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Release Probability-Dependent Scaling of the Postsynaptic
Responses at Single Hippocampal GABAergic Synapses

Agota A. Bir6,* Noémi B. Holderith,* and Zoltan Nusser
Laboratory of Cellular Neurophysiology, Institute of Experimental Medicine, Hungarian Academy of Sciences, 1083 Budapest, Hungary

The amount of neurotransmitter released after the arrival of an action potential affects the strength and the trial-to-trial variability of
postsynaptic responses. Most studies examining the dependence of synaptic neurotransmitter concentration on the release probability
(P,) have focused on glutamatergic synapses. Here we asked whether univesicular or multivesicular release characterizes transmission at
hippocampal GABAergic synapses. We used multiple probability functional analysis to derive quantal parameters at inhibitory connec-
tions between cannabinoid receptor- and cholecystokinin (CCK)-expressing interneurons and CA3 pyramidal cells. After the recordings,
the cells were visualized and reconstructed at the light-microscopiclevel, and the number of boutons mediating the IPSCs was determined
using electron microscopy (EM). The number of active zones (AZs) per CCK-immunopositive bouton was determined from three-
dimensional EM reconstructions, thus allowing the calculation of the total number of AZs for each pair. Our results reveal an approximate
fivefold discrepancy between the numbers of functionally determined release sites (17.4 = 3.2) and structurally identified AZs (3.7 = 0.9).
Channel modeling predicts that a fivefold to sevenfold increase in the peak synaptic GABA concentration is required for the fivefold
enhancement of the postsynaptic responses. Kinetic analysis of the unitary IPSCs indicates that the increase in synaptic GABA concen-
tration is most likely attributable to multivesicular release. This change in the synaptic GABA concentration transient together with
extremely low postsynaptic receptor occupancy permits a P,-dependent scaling of the postsynaptic response generated at a single

hippocampal GABAergic synaptic contact.
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Introduction

The amount of neurotransmitter released after the arrival of a
presynaptic action potential (AP) determines the strength and
variability of postsynaptic responses and critically affects infor-
mation processing in neuronal networks (for review, see Zador
and Dobrunz, 1997; Liu, 2003; Abbott and Regehr, 2004). If
postsynaptic receptors are not fully occupied by the released
transmitter (for review, see Frerking and Wilson, 1996; Bergles et
al., 1999; Liu, 2003), trial-to-trial variations in the synaptic trans-
mitter concentration transient will be translated into fluctuations
of the postsynaptic response. Several studies demonstrated that
only a single vesicle is released at each active zone (AZ) [i.e.,
univesicular release (UVR)] within a short period of time (<0.5
ms) after the arrival of an AP (Korn et al., 1982; Gulyas et al.,
1993; Silver et al., 1996, 2003; Hanse and Gustafsson, 2001; Law-
rence et al., 2004; Murphy et al., 2004; Bir6 et al., 2005). In such a

Received July 21, 2006; revised Oct. 24, 2006; accepted Oct. 24, 2006.

ZN. is the recipient of a Wellcome Trust Project grant, a European Commission Integrated Project grant
(EUSynapse project; LSHM-(T-2005-019055), and a European Young Investigator Award (www.esf.org/euryi). The
financial support from these foundations is gratefully acknowledged. We thank Drs. Angus Silver and Mark Eyre for
their comments on this manuscript and Dr. Laszl6 Kocsis and Mihaly Koll6 for their help with the modeling and
statistical analysis.

*A.A.B.and N.B.H. contributed equally to this work.

Correspondence should be addressed to Zoltan Nusser, Laboratory of Cellular Neurophysiology, Institute of
Experimental Medicine, Hungarian Academy of Sciences, Szigony Street 43, 1083 Budapest, Hungary. E-mail:
nusser@koki.hu.

DOI:10.1523/JNEUR0SCI.3106-06.2006
Copyright © 2006 Society for Neuroscience ~ 0270-6474/06/2612487-10$15.00/0

case, variations in the synaptic neurotransmitter concentration
can only be a result of differences in the content of vesicles or the
extent of their emptying. If, however, the content of several ves-
icles is released simultaneously at a presynaptic AZ [multivesicu-
lar release (MVR)], the synaptic neurotransmitter concentration
could vary to a much greater extent. Consistent with this, some
studies have reported large fluctuations in the postsynaptic re-
sponses at single release sites (Conti and Lisman, 2003), a release
probability (P,)-dependent block of postsynaptic responses by
low-affinity competitive antagonists (Tong and Jahr, 1994; Scan-
ziani et al., 1997; Wadiche and Jahr, 2001; Foster et al., 2002;
Watanabe et al., 2005; Christie and Jahr, 2006), and a P,-
dependent change in the [Ca®"] in single postsynaptic spines
(Oertner et al., 2002). As apparent from these papers, most stud-
ies examining MVR concentrated on glutamatergic synapses.
Much less is known about the release process at central inhibitory
synapses. Auger et al. (1998) have reported that more than one
GABA-containing vesicle can be released slightly asynchronously
at cerebellar interneuron synapses. MVR caused only a small in-
crease in the mean of IPSC amplitudes, predicting a high receptor
occupancy in agreement with two other publications demon-
strating postsynaptic receptor saturation at these cerebellar syn-
apses (Auger and Marty, 1997; Nusser et al., 1997). However, this
is clearly not a general feature of all GABAergic synapses, because
several studies concluded that GABA , receptors at most cortical
and hippocampal synapses are not fully occupied by GABA re-
leased from a single vesicle (Frerking et al., 1995; Perrais and
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Ropert, 1999, 2000; Hajos et al., 2000). In the present study, we
asked how changes in synaptic GABA concentration affect
postsynaptic responses at hippocampal GABAergic synapses.
Quantal parameters (quantal size, g; number of functional release
site, Np; release probability, P,) were derived from multiple prob-
ability fluctuation analysis (MPFA) (Silver et al., 1998) of unitary
IPSCs (uIPSCs) recorded from CA3 pyramidal cells under differ-
ent P, conditions. Subsequent light microscopy (LM) and elec-
tron microscopy (EM) were used to determine the structural
basis of the recorded connections. Our results revealed a large
discrepancy in the functionally (N = 17.4 * 3.2; n = 4) and
structurally (Ng,, = 3.7 = 0.9; n = 4) determined numbers of
release sites, indicating that a single EM-defined AZ contains
several functional release sites.

Materials and Methods

Slice preparation and electrophysiological recordings. Acute hippocampal
slices were prepared from 15- to 17-d-old male Wistar rats as described
previously (Bir6 et al., 2005). Briefly, horizontal slices were cut with a
vibratome and stored in a continuously oxygenated artificial CSF (ACSF)
at 30°C. Slices in the recording chamber were perfused with ACSF con-
taining the following (in mwm): 126 NaCl, 2.5 KCl, 25 glucose, 1.25
NaH,PO,, 24 NaHCO;, 2 MgCl,, 2 CaCl,, and 3 kynurenic acid (an
excitatory amino acid receptor antagonist). Recordings were performed
at 31-35°C.

Cholecystokinin (CCK)-immunopositive interneurons were selected ac-
cording to the location and shape of their somata and their firing patterns
(Losonczy et al., 2004) (see Figs. 1A, 2 B). Their cannabinoid sensitivity was
tested by applying a CB1 receptor antagonist/inverse agonist [10 um AM251
(N-(piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichlorophenyl)-4-methyl-
1H-pyrazole-3-carboxamide)] or agonist (100 ul of 10 mm WIN55,212-2
applied directly to the chamber). The presynaptic interneurons were re-
corded in the whole-cell current-clamp configuration using a K-gluconate-
based intracellular solution containing the following (in mm): 130 K-
gluconate, 5 KCl, 2 MgCl,, 0.05 EGTA, 10 HEPES, 2 Na-ATP, 0.4 Na-GTP,
10 creatinine-phosphate, and 5.3 biocytin, pH 7.25, osmolarity 270-290
mOsm. Single APs were evoked at 0.33 Hz by injecting 2- to 3-ms-long
depolarizing current pulses (1.2-1.5 nA), or trains of APs were evoked at
0.03-0.06 Hz by injecting 40—50 short (3 ms) depolarizing currents at 100
Hz. uIPSCs were recorded in the whole-cell voltage-clamp configuration
from postsynaptic pyramidal cells at a holding potential of —80 mV [pipette
solution (in mm): 90 K-gluconate, 40 CsCl, 1.2 NaCl, 3.5 KCI, 1.7 MgClL,,
0.05EGTA, 10 HEPES, 2 Na-ATP, 0.4 Na-GTP, 10 creatinine-phosphate, 1.5
QX-314 [N-(2,6-dimethylphenylcarbamoylmethyl)-triethylammonium
bromide], and 5.3 biocytin, pH 7.25, osmolarity 260—290 mOsm]. Re-
cordings were performed with a dual-channel amplifier (Multiclamp
700A; Molecular Devices, Union City, CA) filtered at 3 or 4 kHz (Bessel
filter), digitized at 20 kHz, and analyzed with an in-house written soft-
ware (Evan). All chemicals and drugs were purchased from Sigma (St.
Louis, MO), with the exception of AM251 (Tocris Cookson, Bristol, UK).

Data analysis. The following criteria were used to ensure the time
independence of our data during the recordings. Series resistance (R,)
and whole-cell capacitance was checked every 2 min in the postsynaptic
pyramidal cells. The mean R for the first analyzed epochs during the
recordings was 15.1 = 1.5 M(}, and after 66—85% compensation, it was
3.6 £ 0.2 MQ (n = 13). If the compensated R, changed >40% during the
recording, the recording was discarded. All recordings were rejected
when the R became >25 M(). Only IPSCs that had their onset within a 2
ms time window starting 3 ms after the onset of the depolarizing current
injections in the presynaptic cells (mean uIPSC latency of ~0.8 ms) were
considered unitary postsynaptic events. A minimum of 30 traces was
required in each epoch of different P, conditions to include a cell into the
analysis. The stability of peak amplitudes in time throughout an epoch
was determined by fitting a regression line to the scatter plot of IPSC
amplitudes versus time. The epochs were considered steady state if the
slope of the regression line did not differ significantly from zero ( p >
0.01, t test). The initial failure rate was determined from responses to the
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first 10 APs of a 100 Hz train. At least four trains of stimulation were
required.

MPFA was performed using a multinomial quantal model (Silver et al.,
1998; Silver, 2003; Bir6 et al., 2005). The peak amplitudes of the IPSCs
and the failures were measured at different P, conditions, and their
means and variances were calculated with two different methods. The
first method was to calculate an ensemble mean and variance during each
epoch (“ensemble mean” method) (Silver et al., 1998; Bir6 et al., 2005).
However, using such a method, the variance may be overestimated be-
cause of slight nonstationarities within the epoch. To minimize contam-
ination of the variance from possible nonstationarities or drifts, means
and variances can be calculated within small sets of sequential records
and averaged subsequently for the whole epoch. The shortest possible set
is two consecutive events; therefore, we calculated the mean and variance
for each subsequent two responses (“pairwise method,” similar to how
running average is calculated) [Scheuss et al. (2002), their Eq. 2]. Then we
plotted the variance versus mean obtained with the two different meth-
ods (pairwise and ensemble mean) and estimated q and N, with a non-
weighted parabolic fit (see below). Because neither q (40.5 = 7.0 vs
43.8 £ 7.6 pA;n = 8;p = 0.12, paired t test) nor N (25.0 = 5.9vs 20.9 =
4.8; n = 8 pairs; p = 0.13, paired ¢ test) differed significantly as deter-
mined by the two methods, we decided to present our data as calculated
by the ensemble mean method. The baseline variance (o,,*) was mea-
sured 1-2 ms before the onset of the averaged postsynaptic response and
was subtracted. The variance (o?) can be expressed as a function of mean
current (1) using the following relationship: o> = o ,,,> + (g — I*/Np)
(14 CV,?) + qICV,? where CV,;and CV;are type Il and type I quantal
coefficients of variation (CVs), respectively. The variance versus mean
plots were fitted with a parabola using Origin 7.0 (OriginLab, Northamp-
ton, MA). The contribution of each data point was weighted by 1/a,,,”.
The theoretical variance of the variance (0,,,*) was calculated according
to Silver (2003; his Eqs. 22-25) and Saviane and Silver (2006; their Egs.
41-50). Type I or intrasite quantal CV (CV,) was determined in two ways.
MPFA predicted only a single release site for cell pair AB643. Thus, in this
cell, the SD (5.0 pA) and the mean (28.0 pA) of the successes were mea-
sured, and a CV of 0.18 was calculated. In pairs where the P, is close to 1,
an upper limit of CV, can be calculated (Silver, 2003). In three cell pairs
with P, > 0.9 under the highest P, condition, we measured the variance
and divided it by the Ny (for the three pairs, N was 5, 6, and 7). The
square root of this value was divided by g (obtained from the parabolic fit
using a simple binomial model), resulting in an upper limit of CV,
(0.21 = 0.05). The total quantal variance was calculated from multisite
pairs under low-P, conditions in which the occurrence of simultaneous
release from more than one release site was sufficiently low (Silver, 2003).
From the failure rate and the Ny, the probability of multiple simulta-
neous release was calculated under the lowest P, condition (Pf, 0.74 =
0.02). From this probability and from the number of total successes
under this P, condition, the number of multiquantal events () was
calculated. Cells were included into the analysis when m was =3. In such
cells (n = 7), the m largest ulPSCs (assuming that the 1 largest IPSCs are
the multiquantal events) were discarded, and the CV of the remaining
events was calculated, providing an estimate of the total quantal CV
(CV 1, 0.33 £0.06). Type II or intersite quantal CV (CV,;) was calculated
as CV,;* = CV;? — CV,2 For the single site connection (AB643), CVy,
was not included into the model.

We also determined the quantal content (N, at 2 mm [Ca®"],
and 2 mm [Mg>*],_ by dividing the mean IPSC at this P, condition by .
Because of the limited number of evoked responses (on average 73
ulPSCs) under each P, condition and as a result of the limited range of the
change in P, (on average from 0.01 to 0.49 for the five pairs with anat-
omy), the estimated quantal parameters are subject to errors. To approx-
imate the potential error (i.e., to estimate the chance of getting an N of
22 when the actual Ny is only 5), we performed the following simulations.
Five different P, conditions (P,: 0.01, 0.1, 0.2, 0.35, 0.49) were modeled
with a simple binomial model with a binomial N of 5 (our experimentally
determined Npgyy(,,0n))- Under each P, condition, 73 postsynaptic re-
sponses were generated by selecting quantal sizes from a normal distri-
bution with a mean of 45 pA (mean g) and an SD of 15 pA (corresponds
toa CV;0f0.33). The mean and the variance of these 73 responses were
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calculated and plotted under each P, condition. Parabolic fit was per-
formed to derive N and gq. Such simulations were repeated 49 times, and
the deviations from the original N and g values were calculated. The mean
of the calculated Ns (6.9) and gs (50.9 pA) were 38% and 13% larger, respec-
tively, than the original values. In 22% of the cases, the model fitting resulted
in a correct N value; in 49% of the cases, the error was only *2; and in the
remaining simulations, the error ranged from 3 to 20 (mean error = 9; three
largest errors; 15, 20, and 20). Our simulations demonstrated that the error
exceeded the difference between Ny .00, and N only twice out of the 49
repetitions.

To further test the confidence in the determination of quantal param-
eters, we have estimated the 95% confidence intervals for N and q from
the error of the weighted parabolic fit. The Ny 025)» Nr0.975) 9(0.025) and
q(0.975) were calculated as Ni = £ 25) * SD(np) and g = £ 05) * SD(,)»
where £, 55, is the  score at appropriate degrees of freedom for each
variance-mean relationship (numbers of different P, conditions minus
two) at 95% confidence level; and SD ) and SD ) are the SDs (square
root of the diagonal elements of the var-covar matrix) calculated from
the error of the weighted parabolic fit for N and g, respectively. In some
places, we refer to the mean N values as Ny ,,,4,,)-

Kinetic parameters (10-90% rise time and 7,,) of ulPSCs were ana-
lyzed at low- and high-P, conditions. The weighted decay time (7,,) was
calculated from exponential fitsas 7, = 7, X A; + 7, X (1 — A,), where
7, and 7, are the fast and slow decay time constants, respectively, and A,
is the contribution of the first exponential to the amplitude.

To exclude the possibility that elevating the [Ca*" ], to 8 mum affects the
affinity or the conductance of GABA , receptors or the driving force for
Cl ™, we pressure-applied 0.5 mm GABA to the perisomatic region of
whole-cell voltage-clamped CA3 pyramidal cells through a patch pipette.
GABA was applied every 20 s for 4 min (10 = 1 puffs), then the applica-
tion was ceased for 6 = 0.5 min, during which time the [Ca®"], was
either left unchanged or was elevated to 8 mm. Pressure application of
GABA was then resumed for another 11.5 * 1 puffs. The charge transfer
of the GABA-evoked currents was measured for the control period and
for the test period. All data are expressed as mean = SEM.

Kinetic modeling. Multicompartmental GABA , receptor kinetic mod-
els were implemented in Berkeley Madonna 8.0.1 (written by R. I. Macey
and G. F. Oster, University of California Berkeley, Berkeley, CA) to sim-
ulate the dependence of GABA , receptor P, on peak [GABA]. Synaptic
GABA concentration transients were modeled with an instantaneous rise
and monoexponential decay time of either 0.1 ms or 0.3 ms. Kinetic
parameters of the GABA , receptor models were adopted from Jones and
Westbrook (1995) (J & W model), Mozrzymas et al. (1999) (M & C
model), and Haas and Macdonald (1999) (H & M model).

EM identification of the synaptic connections. After paired recordings,
the slices were fixed in a fixative containing 4% paraformaldehyde (PFA),
1.25% glutaraldehyde (GA), and ~0.2% picric acid in 0.1 M phosphate
buffer (PB), pH 7.4, at 4°C. Before processing, the fixative was thor-
oughly washed out with 0.1 m PB. Slices were then cryoprotected, frozen
inliquid N, and thawed in PB, embedded in gelatin, and resectioned at 60
pm thickness as described previously (Bir6 et al., 2005). Biocytin was
visualized using the avidin—biotin—HRP complex (Vector Laboratories,
Burlingame, CA) and 3-3-diaminobenzidine tetrahydrochloride (0.05%
solution in Tris buffer, pH 7.4) as a chromogen. Sections were then
postfixed in 1% OsO,, stained in 1% uranyl acetate, dehydrated in a
graded series of ethanol, and embedded in epoxy resin (Durcupan;
Sigma). The axonal and dendritic arbors of each neuron were analyzed at
high magnification (100X objective, numerical aperture 1.35) and re-
constructed using the Neurolucida system (MicroBrightField Europe,
Magdeburg, Germany). All sites where the presynaptic axon made close
appositions to the postsynaptic cell were photographed and analyzed
after serial EM sectioning. Criteria used to classify the contact as a syn-
aptic junction were described in detail previously (Bir¢ et al., 2005).

Determination of the number of AZs per bouton. Three postnatal day 16
Wistar rats were perfused with fixatives containing 2% PFA and 1% GA
in 0.1 M sodium acetate buffer, pH 6, for 2 min, followed by a 1 h perfu-
sion with 2% PFA and 1% GA in 0.1 m borate buffer, pH 9 (Sloviter et al.,
2001). The brains were left in the skull for 24 h at 4°C before removal.
Coronal sections (60 wm thick) were cut from the dorsal hippocampus
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with a vibratome, followed by several washes in PB before treatment with
1% sodium borohydrate in PB for 30 min. Sections were then thoroughly
washed in PB and TBS, followed by blocking in TBS containing 10%
normal goat serum (NGS) and incubation in mouse anti-CCK antibody
(#9303 NIH, CURE/Digestive Disease Research Center, University of
California Los Angeles, Los Angeles, CA; diluted 1:1000 in TBS contain-
ing 2% NGS and 0.05% Triton X-100) at room temperature overnight.
After several washes in TBS, sections were blocked for 30 min with 0.8%
bovine serum albumin and 0.1% cold water fish skin gelatin in TBS and
incubated in 0.8 nm of gold-coupled goat anti-mouse IgG (1:50; Aurion
Immunoresearch, Wageningen, The Netherlands) diluted in blocking
solution overnight at 4°C. Gold particles were visualized with the Aurion
Immunoresearch EM silver kit as described by the manufacturer. Sec-
tions were then postfixed in 0.5% OsO, for 20 min, stained in 1% uranyl
acetate, dehydrated in graded series of ethanol, and embedded into
Durcupan.

Blocks containing the strata pyramidale and lucidum of the CA3 area
were re-embedded, and long series of ultrathin sections were cut for EM.
Digital images of randomly chosen immunopositive boutons contacting
either somata or proximal dendrites of CA3 pyramidal cells were taken
(MegaviewlII camera; Soft Imaging System, Munster, Germany). Bou-
tons were reconstructed in three dimensions using the Reconstruct soft-
ware (J. C. Fiala, Boston University, Boston, MA; http://synapses.bu.
edu/) from images of serial ultrathin sections, and the volume of the
boutons, the number of AZs, and the area of each AZ were measured.

Results

A previous study from our laboratory (Losonczy et al., 2004) has
demonstrated that persistently active presynaptic CB1 cannabi-
noid receptors mute the output of a subpopulation of GABAergic
interneurons, the CCK+ mossy fiber-associated interneurons
(MFA INs). However, after the application of a CB1 receptor
antagonist, large-amplitude, highly variable IPSCs appeared,
similar to the postsynaptic responses of CCK+ basket cells
(Losonczy et al., 2004). Because of the very high dynamic range of
these synapses, in the present study we concentrated on synaptic
connections established by cannabinoid-sensitive, CCK+
GABAergic interneurons (both MFA INs and basket cells) on
CA3 pyramidal cells.

The functional connectivity of the pairs was first tested by
inducing long trains of APs at 100 Hz in the presynaptic inter-
neuron (Losonczy et al., 2004). For the synaptically connected
pairs, postsynaptic responses displayed very diverse patterns dur-
ing the trains, ranging from strong depression (Fig. 1B) to
marked facilitation (Fig. 2 D). Among the connections tested, the
initial failure rate ranged from 0.05 to 0.98, predicting a large
heterogeneity in P, or in Ny To directly reveal the mechanism
underlying this large heterogeneity, quantal parameters of these
synapses were determined by evoking ulPSCs with single APs at
0.33 Hz under different P, conditions.

Our initial experiments (e.g., pair AB616) revealed that the P,
at these synapses cannot be sufficiently increased by elevating
only the [Ca**].. Thus, to maximize the P, and to eliminate the
different degrees of presynaptic CB1 receptor activity on different
cells (basket cells vs MFA INs), we performed the remaining ex-
periments in the continuous presence of the CB1 receptor antag-
onist/inverse agonist AM251 (10 uM). The application of AM251
not only turned the “mute” MFA INs to pyramidal cell connec-
tions into functional ones but also increased the amplitude of
ulPSCs evoked by basket cells. To impose distinct P, conditions
to the synapses, the extracellular concentrations of Ca*" and
Mg>" were systematically changed during the course of the ex-
periments (Figs. 1C, 2E). Changing the [Ca**], had a dramatic
effect on the amplitude of uIPSCs and on the occurrence of fail-
ures. At a [Ca®"], of 0.5 mM, most APs failed to evoke inward
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currents, and the amplitude of the suc-
cesses was in the range of 10-50 pA. Ele-
vating the [Ca**], all the way up to 8 mm
reduced the failure rate and dramatically
increased the amplitude of uIPSCs (up to
400—600 pA). At high [Ca*"],, even when
the mean uIPSC was in the range of 400—
600 pA, indicating the synchronous release
of ~20 quanta, there was still a large trial-
to-trial variability in the amplitude of the
responses in some cells (Fig. 2E). To esti-
mate the quantal parameters, we calcu-
lated the mean and variance of an average
of ~70 uIPSCs under each available P,
condition (from three to six different con-
ditions). Quantal parameters were derived
from the weighted parabolic fit to the vari-
ance-mean relationship (Silver et al.,
1998; Reid and Clements, 1999; Scheuss
and Neher, 2001; Saviane and Silver,
2006). Some trial-to-trial variability in g at
individual release sites (intrasite or type I
quantal variance) and also variability
among release sites (intersite or type II
quantal variance) are likely to be present at
these connections, similar to that found in
many other GABAergic synapses (Auger
and Marty, 1997, 2000; Nusser et al., 1997;
Nusser, 2002). Thus, we calculated the CV;
and CVy; and included them into our
model (Silver, 2003). The CV; was deter-
mined with two different methods. In one
cell pair (AB643), MPFA estimated the
presence of only a single release site; there-
fore, the CV of successful ulPSCs at this
connection (CV}, 0.18) reflects intrasite
variability only. In three multisite connec-
tions, where the maximum P, was esti-
mated to be >0.9, an upper limit of CV; of
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Figure1.  Determination of the number of functional release sites and EM identification of the number of boutons for a basket
cell- pyramidal cell pair (AB624). A, Membrane potential responses of the interneuron to =400 pA current injections. B, Trains
of presynaptic APs (red) evoke ulPSCs (light blue, individual traces; dark blue, averaged trace) in the postsynaptic pyramidal cell.
Main panel, LM reconstruction of the biocytin-labeled presynaptic basket (soma and dendrites are black, axon is red) and postsyn-
aptic pyramidal cell (soma and dendrites are blue, axon is gray). Inset, The location of EM-identified boutons is shown at a higher
magnification. EM images illustrate two synaptic contacts between the filled presynaptic axon terminals and the soma of the
pyramidal cell. The arrowheads point to synapticjunctions. Scale bar, 0.2 pem. €, Plot of peak amplitude of ulPSCs versus time. The
horizontal bars indicate the epochs used for MPFA in E. Arrows indicate the start of washin of different extracellular solutions
(ICa?*1and [Mg? "] are in millimolars). D, Representative traces are shown from epochs indicated by the gray bars in panel C.
Individual ulPSCs are light blue; the averaged current traces are dark blue. E, Quantal parameters were derived from the parabola
fitted to the variance versus mean current plot. Error bars indicate the theoretical error (o) in the variance. The fit was weighted
by 1/0,,,

0.21 = 0.05 (n = 3) was derived (Silver,

2003). We also estimated the total quantal

variance (CV7p, 0.33 £ 0.06; n = 7) from multisite connections
under low-P, conditions (see Materials and Methods) from
which a CVy; of 0.25 was calculated. Taking into account both
type 1(0.21) and type II (0.25) quantal CVs and using a multino-
mial quantal model (Silver, 2003), a g of 43.4 * 6.1 pA (range,
18-96 pA; n = 13) and an Ny 0f 13.0 * 2.9 (range, 1-41;n = 13)
was obtained (Figs. 1E, 2F). Because of the limited number of
distinct P, conditions and the limited range in P, per connection,
the quantal parameters as obtained from the parabolic fit are
prone to errors (Scheuss and Neher, 2001; Silver, 2003). To esti-
mate such errors, the 95% confidence intervals were calculated
for both Ny (Nyg 025y = 5.7 * 1.25n=13) and q (g0 975) = 77.2 &
16.5 pA; n = 13; for details see Materials and Methods). To ex-
clude the possibility that the mean and range of the quantal pa-
rameters are profoundly influenced by values obtained with low
confidence, we omitted those pairs in which the N 025/ Nr(mean)
was <0.4 (3 of 13 cells; e.g., for the cell illustrated in Fig. 2:
Nr(mean) = 41 and Np g5y = 6). For the remaining cells, the
range (18—96 pA) and the mean (41.7 = 7.4 pA; n = 10) (Table 1)
of the g were almost identical to those calculated from all cells.
Similarly, the average N, was only slightly smaller (10.8 = 2.3;
n = 10) with a similarly large range (1-26; mean * SEM of

NE(0.025) for the 10 cells, 6.4 * 1.5), indicating that the large range
in these quantal parameters is not the consequence of the uncer-
tainty in their determination (Table 1).

Because our functional analysis resulted in a very large esti-
mate of Ny in a substantial fraction of the cell pairs, we next asked
whether there are indeed up to 26 synaptic junctions between our
recorded cells. After the recordings, the slices were fixed, biocytin
was visualized, and the cells were analyzed at the LM level. Both
presynaptic and postsynaptic cells were thoroughly checked for
completeness. Only those pairs (n = 5) that showed no sign of
incomplete filling of the presynaptic axon or the somato-
dendritic domain of the pyramidal cell and no truncation oc-
curred during the processing were included in the detailed ana-
tomical analysis. These cell pairs were first reconstructed using
the Neurolucida system (Figs. 1, 2). All sites where the axon of the
presynaptic cell approached (<1 um) the dendrites or the soma
of the postsynaptic pyramidal cell were photographed, and the
existence of synaptic junctions was examined at the EM level. The
number of boutons (Ngyiwoutons) = 2.6 * 0.7; n = 5; range, 1-5)
that established at least one EM-defined synapse on the postsyn-
aptic pyramidal cell could be reliably determined (Figs. 1, 2).
However, the strong diaminobenzidine precipitate in the pre-
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Figure2.  Functional and structural determination of the number of release sites (AB657). A, LM reconstruction of the presyn-
aptic MFAIN (soma and dendrites are black, axonal arbor is red) and the postsynaptic pyramidal cell (soma and dendrites are blue,
partial axonal arbor is light gray, arrowhead indicates the Schaffer collateral heading toward the CA1). Inset, The location of the
five contact sites at a higher magnification. str. lac. mol., Stratum lacunosum moleculare; str. rad., stratum radiatum; str. luc.,
stratum lucidum; str. pyr., stratum pyramidale; str. oriens, stratum oriens. B, Responses of the presynaptic interneuron to depo-
larizing and hyperpolarizing current injections (=400 pA). C,—Cs, Electron micrographs illustrate the synaptic junctions (arrow-
heads) between presynaptic boutons (b) and postsynaptic dendrites (d; numbers 1-3, 5) or soma (s; number 4). Scale bars, 0.2
um D, Trains of presynaptic APs (red) in the GABAergic interneuron evoked ulPSCs (blue) in a pyramidal cell. In this pair, release
only occurred after ~20 APs. The (B1 receptor antagonist/inverse agonist AM251 (10 wm; shown in inset) effectively increased
theinitial P, such that small-amplitude IPSCs are already evoked by the first APs. E, The peak amplitude of single AP-evoked ulPSCs
(0.33Hzin 10 m AM251) is plotted as a function of time. Horizontal black and gray bars indicate epochs of postsynaptic responses
at different P, conditions used for determination of quantal parameters. Arrows indicate the start of washin of different extracel-
lular solutions; [Ca2*] and [Mg?*] are in millimolars. Bottom, Representative ulPSCs under low- and high-P, conditions. The
gray bars in the top panel indicate the epochs from where 25 individual traces (light blue) and the averaged current traces (dark
blue) are shown. F, Parabola fitted to the variance versus mean current plot yielded an N of 41 and a g of 26.5 pA. Error bars
indicate the theoretical error (c, ) in the variance. The fit was weighted by 1/c,,%. Because of the large discrepancy between

var’ var
Nemean) (41) and N, 55, (6), this cell was not included in our final analysis.
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synaptic and postsynaptic structures pre-
cluded the thorough identification of the
exact number of AZs made by these phys-
iologically characterized axon terminals
(e.g., distinguishing between two AZs vs
one U-shaped perforated AZ is impossi-
ble). Because there is no quantitative data
on the number of AZs per single GABAer-
gic axon terminal in the hippocampal CA3
area, we determined this using three-
dimensional EM reconstructions.

Our electrophysiological data demon-
strated that all 13 presynaptic INs were
cannabinoid ligand sensitive. Because
CBI receptors are strongly expressed by
CCK+ GABAergic interneurons in the
hippocampus (Katona et al., 1999), we de-
termined the number of AZs per CCK+
bouton. We visualized the CCK immuno-
reaction with small gold particles and per-
formed the reactions on age-matched
tissue with optimal ultrastructural preser-
vation (Fig. 3A,-A¢, B,—B,). To provide an
unbiased estimate of the mean and maxi-
mum number of AZs per bouton, we re-
constructed randomly selected CCK+
boutons making synapses on somata (so-
matic boutons) and proximal dendrites
(dendritic boutons) of CA3 pyramidal
cells (Fig. 3A—C, Table 2). The variability
and the range of the volume of the recon-
structed CCK+ boutons paralleled those
of the recorded pairs (Fig. 3D), confirming
that we sampled the same bouton popula-
tion. The number of AZs per bouton, the
area of individual AZs, and the total AZ
area per bouton was measured in three di-
mensions. Our results revealed that
CCK+ somatic and dendritic boutons had
similar volumes (0.65 = 0.08 um?, n = 16
vs 0.68 = 0.15 wm?>, n = 9; p = 0.85) (Ta-
ble 2) and total AZ areas per bouton
(0.12 * 0.01 wm?vs 0.11 = 0.01 pm?% p =
0.46), but the number of AZs per bouton
(somatic, 2.7 = 0.3 vs dendritic, 1.6 * 0.2;
p < 0.01), and therefore the average AZ
area (somatic, 0.047 = 0.003 um? vs den-
dritic, 0.072 = 0.009 um?; p < 0.05), was
significantly different between the two
populations, demonstrating that somatic
and dendritic boutons need to be consid-
ered and analyzed separately (Table 2). In-
terestingly, the area of individual AZs
showed a large variability for both somatic
(CV, 0.52) and dendritic (CV, 0.49)
boutons.

Given the large range of bouton vol-
ume, we asked whether the number of AZs
had any correlation with the volume of ter-
minals targeting somata and dendrites.
The number of AZs per bouton did not
correlate with the bouton volume in the
case of dendritic terminals; one or a max-
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Table 1. The number of release sites between CA3 INs and PCs as determined by quantal analysis and electron microscopy

Cellidentification ~ Celltype Initial /. Ca/Mg q Netmeany  Neozsy  Number of boutons Nevimeany — Newmay — NemeanyNewimeany — Nro.0257Newmay
AB607 BC 0.15 4/0.5 + AM  96.2 6 4

AB616 MFA 0.05 8/2.25 59.8 13 7 2 3.1 4 43 1.6
AB617 MFA 0.54 8/0.25 + AM  24.2 18 10 3 4.7 6 3.8 17
AB624 BC 0.16 8/0.25 + AM 241 26 18 2 5.4 10 49 1.8
AB625 Bistratif 0.82 8/0.25+ AM 182 8 6

AB626 0.20 4/05 + AM 437 10 4

AB643 BC 0.76 8/0.25 + AM 280 1 1

AB648 0.98 8/0.25+ AM 445 8 6

AB649 0.98 8/0.25 + AM  49.8 6 4

AB650 MFA 0.80 4/0.5 + AM 286 12 5 1 1.6 2 8.0 2.5
AB651 MFA 5(71+4) 8.9 13

Mean 0.54 417 10.8 6.4 2.6 47 7.0 5.2 1.9
SEM 0.12 74 23 1.5 0.7 1.2 2.0 0.9 0.2
n 10 10 10 10 5 5 5 4 4

P;, Failure rate; Ca/Mg, the highest [ Ca> ], and lowest [Mg? * ], conditions for a given cell (in micromolars); g, quantal size derived from MPFA; N, (mean)» NUmber of functional release sites derived from MPFA; N, lower limit of the 95%
confidence interval of Ng; Ney imean) and Neyy (mayy Mean and maximum number, respectively, of AZs per connection calculated from the number of EM-identified boutons and from the mean and maximum number of AZs per bouton (see
Table 2); AM, the presence of 10 um AM251 during the recording; BC, basket cell; MFA, mossy fiber-associated cell; Bistratif, bistratified cell.

“Bold and italics indicate the number of boutons synapsing on dendrites and somata, respectively.

imum of two AZs were found in dendritic boutons regardless of
the bouton size (Fig. 3D, Table 2). In contrast, the number of AZs
per somatic bouton showed a positive correlation (p < 0.001)
with the bouton volume (range, 1-5) (Fig. 3D), but the number
of AZs never exceeded five even in the largest boutons. Each
dendritic bouton of the pairs was considered to contain, on aver-
age, 1.6 and a maximum of 2 AZs, whereas those of somatic
boutons were 2.7 and 5, respectively. From this and from Ny,
(boutons), we calculated the mean and maximum number of AZs
for each pair. The mean AZ number per connection ranges from
2 t0 9 (Neasmeany = 4.7 £ 1.2, n = 5), whereas the estimated
maximum AZ number per pair (Npps(,qy) ranges from 2 to 13
with a mean of 7.0 = 2.0 (n = 5). In summary, we have revealed
that CCK+ interneurons innervate their postsynaptic pyramidal
cells with multiple axon terminals (2.6), which contain a variable
number (1-5) of AZs. We estimated the mean and maximum
number of AZs per connection to be approximately five and
seven, respectively.

Our anatomical and physiological experiments allowed the
direct comparison of the structurally and functionally deter-
mined number of release sites in five pairs. First, N was divided
by the Niasimean) in all five pairs, revealing, on average, a 5.1 +
0.7-fold discrepancy between these values. When only those cells
were analyzed where Ny 025)/Ngmean) Was >0.4, the Ny,,00,) Was
still 5.2 = 0.9-fold larger than Npp,,,e0n) (1 = 4 pairs) (Table 1).
We also calculated the scenario that tended to minimize the dis-
crepancy between the estimated Ns by dividing the lower limit of
the 95% confidence interval of Ny with the maximum of Np,,
(NE0.025/Neat(maxy = 1.9 = 0.2) (Table 1). The average of ap-
proximately fivefold and the minimum of approximately twofold
discrepancy between the functionally and structurally deter-
mined numbers of release sites clearly indicates that at least one of
the basic assumptions of our model is not fulfilled. The most
parsimonious explanation of our result is that a single presynap-
tic AZ consists of several functional release sites and the postsyn-
aptic response at these synapses depends on the P,. An increased
synaptic current may be the consequence of an increased driving
force for Cl~ (AE), an augmented single-channel conductance
(y) of the postsynaptic receptors, an enhanced affinity of the
receptors, or an increased synaptic [GABA]. To distinguish be-
tween these possibilities, we performed the following experi-

ments. We applied 0.5 mM GABA to the perisomatic region of
CA3 pyramidal cells through a patch pipette with positive pres-
sure in 2 mm [Ca”*], and 2 mm [Mg?*],, then the [Ca*"], was
elevated to 8 mm and [Mg>" ] was lowered to 0.25 mw. If the Ey,
v, or the affinity of the receptors were altered by the elevation of
the [Ca®"],, then the GABA-evoked currents should reflect such
changes. However, the transferred charge of GABA-evoked
whole-cell responses showed no significant ( p > 0.05, paired ¢
test) alterations after the change of [Ca?*], from2to8mm (2.1 *
0.2 nCvs 1.8 £ 0.2 nC; n = 5), just as no significant ( p > 0.05,
paired f test) change was observed when puffing was continued
for the same period of time (~14 min) in the presence of 2 mm
[Ca®"] (1.3 £ 0.4nCvs 1.4 = 0.4 nC; n = 6 cell). These results
indicate that the most likely explanation of the increased postsyn-
aptic response was an increased synaptic [GABA].

Next, we addressed how large increase in peak [GABA] could
underlie the fivefold enhancement of the postsynaptic responses
at each synapse. Unfortunately, we are not aware of any experi-
mental approach allowing the direct measurement of [GABA] in
the synaptic cleft, leaving multicompartmental channel modeling
the method of choice to address this question (Overstreet et al.,
2002). Because of the lack of detailed kinetic models of GABA
receptors underlying uIPSCs evoked by CCK+ interneurons in
hippocampal CA3 pyramidal cells, we adopted a strategy of using
all the available, well characterized multicompartmental receptor
models [J & W (Jones and Westbrook, 1995), M & C (Mozrzymas
etal., 1999), and H & M (Haas and Macdonald, 1999) models]. It
should be noted that these models were constrained based on
recordings from different types of GABA , receptors. The synap-
tic GABA concentration transient was mimicked with an instan-
taneous rise to a certain peak value and a monoexponential decay
(Tgapa) With either a 100 or 300 ws time constant (Fig. 4). We
generated peak P, versus peak [ GABA] plots for both GABA tran-
sients for all three receptor models and estimated the increase in
peak [GABA] in the steepest part of the dose-response curve
necessary to describe a fivefold increase in P,. The slopes of the
dose-response curves were very similar for both GABA tran-
sients, indicating a rather similar change in peak [GABA]. The M
& C model predicted a 6.3-fold increase in peak [GABA] to
achieve a fivefold increase in P,. The ] & W model indicated a
6.9-fold increase, whereas the H & M model predicted a 5.1-fold
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full vesicle fusion versus UVR/MVR, we
performed a kinetic analysis of uIPSCs.
Choi et al. (2000) have suggested that the
synaptic transmitter concentration tran-
sient rises slowly during incomplete or
“kiss-and-run” vesicle fusion, imposing a
slow rise time of the postsynaptic current.
In contrast, the transmitter concentration
transient is expected to have a rather sim-
ilar rising phase during UVR and MVR
(provided the vesicles are synchronously
released), predicting a similar uIPSC rise
time. The 10-90% rise time of uIPSCs
showed no significant ( p > 0.88) differ-
ence under low-P, (0.70 = 0.07 ms; n =
13) and high-P, (0.69 = 0.06 ms; n = 13)
conditions (Fig. 5A,D), suggesting that
MVR is a more likely mechanism respon-
sible for the fivefold to sevenfold increase
in peak [GABA]. Despite the lack of
change in the rise time, the decay time con-
stant of ulPSCs became significantly
slower (p < 0.001) at high-P, (9.3 = 0.7
ms; n = 13) than at low-P, (7.3 £ 0.5 ms;
n = 13) conditions (Fig. 5B, D). The ratios
of the weighted decay times at high- versus
low-P, conditions demonstrated that this

s A slowing of the decay was present in all but

3 4 N N one cell (Fig. 5C). We interpreted this 30%

< i slowing of the decay as a potential sign of

ﬁ ol %akiiE & GABA spillover among AZs of the same

] , bouton.

: = ° 4 Somatic

£ 5 « Dendritic Our results clearly demonstrate a large

00 05 10 15 discrepancy between the functionally and

Bouton volume (urns)

Figure 3.  Morphological characterization of CCK-immunopositive axon terminals. 4, Three-dimensional reconstruction of a
(CK-positive bouton (corresponds to bouton 2 in Table 2) that establishes four AZs (orange, indicated by numbers) on a pyramidal
cell soma. Inset, The bouton from a different angle. A;—Aj;, Electron micrographs of the CCK-immunopositive (immunogold
particles) bouton shown in A. AZs are recognized from the rigid apposition of presynaptic and postsynaptic membranes and from
the clusters of vesicles. Arrowheads mark the edges of the AZs, and the numbers correspond to those in A. Numbers in the top right
corner represent the number of the sections from the series. B, A representative dendritic bouton (bouton 7 in Table 2) with two
release sites. Inset, The bouton from a different angle. B,—B,, Two pairs of consecutive EM images illustrate the two AZs of the
bouton shown in B. Arrowheads mark the edges of the AZs. Numbers in the top right corner correspond to the number of sections
from the series. €, One of the largest dendritic boutons (bouton 9in Table 2) contains only a single release site. D, The number of
AZs has a positive correlation with the bouton volume for CCK+ axon terminals making somatic synapses (filled triangle), but no
correlation was found for boutons synapsing on dendrites (filled circle). Open symbols above the plot represent boutons of the
recorded INs synapsing on somata (open triangle) and dendrites (open circle). In LM reconstructions, each side of the cubes is 0.5

structurally determined numbers of re-
lease sites. However, it is important to note
that this conclusion was reached using ex-
perimental conditions designed to accom-
plish the highest possible P, (i.e., in the
presence of 8 mm [Ca®"].). Experimen-
tally imposing the largest possible range of
P, to the synapses (e.g., by changing
[Ca®"], and [Mg**],) is essential to ob-
tain a reliable estimate of the quantal pa-
rameters but cannot be considered physi-
ologically very relevant. Is there a similar
large discrepancy between Ny and Ny, if

fum; EM images are all at the same magpnification. Scale bar, 0.2 m.

increase in peak [GABA]. Furthermore, our modeling also al-
lowed us to predict the peak [GABA] needed to achieve a peak P
sufficiently low (~0.1) to allow an approximately fivefold in-
crease without exceeding its maximum value (0.5-0.8). This es-
timate strongly depends on the GABA clearance rate; with a
Toapa 0f 300 ws, a peak P, of 0.1 is reached with a peak [GABA] of
100—400 uM, whereas with a T, 0f 100 us, the peak [GABA]
has to reach 0.3-1.1 mm.

What could be the mechanisms underlying such a large P,-
dependent increase in the peak synaptic [GABA]? Intersynaptic
neurotransmitter spillover can be easily excluded, because several
dozens of very closely spaced release sites would be needed to
increase the peak [GABA] fivefold to sevenfold within a few hun-
dred microseconds. To try to distinguish between incomplete/

the [Ca®"], and [Mg?"], are kept in the

physiological range? This question was ad-
dressed by calculating the mean ulPSC amplitude I,y =
81.9 = 22.2 pA; n = 10) in the presence of 2 mm [Ca*" |, and 2
mM [Mg?*"].. Dividing I, with g resulted in an estimate of the
quantal content or Np(pys) (2.0 £ 0.4; n = 10). For those four
pairs in which the number of synapses was also determined ana-
tomically, an Ng,p,ys) of 2.1 = 0.7 was obtained. These values are
clearly less than our anatomical estimate of the number of AZs
per cell pair (for these four pairs, Ngyy(mean) = 3.7 = 0.9). Com-
parison of Nynys) With Niyimean) i those four pairs in which
both could be directly determined revealed a Nr,pnys)/Neni(mean)
of 0.6 £ 0.1 (n = 4). These calculations predict that under phys-
iologically relevant divalent cation concentrations, MVR may not
be the dominant mode of operation of CCK+ interneuron syn-
apses after the arrival of a single AP.
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Discussion Table 2. Morphological parameters of three-dimensionally reconstructed CCK-immunopositive boutons
In the present work, in vitro physiological Area of individual AZs (um?) Sum of Mean of
and anatomical techniques were com- B B°”t2" volume - Number of AL area, Az area,
. . outon no. (um?) AZs/bouton  No.1  No.2  No.3  No.4 No.5 (num?)  (inum?)
bined to address how the postsynaptic re-
sponse at a single synapse of a specific sub-  Somatic1  0.568 2 0083 0.039 0.122 0.061
set of hippocampal inhibitory synapses Somat!c2 1.285 4 0.085 0.044 0.029 0.039 0.197 0.049
depends on the P.. Our main ﬁnding is Somatic 3 0.230 1 0.041 0.041 0.041
. " . Somatic 4 0918 2 0.067  0.041 0.109 0.054
that the functlonally determlned number Somatic5 0.706 2 0.064 0.032 0.096 0.048
of release sites was approximately fivefold  Somatic6 ~ 0.617 3 0016 0043  0.026 0.084 0.028
larger than our EM estimate of the number  Somatic7 0242 1 0.071 0.071 0.071
of AZs. The most parsimonious explana_ Somatic 8 0.632 3 0.024  0.060 0.011 0.095 0.032
tion of this result is that a single presynap-  Somatic 0915 5 0045 0043 0046 0066 0009 0208  0.042
tic AZ consists of a large number of func- Somatic 10 0.646 4 0.020 0.050  0.064 0.039 0.174 0.043
. . . Somatic 11 0.259 2 0.054  0.028 0.082 0.041
tional release sites. Channel modeling  opaic1y 0816 3 0040 0118  0.016 0.173 0.058
predicted that a fivefold to sevenfold in-  Somatic13 0793 3 0027 0026 0079 0.133 0.044
crease in peak [GABA] is required for the  Somatic14  0.581 2 0.047  0.070 0.117 0.059
fivefold enhancement of the postsynaptic ~ Somatic15  0.930 5 0.065 0.021 0.036 0.026 0.017 0.165 0.033
response at a single synapse. Such a large ~ Somatic16  0.221 ! » 0.044 0.044 0~°44*
increase in peak [GABA] concentration Mean 0.647 27 0.119 0.047
. .. .. . SEM 0.075 0.3 0.013 0.003
without any alteration in the rising kinet-
ics of uIPSCs is likely to be attributable to Dendritic 1 1.030 2 0.079  0.010 0.089 0.045
the highly synchronous (maximum of few  Dendritic2 ~ 1.496 2 0.080  0.067 0.147 0.074
hundred microseconds jitter) release of  Dendritic3 0262 1 0.095 0.095 0.095
several GABA-containing vesicles at each ~ Dendritic4  0.289 2 0.023 0072 0.09 0.048
AZ under high-P conditions. To our Dendritic 5 1.020 2 0.022 0.103 0.125 0.063
knowledge, this is trhe first demonstration Dendritic6 0248 ! 0.082 0.082 0.082
. > . Dendritic 7 0.646 2 0.062  0.096 0.158 0.079
that single AZs are capable of releasing five  pandritics 0228 1 0.038 0.038 0.038
to seven vesicles with exceptional syn-  pendritic9  0.902 1 0.124 0.124 0.124
chrony at central GABAergic synapses.  Mean 0.680 1.6%* 0.106 0.072%
Another surprising finding of our work is ~ SEM 0.152 0.2 0.012 0.009
the very low (~0.1) postsynaptic GABA, % < 0.05and **p < 0.01, two-sample ttest with unequal variance.
receptor occupancy and P, after the release
of a single vesicle at these CCK+ GABA- J & W model M & C model H & M model

ergic synapses. Such a low occupancy per-
mits a faithful translation of alterations in
peak synaptic [GABA] into postsynaptic o
currents. This is in contrast to the general ~ x 0.4+
view of a high (~0.8-1) (Auger and @

064 t=0.3ms
1 =0.1ms

Marty, 1997; Nusser et al., 1997) or inter- 0.2 -
mediate (~0.6) (Perrais and Ropert, 1999,
2000; Hajos et al., 2000) postsynaptic re- 0.04

ceptor occupancy at central GABAergic 001 01 1
synapses.
What could be the main reason for such

a large difference in P, among GABAergic  Figurea.

Peakigapa) (MM)

100 0.01 041 1 10 100

10 100 0.01 0.1 1 10
Peakigapa) (MM)

Estimating changes in peak GABA concentration underlying a fivefold increase in peak open probability of postsyn-

synapses? One possibility is that the size of
the synapses and the number of postsyn-
aptic receptors varies enormously; only a
few tens of postsynaptic GABA, receptors

aptic GABA, receptors. The peak P, of GABA, receptors are plotted against the peak cleft GABA concentration using three kinetic
models. Synaptic GABA concentration transients were modeled with an instantaneous rise and single-exponential decay time of
0.1 ms (gray) or 0.3 ms (black). Vertical lines (solid lines for 7¢,55 = 0.3 ms, dashed lines for 7¢yg4 = 0.1 ms) delineate the
changes in peak [GABA] for which a fivefold increase in the peak P, occurs in the steepest part of the curve. Kinetic parameters of
the GABA, receptor models were adopted from Jones and Westbrook (1995; ) &W model), Mozrzymas et al. (1999; M & C model),

are present at some synapses (e.g., small syn-
apses on cerebellar stellate/basket cells) (Au-
ger and Marty, 1997; Nusser et al., 1997),
whereas at some other synapses, several hundreds of postsynaptic
receptors face each presynaptic AZ. Another possibility is that the
synaptic GABA concentration transient varies among synapses. If
GABA clears from the cleft with a time course of ~1 ms, peak GABA
concentrations in the millimolar range could result in full receptor
occupancy, whereas if the GABA clearance is around 100 s, the
same peak [GABA] would produce an order of magnitude lower
receptor occupancy. Finally, the properties of postsynaptic GABA
receptors could also differ among synapses. Indeed, there is evidence
that the subunit composition of the postsynaptic GABA, receptors

and Haas and Macdonald, (1999; H & M model).

at cerebellar interneurons is o, 3,7y, (Nusser et al., 1997), whereas the
parvalbumin-negative (CCK+) perisomatic synapses on hip-
pocampal pyramidal cells are populated by ¢, subunit-containing
receptors (Nyiri et al., 2001). Thus, a slow binding rate of the «,
subunit-containing receptors, together with a very rapid GABA
transient and a large number of postsynaptic receptors in CCK+
perisomatic hippocampal synapses, could, in theory, lead to a very
low peak occupancy after the fusion of a single vesicle. Regardless of
the mechanism, the functional consequence of such widely differing
occupancies is immediately apparent when the effect of MVR is
compared among these synapses. Auger et al. (1998) have demon-
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Figure 5.  Kinetic analysis of ulPSCs. 4, The 10—90% rise time of ulPSCs does not change

from low- to high-P, conditions. B, The weighted decay time constant of ulPSCs was larger at
high-P, conditions (open symbols, individual ulPSCs; filled symbols, mean = SEM). C, Distribu-
tion of the ratio of IPSC decay time constants at high- and low-P, conditions. Only 1 of 13 cells
showed acceleration, whereasin the rest of the cells there was a slowing of the decay under the
high-P, condition. D, Representative ulPSCs under low-P, (gray) and high-P, (black) conditions
(AB607) are normalized to their peak amplitudes. Exponential fits to the decay are superim-
posed. Inset, Non-peak scaled ulPSCs and the presynaptic AP.

strated MVR at GABAergic synapses on cerebellar stellate/basket
cells, but the consequence of the release of more than one vesicle was
a very small increase in the peak IPSC amplitude (<10%), whereas
in the present study, an ~420% increase in the postsynaptic re-
sponse in each synapse is required to account for our results. Inter-
estingly, a high postsynaptic AMPA receptor occupancy is also re-
ported to minimize the effect of MVR on peak EPSC amplitudes at
cerebellar climbing fiber to Purkinje cell synapses (Wadiche and
Jahr, 2001; Foster et al., 2002; Harrison and Jahr, 2003). Thus, we
believe that the key question is not whether MVR occurs or not at
central synapses, but whether MVR takes place at synapses where the
peak postsynaptic receptor occupancy is sufficiently low to trans-
duce the changes in synaptic neurotransmitter concentration into
postsynaptic current; or at synapses where receptors are close to
saturation after the release of a single vesicle. It will be interesting to
identify the factors contributing to low and high postsynaptic recep-
tor occupancy and to reveal the functional role of the pronounced
MVR-dependent increase in the postsynaptic response in the oper-
ation of the hippocampal network.

Our GABA, receptor modeling indicated that for most mod-
els, the near linear part of the P, versus peak [GABA] curve is not
sufficient to describe the necessary fivefold increase in P,. In other
words, a more than fivefold increase in peak [GABA] is needed
for the fivefold increase in P,. As a consequence, the postsynaptic
effect of the first, second, third, etc., released vesicle will be re-
markably different (i.e., the g depends on the number of simul-
taneously released vesicles, which is the function of the P,). Thus,
our results predict a P,-dependent change in the g at these hip-
pocampal GABAergic synapses. It should be noted that this has
an implication on the applicability of the quantal analysis (Silver,
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2003) (i.e., the g will correspond to the mean quantal size under
low P, conditions, and depending on whether g increases or de-
creases as a function of elevated P,, N will be either overestimated
or underestimated, respectively).

In our previous work (Bir6 et al., 2005), we have applied an
identical approach to quantitatively describe glutamatergic
transmission between CA1 pyramidal cells and a subpopulation
of GABAergic interneurons (the so-called oriens-lacunosum mo-
lecular and oriens-bistratified cells). Our studies clearly indicate
that this experimental approach is able to reveal, depending on
the case, differences between the EM-determined number of AZs
and functionally determined release sites or a very similar func-
tional and structural estimate. As discussed in our previous work
(Bir¢ et al., 2005), all studies so far that have used paired record-
ings and consequent anatomical estimations of N to investigate
the mechanisms of synaptic transmission in the CNS (Korn et al.,
1981, 1982; Gulyas et al., 1993; Silver et al., 2003; Bir¢ et al., 2005)
arrived at the conclusion that the transmission can be adequately
described by a binomial quantal model without MVR, support-
ing the “one-release site, one-vesicle” hypothesis (Korn et al.,
1994). To some extent, our current study is at odds with these
published works. However, as discussed above, under physiolog-
ically relevant [Ca®"], and [Mg>"],, MVR is not as prevalent as
found under the experimentally imposed high-P, condition.
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