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Hungary, 3Département de Biologie Cellulaire et de Morphologie, University of Lausanne, 1005 Lausanne, Switzerland

Diverse sources of GABAergic inhibition are a major feature of cortical networks, but distinct inhibitory input systems have not been
systematically characterized in the thalamus. Here, we contrasted the properties of two independent GABAergic pathways in the posterior
thalamic nucleus of rat, one input from the reticular thalamic nucleus (nRT), and one “extrareticular” input from the anterior pretectal
nucleus (APT). The vast majority of nRT-thalamic terminals formed single synapses per postsynaptic target and innervated thin distal
dendrites of relay cells. In contrast, single APT-thalamic terminals formed synaptic contacts exclusively via multiple, closely spaced
synapses on thick relay cell dendrites. Quantal analysis demonstrated that the two inputs displayed comparable quantal amplitudes,
release probabilities, and multiple release sites. The morphological and physiological data together indicated multiple, single-site con-
tacts for nRT and multisite contacts for APT axons. The contrasting synaptic arrangements of the two pathways were paralleled by
different short-term plasticities. The multisite APT-thalamic pathway showed larger charge transfer during 50 –100 Hz stimulation
compared with the nRT pathway and a greater persistent inhibition accruing during stimulation trains. Our results demonstrate that the
two inhibitory systems are morpho-functionally distinct and suggest and that multisite GABAergic terminals are tailored for maintained
synaptic inhibition even at high presynaptic firing rates. These data explain the efficacy of extrareticular inhibition in timing relay cell
activity in sensory and motor thalamic nuclei. Finally, based on the classic nomenclature and the difference between reticular and
extrareticular terminals, we define a novel, multisite GABAergic terminal type (F3) in the thalamus.

Key words: GABA; axon terminal; basal ganglia; reticular nucleus; synapse; barrel

Introduction
Many neurons contact their targets via a single synapse (Gulyás et
al., 1993; Shepherd and Harris, 1998), but multiple synapses be-
tween presynaptic and postsynaptic partners are also abundant in
the CNS. A priori, two fundamentally different arrangements of
multiple synapses exist. A single axon may innervate its target via
multiple terminals, each establishing a single synapse (Buhl et al.,
1994; Auger et al., 1998; Tamás et al., 1998) or via terminal(s)
forming multiple synapses (Kraushaar and Jonas, 2000; Tel-

gkamp et al., 2004). Whether and how these two arrangements
give rise to different functional impact has remained elusive, be-
cause synaptic strength depends on a number of ultrastructural
and physiological properties. Ideally, two independent inputs
should be compared, which converge on the same cell and display
comparable quantal parameters, such as number of release sites
(N), probability of release ( p), and quantal content (q). How-
ever, a convergence satisfying all these criteria is rare and has
never been described in the case of GABAergic inputs, although
both single-site (Auger et al., 1998) and multiple-site terminals
(Kraushaar and Jonas, 2000; Telgkamp et al., 2004) exist.

Relay cells of the posterior thalamic nucleus (Po) receive dual
GABAergic afferents. One of them arises from the well known
reticular thalamic nucleus (nRT) and is responsible for the global
modulation of rhythmic thalamocortical activities according to
arousal state (Pinault, 2004). The other originates from two ex-
trareticular sources, the zona incerta, and the anterior pretectal
nucleus (APT) (Barthó et al., 2002; Bokor et al., 2005). These two
nuclei exert powerful control over their postsynaptic partners,
gating the response of relay cells to peripheral stimulation (Trag-
eser and Keller, 2004; Bokor et al., 2005; Lavallée et al., 2005).
Previous single section electron microscopic analysis indicated
that the nRT-thalamic and APT-thalamic inputs may differ in the
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number of synapses a single terminal establishes on its postsyn-
aptic partner (Montero and Scott, 1981; Liu et al., 1995b; Bokor
et al., 2005). Thus, the synaptic arrangement of reticular and
extrareticular afferents may potentially be suitable to elucidate
the role of active zone organization and could help to define the
cellular bases underlying the physiological roles of these two
GABAergic afferent systems in the thalamus.

In the present study, we tested the functional consequences of
combining active zones into one terminal, or keeping them sep-
arate, using these two GABAergic inputs converging in the same
nucleus of the thalamus. Parallel morphological and physiologi-
cal examination demonstrated that the two afferents display sim-
ilar quantal parameters but a strikingly different organization of
the synapses, which is reflected in different short-term plasticities
of the two pathways. Based on these data, we define a novel ter-
minal type (F3) in the thalamus, according to the nomenclature
of the original classifications (Sherman and Guillery, 2006).

Materials and Methods
All experimental procedures were performed according to the ethical
guidelines of the Institute of Experimental Medicine, Hungarian Acad-
emy of Sciences and the Veterinary Office of the Canton Basel-Stadt and
approved by the respective Ethical Committees.

Anatomy
Surgery, perfusion
In deep anesthesia (Equitesin, 0.3 ml/100 g, i.p.), anterograde tracers,
biotin-dextran amine (10000 MW; Invitrogen; 10% in saline), were in-
jected into male Wistar rats [postnatal day 45 (P45)–P60; 250 – 400 g] via
a glass capillary (tip, outer diameter: 5–20 �m) for 15–30 min (0.5– 4.0
�A; 2–7 s on/off duty cycle) according to the atlas of Paxinos and Watson
(1998). Coordinates for the nRT were 1.8 –1.9 mm posterior, 2.8 mm
lateral, and 4.7–5.0 mm ventral to the bregma (n � 16) for the APT;
4.8 –5.2 mm posterior, 1.7–2.0 mm lateral, and 4.5–5.5 mm ventral to the
bregma (n � 10). In certain cases, the nRT was physiologically identified
before the tracer injection. After a survival time of 6 – 8 d, rats were deeply
anesthetized with Equitesin (chlornembutal, 0.3 ml/100 g, i.p.), then
perfused with a sequential low pH/high pH fixative (Berod et al., 1981).

Immunohistochemistry
For details of the preembedding immunocytochemistry, see Bokor et al.
(2005). Briefly, for light microscopic analysis, injection sites and labeled
fibers were visualized with nickel-intensified DAB reaction using the
ABC method. For electron microscopic examination, the tracer was vi-
sualized with preembedding gold method after tyramide (PerkinElmer
Life Sciences) amplification. All sections were treated with OsO4 (1% for
45 min for DAB staining; 1% 1 min and 0.5% for 20 min in 4°C for
immunogold staining in 0.1 M phosphate buffer), dehydrated in ethanol
and propylene oxide, and embedded in Durcupan (ACM; Fluka). During
dehydration, the sections were treated with 1% uranyl acetate in 70%
ethanol for 40 min.

Tissue blocks from Po containing silver intensified gold-labeled ter-
minals from nRT (n � 2) or APT (n � 3) were reembedded, and 200 –300
section long series of 60 nm thick ultrathin sections were cut with an
ultramicrotome. Alternate sections were mounted on copper and nickel
grids. Postembedding GABA immunostaining was performed on nickel
grids according to the protocol of Somogyi et al. (1985). The specificity of
the GABA antibody was extensively characterized by the laboratory of
origin (Hodgson et al., 1985).

Three-dimensional reconstruction and measurements
Serial electron micrographs were taken with Megaview digital camera im-
planted in a HITACHI 7100 electron microscope. The three-dimensional
(3D) reconstructions were made by AnalySIS software (Olympus). The bou-
ton membranes, the synapses, the puncta adhaerentia (PA), and the glial
sheathes covering the terminals were reconstructed.

Details of the 3D EM analysis. The membrane of the boutons, the

synapses, and glial processes could be identified in more than one ultra-
thin sections; thus, the outline of these elements was drawn and con-
nected to the outline of the same structure on the next section. Synapses
were considered only if the synaptic cleft and the vesicle accumulation
were visible on minimally two consecutive 60 nm-thick sections. PA were
often visible on only one section, since their sizes are frequently in the
range of the section thickness. Thus, the PA outline was drawn on the
section where it was visible and then duplicated on the next section in
each case to the same direction. These two outlines were connected to
each other. Without this process, in many cases, PA would remain two-
dimensional objects and could not be visible on the 3D images of the
whole boutons. We found that this method was the best approximation
to obtain the real appearance of these structures as judged from the
occasional tangential view of the PA network obtained when the plane of
the section was parallel to the bouton surface.

The volume, the surface, the largest diameter of the reconstructed
boutons, and the intersynaptic distances were measured using AnalySIS.
The distances between two synapses were measured between the two
closest points of the reconstructed synapses. Using these data, the nearest
neighbor synaptic distances and the number of neighboring synapses
within given distances were also determined. The diameter of each
postsynaptic or randomly selected profile was measured on three differ-
ent sections, and their average was calculated. To measure synaptic areas,
the lengths of the synapses were determined on each section where a
given synapse was visible, summated, and multiplied by the thickness of
the sections (60 nm).

Database of nRT terminals. Seventy-eight anterogradely labeled nRT
profiles were eligible for ultrastructural analysis in the Po. Sixty-six of
them were conventional axon terminals, of which 41 were followed end-
to-end, 25 partially reconstructed. In four cases, two closely spaced var-
icosities were not separated by an obvious, thin intervaricose segment
(“double-headed” terminals, end-to-end reconstruction, n � 1; partial
reconstruction, n � 3) (supplemental Movie S3, available at www.
jneurosci.org as supplemental material). Four additional labeled ele-
ments proved to be intervaricose axon segments with a synapse. Finally,
four boutons were discarded from the sample. Two of these displayed
markedly different ultrastructural features compared with the other 74
elements, one of them was GABA-negative and in one case the GABA
immunoreactivity could not be established. These terminals were re-
garded as labeling of passing fibers. All of the other 74 profiles included in
the analysis were GABA-positive.

Database and ultrastructure of APT terminals. Of the 102 anterogradely
labeled elements with sufficient ultrastructural quality, 15 proved to be
GABA-negative, confirming a GABA-negative component in the APT-
thalamic pathway (Bokor et al., 2005; Giber et al., 2008) and were not
considered further. Of the 87 GABA-positive profiles followed in serial
electron microscopic sections, 83 proved to be axon terminals. Three
structures were intervaricose segments. One bouton was discarded from
the sample because it displayed markedly different ultrastructural features
compared with the other 83 elements. This terminal was regarded as labeling
of a passing fiber traversing APT. Thirty-six of the 83 terminals were followed
from end-to-end in the serial electron microscopic section, whereas the re-
maining 47 were partially reconstructed. The exact number and position of
the synapses could be unequivocally established in 29 cases.

Statistics
The diameter distributions of randomly selected dendritic profiles and
those contacted by labeled terminals were compared using � 2 test for
homogeneity. The correlations between the number of synapses made by
a terminal and its volume as well as between the number of synapses
formed with a given target and the size of the postsynaptic element were
examined using linear regression. The significance of the correlation was
determined by one-way ANOVA using Excel. Since most of our data did
not show normal distribution, the medians and the interquartile ranges
determined by OriginPro 7.5 are shown.

Electrophysiological recordings
Horizontal slices (400 �m), with both the nRT and APT nuclei present
and the connections onto ventrobasal nucleus (VB) and Po nuclei pre-
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served, were prepared from brains of 3- to 4-week-old Wistar rats ac-
cording to standard procedures (Bokor et al., 2005). Slices were trans-
ferred one at a time into a recording chamber, perfused at 3.5– 4 ml/min
with a solution preheated to 34 –35°C (in-line solution heater SH-27B;
Warner) and containing (in mM) 131 NaCl, 2.5 KCl, 1.25 NaH2PO4, 26
NaHCO3, 2 CaCl2, 2 MgCl2, 18 dextrose, 1.7 L(�)-ascorbic acid, pH 7.4,
315 mOsm. Patch pipettes were filled with a Cs �-based, high Cl � intra-
cellular solution containing (in mM) 120 CsCl, 10 HEPES, 8 NaCl, 0.2
MgCl2, 2 Mg-ATP, 0.2 Na-GTP, 10 phosphocreatine, 5 QX-314 Br, pH
7.25, 290 mOsm to reduce postsynaptic Na � and K � currents and
GABAB-receptor-mediated currents and to optimize voltage-clamp of
thalamic dendrites.

Relay cells in VB and Po were visualized with infrared differential
interference contrast microscopy (BX50WI; Olympus) and identified,
just after break-through, by prominent rebound burst discharges after
injection of hyperpolarizing current (�150 pA). Neurons were voltage-
clamped at �60 mV (liquid junction potential �5 mV not corrected for)
and perfused with antagonists for glutamatergic receptors [6,7-
dinitroquinoxaline-2,3-dione (DNQX), 20 �M] and D,L-2-amino-5-
phosphonovaleric acid (D,L-APV, 50 �M) to block fast excitatory trans-
mission and to isolate inward currents evoked after activation of GABAA

receptors. Data were recorded with an Axopatch 200B amplifier (Molec-
ular Devices) in V-Clamp mode, filtered at 2 kHz, and digitized at 10 –50
kHz. Series resistances and holding current ranged from 5 to 15 M� and
from �20 to �100 pA, respectively. These two parameters were moni-
tored for stability during recordings, and cells were rejected for increases
in series resistance �20% and for a holding current less than �100 pA.
Drugs and solutions with altered ionic composition were bath applied for
5 min before starting the recordings to ensure full exchange and
equilibrium.

Spontaneous events
Spontaneous IPSCs (sIPSCs) and miniature (mIPSCs) were recorded
over a 10 min period in VB and Po neurons in the absence and presence
of 0.5 �M TTX, respectively. Spontaneous IPSCs were identified within a
5 min period of recording using template-guided event detection in
Clampfit v.9.2. Selected events were aligned and decay time determined
by monoexponential fitting. At least 137 events per cell were included
(range, 137–533), of which 28 –525 were used for monoexponential fit-
ting. Analysis of mIPSCs was carried off-line with automatic detection in
MiniAnalysis 6.0.3 (Synaptosoft) with a detection threshold set at 10 pA.
Subsequently, detected events were visually verified for a 10 –90% rise
time smaller than 2 ms. From these scored events, 500 were randomly
selected for statistical comparison. When these detection parameters
were applied to traces recorded in bicuculline (see Fig. 5A1, inset), no
events could be detected (data not shown). sIPSC and mIPSC amplitudes
are given in absolute values in the text.

Evoked events
IPSCs were evoked with 100 �s current pulses in Po neurons by stimu-
lating either the nRT or the APT, using bipolar tungsten electrodes (spac-
ing, 115 �m; FHC) or double-barrelled glass electrodes (WPI) filled with
bath solution. Such stimuli elicited IPSCs with all-or-none response
characteristics (supplemental Fig. S2, available at www.
jneurosci.org as supplemental material) and a fixed latency [2.1 � 0.2 ms
and 2.4 � 0.3 ms with coefficient of variation (CV � SD/mean) � 0.1 �
0.02 and 0.07 � 0.01 for nRT (n � 5) and APT (n � 7), respectively
(supplemental Fig. S2, available at www.jneurosci.org as supplemental
material)]. The electrodes were inserted in the most rostral portions of
the nRT or on the borders of the APT and repositioned until a unitary
response could be evoked. In a limited series of experiments, slices were
prepared from rats injected with anterograde tracers to verify optimal
electrode positioning (Bokor et al., 2005). When a connection was found,
inhibitory synaptic currents elicited in both nRT (nRT-IPSCs) or APT
(APT-IPSCs) showed a sharp threshold for stimulation intensities �100
�A that varied little from one experiment to the next (supplemental Fig.
S2, available at www.jneurosci.org as supplemental material). For base-
line responses and for collection of time-stable series of events in multi-
ple probability fluctuation analysis (MPFA), IPSCs were elicited at 0.2

Hz. To change release probabilities, the Ca 2�/Mg 2� concentrations
were altered between (in mM/mM) 0.5/4, 1/3, 2/2, 4/0.5, and 8/0.5, yield-
ing Ca 2�/Mg 2� ratios of 0.125, 0.333, 1, 8, and 16. Concentrations were
chosen such that the total divalent cation concentration remained at least
4 mM. The effects of bicarbonate buffering on divalent cation concentra-
tions were not taken into account (Schneggenburger et al., 1999).

IPSC amplitudes were measured as the peak of the current evoked by
the stimulation from which the holding current preceding the stimula-
tion artifact was subtracted and are given in absolute values in the Re-
sults. To assess short-term plasticity of APT- and nRT-IPSCs, high-
frequency trains of stimuli (10, 50, and 100 Hz) were applied. Typically,
10 pulses repeated 10 times at 15 s intervals were averaged to compensate
for intertrial variability and to enable accurate IPSC amplitude measure-
ments. To quantify tail currents, 1 s trains were applied. The total IPSC
current amplitudes were measured as the peak current, evoked by the
stimulation, relative to the holding current preceding each train (see Fig.
8). Next, phasic IPSC currents were measured at the peak current relative
to each stimulus (“foot-to-peak” IPSCs). The persistent component was
obtained as the difference between total and phasic IPSCs. Both total and
persistent current amplitude were normalized to the peak IPSC ampli-
tude measured after the first stimulus. The charge transfer was measured
as the area underneath the curve at the end of the first IPSC, at the end of
the 10th response, and over a 100 ms period at all frequencies. The charge
transfer ratios were then calculated by dividing the charge transfer after
the 10th response or after 100 ms of recording time by the value of the
charge transfer of the first response.

MPFA
Multiple probability fluctuation analysis was performed using a multi-
nomial quantal model, assuming nonuniform q, but uniform p values
(Silver, 2003; Biró et al., 2006). The analysis was performed separately for
each individual cell (see Fig. 7 A2,B2), and average quantal parameters
were calculated from all cells (see Fig. 7C,D). Cells were only included
into MPFA when criteria for recording stability described above were
fulfilled. Then, series of nRT- or APT-IPSCs (50 –100 sweeps) were ac-
quired for three different release probabilities per recording. A stability
test to determine the maximal contiguous time-stable stretch of data (at
a given release probability) was performed using Spearman Rank order
analysis, as implemented in the MPFA procedure of the NeuroMatic
module (J. S. Rothman and R. A. Silver, UCL, London, UK) written for
Igor Pro 5.0.5.7 (Wavemetrics). Typically, at least 50 –90% of the sweeps
were included in the analysis. For each sweep, current values were deter-
mined from averaged data points, measured in 2 ms windows before the
stimulation artifact (baseline) and at the peak. Individual IPSC ampli-
tude was then calculated as the difference between the baseline and the
peak current values, and the mean IPSC amplitude was obtained from
the average across sweeps. The variance of IPSC amplitudes was calcu-
lated by subtracting baseline variance from peak variance. For each
mean/variance pair at a given release probability, the sample error �var

was calculated using h statistics (Silver, 2003; Saviane and Silver, 2006). A
plot of the variance against the mean IPSC was then fitted using a simple
binomial model, with the contribution of each data point weighted by
1/�var

2. From this fit, N and q can be determined and the total (CVT),
intrasite (CVI), and intersite (CVII) coefficients of variation calculated.
The CVT was determined at low release probability (0.5 mM Ca 2�/8 mM

Mg 2�), at which the failure rate was �70%. From the failure rate and the
N obtained from the binomial fit, we calculated the number of multi-
quantal events (m) within the successes and the m largest successful
events were discarded. The CVT of the remaining events was calculated
according to CVT � SD0.5Ca/I0.5Ca. To estimate CVI, we determined an
upper limit for CVI (CVI � SQRT(� 2/N )/q) by using amplitude popu-
lations obtained at the highest release probabilities (for 8 mM Ca 2�/0.5
mM Mg 2�). Type II CV (CVII) was then obtained via CVII

2 � CVT
2 �

CVI
2. The variance-mean plot was fitted using a multinomial quantal

model � 2 � (qI � I 2/N )(1 � CVII
2) � qI CVI

2 with the contribution of
each data point weighted by 1/�var

2.
Computational simulations were performed with Fortran-77. One

hundred release events were generated by the experimental N and p
values for a given cell using binomial statistics, and q values were attrib-
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uted for each event by random selection from a Gaussian distribution
around the mean and SD of successes at low release probability.

Statistics
The physiological data presented are expressed as mean � SEM, and statis-
tical significance was determined with paired or unpaired Student’s t tests.

Drugs
Standard solution components were obtained from Sigma-Aldrich, ex-
cept QX-314 (Alomone Labs), TTX (Latoxan), DNQX, and D,L-APV
(Tocris Bioscience).

Results
The nRT-thalamic and the APT-thalamic pathways
Tracer injection into the head of the nRT and the middle part of
APT labeled axon terminals in overlapping regions of Po (Fig.
1A–C), confirming previous results (Pinault and Deschênes,
1998; Bokor et al., 2005). The nRT axons branched profusely and
were studded with large number of small varicosities distributed
evenly along the individual branches (Fig. 1D1–D3). In contrast,
APT terminals were medium to large in size, and long, bouton-
free segments alternated with small clusters of terminals, result-
ing in uneven intervaricose distances (Fig. 1E1–E3).

Ultrastructure of nRT and APT terminals
In the following electron microscopic account, “synapse” will
refer to a circumscribed membrane specialization including the
presynaptic and postsynaptic densities, the vesicles and the cleft.
Synaptic specializations, which appeared noncontinuous after
3D reconstructions, were treated as separate synapses. “Active
zone” is the presynaptic component of the synapse. PA (also
known as filamentous contacts) are distinct from synapses, in
that they have thick, asymmetric membrane specializations and
lack vesicle accumulation, as described before (Lieberman and
Spacek, 1997; Bodor et al., 2008).

Of the 78 anterogradely labeled nRT and 102 APT profiles, the
number of active zones was established in 41 and 29 cases, respec-
tively. The size of the terminals was determined in 22 nRT and in
36 APT boutons. Twenty-five nRT and 47 APT terminals were
partially reconstructed. All profiles included in the analysis were
GABA-positive. For a detailed description of the database, see
Materials and Methods section.

In single electron microscopic sections, both nRT and APT
terminals established conventional symmetrical synapses, con-
taining flattened, pleomorph vesicles and several mitochondria,

Figure 1. Injection sites and termination zones of the nRT-thalamic and APT-thalamic pathways. A, C, Injection sites in the nRT (A, blue arrows) and in the APT (C, red arrows). Mapping of the
termination zone is shown in B with the same color coding. Note that the dense terminal labeling overlaps in the dorsolateral part of the Po. D1–D3, E1–E3, The small nRT terminals (D1–D3,
arrowheads) are evenly spaced along the axons, whereas the larger APT boutons form clusters (E1–E3, arrowheads). AD, Anterodorsal thalamic nucleus; AM, anteromedial thalamic nucleus; AVDM,
AVVL anteroventral thalamic nucleus dorsomedial and ventrolateral part; CL, centrolateral thalamic n; DpMe, deep mesencephalic nucleus; LDDM, LDVL laterodorsal thalamic nucleus dorsomedial
and ventrolateral part; LP, lateral posterior thalamic nucleus; MD, mediodorsal thalamic nucleus; MDG, MGV medial geniculate nucleus dorsal and ventral part; VA, ventral anterior thalamic nucleus;
VL, ventrolateral thalamic nucleus; VM, ventromedial thalamic nucleus; VPM, ventral posteromedial thalamic nucleus; VPL, ventral posterolateral thalamic nucleus. Scale bars: A–C, 500 �m. D–E,
10 �m.
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as previously reported (Montero, 1983; Cucchiaro et al., 1991;
Liu et al., 1995b; Bokor et al., 2005) (Figs. 2, 3A2–A7,C2–C8).

Difference in size and postsynaptic targets between nRT-
thalamic and APT-thalamic terminals
The median volume of nRT boutons was 0.47 �m 3 (interquartile
range, 0.43– 0.6 �m 3; n � 22). The same value of their longest
diameters was 1.84 �m (interquartile range, 1.55–2.18 �m). APT
terminals were at least five times larger (median volume, 2.4
�m 3; interquartile range, 1.59 –3.55 �m 3; n � 36) and 50%
longer (median of their longest diameters, 2.77 �m; interquartile
range, 1.55–3.77 �m) than nRT terminals. The size difference
was statistically highly significant both for the volume and for the
longest diameter ( p � 0.01, Mann–Whitney U test).

The minor diameters of the postsynaptic elements of APT and
nRT terminals were compared with each other and to a random
sample of the neuropil (n � 398) obtained from Po (Fig. 4A). As
expected, the neuropil of Po was mainly composed of thin caliber
dendrites. Eighty-five percent of the minor diameters in the ran-
dom samples were �0.8 �m. The distribution of nRT postsyn-
aptic elements was similar to the random sample (Fig. 4A), 71%
of the postsynaptic dendrites contacted by nRT terminals were
thinner than 0.8 �m. The median values of the minor diameters
of the nRT targets (0.65 �m) were very close to the median of the
random sample (0.56 �m). In sharp contrast, the median values
of APT targets were twice as large as nRT targets and the random
sample (1.38 �m). Eighty-eight percent of the Po dendrites con-

tacted by APT terminals were thicker than 0.8 �m, showing sig-
nificant target selectivity for thick dendrites. The difference be-
tween the postsynaptic target distribution of nRT and APT
terminals was statistically significant ( p � 0.001, � 2 test).

To determine if thick dendrites in our sample indeed repre-
sent proximal dendrites in functional terms as well, the types of
unlabeled excitatory terminals contacting the dendrites postsyn-
aptic to nRT and APT boutons were categorized. The neuropil of
the thalamus consists of two types of GABA-negative, excitatory
terminals (Sherman and Guillery, 2006). The small terminals
(RS) innervate distal dendrites, whereas the large terminals (RL)
targets proximal dendrites and have strong impact on the firing
activity of the postsynaptic cell, serving as “driver inputs”
(Guillery and Sherman, 2002). Based on the well established ul-
trastructural criteria, the overwhelming majority (90.2%) of den-
drites contacted by nRT terminals received RS-type boutons and
only 8.8% were contacted by RL terminals (Figs. 2A,B, 4B). In sharp
contrast, RL type terminals formed synapses on 75.4% of dendrites
innervated by APT terminals (Fig. 4B). These data demonstrate that
nRT terminals contact all dendritic domains in proportion of their
occurrence, whereas APT terminals preferentially innervate proxi-
mal dendritic domains contacted by the giant driver inputs.

Difference in synaptic organization between nRT-Po and
APT-Po boutons
3D electron microscopic reconstruction demonstrated a striking
difference between the nRT and the APT boutons with respect to

Figure 2. Ultrastructural features of nRT-thalamic and APT-thalamic terminals in the Po nucleus of rat. A–C, High-power electron microscopic images showing two anterogradely labeled
nRT-thalamic (A, B) and an APT-thalamic terminal (C). A2 and C2 are the neighboring sections to A1 and C1, respectively, postembedding immunoreacted for GABA (small black dots). Silver
intensified gold particles (empty triangles) indicate the anterograde tracer. The nRT terminals form single synapses (thick arrows in A1, A2, and B) on their targets, which are a thin dendrite receiving
unlabeled RS-type terminal in A1 and A2 and a thick dendrite contacted by RL-type terminal in B. The APT terminal forms multiple synapses (thick arrows in C1, C2) and puncta adhaerentia
(arrowheads) on a thick dendrite. Three-dimensional reconstruction of the terminal in B and C is shown in Figure 3, A1 and C1, respectively. Note that in A2 and C2, the anterograde signal is absent
as a result of the etching procedure of the postembedding GABA immunostaining. d, Dendrites; b, boutons; thin arrows, glial covering; black square in C1 and C2, glia intruding into the APT terminal;
da, dendritic appendage. Scale bars, 0.5 �m.
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the number of synapses a given terminal establishes with its
postsynaptic partner. Three parameters were examined: (1) the
number of active zones per terminal, (2) the number of postsyn-
aptic targets a given terminal contacts, and (3) the number of
synapses a given terminal establishes with its individual
partner(s).

The median number of active zones in case of nRT terminals
was two (mean, 2.1; n � 41). Eleven of the forty-one nRT termi-
nals (26.8%) had single active zones (hence, obviously a single
target). The rest of the nRT terminals (n � 30) had 2–5 active

zones. Most of the nRT terminals with multiple active zones
(80%) contacted more than one postsynaptic partner (2– 4) (Fig.
3A,B; supplemental Movie S1, available at www.jneurosci.org as
supplemental material). The majority of the dendrites (80.6%;
n � 72 targets) postsynaptic to nRT terminals were innervated by
a single synapse. The mean number of synapses an nRT terminal
established with a given target was 1.21 (median 1). When fol-
lowed in serial electron microscopic sections, the dendrites con-
tacted by a single nRT terminal diverged in different directions;
thus, they probably belonged to different dendritic trees.

Figure 3. Three-dimensional reconstructions of nRT- and APT-thalamic terminals. A, B, Three views of two nRT terminals in Po. Both terminals have multiple synapses (yellow, S1–S4), which face
different directions. Each synapse is separated by glial processes (green) and innervates different dendrites (data not shown). Serial EM images (A2–A7 ) through the symmetrical synapse S1 in A1
demonstrate single uninterrupted postsynaptic specialization (arrows). C, D, Two views of two APT-thalamic terminals. In sharp contrast to nRT terminals, all synapses of a single terminal (12 in C,
9 in D) face one direction and innervate a single dendrite (data not shown). Note that the synapses are organized around a centrally placed network of PA (blue). Glial processes do not separate the
synapses, but the entire outer surfaces of the boutons are covered by glia sheaths. Serial EM images (C2–C8) through the symmetrical synapses S1–S3 of C1 demonstrate multiple distinct
postsynaptic specialization (arrows) and PA (arrowheads). Red, Membrane of the terminal. Scale bars: A1, B, C1, D, 1 �m; A2–A7, C2–C8, 0.5 �m.
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Compared with nRT terminals, the number of active zones/
terminal was severalfold higher for APT terminals (mean, 7.55;
median, 7; interquartile range, 5–9; min–max, 2–16; n � 29). All
synapses of single APT terminals (n � 29) converged on the same
postsynaptic profile. Thus, the mean number of synapses a ter-
minal established with a single postsynaptic partner was also 7.55
(median 7). This means that a single APT terminal forms, on
average, seven times more synapses on a single target than an nRT
terminal.

The synapses of APT boutons were organized in a circular
manner around a centrally localized network of PA (Fig.
3C1–D; supplemental Movie S2, available at www.jneuro-
sci.org as supplemental material). Such a PA network was
never observed in case of nRT terminals. Almost all APT syn-
apses were localized on dendritic shafts; contacts on dendritic
protrusions were found only in one case. More than one large
APT terminal, each with multiple synapses, frequently con-
verged on the same dendrite. APT-thalamic terminals dis-
played similar properties in 18-d-old animals (supplemental
Fig. S1, available at www.jneurosci.org as supplemental mate-
rial) than in the adults.

For both inputs, the number of synapses correlated with the
volume of the terminals (Fig. 4C), suggesting that terminal size is
proportional to synaptic strength (Xu-Friedman and Regehr,
2004). This correlation reached statistical significance only in the
case of APT (one-way ANOVA; p � 0.001). However, the diam-

eter of the postsynaptic elements and the number of synapses
established by an individual terminal did not correlate (Fig. 4D).
The surface area of the synaptic specialization showed great het-
erogeneity in both pathways, but the range (min–max: 0.014 –
0.087 �m 2, n � 17; min–max: 0.014 – 0.092 �m 2, n � 43 for nRT
and APT, respectively) and the mean values (0.048 vs 0.040 �m 2)
were similar.

Finally, the glial cover and the intersynaptic distances were
examined in the two bouton populations. 3D reconstruction re-
vealed that nRT terminals never displayed complete glial sheath
on their outer surface. Glial lamellae separated the synapses of
nRT terminals contacting different dendrites, but in the few cases
where multiple nRT synapses contacted the same target, the syn-
apses were not separated by glia. Of the 22 nRT boutons (45
synapses) examined, 5 terminals (11 synapses) formed multiple
contacts on the same dendrite, without glial lamellae. Since glia is
considered to be a diffusion barrier, the intersynaptic distance
was measured only in this small set of synapses (median, 347 nm;
n � 7 distances).

In contrast to nRT boutons, the entire outer surface of the
APT terminals had complete glial cover. The other major differ-
ence compared with nRT terminals was that almost all intersyn-
aptic spaces of APT terminals were free of glia. In a few cases (3 of
29 boutons), glial lamellae separated the synaptic surfaces into
two parts, but even in these terminals most of the synapses were
not separated by glia.

Figure 4. Quantitative analysis of the APT and nRT terminals and their targets in Po. A, Comparison of random dendritic diameters to the diameter of targets postsynaptic to nRT-thalamic (white
bars; n � 84) and APT-thalamic (gray bars; n � 125) terminals. The distribution of the random dendrite diameters is shown in two ways: as the percentage of dendrites in each bin (black line with
squares; left y-axis) and as the percentage of summated perimeter of the dendrites in each bin (black lines with triangles; right y-axis). The first one is used for statistical comparison, whereas the
second one better represents the available target surfaces. APT target diameters are skewed toward the larger values, whereas the nRT targets and the random sample overlap. B, Analysis of
non-GABAergic terminal types on the dendrites contacted by nRT (first column) or APT (second column) boutons. Note the contrasting pattern of RL and RS inputs in dendrites innervated by nRT and
APT terminals. For the description of RL and RS terminals, see Results, Difference in size and postsynaptic targets between nRT-thalamic and APT-thalamic terminals. RL-RS, Both types of input; UI,
unidentified. C, Correlation between the volume of the terminals and the number of synapses an individual terminal establishes. Lines represent the linear regression. Note the clear separation of
nRT and APT boutons along both the x- and y-axes. D, Correlation between the diameter of the postsynaptic elements (excluding somatic targets) and the number of synapses a terminal establishes
with a given target. nRT data, Gray diamonds; APT data, black squares. E, Cumulative distribution of nearest neighbor synaptic distances in APT terminals. F, The average number of APT synapses
with increasing distances from a given synapse belonging to a single bouton.
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APT synapses were closely spaced to each other. The median
value of the nearest neighbor distances between APT synapses
was 204 nm (interquartile range, 171–243) and 77.8% of the
nearest neighbor distances was �300 nm (Fig. 4E). On average,
every synapse had at least 5 neighboring synapses (5.32) within 1
�m distance (Fig. 4F).

The anatomical data show strikingly different morphological
organization of the two GABAergic pathways. The small nRT
terminals innervate the entire dendritic tree mostly via single
synapses, whereas the large APT terminals innervate proximal
dendrites via multiple synapses. To compare and investigate the
physiological properties of the two GABAergic afferents, sponta-
neous and evoked inhibitory events were examined in a horizon-
tal slice preparation, containing both the nRT- and the APT-
thalamic pathways.

Spontaneous inhibitory events in
thalamic nuclei
The inhibitory events generated by nRT and
APT were compared by monitoring sponta-
neous synaptic activity in relay cells of the VB
and of Po. This latter nucleus receives both
reticular and extrareticular inputs (Barthó et
al., 2002; Bokor et al., 2005), whereas VB is
innervated by nRT only (Liu et al., 1995a;
Pinault et al., 1995). In neurons from both
nuclei, voltage-clamped at �60 mV and per-
fused with high Cl�-containing recording
solutions, spontaneous inward currents per-
sisted in the presence of blockers of excita-
tory synaptic transmission but were antago-
nized by the GABAA receptor antagonist
bicuculline (25 �M; n � 3 for both VB and
Po) (Fig. 5A1, inset shown for Po). The am-
plitudes of sIPSCs reached absolute values
up to 202 � 9 pA in VB cells (range of max-
imal values, 172–245 pA; n � 10) and up to
516 � 43 pA in Po (range of maximal values,
306–691 pA; n � 9; p � 0.001) (Fig. 5A1).
On average, amplitudes of sIPSCs were
about twofold smaller in VB than in Po (VB:
35 � 5 pA, n � 10; Po: 70 � 15 pA, n � 9,
p � 0.001) (Fig. 5A1,B, left). Binned histo-
grams demonstrated that small amplitude
events (�100 pA) dominated in VB ( p �
0.05), whereas large amplitude events were
present at a greater fraction in the total sIPSC
population of Po (e.g., for events with ampli-
tude between 300 and 500 pA: 4.6 � 1.3% in
Po, 0.6 � 0.2% in VB; p � 0.01) (Fig. 5C). In
the presence of 0.5 �M TTX (Fig. 5A2), the
mIPSCs had an average absolute amplitude
of 26 � 3 pA in VB (n � 8) and 23 � 2 pA in
Po (n � 9; p � 0.05) (Fig. 5B). These values
are similar to the mean sIPSC amplitudes in
VB ( p � 0.05), but they are smaller than in
Po ( p�0.001) (Fig. 5B, right). Thus, in both
VB and Po, events with high quantal content
(up to maximally �10 in VB and �30 in Po)
could be observed, but these large events ap-
peared more prominently in Po. To test
whether these could arise from a distinct in-
hibitory source, we examined how the wave-
form of sIPSCs varied with its amplitude. We

found that the 10% largest events in Po showed distinctly greater
monoexponential time constants of decay (�) than the 10% smallest
events (� � 18.0 � 0.4 ms, n � 272, vs 5.9 � 0.1 ms, n � 272; p �
0.001) (Fig. 5D), whereas the decay time constant of the 10% largest
and 10% smallest events in VB amounted to 10.4 � 0.3 ms (n � 213;
p � 0.001 compared with largest APT events) and 5.8 � 0.1 ms (n �
213; p � 0.001 compared with largest events in VB), respectively.
Thus, although events recorded in VB and Po showed similar am-
plitude and kinetics for the smallest amplitudes, large events with
slow decay were recorded exclusively from Po.

Evoked IPSCs in the Po nucleus
Both reticular (Crabtree et al., 1998; Lam and Sherman, 2007), as
well as extrareticular (Bokor et al., 2005) afferent projections
onto Po can be preserved in the same horizontal brain slice. Uni-

Figure 5. Larger and slower sIPSCs in Po compared with VB. A, Raw sIPSCs (A1) and mIPSCs (A2) for representative VB and Po
neurons. A 30 s long recording is shown at the top of each section. Expanded portions, selected from the areas labeled with
numbers (A1; sIPSCs) and with black bars (A2; mIPSCs), are presented below. TTX (0.5 �M) was applied to isolate mIPSCs. Inset,
Membrane current response of a Po neuron to bath application of the GABAA receptor antagonist bicuculline (�Bic, 25 �M). B,
Histogram of average sIPSC (n � 10 for VB, n � 9 for Po) and mIPSC amplitudes (n � 8 for VB, n � 9 for Po). ***p � 0.001. C,
Histogram of the frequency distribution for sIPSC amplitudes binned by their size, as indicated on the abscissa. *p � 0.05; **p �
0.01. D, Distribution of sIPSC decay time constants as a function of sIPSC amplitude. Data were pooled from 10 VB and 9 Po
neurons. Note slower decay of the large events in Po.
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tary inhibitory synaptic responses in
voltage-clamped Po neurons were evoked
electrically using a bipolar electrode placed
within nRT or APT (see Materials and
Methods). Such stimuli elicited IPSCs
with all-or-none response characteristics
(supplemental Figs. S2, S3A, available at
www.jneurosci.org as supplemental mate-
rial), a fixed latency (supplemental Fig.
S3B, available at www.jneurosci.org as
supplemental material), and a monopha-
sic rise [10 –90% rise time, 0.53 � 0.08 ms
and 0.77 � 0.19 ms for nRT (n � 5) and
APT (n � 7) representative cells, respec-
tively; p � 0.05], indicating unitary
connectivity.

Both unitary nRT-IPSCs and APT-
IPSCs increased in amplitude when release
probability was enhanced by augmenting
the Ca 2�/Mg 2� ratio (Fig. 6A) and
reached a plateau when the Ca 2�/Mg 2�

ratio was 4 mM/0.5 mM (ratio 8), with fur-
ther increases to Ca 2�/Mg 2� � 8 mM/0.5
mM (ratio 16) not significantly enhancing
current amplitudes ( p � 0.05 for both
nRT and APT) (Fig. 6B) (Schneggen-
burger et al., 1999). Such manipulations
did not alter the recording quality of the
postsynaptic cell (Fig. 7A2,B2, bottom)
(Materials and Methods). IPSCs evoked in
nRT showed smaller response amplitudes
than APT-IPSCs throughout the major
range of Ca 2�/Mg 2� ratios (Fig. 6B,C). At
plateau levels, nRT-IPSCs reached about
half the amplitude of APT-IPSCs, with ab-
solute values averaging 109 � 7 pA (n �
5), whereas APT-IPSCs were 198 � 22 pA
(n � 5; p � 0.01). Both response types
showed equal half-maximal Ca 2�/Mg 2�

concentration ratios (0.81 � 0.21 and
0.88 � 0.08 for nRT and APT, respec-
tively) (Fig. 6B), indicating that compara-
ble Ca 2� entry triggers a greater response
at APT than nRT synapses. APT-IPSCs de-
cayed more slowly at all release probabili-
ties tested (Fig. 6A,C) and further slowed
down after increasing the Ca 2�/Mg 2� ratio ( p � 0.05). In con-
trast, nRT-IPSC decay remained unaffected with altered release
probability ( p � 0.05). These findings comply with APT synapses
generating unitary responses with a comparatively high number
of release events (see Discussion).

Quantal parameters of APT and nRT synapses onto Po cells
The higher quantal content of APT-IPSCs, accompanied by a
comparable sensitivity to Ca 2� entry, could result from a greater
number of synaptic contacts or from multivesicular release at
APT synapses. We determined quantal parameters of nRT and
APT synapses by applying MPFA, also known as variance-mean
analysis, to unitary nRT- and APT-IPSCs (Silver, 2003). Time-
stable series of unitary IPSCs were collected for three different
release probability conditions, set by three Ca 2�/Mg 2� ratios (in
mM: 2/2, 0.5/4, 8/0.5), to determine the total nonuniformity in
quantal size (CVT), as well as the intrasite (CVI) and intersite

(CVII) quantal variabilities (see Materials and Methods) (Silver,
2003). The values for CVI and CVII were determined in 4 of 12
nRT-Po connections and in 7 of 26 APT-Po connections satisfy-
ing stable recording criteria. Changing the Ca 2�/Mg 2� ratio
strongly affected response amplitude, response variability and
failure rate (Fig. 7A1,A2, B1,B2). At the lowest Ca 2�/Mg 2� ratio
(0.5 mM/4 mM), the failure rate increased to �70% (86.2 � 2.5%,
for nRT, n � 4; 83.1 � 3.0% for APT, n � 7; p � 0.05) with the
amplitude of successful responses in the range of 12–17 pA for
nRT (average, 16.4 � 1.6 pA; n � 4) and 10 –23 pA for APT
(average, 14.5 � 1.5 pA; n � 7). In every cell, the number m of
putative multiquantal events (m � 2.1 � 0.8 for nRT; n � 4 and
3.5 � 1.0 for APT; n � 7; range 1– 8) recorded at the lowest
probability (Biró et al., 2006) were eliminated to calculate CVT �
0.33 � 0.03 for nRT (n � 4) and 0.31 � 0.03 for APT (n � 7; p �
0.05). In 8 mM Ca 2�/0.5 mM Mg 2�, with release probability max-
imized, the response size increased to 83–162 pA for nRT and to

Figure 6. Unitary IPSCs evoked in APT are larger and slower than IPSCs evoked in nRT but show similar dependence on the ratio
of Ca 2�/Mg 2� ions. A, Representative traces of nRT- and APT-IPSCs (averaged from 10 to 50 sweeps). In A1, superimposed
nRT-IPSCs and APT-IPSCs, evoked at three different Ca 2�/Mg 2� ratios (indicated above traces) are presented with monoexpo-
nential decay time constants (�) next to the traces. Inset, APT-IPSC before, during, and after bicuculline (Bic, 25 �M). In A2, traces
from A1 are shown scaled to their peak. Note slower decay of APT-IPSC at all Ca 2�/Mg 2� ratios. B, Sigmoidal dependence of
evoked nRT- and APT-IPSC amplitudes on the Ca 2�/Mg 2� ratio (n � 4 –12 per data point for both nRT and APT). Three different
ratios were tested per experiment. Data were fitted with a Hill equation (dotted line for nRT-IPSCs; continuous line for APT-IPSCs),
yielding r 2 � 0.99 for nRT-IPSCs and 0.97 for APT-IPSCs. Horizontal and vertical lines indicate the half-maximal Ca 2�/Mg 2�

ratio for both curves (see Results). **p � 0.01; ***p � 0.001. C, Dependence of decay time constants on the Ca 2�/Mg 2� ratio
(for nRT, n � 3, 9, 3, for APT, n � 10, 16, 10 for Ca 2�/Mg 2� ratios of 0.125, 1, 16). *p � 0.05. Asterisks below open circles refer
to significance between nRT and APT values, whereas asterisks next to the line denote significance between two Ca 2�/Mg 2�

ratios for APT-IPSCs.
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75–344 pA for APT, giving an upper limit for CVI (0.20 � 0.02 for
nRT, 0.20 � 0.04 for APT; p � 0.05) and CVII (0.28 � 0.03 for
nRT and 0.21 � 0.04 for APT; p � 0.05) (Silver, 2003; Biró et al.,
2006). Variance was highest for intermediate release probabilities
and decreased for both high and low Ca 2�/Mg 2� ratios in every
cell (Fig. 7A3, B3). Weighted parabolic fits were applied to the
variance–mean relationship (Silver, 2003) using both intrasite
(CVI) and intersite (CVII) quantal variabilities (Fig. 7A3, B3) to a

total of 9 nRT and 12 APT cells fulfilling
time-stable recording criteria for three dif-
ferent release probabilities. These fits
yielded a number of release sites of 6.5 �
0.4 for nRT (n � 9; range 4 – 8), whereas
the value for APT was significantly greater,
averaging 12.0 � 1.7 (n � 12; range 3–27;
p � 0.05) (Fig. 7C). The quantal sizes were
similar (18.9 � 1.9 pA for nRT and 17.8 �
1.8 pA for APT; p � 0.05) and did not
differ from the amplitude of successful
monoquantal responses determined at low
release probabilities and from the average
mIPSC amplitudes ( p � 0.05). Further-
more, release probabilities per release site,
and their dependence on the Ca 2�/Mg 2�

ratio, were equal for nRT-Po and APT-Po
synapses (Fig. 7D) (half-maximal ratio of
1.99 � 0.63 for nRT and 2.35 � 1.06 for
APT). Therefore, consistent with the mor-
phological analyses, APT synapses have a
greater number of functionally indepen-
dent release sites from which quantal
events can be generated. However, our
analysis disclosed multiple release sites in
case of nRT fibers as well. Thus, both path-
ways are not only morphologically but also
functionally multisynaptic. However,
whereas APT terminals combine their ac-
tive zones into a single terminal, nRT ter-
minals keep them separate.

Computational methods were used to
estimate the reliability of the multinomial
fit across cells and for a single cell. We sim-
ulated vesicular release using binomial re-
lease statistics and Gaussian distributions
of q values defined by their mean and SD at
low release probabilities (see Materials and
Methods). Such simulations yielded N and
q values that, on average, were very close to
those determined experimentally (for
nRT: N � 7.1 � 0.7 and q � 20.6 � 1.3 pA,
p � 0.05 for both N and q; for APT: N �
11.6 � 2.8 and q � 17.4 � 1.7 pA, p � 0.05
for both N and q). Typical examples be-
tween the fits to experimental and simu-
lated data are presented in Figure 7, A3 and
B3. The simulation and fitting were then
repeated 100 times for the parameters of a
single cell. The average values obtained
were 100.6% and 105.1% of the experi-
mental N and q values, with 41 and 49% of
the trials deviating �20% from these.
Fewer than 15% of the trials reached values
that deviated by �50% from the mean.

Characteristics of short-term plasticity for APT and
nRT afferents
In certain terminal types with a high number of active zones, a
comparatively high stability of synaptic responses during multi-
pulse stimulation has been observed (Kraushaar and Jonas, 2000;
Telgkamp et al., 2004). Trains of 10 stimuli were applied to either

Figure 7. Variance-mean analysis of unitary nRT- and APT-IPSCs. A1, B1, Family of nRT- and APT-IPSCs obtained at different
Ca 2�/Mg 2� ratios. For every Ca 2�/Mg 2� ratio, 10 individual sweeps (gray traces) are shown superimposed together with the
average of 100 sweeps (black trace). For the 0.5 Ca 2�/4 mM Mg 2� ratio, the means of the 89 failures recorded for nRT-IPSCs and
of the 78 failures for APT-IPSCs are also shown. A2, B2, Time course of evoked IPSC amplitude recordings during successive
applications of three different Ca 2�/Mg 2� ratios, indicated above the bars. Corresponding series resistances are shown below,
with dashed lines indicating the �20% tolerance level. A3, B3, Variance-mean plot for nRT- and APT-IPSCs presented in A and B,
with the weighted fit shown overlaid in continuous lines. The fit from simulated data (sim) is shown in the same plot (dotted lines).
C, Average values for N and q obtained from the weighted fit (exp, n � 9 for nRT, n � 12 for APT) and from the fit to the simulated
data (sim, n � 4 for nRT, n � 7 for APT). D, Sigmoidal dependence of release probabilities on the Ca 2�/Mg 2� ratio, as obtained
from the variance–mean analysis. Data were fit with a Hill equation (nRT, dotted line; APT, continuous line), yielding r 2 � 0.98
for nRT and 0.96 for APT. Prob, Probability.
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nRT or APT at 10, 50, or 100 Hz to evoke
repetitive IPSCs and to quantify their
short-term plasticity (n � 5 for nRT; n �

3–5 for APT) (Fig. 8A). The stimulation
frequency used here is within the range of
in vivo discharge frequencies of nRT
(Pinault, 2004) and APT neurons both in
adult (Bokor et al., 2005) and in P18-d-old
animals (supplemental Fig. S1, available at
www.jneurosci.org as supplemental mate-
rial). To assess the cumulative summation
of IPSCs, the peak amplitude of each IPSC
in the train, measured relative to the hold-
ing current preceding the train, was nor-
malized to the first response (Fig. 8B1–
B3). At 10 Hz stimulation, successive
IPSCs showed an incremental depression
that tended to be greater for nRT (n � 5)
than for APT (n � 3) synapses (Fig. 8A1,
B1) ( p � 0.05). At higher stimulation fre-
quencies (50 –100 Hz), however, the total
current amplitude generated by 10 IPSCs
was markedly greater for APT (n � 5 for
both frequencies) than for nRT (n � 5 for
both frequencies) and equalled or ex-
ceeded the amplitude of the first IPSC (Fig.
8A2,A3, B2,B3).

Two additional analyses corroborated
an enhanced stability of synaptic transmis-
sion during multipulse stimulation at APT
synapses. First, we evaluated the ampli-
tude of the persistent synaptic current that
developed during successive IPSCs at 50 –
100 Hz stimulation for the same cells (Fig.
8A2,A3) (see Materials and Methods). Al-
though both nRT and APT afferents pro-
duced such a current, markedly higher
amplitudes were reached for APT-IPSCs
(Fig. 8C1–C3). The persistent current
component at 100 Hz stimulation
amounted to 51.7 � 8.8% of the first am-
plitude of the nRT-IPSCs (n � 5), whereas
it was 144.1 � 28.9% of the first current
amplitude of the APT-IPSCs in the train
(n � 5; p � 0.05). Second, we calculated
the charge transfer during multipulse
stimulation by integrating the IPSC ampli-
tudes over time (Fig. 8D) (see Materials
and Methods). Charge transfer at APT
synapses was �2-fold greater after 10
pulses (Fig. 8D2) ( p � 0.05 for both 50 and 100 Hz), or after an
equal time integral (100 ms in Fig. 8D3) ( p � 0.05 for 50 Hz, p �
0.01 for 100 Hz). This indicates that APT synapses produce
greater synaptic inhibition during repeated firing for equivalent
time periods.

Finally, we also analyzed tail currents obtained at the end of a
1 s stimulation train of nRT and APT afferents (supplemental Fig.
S3, available at www.jneurosci.org as supplemental material). At
all frequencies, nRT afferents gave rise to minor tail currents �15
pA that decayed with time constants �20 ms (n � 3–5) (supple-
mental Fig. S3, available at www.jneurosci.org as supplemental
material). In contrast, APT stimulations resulted in pronounced,

slowly decaying tails that assumed amplitudes up to �150 pA
(supplemental Fig. S3, available at www.jneurosci.org as supple-
mental material) ( p � 0.05 for 50 Hz) and decayed with a slower
time course (� �70 –100 ms, p � 0.05 for 50 and 100 Hz).

Discussion
In this study, we demonstrate that two independent inhibitory
systems converging in the same thalamic nucleus display dis-
tinctively different synaptic ultrastructure and physiological
properties. In both GABAergic pathways, single axons estab-
lished multiple contacts on relay neurons with equal quantal
sizes and release probabilities, yet the structural organization

Figure 8. Short-term plasticity of nRT- and APT-IPSCs during multipulse stimulation. A1–A3, Representative recordings of 10
successive IPSCs elicited at the frequencies indicated after stimulation of nRT (top) or APT terminals (middle). The nRT- (gray
traces) and APT-IPSCs (black traces) were normalized to the first peak amplitude (scaled traces) and superimposed for a better
comparison. B1–B3, Normalized cumulative summation of 10 successive IPSCs (IPSCs total) after stimulation of nRT (open circles,
n � 5) or APT projections (black circles, n � 3 for 10 Hz, n � 5 for 50 and 100 Hz). C1–C3, Normalized persistent current
amplitudes of 10 successive nRT- or APT-IPSCs. Note the greater current component developing in APT, as opposed to nRT-IPSCs.
For B, C, *p � 0.05. D1–D3, Charge transfer during multipulse stimulation. D1, Schematic illustration of charge transfer calcu-
lation, performed for 10 stimuli or for 100 ms (see also Materials and Methods). D2, Ratio of charge transfer for 10 IPSCs, with
respect to the first IPSC in the train. D3, Ratio of charge transfer after 100 ms of stimulation, with respect to the first IPSC. *p �
0.05; **p � 0.01. Persist, Persistent.
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of active zones and synaptic short-term plasticity were radi-
cally different.

Different organization of the nRT and
APT-thalamic pathways
Serial electron microscopic reconstruction demonstrated that all
APT terminals innervate their postsynaptic partner via multiple
synapses (on average, seven per terminal), whereas the vast ma-
jority of nRT boutons established a single synapse on each
postsynaptic element. These morphological data are in agree-
ment with previous observations of single electron microscopic
sections (Montero and Scott, 1981; Cucchiaro et al., 1991; Liu et
al., 1995b; Bokor et al., 2005). Quantal analysis of responses
evoked by single fiber stimulation, however, clearly demon-
strated multiple release sites in both pathways (6.5 and 12 in case
of nRT and APT, respectively). The anatomical and physiological
data sets are compatible only if we assume that a single nRT fiber
contacts a relay cell via 6 –7 terminals with a single synapse each,
whereas the 12 synapses of the APT input are formed by no more
than one or two APT boutons. APT synapses of a single terminal
are closely spaced to each other, within the hundred nanometer
range, whereas individual nRT terminals converging on the same
target innervate different parts of the dendritic tree (Cox et al.,
1997), probably several micrometers away from each other.

Variance-mean analysis has been used successfully to corre-
late the number of morphologically observed active zones with
the number of release sites at excitatory synapses (Silver, 2003;
Biró et al., 2005). However, the only study on GABAergic termi-
nals indicated a fivefold difference between the functionally de-
termined release sites and the structurally identified active zones
(Biró et al., 2006), indicative of multivesicular release. In our case,
the “N” of the APT input as determined by anatomy lies within
the same range (2–16) as that defined by quantal analysis (3–27).
Assuming that two large APT terminals can converge on the same
target, consistent with observations at the light and electron mi-
croscopic levels, these results indicate that individual active zones
of APT terminals release GABA in a predominantly uniquantal
manner.

Functional differences between the reticular and
extrareticular pathways: spontaneous activity
Po neurons received numerous high amplitude sIPSCs, which
were absent from VB. Action potential-triggered GABA release
from nRT terminals is of similar strength in different thalamic
nuclei (Crabtree and Isaac, 2002; Lam and Sherman, 2007);
therefore, nucleus-specific differences in release properties of
nRT synapses are unlikely to account for the differences between
VB and Po. Rather, the larger and slower spontaneous inhibitory
events evident in Po neurons likely derive from the spontaneous
discharge of APT inputs, which selectively innervate Po and are
maintained in the horizontal slice (Bokor et al., 2005). With the
exception of the largest Po events, the range of decay times of VB
and Po sIPSCs was comparable, and both amplitudes and kinetic
properties of the sIPSCs were within the range of those observed
previously in VB of 3- to 4-week-old rats (Huntsman and Hugue-
nard, 2000). Thus, although the anatomical data showed that
nRT terminals innervate dendrites with larger diameter range
than APT terminals, both types of IPSCs detected in this study
appeared to be generated in an electrotonically equivalent cellular
compartment, supposedly the thick proximal relay cell dendrites
(Crunelli et al., 1987; Destexhe et al., 1998).

Functional differences between the reticular and
extrareticular pathways: evoked responses
Evoked responses elicited in nRT consistently showed smaller
size throughout a large range of release probabilities tested,
reaching a maximum of �5 quanta. The decay time constant of
these evoked responses did not substantially differ from that of
monoquantal responses. This suggests that nRT connections es-
tablished by a single fiber are made up of a number of reliable
synapses that release synchronously with little cross-talk among
each other (Kraushaar and Jonas, 2000). Moreover, multiquantal
release at nRT terminals appears to be highly synchronous, be-
cause decay time stays invariant against changes in release prob-
ability, similar to some hippocampal interneurons (Kraushaar
and Jonas, 2000). Moreover, the high maximal release probability
obtained (� 0.8) indicates faithful propagation of action poten-
tials despite the complex axonal arborization of nRT axons
(Pinault, 2004). The anatomical observation of a single synapse
per target, or, in case of multisite nRT terminals, the orientation
of synapses toward different targets and the glial barriers, support
these physiological data and suggest that nRT-dependent inhibi-
tion relies on an efficiently timed point-to-point transmission at
several independent release sites. This allows for the generation of
short-lasting, precisely timed inhibitory events of adjacent relay
cells.

In contrast to nRT, the quantal content of evoked APT-IPSCs
was greater (�10); response decay was slower and further decel-
erated with increased release probability. Such kinetic differences
could reflect distinct gating kinetics of GABAA receptors located
at APT synapses. However, there is no qualitative difference in
synaptic GABAA receptor subunit distribution between Po and
VB (Wisden et al., 1992; Fritschy and Mohler, 1995; Pirker et al.,
2000; Peden et al., 2008); hence, this explanation is unlikely.
Rather, our data support the interpretation that enhanced release
leads to a prolonged presence of GABA in the synaptic cleft of
APT synapses. A pooling of GABA has been described previously
for terminals with multiple closely spaced active zones devoid of
glial barriers that enable intersynaptic spillover (Telgkamp et al.,
2004; Pugh and Raman, 2005).

Functional differences between the reticular and
extrareticular pathways: short-term plasticity
Differences in synaptic ultrastructure and microenvironment
strongly affect the short-term plasticity of IPSCs (Xu-Friedman
and Regehr, 2004; Pugh and Raman, 2005), which is particularly
important for reticular and extrareticular afferents, since both
nRT and APT cells may fire in burst– discharge mode (Pinault,
2004; Bokor et al., 2005). Consistent with a previous qualitative
investigation [see Cox et al. (1997), their Fig. 4B], we found that
nRT synapses show depression of phasic responses at stimulation
frequencies in the burst discharge range. However, we also found
that nRT synapses failed to maintain inhibition, since persistent
current components decayed within �10 stimuli. In contrast,
APT synapses generated a much greater persistent current com-
ponent at moderate and high stimulation frequencies that per-
sisted for at least 1 s of continued stimulation. The decay time of
tail currents evoked by prolonged stimulation trains was greater
by almost an order of magnitude in case of APT terminals, point-
ing to an exceedingly prolonged presence of GABA. Cross talk
among the multiple synapses of APT terminals is particularly
amenable to generate such persistent current and to evoke not
only phasic but maintained inhibition.

It should be noted that the differences in the number of syn-
apses per target as well as the locations of nRT and APT terminals
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are analogous to the differences between the excitatory RS and RL
profiles of the thalamus. The glutamatergic RS terminals contact
distal dendrites via single active zones, whereas giant RL termi-
nals of both cortical and subcortical origin target proximal den-
drites via multiple active zones (for review, see Sherman and
Guillery, 2006). Indeed, most unlabeled excitatory terminals next
to nRT terminals were RS type; conversely, the majority of APT
neighbors were RL type. Interestingly, however, the short-term
plasticity of excitatory terminals is just the opposite of their
GABAergic counterparts. Single site RS terminals display short-
term facilitation, whereas multisite RL terminals are character-
ized by pronounced short-term depression (Reichova and
Sherman 2004; Groh et al., 2008). This suggests that during high-
frequency input, the excitatory–inhibitory balance is differen-
tially regulated in various dendritic compartments of relay cells.
In distal dendrites, excitatory input prevails during high fre-
quency activity, whereas at proximal regions inhibitory control
remains strong.

A novel GABAergic terminal type (F3) in the thalamus
In cortical microcircuits, the classification of GABAergic inter-
neuron populations is based on their postsynaptic target selec-
tion (Freund and Buzsáki, 1996). Our present data demonstrate
that GABAergic inputs of the thalamus originating in distinct
sources also display this type of heterogeneity. APT terminals
selectively targeted proximal dendrites, whereas nRT targets all
soma-dendritic domains in proportion of their occurrence. Anal-
ysis of the neighboring excitatory terminals suggested that APT
terminals have selective control over the relay messages carried by
large excitatory (driver) terminals, whereas nRT exerts a global
effect over the entire dendritic tree.

Recently, several large GABAergic terminals of extrathalamic
origin were characterized by similar ultrastructural features to
APT boutons in various thalamic nuclei of the rat and monkey
brain (Barthó et al., 2002; Bodor et al., 2008). GABAergic termi-
nals of the thalamus have been classically subdivided into F1 or F2
terminals (F referring to flattened vesicles) (Sherman and
Guillery, 2006). Any axon terminals establishing symmetric syn-
apses were regarded as F1 terminals, whereas the dendritic termi-
nals of interneurons, which participate in serial synapses, were
termed F2 terminals. Based on the substantially different mor-
phological and physiological features, which apparently charac-
terize several major GABAergic pathways of the thalamus, here
we propose to define the “F3” terminal. The distinguishing fea-
tures of F3 terminals are large size with multiple synapses con-
verging on one target, a meshwork of PA, complete glia sheet,
preferential innervation of proximal dendrites, and enhanced
stability of synaptic response during multipulse stimulation.

Previous studies demonstrated that GABAergic inhibition via
F3 terminals is especially powerful. The incerto-thalamic path-
way effectively blocks the relay of peripheral information transfer
via feed forward inhibition (Trageser and Keller, 2004; Lavallée et
al., 2005). Nigrothalamic input has a decisive role in synchroniz-
ing relay cells activity during spike-and-wave discharges (Paz et
al., 2007) and may participate in establishing increased correla-
tion between the activity of thalamic units in models of Parkin-
son’s disease (Pessiglione et al., 2005). Previous work of the APT-
thalamic input demonstrated that activation of a single
APT-thalamic fiber can lead to rebound burst discharge in the
thalamus (Bokor et al., 2005). Our present data strongly suggest
that the common mechanism behind these powerful effects on
thalamocortical activity is based on the interaction among the

multiple synapses of single extrathalamic F3 GABAergic
terminals.
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