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GABAg Receptor Modulation of Feedforward Inhibition
through Hippocampal Neurogliaform Cells

Christopher J. Price,'* Ricardo Scott,”* Dmitri A. Rusakov,? and Marco Capogna'
'Medical Research Council Anatomical Neuropharmacology Unit, Oxford OX1 3TH, United Kingdom, and ?Institute of Neurology, University College
London, London WCIN 3BG, United Kingdom

Feedforward inhibition of neurons is a fundamental component of information flow control in the brain. We studied the roles played by
neurogliaform cells (NGFCs) of stratum lacunosum moleculare of the hippocampus in providing feedforward inhibition to CA1 pyrami-
dal cells. We recorded from synaptically coupled pairs of anatomically identified NGFCs and CAl pyramidal cells and found that,
strikingly, a single presynaptic action potential evoked a biphasic unitary IPSC (uIPSC), consisting of two distinct components mediated
by GABA, and GABAj receptors. A GABA, receptor-mediated unitary response has not previously been observed in hippocampal
excitatory neurons. The decay of the GABA , receptor-mediated response was slow (time constant = 50 ms), and was tightly regulated by
presynaptic GABA receptors. Surprisingly, the GABA receptor ligands baclofen and (25)-3-{[(1S)-1-(3,4-dichlorophenyl)ethyl]amino-
2-hydroxypropyl}(phenylmethyl)phosphinic acid (CGP55845), while affecting the NGFC-mediated uIPSCs, had no effect on action
potential-evoked presynaptic Ca>* signals monitored in individual axonal boutons of NGFCs with two-photon microscopy. In contrast,
baclofen clearly depressed presynaptic Ca*>" transients in non-NGF interneurons. Changes in extracellular Ca®" concentration that
mimicked the effects of baclofen or CGP55845 on uIPSCs significantly altered presynaptic Ca>" transients. Electrophysiological data
suggest that GABA, receptors expressed by NGFCs contribute to the dynamic control of the excitatory input to CA1 pyramidal neurons
from the temporoammonic path. The NGFC-CA1 pyramidal cell connection therefore provides a unique and subtle mechanism to shape

the integration time domain for signals arriving via a major excitatory input to CA1 pyramidal cells.
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Introduction
In feedforward inhibitory circuits, the afferent fibers directly ex-
cite an inhibitory cell, which in turn inhibits the firing of the
target neuron. Feedforward inhibition is widespread in the brain
because it maintains timing of spiking across different cell popu-
lations, by limiting the temporal summation of excitatory inputs
(Buzséki, 1984; Turner, 1990; Pouille and Scanziani, 2001; Blitz
and Regehr, 2005; Gabernet et al., 2005; Mittmann et al., 2005).
Axon terminals of feedforward inhibitory neurons usually ex-
press presynaptic receptors, such as GABAy receptors (Thomp-
son et al., 1993; Vigot et al., 2006). However, elucidating the role
of these receptors is often problematic, mainly because similar
receptors could also be expressed in other presynaptic or postsyn-
aptic locations throughout the circuit.

The temporoammonic (TA) path (also known as perforant
path) connects the entorhinal cortex and the CAl area of hip-
pocampus and is equipped with a feedforward inhibitory circuit.
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The TA path fibers form excitatory synapses on CAl pyramidal
cells (Witter et al., 1988; Yeckel and Berger, 1990; Colbert and
Levy, 1992; Yeckel and Berger, 1995; Gloveli et al., 1997) and also
monosynaptically activate interneurons with the soma in the
stratum lacunosum moleculare (SLM), which in turn project to
CA1l pyramidal cells (Williams et al., 1994; Empson and Heine-
mann, 1995a,b; Remondes and Schuman, 2002). Interneurons of
SLM are a heterogeneous population (Freund and Buzsaki, 1996;
McBain and Fisahn, 2001; Maccaferri and Lacaille, 2003; Somo-
gyiand Klausberger, 2005). Previously, we described a network of
so-called neurogliaform cells (NGFCs), with the soma, dendrites,
and much of their axon in the SLM (Price et al., 2005). Unitary
inhibitory synaptic responses recorded from connected NGFC—
NGEFC pairs show pronounced short-term depression and a slow
decay, and, uniquely, are mediated by both GABA,, and GABA;
receptors (Price et al., 2005). This is consistent with the proper-
ties of synapses formed by NGFCs in the neocortex (Tamés et al.,
2003; Szabadics et al., 2007).

Virtually all we know to date about synapses formed by hip-
pocampal NGFCs comes from recordings in postsynaptic NG-
FCs. However, NGFCs frequently target pyramidal cells (Vida et
al., 1998). Therefore, it is important to ascertain whether the slow
GABA, and GABAj receptor-mediated responses characteristic
for NGFC pairs can also be detected in the NGFC—pyramidal cell
synapse. This would identify one cell type responsible for the slow
GABA , receptor-mediated responses recorded in CA1 pyramidal
cells (Pearce, 1993), and also establish similarities with the NGFC
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circuitry of the neocortex (Tamads et al., 2003; Szabadics et al.,
2007). Furthermore, the TA path—CAl circuitry offers a chance
to study the role of GABAj receptors expressed by interneurons
of a feedforward circuit, because the TA path fibers are insensitive
to GABAj receptor ligands under normal conditions (Ault and
Nadler, 1982; Colbert and Levy, 1992), unlike other excitatory
fibers (Thompson et al., 1993).

We therefore used paired recordings and two-photon micros-
copy to establish the main characteristics of NGFC-CA1 pyrami-
dal cell synapses, and the modulatory role of GABAj receptors in
providing feedforward regulation of the TA path input to the
hippocampal circuitry.

Materials and Methods

Slice preparation. All procedures involving animals were performed using
methods approved by the United Kingdom Home Office and according
to The Animals (Scientific Procedures) Act (1986). Juvenile CD rats
(Charles River) between 18 and 24 d old were anesthetized with isoflu-
rane and decapitated. The brain was quickly removed, extra tissue was
trimmed away, and the remaining block containing the hippocampus
was mounted for vibratome sectioning in ice-cold artificial CSF (ACSF)
containing the following (in mm): 130 NaCl, 3.5 KCl, 2.5 CaCl,, 1.5
MgSO,, 1.25 NaH,PO,, 24 NaHCO;, and 10 glucose and saturated with
95% O, and 5% CO,, to which was added 3 mwm kynurenic acid. Hori-
zontal sections (thickness: 300—320 um) were prepared consisting of the
dorsal hippocampus and attached entorhinal cortex, which were allowed to
recover in ACSF without kynurenic acid first at 35 = 2°C for ~15 min and
then at room temperature for at least 45 min before recording. Alternatively,
a high-sucrose/high-magnesium solution containing the following (in mm):
87 NaCl, 25 NaHCO;, 25 glucose, 75 sucrose, 2.5 KCl, 1.25 NaH,PO,, 0.5
CaCl,, and 7 MgCl, was also used for slice preparation.

Electrophysiology. Single and paired whole-cell recordings were per-
formed using an EPC9/2 amplifier (HEKA). Slices were placed in a re-
cording chamber and were constantly superfused with ACSF and main-
tained at a temperature of 33 = 2°C. The NGFCs in the CA1 SLM were
visually identified based on soma shape and size. Recording electrodes
were filled with either of the following (in mwm): 126 K-gluconate, 10
HEPES, 10 Na,-phosphocreatine, 4 KCI, 4 Mg-ATP, 0.3 Na-GTP, and
0.5% biocytin (pH 7.3 with KOH); or 126 Cs-methanesulfonate, 4 CsCl,
10 HEPES, 10 Na,-phosphocreatine, 4 Mg-ATP, 0.3 Na-GTP, and 0.5%
biocytin (pH 7.3 with CsOH). Patch pipettes had resistances between 3
and 7 M{). For Ca’*-imaging experiments, the internal solution in-
cluded the following (in mm): 135 K-methanesulfonate, 2 MgCl,, 10
HEPES, 10 Na-phosphocreatine, 4 Na-ATP, 0.4 Na-GTP, 0.5% biocytin,
and the fluorescence indicators (pH 7.3 with KOH). Series resistance was
compensated by 60-70%, and the experiments discontinued if it in-
creased >20% throughout the recording period. An empirically deter-
mined liquid junction potential of —12 mV was added to the calculation
of the resting membrane potential for the current-clamp experiments.
Synaptic potentials and currents were evoked in CAl pyramidal cells
after stimulation of the TA pathway using a concentric bipolar electrode
(25 uwm platinum iridium tip; FHC) inserted close to the presubiculum.
In these experiments, to avoid possible recruitment of the hippocampal
trisynaptic pathway, the CA3 region of the hippocampus was dissected
away, leaving the entorhinal cortex, dentate gyrus, CAl, and subiculum
(Empson and Heinemann, 1995b). However, we cannot rule out the
possibility that signals may have also arisen from fibers that originated in the
thalamic nucleus reunions, amygdala, or inferotemporal cortex that send
axons to the SLM (Amaral and Witter, 1995). The stimulation of Schaffer
collaterals was also obtained via a concentric bipolar electrode. Patch pipettes
filled with oxygenated ACSF were used for extracellular recordings.

Electrophysiological data were analyzed off-line using Pulsefit
(HEKA) and IGOR Pro 5 (WaveMetrics). The peak amplitude of the
early GABA, receptor-mediated synaptic currents was calculated from
the average of the five maximum values within a time window between 15
and 45 ms from the peak of the presynaptic action current in an average
trace of five sweeps. The same applied for the calculation of the late
GABAj; receptor-mediated synaptic currents, but in this case the time
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Figure 1. Postsynaptic GABA, and GABA; receptors mediated ulPSCs in NGF(—CA1 pyra-

midal cell pair recordings. A, Light microscopic reconstruction of a biocytin-labeled NGFC of
SLM (soma and dendrites in red, axon in green) and a postsynaptic CA1 pyramidal cell (soma,
dendrites, and truncated axon in black). Note that the axonal arbor of the NGFC remains
segregated within the SLM, where it overlaps with the distal dendritic arborization of the CA1
pyramidal cell. PYR, Pyramidal cell layer. B, Voltage-clamp recording between the NGFC and
the CA1 pyramidal cell pair shown above. The arrows denote the early and late ulPSCs. Note
that the GABA receptor antagonist CGP55845 (5 wum) increased the early peak amplitude of
the ulPSC and abolished the late component of the ulPSC. Subsequently the GABA, receptor
antagonist gabazine (10 m) abolished the residual synaptic current. From top to bottom:
presynaptic action current; postsynaptic ulPSCs in control, in the presence of (GP55845, and
afteraddition of gabazine (for each group of traces: black trace, average; gray traces, five single
sweeps); and average tracesillustrated above superimposed. B2, Histograms representing the
mean peak amplitude of the early and late ulPSCs; open circles represent individual data
points. The GABA; receptor antagonist CGP55845 increased the peak amplitude of the early
GABA,-IPSC(**p < 0.01;n = 11; paired t test). B3, Summary graphiillustrating the mean and
the decay time constants fitted from the ulPSCs of various NGFC—CA1 pyramidal cell pairs (n =
14); open circles represent individual data points. Whole-cell patch-clamp recording was per-
formed with K-gluconate-based intracellular solution; V;, of the postsynaptic neurons was
—50mV.

window to obtain the peak was between 150 and 225 ms from the peak of
the presynaptic action current. Statistical tests used are indicated
throughout the text and were performed by using PRISM (GraphPad) or
SPSS. Unless indicated otherwise, values presented in the text and in
figures represent the mean = SEM.

Ca®* imaging. Imaging experiments were performed using a mul-
tiphoton excitation setup comprising a Radiance 2000 imaging system
(Zeiss—Bio-Rad) optically linked to a femtosecond laser MaiTai (Spect-
raPhysics) and integrated with a single-cell electrophysiology rig (Rusa-
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Figure2. Furtherfeatures of GABA, receptor-mediated involvement in ulPSCs of NGF(—CA1
pyramidal cell pairs. A, Action currents in a presynaptic NGFC (top trace) evoked ulPSCs abol-
ished by the GABA, receptor gabazine (10 1) in a postsynaptic neuron recorded with cesium-
based patch pipette (bottom traces). B, In another cell pair, under the same experimental
conditions as in A, the GABA; antagonist CGP55845 (5 wm) increased the size of the ulPSCs.
Black traces, Average; gray traces, single sweeps (5 in 4, 3 in B), shown superimposed. C,
Voltage-clamp recordings (top trace, presynaptic action currents; bottom traces superimposed,
average of three sweeps of postsynaptic ulPSCs in control in the presence of (GP55845) from an
NGFC—CA1 pyramidal cell pair showing that 5 pm CGP55845 inhibits the depression observed
with 5 Hz stimulation. Note that the trace in the presence of CGP55845 is scaled to the control
trace, and that the calibration bar refers to the control trace. The histograms, on the bottom,
represent the amplitude of each of the four IPSCs (1 4) recorded during 5 Hz train stimulation
under control and 5 um CGP55845 conditions normalized to the amplitude of the first IPSC. The
depression was reduced by (GP55845 (*p << 0.05; n = 6; paired ¢ test). Data from individual
cells are also illustrated (circles). Whole-cell patch-clamp recording was performed with
cesium-based intracellular solution; V, of the postsynaptic neurons was +30 mV.

kov and Fine, 2003). NGFCs were held in whole-cell mode and loaded
with two fluorescent indicators, a morphological tracer (Alexa Fluor 594;
20 uM), and a Ca> " -sensitive dye (Fluo-4; 200 um). Fluorophores were
excited in two-photon mode at 810 nm, with the laser power optimized
for emission detection at different depths in the slice. The axon was
identified and traced from one of the dendrites using frame-scanning
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mode (256 X 256 pixels, 500 Hz; the number of frames taken was kept
small to minimize phototoxic damage), and the system was focused at the
maximum optical resolution (~0.2 um; digital capture, 70 nm per pixel)
on varicosities showing prominent action potential-evoked Ca** influx
(in contrast to dendritic compartments, which invariably showed either
smaller or undetectable action potential-evoked Ca®" transients; see Re-
sults). We started the recording when the resting fluorescence in both
Alexa and Fluo-4 channels was stable (~1-2 h after break-in). Action
potentials were routinely evoked by 2 ms somatic command voltage
pulses. Fluorescence transients were recorded in linescan mode at 500 Hz
(500 ms sweeps; intersweep interval, 2 min), and stored for off-line anal-
ysis. The Ca**-dependent fluorescence response AF/F (integrated over

the visible varicosity width) was calculated as (F,oq = Fpre)/ (Fpre = Fp)-
The values of F,,,, and F,, represent the linescan fluorescence averaged

over, respectively, 100 ms before the first spike and 50 ms after each spike
onset in the case of fluorescent transients in response to a single pulse or
5 Hz four-pulse trains. F, denotes the background fluorescence mea-
sured outside any structure filled with the indicator. In the case of five-
response amplitude measurements (20 Hz train of five action potentials),
the fluorescence signal for each pulse was averaged over 25 ms after each
spike onset. Brief trains at 20 Hz, as opposed to single stimuli, were
applied to increase the release of GABA and thus boost the activation of
presynaptic GABA, receptors. We also analyzed Ca?* signals in response
to both the first and all five action potentials during the train, the latter to
optimize the signal-to-noise ratio. Paired-pulse ratios (PPRs) were ob-
tained by dividing the amplitude (averaged over 50 ms after spike) of the
nth fluorescence transient by the amplitude of the first transient in the
train. Image analyses were performed on stacks of stored linescan images
using a set of custom NIH Image macros. False color tables and averaged
images were used for illustration purposes, but the original (gray level)
pixel brightness values in each linescan image were used for the quanti-
tative analysis. In most experiments, we reconstructed the axon trajec-
tory using a collage of high-resolution Kalman-filtered z-stacks 15-20
pm deep. A more detailed description of axonal imaging was previously
published (Scott and Rusakov, 2006).

Cell reconstruction and immunocytochemistry. To verify the identity of
recorded neurons, in both the electrophysiological and imaging experi-
ments, neurons were filled with biocytin and processed to reveal their
dendritic and axonal patterns. After recording, cells were immediately
fixed for at least 24 h by immersion in 4% paraformaldehyde and 15%
saturated (v/v) picric acid (~0.2%) in 0.1 M phosphate buffer (pH 7.4).
Slices were resectioned using a vibratome at 60 wm after being embedded
in gelatin. Biocytin was then visualized with diaminobenzidine using the
Vector ABC kit (Vector Laboratories) and intensified with osmium tet-
roxide. Neurons were later drawn at 63X (dendrites) and 100X (axons)
using a drawing tube.

Chemicals and drugs. All drugs were applied to the recording prepara-
tion through the bath. Salts used in the preparation of the internal re-
cording solution and ACSF were obtained from either BDH Laboratory
Supplies or Sigma. 6,7-Dinitroquinoxaline-2,3-dione (DNQX), SR95531
(gabazine throughout the text), (25)-3-{[(1S)-1-(3,4-dichlorophenyl)-
ethyl]amino-2-hydroxypropyl}(phenylmethyl)phosphinic acid
(CGP55845), and baclofen came from Tocris Bioscience.

Results

We recorded from synaptically connected pairs of neurons iden-
tified post hoc as NGFCs (presynaptic) and CA1 pyramidal cells
(postsynaptic) (Fig. 1A). NGFCs were characterized by a round
cell body, short and aspiny dendrites that emerged in a stellate
manner and remained close to the soma, and an axon that
branched profusely close to the soma, producing a dense arbor
that is a hallmark of this cell type. The axon of NGFCs targeted
only the distal portion of the apical dendrites of CA1 pyramidal
cells (Fig. 1 A). A single action potential (escape action current) in
a presynaptic NGFC evoked a unitary IPSC (uIPSC) in the
postsynaptic pyramidal cell (Figs. 1B, 2). The uIPSCs had several
unique features. First, they showed unusual biphasic kinetics
with an early peak 0f4.9 = 1 pAat29 * 14 ms (n = 15) and a late
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synaptic GABAy receptors (Fig. 2B). On
average, the uIPSC peak amplitude was
enhanced to 139 * 18% of control by 5 um
CGP55845 under these conditions (p <
0.05; n = 7; paired t test). Fourth, the stim-
ulation of presynaptic NGFCs at 5 Hz (in-
tersweep interval, 2 min), to mimic theta
frequency range, elicited strong depres-
sion of the ulPSCs recorded from CA1 py-
ramidal cells with cesium-containing
patch pipettes at Vi; of + 30 mV. This
short-term depression was significantly
inhibited by 5 um CGP55845 ( p < 0.05;
n = 6; paired t test) (Fig. 2C), consistent
with a phasic activation by presynaptic
GABAj receptors.

In summary, action potentials gener-
ated by NGFCs induced uIPSCs in CAl
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Figure3. (Ca’* signalsinaxonsand dendrites of hippocampal NGFCs elicited by action potentials. A, Characteristicimage of an
NGFC (Alexa Fluor 594 channel) occurring neara blood capillary (vertical shadow). B, Fragments of an axon (bottom) and an aspiny
dendrite (top) imaged in the same cell; arrows indicate linescan positioning (see below). €, Ca " -dependent fluorescence signals
evoked by four actions potentials (ticks) in the axonal varicosity (top; shown in B), at a distal dendritic site (middle; shown in B),
and at a proximal dendrite (~25 wum from the soma; not shown). D, The amplitude of action potential-evoked Ca 2% transients
is much larger at the axonal varicosities (n = 20) than at dendritic sites (n = 15; ***p < 0.001; unpaired t test). Average, SEM,
and individual data points (circles) are illustrated. £, The amplitude of dendritic Ca** signals in NGFCs (red) and non-NGF

interneurons (black) decreases with the distance from the soma; lines, monoexponential fit.

peak of 1.9 = 0.3 pA at 187 = 44 ms (n = 11 of 15 cells) at V}; of
—50 = 2 mV recorded with a K-gluconate-filled patch pipette
(Fig. 1B1,B2). The early and late components of ulPSCs were
abolished by, respectively, the GABA, and GABAj receptor-
specific antagonists gabazine (10 uM; n = 15) and CGP55845 (5
uM; 1= 11) in all cells tested (Fig. 1 BI). Furthermore, the early
component was enhanced by CGP55845 (see below). When
postsynaptic CAl pyramidal neurons were recorded with
cesium-containing patch pipettes, to block postsynaptic GABA;
receptors (Gihwiler and Brown, 1985), the late ulPSC compo-
nent was abolished, and the uIPSCs were entirely blocked by
gabazine (10 um; n = 8; Vi = +30 mV to enhance the driving
force for C1 ) (Fig. 2A). This further indicated that the late and
the early components were mediated by GABA and GABA,, re-
ceptors, respectively. Second, the decay of the GABA, receptor
component of the uIPSCs was slow and well fitted with a single
exponential (time constant, 50 * 4.9 ms; n = 14), when mea-
sured in the presence of 5 um CGP55845 (Fig. 1B3). Third, the
peak amplitude of the GABA, receptor-mediated current was
significantly enhanced by 5 um CGP55845 (to 169 £ 17% of
control; p < 0.01; n = 11; paired ¢ test) (Fig. 1 B1,B2), indicating
tonic activation of GABAj receptors in control conditions. This
effect could be reproduced with cesium-containing patch pi-
pettes (V; = +30 mV), consistent with the involvement of pre-

Inhibitory action of presynaptic GABA;
receptors in NGFCs does not rely on
presynaptic Ca’*

Do presynaptic GABAy receptors of NG-
FCs act through changes in presynaptic
Ca’* signaling? Because presynaptic
voltage-dependent Ca’" channels are the
classical targets of GABAy receptors (Ta-
kahashi et al., 1998), they represent an ob-
vious candidate. However, GABAj recep-
tors have also been demonstrated to target directly components
of the exocytotic release machinery (Sakaba and Neher, 2003),
consistent with earlier suggestions (Thompson et al., 1993). To
establish whether changes in presynaptic Ca** could explain the
action of presynaptic GABAj receptors in NGFCs, we monitored
Ca’** transients evoked by action potentials at individual axonal
boutons of NGFCs identified in CA1 SLM using a set of criteria
established previously (Rusakov et al., 2004). To carry out lines-
can recordings at selected boutons, we loaded the neurons with
the morphological tracer Alexa Fluor 594 for >1 h, a time when
we still observed short-term synaptic depression in the paired
recording experiments. This protocol allowed visualization of the
dense axonal plexus of NGFCs (Kalman average images of two
different cells are shown in Figs. 34 and 6 A). We also confirmed
the cell identity post hoc using immunodetection with biocytin.
The axons were usually 3-5 times thinner than proximal den-
drites (Fig. 3B). We found that although action potentials elicited
large Ca*" transients at axonal varicosities, dendrites of the same
cells showed either smaller or undetectable Ca*™ responses (Fig.
3C,D). This observation was useful in cross-validating the axonal
identity in NGFCs. The magnitude of action potential-evoked
dendritic Ca®" transients was inversely correlated with the dis-
tance of the soma in both NGFCs and non-NGFCs of SLM (Fig.
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3E), consistent with previous results in
other types of interneurons (Goldberg et
al., 2003).

Four action potentials at 5 Hz, the pro-
tocol used in paired recording experi-
ments, evoked clear Ca*"-dependent fluo-
rescent transients at axonal varicosities
(Fig. 4). Surprisingly, the GABAj receptor
antagonist CGP55845 (5 um), which sig-
nificantly enhanced the IPSCs during the
train, had no detectable effect on presynap-
tic Ca®" transients evoked by any action
potential in the train (Fig. 4B) ( p > 0.5 for
each comparison; n = 19; paired ¢ test), or
on the ratios of the Ca** signals elicited by B
the second, third, or fourth versus the first 20,
action potential (Fig. 4C) ( p > 0.6 for each
comparison; n = 19; paired t test). Even
when Ca’®" transients were evoked by a
brief train of action potentials at 20 Hz, to
enhance the release of GABA, CGP55845
had no significant effect (supplemental Fig.
1A, available at www.jneurosci.org as sup-
plemental material) ( p > 0.7; n = 7; paired
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t test). The application of the GABAy re-

. . 0.0
ceptor agonist baclofen (10 um), which re- 1st
versibly depressed the uIPSC elicited by a
single presynaptic action potential (Fig.
5A,C) (14.1 = 2% of control; p < 0.05; n =
4; paired ¢ test), had no detectable effect on
single action potential-evoked presynaptic
Ca’" transients either (Fig. 6B,C) (p >
0.7; n = 9; paired t test). Likewise, although
baclofen (10 uM) depressed the uIPSCs
elicited by a train of action potentials (sup-
plemental Fig. 2 A, available at www.jneurosci.org as supplemen-
tal material) (p < 0.05; n = 4; paired f test), it did not affect
presynaptic Ca®" events in response to a train of stimuli (supple-
mental Fig. 1 B, available at www.jneurosci.org as supplemental
material) ( p > 0.7; n = 10; paired ¢ test). In contrast, in similar
recordings performed in non-NGF interneurons with the soma
in the SLM, baclofen (10 um) decreased (to 49 = 19% of baseline)
presynaptic Ca>" transients elicited by a single presynaptic ac-
tion potential (supplemental Fig. 1C, available at www.
jneurosci.org as supplemental material) ( p < 0.05; n = 9; paired
t test) or by a train of action potentials (supplemental Fig. 1C,
available at www.jneurosci.org as supplemental material) (p <
0.001; n = 9; paired t test).

To further validate the sensitivity of our imaging experiments,
we raised the extracellular Ca®" concentration from 2.5 to 3.5
mM. This increased the amplitude of the uIPSCs to an extent
similar to that of CGP55845 (Fig. 5B,C) (145.1 * 6.5% of con-
trol; p < 0.05; n = 4; paired ¢ test), but also enhanced action
potential-evoked presynaptic Ca*™ transients (Fig. 6 D, E) (45 *
15% of control; p < 0.01; n = 13; ANOVA). Conversely, decreas-
ing the extracellular Ca" concentration from 2.5 to 1 mM repro-
duced the inhibitory effect of baclofen on the uIPSCs (Fig. 5B, C)
(14.2 = 0.9% of control; p < 0.05; n = 4; ANOVA), and also
decreased the presynaptic Ca** transient (Fig. 6 D,E) (70 * 6%
of control; p < 0.01; n = 10; ANOVA). The ulPSCs and Ca**
transients elicited by trains of action potentials were also signifi-
cantly affected by changes in extracellular Ca*" concentrations
(uIPSCs: p < 0.05; n = 4; ANOVA; Ca’" events: p < 0.01;

2nd

[ CGP55845
1.0
o
o
o
0.5
0.0
3rd 4th

PPR1,2 PPR1,3 PPR14

Figure4.  GABA, receptors have no detectable effect on presynaptic Ca* signaling in NGFC axons. A, Effect of bath-applied
(GP55845 (5 wum) on presynaptic Ca> ™ transients (linescans and traces) evoked by four action potentials at 5 Hz at the axonal
varicosity shown in the left panel. The fluorescence measurement intervals are indicated. B, Pooled data: CGP55845 had no
detectable effect on fluorescence transients induced by individual action potentials in a 5 Hz train ( p > 0.5 for all the peaks;
paired t test;n = 19). The apparent use-dependent reduction of fluorescence responses is likely to reflect progressive changes in
endogenous buffer and/or Ca*" indicator saturation. €, Effect of CGP55845 on PPR for all fluorescence peaks during the train
with respect to the first transient (nonsignificant with p > 0.6 for each comparison; paired ¢ test; n = 19).

ANOVA; n = 10) (supplemental Figs. 2B, 3A,B, available at
www.jneurosci.org as supplemental material). Finally, the appli-
cation of 100 um CdCl, abolished presynaptic Ca®" transients
(n = 3) (supplemental Fig. 3C, available at www.jneurosci.org as
supplemental material), confirming the involvement of voltage-
gated Ca*" channels. These results indicated that presynaptic
GABAj receptor-mediated modulation of the NGFC-CA1 pyra-
midal cell transmission could not be explained by the changes in
presynaptic Ca’" signaling, suggesting the likelihood for the pre-
synaptic release machinery to be directly affected.

GABAG, receptors expressed by NGFCs dynamically modulate
TA path—CA1 EPSPs

What is the physiological role of the GABAj receptors expressed
by NGFCs? The monosynaptic NGFC-CAL1 pyramidal cell con-
nection is ideally positioned to influence the integration by a
pyramidal cell of the TA path input (Price et al., 2005). We expect
that synaptic inhibition dynamically controls the duration of ex-
citatory responses (Gabernet et al., 2005), and that GABAj recep-
tors expressed at NGFC axon terminals tightly regulate this con-
trol. The GABAy receptors are not expressed at the TA path—CA1
pyramidal cell synapses under normal conditions (Ault and Na-
dler, 1982; Colbert and Levy, 1992). We confirmed this lack of
sensitivity under our experimental conditions: 20 uM baclofen
had no effect on either the amplitude or the slope of the field
EPSPsrecorded in the CA1 area in response to 0.1 Hz stimulation
of TA path (99 = 1% of control values for both parameters; n =
3) (Fig. 7A) but reversibly abolished the population spike evoked
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ulPSCs. A, Action currents in a presynaptic NGFC (top trace) evoked ulPSCs (bottom traces),
which were reduced by the GABA agonist baclofen (10 um) in a reversible manner. B, In
another cell pair, the amplitude of the ulPSCs was changed by decreasing orincreasing [Ca® "],
to 1and 3.5 mw, respectively. The postsynaptic neurons were recorded at V, = —50 mV with
Cs-gluconate- (4) or K-gluconate- (B) based patch pipettes. C, Left graph, The histograms show
the effects of CGP55845 (5 wm) and 3.5 mm extracellular Ca®* on the ulPSCs normalized to
control. Both agentsincreased the ulPSCs ( p << 0.05; paired-t test; n = 10 and 4, respectively)
to a similar extent ( p > 0.05; unpaired ¢ test). C, Right graph, The histograms illustrate the
effects of baclofen and 1 mwm extracellular Ca™ on the ulPSCs normalized to control. Both
agents decreased the ulPSCs ( p << 0.05; paired-t test; n = 4for both) to a similar extent ( p >
0.05; unpaired t test). Each value represents a single experiment.

by 0.1 Hz stimulation of Schaffer collaterals (Fig. 7B) (n = 3;
these experiments were performed in the presence of 0.3-1 um
gabazine to block GABA, receptors).

Therefore, any presynaptic effect of GABAj ligands on
postsynaptic responses evoked in CA1 pyramidal cells by TA path
stimulation is most likely to require GABAy receptors on inhibi-
tory interneurons. We therefore examined the effect of the
GABAj receptor antagonist CGP55845 (5 uMm) on the EPSP-IPSP
sequence elicited in CA1 pyramidal cells by the TA path stimula-
tion, with GABA, receptors left intact. The cells were recorded
with cesium-containing patch pipettes at the resting membrane
potentials, i.e., between the reversal potentials for excitatory and
IPSPs. The stimulation of the TA path with four stimuli at 5 Hz
every 1 min evoked EPSP-IPSP sequences in CA1 pyramidal cells
(response to the first stimulus is cited as EPSPI, to the second
stimulus as EPSP2, and so on). In control, we observed a marked
increase in the half-peak duration and amplitude of the EPSPs
occurring after the first stimulus within the train (p < 0.05,
ANOVA, for EPSP1 vs EPSP2, EPSP3, or EPSP4; n = 5), and a
steady decrease in the amplitude of the IPSPs ( p < 0.05, ANOVA,
for IPSP1 vs IPSP2, IPSP3, or IPSP4; n = 5) (Fig. 7C). However,
the application of CGP55845 increased the amplitude of all IPSPs
and tended to reduce the IPSPs short-term depression during the
train while decreasing the half-width of all EPSPs. On average, the
differences between each EPSP1-4 half-peak duration as well as
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between IPSP1-4 peak amplitudes before and after CGP55845
were significant ( p < 0.05; paired t test; n = 5) (Fig. 7C). More-
over, the stimulation of the TA path at 5 Hz elicited in CAl
pyramidal cells either stable or slightly facilitating EPSCs at Vi of
—70 mV in the presence of 1 uM gabazine (n = 4; data not
shown). This renders unlikely that the changes observed above
were caused by short-term plasticity of monosynaptic TA path-
EPSPs recorded in CA1 pyramidal cells. It is also important to
note that previous results indicate that high-frequency stimula-
tion of the TA path evokes facilitating excitatory responses in
adult interneurons of SLM (Dvorak-Carbone and Schuman,
1999), including juvenile NGFCs (Price et al., 2005). These data,
together, suggest that GABAj receptors expressed by NGFCs dy-
namically control the excitatory responses from the TA path,
most likely affecting the integration time window for TA path-
mediated EPSPs converging onto CA1 pyramidal cells.

Discussion

We report here several unique features of the unitary synaptic
responses recorded from connected pairs of hippocampal NG-
FCs of the SLM and CA1 pyramidal cells. Previously, Vida et al.
(1998) recorded with sharp microelectrodes ulPSPs from two
NGFC-CA1 pyramidal cell pairs. Together with more recent ob-
servations in the hippocampus (Fuentealba et al., 2006) and in
the neocortex (Tamés et al., 2003), the data indicate that the axon
of NGFCs frequently target dendritic shafts and spines of pyra-
midal neurons. Furthermore, NGFCs form an extensive cellular
network with other NGFCs as well as other interneurons of the
SLM via chemical and electrical synapses (Price et al., 2005; Zsiros
and Maccaferri, 2005; Zsiros et al., 2007). Thus, NGFC is an
important example of an interneuron type targeting selectively
the distal dendrites of an excitatory neuron.

In our experiments, stimulation of NGFCs evoked GABA,
receptor-mediated ulPSCs with a slow decay in pyramidal cells.
Such a slow decay is likely attributable to either the unusually low
peak GABA concentration at the synaptic cleft, activation of ex-
trasynaptic GABA , receptors via GABA spillover, and/or unique
structural features of NGFC synapses (Szabadics et al., 2007). Our
data thus identify the NGFC type as a source of the slow GABA
receptor-mediated response recorded from the CA1 hippocam-
pal pyramidal cell (Pearce, 1993). The NGEC also exerts a slow
GABA ,-receptor response in synaptically coupled NGFCs, in
other interneurons of SLM (Price et al., 2005), and in neocortical
pyramidal cells (Tamés et al., 2003). The so-called ivy cells also
generate slow GABA , receptor-mediated responses in CA1 pyra-
midal neurons (Fuentealba et al., 2008). Furthermore, we found
that uIPSCs had a small but robust GABAy receptor-mediated
component, consistent with what is observed in hippocampal
NGFC-NGFC pairs (Price et al., 2005) and neocortical NGFC—
pyramidal cell pairs (Tamds et al., 2003; Szabadics et al., 2007).
This is the first time that a unitary GABAjy receptor-mediated
response is detected in a GABAergic synapse on a hippocampal
excitatory neuron.

Interneurons of the SLM have been proposed to elicit GABAy
receptor-mediated inhibition of CA1 pyramidal cells (Williams
and Lacaille, 1992), and our results identify the NGFC as the cell
type mediating this slow synaptic response. Our data therefore
are complementary to the suggestion that synchronous release of
GABA from several interneurons is required to activate GABAy
receptors at hippocampal synapses (Scanziani, 2000; Bertrand
and Lacaille, 2001). It is likely that the slow kinetics of synaptic
responses mediated by the NGFC-CA1 synapse contributes to
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, but not the application of baclofen, affects presynaptic Ca** transients at NGFC axonal boutons. 4, Left, Fluorescence image (Alexa channel) of an NGFC (arrows

indicate axonal arborization; patch pipette is seen). Right, A characteristic axonal bouton (Alexa channel; arrows, linescan position). B, (a 2+—dependent fluorescent transients (Fluo-4 channel)
evoked by single action potentials (white line) in control (Ctrl) and after application of 10 umbaclofen (Bacl). €, Summary; action-potential-evoked AF/F signals were not affected by 10 rum baclofen
(p > 0.70; paired ¢ test; n = 9; data are normalized to control). Error bar represents SEM. D, Examples of action potential-evoked presynaptic Ca®*-dependent fluorescent transients (Fluo-4
channel, linescan) under different extracellular Ca ™ concentrations, as indicated. E, Normalized pooled data (average and SEM) of the action potential-evoked AF/F signalin the presence of 1, 2.5,
and 3.5 mm extracellular Ca2™; the values were significantly different (**p << 0.01; ANOVA; n = 13).

the prominent theta activity detected in the SLM of hippocampus
(Buzséki, 2002).

Another feature of the NGFC-CA1 pyramidal cell synapse is
that it was subjected to presynaptic GABAy receptor-mediated
control similar to that in the hippocampal NGFC-NGFC synapse
(Price et al., 2005). The role of tonic presynaptic GABA receptor
modulation of transmission between other interneuronal types
(non-NGEFCs) with the soma in the SLM and CA1 pyramidal cells
has been debated (Ouardouz and Lacaille, 1997; Bertrand and
Lacaille, 2001). We report that action potential-induced Ca**
signals in the dendrites of NGFCs and non-NGFCs decay rapidly
with the distance from the soma, consistent with previous reports
in other interneuronal types (Kaiser et al., 2001; Goldberg et al.,
2003; Topolnik et al., 2006). We found that presynaptic Ca*™
transients evoked by the pattern of stimulation that elicited
short-term depression in NGFC—CA1 pyramidal cell pairs as well
as in NGFC-NGFC pairs (Price et al., 2005) did not significantly
change with the application of a GABAj receptor antagonist.
Consistent with this result, baclofen reduced the Ca>" transients
in presynaptic boutons of non-NGFCs but not in NGFCs. In
contrast, raising or decreasing extracellular Ca** changed both
the amplitude of the ulPSCs and the presynaptic Ca** transients.
It is therefore unlikely that the absence of the effects by the
GABAy receptor ligands on the presynaptic Ca*" signals was
caused by a lack of sensitivity of the detection method used. On
the contrary, our data argue against the involvement of voltage-
dependent Ca** channels, which are classical targets of presyn-
aptic GABAg receptors (Takahashi et al., 1998), and against other
changes in intraterminal Ca** dynamics as effectors of GABA,
receptor-mediated actions in NGFCs. One argument against this

interpretation is that exocytosis could be triggered by only a few
Ca** channels generating Ca®" nanodomains near a single re-
lease site; therefore, the GABAj receptor-mediated synaptic
modulation could be explained by changes in only a few Ca®™"
channels, which would be undetectable in our experiments.
However, this explanation is inconsistent with the stochastic na-
ture of GABA release from multiple release sites at a single syn-
apse (Overstreet and Westbrook, 2003; Telgkamp et al., 2004): if
GABAj receptors were to inhibit Ca>™ influx, this should have
occurred at all separate release sites. In this case, changes in total
Ca*" entry should faithfully reflect changes in the extent of pre-
synaptic Ca*" nanodomains unless the bulk of Ca*" channels
are away from the synaptic active zone. The currently available
evidence on the subsynaptic distribution of Ca** channels, the
main source of presynaptic Ca®" entry, indicates that the latter is
unlikely (Brandt et al., 2005; Kittel et al., 2006). It is therefore
highly unlikely that the mechanism in question is confined to
local regulation of Ca** entry among one or a few Ca** channels
and thus cannot be detected. We propose that other mechanisms
are involved, including direct modulation of release machinery
component(s), which mediates some of the effects of GABAy
receptors at the calyx of Held (Sakaba and Neher, 2003). These
mechanisms will require a separate investigation.

What is the role of the GABAj receptors expressed by NGFCs
in the feedforward inhibitory circuit? The TA path connects neu-
rons of layer III of the entorhinal cortex and the apical dendritic
tuft of CA1 pyramidal neurons (Witter et al., 1988). This path
monosynaptically excites and elicits spikes in the upper apical
dendrites of CA1 pyramidal cells, which are propagated to the
soma, especially when they occur temporally close to the activa-
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Figure7. The GABA;receptors expressed by interneurons of SLM control TA path-mediated
feedforward inhibition in CAT pyramidal cells. A, Presynaptic GABA receptors are not func-
tionally expressed by the TA path. The field EPSPs recorded extracellularly in the SLM of CA1
area and evoked by stimulation of the TA path were not changed after the application of the
GABA, receptor agonist baclofen (20 wm, 10 min). B, The Schaffer collateral (coll.)-evoked
population spike in CA1 area was greatly reduced by baclofen (20 m, 6 min), in a reversible
manner. Waveforms illustrated in A and B are the average of 10 responses; traces are super-
imposed as indicated. €, Representative traces superimposed in control, in the presence of
(GP55845 (5 M, 10 min), and after washout of CGP55845 (20 min); each trace is the average
of three sweeps evoked every 1 min. The voltage responses were recorded in current clamp
(resting membrane potential = —72mV) in a CA1 pyramidal cell to four stimuli delivered at
5Hzto the TA path. In control, note the broadening of the EPSPs evoked after the first stimulus
and the gradual decrease of the peak amplitude of the IPSPs during the train stimulation. In the
presence of (GP55845, the half-peak duration of the EPSPs was decreased and the IPSP peak
amplitude was increased. Pooled data are shown in the top graph (EPSP half-peak duration)
and bottom graph (IPSP peak amplitude). All comparisons before and during CGP55845 were
statistically significant (*p << 0.05; paired t test; n = 5). Data from individual cells are also
illustrated (open circles).

tion of the Schaffer-collateral synaptic input, thus resulting in
somatic action potential output after distal synaptic stimulation
(Jarsky et al., 2005). In addition, the TA path also contacts
GABAergic profiles in the SLM (Desmond et al., 1994; Kiss et al.,
1996) and excites monosynaptically interneurons with the soma
in the SLM (Williams et al., 1994). Among them, the NGFCs are
the only interneuronal type known so far to possess both den-
dritic and axonal arbors segregated within the SLM without send-
ing collaterals to other layers of the CA1 hippocampus, where the

J. Neurosci., July 2, 2008 - 28(27):6974 - 6982 + 6981

dendrites of pyramidal cells are also present (Vida et al., 1998;
Price etal., 2005). Therefore, the NGFC is the only major cell type
known to provide TA path-mediated feedforward inhibition se-
lectively to the upper apical dendrites of CA1 pyramidal cells.
Interestingly, NGFCs are extensively interconnected through gap
junctions (Price et al., 2005; Simon et al., 2005; Zsiros and Mac-
caferri, 2005; Zsiros et al., 2007), which might help to synchronize
feedforward inhibition to CAl pyramidal cells. The TA path—
CA1 pyramidal cell synapse is insensitive to GABAj receptor li-
gands in normal conditions (Ault and Nadler, 1982; Colbert and
Levy, 1992), an observation that we have confirmed here. It is not
known whether the GABAj, receptors are expressed at TA path—
interneuron synapses, consistent with the target-specific expres-
sion of presynaptic receptors at other excitatory synapses (Scan-
ziani et al., 1998). This gave us the chance to analyze selectively
the role of GABAj receptors expressed by NGFCs, and possibly
by other interneurons of SLM, on feedforward inhibition. We
found that a GABAj receptor antagonist significantly influenced
the dynamic properties of TA path-mediated feedforward inhi-
bition. This suggests that the endogenous activation of GABAy
receptors expressed by NGFCs, as well as possibly by other inter-
neurons of SLM, depresses the release of GABA. In this way, the
integration time window of incoming EPSPs and the firing dis-
tribution of CAl pyramidal cells could be modified. Our data
complement previous results showing prominent physiological
effects by postsynaptic GABAg receptor-mediated inhibitory re-
sponses in CAl pyramidal cells after TA path stimulation
(Dvorak-Carbone and Schuman, 1999).

In several brain circuits, feedforward inhibition limits the
temporal summation of EPSPs and generates a narrow “window
of excitability” during which action potentials can occur in the
postsynaptic neurons (Buzsaki, 1984; Turner, 1990; Pouille and
Scanziani, 2001; Blitz and Regehr, 2005; Gabernet et al., 2005;
Mittmann et al., 2005). Moreover, feedforward inhibitory cir-
cuits are so widespread in the brain (Buzsdki, 1984) and physio-
logically significant (Swadlow, 2003) that they are likely to be
targeted in disease. Indeed, a selective disruption of the feedfor-
ward inhibition mediated by the TA path—CA1 circuit occurs in
temporal lobe epilepsy (Wozny et al., 2005). Our results showing
that GABA receptors control the strength of feedforward inhi-
bition in this circuit thus pinpoint a specific receptor that could
be targeted for therapeutic intervention.
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