus, VGluT2, Gephyrin Costaining
After 14 days of AAV9-ChR2-Venus injection P28–P30 rats were
anesthetized with 100 mg/kg ketamine, 0.7 mg/kg acepromazine,
and 10 mg/kg xylazine (IP) and perfused transcardially with 4%
paraformaldehyde—PBS (Electron Microscopy Sciences). Brains
were dissected, postﬁxed for 24 h, and transferred to a 30%
sucrose solution. Slices (100 μm) containing V1 were prepared on
a freezing microtome, washed, permeabilized and incubated in a
primary antibody cocktail in PBS: mouse anti-VGlut2 (1:200,
Synaptic Systems, monoclonal, clone 95E11), rabbit anti-gephyrin
(1:200, Invitrogen, polyclonal, cat #: PA5-19 589), and 0.1% TritionX 100 for 48–60 h at 4 °C. After washing, sections were incubated
in a secondary antibody PBS solution: goat anti-mouse TexasRed
(1:500, GeneTex; Mouse IgG (F(ab′)2) antibody, F(ab′)2 fragment,
preadsorbed (TxRd)) and donkey anti-rabbit DyLight 405 (1:100,
Jackson Laboratories; (711-475-152) DyLight 405-AfﬁniPure Donkey
Anti-Rabbit IgG (H + L) (min X Bov,Ck,Gt,GP,Sy Hms,Hrs,Hu,Ms,Rat,
Shp Sr Prot)) for 1 h at room temperature. Stained sections were
mounted with Vectashield (Vecta Labs).

Tissue Preparation for EM Experiments
Following routine immuno-EM protocols (Nahmani and Erisir
2005), animals were transcardially perfused with 4% paraformaldehyde and 0.5% glutaraldehyde mixture following an initial ﬂush with Tyrodes (137 mM NaCl, 5.5 mM dextrose/glucose,
1.2 mM MgCl2, 2 mM KCl, 0.4 mM NaH2PO4, 0.9 mM CaCl2,
11.9 mM NaHCO3, in ultrapure H20, room temperature) solution.
Brains were postﬁxed, then vibratome sectioned, and immunoreacted for anti-rabbit VGluT2 (guinea pig anti-VGluT2;
Millipore Bioscience Research Reagents; Cat # AB-2251-I, RRID:
AB_1 587 626, polyclonal, diluted 1/5000 in PBS 1% bovine serum
albumin and 0.05% NaN) and/or anti-GABAAα4 (rabbit antiGABAAα4, 1:300 dilution; afﬁnity puriﬁed, polyclonal, Cat# 845GA4C, RRID:AB_2 492 103, PhosphoSolutions, CO, (Marowsky
et al. 2012)) for 3 days at room temperature. Sections were then
treated with biotinylated secondary antibodies (anti-guinea pig
or anti-chicken, 1:100 dilutions), and visualized with DAB-H2O2.
For EM embedding, sections were ﬁxed and metal-stained with
1% osmium tetroxide in PB for 1 h, followed by 4% uranyl acetate in 70% ethanol for 2 h. Then, sections were dehydrated in a
series of ethanol and infused with resin (Epon 812; Electron
Microscopy Sciences) overnight. Sections were placed between
2 acetate sheets (Aclar; Ted Pella), and cured in a 60 °C oven for
2 days. These ﬂat-embedded sections were examined on a light
microscope and regions containing V1 were excised and reembedded on a resin block. The area of interest then was

Solutions
Artiﬁcial cerebrospinal ﬂuid (ACSF) contained (in mM): 126
NaCl, 3 KCl, 2 MgSO4, 1 NaHPO4, 25 NaHCO3, 2 CaCl2. Osmolality
was adjusted to 315–320 mOsm with dextrose. The internal
solution contained (in mM): 20 KCl, 100 K-Glu, 10 K-HEPES, 4
Mg-ATP, 0.3 Na-GTP, 10 Na-Phosphocreatine, and 0.4% Biocytin.
The pH of the internal solution was adjusted to 7.35 with KOH,
and the osmolality was adjusted to 295 mOsm with sucrose. In
all pharmacological experiments, drugs were bath-applied:
muscimol 1 mM (Sigma); picrotoxin 20 μM (Tocris); baclofen
10 μM (Tocris); diazepam 10 μM (Tocris); Taurine 50 μM (Tocris);
CGP52432 10 μM (Tocris). Tyrode’s solution contained (in mM):

Downloaded from https://academic.oup.com/cercor/advance-article-abstract/doi/10.1093/cercor/bhx364/4823223
by Zhejiang University user
on 25 January 2018

Cerebral Cortex

of GABA receptors, or by driving GABA release from selective
groups of inhibitory neurons using optogenetic tools. The general assumption for interpreting the data has been that activation of inhibitory circuits increases inhibitory synaptic drive
onto postsynaptic excitatory neurons. However, this assumption has not been veriﬁed experimentally. To interpret the
effects of increased cortical inhibition correctly, it is necessary
the test the effect of GABAA receptor agonists on monosynaptically evoked inhibitory currents (uIPSCs) between identiﬁed
presynaptic and postsynaptic neurons. Here, in the ﬁrst set of
experiments, we compared the effects of 2 widely used GABAA
receptor agonists on synaptic responses onto Pyr neurons in L4
(Reiter and Stryker 1988; Hensch et al. 1998; Fagiolini and
Hensch 2000; Fagiolini et al. 2004; Hensch and Stryker 2004;
Khibnik et al. 2010). We focused on unitary connection between
FS and Pyr neurons, because FS neurons contribute to feedforward TC and recurrent intracortical circuitry in V1 (Maffei et al.
2006; Kloc and Maffei 2014), playing a central role in gating
incoming inputs and modulating the excitability of recurrent
circuits. Results from this set of experiments would be the necessary springboard for analyzing the effects of GABAergic inhibition in the primary input layer of V1. As GABAA receptor
agonists, we choose diazepam (DZ) and muscimol (Mus), drugs
that differ signiﬁcantly in their mode of action. Diazepam ampliﬁes the action of GABA by binding the benzodiazepine allosteric
binding site, which is present on GABAA receptors containing
speciﬁc alpha subunits (alpha 1, 2, 3, 5) (Mohler et al. 1995;

137 NaCl, 5.5 dextrose/glucose, 1.2 MgCl2, 2 KCl, 0.4 NaH2PO4,
0.9 CaCl2, 11.9 NaHCO3, in 1 l dH2O.

Results
All recordings were performed on postnatal day 28–30 (P28–P30)
rats, as this developmental window corresponds to the peak of
the critical period for visual cortical plasticity (Fagiolini et al.
1994; Espinosa and Stryker 2012). To assess how activation of
GABAA receptors affects synaptic transmission in L4 of V1 we
used pharmacological manipulations and analyzed a number
of synaptic connections onto L4 neurons: (1) monosynaptic unitary inhibitory inputs onto L4 pyramidal (Pyr) neurons (Fig. 1);
(2) monosynaptic unitary glutamatergic synapses onto Pyr
(Fig. 2A–C) and fast spiking (FS) neurons (Fig. 2D–F); and (3) TC
monosynaptic glutamatergic inputs onto Pyr (Fig. 3) and FS
neurons (Fig. 4). Optogenetic tools and electrophysiological
recordings were used to quantify synaptic currents and dynamics. Immunohistochemistry and imaging with confocal and
electron microscopy (EM) were used to assess the location of
GABAA receptors.

Differential Effects of GABAA Receptor Agonists
on Cortical Inhibition
The functional effects of fast inhibitory transmission have been
assessed either by pharmacologically manipulating the activation
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Figure 1. Effects of GABAA receptor agonists on uIPSC from FS onto Pyr neurons. (A) Left: Top. Diagram of recording conﬁguration. Bottom. Sample uIPSCs from connected pairs of FS and Pyr neurons. Outlined rectangle indicates the portion of the trace expanded and scaled on the right. Right: Top. First uIPSC in the train in
Baseline (Base, black) and DZ-peak scaled to Base (grey). Bottom. First uIPSC in the train in Base and Mus-peak scaled to Base (grey). SF, scaling factor. (B) Plot of the
effect of Mus and DZ on uIPSC amplitude. Left: base, ﬁlled-black; DZ: ﬁlled-white. Right: Base, ﬁlled-black; Mus, ﬁlled-grey. Data from each connected pair are in light
grey diamonds. (C) Bar plot representing the effect of Mus on short-term plasticity of uIPSC recorded during base (black) and following Mus application (grey). PPF,
group of paired neurons with baseline PPR ≥ 1; PPD, group of paired neurons with PPR < 1; SSR, steady state ratios. All connections showed short-term depression at
the ﬁfth pulse in the train, therefore, data from both groups are pooled to compare SSR. (D) Bar plot representing the average effect of muscimol (Mus), baclofen (Bac)
or both agonists on uIPSC amplitude. Black bar: Mus alone; grey: Bac alone; white bar with grey outline: Mus + Bac. The effects of the drugs are reported as % reduction from baseline. (E) Effect of Mus and DZ on IHold. Average Base values: left panel: black diamonds; average after DZ: white. Right panel, baseline: black diamond;
average after Mus: dark grey; light grey: data from each connected pair. (F) Left: Linear regression analysis on the changes in uIPSC amplitude and IHold quantiﬁed following bath application of Mus (n = 8 connected pairs; R2 = 0.1). Right: Spearman Rank Order Correlation analysis of the changes in uIPSC amplitude versus IHold for
uIPSCs following Mus (n = 8 connected pairs; Rs = 0.11; P = 0.7). Data are mean ± SEM; asterisks: signiﬁcant differences.
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Figure 2. Recurrent glutamatergic inputs are insensitive to activation of GABAA receptors. (A, D) Top: diagram of recording conﬁguration. Panels A–C report effects for
Pyr to Pyr neurons connections; panels D–F report data for Pyr to FS neurons connections. Bottom: sample uEPSCs before (Base; black) and after bath application of DZ
(top, DZ; grey) or Mus (bottom, Mus; grey). Right: Bath application of Mus does not affect uEPSC amplitude. (B, E) Bath application of Mus, but not DZ, increased IHold
of L4 Pyr neurons. For left and right plots, black diamonds: average Base IHold. Left plot white diamonds: average IHold after DZ; right plot white diamonds: average
IHold after Mus. Light grey diamonds: data from each connected pair in each condition. (C, F) Effect of baclofen on uEPSC amplitude at both Pyr to Pyr and Pyr to FS
connections. Black bar: Mus alone; grey: Bac alone. The effects of the drugs are reported as % reduction from baseline. Data are mean ± SEM; asterisks: signiﬁcant
differences.

Smith et al. 2001). Differently, muscimol (Mus) binds to the GABA
binding site of all GABAA receptor types, albeit with some preference for extrasynaptic GABAA receptors containing alpha 4 and 6
subunits (Fritschy and Mohler 1995; Mohler et al. 1995; Chandra
et al. 2010). Synapses from FS onto Pyr neurons are GABAergic and
contain benzodiazepine-sensitive GABAA receptors (Klausberger
et al. 2002), being therefore ideal for identifying the effects of inhibition in cortical circuits.
Once a monosynaptic connection from a FS onto a Pyr neuron was detected, uIPSCs (Fig. 1A) were recorded for 10 min in
artiﬁcial CSF (ACSF) followed by bath application of either DZ or
Mus. Five presynaptic spikes at 20 Hz were elicited by 2 ms
suprathreshold depolarizing pulses injected in the presynaptic
FS neuron. Spike triggered averaging was used to identify postsynaptic unitary currents and assess the effects of the drugs.
As expected from previous reports (Prenosil et al. 2006), DZ
increased the decay time constant of uIPSCs (uIPSC decay,
Baseline (Base): 9.55 ± 0.45 ms; DZ: 11.36 ± 0.27 ms; P = 0.001),
and increased uIPSC amplitude (Fig. 1A,B; uIPSC amplitude,
Base: 51.8 ± 14. 8 pA; DZ: 61. 5 ± 17.04 pA; n = 11; P = 0.04). The
DZ-induced increase in uIPSC decay time constant and amplitude
is consistent with the interpretation that receptor occupancy by
GABA at FS to Pyr neurons synapses in L4 is low (Perrais and
Ropert 1999; Hajos et al. 2000). No signiﬁcant changes were
observed in paired pulse ratio (PPR), in the ratio of the ﬁfth to the
ﬁrst uIPSC in the train (steady state ratio, SSR; uIPSC PPR, Base:
0.73 ± 0.07; DZ: 0.68 ± 0.02; P = 0.4; uIPSC SSR, Base: 0.52 ± 0.04;
DZ: 0.52 ± 0.02; P = 0.9; n = 11), and the in holding current (IHold)
of recorded pyramidal neurons (Fig. 1C; IHold Base: −1.2 ± 2.5 pA;
DZ: −3.1 ± 4.8 pA; P = 0.6; n = 11). Altogether, these data conﬁrm

previous studies indicating that DZ acts at postsynaptically
located GABAA receptors (Klausberger et al. 2002).
Unexpectedly, bath application of muscimol (1 mM) decreased
uIPSC decay time constants (uIPSC decay, Base: 9.8 ± 0.06 ms;
Mus: 8.5 ± 0.5; P = 0.05), as well as the amplitude of uIPSCs
(Fig. 1A,B; uIPSC amplitude, Base: 44.1 ± 7.3 pA; Mus: 9.4 ± 2.1 pA;
n = 8; P = 0.001). At the concentration used here, muscimol activates GABAA receptors broadly by acting at synaptic and extrasynaptic receptors. Muscimol competes for the GABA binding
site of the receptors. Thus, a decrease in uIPSC amplitude should
be expected if GABAA receptor occupancy were high. However,
the diazepam data in Figure 1A,B are consistent with low receptor occupancy, indicating that the muscimol-induced decrease in
uIPSC amplitude depends on a different mechanism.
We tested 3 hypotheses that could explain the effect of
muscimol on uIPSC amplitude: (1) muscimol may act nonspeciﬁcally at GABAB receptors; (2) by acting on extrasynaptic
receptors, muscimol may increase postsynaptic neurons’ IHold,
and this change correlates with the reduction of uIPSC amplitude; and (3) muscimol may affect uIPSCs coefﬁcient of variation (CV) and short-term dynamics, suggesting a presynaptic
site of modulation of GABA release.
We ﬁrst compared the effect of muscimol on uIPSCs with
that of baclofen (10 μM), a potent activator of GABAB receptors.
As shown in Fig. 1C, the effects of muscimol and baclofen were
signiﬁcantly different, with baclofen decreasing uIPSC amplitude by 34.8 ± 8.7% (n = 8) and muscimol decreasing uIPSC
amplitude by 77.4 ± 3.2% (Fig. 1C; n = 8; muscimol vs. baclofen:
P < 0.01). Bath application of baclofen did not occlude the effect
of muscimol, instead the action of the 2 drugs was additive and
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Figure 3. Modulation of TC-EPSC amplitude by GABAA receptors activation: Pyr neurons. (A) Left: Diagram of recording conﬁguration. Middle: Sample TC-EPSCs (black:
Base); top grey: diazepam (DZ); bottom grey: muscimol (Mus). Top traces: light pulses. Rectangle outline indicates the portion of the traces expanded on the right.
Right. Base TC-EPSC (black) and Mus-peak scaled TC-EPSC (grey). SF, scaling factor. (B) Average TC-EPSC amplitude for Base (black), DZ (left panel, white), Mus (right
panel, dark grey) and for each recorded Pyr neuron (light grey). (C) Bar plot reporting the average paired pulse ratio (PPR) and steady state ratio (SSR) at Base (black)
and after Mus (grey). (D) Mus, but not DZ, increased Pyr neurons IHold. Average IHold for Base (black), DZ (left panel, white) and Mus right panel (dark grey) and data
obtained from each Pyr neuron (light grey). (E) Average effects of independent application of Mus (black bar) and baclofen (grey bar, Bac) on TC-EPSCs, and of additive
application of both (white bar outlined in grey, Mus + Bac). Data are reported as % decrease from baseline. (F) Left: Sample TC-EPSCs recorded in presence of picrotoxin (PTX; black), and PTX with Mus (PTX + Mus: grey). PTX occluded the Mus-dependent change in TC-EPSC amplitude (middle) and IHold (right). (G) Top: Linear
regression analysis of changes in TC-EPSC amplitude versus IHold (n = 61; R2 = 0.01). Bottom: Spearman Rank Order Correlation analysis of the muscimol-induced
changes in TC-EPSC amplitude versus IHold for all neurons recorded. Each dot represents the average values for a single recorded Pyr neuron (n = 61; Rs = 0.05; P =
0.18). Where appropriate data are shown as mean ± SEM. Asterisks: signiﬁcant differences.

uIPSC amplitude was reduced by 98.5 ± 0.8% (Fig. 1C; n = 8).
These data indicate that the decrease in uIPSC amplitude was
not due to nonspeciﬁc action of muscimol on GABAB receptors.
Muscimol signiﬁcantly altered the IHold of recorded Pyr
neurons (Fig. 1D; IHold Base: 8.2 ± 2.5 pA; Mus: −67.0 ± 7.8 pA;
n = 8; P = 0.001), consistent the well-established presence of
muscimol-sensitive extrasynaptic GABAA receptors (KrookMagnuson et al. 2008). However, the changes in uIPSC amplitude (ΔuIPSC) and IHold (ΔIHold) did not show signiﬁcant correlation when quantiﬁed either by linear regression (Fig. 1E, left
panel; R2: 0.1), or by Spearman rank correlation analysis
(Fig. 1E, right panel; Rs: 0.11; P = 0.7), strongly suggesting that
the changes in amplitude are independent from those in IHold.
A change in input resistance may also affect the amplitude of
uIPSCs. However, we found no statistically signiﬁcant change
in input resistance (Rin) of presynaptic and postsynaptic neurons following bath application of muscimol (P = 0.16), further
supporting the interpretation that mechanisms other than
receptor occupancy, IHold and Rin are engaged to decrease
uIPSC amplitude.
Interestingly, bath application of muscimol signiﬁcantly
increased the CV of uIPSCs (uIPSC CV, Base: 0.16 ± 0.02; Mus:
0.24 ± 0.03; n = 8; P = 0.02). When short-term dynamics of
uIPSCs were quantiﬁed, we identiﬁed 2 groups of unitary connections based on the presence, or absence, of paired pulse
depression. The uIPSC amplitude of both groups were signiﬁcantly decreased by muscimol, but the effects of the drug on

PPR differed signiﬁcantly in the 2 groups. For the group showing signiﬁcant paired pulse depression at baseline (4 out of 8;
Base PPR < 1) there was a signiﬁcant increase in PPR, on average +44.7 ± 11.1%, following muscimol (PPR Base: 0.59 ± 0.06;
Mus: 0.81 ± 0.03; P = 0.04). The group showing no paired pulse
depression at baseline (4 out of 8; Base PPR ≥ 1) showed a signiﬁcant decrease in PPR, on average −33.7 ± 3.1%, following
application of muscimol (PPR Base: 1.08 ± 0.03; Mus: 0.71 ± 0.02;
P = 0.03). Both groups of connected pairs showed signiﬁcant
increases in SSR (ratio of the amplitude of the ﬁfth uIPSC to the
ﬁrst uIPSC in the train) in the presence of muscimol (SSR Base:
0.48 ± 0.05; Mus: 0.72 ± 0.06; P = 0.01; n = 8). The changes in
amplitude, CV and short-term dynamics of uIPSCs point to a
presynaptic site of action for muscimol at GABAergic inputs
from FS to Pyr neuron. Taken together, these data indicate that
activation of benzodiazepine-sensitive GABAA receptors
increases local inhibition in L4 of V1, while activation of
benzodiazepine-insensitive GABAA receptors decreases it. The
muscimol-induced reduction in uIPSCs is likely mediated by
presynaptic GABAA receptors.

GABAA Receptor Activation Does Not Affect
Recurrent Glutamatergic Inputs
We asked whether the effect of muscimol was unique to
GABAergic uIPSCs, or could also be observed at glutamatergic
synapses onto L4 neurons. This approach would allow us to
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Figure 4. Modulation of TC-EPSC amplitude by GABAA receptors activation: FS neurons. (A) Left: Diagram of recording conﬁguration. Middle: Sample TC-EPSCs (black:
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Top: Linear regression analysis of changes in TC-EPSC amplitude versus IHold (n = 17; R2 = 0.12). Bottom: Spearman Rank Order Correlation analysis of the muscimolinduced changes in TC-EPSC amplitude versus IHold. The dots indicate average values for each FS recorded neurons (n = 17; Rs = 0.13; P = 0.25). Data: mean ± SEM.
Asterisks: signiﬁcant differences.

test the following possibilities: (1) If the change in IHold is contributing to the decrease in synaptic responses by muscimol,
uEPSC amplitude should also be reduced; (2) if, despite lack of
signiﬁcant changes in Rin the activation of muscimol-sensitive
GABAA receptors affects other membrane properties, then all
inputs onto a L4 neuron should be reduced; and (3) if activation
of GABAA receptors is a selective mechanism for modulating
synaptic release, the effect of muscimol may differ at distinct
synapses. To test these hypotheses, we used paired recordings
and focused our analysis on 2 recurrent glutamatergic inputs in
L4: uEPSCs between monosynaptically connected pyramidal
neurons (Fig. 2A–C; Pyr-Pyr), and uEPSCs from Pyr onto FS neurons (Fig. 2D–F; Pyr-FS).
Bath application of either diazepam, or muscimol, had no
signiﬁcant effect on amplitude and short-term dynamics of
uEPSCs between L4 Pyr neurons (Fig. 2A, B; DZ-uEPSC, amplitude Base: 15.5 ± 1.7 pA; DZ: 16.9 ± 1.9 pA; n = 9; P = 0.1; DZ-PPR,
Base: 0.69 ± 0.03; DZ: 0.7 ± 0.06; P = 0.64; DZ-SSR, Base: 0.42 ± 0.04;
DZ: 0.48 ± 0.07; P = 0.2; Mus-uEPSC, amplitude Base: 16.5 ± 1.8 pA;
Mus: 14.1 ± 2.3 pA; n = 10; P = 0.2; Mus-PPR, Base: 0.72 ± 0.04; Mus:
0.76 ± 0.05; P = 0.43; Mus-SSR, Base: 0.47 ± 0.06; Mus: 0.49 ± 0.04;
P = 0.7). As expected, bath application of muscimol altered the
IHold of Pyr neurons; while diazepam did not (Fig. 2B; DZ IHold
Base: 12.4 ± 3.7 pA; DZ: 8.9 ± 4.6 pA; n = 9; P = 0.3; Mus IHold
Base: 8.4 ± 5.3 pA; Mus: −56.1 ± 16.3 pA; n = 10; P = 0.001). Thus,
at recurrent connections between Pyr neurons, the muscimol-

induced shift in IHold was not accompanied by a change in
uEPSC amplitude. These data indicate that changes in IHold
and synaptic transmission in response to activation of
benzodiazepine-insensitive GABAA receptors rely on independent mechanisms.
While activation of GABAA receptors did not affect recurrent
glutamatergic synapses (Fig. 2A, C), bath application of the
GABAB receptor agonist baclofen signiﬁcantly reduced the
amplitude of uEPSCs onto Pyr neuron by 57.4 ± 5.3% (Fig. 2C;
n = 9; P = 0.004). This is consistent with our previous studies
(Wang and Maffei 2014); and strongly suggests that cortical
GABA can selectively modulate local circuits via activation of
distinct groups of receptors. While cortical GABA can additively
modulate FS to Pyr synapses via complementary activation of
GABAA and GABAB receptors, inhibitory modulation of local
inputs between Pyr neurons is selectively dependent on GABAB
receptors activation.
As we pursued the possibility that GABA in L4 may show
distinct mechanisms for inhibitory control at distinct inputs,
we asked whether glutamatergic synapses onto FS neurons
may be modulated by inhibition via GABAB receptors activation, as Pyr to Pyr neuron synapses, or may be modulated by
activation of GABAA receptors, similar to uIPSCs from FS to Pyr.
Figure 2D–F shows the effects of bath application of either DZ
(top) or Mus (bottom) on uEPSCs from Pyr onto FS neurons.
uEPSCs were unaffected by either drug (Fig. 2D; DZ, uEPSC
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Figure 5. Colocalization of TC-GFP, gephyrin, and VGlut2. (A) Examples images of colocalized markers for VGluT2 (red), gephyrin (blue), and ChR2-Venus (green) in L4
of V1. Images were with a ×60 objective (z: 2 μm). Scale bars: 10 μm. (B) Left: Same images as in A, but with the blue channel shifted on the X axis (Geph- X). Right.
Same images in A, but with the blue channels shifted on the Y axes (Geph-Y). For A and B, the white squares indicate the puncta whose ﬂuorescence proﬁle in the
red, blue and green channels are shown in panel C. The white circles highlight additional colocalized puncta in the same section. (C) Top. Fluorescence intensity proﬁles for the 2 puncta indicated by the white squares in A. VGluT2 (red), gephyrin (blue), and ChR2-Venus (green). Middle: Fluorescence intensity proﬁles for the puncta
indicated in the white squares in B-left. The blue trace represents the ﬂuorescence signal measured in the white squares of Geph-X. Bottom. Fluorescence intensity
proﬁles for the puncta in the white squares in B-right. The blue trace indicates the proﬁle of the ﬂuorescence signal in the white squares in Geph-Y. (C) Left:
Cumulative bar plot of the % of VGlut2-Venus puncta colocalized with gephyrin in the original images and in the Geph-X and Geph-Y images. Right: Cumulative bar
plot of the % gephyrin puncta colocalized with VGluT2-Venus. Where appropriate, data are mean ± SEM; asterisks indicate signiﬁcant differences.

amplitude Base: 99.0 ± 30.4 pA; DZ: 102.6 ± 19.8 pA; n = 7; P =
0.8; PPR, Base: 0.72 ± 0.04; DZ: 0.76 ± 0.05; n = 7; P = 0.5; SSR,
Base: 0.51 ± 0.04; DZ: 0.51 ± 0.05; n = 7; P = 0.6; Mus, uEPSC
amplitude Base: 82.2 ± 17.7 pA; Mus: 73.6 ± 10.0 pA; n = 6; P =
0.4; PPR, Base: 0.69 ± 0.07; Mus: 0.70 ± 0.05; n = 6; P = 0.9; SSR,
Base: 0.52 ± 0.03; Mus: 0.45 ± 0.04; n = 7; P = 0.3). Muscimol
altered FS neurons IHold consistent with the presence of
benzodiazepine-insensitive extrasynaptic GABAA receptors
(Fig. 2E; DZ, IHold Base: −27.0 ± 9.3 pA; DZ: −37.6 ± 20.0 pA; n =
7; P = 0.5; Mus, IHold Base: −24.1 ± 8.1 pA; Mus: −103.0 ±
19.9 pA; n = 6; P = 0.01). While muscimol did not affect the
uEPSC of Pyr onto FS neurons, bath application of baclofen signiﬁcantly decreased it by 56.4 ± 6% (Fig. 2E; n = 11; P = 0.002),

indicating that GABAB, but not GABAA receptors modulate
recurrent glutamatergic transmission at Pyr to FS synapses,
similarly to Pyr to Pyr inputs. These data conﬁrm that
muscimol-induced shifts in IHold are independent of the
changes in uIPSC amplitude in L4 of V1, and point to the presence of different mechanisms for GABAergic modulation of
local circuits.

GABAA Receptors Activation Decreases TC
Glutamatergic Synapses in L4
Increases in cortical GABA may modulate not only local circuits, but also incoming activity from afferents inputs. The
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Figure 6. Localization of GABAAα4 receptors in L4 of V1: extrasynaptic and presynaptic. (A) i. Low magniﬁcation images for co-immunolabeling of VGluT2 (blue)
GABAAα4 (red) in rat V1. Note the high degree of co-labeling (purple) in L4 in the merged image. Scale bar: 250 μm. ii. Increased magniﬁcation showing that the
co-immunolabeling for VGluT2 (blue) and GABAAα4 (red) is at VGluT2 positive puncta (putative TC terminals). Scale bar: 25 μm. iii. Further increasing magniﬁcation
conﬁrms sites of colocalization of markers at putative TC terminals. Scale bar: 10 μm. (B) Left. Immuno-electron microscopy images showing GABAAα4 labeling at
extrasynaptic sites and at presynaptic terminals. GABAAα4 labeling (black; arrow) was found on terminals forming asymmetric synapses (I, III, IV, V; black arrows; presumed glutamatergic) and symmetric synapses (II; thin arrow; presumed GABAergic) onto dendritic spines (sp) and dendritic shafts (d) and somata (som) (white
arrowhead). GABAAα4 labeling (arrowheads) was found on large axo-spinous terminals with asymmetric synapses and membrane encapsulated enclosures (i.e., protrusions; pr), selective morphology of TC terminals. II. GABAAα4 labeling (black; arrow) on a symmetric synaptic terminal (putative GABAergic terminal) onto a
dendrite (d). Scale bars = 1 μm; scale bar in I also applies to II–V. Right. Schematic diagram obtained by digital tracing of the images shown in the left panel. Grey:
structures labeled by the GABAAα4 antibody. Red: location of the antibody staining. Purple: synaptic cleft. Dark grey dots: neurotransmitter vesicles.
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primary input onto L4 neurons is from TC afferents from the
lateral geniculate nucleus (LGN) of the thalamus, that directly
activate Pyr and FS neurons (Kloc and Maffei 2014). Inhibitory
modulation of this input locally, is likely to affect the processing of sensory information entering V1.
We therefore asked whether LGN inputs are modulated by
activation of either GABAA, or GABAB receptors, or by a combination of both. To selectively activate LGN inputs in V1 we
used terminal ﬁeld photostimulation of LGN axons expressing
a light activated construct as previously described (Wang et al.
2013; Kloc and Maffei 2014). Whole cell patch clamp recordings
were obtained from visually identiﬁed Pyr neurons, and TCEPSCs were evoked with trains of 5 light pulses (1 ms) at 10 Hz
(Fig. 3A) (Wang et al. 2013; Kloc and Maffei 2014)). We chose
10 Hz because the short-term dynamics of TC-EPSCs evoked by
photostimulation are indistinguishable at 10 and 20 Hz (the frequency used for paired recordings), but photoactivation shows
higher ﬁdelity at 10 Hz in our preparation (Wang et al. 2013;
Kloc and Maffei 2014). After a 10 min baseline, either diazepam
or muscimol were bath-applied and their effects on amplitude
and short-term dynamics of TC-EPSCs onto Pyr neurons were
assessed (Fig. 3B). The effect of GABAB receptors activation with
baclofen was also assessed (Fig. 3C). In all recordings, the holding current (IHold) was monitored (Fig. 3D). Application of diazepam (DZ, 10 μM) did not change Pyr neurons IHold, TC-EPSCs
amplitude and TC-EPSCs short-term dynamics, excluding the
possibility that benzodiazepine-sensitive GABAA receptors
(Fritschy and Mohler 1995) modulate TC-EPSCs (Fig. 3A–C; DZ;
TC-EPSC amplitude, Base: 191.2 ± 20.7 pA; DZ: 190.6 ± 24.8 pA;
n = 46; paired t-test: P = 0.9; PPR, Base: 0.47 ± 0.03; DZ: 0.46 ±
0.03; P = 0.9; SSR, Base: 0.21 ± 0.02; DZ: 0.20 ± 0.01; P = 0.6; Pyr—
IHold, Base: −1.6 ± 4.2 pA; DZ: −4.1 ± 4.5 pA; n = 46; paired ttest: P = 0.1).
In contrast, muscimol decreased the amplitude of TC-EPSCs
onto Pyr neurons (Fig. 3A–B; Mus; TC-EPSC amplitude, Base:
191.7 ± 18.7 pA; Mus: 86.0 ± 10.0 pA; n = 61; paired t-test: P =
10−4) while increasing Pyr neurons IHold (IHold; Fig. 3C; Mus;
Base: 2.2 ± 3.7 pA; Mus: −87.0 ± 9.7 pA; n = 61; paired t-test: P =
10−4). Muscimol induced a signiﬁcant increase in PPR and SSR
of TC-EPSCs, pointing to a possible presynaptic site of action
for the drug (Pyr—PPR, Base: 0.52 ± 0.03; Mus: 0.59 ± 0.03; paired
t-test: P = 10−3; Pyr—SSR, Base: 0.2 ± 0.02; Mus: 0.27 ± 0.02; P =
10−4). Muscimol also increased TC-EPSCs’ CV, further supporting the interpretation that its effects are expressed presynaptically (CV, Base: 0.12 ± 0.01; Mus: 0.26 ± 0.01; P = 0.01).
Muscimol has been reported to bind nonspeciﬁcally to
GABAB receptors (Yamauchi et al. 2000). To control for possible
nonspeciﬁc binding of muscimol with GABAB receptors we performed a series of controls. First, in a subset of experiments the
GABAB receptor agonist baclofen (10 μM) was applied alone, or
in addition to muscimol (Fig. 3D; n = 10). If the effect of muscimol depends on nonspeciﬁc activation of GABAB receptors, the
muscimol-dependent reduction of TC-EPSCs should be
occluded. In this set of experiments muscimol alone decreased
TC-EPSC amplitude by 43.1 ± 4.9% from baseline and baclofen
alone decreased TC-EPSCs by 41.9 ± 6.3% (Fig. 3D; Mus: n = 10;
Bac: n = 10). After additive application of baclofen and muscimol on average only 12.3 ± 1.7% of the baseline TC-EPSC
remained (Fig. 3D). Thus, the actions of the 2 drugs are not
mutually occlusive, indicating that in L4 of V1 they do not act
at the same receptor type, but synergistically modulate TC
transmission. Conﬁrmation that the reduction of TC-EPSC
amplitude depends on activation of GABAA receptors, came
from experiments in which taurine (500 μM), a stimulant known

to activate GABAA receptors, but not GABAB receptors (del Olmo
et al. 2000; Jia, Yue, Chandra, Keramidas et al. 2008), was bath
applied. Taurine reduced TC-EPSCs amplitude on average by
21.2 ± 3.2% (n = 17; P = 10−5). Additional support for our hypothesis came from occlusion experiments using 20 μM picrotoxin, a
blocker of the chloride channel associated with GABAA receptors. When picrotoxin was bath-applied prior to muscimol, it
fully occluded the decrease in TC-EPSC amplitude, and the
changes in short-term dynamics, indicating that the action of
muscimol was not due to aspeciﬁc binding of GABA, but
depended on the activation of ionotropic GABA receptors
(Fig. 3E; TC-EPSC amplitude, Base: 178.2 ± 30.4 pA; PTX: 164.9 ±
26.5 pA; PTX + Mus: 156.4 ± 25.6; n = 15; one-way ANOVA: P =
0.8; Pyr—IHold, Base: 13.0 ± 10.4 pA; PTX: 23.5 ± 10.7 pA; PTX +
Mus: 10.0 ± 11.9 pA; n = 15; one-way ANOVA: P = 0.8). These
results demonstrate that the effects of muscimol was mediated
by GABAA receptors, and strongly point to a presynaptic action
for the drug.
Finally, we controlled for the possibility that the muscimolinduced reduction of TC-EPSC amplitude onto Pyr neurons
could be explained by the negative shift in IHold. As shown in
Fig. 3F, there was no correlation of changes in IHold and TCEPSC amplitude, as quantiﬁed either by linear regression (top;
R2 = 0.01; n = 61), or by Spearman rank correlation analysis (bottom; Rs = 0.05; P = 0.18; n = 61). Thus, as shown in previous
reports (Krook-Magnuson et al. 2008), in our preparation
changes in IHold are not mediating the muscimol-induced
reduction of evoked synaptic responses. In summary, the data
in Figure 3 indicate that activation of GABAA receptors
decreases TC synaptic transmission, unveiling a novel mechanism for inhibitory control of TC inputs via benzodiazepineinsensitive GABAA receptors on presynaptic TC terminals.

TC Inputs Onto FS Neurons can be Modulated
by Activation of GABAA Receptors
We then asked whether GABAA receptors may selectively modulate TC inputs onto Pyr neurons or affect TC-EPSC onto FS
neurons as well. These data are shown in Figure 4. Bath application of DZ (10 μM) did not affect TC-EPSCs and IHold recorded
from FS neurons (Fig. 4A–C; FS-TC-EPSC, Base: 356.3 ± 66.8 pA;
DZ: 364.7 ± 79.0 pA; n = 12; paired t-test: P = 0.7; PPR, Base: 0.42 ±
0.03; DZ: 0.42 ± 0.05; P = 0.4; SSR, Base: 0.15 ± 0.01; DZ: 0.16 ± 0.03;
P = 0.8; FS—IHold, Base: −31.9 ± 12.3 pA; DZ: −32.8 ± 16.1 pA; n =
12; paired t-test: P = 0.9). Thus, benzodiazepine-sensitive GABAA
receptors did not modulate TC transmission in L4 of V1.
Differently, muscimol decreased the amplitude of TC-EPSCs
onto FS neurons (Fig. 4A,B; FS, Base: 335.4 ± 68.6 pA; Mus: 196.1 ±
54.6 pA; n = 17; paired t-test: P = 10−3), and altered TC-EPSCs
short-term dynamics (PPR—FS, Base: 0.42 ± 0.03; Mus: 0.49 ±
0.04; n = 17; paired t-test: P = 10−2; FS—SSR, Base: 0.15 ± 0.02;
Mus: 0.21 ± 0.03; n = 17; paired t-test: P = 10−3). Bath application
of muscimol also increased the CV of TC-EPSCs onto FS neurons
(CV, TC-EPSC Base: 0.15 ± 0.02; Mus: 0.31 ± 0.04; n = 17; P = 0.01),
supporting the interpretation that it acts via presynaptic GABAA
receptors.
In a subset of recordings, we assessed whether the effect of
muscimol was occluded by the GABAB receptor agonist baclofen (10 μM) or whether the effects of the agonists was additive
as we reported for TC-EPSCs onto Pyr neurons. Muscimol application alone reduced TC-EPSC amplitude by 50.6 ± 8.1% (n = 8)
of baseline, baclofen alone reduced the TC-EPSC by 47.6 ± 4.9%
(n = 9) of baseline (Fig. 4C). Following additive application of
muscimol and baclofen the residual TC-EPSC amplitude was,
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on average, 4.3 ± 2.9% of baseline (n = 8; Fig. 4C), conﬁrming
that the effect of muscimol on TC-EPSC onto FS neurons is due
to GABAA receptors activation and not to nonspeciﬁc binding of
the drug to GABAB receptors. These data demonstrate that the
activation of GABAA and GABAB receptors in L4 of V1 have complementary effects and together can dramatically reduce TC
transmission.
As for Pyr neurons, the IHold of FS neurons was increased
by muscimol (Fig. 4D; FS, Base: −31.5 ± 9.0 pA; Mus: −143.0 ±
16.0 pA; n = 17; paired t-test: P = 10−4). The effect of muscimol
on the amplitude of TC-EPSCs onto FS neurons was fully
occluded by prior application of picrotoxin conﬁrming that this
effect was due to activation of GABAA receptors (20 μM; Fig. 4E;
TC-EPSC, Base: 155.42 ± 42.0 pA; PTX: 152.4 ± 43.3 pA; PTX +
Mus: 135.3 ± 38.8 pA; n = 7; one-way ANOVA: P = 0.9; FS—IHold,
Base: 5.3 ± 10.1 pA; PTX: 2.4 ± 11.0 pA; PTX + Mus: −0.3 ± 12 pA;
n = 7; one-way ANOVA: P = 0.9). Fig. 4F shows that there was no
correlation between the muscimol-dependent changes in IHold
versus TC-EPSC amplitude quantiﬁed either by linear regression of the data (Fig. 4F, top; R2 = 0.12, n = 17), or by Spearman
rank correlation analysis (Fig. 4F, bottom; Rs = 0.13; P = 0.25; n =
17). Thus, the decrease in TC-EPSC and the shift in IHold in FS
neurons induced by muscimol are independent effects mediated by GABAA receptors.
Taken together, the results in Figures 3 and 4 demonstrate
that activation of benzodiazepine-insensitive GABAA receptors
selectively modulates amplitude, short-term dynamics and CV
of TC-EPSCs onto both Pyr and FS neurons. These data strongly
suggest the presence of presynaptic GABAA receptors on TC
afferents in L4 of V1.

GABAA Receptors on TC Terminals in V1
The physiology results reported so far point to the presence of
GABAA receptors on presynaptic terminals in addition to their
typical synaptic and extrasynaptic sites. We therefore asked
whether anatomical correlates of presynaptic GABAA receptors
could be identiﬁed in L4. To do that we used a series of complementary anatomical approaches. In one set of experiments we
used coimmunostaining for VGluT2 (Fig. 5; red), the glutamate
transporter selectively expressed at TC terminals in V1 (Nahmani
and Erisir 2005); gephyrin (Fig. 5; blue), the scaffold protein for
GABAA receptors (Fig. 5; blue) (Sassoe-Pognetto and Fritschy 2000);
and Venus (Fig. 5; green), the reporter tag for the ChR2 marking
LGN afferents (Petreanu et al. 2007), and assessed the colocalization of the 3 markers in L4. Puncta co-stained for all 3 markers
were observed reliably, and overlap analysis (Lachmanovich et al.
2003) of ﬂuorescence intensity revealed that their peak ﬂuorescence signals were within ±0.1 μm (Fig. 5; n = 24 slices from 3
rats). On average, there were 4.88 ± 2.19 colocalized puncta/ROI
(ROI size: 100 μm × 100 μm). The number of colocalized puncta
decreased dramatically if the analysis was repeated after ﬂipping
the gephyrin channel either on the X axes the average number of
colocalized puncta quantiﬁed with the colocalization ﬁnder function was 0.68 ± 0.66 colocalized puncta/ROI (Mann–Whitney, P =
10−5). This indicates that the colocalization detected in the original images was not due to random overlap. To better quantify the
colocalization of markers we then asked what proportion of putative TC terminals (VGluT2 expressing Venus positive puncta) also
expressed the scaffold protein for GABAA receptors by quantifying
the proportion of VGluT2-Venus puncta colocalized with gephyrin. On average 25.87 ± 2.07% (n = 24 slices from 3 rats) of putative
VGluT2-Venus puncta were also positive for gephyrin (Fig. 5C,
left, original). Finally, we assessed what proportion of gephyrin
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positive puncta were colocalized with TC terminal markers and
found that 22.43 ± 1.68% gephyrin positive puncta coexpressed
VGluT2-Venus (Fig. 5C, right, original). When these quantiﬁcations were repeated after ﬂipping the gephyrin channel on the
X axis (Fig. 5B, Geph-X), the proportion of VGluT2/Venus puncta
coexpressing gephyrin dropped to 0.69 ± 0.34% (Fig. 5C, Left,
Mann–Whitney, P = 0.0056) and the proportion of gephyrin
puncta coexpressing VGlut2-Venus was 0.62 ± 0.31(Fig. 5C,
right, Mann–Whitney, P = 0.0048). As an additional control we
ﬂipped the gephyrin channel on the Y axis (Fig. 5, Geph-Y) and
found that the proportion of VGluT2 puncta coexpressing
gephyrin was 0.66 ± 0.33% (Fig. 5C, left, Mann–Whitney, P =
0.0057) and the proportion of gephyrin puncta coexpressing
VGluT2-Venus was 0.56 ± 0.28% (Fig. 5C, Right, Mann–Whitney,
P = 0.0049). Together, these results support the interpretation
that gephyrin co-localizes with VGluT2 positive terminals,
which in our preparation, also coexpress the ChR2-Venus construct injected in the LGN. These results indicate that colocalization of all 3 markers was not due to artifactual overlap of
markers, and are consistent with the presence of GABAA receptors (Sassoe-Pognetto et al. 1995; Sassoe-Pognetto and Fritschy
2000) at presynaptic TC terminals.
In parallel, additional anatomical experiments were performed. First, V1 sections prepared for dual-immuno-laser
scanning confocal microscopy (LSCM) and immuno-EM were
stained with antibodies for VGluT2 (Fig. 6; blue; (Nahmani and
Erisir 2005)) and for the α4 subunit of GABAA receptors
(GABAAα4; Fig. 6; magenta) (Aoki et al. 2014; Wable et al. 2014).
The GABAAα4 subunit was chosen based on our physiology
data, that exclude the involvement of benzodiazepine-sensitive
GABAA receptors in the modulation of synaptic transmission,
thus excluding GABAA receptors containing alpha 1, 2, 3, 5. A
substantial number of reports reinforced our choice of target:
(1) GABAAα4 mediates extrasynaptic tonic inhibition in many
circuits, including thalamus and cortex (Belelli et al. 2009); (2)
GABAα4 is highly expressed in thalamic neurons (Ch; Jia et al.
2007); (3) muscimol preferentially binds to GABAAα4 receptors
(Ch); (4) in V1, the densest muscimol binding is in L4 (Needler
et al. 1984; Mower et al. 1986), the site with the densest LGN
projection; and (5) although alpha 6 containing GABAA receptors are benzodiazepine-insensitive and mediate extrasynaptic
inhibition, they are expressed exclusively in the cerebellum
(Laurie et al. 1992).
In P30 V1, antibodies for GABAAα4 (Marowsky et al. 2012;
Sabaliauskas et al. 2012) strongly labeled L4, which is demarcated by VGluT2 staining (Fig. 6A-i). GABAAα4 positive puncta
were colocalized with VGluT2 positive axon boutons (Fig. 6A-ii,
iii). To assess the presence of presynaptic GABAAα4 receptors at
subcellular resolution, sections were prepared for EM (see
Experimental Procedures) (Erisir and Aoki 1998; Nahmani and
Erisir 2005). GABAAα4 label was encountered in postsynaptic
dendrites, terminal boutons, either close to the synapse, or
away from the synapse (extrasynaptic). GABAAα4 puncta were
also present in the cytoplasm of cell bodies and dendrites, putatively indicating protein in transport. We did not encounter any
axo-axonal synapses in our EM analysis. EM analysis of ultrathin
sections revealed immunolabeling for GABAAα4 at extrasynaptic
sites, as predicted by the effects of muscimol on IHold in the
electrophysiological data. In addition, GABAAα4 immunolabeling
was present in presynaptic terminal boutons (Fig. 6B), including
large terminal boutons that form asymmetric synapses with postsynaptic protrusions, the characteristic morphology of TC terminals (Nahmani and Erisir 2005) (Fig. 6B-i, iii–v). Finally, EM
analysis showed that GABAAα4 was found at symmetric terminals,
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obtained from 3 or 4 nearby pyramidal and FS neurons
(recorded within 100–150 μm) that were not recurrently connected, but responded to minimal light stimulation of LGN terminal ﬁelds (Fig. 7A). We speciﬁcally chose to record FS
neurons because they receive direct TC input. Minimal stimulation intensity was used to avoid light-evoked ﬁring that may
recruit additional polysynaptic responses.
For each recorded neuron, baseline TC-EPSCs were recorded
for about 10 min. After that, a single FS neuron was made to
ﬁre 20 bursts of 10 action potentials at 50 Hz (interburst interval: 5 s) to drive GABA release. The amplitudes of TC-EPSCs
onto each recorded neuron were compared before and after FS
neuron bursting. Repetitive burst ﬁring of a single FS neuron
was sufﬁcient to signiﬁcantly decrease TC-EPSC amplitude not
only on the active neuron, but also on the neighboring ones
(n = 6 groups of simultaneously recorded neurons, n = 15
recorded neurons) during the train and for up to 5 min after the
activation of the FS neuron. Pyramidal neurons showed on
average 18.9 ± 3.4% decrease in TC-EPSC amplitude (Fig. 7C, TCPyr; paired t-test: P = 0.005; n = 8 Pyr neurons). FS neurons
neighboring to the bursting one showed on average 32.02 ±
10.2% decrease in TC-EPSC amplitude (Fig. 7C, TC-FS; paired ttest: P = 0.02; n = 7 FS neurons). TC-EPSCs onto Pyr and FS neurons showed, on average, a 21.2 ± 4.3% change in PPR (P = 0.01)
and a 19.1 ± 3.4% in SSR (P = 0.002), consistent with a presynaptic site of action for GABA. We varied the number of FS bursts
(containing 10 action potentials at 50 Hz) to assess a possible
threshold for the effect we report. Five bursts delivered at 1 or
0.1 Hz were not sufﬁcient to affect the amplitude of TC-EPSCs

typical of GABAergic synapses (Fig. 6B-ii). In order to quantify
the relative selectivity of GABAAα4 labeling to different neuronal compartments, we counted the location of labeled puncta
in presynaptic and postsynaptic sites in 4 sections from 2
brains. Each region displayed at least 100 labeled puncta with
42.04 ± 1.4 (mean ± sd) of the all GABAAα4 puncta occurring on
terminal boutons. These results demonstrate the presence of
GABAAα4 receptors at subsets of presynaptic terminals in V1, and
provide anatomical evidence to explain the results obtained with
physiology experiments. The presence of presynaptic GABAAα4
at TC terminals and at symmetric synapses complements the
results shown in Figures 1–4 regarding the effects of muscimol
on amplitude and dynamics of uIPSCs (Fig. 1) and TC-EPSCs (Figs
3 and 4). In addition, the presence of such receptors also on cell
somata and dendrites is consistent with the effect of muscimol
on IHold.

Spillover of GABA and TC Transmission
Our data so far indicate that presynaptic GABAA receptors can
decrease TC transmission when activated by bath application
of muscimol. We asked whether GABA released by ﬁring of
inhibitory neurons could mimic the effect of muscimol in V1.
In this set of experiments (Fig. 7), we used multiple simultaneous patch clamp recordings in slices prepared from rats that
had been injected with the AAV9-ChR2-Venus construct in the
LGN. To selectively investigate the effect of GABAA receptor
activation, the GABAB receptor blocker CGP52432 (10 μM) was
added to the bath solution. Simultaneous recordings were
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Figure 7. GABA released by a single FS neuron decreases TC-EPSC amplitude onto neighboring neurons. (A) Top: Diagram of the recording conﬁguration. Triple patch
clamp recordings were obtained from neighboring neurons in the presence of the GABAB receptor blocker CGP52432. Only data obtained from neurons that were not
recurrently connected were included in the analysis. Bottom: Sample traces of TC-EPSCs recorded from simultaneously recorded neurons at baseline (black) and after
burst-activation of one FS neuron (post, grey). (B) Top: Cumulative plot of data obtained from Pyr neurons before and after repetitive burst ﬁring of one FS neuron
(Base: black; post FS repetitive bursting: grey). Light grey diamonds indicate data from each recorded neuron. Bottom. Bar plot representing the % change in PPR and
SSR of TC-EPSCs recorded from Pyr neurons. (C) Top: Plot of TC-EPSC amplitudes recorded from FS neurons before (Base, black) and after (grey) repetitive burst ﬁring
of a FS neuron in the group. Light grey diamonds indicate data from each recorded FS neuron. Bottom. Bar plot of % changes in TC-EPSCs PPR and SSR for FS neurons.
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onto any neurons in the simultaneously recorded group of Pyr
and FS cells. Differently, 10 bursts (delivered at 1 Hz) induced
on average a 12.4 ± 3.5% (n = 5) decrease in TC-EPSCs on neurons
close to the active FS neuron; 20 bursts induced a 21.5 ± 3.9% (n =
5) decrease in TC-EPSCs, and 40 bursts drove a 32.6 ± 8.3 decrease
in TC-EPSCs (n = 5). These data indicate an activity-dependent
effect cortical GABA on TC-EPSCs. In all these experiments, the
decrease was transient and the amplitude of TC-EPSCs returned
to baseline levels within a few minutes from the end of the
bursts, indicating that the patterns of activity we used did not
induce long-term forms of plasticity. Together with the previous
results shown in this study, these data support the interpretation
that GABA released by actively ﬁring inhibitory neurons in L4 of
V1 can modulate the amplitude of TC-EPSCs onto neighboring
excitatory and inhibitory neurons by extrasynaptic GABA.

Furthermore, the presynaptic GABAA receptors we report are
located on selective terminals, those from LGN axons and from
FS neurons onto Pyr cells. Thus, they provide fast and connection
speciﬁc control of neurotransmitter release only at synapses that
express them. Interestingly, in this study we demonstrate that
GABAB receptors in V1 are expressed at all glutamatergic and
GABAergic inputs, while GABAA receptors are present at recurrent GABA and TC glutamatergic terminals. As we have shown
here, concomitant activation of GABAA and GABAB presynaptic
receptors can additively suppress evoked synaptic currents,
indicating a synergistic, not an antagonistic, effect of these
GABAergic receptors at the presynaptic terminals expressing
both. The presence of both types of GABA receptors at the
same terminal may favor control of synaptic release by tonic
inhibition over different time scales.

Discussion

Differential Effects of GABAA Receptor
Activation on Local Circuits

We have shown that location and type of GABAA receptors
diversify the action of cortical GABA, allowing for differential
engagement of the components of the circuit in L4. Together,
the physiology and the anatomical data indicate that GABAAα4
receptors are located in presynaptic terminals and extrasynaptically, and, in addition to somata, dendritic shaft and spines,
they can be found at speciﬁc presynaptic terminals.
While the presence of extrasynaptic GABAA receptors on the
somatodendritic compartment of cortical neurons is wellestablished (Chandra et al. 2006; Krook-Magnuson et al. 2008;
Belelli et al. 2009; Wu et al. 2012), evidence for GABAA receptors
at axonal terminals in neocortex is rather limited (Ruiz et al.
2003; Kullmann et al. 2005). A single study so far reported the
presence of GABAA receptors in neocortical synaptosomes
(Long et al. 2009), suggesting that these receptors can be located
at neocortical axon terminals, although the identity of the
terminals could not be established. Our data indicate that
GABAA receptors are not expressed at all presynaptic terminals
in L4 of V1: they are found at TC and GABA terminals from FS
neurons; while they are absent at recurrent glutamatergic
inputs onto either Pyr or FS neurons.
The role of presynaptic GABAA receptors is not well understood. In the hippocampus presynaptic GABAA receptors containing the alpha 2 subunit (Ruiz et al. 2003), sensitive to
benzodiazepines (Mohler et al. 1995), increase glutamatergic
release at mossy ﬁbers and facilitate the induction of LTP (Ruiz
et al. 2010). Differently, we show that in L4 of V1 presynaptic
GABAA receptors contain the alpha 4 subunit, consistent with
the ﬁndings from the neocortical synaptosome study (Long
et al. 2009). Our physiology data indicate that V1 presynaptic
GABAA receptors are insensitive to benzodiazepines, as expected
for GABAA receptors containing the alpha 4 subunit (Mohler et al.
1995), and decrease synaptic transmission. Whether the inhibitory action of presynaptic GABAAα4 receptors depends on hyperpolarization, decreased activation of voltage gated calcium
channels (Long et al. 2009), has a shunting effect on terminals
depolarization (Clements et al. 1987), or interferes with action
potential propagation (Segev 1990) remains to be determined.
Current thinking is that presynaptic control of neocortical
release by GABA is typically mediated by GABAB receptors. In
cortical circuits GABAB receptors are widely distributed on
excitatory and inhibitory terminals, and mediate the effect of
tonic GABA on the temporal scale of G-protein signaling
(Misgeld et al. 1995; Ulrich and Bettler 2007). Differently from
GABAB receptors, GABAA receptors act on a faster time scale,
typical of ionotropic receptors (Farrant and Kaila 2007).

The 2 GABAA receptor agonists used for our experiments, diazepam and muscimol, have profoundly different effects on uIPSCs.
Both agonists have been interchangeably used to manipulate
inhibition in intact preparation, with the assumption that they
had overall similar effects on cortical inhibition. However, the
results in Figure 1 demonstrate that this assumption is incorrect.
Activation of benzodiazepine-sensitive GABAA receptors increases
inhibitory currents onto cortical pyramidal neurons; differently,
activation of benzodiazepine-insensitive receptors decreases
inhibitory synaptic currents. The inhibitory effect mediated by
benzodiazepine-insensitive receptors is not a side effect of high
receptor occupancy (Hajos et al. 2000), and does not depend on an
increase in holding current of postsynaptic pyramidal neurons,
which is known to have a shunting effect on the capacity of neurons to ﬁre action potentials (Krook-Magnuson et al. 2008). The
decrease in uIPSC amplitude is accompanied by signiﬁcant
changes in PPR, short-term dynamics and CV, consistent with an
effect of presynaptic GABAA receptors on GABA release. The
physiology data are further supported by the EM analysis showing GABAAα4 labeling at symmetric synapses in V1, suggesting
that the reduction of uIPSC amplitude by muscimol is mediated
by presynaptic GABAAα4 receptors at GABAergic terminals.
Based on these ﬁndings, one may speculate that released
GABA can have different effects depending on whether it remains
conﬁned to the synapse, where it activates benzodiazepinesensitive GABAA receptors, or it spills over into the extrasynaptic
space, where it also binds benzodiazepine-insensitive GABAA
receptors. If GABA remains within the synapse, its primary effect
is to increase inhibition. However, if enough GABA ﬂows into the
extrasynaptic space and binds to extrasynaptic and presynaptic
GABAA receptors, it decreases uIPSC amplitude and shunts the
excitability of the postsynaptic neuron.
In addition to recurrent GABAergic synapses, activation of
benzodiazepine-insensitive GABAA receptors modulates glutamatergic TC inputs onto both Pyr and FS neurons in L4, while
leaving intracortical glutamatergic inputs unaffected. This
effect is mediated by presynaptic GABAAα4 receptors located on
LGN terminals. The location of these receptors at TC terminals,
but not at intracortical glutamatergic terminals, provides a
mechanism for the selective modulation of incoming activity.
Presynaptic GABAAα4 receptors at TC terminals are activated by
GABA spillover from highly active inhibitory neurons. Our
electrophysiological data indicate that even a single FS neuron
ﬁring in bursts can release sufﬁcient GABA to decrease TC
inputs onto itself, as well as onto neighboring neurons. Thus,
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the engagement of presynaptic GABAAα4 receptors we report
here is activity-dependent and can be driven by a ﬁring frequency that is compatible with the physiological properties of
cortical inhibitory neurons. In this study, we focused on FS
neurons because they are directly innervated by powerful TC
synapses, and recurrent intracortical synapses and can ﬁre
repetitively at fairly high frequencies. However, they may not
be the only source of GABA that binds presynaptic TC GABAA
receptors. GABAAα4 receptors have a high afﬁnity for GABA
(Chandra et al. 2010) and can, in principle, be activated by
GABA released from any GABAergic cell.

Conclusions
GABAergic inhibition is crucial for circuit function, however,
the complexity of its action on cortical circuits is only beginning to be appreciated. Our study demonstrates that the effect
of GABAergic inhibition on sensory neocortex does not on
depend only on the diversity of inhibitory neurons subtypes
(Rudy et al. 2011; Taniguchi 2014), but also on the type and location of GABAA receptors. GABAA receptors containing the α4
subunit inﬂuence the effects of anesthetics (Jia, Yue, Chandra,
Homanics et al. 2008; Winsky-Sommerer 2009), neurosteroids
(Herd et al. 2007), alcohol (Jia et al. 2007), and stimulants (Jia,
Yue, Chandra, Keramidas et al. 2008; Bianchi et al. 2011) in the
brain. In addition, their expression is altered in models of epilepsy (Grabenstatter et al. 2014) and traumatic brain injury
(Drexel et al. 2015). Thus, presynaptic GABAAα4 receptors
located at TC and recurrent intracortical GABAergic terminals
likely play important roles in regulating neocortical circuit
function under healthy and pathological conditions.
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