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Age-dependent remodelling of inhibitory synapses onto
hippocampal CA1 oriens-lacunosum moleculare
interneurons

Charleen Salesse, Christopher Lacharité Mueller, Simon Chamberland and Lisa Topolnik

Axis of Cellular and Molecular Neuroscience, CRULRG, Department of Biochemistry, Microbiology and Bioinformatics, Université Laval,
Québec, PQ, Canada

Non-technical summary The main function of the inhibitory synapse is to provide the membrane
hyperpolarization and, thereby, to control the level of activity of its target cell. Extensively studied
in pyramidal neurons, the properties of inhibitory synapses that target inhibitory interneurons
remain largely unknown. We studied the properties of inhibitory synapses formed onto inter-
neurons involved in the hippocampal feedback inhibitory circuit. Our data revealed a significant,
age-dependent strengthening of inhibition of interneurons due to the synaptic incorporation
of the &5 subunit of the GABA, receptor. This novel mechanism of age-dependent refinement
of local circuit inhibition may have a direct impact on the hippocampal network activity and
performance during development.

Abstract Stratum oriens-lacunosum moleculare interneurons (O-LM INs) represent the major
element of the hippocampal feedback inhibitory circuit, which provides inhibition to the distal
dendritic sites of CA1 pyramidal neurons. Although the intrinsic conductance profile and
the properties of glutamatergic transmission to O-LM INs have become a subject of intense
investigation, far less is known about the properties of the inhibitory synapses formed onto these
cells. Here, we used whole-cell patch-clamp recordings in acute mouse hippocampal slices to study
the properties and plasticity of GABAergic inhibitory synapses onto O-LM INs. Surprisingly,
we found that the kinetics of inhibitory postsynaptic currents (IPSCs) were slower in mature
synapses (P26—40) due to the synaptic incorporation of the a5 subunit of the GABA, receptor
(a5-GABA4R). Moreover, this age-dependent synaptic expression of a5-GABA,Rs was directly
associated with the emergence of long-term potentiation at IN inhibitory synapses. Finally, the
slower time course of IPSCs observed in O-LM INs of mature animals had a profound effect
on IN excitability by significantly delaying its spike firing. Our data suggest that GABAergic
synapses onto O-LM INs undergo significant modifications during postnatal maturation. The
developmental switch in IPSC properties and plasticity is controlled by the synaptic incorporation
of the a5-GABA4R subunit and may represent a potential mechanism for the age-dependent
modifications in the inhibitory control of the hippocampal feedback inhibitory circuit.
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Introduction

Hippocampal GABAergic interneurons (INs) comprise
a diverse population of cells with highly specialized
organization and functions. Different subtypes of
hippocampal inhibitory INs control spike initiation
and synaptic integration by pyramidal neurons and
synchronize local network activity, providing a means
for functional segregation of neuronal ensembles and
proper routing of hippocampal information (Freund
& Buzsaki, 1996; Klausberger & Somogyi, 2008).
Compared with principal cells, GABAergic INs exhibit
specific dendritic and axonal organization, intrinsic
biophysical and synaptic properties, network activity,
and brain-state-dependent firing behaviour (Freund &
Buzsaki, 1996; McBain & Fisahn, 2001; Soltesz, 2006;
Klausberger & Somogyi, 2008). Moreover, some classes
of hippocampal INs are synaptically interconnected
(Ribak 1978; Buhl et al. 1995; Sik et al. 1995; Acsady
et al. 1996; Gulyas et al. 1996; Cobb et al. 1997;
Bartos et al. 2001; Ali, 2007; Karson et al. 2009) and
form dynamically interacting inhibitory circuits that are
necessary for coordinated network inhibition. However,
despite extensive investigation of hippocampal inhibition,
the properties and dynamics of inhibitory connections
between distinct classes of hippocampal INs remain poorly
understood.

To date, several studies of inhibitory synapses onto
hippocampal INs have revealed the variability of the
kinetics of postsynaptic currents, which is consistent
with electrotonic filtering and/or complex molecular
organization of the wunderlying GABA, receptors
(GABA4Rs) (Hajos & Mody, 1997; Bartos et al. 2001;
Patenaude et al. 2001). For instance, the analysis of
a total inhibitory drive received by a population of
INs in the stratum oriens/alveus (O/A) demonstrated
that inhibitory synapses onto these cells are assembled
from a combination of various GABAAR subunits
(al-5, B1-3, yl1-3; Patenaude et al. 2001). Given
the specific co-assembly and cellular and subcellular
distribution of different subunits (Fritschy & Mobhler,
1995; Nusser et al. 1998), inhibitory synapses onto
distinct subtypes of O/A INs are likely to exhibit specific
biophysical and pharmacological properties. Nevertheless,
the cell-type-specific properties of transmission and
plasticity at inhibitory synapses onto hippocampal INs
remain largely unknown.

Here, we focused on a single population of O/A
INs: oriens-lacunosum moleculare (O-LM) cells in the
CAl area of the hippocampus (Lacaille et al 1987;
Blasco-Ibanez & Freund, 1995; Sik et al. 1995). These
cells play a distinct role in the dialogue of local circuitry
by providing feedback inhibition to the distal dendritic
sites of pyramidal neurons and, therefore, controlling the
perforant path integration (Lacaille et al. 1987). This
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subtype of inhibitory INs, which is easily identifiable
morphologically, represents one of the best-studied IN
populations of the hippocampus (Maccaferri & Lacaille,
2003). However, while most research to date has focused
on the intrinsic conductance profiles and properties of
excitatory transmission (including two distinct forms of
long-term plasticity; Perez et al. 2001; Lamsa et al. 2007)
in O-LM INs, the properties and dynamics of inhibitory
synapses onto these cells have received little attention and
were investigated in the present study.

Methods
Slice preparation

All experiments were carried out in accordance with
the animal welfare guidelines of the Université Laval.
Hippocampal slices were prepared from C57BL/6 (Charles
River, St Laurent, PQ, Canada) or Gabra5~/~ mice. The
Gabra5~/~ breeding pairs, originating at Merck (Sharp
and Dohme, Harlow, UK) and backcrossed for at least
15 generations onto C57BL/6, were generously provided
by Dr I. Mody. Given that most strains achieve a mature
stage and are considered as adult animals by P25 (Fox,
2007) as well as the particularities of maturation of the
GABAergic system (Luhmann & Prince, 1991; Dunning
et al. 1999; Yu et al. 2006), we increased the animal age
used in our experiments to P40. Therefore, according
to the mouse developmental stages, two animal age
groups were used in these experiments: juvenile (P14-24)
and adult (P26-40). Animals were deeply anaesthetized
with isoflurane, decapitated and the brain was removed
rapidly. Transverse slices (300 um in thickness) were pre-
pared using a vibratome (Leica VT1000 S; Leica Micro-
systems, Wetzlar, Germany) in ice-cold (0 to +4°C)
‘cutting’ solution containing (in mm): 250 sucrose, 2 KCI,
1.25 NaH,PO,, 26 NaHCO;, 7 MgSOy,, 0.5 CaCl, and 10
glucose, saturated with 95% O, and 5% CO,, pH
7.4, 320-340 mosmol 17!, Slices were immediately trans-
ferred to a heated (35°C), oxygenated ‘recovery’ solution
containing (in mm): 124 NaCl, 2.5 KCl, 1.25 NaH,PO,,
26 NaHCOs, 3 MgSO,, 1 CaCl, and 10 glucose (30 min),
after which they were kept at room temperature until use.

Electrophysiology

During experiments, slices were continuously perfused
(2mlmin™') with standard artificial cerebrospinal fluid
(ACSF) containing (in mMm): 124 NaCl, 2.5 KCl, 1.25
NaH,PO,, 26 NaHCO;, 2 MgSO,, 2 CaCl, and 10
glucose, saturated with 95% O, and 5% CO,, pH 7.4,
295-305 mosmol 17!, at near-physiological temperature
(30-33°C). Whole-cell voltage-clamp or current-clamp
recordings were obtained from visually identified,
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horizontally oriented INs located in the O/A using glass
pipettes of 3.5-6 M. For recordings of evoked inhibitory
postsynaptic currents (eIPSCs), the pipette solution
contained the following (in mm): 130 KMeSOs;, 2 MgCl,,
10 disodium phosphocreatine, 10 Hepes, 2 QX-314, 2
ATP-Tris and 0.2 GTP-Tris, plus 0.15-0.2% biocytin,
pH 7.25-7.35; 275-285 mosmoll~!. For current-clamp
recordings, QX-314 was omitted from the recording
solution. For recordings of spontaneous IPSCs (sIPSCs),
the pipette solution contained (in mm): 130 CsMeSOs, 2
CsCl, 10 disodium phosphocreatine, 10 Hepes, 2 QX-314,
2 ATP-Tris and 0.2 GTP-Tris, plus 0.15-0.2% biocytin,
pH 7.25-7.35; 275-285mosmoll'. Series resistance
(8.5-23 M2) was monitored during all experiments by
applying small hyperpolarizing voltage steps (—5mV),
and the recordings were discontinued if the change in
series resistance was greater than 15%. Monosynaptic
IPSCs were evoked at 0.1 Hz by minimal stimulation
of the local hippocampal inhibitory projections using
an electrode positioned at the border between the
stratum pyramidale and the stratum radiatum in the
CAl area. A stimulation pipette (2-3 MQ2) was filled
with ACSF and connected to a constant current iso-
lation unit (A360LA; World Precision Instruments Inc.,
Sarasota, FL, USA) controlled by a data acquisition board
(Digidata 1440; Molecular Devices, Sunnyvale, CA, USA)
and Clampex 10.2 software (Molecular Devices). IPSCs
were recorded at —40 mV in the presence of the NMDA
and AMPA/kainate receptor antagonists DL-AP5 (50 um;
Ascent Scientific, Princeton, NJ, USA) and NBQX (10 um;
Ascent Scientific), respectively. In some experiments, a
selective inverse agonist of the a5-GABA,Rs, L-655,708
(50 nM; Tocris-Cookson, Ellisville, MO, USA), a GABA
transporter inhibitor SKF89976A (1 mM, Tocris), or GABA
(5 uM; Sigma, St Louis, MO, USA) were added to the ACSE.
Synaptic plasticity was induced by repetitive stimulation at
10 Hz for 1 s, which was delivered three times at 30 s inter-
vals. Data acquisition (filtered at 2-3 kHz and digitized at
10 kHz) was performed using a Multiclamp 700B amplifier
and Clampex 10.2 software (Molecular Devices).

Data analysis

Data were analysed using Clampfit 10.2 (Molecular
Devices) and Igor Pro (WaveMetrics, Lake Oswego, OR,
USA). IPSC kinetics was analysed from average traces
(typically, 10-15 traces) obtained after removal of ‘failures’
and traces contaminated with spontaneous events. The
latency was measured as the time interval between the
centre of the stimulation artifact and the beginning of
the IPSC. IPSC amplitudes were measured at the peak of
the waveform and, for group data, were normalized to
the mean amplitude obtained during the baseline period
(first 5min). The rise time was defined as the duration
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of 20-80% of the IPSC peak amplitude. The decay phase
of the IPSCs was fitted with a single exponential. Charge
transfer via e[PSCs was calculated from the integral of
their averaged waveforms. sIPSCs were analysed using
the search events algorithm of Clampfit 10.2 and were
also fitted with a single exponential. Only those events
that were not contaminated by ambiguous deflections at
their rising or decaying phases, and decayed back to the
baseline, were selected for analysis. Typically, 200 events
per cell were chosen for analysis. The paired-pulse ratio
(PPR) of eIPSCs was calculated as the ratio between the
mean peak amplitude of the second response and the
mean peak amplitude of the first response. The coefficient
of variation (CV) of eIPSCs was calculated as the ratio
between the standard deviation of current amplitude and
the mean currentamplitude. For the analysis of the holding
current and synaptic noise, the mean baseline current
(defined as the mean of the peak-to-peak amplitudes of
individual points) and the root-mean-square (RMS) of
noise were sampled during 50 ms epochs, every 500 ms;
epochs that contained spontaneous synaptic events were
discarded. Subsequently, the average data of 10 s samples
with uncontaminated baseline current were analysed
immediately before and 10 min after bath application of
L-655,708 or GABA. To compare data obtained from a
group of neurons, the mean of the holding current and
the RMS of noise before and after drug application were
averaged. Data are presented as means + SEM and were
analysed using a Student’s paired and unpaired ft test,
Pearson correlation or the Kolmogorov—Smirnov test, as
appropriate.

Anatomical reconstruction

Neurons were filled with biocytin (0.15-0.2%; Sigma)
during recordings. Slices with recorded cells were fixed
overnight with 4% paraformaldehyde at 4°C. To reveal
biocytin, slices were treated with hydrogen peroxide
(0.3%) for 30 min, rinsed in Tris-buffered saline (TBS;
pH 7.4, t =25°C), permeabilized with 3% Triton X-100
(Glickfeld & Scanziani, 2006) for 1 h, and incubated over-
night at 4°C with a streptavidin-conjugated Alexa-546
(dilution, 1:200; Jackson Immunoresearch, West Grove,
PA, USA) in TBS containing 1% normal goat serum and
0.5% bovine serum albumin. The following day, sections
were rinsed with TBS and mounted in Dako fluorescence
medium (Dako Canada Inc., Missisauga, ON, Canada).
Confocal images of biocytin-filled INs were obtained using
aLeica TCS SP5 imaging system coupled to a 543 nm HeNe
laser. Confocal Z stacks (1 um step) containing different
parts of INs were merged using Neurolucida 8.26.2 (MBF
Bioscience, Williston, VT, USA) and selected cells were
reconstructed.
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Figure 1. Age-dependent modifications in inhibitory transmission onto O-LM INs
A, neurolucida reconstruction of an O-LM IN filled with biocytin. Dendrites are shown in black and the axon is
shown in red; the inset shows firing pattern and membrane properties of the reconstructed IN. Note the significant
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Results
Kinetic properties of IPSCs in O-LM INs

A major problem in the study of cortical inhibitory INs
is the immense heterogeneity of INs, which arises from
their complex anatomical, neurochemical and functional
organization (Freund & Buzsaki, 1996; Ascoli et al. 2008;
Klausberger & Somogyi, 2008). In addition, distinct types
of INs demonstrate cell-type- and even synapse-specific
properties of transmission (Téth & McBain, 1998;
Lapointe et al. 2004; Glickfeld & Scanziani, 2006), which
render the rigorous identification of INs a necessary step.
Thus, we focused our study on CAl INs with a soma
and horizontally oriented dendrites that were located in
the O/A, and with an axon projecting to the stratum
lacunosum moleculare, i.e. the O-LM cells (Lacaille et al.
1987; Blasco-Ibanez & Freund, 1995; Sik et al. 1995).
Among 293 INs recorded in the O/A, 193 neurons were
labelled successfully with biocytin and were reconstructed
anatomically. Of these cells, 146 neurons were identified as
O-LM INs based on a combination of anatomical criteria
and electrophysiological properties (prominent I}, current,
rebound spike); these cells were included in the present
study (Fig. 1A).

Initially, we examined the properties of monosynaptic
IPSCs evoked in O-LM INs by minimal stimulation of
the stratum pyramidale—stratum radiatum border in the
presence of 50 uM DL-AP5 and 10 um NBQX. As the
symmetrical CI~ concentration used frequently in electro-
physiological experiments affects the time course of IPSCs
(Houston et al. 2009), we recorded IPSCs using an internal
solution with low Cl~, which is typically found in mature
neurons. Under these conditions, eIPSCs in O-LM INs had
a reversal potential of —71.9 & 1.2 mV (n = 24; Fig. 1B).
Furthermore, eIPSCs recorded at —40 mV had a latency
that is typical of monosynaptic responses (2.97 &£ 0.22 ms;
n=24; Fig.1Ca) and a relatively small amplitude
(12.93 £ 1.02 pA, n= 24; Fig. 1Cb). The rise time and the
decay time constant showed significant variability among
different cells (rise time: 2.64 £ 0.26 ms (0.7—4.8 ms);
decay 1: 16.73 & 1.64 ms (8.5-37.1 ms); n=24; Fig. 1Cc
and d). This variability was not due to a difference in
dendritic attenuation of eIPSCs arising at proximal vs.
distal synapses, as no relationship was found between
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the eIPSC amplitude and the rise time or the decay time
constant (Fig. 1Daand b). Unexpectedly, both the rise time
and the decay time constant increased significantly with
animal age (Fig.1D¢; P < 0.001; Pearson correlation).
As a result, eIPSCs recorded in the O-LM INs of slices
obtained from juvenile animals (P14-24) demonstrated
significantly faster kinetics than those recorded in slices
from adult animals (P26—40) (Fig. 1Dd). The rise time
(juvenile: 1.69 & 0.18 ms, n=11; adult: 3.44 4 0.32 ms,
n=13; P <0.001), the decay time constant (juvenile:
11.66 £ 0.95ms, n=11; adult: 21.01 £2.34 ms, n=13;
P <0.01) and, accordingly, the area under the curve
of eIPSCs (juvenile: 189.82+27.5pA x ms, n=11;
adult: 292.73 £32.6 pA xms, n=13; P<0.05) were
significantly different between the two age groups
(Fig. 1E). Thus, a considerable slowing in eIPSC kinetics
followed by an overall increase in the total charge transfer
was observed during synapse maturation.

We also looked for a potential age-dependent
modification in synaptic kinetics by recording sIPSCs at
+14 mV (which in our recording conditions corresponded
to the reversal potential for EPSC). Similar to our
findings regarding eIPSCs, both the rise time (juvenile:
2.184+0.18ms, n=10; adult: 2.634+0.15ms, n=3_;
P <0.0001, Kolmogorov—Smirnov test) and the decay
time constant (juvenile: 9.41 +0.6 ms, n=10; adult:
10.82 + 0.6 ms, n=8; P < 0.0001, Kolmogorov—Smirnov
test) of sSIPSCs were significantly different between the two
age groups (Fig. 2B). However, relatively small differences
in sIPSC kinetics were observed compared to those of
eIPSCs, suggesting that the age-dependent modifications
may occur in a subset of synapses.

Age-dependent contribution of the a5-GABAAR
subunit to phasic inhibition of O-LM INs

Age-dependent slowing in eIPSC kinetics could originate
from changes in IN morphology (e.g. dendritic growth
and formation of distant synapses in INs of adult
animals), age-dependent changes in GABA release and/or
uptake or developmental modifications in GABA4R sub-
unit composition. These possibilities were tested. First,
the total dendritic length of O-LM INs reconstructed

hyperpolarization-activated current (/) and a rebound depolarization followed by an action potential. O/A, stratum
oriens/alveus; PYR, stratum pyramidale; RAD, stratum radiatum; L/M, lacunosum moleculare. Scale bars: 20 mV
and 300 ms. B, I~V relationship of elPSCs recorded in O-LM INs showing a reversal potential of —=71.9 £ 1.2 mV;
the inset demonstrates the sample traces of elPSCs recorded at different levels of membrane potential. C, latency,
amplitude, rise time and decay time constant distributions of elPSCs from all cells (n = 24). D, scatter plots of
rise time (Da) and decay time constant (Db) vs. elPSC amplitude. Dc, plot of rise time and decay time constant
of elPSCs vs. animal age. Dd, plot of rise time vs. decay time constant of elPSCs recorded in slices from juvenile
(n = 11) and adult (n = 13) animals. E, sample traces (top) and summary bar graphs (bottom) of elPSC properties
in juvenile and adult animals, showing significant slowing down of elPSCs and corresponding increase in the total
charge transfer in older animals. *P < 0.05; **P < 0.01; ***P < 0.001. Error bars throughout represent the SEM.
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anatomically was not significantly different between the
two age groups (juvenile: 5468 £+ 419 um, n=6; adult:
6055 £ 708 um, n = 6; P > 0.05), suggesting that changes
in the IN morphology could not contribute to IPSC kinetic
modifications. Second, the eIPSC amplitude (juvenile:
12.28 £ 1.38 pA, n=11; adult: 13.48 £ 1.53 pA, n=13;
P> 0.05), the PPR (juvenile: 0.71 4 0.06, n=11; adult:
0.61 £0.05, n=13; P> 0.05) and the CV (juvenile:
0.2+0.04, n=11; adult: 0.21 £0.09, n=13; P > 0.05)
were not significantly different between the two age
groups, indicating that the age-dependent changes in
GABA release also could not account for the observed
phenomenon. To examine next whether the IPSC slowing
could result from a decrease in GABA uptake in
adult animals, we analysed the eIPSC kinetics in the
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presence of the GABA transporter inhibitor SKF89976A
(1 mM). However, inhibiting GABA uptake increased the
rise time and the decay time constant of eIPSCs by a
similar degree in INs of both juvenile and adult animals
(juvenile rise: 189.3 £43.5% of the control, adult rise:
217.5 £ 72% of the control; juvenile decay: 177.5 + 66%
of the control, adult decay: 187 4+ 48% of the control;
n=10, P > 0.05), suggesting that changes in GABA uptake
also could not contribute to the age-dependent IPSC
slowing.

Age-dependent modifications in the eIPSC kinetics
in O-LM INs can be associated with a synapse-specific
modification in GABA,R subunit composition during
maturation. The a5-GABA,Rs subunit is expressed
abundantly in the CA1 region of the adult hippocampus
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Figure 2. Comparison of kinetics of spontaneous IPSCs in O-LM INs of juvenile and adult animals

A, recording sample (top) with enlarged view showing individual events (middle) and average responses (bottom)
of sIPSCs in juvenile (Aa; n = 10) and adult (Ab; n = 8) animals, demonstrating a slower kinetics in mature INs. B,
cumulative probability plots of the rise time (Ba) and decay time constant (Bb), showing significant differences in
the sIPSC kinetics between the two age groups. Kolmogorov-Smirnov statistics indicate the presence of significant

P values (P < 0.0001) for both parameters.
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(Wisden et al. 1992; Sperk et al. 1997), reaching its
peak at P30 (Yu et al. 2006). Given that, in addition
to tonic inhibition, this subunit is implicated in a
synapse-specific manner in the generation of slow phasic
inhibitory responses (Prenosil et al. 2006; Ali & Thomson,
2008; Zarnowska et al. 2009), it is possible that its
age-dependent expression at inhibitory synapses onto
O-LM INs is involved in the slowing of the eIPSC.
To test this possibility, we first compared the effect of
bath application of the a5-GABA,Rs subunit inverse
agonist L-655,708 (50nMm) on eIPSCs in the two age
groups (Fig. 3). At low concentrations, this compound is
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almost 50-fold more selective for «5-containing GABA,Rs
compared with heteromeric complexes containing o1, 2,
a3 or a6 subunits (Quirk et al. 1996; Casula et al. 2001).
Our data showed that L-655,708 had no effect on IPSC
amplitude in O-LM INs in slices from juvenile animals
(95.7 £ 9.2% of the control, n=6, P > 0.05; Fig. 3A and
D), but decreased the amplitude of IPSCs significantly
in slices from adult mice (72.4 £ 3.8% of the control,
n=>5, P < 0.05; Fig. 3Band D). This gradually developing
decrease in IPSC amplitude was not a result of IPSC
run-down, as IPSC amplitude was stable in age-matched
control experiments of the same duration (Fig.3C).
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Figure 3. The a5-GABAARs subunit mediates slow IPSCs in adult animals

A-C, scatter plots of elPSC amplitude over time from

representative recordings (Aa, Ba) and summary plots of

normalized elPSC amplitude (Ab, Bb, Cb; normalized to the first 5 min of recordings) obtained from juvenile (A;
n = 4) and adult (B and C; n = 5) animals and illustrating the effect of the a5-GABAARs inverse agonist L-655,708
(B, 50 nm) and the stability of elPSC amplitude during control recording (C). The traces at the top are the averages of
30 consecutive IPSCs obtained at the time indicated. D, summary bar graphs showing changes in elPSC amplitude,
PPR and CV following L-655,708 application in the two age groups. Note a significant decrease in elPSC amplitude
after L-655,708 application in adult animals. E, the effect of L-655,708 correlated well with elPSC rise time and was

more prominent in cases of slower elPSCs recorded in

adult animals. F, bar graphs showing that L-655,708 had

no effect on the holding current and synaptic noise in O-LM INs recorded in slices from adult animals. *P < 0.05.
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Moreover, L-655,708 had no effect on IPSC amplitude in
O-LM INs in slices from adult a5-GABA,Rs knockout
(Gabra5~/~) mice (97.3+8.7% of the control, n=>5,
P > 0.05), validating its selectivity for the a5-GABA,R
subunit at the concentration used. Interestingly, in
adult animals, the response kinetics became significantly
faster in the presence of the compound (control rise:
3.4 £ 0.3 ms, L-655,708 rise: 2.6 £ 0.3 ms; control decay:
21.3+3.7ms, L-655,708 decay: 12.7+1.4ms; n==6;
P < 0.05). Furthermore, its effect was not associated with
significant changes in the PPR (juvenile: 113.4 + 6.2% of
the control, n=6, P > 0.05; adult: 117.2 £+ 15.6% of the
control, n=5, P > 0.05) or the CV (juvenile: 91.5 £ 6.8%
of the control, n=6, P> 0.05; adult: 96.5+ 7.5% of
the control, n=15, P> 0.05), suggesting that it acts at
a postsynaptic site (Fig. 3D). Interestingly, the effect of
L-655,708 correlated well with the rise time of eIPSCs, in
such a way that slower rise times were associated with
a more pronounced effect of the compound (juvenile
rise time: 1.75 4 0.24 ms, 1-655,708 effect: 4.3 +9.2%,
n=6; adult rise time: 3.44 £ 0.28 ms, L-655,708 effect:
37.6 +3.8%, n=>5; Fig.3E). To determine whether, as
observed in pyramidal cells (Caraiscos et al. 2004; Glykys
& Mody, 2006; Prenosil et al. 2006), the a5-GABA4R sub-
unit is also implicated in tonic inhibition in O-LM INs,
we next examined the effect of L-655,708 on the holding
current and the synaptic noise in adult INs. However, our
data showed that neither of the parameters was affected
by the application of the compound (holding current:
99.0 £ 9.0% of the control; synaptic noise: 90.6 & 5.6% of
the control; n=>5; P > 0.05, Fig. 3F), which indicates the
absence of tonic inhibition involving the a5-GABA4R sub-
unit in INs, under basal conditions. All above-mentioned
experiments were performed in standard ACSE at
near-physiological temperature (30-33°C). However, in
such conditions, tonic inhibition can be essentially
obscured by the highly efficient GABA uptake system
(Mody & Pearce, 2004; Glykys & Mody, 2007). To verify
whether tonic inhibition can be rescued in O-LM INs by
increasing the ambient concentration of GABA, GABA
(5 uM) was added to the ACSE and fluctuations in
the holding current and synaptic noise were examined.
However, even increased ambient GABA did not produce

GABAergic synapses on O-LM interneurons

4893

any significant changes in either of these parameters
(n=4; data not shown), suggesting that O-LM INs may
not exhibit tonic inhibition. Together, these data point
to the synapse-specific targeting of a5-GABAsRs sub-
unit in O-LM INs, which occurs later during postnatal
maturation.

If age-dependent synaptic expression of the
a5-GABA4R subunit contributes to slowing of eIPSCs
in O-LM INs during maturation, then removal of
the subunit should eliminate the developmental
modifications in eIPSC kinetics. Accordingly, we found
no differences in the rise time (juvenile: 1.6 £ 0.3 ms,
n=7; adultt 1.5£0.4ms, n=6; P>0.05), decay
time constant (juvenile: 15.1+1.7ms, n=7; adult:
14.6 £ 1.1 ms, n==6; P> 0.05) or area under the curve
of eIPSCs (juvenile: 232.1 +48.2 pA x ms, n=7; adult:
223.2 +28.8 pA x ms, n=6; P > 0.05) between the two
age groups in Gabra5~/~ mice (Fig. 4A—C). Moreover, in
contrast to wild-type animals, sIPSCs recorded in INs
from adult Gabra5~/~ mice showed significantly faster rise
time (juvenile: 1.9 £ 0.3 ms, n=7; adult: 1.31 £ 0.1 ms,
n=6; P < 0.0001, Kolmogorov-Smirnov test) and decay
time constant (juvenile: 7.76 £0.53 ms, n=7; adult:
6.7+ 0.22, n=6; P < 0.0001, Kolmogorov—Smirnov test;
Fig.4D and E), indicating that compensatory changes
may occur in a5-GABA4R knockout animals leading to a
preferential expression of other GABA,R subunits with
faster kinetics. Taken together, these results show that
developmentally regulated synaptic incorporation of the
a5-GABA4R subunit is responsible for the slowing of
e[PSCkinetics in O-LM INs during postnatal maturation.

Long-term plasticity at inhibitory synapses
on O-LM INs

At least two distinct forms of long-term plasticity have
been documented at excitatory synapses onto O-LM INs
(Perez et al. 2001; Lamsa et al. 2007); however, the
existence of any form of long-lasting modification at
inhibitory synapses onto these cells remains unknown.
Our data show that, regardless of the induction protocol
(10 Hz vs. 100 Hz stimulation), synapses that form onto
O-LM INs by local GABAergic projections do not

Figure 4. Loss of slow IPSCs in Gabra5~—/~ mice

A, representative examples of elPSCs recorded in the two age groups in wild-type and Gabra5—/~ animals. B,
scatter plot of the rise time vs. decay time constant of elPSCs obtained in slices from Gabra5=/— mice compared
to wild-type animals, showing a fast kinetics of events in both age groups in slices from Gabra5~/~ animals. C,
summary bar graphs of elPSC properties in juvenile and adult Gabra5~/~ animals, showing a loss of age-dependent
elPSC modifications in older animals in the absence of the a5-GABAaRs subunit. Error bars throughout represent
the SEM. D, sample trace (top) with enlarged view showing individual events (middle) and average traces (bottom)
of sIPSCs recorded in INs from juvenile and adult Gabra5=/~ mice, demonstrating faster sIPSC kinetics in mature
INs. E, cumulative probability plots of the rise time (left) and decay time constant (right), showing significantly
faster sIPSC kinetics in INs from adult animals (n = 6; P < 0.0001, Kolmogorov-Smirnov test).
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exhibit long-term plasticity in slices from juvenile animals
(Chamberland et al. 2010). Therefore, next we tested
the hypothesis that age-dependent synaptic remodelling
involving the a5-GABA4R subunit can be associated with
an emergence of long-term plasticity at inhibitory synapses
onto these cells. The comparison of the effect of 10 Hz
stimulation (which mimics the endogenous theta rhythm
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in the hippocampus) on the eIPSC amplitude between
the two age groups revealed that the eIPSC amplitude
remained unchanged 20 min after stimulation in O-LM
INs of slices from juvenile animals (104.4 4= 3.1% of the
control, n=4; P > 0.05, Fig. 5Aa and Ba). A short-term
depression followed by an increase in the PPR and CV was
observed in 5 out of 6 cells from this group (5 min after
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Figure 5. Developmental expression of LTP at inhibitory synapses onto O-LM INs

A and B, representative recordings (Aa, Ab) and normalized group data (Ba, Bb) of elPSC amplitude obtained
from INs of juvenile (A; n = 4) and adult (B; n = 5) mice, showing short-term depression of elPSCs induced by
10 Hz stimulation in INs of juvenile animals and long-term potentiation (LTP) of elPSCs in mature INs. The traces
at the top are average elPSCs (average of 30 sweeps) in control (a), 20 min after tetanization (b), as well as their
superimposition. C, summary graphs showing changes in the elPSC PPR and CV induced by 10 Hz stimulation in
juvenile (Ca) and adult (Cb) animals. Note that LTP of eIPSCs in O-LM INs was not associated with changes in PPR
or CV (Cb), indicating a postsynaptic locus for its expression.
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induction IPSC amplitude: 75.4 +2.2% of the control,
PPR: 140.6 £ 16.7% of the control, CV: 136.6 £ 13.9% of
the control, n=5; P < 0.05, Fig. 5Ba and Ca), pointing to
apresynapticlocus of its expression. In contrast, long-term
potentiation (LTP) of eIPSCs was revealed in O-LM INs of
adult mice (141.7 £ 6.3% of the control, n=5; P < 0.05,
Fig. 5Ab and Bb). LTP was expressed postsynaptically, as
no change was observed in the PPR (102.9 & 5.5% of the
control, n=>5, P> 0.05, Fig. 5Cb) or CV (85.7 £6.3%
of the control, n=25; P > 0.05, Fig. 5Cb). These results
suggest that the maturation of inhibitory synapses onto
O-LM INs is followed by an overall increase in the
inhibition of these cells via slowing of their IPSC kinetics
and emergence of LTP in response to theta-like activity.
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As the a5-GABA,R subunit was, up to this point,
responsible for the age-dependent remodelling of
inhibitory synapses onto O-LM INs, we next assessed
its implication in the LTP of IPSCs uncovered in INs
in slices from adult animals (Fig.6). Our data showed
that LTP was blocked in the presence of L-655,708 (eIPSC
amplitude: 112.7 + 14.3% of the control; n= 6; P > 0.05,
Fig. 6Aa and Ba), as well as in Gabra5~/~ mice (eIPSC
amplitude: 86.4 £ 10.3% of the control; n=>5; P > 0.05,
Fig. 6Ab and Bb). Taken together, these data indicate that,
in addition to its role in slowing down the IPSC kinetics,
the a5-GABA,R subunit, which is expressed later during
development at inhibitory synapses onto O-LM INs, is
directly associated with an emergence of LTP at these
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Figure 6. The a5-GABAARs subunit is involved in LTP at inhibitory synapses onto O-LM INs

A and B, scatter plots of elPSC amplitude over time from representative recordings (Aa, Ab) and summary plots of
normalized IPSC amplitude (Ba, Bb; normalized to the first 5 min of recordings) obtained in INs from adult mice in
the presence of the a5-GABAaRs inverse agonist L-655,708 (Aa and Ba; n = 6) and in Gabra5—/~ adult animals
(Ab and Bb; n = 6), showing the absence of LTP of elPSCs in both conditions. Traces at the top are the averages

of 30 consecutive elPSCs obtained at the time indicated.
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synapses and, therefore, represents a primary mechanism
for the strengthening of the local inhibition of O-LM INs
in the mature hippocampus.

Functional consequences of inhibitory synapse
remodelling for IN excitability

Finally, we investigated whether the maturation of
inhibitory synapses, followed by synaptic incorporation
of the a5-GABA4R subunit and slowing of the IPSC
kinetics, would have any consequences for O-LM IN
excitability. INs were recorded in current-clamp mode and
were tonically depolarized for 2 s to allow a continuous
spiking with an average frequency of 10Hz, during
which an inhibitory postsynaptic potential (IPSP) (in the
presence of DL-AP5 and NBQX) was evoked (Fig.7A).
Consistent with our findings, IPSPs evoked in O-LM
INs in slices from adult animals exhibited significantly
slower rise time (juvenile: 2.3+ 0.2ms, n=6; adult:
4.7+ 0.5ms, n=>5; P <0.001) and decay time constant
(juvenile: 15.0 & 2.8 ms, n = 6;adult: 32.6 = 7.2 ms, n = 5;
P <0.05), whereas their amplitudes remained similar
in the two age groups (juvenile: —2.0 £ 0.6 mV; n==6;
adult: —2.1£0.6 mV, n=5; P> 0.05; Fig. 7B and D).
Furthermore, in both age groups the generation of
IPSPs resulted in the immediate cessation of action
potentials (Fig. 7A—C) and the duration of the silence
episodes was much longer in INs of adult animals
(Fig. 7C). Accordingly, the latency for the first spike
following the silence episodes was significantly prolonged
in INs of adult animals compared with those of juvenile
mice (juvenile: 79 £ 8.7 ms, n = 6; adult: 147.8 £ 17.2 ms,
n=1>5; P <0.01; Fig. 7D and E). The longer spike firing
inhibition episodes found in mature INs were not caused
by different firing rate and/or adaptation as the average
firing frequency was similar in both age groups and
it remained unchanged before (juvenile: 11.5+ 1.1 Hz,
n==6; adult: 11.1+1.2Hz, n=5, P> 0.05) and after
(juvenile: 10.1£0.5Hz, n=6; adult: 10.6+ 0.9 Hz,
n=>5, P> 0.05) the generation of the IPSP (Fig.7C).
Importantly, eIPSP amplitude (-1.68+0.3mV), rise
time (2.61 £ 0.2 ms), decay time constant (11.2 &+ 1.2 ms)
and, accordingly, the spike latency (82.7 4 13.7 ms)
in interneurons of adult Gabra5~/~ mice were not
significantly different from those in interneurons of
juvenile WT animals (n=7, P> 0.05; Fig 7D and
E). Taken together, our findings strongly indicate that
age-dependent strengthening of O-LM IN inhibition due
to synaptic incorporation of the a5-GABA4Rs subunit is
likely to have a profound effect on IN excitability and firing
behaviour.

Discussion

Here, we investigated the properties and plasticity of
GABAergic synapses onto O-LM INs, a main source

C. Salesse and others
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of dendritic feedback inhibition to pyramidal neurons
that controls the integration of the perforant path. One
of our major findings is that inhibitory synapses onto
these cells undergo significant remodelling during post-
natal maturation. First, the kinetics of eIPSCs exhibited
a marked slowing down in INs of adult animals, with a
net increase in the total charge transfer of ~50%. These
kinetic modifications of synaptic inhibitory currents were
attributed to the age-dependent synaptic incorporation of
the a5-GABA,R subunit. Furthermore, the a5-GABA R
subunit, expressed later during development at IN
inhibitory synapses, was responsible for the delayed
emergence of LTP at these synapses. Importantly,
our findings show that the a5-GABA,R-mediated
prolongation of synaptic inhibition had a profound effect
on IN firing, which was significantly delayed following the
activation of inhibitory synapses in INs of adult animals.
Thus, the age-dependent remodelling of GABAergic
synapses via synaptic incorporation of the a5-GABAsR
subunit, followed by the overall strengthening of local
inhibition of O-LM cells, represents a new mechanism
of inhibitory synapse maturation and is likely to have
important functional consequences on the operation of
the hippocampal feedback inhibitory circuitry.

The maturation of cortical inhibitory circuits plays an
important role in the tuning of neuronal connections
during critical periods of development. As evidenced
by multiple anatomical and functional studies, the
maturation of inhibitory circuits, followed by the post-
natal increase in the number of inhibitory synapses and
in the levels of GABA-synthesizing enzymes as well as by
complex modifications in the GABA, response properties
(Luhmann & Prince, 1991; Agmon et al. 1996; Dunning
et al. 1999; Morales et al. 2002), is completed only by post-
natal week 5. Age-dependent alterations in the kinetics
of IPSCs associated with changes in GABA, receptor
subunit composition have been reported in cerebellar
granule cells (Tia et al. 1996) and in cortical (Dunning
et al. 1999; Bosman et al. 2005; Kobayashi ef al. 2008)
and thalamic laterodorsal neurons (Okada et al. 2000).
As a rule, a progressively faster IPSC kinetics, associated
with an increase in the expression of the al-GABA4R or
a6-GABA4R subunits (Tia et al. 1996; Dunning et al.
1999; Bosman et al. 2005) and with the concomitant
decrease in the level of a2-GABAsRs (Dunning et al.
1999), has been reported in neurons of the mature brain.
The first case of the age-dependent slowing of inhibitory
synapses has been demonstrated in hippocampal CAl
pyramidal cells, where it was associated with a differential
age-dependent recruitment of some classes of INs (Banks
et al. 2002). Our study also reports the age-dependent
slowing down of inhibitory transmission at GABAergic
synapses but the mechanism involves modifications in
the GABA, receptor subunit composition. Importantly,
this phenomenon was uncovered at inhibitory synapses
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formed onto inhibitory INs. As very little is known
currently about the developmental regulation of inhibition
within largely interconnected inhibitory circuits, our
findings begin to reveal the interneuron-specific rules
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of maturation of inhibitory synapses. Accordingly, we
found a major role for the a5-GABA4R subunit in the
age-dependent slowing down of IPSCs. Several unique
features set the a5-GABAAR apart from others. First,
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Figure 7. Age-dependent strengthening of inhibition decreased IN firing

A, representative examples of current-clamp recordings of IN firing during which IPSPs (indicated by an arrow)
were evoked in juvenile and adult animals. B, averages of the traces shown in A demonstrating a significant
slowing down in IPSP kinetics and a prolongation of the firing silence episodes in mature INs. C, summary raster
plots of the distribution of action potentials before and after IPSP generation, demonstrating the age-dependent
prolongation of the firing silence episodes, together with unchanged firing frequency. D, summary plot showing
the age-dependent differences (normalized to the values obtained in the juvenile group) in IPSP amplitude, rise
time, decay time constant and spike latency between the two age groups in WT and in adult Gabra5=/~ mice. E,
cumulative distribution of first spike latencies after the generation of IPSPs in the two age groups of WT animals
and in adult Gabra5=/~ mice. Note a significant prolongation in the spike latency in mature INs in WT mice (n = 5;

P < 0.01) but not in Gabra5—/— mice.
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it is expressed primarily in the hippocampus, reaching
~25% of all GABAsRs (Wisden et al. 1992; Sur et al.
1998; Pirker et al. 2000). So far, its expression has been
reported only in pyramidal cells whereas our data provide
evidence for this subunit expression in inhibitory inter-
neurons. Interestingly, expression of the a5-GABAsR
peaks at postnatal day 30 (Yu et al. 2006). Second, the
subunit can be located at both synaptic and extrasynaptic
sites (Brunig et al. 2002; Serwanski et al. 2006) and,
therefore, it can be involved in tonic and phasic inhibition
(Collinson et al. 2002; Caraiscos et al. 2004; Scimemi et al.
2005; Glykys & Mody, 2006; Prenosil et al. 2006; Ali &
Thomson, 2008; Zarnowska et al. 2009). The implication
of a5-GABA4Rs in phasic inhibition is likely to be synapse
specific (Ali & Thomson, 2008; Zarnowska et al. 2009),
pointing to the synapse-specific trafficking and anchoring
mechanisms necessary for its differential expression
(Loebrich et al. 2006). Third, when expressed synaptically,
the a5-GABAAR subunit mediates responses that are
kinetically slow (Prenosil et al. 2006; Ali & Thomson,
2008; Zarnowska et al. 2009). The latter may be associated
with the slower desensitization rate reported for this sub-
unit compared with the al-GABA,R-containing receptors
in a recombinant system (Caraiscos et al. 2004). Finally,
the a5-GABA,R subunit is involved in the regulation
of hippocampal network excitability (Scimemi et al.
2005; Glykys & Mody, 2006) and hippocampus-dependent
learning, so that its deletion or pharmacological blockade
in animals improves their overall performance during
learning tasks (Chambers et al. 2002; Collinson et al. 2002).

Consistent with previous findings of the possible
synaptic expression of a5-GABA4Rs, our data showed that
this receptor subunit can be involved in synaptic inhibition
in hippocampal inhibitory INs in a synapse-specific
manner. Current evidence indicates that inhibitory
synapses onto O-LM INs are formed by at least two inputs:
a septal GABAergic projection and a local inhibitory
input originating from the type III interneuron-selective
INs (ISIs) (Acsady et al. 1996; Gulyas et al. 1996;
Chamberland etal. 2010), although other projections from
oriens—oriens INs have also been suggested (Fukuda &
Kosaka, 2000). These inputs innervate different domains
of O-LM cells (perisomatic vs. dendritic) via synapses
with distinct kinetic properties (Chamberland et al.
2010). By stimulating in the stratum pyramidale adjacent
to stratum radiatum, we could preferentially activate
the ISI projection, which innervates the dendrites of
O-LM INs. This would explain profound modifications
in kinetics of eIPSCs compared to those of sIPSCs.
Age-dependent synaptic incorporation of the a5-GABA,R
subunit was not reported previously, although a possible
developmental upregulation of this subunit is evidenced
by the apparent increase in its density during post-
natal maturation and ageing (Yu et al. 2006). The fact
that the a5-GABAAR subunit populates synaptic and
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extrasynaptic sites and contributes functionally to distinct
forms of inhibition in principal neurons suggests a highly
versatile subunit scaffolding machinery that is able to
form and maintain the functional receptors all across the
neuronal surface. However, the mechanisms that control
the synapse-specific incorporation of a5-GABA,Rs in
INs remain unclear. Interestingly, the actin-binding
ERM-family protein radixin plays a critical role in the
anchoring and localization of a5-GABA,Rs (Loebrich
et al. 2006). However, the synapse-specific expression of
radixin, which would explain the preferential targeting of
a5-GABA,Rs, has not been demonstrated.

Our finding of a postsynaptic form of LTP, which
required intact a5-GABA,Rs, points to a novel form
of plasticity at inhibitory synapses that may operate
in mature inhibitory networks. The developmental
factors that may initiate specific synaptic incorporation
of a5-GABA,Rs in INs and, more importantly, the
mechanisms that may control the emergence of
long-term synaptic plasticity involving this subunit remain
unknown. Activity-dependent regulation of GABA4Rs
by protein phosphorylation, which affects the receptor
ion channel properties or open probability as well as
receptor trafficking and recruitment, are well-established
phenomena that occur at inhibitory synapses (Moss et al.
1995; McDonald et al. 1998; Nusser et al. 1999; Brunig
et al. 2002; Houston et al. 2008; Bannai et al. 2009).
Remarkably, LTP induction at inhibitory synapses onto
INs may not require the same mechanisms as in pyramidal
cells (e.g. GABAg or metabotropic glutamate receptors),
pointing to distinct mechanisms of plasticity induction at
synapses on INs (Patenaude et al. 2005). Here, no attempt
was made to identify the molecular mechanisms required
for the induction and expression of LTP. However, as
no age-dependent changes in the overall activity of INs
(firing pattern and frequency) were observed in the pre-
sent study, other mechanisms may operate specifically at
IN inhibitory synapses, driving synaptic incorporation of
the a5-GABA4R subunit during maturation. Glial cells,
which support different aspects of synapse development
(Pfrieger, 2002), are a possible source of such signals.
Interestingly, the maturation of inhibitory synapses
observed here parallels the morphological and functional
maturation of astrocytes (Kressin et al. 1995; Bushong et al.
2004). As these cells release several regulatory molecules
and factors, it would be logical to expect their potential
contribution to the age-dependent inhibitory synaptic
modification (Pfrieger, 2002).

The final question addressed in this study was whether
the age-dependent remodelling of inhibitory synapses
had any functional consequences for IN activity. Our
findings suggest that inhibitory synapse maturation,
followed by a significant reinforcement of local inhibitory
input to O-LM cells, controls the overall excitability and
firing behaviour of INs. The effect of IPSP prolongation
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was dramatic, as it increased the duration of silence
episodes in mature INs by almost 100%. Importantly,
this finding raises new questions regarding the functional
consequences of the efficient IN inhibition for its
dendritic integration and spike generation (Martina
et al. 2000), synaptic plasticity (Lamsa et al. 2007)
and brain-state-dependent implication of O-LM INs
in network activity (Klausberger et al. 2003). How
would increased inhibition affect dendritic Ca>* signalling
in O-LM cells: would it facilitate Ca®* signals via
Ca’"-permeable AMPA receptors compared with other
Ca’" sources (Topolnik et al. 2005) and, as a result, the
induction of the anti-Hebbian form of LTP at IN excitatory
synapses (Lamsa et al. 2007)? How would increased
inhibition affect the dendritic initiation and propagation
of Na* (Martina et al. 2000) and/or Ca** spikes (Topolnik
et al. 2005) and overall dendritic electrogenesis? Would
the prolongation of silence episodes evoked by the
activation of inhibitory synapses in mature O-LM INs
have an effect on the IN recruitment during hippocampal
rhythmic activity, leading, for instance, to a delayed
recruitment at particular phases of theta oscillations or
to longer silence periods during sharp-wave-associated
ripples (Klausberger et al. 2003)? Finally, how would these
age-dependent modifications in the activity of O-LM INs
affect the integration of the perforant path by pyramidal
neurons and the local circuit dialogue? Clearly, the next
step is to define the molecular details underlying the
maturation of the inhibitory synapse in O-LM INs and its
consequences for the operation of INs and local circuitry.
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