© European Neuroscience Association

European Journal of Neuroscience, Vol. 11, pp. 745–752, 1999

MINI-REVIEW
A new approach to estimate the number, density and
variability of receptors at central synapses
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Introduction
Information processing within a neuronal network is influenced by
the properties of synaptic connections between nerve cells. Factors
that influence the behaviour of synaptic connections and the dynamics
include the number of release sites between two cells, the probability
of transmitter release at each site and the size of the postsynaptic
response generated at each site. These parameters have traditionally
been estimated with quantal analysis, a method developed and
successfully applied at the neuromuscular junction (del Castillo &
Katz, 1954). Miniature end-plate potentials have a Gaussian distribution with a mean value equal to the quantal size of the evoked
responses. However, in most nerve cells of the central nervous
system (CNS), the amplitude distributions of miniature excitatory
and inhibitory postsynaptic currents (mEPSCs and mIPSCs, respectively) are not Gaussian, but are skewed towards larger values, which
complicates the interpretation of quantal analysis (Jack et al., 1994;
Walmsley, 1995). Furthermore, the size of postsynaptic responses and
the transmitter release probability may not be uniform between
different sites (Edwards et al., 1990; Korn & Faber, 1991; Jack et al.,
1994; Dobrunz & Stevens, 1997; Markram et al., 1998), leaving too
many unknown variables to be determined by quantal analysis alone.
By combining morphological and electrophysiological analysis, the
number of unknown parameters can be reduced. For example, several
studies (Korn et al., 1982; Gulyas et al., 1993; Buhl et al., 1997)
have successfully applied ultrastructural analysis to determine the
number of release sites between two simultaneously recorded neurons.
Furthermore, quantitative, electron microscopic autoradiography has
been applied to estimate the number and density of postsynaptic
nicotinic acetylcholine receptors at neuromuscular junctions (reviewed
by Salpeter & Loring, 1985), however, this method has not been
applied successfully at central, γ-aminobutyric acid (GABA)- or
glutamatergic synapses. We have developed another combined anatomical and electrophysiological approach to estimate the size of
postsynaptic responses by determining the number, density and
variability of postsynaptic GABA and glutamate receptors (Nusser
et al., 1997, 1998a, b). This method is based on electron microscopic
immunogold localization of postsynaptic receptors with specific
antibodies in a population of synapses (Triller et al., 1985; Somogyi
et al., 1990; Baude et al., 1993; Phend et al., 1995; Matsubara et al.,
1996), and electrophysiological estimation of the number of functional
receptors present at the same population of synapses using patch-
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clamp recordings and non-stationary fluctuation analysis (Sigworth,
1980; Traynelis et al., 1993; De Koninck & Mody, 1994; Traynelis
& Jaramillo, 1998). Calibrated immunogold localizations allow us
to: (i) estimate the number, density and variability of functional
receptors in a synapse population; (ii) compare the receptor content
of distinct synapse populations; and (iii) determine changes in the
synaptic receptor number following physiological or pathological
alterations.

Estimating the number, density and variability of functional
receptors in a synapse population
Miniature synaptic currents generated at central inhibitory synapses
display a large variability in size, resulting in skewed amplitude
distributions. Proposed mechanisms to account for this large variability
include multiquantal transmitter release (Ropert et al., 1990), stochastic behaviour of channel gating (Faber et al., 1992), variation in
the transmitter content of vesicles (Frerking et al., 1995), and differences in the postsynaptic receptor number at distinct sites (Edwards
et al., 1990; Mody et al., 1994). We have chosen cerebellar stellate
cells to investigate the mechanism underlying the variability in mIPSC
amplitude, because such variability is particularly marked in these
cells (Llano & Gerschenfeld, 1993); the dendritic arborization of
these cells is not very extensive, allowing good voltage control of
the synapses (Llano & Gerschenfeld, 1993); and these cells express
only the α1, β2 and γ2 subunits of the GABAA receptor (Persohn
et al., 1992), very likely forming a single GABAA receptor subtype
with α1β2γ2 subunit composition (Angelotti & Macdonald, 1993;
Tretter et al., 1997). Because of this restricted subunit expression in
stellate cells, variability in the immunolabelling for a single subunit
(e.g. α1) should reflect the variation in the total receptor number,
assuming a fixed stoichiometry of GABAA receptors. In order
to determine the receptor content of the entire postsynaptic area,
postembedding immunogold localization was applied at the electron
microscopic level on serially sectioned synapses. This method includes
the rapid freezing of aldehyde-fixed brain tissue, followed by freezesubstitution with methanol at – 80 °C and embedding into acrylic
resins (Lowicryl HM20, Unicryl) at – 50 °C (Baude et al., 1993).
Serial ultrathin sections (70–90 nm thickness) were cut and reacted
with specific antibodies. The antigen–antibody reactions were visualized with gold-coupled secondary antibodies, resulting in nondiffusible, particulate markers that can be quantified.
GABAergic synapses on cerebellar stellate cells showed a great
variability in their α1 subunit content, some synapses contained as
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FIG. 1. Large variability in synaptic GABAA receptor number and uniform receptor density at GABAergic synapses of cerebellar stellate cells. (A,B) Comparison
of the distribution of mIPSCs according to the number of channels open at their peak with the distribution of synapses according to their α1 subunit content.
Both distributions are positively skewed and display a similarly large CV. The number of channels open at the peak was derived by dividing mIPSC peak
amplitude, recorded in the presence of 3 µM flurazepam, by the estimated synaptic single-channel current. (C) Plot of immunoparticle number per synapse
versus synaptic area for two different primary antibody concentrations (‘[Ab] 5 1.0’, 6.3 µg protein/ml, slope of regression line 5 496 particles/µm2; ‘[Ab] 5
0.5’, 3.15 µg protein/ml, slope 5 157 particles/µm2). The positive linear correlation between immunoparticle number and synaptic area indicates a uniform
receptor density across different synapses. (D) Standardized cumulative probability distributions (mean, µ 5 0; SD, σ 5 1) of the number of channels open at
the peak of the mIPSCs in flurazepam (‘No. of channels’), immunoparticles per synapse (‘No. of particles’) and synaptic area. The distributions have similar
shapes and variances, suggesting that variation in the number of receptors underlies the variability in mIPSC amplitude (adapted from Nusser et al., 1997).

few as six gold particles, whereas others had over 180 particles (Fig.
1B). The distribution of α1 subunits at different synapses was
positively skewed with a mean of 56 gold per synapse and a coefficient
of variation (CV 5 SD/mean) of ~ 0.8. This variability was the
consequence of variation in the size of synaptic junctions (Fig. 1D),
as a uniform receptor density was found at these GABAergic synapses
(Fig. 1C).
The distribution of mIPSCs in individual stellate cells was either
skewed or multimodal with a CV of ~ 0.7 (Llano & Gerschenfeld,
1993; Nusser et al., 1997). To determine how many channels underlie
mIPSCs of different amplitude, peak-scaled non-stationary fluctuation
analysis (Traynelis et al., 1993; De Koninck & Mody, 1994; Traynelis
& Jaramillo, 1998) was applied. From the estimated synaptic channel
conductance of 27 pS and a driving force of 80 mV, it is calculated
that individual mIPSCs in stellate cells result from the opening of as
few as six or as many as 380 receptors (mean 6 SD 5 88 6 65). For

a more direct comparison of the anatomical and physiological data,
we calculated the number of channels open at the peak of mIPSCs
recorded in the presence of flurazepam (a benzodiazepine agonist),
because a higher receptor occupancy is expected under these conditions (Nusser et al., 1997). Furthermore, as the anatomical data
originate from GABAergic synapses of several interneurons, mIPSCs
were also pooled from several cells. The ensemble distribution of the
number of channels open at the peak of the mIPSCs in flurazepam
and that of the number of immunoparticles had similar shapes and
variances (Fig. 1A,B,D), suggesting that variation in postsynaptic
receptor number is the major determinant of mIPSC amplitude
variability in these cells.
The mean number of functional receptors present at GABAergic
synapses was calculated to be 140 by dividing the number of channels
open at the peak of mIPSCs in flurazepam (113 channels) by the
channel open probability (Po µ 0.8; Auger & Marty, 1997). To
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determine the average number of functional receptors represented by
a single gold particle (scaling factor), the functional receptor number
(140) was divided by the mean number of immunoparticles per
synapse (56), providing a scaling factor of 2.5. The relatively high
receptor labelling efficiency (~ 40%) may result from the fact that
each GABAA receptor contains two α-subunits (Tretter et al., 1997)
and, as polyclonal antibodies were used, on each subunit more than
one epitope may be recognized. Thus, the epitope labelling efficiency
may not be more than 10%. Similarly, the relatively high labelling
efficiency for α-amino-3-hydroxy-5-methyl-4-isoxazolepropionate
(AMPA) receptors (~ 45%, see below) may require the labelling of
no more than 5% of the epitopes (given a tetrameric structure of the
receptors and several epitopes per subunit). The 5–10% epitope
labelling efficiency is consistent with the fact that under postembedding conditions, only epitopes close to the surface (within ~ 6 nm;
Kellenberger et al., 1987) of the ultrathin section are recognized by
the antibodies. The scaling factor, of course, depends on the primary
and secondary antibodies and on other technical factors, e.g. the
fixation condition and type of resin employed. Nevertheless, the
density of synaptic GABAA receptors in stellate cells can be calculated
by multiplying the immunoparticle density (~ 500 particles/µm2) by
the scaling factor (2.5), resulting in an estimated 1250 receptors/µm2.
Interestingly, GABAA receptor density was also found to be uniform
at GABAergic synapses on cerebellar Purkinje cells (Somogyi et al.,
1998), as well as on hippocampal granule cells (Nusser et al., 1998a).
However, the receptor density is not constant across cell types.
Moreover, even two different compartments of a single cell type, e.g.
the soma versus axon initial segment (500 versus 850 receptors/µm2,
respectively) of hippocampal granule cells, can have different receptor
densities. These density values are an order of magnitude lower
than those obtained for the nicotinic acetylcholine receptors at the
neuromuscular junction (more than 8000 receptors/µm2; Fertuck &
Salpeter, 1974). Thus, GABAA receptor packing density is not
maximal, supporting the view that postsynaptic receptors are arranged
in small ‘microclusters’ which are separated by receptor-free spaces
(Mody et al., 1994; Nusser et al., 1997). Indeed, immunoparticles are
not evenly distributed within a synaptic junction, but the clustering
of particles was observed in GABAergic synapses of cerebellar
stellate cells (Nusser et al., 1997), Purkinje cells (Somogyi et al.,
1996), as well as hippocampal granule cells (Nusser et al., 1998a).

Comparing the receptor content of distinct synapse populations
It may not be possible to obtain a reliable estimate of the size
of postsynaptic responses at certain synapses using physiological
approaches alone, because of technical limitations, e.g. the inaccessibility of the synapse with recording pipettes, unknown amount of
alterations due to electrotonic filtering by the dendritic tree or
improper voltage clamp. For example, estimates of quantal size at
spine synapses on hippocampal pyramidal cells vary over a large
range. Some studies indicated the presence of over 150 AMPA/
kainate receptors (Jack et al., 1994; Forti et al., 1997), others suggested
either a very low receptor number (Stevens & Wang, 1994; Bolshakov
& Siegelbaum, 1995) or even the presence of synapses without any
AMPA/kainate receptors (reviewed by Malenka & Nicoll, 1997). In
contrast, there is a thorough analysis concerning the number of
functional AMPA/kainate receptors at hippocampal mossy fibre to
CA3 pyramidal cell synapses (Jonas et al., 1993). The mEPSCs of
mossy fibre origin in 15–24-day-old rats (P15–P24) have an average
peak conductance of 418 pS. Given a single channel conductance of
8.5 pS, a maximum Po of 0.71 and a receptor occupancy of 0.85

FIG. 2. Distinct patterns in the AMPA receptor content of functionally different
glutamatergic synapses in the CA3 area of the rat hippocampus (17 day old).
Synapses made by C/A terminals on pyramidal cell spines (open columns)
have a positively skewed distribution (4.6 6 9.2, mean 6 SD) with ~ 28% of
them being immunonegative. In the stratum radiatum, C/A synapses on
GABAergic interneurons (striped columns) contain 22.2 6 10.4 particles and
have a Gaussian distribution. No immunonegative asymmetrical synapse is
found on interneuron dendrites. Mossy synapses (black columns) on complex
spines of pyramidal cells are all immunopositive, and have a skewed
distribution with a mean number of particles per synapse of 35.3 6 23.3. The
bottom panel shows the re-binned data of the first bin of the distribution
(indicated by the thick lines) and the corresponding number of functional
AMPA receptors calculated after calibration (1 gold 5 2.3 channels; adapted
from Nusser et al., 1998b).

(Jonas et al., 1993), on average 81 functional AMPA/kainate receptors
are estimated to be present at mossy synapses (for calculation see
Jonas et al., 1993; Nusser et al., 1998b). We used this number to
calibrate the immunosignal for the AMPA-type glutamate receptors
(GluRs) at mossy synapses and applied this calibration to other
glutamatergic synapses to estimate their AMPA receptor content.
Serial ultrathin sections of the hippocampus of P17 rats were
immunoreacted for all AMPA-type GluR subunits (GluR1–4) with a
mixture of antibodies against GluR2/3 and GluR1–4 subunits, and
every synapse between mossy fibre terminals and pyramidal cell
complex spines was analysed within the sampled volume of tissue
(Nusser et al., 1998b). All mossy fibre synapses were immunopositive,
and the number of gold particles formed a non-Gaussian, skewed
distribution (Fig. 2) with a CV of ~ 0.65. Synaptic areas had a very
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similar distribution and variance, reflecting a uniform AMPA receptor
density (~ 500 receptors/µm2) across mossy synapses. The average
number of 35 gold particles per mossy synapse provided a scaling
factor of ~ 2.3 (5 81/35).
In addition to mossy fibre terminals in the stratum lucidum,
pyramidal cells in the CA3 area also receive glutamatergic input from
commissural and associational (C/A) terminals in the strata radiatum
and oriens, and from entorhinal fibres in the stratum laconosummoleculare. This multiple glutamatergic innervation of this cell type
allowed us to investigate the extent to which the pattern of AMPA
receptor expression is influenced by the presynaptic input. Synapses
made by C/A terminals in the stratum radiatum showed a large
variability in their receptor content, some contained over 60 gold
particles, whereas others were immunonegative (Fig. 3). The distribution of AMPA receptor content at these synapses was skewed (Fig.
2; mean 5 4.6, CV 5 2.0) with ~ 28% of them being immunonegative.
These results predict that 28% of the C/A synapses on P17 pyramidal
spines contain less than three functional receptors, whereas the largest
synapses have more than 120 receptors (mean µ 11). A very similar
pattern of receptor labelling was observed at spine synapses in the
stratum radiatum of the CA1 and CA3 areas of adult rats, but a
smaller proportion of synapses was immunonegative in adult animals
compared to juvenile rats (15% versus 28%, respectively). The
variability in synaptic area could not account for the variation in the
synaptic receptor number, indicating that synaptic receptor density is
also variable on spine synapses. Indeed, a much larger variability in
receptor density was found at small than large synapses (figure 4 in
Nusser et al., 1998b). Hence, characteristic differences between the
distribution of AMPA receptors at mossy versus C/A synapses include
the lack of immunonegative synapses, on average four–eight times
higher number of gold particles per synapse, and a much smaller
variability in the receptor content of mossy synapses. These results
demonstrate that the number of postsynaptic AMPA receptors cannot
be determined by the postsynaptic cell alone.
In order to test the influence of the postsynaptic cell on receptor
expression, we compared the AMPA receptor content of synapses on
distinct cell types innervated by a common afferent. The cell bodies
and dendrites of GABAergic interneurons are distributed throughout
the hippocampal layers and receive synaptic inputs from C/A fibres,
which also innervate pyramidal cell spines. Every asymmetrical
synapse on dendritic shafts of interneurons was strongly immunopositive for AMPA receptors (Fig. 2). As a consequence of the consistent,
strong labelling and the lack of immunonegative synapses, these
synapses contained, on average, five times as many gold particles as
C/A synapses on pyramidal cell spines. The distribution of AMPA
receptors at interneuron synapses was Gaussian with a CV of , 0.5.
Thus, we predict the presence of ~ 50 6 25 (range: 16–110) functional
AMPA receptors at glutamatergic synapses of GABAergic interneurons. As the quantitative pattern of AMPA receptor expression is
very different in two cell types innervated by a common afferent, it is
concluded that the amount of AMPA receptor at a given glutamatergic
synapse is governed by both pre- and postsynaptic elements.
The very skewed distribution of gold particles at spine synapses
in the stratum radiatum belonging to pyramidal cells indicates that
these synapses do not form a homogeneous population with regard

to their AMPA receptor content. In adult rats, ~ 15% of the synapses
have less than three functional AMPA receptors (assuming a similar
scaling factor in adult and P17 rats), the majority of the synapses
(~ 65%) contain between three and 23 receptors, and ~ 20% of the
spine synapses accommodate a large number of AMPA receptors
(25–200). These results may provide an explanation for the wide
range in estimates of postsynaptic receptor number at hippocampal
spine synapses (Jack et al., 1994; Stevens & Wang, 1994; Bolshakov
& Siegelbaum, 1995; Forti et al., 1997). Furthermore, it is likely that
the distribution recorded at any one time is just a snapshot of a
dynamically changing pattern. Cellular events may convert AMPA
receptor negative synapses into weakly positive ones and eventually
strongly positive ones (reviewed by Ben-Ari et al., 1997; Malenka &
Nicoll, 1997). This process may require action potentials in the
postsynaptic cell to occur consistently shortly after the presynaptic
release of transmitter (Markram et al., 1997; Debanne et al., 1998;
Zhang et al., 1998). However, if the activities of pre- and postsynaptic
neurons are not correlated, or action potential firing of the postsynaptic
cell consistently precedes the presynaptic action potential, a reverse
process may reduce the number of synaptic AMPA receptors and
may eventually eliminate the connection.
Our results, showing that a significant proportion of Schaffer
collateral and C/A synapses on pyramidal cell spines have very few
(, three) if any functional AMPA receptors, are in agreement with
the suggestion that some glutamatergic synapses of the hippocampus
and neocortex do not contain functional AMPA receptors (reviewed
by Malenka & Nicoll, 1997). The presence of so-called ‘silent’
glutamatergic synapses in the hippocampus has been proposed by
several studies on the basis of in vitro electrophysiological experiments
showing that, at hyperpolarized potentials, no fast postsynaptic
response could be detected, although from the same stimulus site
when the postsynaptic neuron was depolarized, N-methyl-D-aspartate
(NMDA) receptor-mediated postsynaptic responses could be observed
(reviewed by Malenka & Nicoll, 1997). It has also been proposed
that the transformation of synapses containing only NMDA receptors
into AMPA/NMDA receptor-containing ones may underlie the expression of NMDA receptor-dependent long-term potentiation (LTP,
reviewed by Malenka & Nicoll, 1997) and functional synapse formation during postnatal development (reviewed by Ben-Ari et al., 1997).
The finding that the proportion of immunonegative spine synapses in
the stratum radiatum of a P17 rat is almost twice as high as that in
adult rats is in line with these suggestions.
Mossy fibre and C/A synapses on CA3 pyramidal cells have
different functional properties, and our results reveal differences in
their AMPA receptor content. Interestingly, these two connections
exhibit different forms of synaptic plasticity. The induction of LTP
at C/A synapses requires the activation of the NMDA-type GluRs,
whereas LTP at mossy fibre synapses is independent of NMDA
receptor activation (Nicoll & Malenka, 1995). Schaffer collateral
synapses on CA1 pyramidal cell spines also exhibit NMDA receptordependent LTP and show a similar pattern of AMPA receptor
expression to the C/A spine synapses, with a significant proportion of
synapses having no or very few receptors. Such similar characteristics
suggest that this pattern of AMPA receptor content may be a general
feature of glutamatergic synapses that display NMDA receptor-

FIG. 3. C/A synapses on pyramidal cell spines in the hippocampal CA3 area show a large variability in their AMPA receptor content. (A1–A3) Serial ultrathin
sections of the stratum radiatum demonstrate that some synapses (arrows) made by C/A terminals (b) with pyramidal cell spines (s1 and s2) contain a large
number of gold particles, whereas other asymmetrical synapses (open arrows) on spines (s–) are immunonegative (ab-pan-AMPA 1 ab-GluR2/3). A bouton (b2)
makes two release sites with two spines (s– and s2), one of which (open arrow) is immunonegative and is fully shown. The other one (arrow) was present in
five serial sections (two are shown) and contained 31 gold particles. Some particles are also present on extrasynaptic spine membranes (small arrows). Scale
bar: 0.2 µm (adapted from Nusser et al., 1998b).
© 1999 European Neuroscience Association, European Journal of Neuroscience, 11, 745–752
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dependent LTP. This is supported by the finding that GABAergic
interneurons which generally do not show NMDA receptor-dependent
LTP (for review see McBain et al., 1999) exhibit an AMPA receptor

content very different from Schaffer collateral and C/A synapses, but
more similar to that of mossy fibre synapses. The identification of
distinct molecular fingerprints for these different types of connection

© 1999 European Neuroscience Association, European Journal of Neuroscience, 11, 745–752

750 Z. Nusser

FIG. 4. Increase in the number of synaptic GABAA receptors underlies the augmented GABAergic inhibition in kindled hippocampal granule cells. (A) The
mean number of immunoparticles for the β2/3 subunits of the GABAA receptor at perisomatic inhibitory synapses on granule cells was significantly larger in
kindled (striped columns) than control (open columns) rats. This enhancement was the consequence of an increased immunoparticle density as well as an
enlargement in the area of somatic and AIS synapses (mean 6 SD are indicated, n 5 3 animals each). (B) Cumulative weighted distributions of immunoparticles
at AIS and somatic synapses in control and kindled preparations (pooled from three animals each). (C) Distributions of mIPSC conductance (mIPSG) recorded
in control and kindled granule cells (pooled from four cells each; adapted from Nusser et al., 1998a).

will help us to predict the functional properties and type of plasticity
of other excitatory connections of the brain.

Determining changes in synaptic receptor number following physiological or pathological alterations
Another promising feature of the calibrated immunogold localization
is that it can be used to reveal changes in the receptor content of
synapses upon physiological and pathological alterations. Therefore,
we applied this method to investigate the relationship between the
number of postsynaptic GABAA receptors and quantal size (q)
following long-term GABAergic synaptic plasticity (Otis et al., 1994)
induced by an experimental model of temporal lobe epilepsy (kindling,
McNamara, 1994). Quantal analysis (Edwards et al., 1990) of minimal
stimulus-evoked IPSCs in control hippocampal granule cells revealed
an average q of 435 pS, which increased to 722 pS after kindling
(Nusser et al., 1998a). This increase in q was not the consequence
of an augmented single-channel conductance, as peak-scaled nonstationary variance analysis yielded similar mean conductances in
control (20.6 pS) and kindled (21.3 pS) granule cells. Considering

full occupancy of postsynaptic GABAA receptors (Edwards et al.,
1990; De Koninck & Mody, 1994) and a maximum Po of 0.8 (Auger
& Marty, 1997), on average 26 (5 435 pS/[21 pS 3 0.8]) functional
receptors are calculated to be present at perisomatic GABAergic
synapses of control granule cells. An almost identical estimate of the
postsynaptic receptor number was obtained from the median value
of the mIPSC distribution (436 pS).
Quantitative immunogold localization of the β2 and β3 (β2/3)
subunits of the GABAA receptor in perisomatic inhibitory synapses
revealed an increase in the immunoreactive receptor content of both
somatic (94% increase) and axon initial segment (AIS, 61% increase)
synapses after kindling. This increase was the consequence of an
enlarged synaptic area and an augmented receptor density (Fig. 4A).
The weighted distribution of somatic and AIS synapses of control
granule cells (includes 64% somatic and 36% AIS synapses to reflect
their natural occurrence on granule cells; Kosaka, 1996) with regard
to their β2/3 subunit content was positively skewed (Fig. 4B) with a
mean of 10.2 particles per synapse, resulting in a scaling factor of
~ 2.5 (5 26/10.2). The large variability (CV in control: 0.76; CV in
kindling: 0.74) and the skewed distribution persisted after kindling
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with an approximately parallel shift (~ 75% increase) in the cumulative
probability plot (Fig. 4B). A similar shift was observed in the
cumulative distribution of mIPSC conductances (Fig. 4C), with a
smaller increase in the median value (41%). This discrepancy in the
increase in receptor number versus mIPSC amplitude may be due to
changes in some non-overlapping population of synapses sampled
for mIPSCs and anatomical analysis. In contrast to miniature currents,
there was a good match between the increase in quantal size of the
evoked responses and immunolabelled receptors. These findings
demonstrate the postsynaptic insertion of new GABAA receptors and
the corresponding increase in postsynaptic responses as the mechanism
of augmenting efficacy at inhibitory synapses (see also Wan et al.,
1997).
The direct measurements of q and the immunolabelled receptor
number in control and kindled animals enabled us to demonstrate an
alteration in Po. As the mean number of particles increased to 18.5
after kindling with a scaling factor of 2.5, an average of 47 GABAA
receptors is calculated to be present at kindled synapses. From q
(722 pS) and the channel conductance (21.3 pS) after kindling, an
average of 34 GABAA receptors is calculated to open at the peak of
synaptic currents. Thus, an average Po of 0.72 (5 34/47) is predicted
at kindled GABAergic synapses. It is important to note that the
decrease in Po is independent of the initial estimate of Po at control
synapses. It is likely that the reduction in Po does not take place at
every synapse, only at some large synapses where the synaptic area
and receptor number exceed a certain limit. It has been reported
(Nusser et al., 1997) that for cerebellar stellate cells, postsynaptic
GABAA receptors are fully occupied at synapses containing less than
~ 80 receptors (corresponding to 33 particles in dentate granule cells).
Our finding, that 99% of the perisomatic synapses in control granule
cells contain , 33 particles, is in line with the predicted full receptor
occupancy at most of these synapses (Edwards et al., 1990; De
Koninck & Mody, 1994). However, more than 10% of the kindled
synapses contained . 33 particles, consistent with an incomplete
occupancy of the receptors. There are two important consequences
of this change in the operation of large synapses following kindlinginduced plasticity. First, further insertion of receptors into the postsynaptic membrane will no longer linearly increase postsynaptic
responses. Thus, more effective ways of further facilitation include
the increase of the probability of transmitter release or the generation
of new synapses. Second, the size of the IPSCs will also depend on
presynaptic factors, e.g. the transmitter concentration in the cleft, and
its fluctuation will be reflected in the postsynaptic responses.

Conclusions
We have developed a novel approach, combining high-resolution
quantitative immunogold localization of synaptic receptors and patchclamp recordings of postsynaptic responses, to investigate synaptic
transmission in the CNS. This method allowed us to identify the
large variability in the postsynaptic GABAA receptor number, resulting
in highly variable postsynaptic responses. We also found that the
number, density and variability in synaptic AMPA-type GluRs are
determined by both pre- and postsynaptic factors in a way that
functionally distinct glutamatergic connections display characteristic
patterns of receptor expression. This approach has also been used
to establish the synaptic insertion of GABAA receptors and the
corresponding increase in postsynaptic responses augmenting the
efficacy at inhibitory synapses. The development of new ways of
calibration (e.g. using standard series with different amounts of
antigene; Ottersen, 1989) will further boost the application of high-

resolution, quantitative immunogold methods to study the role of
strategically placed proteins in synaptic communications.
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