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An Optogenetic Approach for Investigation of Excitatory and
Inhibitory Network GABA Actions in Mice Expressing
Channelrhodopsin-2 in GABAergic Neurons
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To investigate excitatory and inhibitory GABA actions in cortical neuronal networks, we present a novel optogenetic approach using a
mouse knock-in line with conditional expression of channelrhodopsin-2 (ChR2) in GABAergic interneurons. During whole-cell record-
ings from hippocampal and neocortical slices from postnatal day (P) 2-P15 mice, photostimulation caused depolarization and excitation
of interneurons and evoked barrages of postsynaptic GABAergic currents. Excitatory/inhibitory GABA actions on pyramidal cells were
assessed by monitoring the alteration in the frequency of EPSCs during photostimulation of interneurons. We found that in slices from
P2-P8 mice, photostimulation evoked an increase in EPSC frequency, whereas in P9 -P15 mice the response switched to a reduction in
EPSC frequency, indicating a developmental excitatory-to-inhibitory switch in GABA actions on glutamatergic neurons. Using a similar
approach in urethane-anesthetized animals in vivo, we found that photostimulation of interneurons reduces EPSC frequency at ages
P3-P9. Thus, expression of ChR2 in GABAergic interneurons of mice enables selective photostimulation of interneurons during the early
postnatal period, and these mice display a developmental excitatory-to-inhibitory switch in GABA action in cortical slices in vitro, but so

far show mainly inhibitory GABA actions on spontaneous EPSCs in the immature hippocampus and neocortex in vivo.
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Significance Statement

We report a novel optogenetic approach for investigating excitatory and inhibitory GABA actions in mice with conditional
expression of channelrhodopsin-2 in GABAergic interneurons. This approach shows a developmental excitatory-to-inhibitory
switchin the actions of GABA on glutamatergic neurons in neocortical and hippocampal slices from neonatal mouse pups in vitro,
but also reveals inhibitory GABA actions in the neonatal mouse neocortex and hippocampus in vivo.

Introduction
GABA is the main inhibitory neurotransmitter in the adult brain
(Krnjevic and Phillis, 1963; Curtis et al., 1970; Freund and Buz-
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saki, 1996; Farrant and Kaila, 2007). However, inhibitory GABA
actions are not ubiquitous and in a number of cases GABA may
also exert excitatory actions. These include excitatory actions of
GABA (and glycine) on neurons at early developmental stages
(Cherubini et al., 1991; Owens and Kriegstein, 2002; Ben Ari et
al., 2007; Kaila et al., 2014b), depolarizing and excitatory actions
of GABA in certain types of interneurons (Fu and Van den Pol,
2007) and in various cell compartments (Gulledge and Stuart,
2003; Szabadics et al., 2006; Romo-Parra et al., 2008; Tyzio et al.,
2008), and acquisition of an excitatory GABA phenotype in neu-
rons following trauma and in brain ischemia, epilepsy, and pain
(van den Pol et al., 1996; Cohen et al., 2002; Nabekura et al., 2002;
Khalilov et al., 2003; Price et al., 2009; Kaila et al., 2014a,b).
Actions of GABA may critically depend on the network state
(Woodruff et al., 2011; Khalilov et al., 2015) and they are also
subject to hormonal modulation, e.g., by oxytocin (Tyzio et al.,
2006; Mazzuca et al., 2011) or neuroactive steroids (Dine et al.,
2014). Hence there is a necessity for research tools for the assess-
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Figure 1.

EGFP-ChR2 expression in interneurons of neonatal mice. 4, Gad2::CreER-R26ChR2-EGFP mice were treated with tamoxifen during in utero development [embryonic days (E) 10—E14]

and the first days (P1-P3) after birth to induce EGFP-ChR2 expression in a Cre-dependent manner by P2—P15. B, Left, Distribution of EGFP-ChR2-expressing GAD neurons on coronal sections of the
P6 mouse forebrain. SS Cx, Somatosensory cortex; H, hippocampus; St, striatum. Scale bar, 1 mm. Right, Enlargements of framed areas on the left panel (1— 4 from the top). EGFP labeling (arrows)
shows the soma and dendrites of numerous neurons in somatosensory cortex (1), hilus (2), stratum pyramidale of CA3 (3), and stratum oriens of CA1 (4) regions. Scale bars, 50 wm.

ment of GABA actions. However, exploring the actions of GABA
is not a trivial technical task. It requires unperturbed intracellular
ion homeostasis, resting membrane potential, and physiological
stimulation of GABA receptors (Khazipov et al., 2015).

While traditional approaches to activate GABA receptors in-
clude application or photorelease of GABA agonists, or electrical
stimulation of interneurons, recent advances in optogenetics
provide an alternative method for selective and noninvasive stim-
ulation of interneurons and thus physiological activation of
GABA receptors. Using interneuron-specific promoters for con-
ditional ChR2 expression, several mouse knock-in lines and vec-
tors have been developed for selective photostimulation of
interneurons. These models have been shown to be useful for
various physiological applications for studying GABA actions at

cellular and population levels, including mapping inhibitory
cortical circuits (Kitzel et al., 2011; Luna and Morozov, 2012;
Szydlowski et al., 2013), identifying inhibitory circuits between
interneurons of different types (Moore and Wehr, 2013; Pfeffer et
al., 2013; Quattrocolo and Maccaferri, 2013), identifying cellular
compartments of the target neurons (Chiu et al., 2014), studying
the role of interneurons in the generation of cortical rhythms
(Starketal., 2013; Schlingoff et al., 2014), signal processing (Atal-
lah et al., 2012; Lee et al., 2012; Lovett-Barron et al., 2012; Owen
etal., 2013; Sachidhanandam et al., 2013), and control of epilep-
tic discharges (Ledri et al, 2014; Ladas et al., 2015). The
optogenetic approach has also been used to characterize the hy-
perpolarizing actions of GABA in adult hippocampal slices using
extracellular field potential recordings (Dine et al., 2014). Photo-
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Figure2. Photoactivation of EGFP-ChR2-expressing interneurons in mouse cortical slices. 4,
Example traces of cell-attached recording (at —60 mV) of a P11 neocortical interneuronfiring in
response to the light pulse (blue bar above the traces) illuminating slice area around the tip of
the patch pipette (as illustrated in Fig. 3A). B, The current-clamp recording of an interneuron
spiking during the light flash. A, B, Traces, AP frequency plot averaged over data obtained
during cell-attached (4, n = 6) and current-clamp (B, n = 6) recordings from the given in-
terneuron and hippocampal stratum oriens interneurons, individually illuminated by a 10 -20
um light spot using a two-photon pulsed laser-scanning system coupled to a microscope. Data
were fitted with basis spline function. The shaded region around the curve shows SE bands. C,
Firing pattern of the same neuron as in A and B during a depolarizing current step.

stimulation of ChR2-expressing interneurons has also been
shown to produce inhibitory actions on target muscles in the
early developmental stages of Caenorhabditis elegans (Han et al.,
2015). In mice expressing ChR2 in the cerebellar molecular layer,
interneurons under the control of the neuronal nitric oxide syn-
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thase promoter, excitatory GABA actions on parallel fibers have
been demonstrated in adults in vivo (Astorga et al., 2015). So far,
optogenetic approaches selectively targeting GABAergic neurons
have not been used in rodents at early developmental stages.

In the present study, we have used photostimulation of
GABAergic neurons expressing ChR2 in a mouse line reported
previously (Kitzel et al., 2011) to indirectly assess the excitatory/
inhibitory actions of GABA on glutamatergic cells in the devel-
oping neocortex and hippocampus. Readout of the effects of
GABA on principal neurons consisted of measuring a change
in the frequency of EPSCs in response to photostimulation of
GABAergic neurons. We show that mice with ChR2 expression in
GABAergic neurons (1) enable selective and noninvasive photo-
stimulation of interneurons during the early postnatal period and
(2) display a developmental excitatory-to-inhibitory switch in
GABA action in cortical slices in vitro, but also (3) reveal inhibi-
tory GABA actions on spontaneous EPSC frequency in the im-
mature hippocampus and neocortex in vivo. Thus, this approach
can be useful for investigations of excitatory/inhibitory GABA
actions during development as well as in other physiological and
pathological conditions where an assessment of GABA actions is
required.

Materials and Methods

This work has been performed in accordance with the EU Directive
2010/63/EU for animal experiments, and all animal-use protocols were
approved by the French National Institute of Health and Medical Re-
search (Protocol N007.08.01).

Mice expressing ChR2-EGFP in GAD2-positive interneurons. Experi-
ments were performed using mice pups of both sexes obtained from
crossing female Swiss mice (C.E. Janvier, France) with double-
homozygous males of the Gad2::CreER-R26ChR2-EGFP mouse line de-
scribed previously (Kitzel et al., 2011). To induce CreER activity, we
administered a tamoxifen solution by gavaging (force-feeding) pregnant
mice using silicon-protected needles (Fine Science Tools), and subse-
quent intraperitoneal injection in neonatal pups as illustrated in Figure
1A. Pregnant mice were force-fed at 1014 d of gestation (26 mm solu-
tion, 6.6 ml/kg), and the pups were injected with tamoxifen (13 mm
solution, 2.14 ml/kg) on P1-P3 to promote early expression of ChR2-
EGFP (Fig. 1B). Experiments were performed =24 h after the first post-
natal tamoxifen injection. The number of postnatal tamoxifen injections
strongly determined the probability of recording neurons responsive to
photostimulation. The best success rate (75-100% of recorded neurons
responding to light flashes) was observed in pups treated with four ta-
moxifen injections after birth.

Brain slice preparation. Acute brain slices containing the hippoc-
ampus and neocortex were obtained from P2-P15 Gad2:Cre
ER-R26ChR2-EGFP or wild-type mice of both sexes. Mice pups were
cryoanaesthetized (P2—P5) or anesthetized with chloral hydrate (>P5)
350 mg/kg, intraperitoneally. The brain was rapidly removed from de-
capitated animals to ice-cold (2-5°C) choline-based (unless indicated)
cutting solution containing the following (in mm): 110 choline chloride,
2.5 KCl, 25 NaHCO;, 7 glucose, 7 MgCl,, 1.25 NaH,PO,, 0.5 CaCl,.
Brain hemispheres were separated and, after removing the cerebellum,
400-um-thick transverse slices were cut from one of the hemispheres
using a Vibratome (VT 1000E, Leica). From 1 to 8 h before recording,
slices were kept at room temperature (20—22°C) in oxygenated artificial
CSF (ACSF) of the following composition (in mm): 126 NaCl, 3.5 KCI, 2
CaCl,, 1.3 MgCl,, 25 NaHCOj;, 1.2 NaH,PO,, and 11 glucose, pH 7.4.
For recording, slices were placed into a submerged chamber on a nylon
net and superfused on both sides with ACSF at 32°C (unless indicated)
and at a flow rate of 2-4 ml/min. In some experiments, slices were su-
perfused with modified ACSF (mACSF) of the following composition (in
mM): 126 NaCl, 3.0 KCl, 1.5 CaCl,, 1.0 MgCl,, 25 NaHCO;, 1.2
NaH,PO,, and 11 glucose, pH 7.4.

Surgery. All surgical procedures were performed under deep isoflurane
anesthesia (3% for induction and 1-1.5% for maintenance at 0.8 L/min).
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Figure3. GABA(A)-mediated postsynaptic response to photoactivation of local interneurons in the neonatal mouse cortex in vitro and in vivo. A, Schematic drawing of the experimental setup
demonstrates patch-clamp recording from the principal neuron during light stimulation of EGFP-ChR2-expressing interneurons located close to the light source. B, Averaged plot of GABA-PSC
frequency change in response to local interneurons photoactivation by the light pulse (highlighted area) in P2—P15 mouse cortical slices (on the top, n = 42) and in the P3—P9 mouse cortex in vivo
(onthe bottom, n = 13) fitted with basis spline function. The shaded region around the curve shows SE bands. €, D, The whole-cell voltage-clamp recording of GABA-PSCs with a low-chloride pipette
solution at the reversal potential of Glu-EPSCs in a hippocampal slice (€) and the intact brain (D) of P4 mice. Five responses evoked by the light flash are shown with (Figure legend continues.)
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The skin and a periosteum were removed from the skull surface. After
drying out, the skull surface was covered with dental cement (Grip Ce-
ment, Caulk Dentsply) except for a ~0.5 mm? area on the left parietal
bone above the primary somatosensory or posterior parietal cortex. For
recording, the pups were surrounded by a cotton nest and heated via a
thermal pad coupled to an automatic temperature controller (TC-344B,
Warner Instruments; 35—37°C) and each animal’s head was attached to
ametal stage with a round opening in the center using the dental cement.
A silver wire (200 wm diameter) placed caudally in the parietal cortex was
used as the reference electrode. To position the recording patch pipette, a
hole was drilled in the parietal bone part free of dental cement, and the
exposed dura mater was subsequently dissected using a 27 ga needle. At
the end of surgery, urethane (0.5-1 g/kg) was intraperitoneally adminis-
tered to the mice pups. In one P5 animal, recordings were performed
under ketamine (80 mg/kg)—xylazine (10 mg/kg) anesthesia.

Electrophysiology. In vitro and in vivo patch-clamp recordings were
performed using an Axopatch 200B (Molecular Devices). Patch elec-
trodes were made from borosilicate glass capillaries (GC150F-15, Har-
vard Apparatus). The patch electrodes had a resistance of 6—8 M) when
filled with the pipette solution containing the following (in mm): 135
K-methanesulfonate, 4 Na,ATP, 0.3 Na,GTP, 2 MgCl,, 10 HEPES 10, pH
7.3. Patch-clamp recordings in vivo were performed blindly, and the
positions of recorded neurons were identified during post hoc recon-
struction of the Dil trace of the recording pipette on 100-um-thick cor-
onal brain sections. During recordings from brain slices in vitro, patch-
clamp recordings were performed 100-200 wm below the slice surface to
avoid sampling of neurons within the damaged zone (Dzhala et al.,
2012). The signals were digitized at 10 kHz using a Digidata 1440 analog-
to-digital converter (Molecular Devices).

To monitor the excitatory/inhibitory effects of GABA under various
experimental conditions in wild-type mice in vitro, we examined the
responses evoked by local puft application of GABA in visually identified
L5/6 neocortical cells recorded in loose cell-attached mode with ACSF in
the pipette solution. The PV830 Pneumatic PicoPump (WPI) was used to
puft-apply GABA (200 uMm in ACSF) from a glass pipette positioned at a
distance of <100 wm from the soma of the recorded cell. The application
pressure varied from 10 to 20 psi, and the duration of the puff was 10 ms.

Photostimulation. The photostimulation during blind patch-clamp
recordings was accomplished using a continuously radiating 473 nm
DPSS blue laser system (DragonLasers) with analog modulation of
output power (1-100 mW) using an “optopatcher” system as de-
scribed in previous studies (Katz et al., 2013; Minlebaev et al., 2013).
The coherent light passed through the collimating lens and was
guided by a multimode 50 um optical fiber to reach a patch-pipette
holder. A hole (~0.3 mm in diameter) was drilled in the patch holder
to fit the optical fiber. Thereafter the hole was filled with dental
cement to secure the fiber and to prevent the leakage of air pressure
from the holder. The optical fiber length inside the patch pipette
exceeded the length of the signal wire by 2—-5 mm, so that the fiber tip
appeared in the pipette’s neck. As reported previously (Katz et al.,
2013), with this illumination procedure in brain tissue, the light

<«

(Figure legend continued.)  a blue bar above the traces indicating the onset and the length of
the light pulse. Red bars indicate individual GABA-PSCs. Below, Corresponding GABA-PSC fre-
quency histograms based on the results of 30 100 photostimulation trials (bin size, 10 ms). E,
F, The time course of light-evoked GABA-mediated responses at different postnatal ages in vitro
(E) and in vivo (F). Each pair of symbols shows the onset and the end of GABA response to the
light flash (highlighted area) recorded from individual hippocampal (squares) or neocortical
(triangles) neurons. Animal age is indicated on the right. G, H, Pooled data on GABA-PSC fre-
quency during light-evoked responses normalized to the baseline frequency in hippocampal
(squares) and neocortical (triangles) neurons at different postnatal ages in vitro (G) and in vivo
(H). Closed circles show mean values with SE. Baseline GABA-PSC frequency was calculated in
the 0.5 s preceding the light pulse. In case of the absence of GABA-PSCs detected during this
time window, the number of GABA-PSCs for baseline frequency calculation was considered by
convention to be equal to 1 (marked with a stroke near the symbol). GABA-PSC frequency
during the response was calculated within an individual time window for each neuron (dis-
playedin Eand F).
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intensity is attenuated by ~70% at a distance of 1 mm compared with
the intensity measured at the tip of the pipette.

Photostimulation of individual interneurons was performed using a
488 nm continuous-wave laser (Sapphire 488 LP, Coherent) coupled to
an xy-scanning system of a two-photon microscope (TriM Scope II,
LaVision BioTec) as described previously (Marissal et al., 2012).

Histology. Gad2::CreER-R26ChR2-EGFP mice pups (P6) were anes-
thetized with isoflurane and perfused through the heart with 5 ml of
fixative containing 4% paraformaldehyde in PBS. Brains were extracted
and postfixed overnight in fixative. After several washings in PBS, brains
were cut into 100-um-thick coronal sections. The sections were then
treated for immunocytochemical detection of GFP. Briefly, after prein-
cubation in 5% normal donkey serum, sections were incubated in a
rabbit antibody directed against GFP (1:10,000; A6455, Invitrogen), then
incubated in a secondary antibody conjugated with Al488 (1:500; Invit-
rogen). Images were obtained with a Zeiss Axiolmager Z2 microscope
coupled to a camera (Zeiss AxioCam MR3). Immunofluorescence im-
ages were acquired using a halogen HBO lamp associated with a 470/40
nm filter cube for detection of Al488.

Reagents. The stock solutions of (—)-bicuculline methiodide (10 mm),
bumetanide (10 mm) and GABA (20 mm) were stored in the freezer
before use as aliquots in tightly sealed vials. All reagents were purchased
from Sigma-Aldrich and Tocris Bioscience.

Data analysis. pCLAMP 10.1 (Molecular Devices), Mini Analysis 6.0.7
(Synaptosoft), Origin 7.0 (Microcal Software), and custom-written
functions in Matlab (MathWorks) were used for data acquisition and
analysis. The response time window was calculated individually for each
recorded neuron. The onset and the end of responses were determined as
time points corresponding to the maximum and minimum of the curve
obtained after subtraction of the cumulative peristimulus time histogram
from the diagonal reflecting constant event frequency (Mitrukhina et al.,
2015). Nonoverlapping unitary glutamatergic EPSCs (Glu-EPSCs) were
manually selected for the EPSCs” amplitude measurements. The statisti-
cal significance of differences between groups of data was assessed using
the Wilcoxon signed-rank test and Mann—Whitney test. Group measures
are expressed as means = SE. Error bars also indicate SE. The level of
significance was set at p < 0.05.

Results

Patch-clamp recordings were performed from the neocortex and
hippocampus of P2-P15 mice expressing ChR2 in GAD2-
positive interneurons (Kitzel et al., 2011) in vitro and in vivo to
characterize the developmental profile of photostimulation-
evoked GABAergic responses and actions of GABA on postsyn-
aptic neurons.

Photoactivation of GABAergic neurons

We first characterized the ability of single interneurons to re-
spond upon photostimulation by laser light during the postnatal
period. The interneurons were recorded in neocortical and hip-
pocampal slices at P6-P11 and individually stimulated by fo-
cused light (1020 wm light spot size, 500 ms flash duration)
using a 488 nm laser-scanning system coupled to a microscope or
by wide-field illumination with an intrapipette light source. In
cell-attached recordings, interneurons responded to each light
pulse (delivered every 15 s) with on average a fourfold increase in
action potential (AP) firing rate (from 4.4 = 0.7s ' t0 16.3 = 3.1
s L n = 6 cells; P7-P11; p = 0.03; paired-sample Wilcoxon
signed-rank test; Fig. 2A). Increased AP firing in response to
photostimulation was also observed in interneurons during
whole-cell current-clamp recordings, where AP frequency in-
creased from the baseline level of 0.9 = 0.55 ' t0 8.9 = 4.55 "
under illumination (n = 6 cells; P7-P11; p = 0.03; paired-sample
Wilcoxon signed-rank test; Fig. 2B). During voltage-clamp re-
cordings at holding potentials close to resting membrane poten-
tial values (—60/—70 mV) the light pulse drove interneurons to
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generate a photocurrent of 20 = 7 pA (n =
6 cells; P6—P11) that faded out at holding
potentials near 0 mV (data not shown),
which is in keeping with the properties of
the ChR2-mediated currents (Nagel et al.,
2003; Feldbauer et al., 2009; Wang et al.,
2009; Gradmann et al., 2011). Thus, laser-
light stimulation activated cortical in-
terneurons in neonatal mice in vitro,
increasing their firing rate over the length
of the illumination time window.

GABAergic responses evoked by
photoactivation of GABAergic neurons
We further analyzed wide-field illum-
ination-evoked GABA release using
whole-cell recordings of GABAergic PSCs
(GABA-PSCs) using a low-chloride pi-
pette solution at 0 mV, i.e., at the reversal
potential of Glu-EPSCs (Fig. 3). In brain
slices, the photostimulation evoked a sig-
nificant increase in GABA-PSC frequency
in 22 hippocampal and 20 neocortical
neurons recorded at P2-P15 (Fig. 3C).
The GABA-mediated response onset oc-
curred on average at 94 = 13 ms after the
flash start and lasted for 462 = 18 ms be-
fore declining to the baseline (1 = 42 cells;
P2-P15; Fig. 3E). The photostimulation
evoked a fivefold increase in GABA-PSC
frequency from 0.18 = 0.04s ' t0 0.84 =
0.09 s ! (n = 42 cells; P2-P15; p = 4.5+
10 ~"%; paired-sample Wilcoxon signed-
rank test; Fig. 3G) with a magnitude
independent of the animal’s age. The re-
sponses evoked by photostimulation were
GABA(A) receptor-mediated, as bath
application of the GABA(A) receptor an-
tagonist bicuculline (10 wm) abolished
light-evoked as well as spontaneous
GABA-PSCs (n = 6 cells; P4A-P15; p =
0.03; paired-sample Wilcoxon signed-
rank test; Fig. 4).

In the intact neocortex and hippocam-
pus in vivo, light flashes evoked a similar
increase in GABA-PSC frequency, which
attained on average 7.9 * 1.1 s'
compared with the baseline frequency of

<«

Figure 4. Inhibition of light-evoked GABA-mediated re-
sponse by the GABA(A) receptor antagonist bicuculline. A4,
Representative traces of whole-cell voltage-clamp recording
of the GABA(A)-mediated response to photostimulation of in-
terneurons in a P6 neocortical slice in control (upper traces)
and after bath application of 10 m bicuculline (lower traces).
Corresponding histograms of GABA-PSC frequency based on
100 stimulation sweeps are shown under the traces. B, The
statistical plot of GABA-PSC frequency change in response to
the light flash (highlighted in blue) in control and in the pres-
ence of bicuculline. Data were averaged over six recorded cells
and fitted with basis spline function. Shaded area around the
curve shows SE bands.
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Figure 5.

Photoactivation of interneurons induces glutamate release from principal cells in neonatal but not in adolescent mice in vitro. A, B, Example traces of Glu-EPSCs recorded during

photostimulation at the reversal potential of GABA-PSCs (—75 mV) in P6 hippocampal (4) and P15 neocortical (B) slices. Red bars indicate individual Glu-EPSCs. Below, Corresponding histograms
of Glu-EPSCfrequency based on results of 100 —110 photostimulation trials. €, The time course of glutamatergic response evoked by the light pulse (highlighted area) at different postnatal ages (blue
and red symbols correspond to a decrease and an increase in Glu-EPSC frequency during responses, respectively). Each pair of symbols shows the onset and the end of response recorded from
individual hippocampal (squares) or neocortical (triangles) neurons. Animal age is indicated on the right. D, Pooled data on the change in Glu-EPSC frequency during the light pulse in relation to the
baseline frequency in hippocampal (squares) and neocortical (triangles) neurons of P2—P15 mice. Color code of symbolsis same asin €. The Glu-EPSC frequency during response was calculated within
a time window unique to each neuron (displayed in €). Gray symbols correspond to the neurons where no significant change in Glu-EPSC frequency was detected during illumination. Response
frequency in these neurons was calculated within the mean-response time window. Closed circles show mean values with SE. Note that photostimulation of interneurons elicits an increase in
Glu-EPSC frequency during the first postnatal week and a decrease in Glu-EPSC frequency after P8, indicating a developmental excitatory-to-inhibitory switch in the action of GABA photoreleased
from interneurons on glutamatergic neurons. The cumulative distribution of Glu-EPSCamplitudes during baseline activity (black trace) and throughout the photostimulation-evoked response (blue

trace) is shown in the inset graph. The shaded area around the curves corresponds to SE bands.

0.8 = 0.2s ™" (n = 6 hippocampal and 9 neocortical cells; P3-P9;
p = 6.1+ 10 paired-sample Wilcoxon signed-rank test; Fig.
3D,H). The photostimulation-evoked response had its average
onset at 65 = 12 ms after the flash start and lasted for 451 = 27
ms, thereby exhibiting a time course very similar to the light-
evoked GABA-mediated responses observed in slices (n = 15;
Fig. 3B, F).

Together, these results indicate that starting from P2 onwards,
functional ChR2 is already expressed in cortical interneurons of
Gad2::CreER-R26ChR2-EGFP mice, and that photostimulation
enables selective activation of GABAergic neurons both in slices
and in the intact cortex in vivo.

Glutamatergic responses on photostimulation of
GABAergic neurons
Using the same approach, we assessed the excitatory/inhibitory
actions of GABA on glutamatergic neurons. We assumed that
wide-field photostimulation of GABA release on glutamatergic
neurons should change their firing, resulting in an increase or a
decrease in EPSC frequency, depending on whether presynaptic
glutamatergic neurons targeting the recorded cell are excited or
inhibited by GABA, respectively.

With this aim, whole-cell recordings of Glu-EPSCs were per-
formed at the reversal potential of GABA-PSCs (—75 mV). In
neocortical and hippocampal slices prepared from P2-P8 mice,
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Photoactivation of interneurons suppresses glutamate release from principal cells in neonatal and adolescent mice in vivo. A, B, Example traces of Glu-EPSCs recorded during

photostimulation at the reversal potential of GABA-PSCs (—75 mV) in P4 hippocampal () and P15 neocortical (B) neurons in vivo. Red bars indicate individual Glu-EPSCs. Below, Corresponding
histograms of Glu-EPSCfrequency based on 100 —230 stimulation sweeps. €, The time course of glutamatergic responses evoked by the light pulse (highlighted area) at different postnatal ages. Each
pair of symbols shows the onset and the end of response recorded from individual hippocampal (squares) or neocortical (triangles) neurons. The animal age is indicated on the right. D, Pooled data
on the change in Glu-EPSC frequency during the light pulse in relation to the baseline frequency in hippocampal (squares) and neocortical (triangles) neurons of P3—P9 mice. Glu-EPSC frequency
during the response was calculated within an individual time window for each neuron (displayed in €). Gray symbols correspond to the neurons where no significant change in Glu-EPSC frequency
was detected during illumination. The response frequency in these neurons was calculated within the mean-response time window. Closed circles show mean values with SE. The cumulative
distribution of Glu-EPSCamplitudes during baseline activity (black trace) and throughout the photostimulation-evoked response (blue trace) is shown in the inset graph. The shaded area around the

curves corresponds to SE bands.

photoactivation of GABAergic neurons caused an increase in
EPSC frequency from 1.3 = 0.3s ' to 6.4 = 1.6 s~ ' (by 392%
from control values; n = 25 cells, p = 5.2 + 10~ paired-sample
Wilcoxon signed-rank test; Fig. 5A,D). In contrast, at P9-P15,
the light pulses caused a reduction in EPSC frequency from 6.5 =
3.0s 'to4.7 =2.8s ! (by 28%; n = 7 cells; p = 0.016; paired-
sample Wilcoxon signed-rank test; Fig. 5B,D). Age-dependent
changes in EPSC frequency response were not associated with any
significant change in EPSC amplitude (19 = 3 pA during baseline
activity and 18 = 2 pA during response; n = 9 cells; P2-P15; p =
0.91; paired-sample Wilcoxon signed-rank test; Fig. 5D). Gluta-
matergic responses lasted on average 468 * 35 ms and were 54 ms
delayed compared with GABA-mediated responses, occurring
with a mean onset time of 148 = 23 ms after the flash start (n = 24
cells; P2-P15; p = 0.02; Mann—Whitney test; Fig. 5C).

We used a similar approach to assess the effects of GABA
on the frequency of spontaneous EPSCs in Gad2:CreER-
R26ChR2-EGFP mice in vivo. Whole-cell recordings were per-
formed in head-restrained animals under urethane (0.5-1 g/kg)
or ketamine (80 mg/kg)—xylazine (10 mg/kg) anesthesia with op-
topatch illumination. In contrast to the developmental switch
described above, the effect of photostimulation of GABAergic
neurons on spontaneous EPSC frequency in vitro, we found that
photostimulation of GABAergic neurons in vivo caused a uni-
form, age-independent decrease in EPSC frequency in hip-
pocampal and neocortical neurons of P3—P9 animals from 6.0 =
135 't03.8 £0.8s ' (i.e., by 37%; n =21 cells;p = 1.3+ 10 ~>;
paired-sample Wilcoxon signed-rank test; Fig. 6 A, B,D). This de-
crease in EPSC frequency was also significant in subgroups of
animals aged P3-P5, P6-P7, and P8-P9 (Fig. 6D), as well as in
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Figure7.  Characteristics of the glutamatergic response evoked by photostimulation in cor-
tical neurons of Gad2::CreER-R26ChR2-EGFP neonatal mice in vitro and in vivo. A, The time
course of the Glu-EPSCfrequency change in response to photoactivation of local interneurons by
the light flash (highlighted in blue) recorded during the first postnatal week from cortical slices
(P2—-P8,n = 18 cells, upper plot) and the intact cortex in vivo (P3—P8, n = 12 cells, lower plot).
Data were averaged for the neurons where photostimulation evoked a significant change in
Glu-EPSCfrequency (displayed in Figs. 5C, 6C; neurons shown by gray symbols in Figs. 50 and 60
are not included) and fitted with basis spline function. The shaded area around the curve indi-
cates SE bands. B, Statistical plot of Glu-EPSC frequency observed during baseline activity and
throughout the light-evoked response in different age groups in vitro and in vivo. Each pair of
connected circles corresponds to an individual neuron. The medians of boxplots are shown by
black lines; mean values are shown by black circles. Glu-EPSCfrequency datain Bincludeall cells
recorded in vitro (n = 25 cells at P2—P8; n = 7 cells at P9 —P15) and in vivo (n = 21 cells) and
displayed in Figures 50 and 6D, respectively. *p << 0.05; ***p << 0.001.

one cortical neuron of a P5 mouse recorded under ketamine—
xylazine anesthesia where baseline frequency of 3.0 s ~' dropped
to 1.7 s ~! in response to illumination. The amplitude of EPSCs
remained unchanged during the response to photostimulation
(10 = 1 pA during baseline activity and 10 = 1 pA during re-
sponse; n = 6 cells; P3-P9; p = 0.44; paired-sample Wilcoxon
signed-rank test; Fig. 6D). The decrease in EPSC frequency
started on average at 110 * 19 ms after the flash onset and lasted
for 678 = 37 ms (n = 16 cells; P3—P9; Fig. 6C). Light-activated
glutamatergic response onset in vivo, thereby, was 45 ms del-
ayed compared with GABA-mediated responses (p = 0.03; Man-
n—Whitney test). The time course of the photostimulation-
evoked change in EPSC frequency matched that observed in
cortical slices in vitro (Fig. 7A).
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Dependence of excitatory action of GABA in neonatal slices
on urethane and other experimental conditions

The difference in the network effects of GABA in the immature
neurons, excitatory in vitro and inhibitory in vivo, may result
from a difference in the experimental conditions provided in vitro
and in vivo. Therefore, we explored the effects of various experi-
mental conditions that could account for the difference in GABA
actions, including the effects of urethane, ACSF electrolyte con-
stitution, slicing medium, and temperature. With this aim, we
monitored the effects of locally puff-applied GABA (200 M, 10
ms, 10-20 psi, 10 s intervals) on firing of neocortical neurons
recorded in loose cell-attached mode in slices prepared from
P2-P6 wild-type mice. Under control conditions, in slices cut
using ACSF as a slicing medium, brief application of GABA
evoked a transient increase in the frequency of APs from 0.02 *
0.01s ™' baseline activity to 11.95 = 1.43s ' (n = 23 cells; P2-P5;
p = 1.2+ 10 77; paired-sample Wilcoxon signed-rank test; Fig.
8A). Bath application of urethane at 10 mm, matching the drug
concentration achieved in vivo at doses of 0.5-1.0 g/kg (Sceniak
and Maclver, 2006) used in the present study, reduced the base-
line activity to 0.01 = 0.01 s~' (n = 21 cells; P2-P5; p = 5.7 -
10 ~'* Mann-Whitney test), which is in keeping with a depres-
sant action of urethane on neuronal firing (Mercer et al., 1978;
Sceniak and Maclver, 2006). However, GABA application in the
presence of urethane still increased neuronal firing, reaching a
frequency of 23.66 * 4.97 s~ during responses (n = 21 cells;
P2-P5; p = 4.8+ 10 ~7; paired-sample Wilcoxon signed-rank test;
Fig. 8 A, D). Moreover, the excitatory effect of GABA estimated as
the number of APs during a GABA response, normalized to the
baseline activity, showed an increase in the presence of urethane
from 797 * 95t0 3379 £ 709 (n = 21 cells; P2-P5;p = 1.1+ 10 -8,
Mann-Whitney test; Fig. 8D). The excitatory action of GABA was
completely abolished following bath application of the NKCC1
antagonist bumetanide (10 um; n = 17 cells; Fig. 8A,D).

The excitatory effect of GABA also persisted (1) in slices pre-
pared using a choline-based solution, where GABA application
induced a 57 * 6-fold increase in firing of neocortical cells (n =
11; p = 4.9 10 ~* paired-sample Wilcoxon signed-rank test; Fig.
8B, E), (2) during slice perfusion with mACSF with an electrolyte
composition better matching the in vivo situation (1.5 mm CaCl,,
1 mm MgCl,, 3 mm KCl; Nicholson et al., 1976; Mody and Hei-
nemann, 1986; Amzica et al., 2002; Windmuller et al., 2005;
190 = 22-fold increase in GABA-evoked firing; n = 11 cells; p =
4.9 - 10 ~% paired-sample Wilcoxon signed-rank test; Fig. 8 B, E),
(3) upon heating ACSF in the recording chamber to 36°C (125 *
20-fold GABA-evoked increase in firing; n = 13 cells; p = 1.2 -
10 % paired-sample Wilcoxon signed-rank test; Fig. 8C,F).

Discussion

We report a novel technique for the investigation of excitato-
ry/inhibitory actions of GABA on principal neurons through
an assessment of the changes in the frequency of Glu-EPSCs
evoked by photostimulation of interneurons expressing ChR2.
Using this technique, we show that in cortical slices in vitro,
the changes in EPSC frequency evoked by photostimulation of
interneurons switch from an increase at P2—P8 to a decrease at
P9-P15, which is in keeping with the excitatory-to-inhibitory
switch in actions of GABA on the principal cells described
using other techniques. Using a similar approach in the
urethane-anesthetized animals in vivo, we also show that in
contrast to this developmental switch observed in vitro, pho-
tostimulation of interneurons uniformly reduces EPSC fre-
quency in P3-P9 animals in vivo.
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Figure 8.

Effects of various experimental conditions on the excitatory GABA actions in vitro. A-C, Example traces of responses evoked by local GABA puff application (arrow) under control

conditions, in the presence of bath-applied urethane (10 mm), and during coapplication of urethane and 10 . NKCC1 antagonist bumetanide (4), in the presence of the mACSF (B), and after heating
the ACSF in the recording chamber to 36°C (C). Averaged plots of AP frequency change in response to GABA puff application in P2—P6 wild-type mouse cortical slices fitted with basis spline function
are shown below the traces. The shaded area around each curve shows SE bands. D—F, Pooled data on AP frequency during responses to puff application normalized to the baseline frequency
obtained from P2—P6 wild-type mouse cortical slices under different experimental conditions. The control recordings were made in bath-applied ACSF from slices prepared using ACSF as slicing
medium (4, D), in bath-applied ACSF from slices prepared using the choline-based solution as slicing medium (B, E), and in bath-applied mACSF from slices prepared using the choline-based solution

as slicing medium (C, F). ***p < 0.001; n.s., p = 0.05.

To assess the excitatory/inhibitory actions of GABA on
principal neurons, we measured changes in the frequency of glu-
tamatergic currents in response to photostimulation of ChR2-
expressing GABAergic neurons. The rationale of this approach is
based on an assumption that if GABA excites principal neurons,
photorelease of GABA from interneurons will result in increased
firing of principal cells, leading to an increase of EPSC frequency
in their target neurons, whereas inhibitory GABA action will re-
sult in a decrease in EPSC frequency. Previously Owens and col-
leagues (1999) used a similar readout of GABA actions by
showing that application of the GABA(A) agonist evokes an in-
crease in spontaneous PSC frequency, indicating excitatory
GABA actions in P3—P4 rat neocortical slices. In agreement with
these results, we also found that activation of GABA(A) receptors
by GABA released from interneurons in response to photostimu-
lation evokes an increase in the frequency of spontaneous EPSCs
in P2-P8 animals in vitro. Our results are also in agreement with
the developmental excitatory-to-inhibitory switch in the actions
of GABA on cortical neurons in slices in vitro occurring at the end
of the first postnatal week as a result of the progressive negative
shift in the reversal potential of the GABAergic responses (Ben-
Ari et al., 1989). With our approach, we found that the switch in
GABA actions occurs in the mouse neocortex and hippocampus

at P8—P9, and this value is within the estimates obtained using
other noninvasive techniques (Tyzio et al., 2007, 2008).

The assessment of excitatory/inhibitory actions of GABA
through photostimulation of interneurons described in the pres-
ent study has several important advantages over existing tech-
niques and has a potential for improvement. First, it enables the
avoidance of pharmacological isolation of GABA(A) receptor-
mediated responses, which is conventionally used during electri-
cal stimulation, and thus the avoidance of potential direct or
indirect (through a modification of activity) effects of drugs on
the reversal potential of the GABAergic responses. Second, pho-
tostimulation does not produce any mechanical disturbance in
the tissue, which occurs in the case of puff application of
GABA(A) receptor agonists and provides physiological stimula-
tion of GABA(A) receptors by interneurons that may differ from
the responses evoked by the agonists. For example, it has been
shown that application of the GABA(A) receptor agonist musci-
mol results in a contraction of target muscles in the immature C.
elegans, whereas the response evoked by endogenous GABA(A)
receptor activation through photostimulation of ChR2-exp-
ressing interneurons produces the opposite effect, an inhibition
and paralysis of muscles (Han et al., 2015). Finally, this approach
has a potential in the exploration of GABA actions in deep brain
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structures having both the optical fiber and recording system in
one patch pipette.

While our results confirm the excitatory actions of GABA on
principal neurons in cortical slices during the early postnatal pe-
riod, we failed to find any evidence of excitatory actions of GABA
in the cortex of neonatal rat pups in vivo. Instead, we observed a
decrease in EPSC frequency in response to photostimulation
of GABAergic neurons in P3—P9 mice. While our assessment of
GABAergic actions is indirect, a parsimonious explanation of
the reduction in EPSC frequency during photostimulation
of GABAergic neurons is that GABA exerts an inhibitory action
on glutamatergic cells. Actually, very few previous studies have
addressed the question of whether GABA exerts excitatory ac-
tions in the developing mammalian cortex in vivo. Using cell-
attached recordings and calcium imaging, it has been shown that
neither application of the GABA(A) receptor agonist muscimol
nor synaptic stimulation of GABA(A) receptors evokes APs or
calcium transients in neocortical neurons from neonatal P3—P4
mice (Kirmse et al., 2015). Pharmacological characterization of
the early network-driven bursts also indicated inhibitory actions
of GABA at the network level (Minlebaev et al., 2007; Kirmse et
al., 2015). At the same time, depolarizing actions of GABA on
immature cortical neurons in vivo were revealed using cell-
attached recordings of GABA(A) channels (Tyzio et al., 2008) or
cell-attached current-clamp recordings and calcium imaging in
the presence of the L-type calcium-channel modulator BayK
8644, which negatively shifts their threshold (Kirmse et al., 2015).
Together, these data suggest that while GABA depolarizes neona-
tal cortical neurons in vivo, this depolarization does not attain the
AP threshold, and that GABA exerts essentially inhibitory net-
work actions through the shunting mechanism, similar to the
presynaptic shunting inhibition by depolarizing GABA at the
axon terminals (Willis, 2006).

The reasons for a difference in the network effects of GABA
during the early stages in vitro (excitation) and in vivo (inhi-
bition) remain at present unknown. Previously, it has been
suggested that ketone bodies that constitute an important en-
ergy source for the immature brain tissue are involved in mod-
ulation of the GABA actions that could potentially account for
the inhibitory network actions of GABA in vivo (Rheims et al.,
2009). This hypothesis has not been confirmed in more recent
studies, however (Kirmse et al., 2010; Ruusuvuori et al., 2010;
Tyzio etal., 2011). Alternatively, traumatic injury during slice
preparation induces a secondary excitatory GABA phenotype
in neurons located at the slice surface during the second post-
natal week (Dzhala et al., 2012). However, during the first
postnatal week, GABA exerts excitatory actions through the
entire slice depth, and therefore excitatory GABA actions dur-
ing the early postnatal period do not involve traumatic injury
(Valeeva et al., 2013), unless the effects of trauma extend
through the entire slice as a consequence of reduced mechan-
ical stability of the immature tissue. Bicarbonate-mediated
chloride and potassium shifts, which underlie excitatory
GABA actions during massive activation of GABA(A) recep-
tors in adult neurons, are also unlikely contributors to the
excitatory GABA actions on the immature neurons in vitro as
this mechanism does not operate before P12, at a time when
expression of carbonic anhydrase VII shows a steep increase
(Rivera et al., 2005). In the present study, we also ruled out
several other potential factors that could contribute to a dif-
ference in GABA actions in vivo and in vitro, including ure-
thane actions, electrolyte composition of the extracellular
solution, use of choline in the slicing medium, and tempera-
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ture. Another potential factor that may have a role in explain-
ing differences in GABA actions in vivo and in vitro is the
difference in resting membrane potential, as suggested by the
almost fivefold higher frequency of spontaneous EPSCs
observed in vivo. This difference might induce a different
functional response to the same degree of membrane depolar-
ization in pyramidal cells, and result in reduced AP firing and
glutamate release in vivo versus increased AP generation in
vitro.

In conclusion, we have combined electrophysiological and
optogenetic approaches to suggest a tool for the investigation
of the excitatory/inhibitory GABA actions that may be useful
in studies addressing GABA actions in the neuronal network
during development, under pathological conditions (epilepsy,
neuronal trauma, pain), and in other cases where an assess-
ment of GABA actions is required. However, we specify that
our results do not disprove the hypothesis of the excitatory
GABA during development. Our conclusion on the inhibitory
effects of GABA in vivo is limited to =P3 animals and it is
conceivable that GABA exerts excitatory actions at earlier de-
velopmental stages. Also, while we have shown that excitatory
actions of GABA in neonatal brain slices persist in the presence
of urethane, the effects of the anesthetics may be more com-
plex in vivo, involving indirect changes in hormonal status
and cortical states and therefore our conclusions are limited to
the condition of anesthesia, thus requiring further verification
in nonanesthetized animals. Finally, the test we are propo-
sing to assess GABA actions provides only a global estimate.
The actions of GABA may vary between cells, depen-
ding on their type and age, and also within different cell
compartments.
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