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Hippocampus-dependent learning processes are coordinated via a large diversity of GABAergic inhibitory mechanisms. The �5
subunit-containing GABAA receptor (�5-GABAAR) is abundantly expressed in the hippocampus populating primarily the extra-
synaptic domain of CA1 pyramidal cells, where it mediates tonic inhibitory conductance and may cause functional deficits in
synaptic plasticity and hippocampus-dependent memory. However, little is known about synaptic expression of the �5-GABAAR
and, accordingly, its location site-specific function. We examined the cell- and synapse-specific distribution of the �5-GABAAR in
the CA1 stratum oriens/alveus (O/A) using a combination of immunohistochemistry, whole-cell patch-clamp recordings and
optogenetic stimulation in hippocampal slices obtained from mice of either sex. In addition, the input-specific role of the �5-
GABAAR in spatial learning and anxiety-related behavior was studied using behavioral testing and chemogenetic manipulations.
We demonstrate that �5-GABAAR is preferentially targeted to the inhibitory synapses made by the vasoactive intestinal peptide
(VIP)- and calretinin-positive terminals onto dendrites of somatostatin-expressing interneurons. In contrast, synapses made by
the parvalbumin-positive inhibitory inputs to O/A interneurons showed no or little �5-GABAAR. Inhibiting the �5-GABAAR in
control mice in vivo improved spatial learning but also induced anxiety-like behavior. Inhibiting the �5-GABAAR in mice with
inactivated CA1 VIP input could still improve spatial learning and was not associated with anxiety. Together, these data indicate
that the �5-GABAAR-mediated phasic inhibition via VIP input to interneurons plays a predominant role in the regulation of
anxiety while the �5-GABAAR tonic inhibition via this subunit may control spatial learning.
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Introduction
How brain receives and processes information depends largely on
the state and distribution of GABAergic inhibitory mechanisms

that operate within central circuits. GABAergic inhibition is
mostly achieved via ionotropic GABAA receptors (GABAARs)
that can be expressed at synaptic sites and mediate fast synaptic
inhibition as well as at extrasynaptic sites and activate tonic inhi-
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Significance Statement

The �5-GABAAR subunit exhibits high expression in the hippocampus, and regulates the induction of synaptic plasticity and the
hippocampus-dependent mnemonic processes. In CA1 principal cells, this subunit occupies mostly extrasynaptic sites and me-
diates tonic inhibition. Here, we provide evidence that, in CA1 somatostatin-expressing interneurons, the �5-GABAAR subunit is
targeted to synapses formed by the VIP- and calretinin-expressing inputs, and plays a specific role in the regulation of anxiety-like
behavior.
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bition. GABAAR is a pentamer, which comprises two � (�1-6),
two � (�1-3), and one gamma (�1-3) subunits (Baumann et al.,
2001; Klausberger et al., 2001; Sieghart and Sperk, 2002). In the
hippocampus, the �5 GABAA receptor subunit (�5-GABAAR)
exhibits a particularly abundant expression (Sperk et al., 1997),
reaching �25% of hippocampal GABAARs (Wisden et al., 1992;
Sur et al., 1998; Pirker et al., 2000) by postnatal day 30 (Yu et al.,
2006). For decades, the �5-GABAAR remained one of the most
interesting pharmacological targets because blocking this subunit
improves the hippocampus-dependent memory, the effect
largely attributed to the elimination of tonic inhibition. In addi-
tion, the �5-GABAAR is strongly recruited by general anesthetics
causing persistent memory deficits (Caraiscos et al., 2004; Saab et
al., 2010; Zurek et al., 2012, 2014). However, the improved cog-
nitive performance by the �5-GABAAR-specific inhibitors came
at a price of increased anxiety after the drug administration indi-
cating that the �5-GABAAR is involved in anxiolytic effects (Na-
varro et al., 2002; Behlke et al., 2016; Mohler and Rudolph, 2017),
and therefore requiring further investigations into the expression
patterns and site-specific functions of this subunit.

Current data indicate that, in hippocampal pyramidal cells,
the �5-GABAAR subunit is mainly expressed at extrasynaptic
sites (Fritschy et al., 1998; Brünig et al., 2002; Christie et al., 2002;
Crestani et al., 2002), where it mediates tonic inhibition (Pirker et
al., 2000; Caraiscos et al., 2004; Glykys and Mody, 2006; Serwan-
ski et al., 2006). The membrane anchorage of the �5-GABAAR is
regulated through phosphorylation of radixin (Rdx), a cytoskel-
etal protein that is responsible for the �5-GABAAR membrane
site-specific location (Loebrich et al., 2006; Hausrat et al., 2015).
In addition, this subunit has been found at inhibitory synapses,
where it contributes to phasic inhibition (Ali and Thomson,
2008; Zarnowska et al., 2009; Salesse et al., 2011; Schultz et al.,
2018). Activation of the �5-GABAAR at inhibitory synapses onto
oriens–lacunosum moleculare cells (OLMs) generates kinetically
slow inhibitory postsynaptic currents (IPSCs). Consistently, re-
moval of the �5-GABAAR facilitates the firing and the recruit-
ment of these cells to network activity (Salesse et al., 2011). The
OLM cells receive local inhibitory inputs from the vasoactive
intestinal peptide (VIP) and calretinin (CR)-coexpressing type 3
interneuron-specific interneurons (IS3; Acsády et al., 1996;
Chamberland et al., 2010; Tyan et al., 2014) and parvalbumin
(PV)-positive cells (Lovett-Barron et al., 2012). Whether the �5-
GABAAR is expressed at all inhibitory synapses converging onto a
given interneuron or is targeted to a specific postsynaptic loca-
tion remains unknown. As synapse-specific subunit trafficking
could provide the means for pointed pharmacological interven-
tions, here we used three optogenetic mouse models, in which a
light-sensitive protein Channelrhodopsin 2 (ChR2) was ex-
pressed in different populations of hippocampal CA1 interneu-
rons to identify the type of synapse expressing the �5-GABAAR
subunit. We provide evidence that the �5-GABAAR is targeted to
synapses formed by the VIP- and CR-expressing inputs on differ-
ent types of somatostatin (SOM)-expressing interneurons. Fur-
thermore, the synapse-specific expression of the �5-GABAAR in
interneurons could control the anxiety-like behavior, whereas
tonic inhibition of principal cells through this subunit is likely
responsible for coordination of spatial learning.

Materials and Methods
Mice. Experiments were performed on heterozygous and homozygous
CR-IRES-Cre mice [B6(Cg)-Calb2 tm1(cre)Zjh/J; The Jackson Labora-
tory, stock #10774], VIP-IRES-Cre mice [Vip tm1(cre)Zjh/J; The Jack-
son Laboratory, stock #10908], and Vip-Cre;Ai9 mice obtained by

breeding the VIP-Cre mice with the reporter line Ai9-(RCL-
tdTomato) [B6.Cg-Gt(ROSA)26Sor tm9(CAG-tdTomato)Hze/J; The Jackson
Laboratory, stock #007909], PV-Cre mice [B6;129P2-Pvalb tm1(cre)Arbr/J;
The Jackson Laboratory, stock #8069], Gabra5 knock-out mice
(Gabra5 �/�; Merck/Sharp and Dohme), and wild-type C57BL/6
mice of both sexes maintained on a 12 h light/dark cycle with
ad libitum access to rodent diet. For behavioral testing, 4- to 6-
month-old animals were used. For some electrophysiological experi-
ments, VIP-IRES-Cre homozygous mice were bred with Ai32
[Ai32(RCL-ChR2(H134R)/EYFP)] homozygous mice [B6;129S-
Gt(ROSA)26Sortm32(CAG-COP4*H134R/EYFP)Hze/J; The Jackson Laboratory,
stock #12569]. The Université Laval Animal Protection Committee ap-
proved all animal experiments.

Stereotaxic surgery. The Cre-dependent pAAV-Ef1a-DIO-ChR2:
mCherry plasmid was provided by K. Deisseroth (Stanford University,
USA) and the Cre-dependent pAAV-hSyn-DIO-hM4Di:mCherry DNA
plasmid was provided by B. Roth (University of North Carolina, USA).
Viruses were produced at the University of North Carolina Vector Core
facility. Mice were anesthetized with ketamine/xylazine (10 mg � kg �1)
and secured in a stereotaxic frame (David Kopf Instruments). After inci-
sion, the skull was exposed and two drill holes/hemisphere were made at
the following coordinates from bregma: AP �2.0 mm, ML �1.6 mm, DV
�1.3 mm, and AP �2.5 mm, ML �2.1 mm, DV �1.3 mm. A glass
micropipette containing the viral solution and connected to the Nano-
injector (Word Precision Instruments) was used for injections (100 nl)
into each site at a rate of 1 nl � s �1. Control mice were injected with the
same volume of control virus (pAAV-hSyn-DIO-mCherry). After 5 min,
the pipette was retracted and the incision was closed with sterile suture.

Patch-clamp electrophysiology, optogenetics, and pharmacogenetics in
vitro. Following at least 3 weeks after viral injection, acute hippocampal
slices were prepared for in vitro electrophysiology recordings. Mice were
deeply anesthetized with isoflurane, and the brains were quickly removed
into ice-cold sucrose cutting solution (in mM: 219 sucrose, 2 KCl, 1.25
NaH2PO4, 26 NaHCO3, 7 MgSO4, 0.5 CaCl2, and 10 glucose) continu-
ously aerated with carbogen gas mixture (5% CO2, 95% O2). Transversal
300-�m-thick hippocampal slices were cut using a Microm vibratome
(Fisher Scientific) in ice-cold cutting solution and transferred to recovery
artificial CSF (ACSF; in mM: 124 NaCl, 2.5 KCl, 1.25 NaH2PO4, 26
NaHCO3, 3 MgSO4, 1 CaCl2, and 10 glucose; mOsm/L 295, pH 7.4 when
aerated with carbogen) for 30 min at 33–37°C. They were kept in the
same carbogen-aerated solution at room temperature for at least 1 h
before recordings. The recording chamber was perfused with carboge-
nated 32°C recording ACSF (in mM: 124 NaCl, 2.5 KCl, 1.25 NaH2PO4,
26 NaHCO3, 2 MgSO4, 2CaCl2, and 10 glucose; mOsm/L 295–300, pH
7.4) at a rate of 1.5–2 ml/min. Hippocampal CA1 oriens/alveus (O/A)
interneurons were identified using a Zeiss AxioScope microscope with
DIC-IR and 40�/0.8N.A objective, and hM4D(Gi)-expressing interneu-
rons were identified by mCherry expression. Patch pipettes had 4 –5 M�
resistance when filled with intracellular solution (in mM: 130 CsMeSO4, 2
CsCl, 10 diNa-phosphocreatine, 10 HEPES, 2 ATP-Tris, 0.2 GTP-Tris,
0.3% biocytin, 2 QX-314, pH 7.2–7.3, 280 –290 mOsm/L). Resting mem-
brane potential was measured immediately after forming whole-cell con-
figuration at a holding current of 0 pA. Cell input resistance was
calculated from hyperpolarizing current steps (5 mV/200 ms) applied
from the resting membrane potential, and recordings were rejected if the
access resistance exceeded 30 M�. IPSCs were evoked by optical activa-
tion of ChR2-expressing terminals with 5 ms pulses of blue light (up to 10
mW optic power; filter set, 450 – 490 nm) using a wide-field stimulation
through microscope objective. The same energy light pulses did not elicit
any activity in O/A interneurons from mice not expressing ChR2. Syn-
aptic latency was measured as the time between the onset of blue-light
pulse and the onset of synaptic current. Currents were elicited at 20 –30 s
intervals between successive trials, filtered at 2–3 kHz (MultiClamp 700B
amplifier), digitized at 10 kHz (Digidata 1440A, Molecular Devices) and
acquired by pCLAMP10 software (Molecular Devices).

To test the effect of clozapine-N-oxide (CNO) on hM4D(Gi) and
mCherry-expressing cells, CNO (10 �M) was applied via perfusion sys-
tem. Spiking was recorded in whole-cell current-clamp configuration
before, during and after CNO administration. The recording patch-

Magnin et al. • Synaptic Expression of the �5 GABAA Receptor Subunit J. Neurosci., January 30, 2019 • 39(5):788 – 801 • 789



pipette was filled with intracellular solution (in mM: 130 KMeSO4, 2
MgCl2, 10 diNa-phosphocreatine, 10 HEPES, 2 ATP-Tris, 0.2 GTP-Tris,
and 0.3% biocytin (Sigma-Aldrich), pH 7.2–7.3, 280 –290 mOsm/L), and
spikes were recorded at �45 mV holding potential.

Behavior. To evaluate hippocampus-dependent spatial learning, we
used a water T-maze test (WTM; Rönnbäck et al., 2011; Michaud et al.,
2012; Guariglia and Chadman, 2013; Peckford et al., 2013; Spink et al.,
2014), in which animals were placed at the stem of a water-filled T-maze
and allowed to swim until they could find a submerged platform located
in one of the arms. The T-maze (length of stem: 64 cm, length of arms: 30
cm, width: 12 cm, height of walls: 16 cm) was made of clear Plexiglas and
filled with water (23 � 1°C) at the height of 12 cm. A platform (11 � 11
cm) was submerged 1 cm below water level at the end of the target arm.
The VIP Cre, VIP Cre; Ai9 and VIP Cre; Ai32 mice were used for all behavior
experiments. Mice were handled daily for 3 d before the experiment and
trained to find a platform in water-filled T-maze during four trials for 1d.
Each mouse swam until it found the hidden platform, after which it was
allowed to rest on the platform for 15 s. If the mouse had not found the
platform after 60 s, it was gently guided to the platform and stayed there
for 30 s before being returned to the cage. On the day of the experiment,
each animal was tested in two blocks of eight trials with a 4 h inter-block
interval. On the following day, the same protocol was repeated except
that the mice were trained to find the new location of the escape platform
on the opposite side. The escape time was monitored with a chronome-
ter. Mice exhibiting aberrant behavior, such as corkscrew swimming or
floating were removed from further analysis (Weitzner et al., 2015). De-
pending on the experiment, the AAV-hM4Di-injected mice were receiv-
ing CNO (1 mg/kg, i.p.; Tocris Bioscience), L-655,708 (0.5 mg/kg, i.p.,
Tocris Bioscience) or both. In control experiments, naive mice received
saline (0.9% NaCl) injections (see Fig. 7A), or mice injected stereotaxi-
cally with a control vector (pAAV-hSyn-DIO-mCherry) received intra-
peritoneal saline injections (see Figs. 6 A, E, 7B–F ). All intraperitoneal
injections were performed 30 min before the beginning of the behavioral
test.

For the anxiety test, the elevated plus maze (EPM) was used. The maze
was made of beige Plexiglas and consisted of four arms (30 � 5 cm)
elevated 40 cm above floor level. Two of the arms contained 15-cm-high
walls (enclosed arms) and the other two none (open arms). Each mouse
was placed in the middle section facing a close arm and left to explore the
maze for 10 min. After each trial, the floor of the maze was wiped clean
with EtOH 70% and dried. The open versus closed arm entries and
duration of stay within each zone were recorded using the Any-Maze
software. The test was run on the same day on naive (no surgery), control
(stereotaxic control vector injection), and AAV-hM4Di-injected VIP Cre

,

VIP Cre; Ai9 and VIP Cre; Ai32 mice that received saline (0.9% NaCl),
CNO, L-655,708 or CNO�L-655,708. In some experiments, two sepa-
rate groups of mice received caffeine (50 mg/kg, i.p.; Tocris Bioscience)
alone or in combination with L-655,708 and CNO.

For the open-field maze (OFM) test (Walsh and Cummins, 1976;
Seibenhener and Wooten, 2015), animals were allowed to freely explore
the open-field arena (45 � 30 cm). The animal track and total distance
were recorded using the ANY-maze video tracking system (Stoelting)
and analyzed online for distance made on periphery versus total distance.

Immunohistochemistry. Mice were anesthetized with ketamine-
xylazine and perfused transcardially with ice-cold sucrose followed by
4% paraformaldehyde and 20% picric acid in PBS. Brains were extracted,
postfixed overnight, embedded in 4% agar, and sectioned (50 �m). Brain
sections were treated with 0.3% hydrogen peroxide (H2O2) and incu-
bated in the solution containing 0.2% Triton X-100 (PBS-Tri), 10%
normal donkey serum (Jackson ImmunoResearch) and 4% bovine se-
rum albumin in PBS for 2 h at room temperature. Sections were incu-
bated overnight at 4°C in the solution containing 1% normal donkey
serum, 4% bovine serum albumin and primary antibodies [1:300 rabbit
Rdx, Abcam, ab52495; 1:200 rat SOM, Millipore, 2885355; 1:1000 mouse
PV, Sigma-Aldrich, P3088; 1:3000 guinea pig �5-GABAAR, generous gift
from Dr. Jean-Marc Fritschy (University of Zurich, Switzerland); 1:200
rabbit �5-GABAAR, Abcam, ab10098; 1:1000 goat CR, Santa Cruz Bio-
technology, sc-11644; 1:500 goat metabotropic glutamate receptor 1�
(mGluR1�), Frontier Institute, Af1220; 1:500 mouse vesicular GABA

transporter (VGAT), Synaptic Systems, 131011; 1:800 rabbit cholecysto-
kinin (CCK), Sigma-Aldrich, C2581; 1:500 rabbit mCherry, BioVision,
5993-100]. The following day, sections were rinsed in PBS and incubated
in different combinations of secondary antibodies (1:200 AlexaFluor
647 donkey anti-rabbit, ThermoFisher Scientific; 1:200 AlexaFluor 647
donkey anti-mouse, Life Technologies; 1:250 AlexaFluor 488 donkey
anti-rat, Jackson ImmunoResearch; 1:200 FITC-conjugated, donkey
anti-mouse, Jackson ImmunoResearch; 1:1000 AlexaFluor 488 don-
key anti-goat, Jackson ImmunoResearch; 1:1000 Cy3 donkey anti-goat,
Jackson ImmunoResearch; 1:1000 AlexaFluor 546 donkey anti-rabbit,
ThermoFisher Scientific; 1:250 Dylight 650 donkey anti-goat, Thermo-
Fisher Scientific) in blocking solution for 2 h at room temperature. Fi-
nally, sections were washed in PBS and mounted with Dako Fluorescence
Mounting Medium for image acquisition. Quantification of immunola-
beling was performed bilaterally on 6 sections per animal from three
animals per condition. Images were collected using a 63� objective (NA
1.4) and a laser-scanning Leica SP5 confocal microscope. For colocaliza-
tion analysis in single cells (Fig. 1A), z-series images were taken with a 1
�m step and counts were performed from maximal projection images
generated in Leica LAS software. For colocalization analysis within den-
drites and synaptic structures, z-series images were acquired with a 0.2
�m step, and synaptic boutons defined as small (0.8 –1.5 �m) round
structure coexpressing VGAT were counted manually using Leica LAS
software. For dendritic expression analysis (Fig. 1B), the �5 puncta were
only counted on the main dendrite, which was defined by the red
mGluR1a staining. The dendrite-containing area was examined in indi-
vidual focal plans (acquired with a step of 0.2 �m), and the �5 puncta
overlapping with red mGluR1a signal were selected and then analyzed for
colocalization with VGAT. The puncta outside the dendrite were not
analyzed.

Colocalization patterns of VGAT with �5-GABAAR and VGAT with
Rdx were compared between O/A and stratum radiatum (RAD) using
ImageJ software (National Institutes of Health). Images were first pro-
cessed with LAS AF software using median filtering (median � 3; itera-
tions � 2) to reduce the noise level. The quantitative analysis was then
done using the ImageJ plugin “Colocalization threshold” on 8-bit.tiff
files of the processed images. The entire O/A and RAD of the images were
analyzed. This returned different coefficients: the thresholded Mander’s
for each channel (tM1 and tM2) and the Pearson’s correlation ( R). tM1
being the fraction of VGAT colocalizing with �5-GABAAR or Rdx and
tM2 being the fraction of �5-GABAAR or Rdx colocalizing with VGAT.
Although R quantifies both co-occurrence and correlation between the
two signals, Mander’s coefficients measure only co-occurrence (Dunn et
al., 2011).

Slices containing the cells filled with biocytin were fixed in 4% PFA
overnight, rinsed in phosphate buffer (PB) and kept at 4°C in PB-sodium
azide (0.05%). Biocytin was revealed using Streptavidin-AlexaFluor-488
(1:200, Invitrogen) in whole 300 �m slices penetrated with 0.3% Triton
in tris-buffered saline. Confocal z-series images of labeled cells were ac-
quired using a 20� objective with a 1 �m step, loaded in Neurolucida
software and reconstructed digitally (see Fig. 3).

Experimental design and statistical analysis. Mice of either sex were
randomly assigned to experimental groups, which were matched in terms
of numbers of males and females in each group. The experimenters were
blinded to the experimental groups during both data acquisition and
analysis. In behavior experiments, 5 of 57 animals were excluded from
data analysis because post hoc histological examination revealed no viral
transduction as indicated by mCherry fluorescence. In addition, two
mice were excluded from the behavior analysis because they showed
severe alopecia in the past and abnormal behavior (Bechard et al., 2011).
In optogenetic patch-clamp experiments, slices from four mice were
excluded, because they showed no viral transduction. The following cri-
teria were used for including the data from patch-clamp experiments:
stable holding current, no significant change in Rser (	15%), and no
run-down of the ChR2-evoked response during 10 min control record-
ing period, before the drug application. Data were analyzed using Excel,
IGOR Pro, Clampfit 10.2, Any-Maze, and ImageJ software. Figures were
prepared using IGOR Pro and Adobe Illustrator CS5. For statistical anal-
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ysis, distributions of the data were tested for normality using Shapiro–
Wilcoxon test in Statistica and SigmaStat 4.0. Standard paired or
unpaired t test, Mann–Whitney or one-way ANOVA (followed by Tukey,
Mann–Whitney, Kruskal–Wallis, or Holm–Sidak tests, depending on the
data distribution) were used. P values 	 0.05 were considered significant.
Error bars correspond to SEM.

Results
Rdx and �5-GABAAR synaptic expression
in SOM-interneurons
To investigate the cell-type-specific expression of the �5-
GABAAR subunit within the hippocampal CA1 O/A, we first

Figure 1. Cell- and site-specific expression of Rdx and �5-GABAAR. A, Representative CA1 O/A images showing SOM, PV, and Rdx immunoreactivity in the mouse CA1 hippocampal area. Scale
bars, 20 �m. B, Representative images showing �5-GABAAR and VGAT immunoreactivity in mGluR1a� interneuron dendrite. White arrows point to the �5-GABAAR/VGAT puncta colocalizing
within the mGluR1a� dendrite and soma area. Scale bar, 10 �m. C, Summary bar graphs demonstrating the average number of SOM� and PV� cells examined within CA1 area per slice and the
number of cells coexpressing Rdx. Individual data points correspond to the number of cells examined per slice. D, Quantification of the �5-GABAAR puncta density in the mGluR1a� interneuron
dendrite versus distance from soma (Pearson correlation: r � �0.8935 � 0.01; n � 10 cells/3 mice). PYR, Pyramidal layer.
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compared the expression of its anchoring protein Rdx (Loebrich
et al., 2006; Hausrat et al., 2015) in interneurons that were im-
munopositive for PV or SOM. A substantial fraction of Rdx la-
beling was detected within SOM-immunoreactive (SOM�)
interneurons (225/254 SOM� cells, n � 24 slices/3 mice; Fig.
1A,C). Moreover, analysis of the subcellular localization of the
�5-GABAAR in SOM� interneurons coexpressing the metabo-
tropic receptor 1a (mGluR1a), and thus corresponding to the
OLM cells, revealed a higher density of the �5-GABAAR puncta
in proximal versus distal dendrites (Pearson correlation: r �
�0.8935 � 0.01; n � 10 cells/3 mice; Fig. 1B,D). The latter was
consistent with a spatial gradient in the synaptic VGAT distribu-
tion (r � �0.86 � 0.02, n � 8 cells/3 mice; Pearson correlation),
indicative of a distance-dependent decline in the number of in-
hibitory synapses in OLM cells. These data corroborate previous
report on the presence of the �5-GABAAR in SOM/mGluR1a-
coexpressing OLM cells (Salesse et al., 2011), and highlight the
preferential dendritic distribution of this subunit. Only a small
fraction of interneurons immunoreactive for PV (PV�) ex-
pressed Rdx (27/480 PV� cells, n � 24 slices/3 mice; Fig. 1A,C).

Additional analysis of Rdx and �5-GABAAR synaptic localiza-
tion in relation to the VGAT within the CA1 O/A and RAD re-
vealed overall similar patterns of expression (Fig. 2). Indeed, both
Rdx and �5-GABAAR showed a significant colocalization with
VGAT within O/A and RAD (�5-GABAAR: tM1 � 0.51 � 0.03;
tM2 � 0.47 � 0.04; r � 0.24 � 0.03; Rdx: tM1 � 0.45 � 0.02;
tM2 � 0.31 � 0.02; r � 0.17 � 0.03; Fig. 2B,D), and in SOM/

mGluR1a interneuron dendrites in particular (�5-GABAAR�
VGAT: r � 0.84 � 0.02; Pearson correlation; Fig. 1B). Similar
co-occurrence of Rdx, �5-GABAAR and VGAT was observed at
any level of the RAD (Fig. 2D), although the level of synaptically
expressed Rdx was significantly lower in this area compared with
O/A. These observations agree with previous studies showing
that CA1 pyramidal neurons exhibit synaptic and extrasynaptic
expression of the �5-GABAAR (Fritschy et al., 1998; Brünig et al.,
2002; Christie et al., 2002; Crestani et al., 2002; Vargas-Caballero
et al., 2010; Brady and Jacob, 2015; Schulz et al., 2018). The
immunoreactivity for Rdx and �5-GABAAR was similar across
the CA1 area, although the expression for the two proteins ap-
peared slightly higher within the CA1 O/A (Fig. 2A,C). No label-
ing for the �5-GABAAR was detected in control slices obtained
from Gabra5�/� mice (Fig. 2B, bottom) or with omitted primary
antibody for Rdx (Fig. 2D, bottom).

�5-GABAAR subunit is targeted to CR�/VIP�
interneuron inputs
Because CR/VIP-coexpressing IS3 cells and PV� interneurons
provide inhibitory synaptic inputs to SOM� interneurons (Ac-
sády et al., 1996; Chamberland et al., 2010; Lovett-Barron et al.,
2012; Tyan et al., 2014), we next examined whether the �5-
GABAAR subunit is targeted to specific synaptic connections. For
these experiments, CR Cre or PV Cre mice were injected into the
CA1 hippocampus with AAV2-DIO-ChR2:mCherry virus (Figs.
3A, left; 4). In addition, VIP Cre:ChR2-YFP mice were generated

Figure 2. Synaptic expression of Rdx and �5-GABAAR subunit in CA1 O/A and RAD. A, C, Representative confocal images of the CA1 O/A and RAD immunoreactivity with antibodies specific for
�5-GABAAR subunit (A), Rdx (C), VGAT, and their superimposition. B, D, Top, Quantitative colocalization analysis for synaptic �5-GABAAR (B) and Rdx (D); full squares represent mean values � SE
for each coefficient and each layer, whereas open circles represent individual values from individual slices (*p 	 0.05; n.s. p 
 0.05). B, D, Bottom, Control images obtained in slices from the
Gabra 5�/� mice (control for the �5-GABAAR subunit; B) and by omitting the primary antibodies for Rdx (D). Scale bars: A, C: 10 �m; B, D: 20 �m.
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by crossing the VIP Cre and Ai32 (DIO-ChR2-YFP) mice to allow
the Cre-dependent expression of ChR2 specifically in VIP in-
terneurons (Fig. 3A, right). A double immunolabeling for
mCherry and CR or YFP and VIP in CR Cre:ChR2-mCherry and
VIP Cre:ChR2-YFP mice, respectively, allowed us to conclude that

the ChR2 was targeted to the cells that express CR or VIP endog-
enously (Fig. 3A; Tyan et al., 2014; David and Topolnik, 2017),
including CR�/VIP� coexpressing interneurons. The mCherry-
or YFP-labeled axons of targeted interneurons were predomi-
nantly concentrated within the O/A border consistent with an

Figure 3. CR� and VIP� interneurons make the �5-GABAAR-containing synapses on SOM� interneurons. A, Representative confocal images from the hippocampal CA1 showing ChR2-
mCherry expression (red) in CR-expressing interneurons (green) after injecting AAV2-DIO-ChR2:mCherry into the CA1 of a CR Cre mouse (left) ChR2-YFP expression in the CA1 of a VIP Cre:ChR2-YFP
mouse (right). Scale bar, 100 �m. B, Action potentials evoked in CR (top) and VIP (bottom) interneurons in response to light stimulation indicated by blue bars. C, Representative individual (top) and
average traces (bottom) of synaptic currents evoked in SOM� interneurons by light stimulation of CR (left) or VIP (right) inputs as indicated by blue bars in control (black), in the presence of the
�5-GABAAR subunit inverse agonists MRK-016 (100 nM; left) or L-655,708 (50 nM; right, red) and after the drug washout (green). D, Summary data showing the effects of the �5-GABAAR subunit
inverse agonists (green and violet) on light-evoked synaptic currents for a group of cells. Red lines correspond to data obtained for OLM cells. *p 	 0.05, **p 	 0.01. E, Anatomical and
neurochemical identification of SOM� interneurons from which recordings were obtained. Representative examples of the Neurolucida reconstructions of recorded cells are shown on top and
confocal images for biocytin and SOM immunolabeling are shown in the bottom to illustrate the three types of SOM� interneurons: OLM cells (left), bistratified cells (middle), and projecting cells
with an axon leaving the CA1 area and being truncated at the level of the CA3 (right). Scale bars, 10 �m.
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axonal pattern of IS3 cells (Acsády et al.,
1996; Chamberland et al., 2010; Tyan et
al., 2014).

For electrophysiological recordings,
hippocampal slices were obtained from
CR Cre or PV Cre mice injected with Cre-
dependent AAV2-DIO-ChR2:mCherry
or from VIP Cre:ChR2-YFP mice. This
preparation allowed excitation of inhibi-
tory projections from CR�, PV�, or
VIP� interneurons, respectively, while
recording responses from O/A interneu-
rons (Figs. 3C, 4A). Only SOM� OLM
(Fig. 3E, left), bistratified (Fig. 3E, mid-
dle), and long-range projecting (Fig. 3E,
right) cells were included in this analysis.
SOM� O/A interneurons in slices from
three mouse models had similar resting
membrane potential of �61.3 � 1.7 mV
and input resistance of 282.0 � 38.8 M�
(n � 25). Photoactivation of the ChR2-
expressing fibers (light pulse, 3–5 ms)
from CR Cre or VIP Cre cells within O/A in-
duced 1–2 action potentials in these cells
(Fig. 3B), demonstrating that both inputs
can be efficiently activated with light to
provide inhibition to O/A SOM� in-
terneurons. Indeed, 5 ms pulses of blue
light elicited inhibitory currents in
SOM� cells from both inputs with milli-
second latency (range 4 – 6 ms; Fig. 3C),
indicative of monosynaptic connections.
Synaptic currents (amplitude 116.0 �
25.7 and 286.4 � 30.9 pA for CR and VIP
inputs, respectively, Vm holding � �10
mV) from both inputs were partially inhibited by the �5-
GABAAR inverse agonists L-655,708 [CR-input: to 65.5 � 7.3%
of control mice (Ctl), n � 8, p 	 0.05, paired t test; VIP-input: to
58.7 � 9.2% of Ctl, n � 6, p 	 0.01, paired t test] or MRK-016
(CR-input: to 70.9 � 6.8% of Ctl, n � 7, p 	 0.05, paired t test;
VIP-input: to 80.7 � 2.6% of Ctl, n � 5, p 	 0.05, paired t test;
Fig. 3C,D); thus, revealing the presence of the �5-GABAAR subunit
at these synapses. Of 25 patch-clamped SOM� interneurons from 6
CRCre mice and 7 VIPCre:ChR2-YFP mice, 22 showed sensitivity to
the �5-GABAAR subunit inverse agonists, indicating that most of
SOM� O/A interneurons receive CR� and VIP� inhibitory inputs
through �5-GABAAR-containing synapses. A significant fraction of
these cells were identified as OLM interneurons (Fig. 3D, red lines),
but IPSCs recorded in bistratified and long-range projecting SOM�
neurons were also sensitive to the �5-GABAAR inverse agonists. In
contrast, of five patch-clamped interneurons from three PVCre mice,
with photoactivation of PV� inputs, only one SOM� cell showed
sensitivity to MRK-016, indicating that �5-GABAAR subunit may be
expressed at a subset of PV to SOM� interneuron synapses (Fig.
4A). Indeed, the �5-GABAAR puncta were co-aligned with a few
PV� synaptic boutons (colocalization ratio � 23.0 � 3.6%; n � 17
slices/3 mice; Fig. 4B). Altogether, these data demonstrate that
SOM� interneurons in hippocampal CA1 O/A express the �5-
GABAAR subunit at synapses made preferentially by the CR� and
VIP� inhibitory inputs, including those originating from the IS3
cells.

Chemogenetic inactivation of VIP� interneurons
To investigate the functional role of the �5-GABAAR subunit at
VIP� inputs, we applied a chemogenetic approach allowing se-
lective silencing of VIP Cre interneurons by CA1 injection of AAV
encoding a Cre-dependent Gi-coupled designer receptor exclu-
sively activated by designer drugs (DREADD) fused to the fluo-
rescent protein mCherry (AAV8-DIO-hM4Di:mCherry; Fig. 5).
The AAV8 serotype vector was used to provide a high-efficiency
transduction for widespread hippocampal delivery (Broekman et
al., 2006), which was necessary to target both dorsal and ventral
parts of the hippocampus (Fig. 5A). The otherwise inert ligand,
CNO, has been shown to activate the hM4Di receptor in vivo and
to inhibit different neuronal types (Armbruster et al., 2007; Ur-
ban and Roth, 2015). To determine whether CNO is able to
silence VIP� interneurons expressing the hM4Di receptor, elec-
trophysiological analysis was performed on hippocampal brain
slices prepared from VIP Cre mice that had been injected at least 3
weeks before with AAV8-DIO-hM4Di:mCherry (hM4Di) or
with a control virus pAAV-hSyn-DIO-mCherry (bilateral injec-
tion, 2 sites/hemisphere, 100 nl/injection site). The spiking of
VIP� cells was recorded in current-clamp at a holding potential
of �45 mV (Fig. 5C). In the presence of CNO, IS3 interneurons
recorded in hM4Di mice reliably decreased their frequency of
firing compared with the pre-drug condition (5 out of 5 cells
tested; Fig. 5B,C, bottom). In contrast, CNO had no effect on
cells that were targeted with a control vector (Fig. 5B,C, top). To
determine the types of VIP� interneurons (including the CR-
coexpressing IS3 and CCK-coexpressing basket cells) that are

Figure 4. The �5-GABAAR subunit is not targeted to PV� inputs. A, Representative traces of synaptic currents evoked
by light stimulation with the average trace indicated in red in control (left) and in the presence of the �5-GABAAR subunit
inverse agonist MRK-016 (right) at PV–SOM interneuron synapses (top) and summary plot (n � 5 cells) of the normalized
amplitude of the light-evoked synaptic currents over time (normalized by the first 5 min of recordings) obtained from
ChR2-injected PV Cre mice before and after MRK-016 application (bottom). B, Representative confocal images of the
hippocampal CA1 O/A layer showing �5-GABAAR subunit expression at the synapses of the PV-interneurons: green (top),
VGAT; red (second image), PV-interneurons axonal boutons; blue (third image), �5-GABAAR subunit; bottom image
presents overlay. Scale bar, 3 �m.
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likely to be targeted with this chemogenetic approach, we per-
formed immunocytochemical analysis of hM4Di-mCherry-
expressing VIP� interneurons (Fig. 5D,E). Our data showed
that VIP/CR-coexpressing IS3 cells were making �50% of the

total VIP� population targeted with DREADDs, whereas the
population of the CCK-coexpressing basket cells reached no

5% across the CA1area, and were concentrated within the CA1
O/A (Fig. 5D,E). Other VIP� cells targeted for chemogenetic

Figure 5. Chemogenetic inactivation of VIP� interneurons via a Gi-coupled receptor. A, Representative confocal images depicting viral targeting sites in coronal sections including the dorsal and
the ventral CA1 areas of the mouse hippocampus. Scale bar, 100 �m. B, C, Summary data for a group of cells (B) and representative examples of spiking activity (C) recorded from interneurons in
slices obtained from mice injected with a control virus (black) or pAAV-hSyn-DIO-hM4Di:mCherry (red) before and after addition of CNO (10 �M). Application of CNO inhibited firing activity in IS3 cells
expressing hM4Di:mCherry (n � 6 cells from two mice; **p 	 0.01; paired t test). D, Representative confocal images showing expression of mCherry in CR�/VIP� interneurons (left) and
CCK�/VIP� interneurons (right) in the hippocampal CA1 area. Scale bars, 50 �m. E, Summary bar graphs showing the relative fraction of CR and CCK coexpressing VIP� cells targeted with
hM4Di:mCherry in different CA1 layers.
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silencing were CR- and CCK-negative and, thus, could corre-
spond to the type 2 IS cells with soma located within stratum
lacunosum moleculare (Acsády et al., 1996) or to the subiculum-
projecting VIP� neurons with cell bodies found in different CA1
layers (Francavilla et al., 2018). Together, these data indicate that
the CNO administration to VIP Cre mice injected into the CA1
with AAV8-DIO-hM4Di:mCherry can be successfully used for
silencing VIP� interneurons, including the IS3 cells.

Inhibiting the �5-GABAAR improves spatial learning
independent of VIP� input
To examine the role of the �5-GABAAR expressed at VIP� input
in the hippocampus-dependent memory, we next compared the
effect of L-655,708 on spatial learning in control mice versus
those with CA1 VIP� interneurons silenced (CA1-VIP-Off).
One month after the VIP Cre mice underwent bilateral two-site
AAV8-DIO-hM4Di:mCherry (experimental group) or control
vector (control group) CA1 injections, behavioral experiments to
test the spatial memory were executed. Four different groups of
mice of either sex were used: Ctl injected with a control viral
vector and receiving vehicle intraperitoneal injection (0.9%
NaCl; n � 14), and three experimental groups comprising mice
injected with hM4Di:mCherry virus and receiving CNO (n � 9),
L-655,708 (n � 13), or CNO in combination with L-655,708 (n �
9). We used a WTM, which allows for simultaneous testing of
both allocentric and egocentric spatial learning (Rönnbäck et al.,
2011; Michaud et al., 2012; Guariglia and Chadman, 2013; Peck-
ford et al., 2013; Spink et al., 2014). During baseline measure-
ments, no spatial preference using WTM were observed in the
two groups of mice (data not shown). Animals were then trained
to find a hidden platform in one of the WTM arms during eight
consecutive trials and the escape time was recorded during each
trial as well as 4 h later in a second set of trials. The control mice
showed a good learning curve when administered with saline,
they could locate the hidden platform with a minimal escape time
starting from the third trial and retained the platform location

after a 4 h delay period (Fig. 6A, black, E). To silence VIP�
interneurons, the first experimental group of mice received CNO
injections (1 mg/kg body weight, i.p.) 30 min before the begin-
ning of each set of trials. Treatment with CNO impaired spatial
learning in hM4Di-expressing animals with respect to both ac-
quisition learning and the 4 h retention efficacy (hM4Di mice:
n � 9; p 	 0.01 compared with Ctl mice; one-way ANOVA fol-
lowed by Kruskal–Wallis test; Fig. 6A). The CA1-VIP-Off mice
spent more time searching for the hidden platform over the
course of the experiment and were making a larger amount of
mistakes by entering in the opposite arm of the T-maze (Fig. 6A).
Administration of L-655,708 alone improved the acquisition
learning curve in hM4Di mice (n � 13; p 	 0.01 compared with
Ctl mice; one-way ANOVA followed by Holm–Sidak test; Fig.
6B,D,F). Moreover, administering L-655,708 on top of CNO
in hM4Di mice was able to reverse the spatial impairments
induced by CNO alone (n � 9; p 	 0.01; one-way ANOVA
followed by Holm–Sidak test; Fig. 6C,G,H, red), indicating
that the memory-enhancing L-655,708 effect occurs indepen-
dently of the VIP� interneuron input.

The anxiogenic effect of L-655,708 is prevented by VIP�
input inactivation
The �5-GABAAR inhibition is associated with a significant anx-
iogenic effect (Navarro et al., 2002; Behlke et al., 2016; Mohler
and Rudolph, 2017). To determine whether the �5-GABAAR ex-
pressed at VIP� synapses is involved in the regulation of anxiety,
we examined the effect of L-655,708 administration in control
(n � 8) versus CA1-VIP-Off mice, which received L-655,708
alone (n � 8) or in combination with CNO injection (n � 9)
during EPM behavior task (Fig. 7). First, administering the CNO
alone in control naive mice, that did not undergo stereotaxic
surgery, did not induce anxiety, because their behavior was sim-
ilar to their littermates receiving saline injection (n � 8 mice/
group; p 
 0.05, one-way ANOVA followed by Mann–Whitney
test; Fig. 7A). Similarly, administering the CNO in hM4Di mice,

Figure 6. Spatial memory impaired through inactivation of VIP interneurons is rescued by L-655,708 administration. A–C, Summary plots showing the normalized escape time as a function of
the trial number in the WTM test in Ctl- or hDM4Gi-injected mice under different experimental conditions: (A, E) vehicle (black; control-virus injected mice, n � 14, **p 	 0.01, ***p 	 0.001) or
CNO (blue; hDM4Gi mice, n�9); (B, F ) L-655,708 (green; hDM4Gi-injected mice, n�13, ***p	0.001); (C, G) L-655,708 administered on top of CNO (red; hDM4Gi mice, n�9, *p	0.05, ***p	
0.001). Note that chemogenetic inactivation of VIP� interneurons was associated with a poor performance during acquisition learning and the 4 h retention phase (A, H; **p 	 0.01 compared with
Ctl mice; one-way ANOVA/ Kruskal–Wallis test). Administering the L-655,708 alone shortened escape time during the acquisition phase in hDM4Gi-injected mice (B, D, F; **p 	0.01 compared with
Ctl mice; one-way ANOVA/Holm–Sidak test), and rescued the impaired retention when combined with CNO (H; ***p 	 0.001; one-way ANOVA/Holm–Sidak test).
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which resulted in chemogenetic silencing of CA1 VIP� interneu-
rons (Fig. 5B), did not induce anxiety when compared with con-
trol mice injected with a control vector (p 
 0.05, one-way
ANOVA followed by Mann–Whitney test; Fig. 7B,C), indicating
that this approach can be used for comparison of the anxiogenic
effect of L-655,708 in Ctl versus CA1-VIP-Off mice. Second, con-
sistent with previous reports, mice receiving L-655,708 alone
were spending less time (p 	 0.05, one-way ANOVA followed by
Tukey test; Fig. 7B) and were less active in open arms (p 	 0.05,
one-way ANOVA followed by Tukey test; Fig. 7C), indicative of
increased anxiety. Importantly, when administered on top of
CNO, L-655,708 failed to increase anxiety (p 
 0.05, one-way

ANOVA followed by Tukey test; Fig. 7B,C). To further validate
this observation, we administered L-655,708 in combination
with CNO and caffeine, a well known anxiogenic agent (El Ya-
coubi et al., 2000; Patki et al., 2015). In this case, mice that re-
ceived caffeine alone (n � 7) spent significantly less time (p 	
0.01, one-way ANOVA followed by Mann–Whitney test; Fig. 7B)
and were less active (p 	 0.001, one-way ANOVA followed by
Mann–Whitney; Fig. 7C) in open arms of EPM, consistent with
an anxiogenic effect of caffeine. Moreover, mice receiving
L-655,708 in combination with CNO and caffeine (n � 7) exhib-
ited also a strong anxiety (time in open arms: p 	 0.01, one-
way ANOVA followed by Mann–Whitney; Fig. 7B; distance in

Figure 7. The �5-GABAAR-containing VIP� synapses are involved in the modulation of anxiety. A–C, Summary bar graphs showing the time spent in open arms (A, B) and distance in open arms
(A, C) upon administration of saline and CNO in naive mice (A; n � 8 mice/group) as well as control virus-injected mice receiving saline (n � 8) or hDM4Gi-injected mice receiving L,655–708 (n �
8), CNO (n � 9), caffeine (n � 7), CNO�L-655,708 (n � 9), and CNO�L-655,708�caffeine (n � 7). A, The administration of saline and CNO on naive mice showed no difference in anxiety ( p 

0.05, one-way ANOVA/Mann–Whitney test). B, C, Inhibition of �5-GABAAR subunit alone increased the anxiety with less time spent by mice in the open arms and decreased activity in the open arms
(B, C; p 	 0.05, one-way ANOVA followed by Tukey test). D, Representative locomotion tracks for saline- (black), L-655,708- (red), caffeine- (green), and CNO�L-655,708- (blue) receiving mice,
showing decreased locomotor and increased thigmotactic behavior in caffeine-treated mice. E, F, Summary bar graphs showing the total distance (E) and distance in periphery (F; border) for mice
receiving saline, L,655–708, caffeine, CNO, combination of CNO and L-655,708, and combination of CNO, L-655,708 and caffeine (*p 	 0.05, **p 	 0.01, ***p 	 0.001; unpaired t test).
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open arms: p 	 0.05, one-way ANOVA followed by Tukey test;
Fig. 7C). These data indicate that while the anxiogenic effect of
L-655,708 is blocked in CA1-VIP-Off mice, these mice are
still capable of demonstrating this behavior via alternative
mechanisms.

Because decreased activity in open arms can also point to
decreased locomotion, we next explored the animals’ behavior in
the OFM. Administering the L-655,708 had no effect on the total
distance (unpaired t test; Fig. 7E), the track pattern (Fig. 7D, red
track), or the distance made on periphery (unpaired t test; Fig.
7F), indicating that L-655,708 has no effect on these parameters.
These findings were in contrast to those obtained for caffeine,
which produced a significant decrease in locomotion (p 	 0.01;
unpaired t test; Fig. 7E) and pronounced thigmotaxis (Fig. 7D,
green track). Administering the CNO alone or in combination
with L-655,708 resulted in the increased exploratory activity (Fig.
7D, blue track; p 	 0.05; unpaired t test; Fig. 7E,F), which needs
to be detailed in future studies. Thus, consistent with the previous
report (Fischell et al., 2015), our data indicate that L-655,708
alone does not affect hedonic or open-field behavior. Rather, the
anxiogenic effect of L-655,708 is context-specific and can involve
�5-GABAAR expressed at VIP� synapses.

Discussion
We demonstrate that the �5-GABAAR subunit exhibits a cell-
and input-specific location in hippocampal CA1 interneurons. It
is expressed at synapses made by the VIP� and CR� inputs onto
dendrites of SOM� O/A interneurons. We also show that the
synapse-specific expression of the �5-GABAAR is involved in the
regulation of anxiety, because administering the �5-GABAAR in-
verse agonist L-655,708 in CA1-VIP-Off mice blocked the anx-
iogenic effect of this pharmacological agent. In contrast, the
memory-enhancing effect of L-655,708 may occur independently
of the VIP� input, because its administration in both control and
CA1-VIP-Off mice improved spatial learning. Thus, the �5-
GABAAR-mediated phasic inhibition via VIP� synapses plays a
role in the regulation of anxiety, whereas the �5-GABAAR tonic
inhibition may control spatial learning.

In the hippocampus, GABAergic inhibitory interneurons are
interconnected through synapses containing different combina-
tions of the � GABAAR subunits (Nusser et al., 1998; Patenaude et
al., 2001). The �5-GABAAR exhibits a particularly high expres-
sion in the mouse and rat hippocampus but also in the olfactory
bulb, amygdala, and deep cortical layers (Wisden et al., 1992;
Fritschy and Mohler, 1995; Mohler and Rudolph, 2017; Stefanits
et al., 2018). Recent transcriptomic analysis revealed the �5-
GABAAR subunit mRNA expression in different types of cortical
interneurons (Paul et al., 2017). Furthermore, this subunit is
highly expressed in the human hippocampal CA1 area and is
detected in dendrites of CA1 interneurons (Stefanits et al., 2018).
Extending these observations, we found a preferential expression
of the �5-GABAAR anchor protein Rdx in CA1 SOM� cells. In
addition, we report a prominent expression of this subunit in
dendrites of SOM�/mGluR1a� OLM cells. Considering the
spike initiation and active propagation in dendrites of OLM in-
terneurons (Martina et al., 2000), the �5-GABAAR subunit may
control dendritic input-output transformations and the induc-
tion of the Hebbian forms of synaptic plasticity in these cells
(Camiré et al., 2012; Topolnik, 2012; Sekulić et al., 2015). The
density of the �5-GABAAR subunit declined with distance from
the soma, consistent with a distance-dependent decline in the
number of inhibitory synapses. Such spatial gradient in OLM
dendritic inhibition may therefore facilitate the integration of

excitatory inputs and local spike initiation in distal dendritic
branches (Traub and Miles, 1995; Saraga et al., 2003; Rozsa et al.,
2004; Camiré and Topolnik, 2014). It is reported that O/A in-
terneurons receive glutamatergic inputs mostly from the CA1
pyramidal cells (PCs) but also from the CA3 PCs, basolateral
amygdala (BLA) and entorhinal afferents (Blasco-Ibáñez and
Freund, 1995; Martina et al., 2000; Somogyi and Klausberger,
2005). Although the distance-dependent distribution of the spe-
cific excitatory afferents onto OLM dendrites remains to be de-
termined, a higher density of the inhibitory synapses containing
the �5-GABAAR in proximal dendrites may participate in input
segregation through kinetically slow inhibition (Caraiscos et al.,
2004; Salesse et al., 2011).

OLM cells receive their local inhibitory inputs from the PV�
and VIP� interneurons and a long-range projection from the
medial septum (Chamberland et al., 2010; Lovett-Barron et al.,
2012). We previously reported that slow IPSCs evoked in OLMs
by minimal electrical stimulation were sensitive to the �5-
GABAAR inverse agonist (Salesse et al., 2011). Furthermore, uni-
tary IPSCs (uIPSCs) generated at IS3 synapses formed onto OLM
cells were also significantly slower than those generated typically
at the �1-GABAAR-containing synapses (Bartos et al., 2001; Tyan
et al., 2014), consistent with the expression of a different �
GABAAR subunit at the IS3 synapses. Our current data build
upon these previous findings, showing the presence of the �5-
GABAAR subunit at the IS3 synapses. It is to be noted that uIPSCs
at the IS3 to basket and to bistratified cell synapses are signifi-
cantly faster than those at the OLM synapses (Tyan et al., 2014),
suggesting different � GABAAR subunit combinations (e.g., �5-
GABAAR��1-GABAAR or �5-GABAAR��3-GABAAR; Mertens
et al., 1993) or distinct dendritic location of synapses (Maccaferri
et al., 2000). Furthermore, our finding of a very low expression of
the �5-GABAAR subunit at the PV� inhibitory inputs is in line
with fast inhibition reported typically at the PV� synapses be-
cause of a predominant expression of the �1-GABAAR (Nyíri et
al., 2001; Klausberger et al., 2002). Such input-specific localiza-
tion of different GABAAR subunits within the same cell can be
controlled by the activity-dependent trafficking mechanisms
(Hausrat et al., 2015), which can be tailored to specific pathways
depending on transmitted signals.

What can be the functional role of the SOM� interneuron
phasic inhibition brought upon by the VIP�/CR� inputs con-
taining �5-GABAAR? As OLM cell is the main target of the VIP�/
CR� inputs in the CA1 area (Tyan et al., 2014; Francavilla et al.,
2015, 2018), activation of these synapses likely coordinates OLM
recruitment in vivo. Inhibition sets rebound firing and theta res-
onance behavior in OLM cells (Tyan et al., 2014; Sekulić and
Skinner, 2017), which, through modulation of the integrative
properties of the CA1 PC apical dendrites, shapes the informa-
tion flow from the entorhinal cortex and the thalamic nucleus
reuniens (Klausberger and Somogyi, 2008). In parallel, because
OLMs make synapses onto some CA1 interneurons (Chamber-
land and Topolnik, 2012; Leão et al., 2012), coordination of the
OLM activity through the �5-GABAAR-containing synapses may
also control the input-specific disinhibition in the CA1, with a
direct impact on the input separation and selectivity of sensory
gating. Therefore, given a critical role of the OLM cells in coor-
dination of the CA1 microcircuit modules, input-specific modu-
lation of their activity may support the hippocampus-dependent
mnemonic and cognitive processes.

Using selective chemogenetic inactivation of CA1 VIP� in-
terneurons, we show that VIP� input to interneurons is involved
in the regulation of spatial learning. Importantly, the majority of
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VIP� cells targeted in these experiments were the interneuron-
selective cells, because VIP� BCs made only a small fraction of
VIP� interneurons (Fig. 5). These data indicate that disinhibited
interneurons may be unable to provide precise spatiotemporal
coordination of hippocampal cell ensembles during acquisition
learning and memory formation. The overall firing of CA1 O/A
interneurons in CA1-VIP-Off mice is likely increased, and may
result in a higher level of ambient GABA and increased tonic
inhibition via extrasynaptically located GABAARs, including the
�5-GABAAR (Glykys and Mody, 2007). Pharmacological or ge-
netic removal of the �5-GABAAR improved spatial learning in
previous studies (Collinson et al., 2002; Atack et al., 2006). In line
with these reports, we provide evidence that impaired spatial
learning following chemogenetic inactivation of VIP� interneu-
rons can be successfully rescued by the administration of the
�5-GABAAR inverse agonist L-655,708, pointing to the VIP�
input-independent cognitive effect of L-655,708. This suggests
that memory enhancement associated with administration of the
�5-GABAAR inhibitors may arise from the removal of tonic
(Atack et al., 2006; Braudeau et al., 2011; Soh and Lynch, 2015)
and phasic inhibition (Hausrat et al., 2015; Schultz et al., 2018) in
CA1 PCs or, alternatively, through modulation of other non-
pyramidal cells, including dendrite-targeting interneurons and
astrocytes (Rodgers et al., 2015).

The anxiogenic effect of L-655,708 is believed to arise from
its nonspecific interactions with other �-GABAAR subunits
(Mohler and Rudolph, 2017). In keeping with this view, the �5-
GABAAR knock-outs showed no evidence for its role in regula-
tion of anxiety (Collinson et al., 2002; Crestani et al., 2002).
However, the cell-specific knock-down of this subunit in central
amygdala uncovered the anxiety-related phenotypes (Botta et al.,
2015), highlighting the cell- and circuit-specific mechanisms in
the �5-GABAAR function. Our data also support this view by
showing that phasic inhibition provided by the �5-GABAAR-
containing VIP� inputs onto CA1 interneurons may be involved
in regulation of anxiety. This mechanism may preferentially op-
erate in ventral hippocampus, which may control innate anxiety
behavior (Jimenez et al., 2018; Schumacher et al., 2018). In this
case, disinhibition of CA1 SOM� interneurons using the �5-
GABAAR inverse agonist and, subsequently, increased dendritic
inhibition of CA1 PCs may suppress their burst firing (Royer et
al., 2012), leading to functional insufficiency. Interestingly, in
line with this scenario, recent findings indicate that ventral CA1
inactivation can increase avoidance behavior (Schumacher et al.,
2018). In addition, previous reports indicate that the BLA gluta-
matergic input to the CA1 PCs and interneurons is directly in-
volved in anxiety behavior (Pitkänen et al., 2000; Felix-Ortiz et
al., 2013). As CA1 SOM� interneurons may balance the level of
excitation arriving from different sources ( Leão et al., 2012; Si-
wani et al., 2018), we propose a circuit model in which disinhibi-
tion of SOM� interneurons may shift the balance toward
enhanced integration of the BLA input, with a direct impact on
the recruitment of CA1 PCs in anxiety-like behavior. The circuit
and synaptic mechanisms that may be involved in this scenario
remain to be determined.

In conclusion, our data provide new insights regarding the
cellular location and the functional role of the �5-GABAAR sub-
unit in the mouse CA1 hippocampus. In particular, we report
that expression of the �5-GABAAR at synapses formed by the
VIP� inputs onto O/A SOM� interneurons is involved in the
regulation of anxiety-like behavior. Together, our results on
the synapse-specific expression and role of the �5-GABAAR high-
light the circuit mechanisms as an important variable to consider

when designing pharmacological interventions for cognitive
therapy.

References
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