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The kinetics of GABAergic synaptic currents can vary by an order of magnitude depending on the cell type. The neurogliaform cell (NGFC)
has recently been identified as a key generator of slow GABAA receptor-mediated volume transmission in the isocortex. However, the
mechanisms underlying slow GABAA receptor-mediated IPSCs and their use-dependent plasticity remain unknown. Here, we provide
experimental and modeling data showing that hippocampal NGFCs generate an unusually prolonged (tens of milliseconds) but lowconcentration (micromolar range) GABA transient, which is responsible for the slow response kinetics and which leads to a robust
desensitization of postsynaptic GABAA receptors. This strongly contributes to the use-dependent synaptic depression elicited by various
patterns of NGFC activity including the one detected during theta network oscillations in vivo. Synaptic depression mediated by NGFCs
is likely to play an important modulatory role in the feedforward inhibition of CA1 pyramidal cells provided by the entorhinal cortex.

Introduction
In the CNS, phasic IPSCs exhibit various kinetics (Hájos and
Mody, 1997; Ouardouz and Lacaille, 1997; Maccaferri et al., 2000;
Farrant and Nusser, 2005). They can have a rise time of ⬍1 ms
and a decay time constant of ⬍10 ms (fast IPSCs) (Bartos et al.,
2001), but also a rise time of several milliseconds and a decay time
constant of tens of milliseconds (slow IPSCs) (Pearce, 1993;
Banks et al., 1998). Detailed information on the specific synapses
showing distinct responses has only recently started to emerge
(Gupta et al., 2000; Molnár et al., 2008). In cortical areas, the
neurogliaform cell (NGFC) and the ivy cell (Tamás et al., 2003;
Price et al., 2005, 2008; Oláh et al., 2007, 2009; Szabadics et al.,
2007; Fuentealba et al., 2008) elicit slow IPSCs in postsynaptic
neurons.
Properties of NGFC-evoked responses provide clues to the
mechanisms underlying their slow kinetics. First, these responses
are highly sensitive to the blockade of the GABA transporter,
GAT-1 (Banks et al., 2000; Prenosil et al., 2006; Szabadics et al.,
2007). Second, GABA released by a single NGFC action potential
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activates not only GABAA but also GABAB receptors at both
postsynaptic and presynaptic sites, with the latter strongly controlling the amount of GABA or glutamate released (Tamás et al.,
2003; Price et al., 2005, 2008; Oláh et al., 2009). Both these phenomena together with the activation of extrasynaptic GABAA
receptors mediating a tonic conductance on nearby cells (Oláh et
al., 2009) suggest an unusual spatiotemporal profile of GABA
near the activated synapses. In addition, it has recently been proposed that a low peak GABA concentration exists at the synaptic
cleft of NGFCs likely because of the unique structural features of
their synapses (Szabadics et al., 2007; Oláh et al., 2009). Importantly, several lines of evidence indicate that the slow IPSCs are
unlikely to be attributable to dendritic filtering: (1) they have
been confirmed by using the voltage jump method (Pearce,
1993), which overcomes the distance-dependent distortion of
synaptic currents away from the soma; (2) both the rise time and
decay of IPSCs are slow, with the latter being less influenced than
the former by inadequate space clamp; (3) slow responses are
observed not only from somatic recordings of pyramidal cells
(Tamás et al., 2003; Price et al., 2008) but also from NGFCs with
short dendrites synaptically coupled to other NGFCs (Price et al.,
2005; Oláh et al., 2009); (4) Martinotti cells form synapses on
cortical pyramidal cell dendrites at a longer distance from the
soma than NGFCs, yet they elicit faster IPSPs than NGFCs
(Szabadics et al., 2007).
The aim of this study was to investigate the temporal profile of
NGFC-mediated GABA release and its consequences. Our data
show that NGFC-IPSCs are mediated by slow, low-peak GABA
transients, leading to desensitization of postsynaptic GABAA
receptors and synaptic depression. We suggest that this phe-
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nomenon underlies the depression of feedforward inhibition
of hippocampal CA1 pyramidal neurons observed after theta
burst activity of entorhinal cortex.

Materials and Methods
Acute slice preparation. All procedures involving animals were performed
in accordance with the United Kingdom and European Union regulations. Male postnatal day 18 –22 Sprague Dawley rats were anesthetized
with isoflurane and decapitated, and their brains quickly removed and
placed into ice-cold high-magnesium artificial CSF (ACSF) (composition in mM: 85 NaCl, 25 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 0.5 CaCl2, 7
MgCl2, 10 glucose, 75 sucrose) saturated with 95% O2, 5% CO2, at pH
⬃7.3. Using a vibratome (VT 1000S; Leica Microsystems), horizontal
sections (300 –350 m; range, from bregma ⫺6.60 to ⫺4.74) were cut
containing the hippocampus and attached entorhinal cortex. The slices
were allowed to recover in recording ACSF (same as above but 130 NaCl,
2 CaCl2, 2 MgCl2, 0 sucrose) at room temperature for at least 45 min
before recording. Acute slices were then placed in a recording chamber
mounted on the stage of an upright microscope (Axioscope; Zeiss)
equipped with immersion differential interference contrast objectives
(40⫻, 60⫻) coupled to an infrared camera system (Hamamatsu), superfused at a rate of 1–2 ml/min with oxygenated recording ACSF, and
maintained at a temperature of 33 ⫾ 1°C.
Electrophysiological recordings and data analysis. Whole-cell recordings
were performed using EPC10/3 or EPC9/2 amplifiers (HEKA). Interneurons with the soma in the stratum lacunosum-moleculare (SLM) were
identified based on soma shape and size under infrared video microscopy. Borosilicate patch electrodes were pulled (Zeitz; DMZ Puller) and
filled with the following (in mM): 88 KCl, 42 K-gluconate, 10 HEPES, 10
Na2-phosphocreatine, 4 Mg-ATP, 0.3 Na-GTP, pH 7.3 with KOH, to
increase the driving force for Cl ⫺ ions (ECl ⫽ ⫺11 mV) to the extent that
the IPSC polarity was inward at the holding potential (Vh) of ⫺65 mV.
When recording in current-clamp mode, cells were patched with electrodes containing the following (except when stated otherwise, in mM):
126 K-gluconate, 10 HEPES, 10 Na2-phosphocreatine, 4 KCl, 4 Mg-ATP,
0.3 Na-GTP, pH 7.3, with KOH; the osmolarity was 270 –280 mOsmol.
Biocytin was added to the intracellular solutions before recording at a
final concentration of 0.1– 0.5% (w/v). Recording electrodes had resistances between 4 and 6 M⍀. Access resistance was always monitored to
ensure the stability of recording conditions. Cells were only accepted for
analysis if the initial series resistance was ⱕ20 M⍀ and did not change by
⬎20% throughout the recording period. The series resistance was compensated on-line by at least ⬃ 50% in voltage-clamp mode to reduce
voltage errors. No correction was made for the junction potential between the pipette and the ACSF, and therefore the recorded membrane
potential, as calculated post hoc using a junction potential calculator, was
16 and 11 mV more depolarized than the true membrane potential, for
K-gluconate and high-Cl ⫺ intracellular solution, respectively.
Presynaptic and postsynaptic neurons were voltage clamped at Vh ⫽
⫺65 mV. Action currents were elicited in a presynaptic cell and the
corresponding unitary IPSC was recorded in a synaptically coupled
postsynaptic neuron or in the presynaptic neuron as an autaptic IPSC.
Postsynaptic and autaptic currents were filtered at 3 kHz and recorded
with a sampling rate of 5 kHz. Spontaneous IPSCs (sIPSCs) were also
filtered at 3 kHz and recorded at Vh ⫽ ⫺65 mV with a sampling rate of 10
kHz for 120 s. The recorded files were analyzed using Minianalysis software (Synaptosoft), and the peak amplitude, the 20 – 80% rise time, and
the decay time were calculated by fitting with a single exponential in each
trace.
Evoked unitary IPSCs were analyzed off-line using Patchmaster
(HEKA) and Igor Pro 5.05 (Wavemetrics). An automated macro was
developed in Igor to perform all measurements of synaptic responses
including subtraction of traces. Failures were flagged if the IPSCs were
smaller than three times the baseline noise (SD of the holding current) or
had an onset time that was greater than the average calculated for a file of
30 sweeps plus five times the SD, or when the difference between the
onset and the end of the event was ⬍10 ms. In vivo firing patterns of
NGFCs were recorded in anesthetized rats with the juxtacellular/extra-
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cellular method and analyzed as detailed previously (Fuentealba et al.,
2010). One hundred action potentials recorded in NGFCs during theta
oscillations were injected into whole-cell patch-clamped cells as voltage
pulses (100 mV, 1 ms each) by using Matlab (The MathWorks) and Pulse
(HEKA) software. The stimuli evoked a train of action potentials in vitro
that exactly matched the sequence of action potentials detected in vivo.
Paired or unpaired Student’s t tests, where appropriate, were performed with SPSS or Prism 4.0 (GraphPad Software). When other statistical tests have been used, then they have been specified in the text.
Statistical significance was set at p ⬍ 0.05. Values presented in the text
and in figures represent the mean ⫾ SEM, unless otherwise stated.
Two-photon excitation microscopy. Axonal imaging methods used in
this study have been detailed previously (Scott and Rusakov, 2006), and
the procedures for tracing and identification of NGFC axonal varicosities
were described in our previous study (Price et al., 2008). In brief, we used
a multiphoton excitation setup comprising a Radiance 2000 imaging
system (Zeiss/Bio-Rad) optically linked to a femtosecond laser MaiTai
(Newport; SpectraPhysics) and integrated with a single-cell electrophysiology rig. The NGFCs were held in whole-cell mode and loaded with two
fluorescent indicators, a morphological tracer Alexa Fluor 594 (20 M)
and a Ca 2⫹-sensitive dye (Fluo-4; 200 M). 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 (which was three
to five times thinner than proximal dendrites) was identified and traced
using frame scanning mode (256 ⫻ 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 m; digital
capture, 70 nm per pixel) on varicosities showing, unlike NGFC dendrites, prominent action potential-evoked Ca 2⫹ influx. We started the
recording when the resting fluorescence in both Alexa and Fluo-4 channels was stable (⬃1–2 h after break-in). Action currents 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, 100 s) and stored for off-line analysis. The Ca 2⫹-dependent fluorescence
response ⌬F/F (integrated over the visible varicosity width) was calculated as
(Fpost ⫺ Fpre)/(Fpre ⫺ F0). Fpre and Fpost denote the fluorescence (averaged
over a sampling time window) before and after stimulation, and F0 denotes
the background fluorescence measured outside any structure filled with the
indicator. The fluorescence signal for each train (20 Hz train of four action
potentials) was averaged over 200 ms after the first spike onset. 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 quantitative analyses. In most experiments, we reconstructed the axon trajectory using a collage of highresolution Kalman-filtered z-stacks 15–20 m deep.
Intracellular labeling and post hoc visualization of recorded cells. After
electrophysiological/imaging experiments, slices were immersed for at
least 24 h in fixative (4% paraformaldehyde, 0.05% glutaraldehyde, and
0.2% saturated picric acid in 0.1 M phosphate buffer, pH 7.4). Subsequently, gelatin-embedding and resectioning into 60 m slices was
carried out. Recorded cells in the slices were then labeled by avidinbiotinylated horseradish peroxidase complex followed by a peroxidase
reaction using diaminobenzidine (0.05%) as the chromogen and H2O2
(0.01%) as the substrate. The sections were dehydrated using increasing
concentrations of ethanol and permanently mounted on slides. Neurons
were drawn (100⫻ magnification) using a drawing tube attached to a
light microscope.
Electron microscopy. The slices were fixed overnight by immersion in
fixative containing 4% paraformaldehyde, 0.05% glutaraldehyde, and
15% (v/v) saturated picric acid in 0.1 M phosphate buffer, pH 7.4. The
slices were incubated in 1% H2O2 to block endogenous peroxidase activity, embedded in gelatin, and resectioned at 60 m thickness. After cryoprotection in 25% sucrose and 10% glycerol in 0.1 M PB overnight, the
sections were freeze-thawed in cooled isopentane (BDH Chemicals) and
then immersed in liquid nitrogen. Subsequently, the biocytin-filled cells
were visualized by the avidin-biotinylated horseradish peroxidise
method with diaminobenzidine as a chromogen. All sections were postfixed in 1% osmium tetroxide (Oxkem) in 0.1 M PB at pH 7.4 for ⬃30
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min. The sections were then dehydrated through a graded series of dilutions of ethanol with 1% uranyl acetate included in the 70% ethanol
solution to increase contrast in the electron microscope (EM) and infiltrated with resin overnight (Durcupan; Fluka Chemical). They were then
mounted in resin on glass microscope slides and polymerized at 60°C
for 48 h.
At high magnification, under the light microscope, the soma and dendrites of filled neurons were examined for close appositions with the
axon of the parent cell, which in all cases was traced back to the soma.
Digital light micrographs were taken at different focal depths from the
characteristic axonal and dendritic pattern of the cell and from all appositions before reembedding in Durcupan blocks for ultrathin sectioning.
Serial sections of ⬃70 nm thickness were collected on Pioloform-coated
single slot copper grids, contrasted with lead citrate for 1 min, and examined in a Philips CM 10 EM. All axonal varicosities forming the putative
self contacts were followed through several serial sections to establish
whether they formed synapses with any other elements. Also, all filled
somata were completely serially sectioned for EM analysis to ensure that
any inputs, which may have been obscured by the peroxidase labeling at
the SLM level, were included in this analysis.
Modeling. We estimated the size and shape of the GABA exposure
required to produce slow IPSCs at NGFC synapses by fitting experimentally recorded IPSC waveforms with a previously derived model of
GABAA receptor kinetics (supplemental Fig. 6, available at www.
jneurosci.org as supplemental material). The details of model derivation
and validation were published previously (Jones and Westbrook, 1995;
Jones et al., 1998). The model was expressed in Q-matrix form
(Colquhoun and Hawkes, 1995a,b) and solved numerically with the matrix exponentiation function in Matlab 7 (The MathWorks). The GABA
concentration profile was modeled as the biexponential function,
[GABA](t) ⫽ ⫺e ⫺t/  rise ⫹ e ⫺t/  decay, scaled to reach a peak concentration A. Then, A and the time constants rise and decay were allowed to
vary as free parameters in minimizing the sum of squared errors between
simulated and experimentally recorded currents, using the Nelder–Mead
simplex minimization algorithm (Nelder and Mead, 1965). When drugs
were used, the model was required to find the single [GABA] profile that
simultaneously minimized the error to both the control and drug currents. Because the [GABA] profile is not known a priori, the fits were
constrained to rely solely on relative amplitude (i.e., control vs drug) and
shape information, by normalizing all currents and simulations to the
peak of the control current in the absence of drug.
Chemicals and drugs. All drugs were applied to the recording preparation
through the bath. Salts used in the preparation of the intracellular recording
solution and ACSF were obtained from either BDH Laboratory Supplies or
Sigma-Aldrich. Kynurenic acid was purchased from Sigma-Aldrich, 6-imino3-(4-methoxyphenyl)-1(6 H)-pyridazinebutanoic acid hydrobromide
(SR95531), zolpidem, diazepam, (2S)-3-[[(1S)-1-(3,4-dichlorophenyl)ethyl]amino-2-hydroxypropyl](phenylmethyl)phosphinic acid hydrochloride
(CGP55845), GABA, bicuculline, 11,12,13,13a-tetrahydro-7-methoxy-9oxo-9H-imidazo[1,5-a]pyrrolo[2,1-c][1,4]benzodiazepine-1-carboxylic
acid, ethyl ester (L-655708), and (1,2,5,6-tetrahydropyridin-4-yl)methylphosphinic acid (TPMPA) were purchased from Tocris Bioscience.

Results
Postsynaptic and autaptic responses of hippocampal NGFCs
We performed whole-cell patch-clamp recordings in pairs of synaptically connected NGFCs in the presence of antagonists for
ionotropic glutamate and GABAB receptors (3 mM kynurenic
acid and 5 M CGP55845, respectively). Evoking an action current in the presynaptic NGFC every 120 s elicited a GABAA
receptor-mediated current in the postsynaptic NGFC (Fig. 1 A1).
In ⬃50% of cases, this protocol also elicited an inward current in
the presynaptic cell occurring shortly after the action current
(Fig. 1 A2). Both presynaptic and postsynaptic currents were reversibly abolished by the specific GABAA receptor antagonist
SR95531 (5 M) (Fig. 1 B1,B2). Small currents suggestive of electrical synapses also occurred in synaptically coupled NGFCs (Fig.
1 B1), as we have previously shown (Price et al., 2005). The syn-
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Figure 1. Slow IPSCs recorded from NGFCs. A1, A short square depolarizing voltage pulse
applied to a presynaptic NGFC elicited a fast initial action current (top trace), which in turn gave
rise to a slow IPSC in a postsynaptic NGFC (bottom trace). A2, Closer inspection of the presynaptic current trace reveals an inward autaptic current after the action current (truncated), which
has a similar waveform to the postsynaptic IPSC. B, Representative traces showing unitary
postsynaptic (B1) and unitary autaptic (B2) IPSCs evoked in NGFCs in control conditions (black)
and abolished by the GABAA receptor antagonist SR95531 (5 M; red). Note that the presynaptic action current that evoked the response shown in B1 is omitted. Note also the presence of a
fast transient inward current (arrow) in the traces illustrated in B1 indicating the presence of an
electrical connection in the IPSC. C, Light microscopic reconstruction (100⫻) of a biocytinlabeled NGFC (soma and dendrites in red; axon in blue) in acute slice. The axonal arbor remains
mostly segregated within the SLM but at some locations crosses the hippocampal fissure into
the stratum moleculare. Note also that the axon overlaps extensively with the dendritic arbor
forming putative autaptic contacts.

aptic and the autaptic GABAA receptor-mediated currents displayed similar amplitudes, rise times, and decay kinetics ( p ⬎
0.1). On average, the IPSC peak amplitudes were 85.3 ⫾ 9.6 and
114.1 ⫾ 12.5 pA, the 20 – 80% rise times were 3.69 ⫾ 0.34 and
3.39 ⫾ 0.32 ms, and the fitted decay time constants were 60.3 ⫾
4.7 and 70.7 ⫾ 3.5 ms in postsynaptic (n ⫽ 69) and autaptic (n ⫽
31) currents, respectively. The kinetics of either current match
closely those described in the literature as GABAA,slow (Pearce,
1993; Banks et al., 1998, 2000; Tamás et al., 2003; Price et al., 2005,
2008; Prenosil et al., 2006; Oláh et al., 2007, 2009; Szabadics et al.,
2007). All cells were filled with biocytin, and only cells identified
post hoc as NGFCs were included as such in the study, as detailed
previously (Price et al., 2005, 2008); the reconstruction of a representative NGFC is shown in Figure 1C. NGFCs were characterized by round somata, short, highly arborizing dendrites close to
the soma and an axon that profusely arborized to cover the dendritic tree and stayed most of the times in the SLM, but sometimes crossed to the molecular layer of the dentate gyrus.
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petitive GABAA receptor antagonists at
concentrations near their IC50 values, so
that receptors reach a dynamic equilibrium with approximately one-half of
them bound to the antagonist at any given
time. Previous work on fast GABAergic
responses predicts that when GABA
dwells in the cleft long enough for a
GABAA receptor antagonist to unbind,
then the channels activated after antagonist unbinding will open later than they
would have if the antagonist was not
present, resulting in longer rise time of the
IPSC (Overstreet et al., 2002). We monitored NGFC-IPSCs in control and after
the application of TPMPA, an antagonist
with low affinity and fast unbinding rate
(u ⬃ 0.6 ms) (Jones et al., 2001). As
shown in Figure 2, 300 M TPMPA reduced the amplitude from 68.7 ⫾ 15 to
31.2 ⫾ 5.1 pA (54.6 ⫾ 4.4%; p ⬍ 0.005;
n ⫽ 15), and significantly increased the
rise time of the IPSCs from 2.65 ⫾ 0.54 to
Figure 2. Prolonged duration of GABA after vesicular release at NGFC synapses. A, Top traces, Representative traces of NGFC4.41 ⫾ 0.98 ms (Fig. 2 A, D) ( p ⬍ 0.05;
IPSCs showing the effect of 300 M TPMPA (each trace is the average of 5 sweeps). Bottom traces, Closer examination by scaling the
attenuated trace to control amplitude reveals that TPMPA prolongs rise time of the IPSC. B, C, Representative traces showing n ⫽ 15). Surprisingly, the decay time
superimposed control and IPSCs during the application of 300 nM bicuculline or 1 M SR95531 (each trace is the average of 5 constant of the IPSCs was not signifisweeps). Scaling of the attenuated trace reveals that neither bicuculline nor SR95331 significantly altered the 20 – 80% rise time cantly affected by TPMPA (112 ⫾ 12%
of the unitary IPSCs. D, Quantification of the actions of TPMPA, bicuculline, or SR95531 on 20 – 80% rise time and amplitude of of control; p ⬎ 0.1; n ⫽ 15), perhaps
NGFC-IPSCs. Statistical significance is noted (***p ⬍ 0.005; *p ⬍ 0.05). Number of observations were 15 for TPMPA, 5 for because of the contrasting influences of
bicuculline (BIC), and 6 for SR95331. CTRL, Control. Error bars indicate SEM.
the very rapid unbinding rate, and an
unusually long duration of the GABA
When the NGFCs displaying the autaptic currents were protransient at NGFC synapses (see below). The effect of TPMPA
cessed and visualized under a light microscope, we could detect,
was selective for NGFC-IPSCs since this drug did not affect the
in some but not all cases, close appositions between putative
rise time of fast sIPSCs recorded from NGFCs, but only their
axonal boutons and dendritic elements of the same cell (suppleamplitude and frequency (supplemental Fig. 3, available at
mental Fig. 1 A1,B1, available at www.jneurosci.org as supplewww.jneurosci.org as supplemental material). The amplitude
mental material). Correlated electron microscopic analysis
of the fast sIPSC was reduced from 17.2 ⫾ 1.9 to 11.8 ⫾ 1.5 pA
showed that NGFC terminals established membrane-to( p ⬍ 0.05; n ⫽ 6), whereas the rise time was unchanged (from
membrane appositions without, however, displaying clear-cut
0.52 ⫾ 0.06 to 0.53 ⫾ 0.06 ms; p ⬎ 0.1; n ⫽ 6). Interestingly,
synaptic structures (supplemental Fig. 1A2,A3,B2,B3, available
TPMPA reduced the amplitude of NGFC-IPSCs significantly
at www.jneurosci.org as supplemental material). Moreover, we
more than that of fast sIPSCs ( p ⬍ 0.05), suggesting a lower
found that the autaptic currents of the late-spiking NGFCs functionconcentration of GABA at the former versus the latter synally affected their own firing, as has been previously demonstrated
apses, as previously reported in the isocortex (Szabadics et al.,
for fast-spiking interneurons (Pawelzik et al., 2003; Bacci and
2007). We also tested the effect of the slower unbinding
Huguenard, 2006) (supplemental Fig. 2, available at www.
GABAA receptor antagonist bicuculline (u ⬃ 19 ms) (Jones et
al., 2001). Bicuculline (300 nM) significantly reduced the amjneurosci.org as supplemental material).
plitude of the NGFC-IPSCs by 37.1 ⫾ 5.8% ( p ⬍ 0.05; n ⫽ 5)
These data suggest that hippocampal NGFCs generate
but did not change the rise time (from 2.82 ⫾ 0.82 to 3.16 ⫾
postsynaptic and functionally relevant autaptic GABAA,slow responses (NGFC-IPSCs). Since both types of responses displayed
1.06 ms; p ⫽ 0.24; n ⫽ 5) (Fig. 2 B, D). Likewise, 100 nM
SR95531, an antagonist with high affinity and slow unbinding
similar kinetics and equal sensitivity to the drugs tested (see berate (Jones et al., 2001), reduced the amplitude of NGFClow), data arising from both have been pooled in the next sections
IPSCs by 57.1 ⫾ 9.6% ( p ⬍ 0.05; n ⫽ 6) but did not change the
and used to study the mechanism underlying the slow kinetics of
rise time from 2.03 ⫾ 0.63 to 2.52 ⫾ 0.71 ms ( p ⫽ 0.14; n ⫽ 6)
NGFC-IPSCs.
(Fig. 2C,D). These data indicate that GABA remains elevated
long enough to cause significant displacement of TPMPA.
Does GABA remain elevated for prolonged periods at
However, it is difficult to estimate the concentration and duNGFC synapses?
ration of GABA from these data alone. Previous estimates of
Although GABA released by NGFCs has been shown to diffuse
the GABA transient were performed by fitting kinetic models
away from the synapse to activate extrasynaptic GABAA and
GABAB receptors, its concentration time dependence is poorly
to unitary synaptic events of the “typical low affinity” GABAA
receptors underlying phasic inhibition, namely benzodiaunderstood (Tamás et al., 2003; Price et al., 2005; Oláh et al.,
zepine-sensitive, desensitizing receptor containing ␣1/␣2, ␤2/
2009). We therefore first asked whether GABA was present in the
␤3, ␥2 subunits (Overstreet et al., 2002; Mozrzymas et al.,
synaptic cleft of NGFCs for an unusually long time, thus explain2003). Thus, before proceeding with kinetic modeling, we aimed to
ing the slowness of the responses. To test this, we applied com-
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further analyze the properties of NGFCIPSCs and the manner of activation of
postsynaptic GABAA receptors by GABA.
A broad extracellular GABA transient
explains GABAA receptor activation at
hippocampal NGFC synapses
If there was a diffuse extracellular GABA
transient elicited by NGFC firing, then
one would expect extrasynaptic GABA
transporters to reduce the extent of diffusion, similar to the case of glutamate spillover (Scimemi et al., 2004). Indeed,
application of the GAT-1 GABA transporter antagonist SKF89976A (25 M)
significantly increased the rise time (from
2.6 ⫾ 0.6 to 10.8 ⫾ 2.9 ms; n ⫽ 5), the
amplitude (from 32.5 ⫾ 9.6 to 50.5 ⫾ 8.2
ms; n ⫽ 5), and the decay time constant
(from 75.1 ⫾ 12.4 to 227.5 ⫾ 29.9 ms; n ⫽
5) of the NGFC-IPSCs (Fig. 3 A, C) (all
p ⬍ 0.05). To further test whether this effect was attributable to a relatively longranged extracellular transmitter transient,
we reduced release probability by applying 10 M Cd 2⫹. This manipulation
should reduce the number of active release sites and therefore enhance, in principle, the independence of postsynaptic
receptor sites (Overstreet and Westbrook,
2003). In the presence of Cd 2⫹, the amplitude of NGFC-IPSCs significantly decreased as expected (from 108.3 ⫾ 21.5 to
38.4 ⫾ 6.5 pA; p ⬍ 0.01; n ⫽ 8) (Fig.
3 B, C), whereas the rise or decay times
were not significantly changed (154 ⫾
38%, p ⫽ 0.106, and 135 ⫾ 10% relative to
baseline, p ⫽ 0.073, respectively; n ⫽ 8).
This suggests that activation of few release
sites of NGFC axons may already result in
a relatively long-range escape of GABA
(Szabadics et al., 2007). Likewise, the application of 10 M Cd 2⫹ in the presence of
25 M SKF89976A elicited changes on the
rise time and amplitude of the NGFCIPSC that did not reach statistical significance (Fig. 3 B, C) (193 ⫾ 45%, p ⫽ 0.068,
and 116 ⫾ 23%, p ⫽ 0.909, respectively;
n ⫽ 4). Crucially, however, the GABA uptake blocker significantly increased the
decay time constant of the IPSCs (from
88.5 ⫾ 8.7 to 239.3 ⫾ 9.3 ms; p ⬍ 0.005;
n ⫽ 4). This latter result is in contrast with
the evidence that prolongation of unitary
fast IPSCs by GABA transport block is severely reduced by experimental manipulations that decrease the number of active
release sites (Overstreet and Westbrook,
2003). This disparity indicates that the
spatiotemporal profile of GABA released
by NGFCs may indeed involve an unusually broad extracellular GABA transient in
baseline conditions.

Figure 3. Kinetics of NGFC-IPSCs at low release probability and in the presence of a GAT-1 blocker. A, B, Representative traces
of NGFC-IPSCs in control or in the presence of 10 M CdCl2 showing the effect of application of 25 M SKF89976A (each trace is an
average of 5 sweeps). C, Quantification of the effects of cadmium or SKF89976A on 20 – 80% rise time, amplitude, and decay time
constant of the IPSCs. Note that SKF89976A is applied either alone (left red bars for each graph) or in the presence of Cd 2⫹ (right
red bars for each graph). Any statistical difference is highlighted with asterisks (*p ⬍ 0.05, **p ⬍ 0.01, ***p ⬍ 0.005; n ⫽ 5 for
SKF89976A, n ⫽ 8 for Cd 2⫹, n ⫽ 4 for Cd 2⫹ plus SKF89976A). Error bars indicate SEM. D, Representative examples of fast sIPSCs
and slow sIPSCs recorded in NGFCs in control conditions and after application of 25 M SKF89976A. E, Quantification of the effect
of SKF89976A on sIPSCs. The left graph shows the analysis of 10 –90% rise time (in milliseconds) versus decay time constant (in
milliseconds) of 500 sIPSCs recorded from NGFCs (n ⫽ 5). Note the appearance of two populations: a fast rising, fast decaying
events (fast sIPSCs), and slowly rising (⬎3 ms), slowly decaying (⬎40 ms) events (slow sIPSCs). The two distributions were highly
significantly different ( p ⬍ 0.001, Kolmogorov–Smirnov test here and onward). The application of SKF89976A enhanced the rise
time and the decay time constant of the slow sIPSCs ( p ⬍ 0.001) but not of the fast sIPSCs ( p ⬎ 0.1). In addition, SKF89976A
enhanced the amplitude of the slow sIPSCs ( p ⬍ 0.001) but not of the fast sIPSCs ( p ⬎ 0.1). This latter action is shown in the
cumulative plots (right) of the amplitude of fast sIPSCs (number of events, 485) and slow sIPSCs (number of events, 15) in control
or during SKF89976A as indicated.

Figure 4. Effects of L-655708, zolpidem, or diazepam on hippocampal NGFC-IPSCs. Representative traces of NGFC-IPSCs in
control and after application of 25 nM L-655708 (A), 100 nM zolpidem (B), or 1 M diazepam (C). Each trace is the average of five
individual sweeps. D, Quantification of the drug effects on 20 – 80% rise time, amplitude, and decay time constant of NGFC-IPSCs.
Statistical significance is noted where appropriate (*p ⬍ 0.05, **p ⬍ 0.01, ***p ⬍ 0.005; n ⫽ 6 for L-655708, n ⫽ 17 for
zolpidem, n ⫽ 4 for diazepam). Error bars indicate SEM.
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The effect of SKF89976A was specific to the slow IPSCs since
this drug did not affect the kinetics of fast IPSCs as analyzed by
plotting the rise time versus the decay time constant of spontaneous IPSCs recorded in NGFCs (Banks et al., 1998) (Fig. 3 D, E).
The application of 25 M SKF89976A significantly shifted the distribution of slow sIPSCs (Kolmogorov–Smirnov test, p ⬍ 0.001;
n ⫽ 5) toward higher rise time and decay time constant values
and also caused a right shift in the cumulative distribution of slow
IPSC amplitude (Fig. 3E). In contrast, the drug did not modify
the distribution of the kinetic values or the amplitude of fast
sIPSCs (Kolmogorov–Smirnov test, p ⬎ 0.1; n ⫽ 5) (Fig. 3E).
Importantly, in control conditions, the slow sIPSCs had a mean
amplitude of 26.4 ⫾ 2.3 pA, a rise time of 4.1 ⫾ 0.3 ms, and a
decay time constant of 50.9 ⫾ 2.3 ms. These values were not
significantly different from those of evoked NGFC-IPSCs recorded in the same cells ( p ⬎ 0.05; n ⫽ 5), suggesting that both
types of events were likely to be evoked by NGFCs. These data
indicate that a broad GABA transient is mainly generated by synapses formed by NGFCs but not interneurons eliciting fast IPSCs
(Prenosil et al., 2006). It is noteworthy that prolonging the GABA
time course with an uptake blocker prolongs the rise time of slow
sIPSCs by several milliseconds. This suggests that the ratelimiting factor in the IPSC rise time is the time of exposure to
neurotransmitter, and not the activation kinetics of the underlying GABAA receptors (see also below).

Figure 5. The concentration and duration of GABA that drives NGFC-IPSC. A, Experimentally
recorded NGFC-IPSCs (dots, normalized to the peak of the control current in each recording)
were fit to simulations (solid lines) using the kinetic model shown in supplemental Figure 6
(available at www.jneurosci.org as supplemental material). For each condition, the rate constants of the model were fixed (see supplemental Fig. 6, available at www.jneurosci.org as
supplemental material), and only the amplitude, rise, and decay time constants of the synaptic
GABA concentration transient (stippled lines, peak normalized for display) were allowed to vary
as free parameters. Where GABAA receptor antagonists or zolpidem were applied, the model
was forced to find the single GABA transient that simultaneously minimized error for both
control (black) and drug (gray) conditions. In all cases, NGFC-IPSCs were best fit when the GABA
transient was low and long lasting. For comparison, sIPSCs recorded in GCs of the dentate gyrus
were also fit, and required a high but brief GABA transient. B, A plot of the best-fitting peak
GABA concentration versus its decay time constant reveals a clear separation between the
concentration profiles underlying fast (GC) and slow NGFC-IPSC, and shows that the latter is
driven by GABA exposures of ⬍100 M that last for tens to hundreds of milliseconds. The
dashed line is the boundary that best separates the parameters for NGFCs and GCs, obtained
using Fisher’s linear discriminant analysis. C, Qualitatively different receptor behaviors are induced by brief and high versus long and low GABA exposure. Simulations using the average
GABA concentration transients (top, normalized) for GCs (stippled) and NGFCs (solid) predict

The subunit composition of GABAA receptors involved
in NGFC-IPSC
The data for NGFC-IPSCs we have provided so far imply that the
unique kinetics is generated by an unusual spatiotemporal profile
of GABA that activates both synaptic and possibly perisynaptic/
extrasynaptic GABAA receptors, which have been shown to be
composed by different subunits (Farrant and Nusser, 2005). We
tested experimentally this issue by applying specific ligands for
GABAA receptor subunits on NGFC-IPSCs. First, we tested for
the presence of high-affinity GABA receptors, such as ␣5␤2/3␥2
receptors, that are thought to be located outside the synapse
(Caraiscos et al., 2004) but also at synapses formed by dendritic
targeting interneurons (Ali and Thomson, 2008), including cortical NGFCs (Szabadics et al., 2007). Indeed, 25 nM L-655708, an
inverse agonist for ␣5-containing receptors, decreased the amplitude of the NGFC-IPSC (from 92.5 ⫾ 33.3 to 66.9 ⫾ 29.4 pA; p ⬍
0.005; n ⫽ 6) but had no effect on its kinetics (rise time, from
3.9 ⫾ 0.3 to 3.2 ⫾ 0.3 ms, p ⬎ 0.1, n ⫽ 6; decay time constant,
from 72.9 ⫾ 13.4 to 74.9 ⫾ 11.4 ms, p ⬎ 0.1, n ⫽ 6) (Fig. 4 A, D).
In contrast, the drug did not affect fast sIPSCs recorded from
NGFCs (rise time, from 0.5 ⫾ 0.04 to 0.5 ⫾ 0.02 ms; decay time
constant, from 7.4 ⫾ 0.7 to 7.3 ⫾ 0.9 ms; amplitude, from 16.7 ⫾
1.2 to 16.4 ⫾ 0.8 pA; for all p ⬎ 0.5; n ⫽ 3) (data not shown).
Next, we tested for the presence of the ␣1 subunit, which is
highly and homogenously enriched in NGFC dendrites of the rat
hippocampus (Fuentealba et al., 2010). Zolpidem, applied at 100
nM, a concentration specific for synaptic ␣1-containing receptors, significantly increased the amplitude without affecting the
rise time of the NGFC-IPSC (from 140 ⫾ 22.7 to 195.9 ⫾ 28.6 pA,
p ⬍ 0.005, n ⫽ 17; from 2.8 ⫾ 0.3 to 3.1 ⫾ 0.3 ms, p ⬎ 0.1, n ⫽ 17,
respectively) but decreased the decay time constant of the events
4
that long and low GABA exposure results in lower peak open probability (middle) because of
greatly enhanced occupancy of slow desensitized states (bottom). Note the much longer time
axis in the bottom plot.
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(from 51.1 ⫾ 3.9 to 43.1 ⫾ 2.9 ms; p ⬍
0.01; n ⫽ 17) (Fig. 4 B, D). The latter effect
could be partly attributable to enhanced
desensitization of GABAA receptor by zolpidem (supplemental Fig. 4, available at
www.jneurosci.org as supplemental material). In contrast, 100 nM zolpidem significantly prolonged the decay of fast
sIPSCs recorded from NGFCs (from
9.1 ⫾ 1.4 to 13.4 ⫾ 1.2 ms; p ⬍ 0.05; n ⫽
5), without changing significantly the rise
time (from 0.7 ⫾ 0.2 to 0.8 ⫾ 0.3 ms; n ⫽
5) or the amplitude of the events (from
15.5 ⫾ 2.6 to 19.5 ⫾ 3.0 pA; for both p ⬎
0.1; n ⫽ 5) (data not shown).
We also tested 1 M diazepam, a positive allosteric modulator of GABAA receptors containing either ␣1, ␣2, ␣3, or ␣5
subunits (Wieland et al., 1992). Interestingly, diazepam mimicked the nonclassical action of zolpidem on NGFC-IPSCs,
namely a large increase of their amplitude
(from 63.2 ⫾ 17.5 to 140.1 ⫾ 39.7 pA; p ⬍
0.05; n ⫽ 4), no significant effect on the
Figure 6. InvivofiringofNGFCduringthetaoscillationselicitsmidtermsynapticdepressionofNGFC-IPSCs.A,Responsesofpresynaptic
rise time (from 3.8 ⫾ 1.4 to 3.2 ⫾ 0.7 ms;
(left) and postsynaptic (right) NGFCs recorded in voltage clamp in vitro to the injection into the presynaptic cell of NGFC firing activity
p ⬎ 0.1; n ⫽ 4), accompanied by a signif- recordedinvivo.Intheexperimentshown,thepresynapticNGFCdisplayedautapticIPSCsandalsoevokedIPSCsinapostsynapticNGFC.Left
icant decrease of the decay time constant toptrace,Theverticalbarsrepresentadepolarizingvoltagepulses(100stimuli,1mseach)usedtoevokeactioncurrentsthatelicitautaptic
of the currents (from 71.2 ⫾ 5.4 to 55.1 ⫾ IPSCs (left) and IPSCs in a postsynaptic NGFC (right). The bottom traces show some responses at the onset of the train at expanded current
5.1 ms; p ⬍ 0.05; n ⫽ 4) (Fig. 4C,D). Sim- andtimescales.B,PlotofthenormalizedamplitudeoftheIPSCforeachstimulusinthetrain(autapticandsynapticIPSCswerepooled;n⫽
ilarly to zolpidem, diazepam significantly 9). The data were best fitted with exponential function with double decay time constants of 0.3 and 3.9 s. C, Summary graph showing
prolonged the decay of fast sIPSCs re- normalized recovery from depression at different time points after the train of stimuli (the data were best fitted with exponential function
corded from NGFCs (from 6.4 ⫾ 0.3 to with a single decay time constants of 10.4 min). Error bars indicate SEM.
10.3 ⫾ 0.7 ms; p ⬍ 0.01; n ⫽ 4), without
three-dimensional diffusion of GABA, we validated our semialtering significantly the rise time (from 0.5 ⫾ 0.04 to 0.5 ⫾ 0.03
quantitative conclusions by confirming that very similar predicms; n ⫽ 4) or the amplitude of the events (from 14.4 ⫾ 1.8 to
tions were made for experiments with drugs that alter receptor
17.1 ⫾ 1.3 pA; for both p ⬎ 0.1; n ⫽ 4) (data not shown). These
kinetics but do not change the GABA transient, such as competresults indicate the presence of at least both ␣1 and ␥2 subunits in
itive antagonists or zolpidem (supplemental Fig. 6, available at
the GABAA receptors mediating NGFC responses and a small
www.jneurosci.org as supplemental material). These drugs led to
involvement of the ␣5 subunit.
similar estimates of the GABA transient. The estimated peak
Other subunits can substitute for the ␥2, such as ␦ or , which
GABA concentration, rise, and decay time constants were 18.6 ⫾
would alter the channel response properties. However, the  sub4 M, 3.2 ⫾ 1 ms, and 73 ⫾ 10 ms for TPMPA (n ⫽ 12); 20 ⫾ 15 M,
unit should render the receptors insensitive to zolpidem (Whiting
0.7 ⫾ 0.5 ms, and 68 ⫾ 39 ms for bicuculline (n ⫽ 3); 10 ⫾ 2
et al., 1997), whereas the extrasynaptic ␦-containing receptors,
M, 1.7 ⫾ 0.8 ms, and 42 ⫾ 9 ms for SR95531 (n ⫽ 7); and 8 ⫾ 2
although enriched in isocortical NGFC dendrites (Oláh et al.,
M, 0.4 ⫾ 0.3 ms, and 35 ⫾ 3 ms for zolpidem (n ⫽ 12). None of
2009) do not determine “phasic” NGFC-IPSC (Szabadics et al.,
these parameters was significantly different between drugs. In
2007). Our results suggest that the differences between synapses
contrast, the GABA uptake blocker SKF89976A, which is exformed by NGFCs and other GABAergic cells mainly result not
pected to alter the GABA transient, led to estimates for peak
from synapse-specific differences in GABAA receptors, but rather
concentration, rise, and decay time constants of 40 ⫾ 5 M, 3.8 ⫾
from an unusual profile of GABA exposure.
2 ms, and 312 ⫾ 85 ms (n ⫽ 4), three times larger than in any
other condition ( p ⬍ 0.001). For comparison, we used the same
Estimating the concentration and duration of GABA at
method to estimate the GABA transient for sIPSCs at the typical
NGFC synapses
well characterized fast synapses onto GCs of dentate gyrus. At GC
We therefore asked which waveform of the GABA concentration
synapses, the estimated peak concentration, rise, and decay time
transient would generate an NGFC-IPSC based on the “typical”
constants were 1700 ⫾ 600 M, 0.13 ⫾ 0.01 ms, and 0.9 ⫾ 0.2 ms
GABAA receptor kinetics [i.e., those of receptors containing ␣1/2,
(n ⫽ 5), similar to a previous study (Overstreet et al., 2002). The
␤2/3, and ␥2 subunits, such as those found in granule cells (GCs)
peak concentration at fast GC synapses was significantly higher
of dentate gyrus]. We used a simplex minimization algorithm to
than for all other conditions ( p ⬍ 0.001), and the decay time
optimize the size and shape of the GABA transient to obtain
constant was significantly faster than that estimated for sIPSC in
model simulations that best fit the experimental data. Figure 5
the presence of TPMPA ( p ⬍ 0.05) and SKF89976A ( p ⬍ 0.001).
shows the results of such estimates. For a physiological range of
The clear separation in estimated peak and duration of the
experimental conditions, NGFC-IPSCs were best fit by a lowGABA transient between GC and NGFC synapses is illustrated
concentration GABA transient that persisted over a long time
(Fig. 5A). Although this model does not explicitly account for
in Figure 5B.
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of ⬃0.2. Occupancy drops to ⬃0.25
within 500 ms (i.e., during the decay of the
IPSC), as receptors either unbind or enter
the slow desensitized state, and thereafter
slowly decays to zero over ⬃15 s, reflecting the slow emptying of slow desensitization (Dslow) and eventual unbinding of the
remainder of receptors. These simulations are consistent with the midterm
IPSC depression we observed experimentally in response to multiple stimuli (see
below).
Recombinant GABAARs containing ␥
subunits have a single channel conductance ( g ) of 25–28 pS (Farrant and
Nusser, 2005). Since we estimate a peak
conductance ( G) of NGFC-IPSC of ⬃3
nS, the total conductance is G ⫽ NCgPO,
and thus the number of channels (NC) activated by the NGFC GABA release would
be NC ⫽ G/( gPO) ⫽ 3000/(25*0.2) ⫽ 600
channels. Although there is no information
available about how many receptors are
present at these synapses, if we assume a
Figure 7. NGFC-IPSCs also depress after low-frequency stimulation. A, Stimulation protocol used to study synaptic depression and value of 50 receptors per synapse, similar to
recovery. Each vertical bar represents a 0.3 ms depolarizing voltage pulse used to evoke an action current that elicits an autaptic and/or other central inhibitory synapses, then the
synaptic slow IPSCs. B, Left, Single traces of autaptic NGFC-IPSCs evoked at varying intervals (shown next to each sweep) from the onset of quantal content would be m ⫽ NC/50 ⫽
thetrain.Right,PlotofthenormalizedamplitudeoftheIPSC,fortheexperimentshown,foreachstimulusinthetrain.Thedatawerefitted 600/50 ⫽ 12 vesicles. Unfortunately, the
with a double exponential with a 1 of 21.9 s and 2 of 239.3 s.C, Left, Single traces of NGFC-IPSCs elicited at varying intervals (shown next slow stimulation frequency necessitated by
toeachsweep)aftera0.1Hztrainofstimuli.Right,Summarygraphshowingpercentagerecoveryfromdepressionatdifferenttimepoints the extensive synaptic depression precludes
after the train of stimuli for the experiment illustrated (middle graph) and for all data (right graph; n ⫽ 26). In the pooled data plot, the a detailed quantal analysis or variance analrecovery from depression had a midpoint of 143.1 s. Error bars indicate SEM.
ysis to accurately estimate the synaptic release probability or number of active sites.
To ensure that our estimates did not result from biases introWe therefore conclude that, unlike common inhibitory synduced by our choice of model structure, rate constants, or initial
apses that are driven by a GABA transient that reaches into the
assumptions during fitting, we repeated the fitting procedure for
millimolar range but decays within a millisecond, NGFC-IPSCs
the experiments involving bicuculline, either (1) using a wide
are driven by a low concentration of GABA (⬍100 M) that
range of values for the GABA unbinding rate or the two closing
persists for a long time (tens of milliseconds) despite being limrates, (2) deleting desensitized states altogether, or (3) starting
ited by GABA uptake, as this duration is prolonged more than
from a large number of random and widely distributed initial
three times when uptake is blocked. This long exposure that faassumptions (supplemental Fig. 4, available at www.jneurosci.
vors desensitization could be the underlying reason why previous
org as supplemental material). Any of the model conditions chowork reported stimulation of these cells as low as every 2 min to
sen were able to generate equally adequate fits, always yielding
evoke stable synaptic responses (Tamás et al., 2003; Price et al.,
estimates of a low GABA concentration (1– 60 M) lasting for a
2005). Furthermore, this can also be the cause of the reduction of
long time (20 –200 ms). Similar estimates were also obtained rethe long-lasting direct CA1 feedforward inhibition from the engardless of the initial guesses during fitting. These results strongly
torhinal cortex (mediated partly by NGFCs) on repeated theta
suggest that the kinetics of NGFC-IPSCs arise from an unusually
burst activity of this input even after GABAB receptor blockade
low and slow GABA transient, and do not depend strongly on the
(Dvorak-Carbone and Schuman, 1999). We therefore addressed
kinetics of the postsynaptic receptors.
this issue by assessing the stimulation frequency-dependent dyIn addition, these simulations predict that the different pronamics of NGFC-IPSCs.
files of GABA exposure at GC and NGFC synapses lead to qualitatively different receptor behavior. Whereas the brief and high
Use-dependent synaptic depression mediated by NGFCs
GABA exposure at GC synapses strongly promotes channel openTo assess the role of NGFCs in the theta-burst activity from the
ing, the long and low exposure at NGFC synapses preferentially
entorhinal cortex, we started off by addressing whether NGFC
favors desensitization (Fig. 5C), as suggested by our experimental
synaptic responses depress if stimulated in vitro the same way
results and as previously predicted in another study (Overstreet et
NGFCs fire in vivo. We have recently observed that NGFCs fire
al., 2002). Although we estimated an average peak GABA concenaction potentials differentially phase locked to various rhythmic
tration of ⬃30 M, the number of receptors activated also deactivities of the hippocampus in vivo (theta, gamma, or ripples)
pends on the duration of the transmitter transient. Our
(Fuentealba et al., 2010). Therefore, we injected into in vitro recalculations for the time course of GABA give us a value range of
corded NGFCs in vivo NGFC firing phase-locked to theta oscil35–73 ms, which is several times longer than observed at other
lations in the absence or in the presence of GABAB receptor
synapses (⬍1 ms). In our model, this transient results in a peak
blockade with 5 M CGP55845 (the two sets of data gave similar
receptor occupancy of ⬃0.63, and a peak open probability (PO)
results, p ⬎ 0.1, and have therefore been pooled). The NGFC in
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vivo theta phase-locked activity elicited a robust but reversible
depression of either autaptic or postsynaptic NGFC-IPSCs (Fig.
6). When the normalized amplitude of the IPSCs was plotted
against time, the gradual decrease in amplitude during the train
of action potentials could be fitted with a double exponential with
a 1 of 0.3 s and 2 of 3.9 s (n ⫽ 9) (Fig. 6 B). However, IPSCs
evoked by a single action potential posttrain recovered fully
within ⬃ 20 min, and the recovery could be fitted with an average
time constant of 10.4 min (Fig. 6C). Interestingly, this form of
synaptic depression was specific for NGFC synapses, since unitary IPSCs observed in paired recording experiments of other
types of interneurons of the SLM (anatomically identified) displayed a very different behavior. The same protocol (or other
random in vivo firing activity of hippocampal interneurons)
(data not shown) resulted in just a slight depression of the IPSC
peak amplitude (10 ⫾ 7% of control; n ⫽ 3 for the same protocol)
at the end of the stimulation (supplemental Fig. 5, available at
www.jneurosci.org as supplemental material). Thus, the synaptic
depression we report here at NGFC synapses is longer in duration
than short-term depression lasting only for a few seconds, but
shorter than long-term depression that may last indefinitely, and
we hence called it midterm depression.
We also studied NGFC-IPSCs evoked by a train of action potentials at 0.1 Hz (in the presence of 5 M CGP55845, a GABAB
receptor antagonist); this low frequency was used to minimize
the contribution of presynaptic factors to the depression (Rizzoli
and Betz, 2005). Similarly to the in vivo firing pattern-induced
depression, this protocol elicited a robust but reversible depression of the NGFC-IPSCs (Fig. 7), but not in other types of interneurons of the SLM (anatomically confirmed) (supplemental
Fig. 5, available at www.jneurosci.org as supplemental material).
The peak amplitude of NGFC-IPSC at the end of the 0.1 Hz train
stimulation was depressed by 80 ⫾ 6% of the first IPSC (n ⫽ 12),
whereas by only 15 ⫾ 7% when the presynaptic cell was another
type of interneuron (n ⫽ 4). Interestingly, the application of the
GAT-1 blocker SKF89976A (25 M) markedly accelerated and
enhanced the depression elicited by 0.1 Hz stimulation ( p ⬍
0.005; n ⫽ 6; F test) (Fig. 8 A), and a similar result was observed
after the application of 1–2 M GABA ( p ⬍ 0.05; n ⫽ 4; F test)
(Fig. 8 B). In contrast, the competitive fast-dissociating GABAA
receptor antagonist TPMPA (300 M) slowed and reduced this
depression ( p ⬍ 0.05; n ⫽ 10; F test) (Fig. 8 A). Finally, we examined NGFC-IPSCs evoked by a pair of presynaptic action potentials separated by varying intervals (Fig. 8C). We observed a large
depression after the first stimulus that recovered with a time
constant of 12.9 s (Fig. 8C) (n ⫽ 10), consistent with the time
constant of recovery from slow desensitization (15.8 s) reported
previously (Overstreet et al., 2000). These results together suggest
that postsynaptic receptor desensitization is an important mechanism involved in the synaptic depression elicited by 0.1 Hz stimulation. This is because manipulations that lead to higher GABA
concentrations and hence increase the time it stays bound to the
receptors (SKF89976A and exogenous GABA) enhanced the depression, whereas TPMPA, which reduces the time GABA stays
bound to the receptors, reduced the depression.
The relationship between use-dependent plasticity and
presynaptic Ca 2ⴙ at NGFC synapses
Short-term use-dependent synaptic plasticity has been classically
associated with changes in presynaptic Ca 2⫹, although usually
the frequency of stimulation used is much higher than the 0.1 Hz
stimulation used here (Zucker and Regehr, 2002). To test a potential role of presynaptic Ca 2⫹ in the 0.1 Hz depression observed

Karayannis et al. • Slow Phasic Inhibition in the Hippocampus

Figure 8. Slow receptor desensitization leads to the depression of low-frequency evoked
NGFC-IPSCs. A, A train of 100 depolarizing pulses applied at 0.1 Hz produced a marked depression in the IPSC (n ⫽ 12). Increasing the ambient GABA concentration by application of 25 M
SKF89976A caused a marked downward shift in the IPSC amplitude versus time relationship
( p ⬍ 0.005; n ⫽ 6; F test). In contrast, the fast-off GABAA receptor antagonist TPMPA (300 M)
elicited a significant upward shift in this relation ( p ⬍ 0.005; n ⫽ 10; F test). B, In the presence
of 1–2 M GABA, a similar protocol of 0.1 Hz stimulation induced a significantly faster synaptic
depression than in controls ( p ⬍ 0.05; n ⫽ 4; F test). C, Graph showing the recovery from
desensitization expressed as change in paired-pulse ratio with increasing interstimulus interval
(range, 0.3–100 s). The relationship can be described by a single exponential curve that reaches
a plateau after ⬃40 s (n ⫽ 10). Error bars indicate SEM.

here, we monitored evoked Ca 2⫹ transients at individual axonal
boutons of NGFCs, as detailed previously (Price et al., 2008). We
loaded the neurons with the morphological tracer Alexa Fluor
594 and with the Ca 2⫹-sensitive dye Fluo-4 (200 M) for ⬎1 h, a
time when we still observed the synaptic depression, and thus
visualized the typical dense axonal plexus of NGFCs (Price et al.,
2008). A short train of action potentials (four pulses at 20 Hz at
0.1 Hz for 10 –20 min, protocol optimized for detection of Ca 2⫹
transients in small axonal boutons of NGFCs) evoked stable presynaptic Ca 2⫹ signals, so that we did not observe significant
changes between the Ca 2⫹ transients evoked at the beginning
compared with the end (after 1000 s) of the protocol (Fig. 9 A, B)
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(Rusakov et al., 2004). The distinctly slow
decay of Ca 2⫹ fluorescence indicates either the slow removal of residual Ca 2⫹
postspike or a relatively low capacity of
endogenous Ca 2⫹ buffers present at the
presynaptic bouton, or both (Scott and
Rusakov, 2006). In summary, these data
suggest that the classical mechanism
involving progressive reductions in individual spike-evoked presynaptic Ca 2⫹
transients cannot account for the synaptic
depression observed. Instead, the prolonged elevation of presynaptic Ca 2⫹ in
NGFCs may reflect increased probability
of transmitter release events for a period
of time after the spike, which might provide an explanation for the long presence
of GABA at this synapse.

Discussion
Our experimental and modeling data suggest that hippocampal NGFCs mediate
nonconventional release of GABA into
the extracellular space that gives rise to a
prolonged, low GABA concentration that
determines the slow IPSC kinetics. This
unusual GABA profile promotes desensitization of postsynaptic GABAA receptors
which in turn contributes to synaptic depression occurring during in vitro replayed NGFC in vivo firing patterns or at
low frequencies of synaptic activation (0.1
Hz). Because of its time course, we have
called it midterm depression.
The slow inhibitory synaptic responses
were first noticed in CA1 pyramidal cells
(Pearce, 1993; Banks et al., 1998) and their
specific cellular origin later established as
NGFCs using paired recordings in isocortex (Tamás et al., 2003; Szabadics et al.,
2007) and CA1 hippocampus (Price et al.,
2005, 2008). In the latter structure, interFigure 9. Changes in presynaptic Ca 2⫹ signal do not contribute to the synaptic depression. A, Image of an axonal varicosity of neurons termed ivy cells also generate
a NGFC (left panel) and Ca 2⫹ transients at the beginning (time 0 s) and at the end (time 1000 s) of the protocol shown in B. The slow synaptic inhibitory responses in CA1
morphological tracer Alexa Fluor 594 (40 M) and the Ca 2⫹ indicator Fluo-4 (200 M) were used. The protocol consisted of pyramidal neurons (Fuentealba et al.,
intracellular stimulation with four action potentials at 20 Hz every 10 s for ⬃17 min. B, The Ca 2⫹ transients detected in axonal 2008). We found that a NGFC action poboutons of NGFCs by this protocol were stable and no significant changes were observed during 1000 s of stimulation. The plot tential could elicit an autaptic current
shows average values ⫾ SEM (n ⫽ 8). C, Fluorescence transients from non-NGFC (left) and NGFC boutons (right) induced by trains with similar slow kinetics to the postsynof four somatic pulses applied through the whole-cell electrode. Each transient is an average of at least 10 trials. Monoexponential aptic response. The autapses reported
functions were fitted to the decay phase of the transient just after the last pulse of the trains. D, Summary of the data for the decay here showed close synaptic-like appositime constant of the fluorescence transients for both types of cells. The Ca 2⫹ signals from NGFCs decay three times slower than in other tions that had no clear postsynaptic dentypes of interneurons (data are mean ⫾ SEM from NGFCs or other interneurons with the soma in the SLM; n ⫽ 6 each; ***p ⬍ 0.001).
sity opposed to the vesicle-filled boutons
of the same cell. This unusual bouton arrangement was recently shown (Oláh et
( p ⬎ 0.5; n ⫽ 8). This was not attributable to insufficient sensial., 2009) to mediate release of GABA into the extracellular space,
tivity of the method because the same approach could readily
which is broad in volume and mediates tonic GABAergic conducdetect small changes in presynaptic Ca 2⫹ in NGFC axonal boutance onto nearby cells through activation of extrasynaptic
tons imaged under different stimulation protocols (Price et al.,
␦-containing receptors. In the same study, it was also shown that
2008). Interestingly, presynaptic Ca 2⫹ transients recorded in
it has an impact on glutamate release from nearby excitatory
NGFCs decayed three times slower than presynaptic Ca 2⫹ tranterminals expressing GABAB receptors as has also been shown for
sients in non-NGFCs interneurons of the SLM (757 ⫾ 151 and
their own release of GABA in an autocrine way (Price et al., 2005).
250 ⫾ 53 ms, respectively; n ⫽ 6 each group; p ⬍ 0.001) (Fig. 9C)
What is, however, the temporal profile of the GABA concentraor in CA1 interneurons with the soma in the stratum radiation released by NGFCs?
tum, as documented previously in similar imaging experiments
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We estimated that concentrations of GABA in the micromolar
range must remain in the cleft for several milliseconds at NGFC
synapses by using competitive antagonists for GABAA receptors
(Overstreet et al., 2002) and kinetic receptor modeling. This is at
odds with previous quantitative estimates of synaptic GABA transients not exceeding 0.5 ms (Overstreet et al., 2002; Mozrzymas et al.,
2003). Likewise, glycine, another inhibitory neurotransmitter of
the CNS, reaches a peak concentration of 2.2–3.5 mM and is
cleared from the synaptic cleft with a time constant of 0.6 – 0.9 ms
(Beato, 2008). The GABA released by NGFCs is likely to activate
the classical synaptic ␣1␤2/3␥2 GABAA receptor, but also highaffinity receptors containing the ␣5 subunit, in agreement with a
previous study (Szabadics et al., 2007), and ␦-containing GABAA
receptors (Szabadics et al., 2007; Oláh et al., 2009). We recently
observed diffuse immunostaining of the ␣1 subunit on NGFC
dendrites (Fuentealba et al., 2010), providing a substrate for the
activation of both synaptic and extrasynaptic ␣1␥2 and/or
␣1␣5␥2-containing or even ␣1␦ GABAA receptors by spillover of
GABA (Glykys et al., 2007; Oláh et al., 2009). Nevertheless, the
latter combination would render the receptors insensitive to zolpidem or diazepam and the presence of the ␣5 subunit confers
fast deactivation (Picton and Fisher, 2007). Thus, receptor subunit specificity is unlikely to account for the NGFC response
duration, consistent with a recent report in which slow inhibition
from interneurons of the SLM in mice lacking the GABAA receptor ␤3 subunit is intact (Hentschke et al., 2009). Conversely, the
spatiotemporal and concentration profile of GABA appears to
represent a crucial factor. It is noteworthy here that the slow
unbinding rate of GABA was proposed to be responsible for the
slow IPSCs detected in neurons of the thalamic reticular nucleus
(Schofield and Huguenard, 2007).
The NGFC temporal GABA profile not only activates postsynaptic receptors but also leads to their desensitization, which in
turn contributes to plastic depression. Single-channel recordings
indicate that the GABAA receptor oscillates between open and
long desensitized states (Jones and Westbrook, 1995). The shape
of the IPSC can be broken down into rapid binding and channel
opening (rising phase), followed by a burst of oscillations between bound and open states (fast decay phase), then by clusters
of bursts separated by visits to desensitized states (slow decay
phase) and eventual unbinding. Although no current flows
through the channel while it is desensitized, visits to desensitized
states prolong the total duration of channel activity after transient
exposure to GABA. Our observation that zolpidem or diazepam
increased IPSC amplitude but accelerated the decay is unusual
(Szabadics et al., 2007) given that zolpidem is thought to speed
GABA binding and slow unbinding, thus prolonging the decay of
fast IPSCs (Perrais and Ropert, 1999). However, benzodiazepine
agonists may also enhance receptor desensitization (Mellor and
Randall, 1997; Mozrzymas et al., 2007). By incorporating enhanced desensitization into our kinetic model of the zolpidem
effect, we found that the slow GABA transient allows multiple
rounds of GABA rebinding to accentuate desensitization, reducing the ability of GABA to open the channels multiple times,
hence reducing the IPSC duration.
It is typical that GABAergic synapses show a use-dependent
depression (Jiang et al., 2000). This phenomenon is very strong in
NGFCs: their synaptic response evoked by a single action potential is stable only when it is elicited every 1–2 min (Tamás et al.,
2003; Price et al., 2005); stimulation at 5 Hz elicits a profound
short-term depression tightly regulated by presynaptic GABAB
receptors (Price et al., 2005, 2008). We show here that a train of
action potentials at 0.1 Hz or higher frequency firing of NGFCs as

observed during theta oscillations in vivo, strongly but reversibly
decreases the IPSC amplitude in a GABAB receptor-independent
way. Elevation of ambient GABA by blocking the GAT-1 transporter or by applying exogenous GABA significantly enhanced
the 0.1-Hz-induced depression, whereas TPMPA reduced it,
since it counteracted the prolonged binding of GABA on the
receptors and hence reduced their visits to desensitized states.
Consistent with this, we observed a time course for recovery from
paired-pulse depression in agreement with the recovery from
desensitization of GABAA receptors in outside-out patches
(Jones and Westbrook, 1995) and with recovery of IPSC amplitude after pre-desensitization with low concentrations of GABA
(Overstreet et al., 2000). Our data rule out the involvement of
presynaptic Ca 2⫹ per se as a mediator of this depression, since
Ca 2⫹ transients at individual axonal boutons of NGFCs evoked
by somatic action potentials did not decrement during stimulus
trains that cause IPSC depression. Yet a contribution of presynaptic mechanisms to the midterm synaptic depression observed,
such as depletion of the readily releasable pool of vesicles and
slow refilling by the reserve pool of vesicles, cannot be ruled out.
Given the robust response depression after in vivo firing of
NGFCs, it is important to hypothesize on the role of the transmitter released by this cell type, taking also into account that
subpopulations of NGFCs may exist (Tricoire et al., 2010). Our
study and another one recently published (Oláh et al., 2009) offer
some clues. Even when GABA released by NGFCs does not have
an impact on postsynaptic GABAA receptors because of desensitization, it will nevertheless have an impact on extrasynaptically
located ␦-containing receptors (Oláh et al., 2009), which are in
fact resistant to desensitization (Glykys et al., 2007). In addition,
it will also activate GABAB receptors located on perisynaptic sites
of dendrites but also presynaptically onto NGFCs (Tamás et al.,
2003; Price et al., 2005) and pyramidal cell terminals (Oláh et al.,
2009), each of which will have cellular and network effects (PérezGarci et al., 2006; Oswald et al., 2009). Hence NGFCs are in a
unique position to act as cellular switches between local and
global effects on cell dynamics having a unique modular and
adaptive role shared by no other interneuron known to date.
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G (2008) Complex events initiated by individual spikes in the human
cerebral cortex. PLoS Biol 6:e222.
Mozrzymas JW, Zarnowska ED, Pytel M, Mercik K, Zarmowska ED (2003)
Modulation of GABAA receptors by hydrogen ions reveals synaptic GABA
transient and a crucial role of the desensitization process. J Neurosci
23:7981–7992.
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Supplemental Figure 1. Correlated light- and electron microscopy of membrane to membrane appositions
established by NGFCs.
(A1) Light micrograph of a closely apposed axon terminal (arrow) to a secondary dendrite of the parent cell. (A2
and A3) Low and high power electron micrographs of A1, show that the closely apposed cell’s axon (a) to its own
dendrite (d). (B1) Light micrograph showing an axonal branch running horizontally closely apposed (arrow) to
a dendrite of the parent cell. (B2) Low power electron micrograph of B1, showing this putative contact (arrow).
(B3) High power magnification of the same axon terminal (a) forming a membrane apposition with its own
dendrite (d). Scale bars are: 20 µm in A1 and B1, 2 µm in A2, 0.5 µm in B2 and 0.2 µm in A3 and B3.

Supplemental Figure 2. The autaptic current modifies the excitability of NGFCs. (A) Changes in the shape of
the after-hyperpolarization (AHP) of NGFC action potential evoked by a depolarizing current pulse recorded in
current clamp mode with a K+-gluconate-based solution and held at -65 mV, in control conditions and following the
application of 5 µM SR95531. These actions of the drug resulted in a significant increase in the number of action
potentials evoked by a depolarising current pulse (1 s duration), and could not be attributed to a blockade of tonic
inhibitory and/or shunting conductances, since 5 µM SR95531 did not modify the input resistance of the cells.
(B) Summary bar charts showing the half-width and decay time constant of action potential, the number of action
potentials evoked by a 1s depolarizing current pulse, and the input resistance in control and during the application
of SR95531. Statistical differences are indicated by an asterisk (n = 6, * p < 0.05). (C) The autaptic current (black
trace) recorded with a high [Cl-] solution was increased in amplitude by the application of zolpidem (blue trace),
but not in the decay time constant, confirming the involvement of GABAA receptors. Depolarizing the same cell
in current clamp above threshold (D) lead to a burst of firing followed by an after- depolarization (arrow), due to
the depolarizing nature of the autaptic current recorded in high Cl- intracellular solution. The apparent “noise”
of the traces in current clamp are due to the occurrence of numerous depolarising spontaneous IPSPs. Note also
the occurrence of a late single action potential followed by an AHP, probably due to the frequency-dependent
depression of the autaptic current. This was confirmed by the observation that after performing such protocol in
current clamp twice, upon switching back to voltage clamp, the autaptic current was no longer detectable, since it
had been depressed by the burst firing (panel C, red trace). This protocol was performed in a total of three cells,
and in all cases gave similar results.

Supplemental Figure 3. TPMPA (300 mM) does not affect the rise time of fast sIPSCs recorded from NGFCs.
(A) Superimposed traces of average sIPSCs recorded in control (n = 191) and TPMPA (n = 130) in the presence
of 3 mM kynurenic acid. The same traces are illustrated scaled on the right panel. In this recording the rise time
was 0.43 ms and 0.43 ms and the peak amplitude was 18.1 pA and 12.6 pA, in control and TPMPA respectively.
(B) Quantification of the actions of TPMPA on the rise time and amplitude of the events. Statistical significance
is noted (* p < 0.05, n = 6).

Supplemental Figure 4. Estimates of GABA concentration and duration are robust to changes in model
parameters, structure, and initial guesses. (A) Starting with the original model and rate constants for simulating
bicuculline experiments from Supplemental Figure 6, we systematically varied either the GABA unbinding rate
(koff), both closing rates (a1 & a2), or altered the model structure by deleting desensitized states. The IPSCs (dots)
in control (black) and bicuculline (red) are superimposed with the best-fitting simulations corresponding to the
model conditions indicated in the legend. Control simulations are shown with solid lines; bicuculline simulations
use dashed lines. Similarly adequate fits, judged either visually or by sum of squared errors, could be obtained
under any of the model conditions tested. (B) The concentration-duration combinations that yielded the best fits to
experimental data, under various model conditions, are summarized by their means (large symbols) and standard
error ellipses computed from the covariance of the fitted parameters (small symbols). The colors and symbols are
the same as in A. In all cases, the best fits were obtained with low and long GABA exposures (i.e., concentrations
less than 60 mM and durations greater than 20 ms). (C) Using the original model and rates for bicuculline, we
generated 500 different initial guesses of concentration-duration pairs, by drawing randomly from a series of
logarithmically spaced values from 1 mM to 10 mM, and 100 ms to 1 s (gray dots). From each random guess, a
simplex algorithm was used to vary these parameters to minimize the sum of squared error between the simulation
and experimental data, and the resulting best estimates of concentration-duration combinations are plotted versus
their sum of squared errors (colored dots, darker indicates better fit). The values producing the best fits clustered
between 5-20 mM and 10-100 ms. Fits starting from guesses in which the concentration was above ~200 mM, or
duration was less than ~1 ms, failed to converge.
Enhanced desensitization may partly account for the speeding of NGFC-IPSC decay by zolpidem. Benzodiazepine
agonists prolong the decay of “typical” fast IPSCs (e.g., Mellor and Randall, 1997; Perrais and Ropert, 1999),
whereas we observe a speeding of the decay of slow NGFC-IPSCs. We were able to partly reproduce this effect
the recording shown in (B). The timescale applied to A-C. (B) Example recording of
by incorporating the observation that benzodiazepines may also enhance receptor desensitization (Mellor and
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Supplemental Figure 5. Specificity of synaptic depression to NGFC synapses. (A) Postsynaptic unitary IPSCs
(red traces) recorded from a non-NGFC of SLM hippocampus in vitro elicited by the injection into a presynaptic
non-NGFC of SLM of NGFC firing activity recorded in vivo (green traces). In the green traces, vertical bars
represent a depolarizing voltage pulses (100 stimuli, 1 ms each) used to evoke action currents that elicit IPSCs in
a postsynaptic cell (red traces). Bottom red traces show some responses at expanded time scale. (B) Plot of the
normalized amplitude of the IPSC for each stimulus in the train (n = 3). The data were best fitted with a regression
line. Note the absence of a robust depression of the IPSCs. (C) Synaptic depression evoked by 0.1 Hz firing is
also specific to NGFC synapses. Plot of normalized unitary IPSC amplitude versus time showing that presynaptic
action currents evoked at 0.1 Hz elicit robust mid-term synaptic depression in a NGFC-NGFC connection (top,
circle depicts data points, continuous line displays the fit: tau1 = 19.9 s and tau2 of 217.6 s) or in a NGFC autapse
(middle, tau1 = 7.9 s and tau2 of 55.1 s), but only a mild and gradual synaptic depression is observed when the
same protocol was performed in a non-NGFC synaptic pair (bottom, linear fit: r = 0.69).

Supplemental Figure 6. The Kinetic model used to simulate GABAA
receptors underlying phasic slow IPSCs, and to estimate the profile of
GABA exposure. The model contains an unbound state (U), two transient
agonist bound states (B1, B2), two open states (O1, O2), two desensitized
states (D1, D2) and one competitive antagonist-bound state (Antag).
Agonist and antagonist concentrations ([Ag], [Ant]) scale the binding
transitions. The two agonist binding sites are assumed to be equal and
independent for simplicity.
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These rates were used as fixed parameters when simulating IPSCs under the specified
conditions. The amplitude and rise and decay time constants of the [GABA] transient were allowed
to vary as free parameters. Unless indicated, all rates were as shown for Control conditions. No
modifications were made to the control model to fit the SKF89976A condition, which was assumed
solely to alter the [GABA] profile.

Rate
Constant

Controlb

kon
koff
E1
D1
E2
D2
d1
r1
d2
r2
p
q
k+Ant c
k-Ant c

5 x 106
600
200
1100
2500
142
13
0.2
1000
30
1
0.01

TPMPAc

Bicucullinec

SR95531c

Zolpidemd

a

a

3 x 107

52
4000

5 x 106
2146

6 x 107
62

1.8 x 107
6.5

Rate constant units are M-1s-1 for ligand binding rates kon, q and k+ant, and are s-1 for all others.
Control rates were first constrained and optimized as described in Jones et al. (1995, 1998) and Overstreet et al.
(2002). The rates were then tuned to fit mIPSCs recorded in granule cells of dentate gyrus, at room temp.
c
Antagonist binding and unbining rates were taken from Jones et al., (2001). Concentrations simulated were 300 µM
TPMPA, 0.5 µM Bicuculline and 100 nM SR95531.
d
The effects of benzodiazepine agonists on potentiating the amplitude of responses to low GABA concentrations, and
on speeding IPSC deactivation, were assumed to result from increasing GABA affinity by speeding GABA binding
rates and enhancing desensitization, as suggested by Mellor and Randall (1997), Perrais and Ropert (1999), and
Mozrzymas et al. (2007). Zolpidem was simulated as being present at saturating concentration.
b

