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Synaptic circuitry in the rat lateral amygdala (AL) was studied in
brain slices using electrophysiological recordings. Electrical
stimulation of external and internal capsules evoked an EPSC
followed by a sequence of GABAA and GABAB receptor-
mediated IPSC in principal neurons. Paired stimulation of either
afferents resulted in a significant reduction (;45%) of the second
GABAA receptor-mediated IPSC. A priming stimulation, consist-
ing of a priming pulse to one pathway followed by a pulse to the
other pathway, resulted in a strong depression of the second
IPSC basically identical to that during paired stimulation. Paired-
and primed-pulse depressions were largely relieved by 10 mM

CGP 55845A, indicating regulation through presynaptic GABAB
receptors. Furthermore, putative interneurons responded with
EPSCs of constant latencies to minimal stimulation of both cor-
tical and thalamic fibers, indicating convergent monosynaptic

input. At higher stimulation strength, an ;15% reduction of
EPSCs occurred in interneurons after paired and primed stimu-
lation, which was not sensitive to CGP 55845A. These findings
indicate that a rather homogeneous population of interneurons
exists in the AL with respect to their afferent connectivity, in that
they receive convergent input through putative thalamic and
cortical fibers, both directly and indirectly (through principal neu-
rons), and mediate inhibitory control of postsynaptic principal
neurons. This symmetrically built GABAergic circuitry can be of
functional significance, given the distinctive role of the two affer-
ent input systems for the mediation of different components of
fear responses and the importance of GABAergic mechanisms
for limitation of excessive neuronal activity.
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The amygdaloid complex is known to be important for regulation
of emotional behavior and learning (LeDoux, 2000) and to be
critically involved in neurological disorders such as temporal lobe
epilepsy (Gloor, 1992). A part of this group of nuclei, the lateral
amygdala (AL), receives the main sensory input from cortical and
subcortical fields. The information is processed through intra-
amygdaloid connections and transferred toward the central amyg-
dala, the major output station (Pitkänen et al., 1998). Cortical
afferents reach the AL laterally from the external capsule. The
other major sensory input reaches the AL medially from the
internal capsule as subcortical thalamic afferents (LeDoux et al.,
1991; Romanski and LeDoux, 1993). In the AL, as in other brain
regions, principal cells and local interneurons can be classified on
their electrophysiological, neurochemical, and morphological prop-
erties (Rainnie et al., 1991b; Lang and Paré, 1998; Mahanty and
Sah, 1998). In vivo data demonstrated a powerful control through
GABAergic inhibition over the activity of projecting principal cells
(Lang and Paré, 1997, 1998), which renders a special role to the
GABAergic interneurons in control of excitation in this region.
Indeed, GABAergic interneurons are thought to play a crucial role
in information processing in the amygdala (Lang and Paré, 1998;
Mahanty and Sah, 1999) and are also thought to underlie the
regulation of epileptiform activity (Callahan et al., 1991; Gloor,
1992; Washburn and Moises, 1992a). It has been suggested that
these interneurons receive excitatory afferent input form cortical
(Lang and Paré, 1998) as well as thalamic areas (Li et al., 1996a).
It is not known, however, if these major afferents innervate differ-
ent populations of interneurons or if these neurons receive con-
verging inputs as do principal cells (Li et al., 1996b). This conver-

gence allows the same principal cells in the amygdala to integrate
information from sensory channels with different processing
capacities.

Therefore, we designed electrophysiological experiments aimed
at the afferent input architecture to GABAergic interneurons in the
AL. One key element of our experimental paradigm was paired-
pulse depression, a mechanism of presumed presynaptic origin that
limits transmitter release if synaptic activation occurs within several
hundred milliseconds after preceding activation (Thompson et al.,
1993). During GABAergic transmission, GABA acts presynapti-
cally to regulate further release by binding and activating GABAB
receptors (Misgeld et al., 1995). In the amygdala, paired-pulse
depression of NMDA receptor-mediated responses was shown to
be influenced by presynaptic GABAB receptors (Huang and Gean,
1994). In our experiments, we have recorded synaptically evoked
GABAA receptor-mediated IPSPs and IPSCs in putative principal
neurons and studied the nature of paired-pulse depression of these
responses using different activation protocols of cortical and tha-
lamic afferent fibers. In addition, synaptic responses were recorded
from interneurons that were identified through morphological and
electrophysiological criteria.

MATERIALS AND METHODS
Sharp microelectrode recordings. Coronal slices of 500 mm thickness con-
taining the amygdala and related brain areas were prepared from deeply
anesthetized Long–Evans rats (halothane anesthesia; Zeneca, Plankstadt,
Germany) of either sex (postnatal day 30–35), as described recently
(Heinbockel and Pape, 2000). Slices were kept at 35°C in an interface type
chamber during continuous superfusion with a solution containing (in
mM): NaCl 126, KCl 2.5, MgSO4 2, NaHCO3 26, NaH2PO4 1.25, dextrose
10, and CaCl2 2, buffered to pH 7.4 with 95% O2 and 5% CO2. Intracel-
lular recordings were performed with glass microelectrodes (TW-100F;
World Precision Instruments, Sarasota, FL) and controlled with a bridge
amplifier (Axon Instruments, Foster City, CA). Electrode DC resistances
ranged between 60 and 80 MV (filled with 4 M K-acetate). All membrane
potential measurements were corrected for electrode offsets (typically ,5
mV). Epi-illumination of the slices allowed location of the AL and other
relevant brain regions. Principal neurons were identified based on electro-
physiological criteria, namely the generation of slow oscillations of the
membrane potential (Paré et al., 1995; Pape et al., 1998) and spike
frequency adaptation (Rainnie et al., 1991a,b; Washburn and Moises,
1992b). Neurons were considered for analysis that had a stable resting
membrane potential less than 260 mV, input resistances .45 MV at
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resting membrane potential (as determined from responses to hyperpolar-
izing current pulses, 20.1 to 20.3 nA), and overshooting action potentials.
Data were stored on videotape for off-line analysis after conversion with
Neurocorder DR-384 unit (Neurodata, New York, NY) and later digitized
using a CED 1401 (Cambridge Electronic Design, Cambridge, UK) inter-
face and Spike2 software.

Synaptic responses were evoked with two bipolar tungsten electrodes
placed in the external capsule and in the internal capsule dorsal to the
central nucleus of the amygdala for electrical stimulation (100 msec pulse
duration) of putative cortical and thalamic afferents, respectively (Ma-
hanty and Sah, 1999; Weisskopf and LeDoux, 1999; Heinbockel and Pape,
2000). However, it should be noted that these electrical stimuli likely
activated other fiber systems also. For instance, AL axons to the perirhinal
cortex course through the external capsule. Stimulus intensity was adjusted
to produce a synaptic response 30–50% of maximum amplitude without
triggering action potentials.

Whole-cell patch-clamp recordings. Slices containing the amygdala from
Long–Evans rats of either sex (postnatal day 11–16) were prepared, and
recordings were performed as previously described (Meis and Pape, 1998).
Briefly, rats were anesthetized with halothane and killed by decapitation.
After preparation and equilibration of 300-mm-thick coronal slices, cells
were obtained under visual guidance (Axioskop FS, Achroplan 40/w;
Zeiss, Oberkochen, Germany) using infrared videomicroscopy (b/w cam-
era, model C-2400; Hamamatsu, Hersching, Germany). Experiments were
run at room temperature in a submerged type chamber. Extracellular
solution contained the following concentration of chemicals (in mM): NaCl
125, KCl 2.5, NaH2PO4 1.25, NaHCO3 22, MgSO4 2, CaCl2 2, and
dextrose 20. Acidity was adjusted with 95% O2 and 5% CO2. Electrophys-
iological recordings were performed using the patch-clamp technique in
whole-cell mode. Patch pipettes were pulled from borosilicate glass
(GC150TF-10; Clark Electromedical Instruments, Pangbourne, UK). The
first set of experiments was performed with a potassium-based internal
solution containing the following chemicals (in mM): K-gluconate 95,
K3-citrate 20, NaCl 10, HEPES 10, EGTA 5, MgCl2 1, MgATP 3, NaGTP
0.5, and Br-QX-314 5, and pH was adjusted with 1 M KOH to 7.25. To
improve space clamp and to further reduce GABAB receptor-coupled
postsynaptic K 1 channels, the next set of experiments was performed
using an internal solution with the following concentration of chemicals (in
mM): Cs-gluconate 95, Cs3-citrate 20, NaCl 10, HEPES 10, EGTA 5,
MgCl2 1, MgATP 3, and NaGTP 0.5, and pH was adjusted with 1 M CsOH
to 7.25. Importantly, the membrane potential was held near the reversal
potential of the excitatory synaptic currents at 17 or 0 mV, depending on
the internal solution (K 1-based or Cs 1-based pipette solution, respec-
tively) to minimize the contribution of EPSCs to the recorded IPSCs. To
stimulate afferent fibers, bipolar tungsten stimulation electrodes were
placed in the external capsule and in the internal capsule dorsal to the
central nucleus of the amygdala similarly as described before (Mahanty
and Sah, 1999; Weisskopf and LeDoux, 1999; Heinbockel and Pape, 2000).
Thirty to fifty percent of maximum responses were evoked (100 msec pulse
duration, 0.1–3 mA) to record synaptically evoked IPSCs with an Axo-
patch 200B amplifier (Axon Instruments). Access resistance was controlled
and ranged between 5–10 MV. For stimulation, membrane potential con-
trol, and data acquisition pClamp 8.0 software was used (Axon Instru-
ments). Data were low-pass filtered at 2 kHz with the integrated Bessel
filter of the amplifier and digitized by a Digidata 1200 unit (Axon Instru-
ments) at 10 kHz. Additionally, data were stored on videotape after
conversion with a Neurocorder DR-890 unit (Neurodata) for off-line
analysis.

Additional experiments were performed to record from interneurons in
the AL using the K-gluconate-based solution described above without
QX-314. Interneurons were identified according to their electrophysiolog-
ical properties (Washburn and Moises, 1992b, Rainnie et al., 1993; Ma-
hanty and Sah, 1998). After obtaining the cells in voltage-clamp mode,
current-clamp mode was chosen to characterize firing properties of the
interneurons. In cells that showed high-frequency firing of fast action
potentials after injection of 10.1 nA current with distinct fast afterhyper-
polarization after each spike and no apparent spike frequency adaptation,
synaptic currents were evoked at a membrane potential of 272 mV in
voltage-clamp mode. Liquid junction potentials in all voltage-clamp exper-
iments were corrected (Neher, 1992).

Histolog ical procedures. Biocytin labeling and light-microscopic morpho-
logical analysis were performed as described previously (Meis and Pape,
1998). Briefly, in some experiments 0.1% biocytin was added to the
intracellular solution. After recording, slices were immersed in 4% para-
formaldehyde in PBS. After cryoprotection with a 30% sucrose solution in
PBS, slices were resectioned at 100 mm using a freeze microtome (Leica,
Benzheim, Germany). Sections were treated with avidin–biotin complex
horseradish peroxidase (PK 4000, 1:100; Vector Laboratories, Burlingame,
CA), then treated with (NH4)2Ni(SO4)2. Finally sections were dehydrated
and coverslipped.

Drug application. The following drugs were applied during the experi-
ments: (2)-bicuculline methiodide or picrotoxin (Sigma, St. Louis, MO)
were dissolved directly in the external and QX-314 (bromide salt; Sigma)
in the internal K-gluconate-based solution. CGP 55845 A was diluted
directly in external solution and was provided kindly by Novartis.

Statistical analysis. For statistical analysis, the two-tailed Mann–Whitney

U test was applied. Populations were regarded as significantly different if
p , 0.0125. Data are expressed as mean 6 SEM.

RESULTS
Synaptic responses of principal cells to paired and
primed stimulation of cortical and thalamic afferents
Electrical stimulation of putative cortical or thalamic afferent in-
puts evoked a typical triphasic synaptic response in AL principal
neurons recorded at resting potential (264.8 6 0.37 mV; n 5 5).
The synaptic response consisted of an excitatory potential followed
by a GABAA and GABAB receptor-mediated inhibitory potential,
as described earlier (Mahanty and Sah, 1999; Weisskopf and Le-
Doux, 1999; Heinbockel and Pape, 2000), and as assessed in the
present study using sharp electrode recordings at 35°C (Fig. 1).
Paired stimulation of cortical input pathways at an interstimulus
interval of 0.3 sec resulted in substantially reduced inhibitory
synaptic responses to the second pulse (paired-pulse depression,
Fig. 1A). A very similar depression of inhibitory synaptic responses
was observed after paired stimulation of thalamic input fibers in
the same neuron (Fig. 1B). In a next experimental step, a priming
stimulation protocol was applied in the same cells, consisting of a
pulse to one afferent pathway followed by a pulse to the other
pathway (primed-pulse stimulation). Stimulation strengths and the
interstimulus interval were maintained constant as before during
the paired-pulse stimulations. Furthermore, before executing the
paired- and primed-pulse stimulation paradigms, the stimulus
strengths were appropriately adjusted to yield similar amplitudes of
fast inhibitory potentials in response to cortical and thalamic stim-
ulation. In cases of paired-pulse stimulations, the magnitude of

Figure 1. Depression of IPSPs after paired stimulation of cortical and
thalamic afferents. Cortical (A, cort/cort) or thalamic (B, thal/thal ) afferents
were stimulated in pairs to evoke postsynaptic responses (paired-pulse
stimulations). Using the same stimulation strengths, cortical or thalamic
priming of afferents was followed by the activation of thalamic (C, cort/thal )
or cortical (D, thal/cort) pathways, respectively (primed-pulse stimulations).
Stimulus artifacts were removed for clarity, and open arrowheads indicate
the investigated IPSPs. Note the depression of fast IPSPs after paired and
primed stimulation. All recordings were obtained at 35°C with a sharp
microelectrode from the same putative principal neuron in the AL; an
average of three consecutive traces of pairs is presented in each case.

8910 J. Neurosci., December 1, 2000, 20(23):8909–8915 Szinyei et al. • Convergent Input of Lateral Amygdaloid Interneurons



depression was assessed by dividing the amplitude of the second
response by the amplitude of the first response. The amount of
depression in cases involving the primed-pulse depression para-
digms was calculated by dividing the amplitude of the second
inhibitory response by the amplitude of the first inhibitory response
obtained from the corresponding paired-pulse stimulation se-
quence. Cortical followed by thalamic stimulation resulted in a
depression of synaptic responses to the second pulse (primed-pulse
depression), very similar to that observed during paired stimulation
of the thalamic pathway (Fig. 1C). Vice versa, thalamic followed by
cortical stimulation resulted in a primed-pulse depression, the
magnitude of which was similar to that during paired stimulation of
the cortical pathway (Fig. 1D). The paired- and primed-pulse
depressions were observed in all tested principal neurons (n 5 5).
Excitatory responses also tended to show paired- and primed-pulse
depressions, but at a much smaller extent compared with that of
inhibitory responses (Fig. 1).

Time course of paired-pulse depressions of GABAA
receptor-mediated components
Because our interest was on GABAergic circuitries, paired and
primed depression of GABAergic components were studied in
more detail using the whole-cell patch-clamp technique under
voltage-clamp conditions. The contribution of excitatory postsyn-
aptic effects was minimized by holding the membrane potential
close to the reversal potential of excitatory amino acid receptor-
mediated responses (see Materials and Methods). To more quan-
titatively analyze the time course, the magnitude and the pharma-
cological properties of the paired and primed depression, the fast
GABAA receptor-mediated component was isolated by addition of
QX-314 (5 mM) to the K-gluconate based internal solution, which
blocks G-protein-dependent GABAB receptor-mediated
K-channel activity (Nathan et al., 1990). Indeed, bath application of
picrotoxin (100 mM; n 5 5) or bicuculline (10 mM; n 5 4) under
these conditions completely blocked the IPSCs, indicating medita-
tion via GABAA receptors (data not shown). Addition of QX-314
by itself had no measurable effect on the GABAA-mediated IPSCs.

The time course of paired-pulse depression of the GABAA
IPSCs was studied by delivering two stimuli of constant intensity to
either thalamic or cortical input fibers and varying the interstimulus
interval in a range between 16 and 0.3 sec. Shorter intervals turned
out to be not feasible, because of an overlap between the synaptic
currents evoked by the first and second pulses. Representative
traces of responses to paired stimulation of cortical and thalamic
fibers, although for clarity not all of the tested intervals, are shown
in Figure 2, A and B, top panel. On the bottom panel, pooled data
with all tested intervals are presented from the seven cells re-
corded. Cortical and thalamic paired-pulse depressions were always
tested in each cell. Considering both experimental approaches, the
greatest depression occurred at an interstimulus interval of 0.5 sec.
The amplitude of the IPSC evoked by the second pulse was 55.6 6
5.3% and 50 6 6.3% compared with responses to the first pulse for
cortical and thalamic activation, respectively. It should be noted
that the depression at thalamic afferents at 1 sec (48.8 6 4.9%) was
not significantly different compared with that at 0.5 sec.

Magnitude and pharmacological properties of paired-
and primed-pulse depressions
During the next experimental steps, the interstimulus interval was
kept constant at 0.5 sec to obtain maximal depressant effects, and
paired and primed stimulation paradigms were systematically
tested in the same cells (n 5 12). In addition, to improve space
clamp and to further on block postsynaptic GABAB receptor-
mediated outward K1 conductances, Cs-gluconate-based internal
solution was used (see Materials and Methods). Representative
traces and averaged data are shown in Figure 3, A and C (Control),
respectively. There was no significant difference in the magnitude
of the depression (n 5 12) that was obtained with paired stimula-
tion of either cortical (56.6 6 2.6%) or thalamic afferent inputs
(52.1 6 2.1%), or with primed stimulation of cortical followed by

thalamic (56.1 6 3%) or thalamic followed by cortical input stim-
ulation (53.3 6 2.9%). Furthermore, we examined in nine of these
cells, whether presynaptic GABAB receptors were involved in
paired- and primed-pulse depression by bath applying a specific
GABAB receptor antagonist, CGP 55845 A (Fig. 3B). The appro-
priate pooled experimental values were calculated from the exper-
iments in which 10 mM CGP 55845 A was subsequently applied.
These data show that the depression was significantly and similarly
reduced in all experimental paradigms that were tested (Fig. 3C).
The concentration of CGP 55845 A was chosen to yield maximal
effects on the depression, and experimental values were collected
from periods in which a steady-state level of the drug effect had
been reached. During action of CGP 55845 A, depressions reached
81.3 6 4.5% and 81.7 6 1.9% during paired cortical and thalamic
stimulation, respectively. Cortical priming followed by a thalamic
stimulus and vice versa resulted in a depression to 83.9 6 4.2% and
81.1 6 4.6%, respectively. These values are not significantly differ-
ent from each other, but significantly different from values of
control experiments ( p , 0.0125).

Synaptic responses of identified interneurons in the AL
Firing properties of recorded neurons were tested under current-
clamp conditions after injection of positive current pulses lasting
for several hundred milliseconds. Neurons were considered for
further analysis if they showed maintained action potential firing
with little or no spike frequency accommodation during 10.1 nA
depolarizing current injection from resting potential (Fig. 4Aa,Ba;
cf. Mahanty and Sah, 1998). Input resistance as measured from the
steady-state voltage response during a 20.05 nA current injection
and action potential duration at half-maximal amplitude (AP50)
were 638 6 73 MV and 1.22 6 0.12 msec, respectively (n 5 11). It
is important to note that under the present recording conditions,
the AP50 value in putative interneurons was significantly smaller
than that of putative principal neurons (AP50: 1.71 6 0.08 msec,
p , 0.0125; n 5 38). The increased spike duration with respect to
the published results from interneurons in the basolateral complex
(Mahanty and Sah, 1998) is most likely attributable to differences

Figure 2. Time course of paired-pulse depressions of fast IPSCs. A, Top
panel shows pairs of IPSCs evoked by two identical stimuli delivered at
different intervals [interstimulus interval (ISI)] between 0.3 and 16 sec to
the cortical afferents (cort/cort). Bottom panel shows the average response to
the second stimulus calculated from seven cells. B, Top panel shows pairs of
IPSCs evoked by two identical stimuli delivered between 0.3 and 16 sec to
the thalamic afferents (thal/thal ). Bottom panel shows the average response
to the second stimulus calculated from the same cells as in A (n 5 7). Please
note that for clarity not all intervals are presented on the top panels.
Stimulus artifacts were omitted for clarity, and arrowheads show the point
of stimulation.
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in recording temperatures (room temperature vs 28–30°C; cf. Vol-
gushev et al., 2000). In any case, all 11 cells considered to be
interneurons based on electrophysiological criteria, possessed
aspiny dendrites emerging from rather heterogeneously shaped cell
bodies, as assessed after biocytin injection, thereby corroborating
the view that they represent GABAergic interneurons (Fig. 4Ac,Bc;
cf. McDonald 1982). On the contrary, neurons displaying typical
electrophysiological properties of principal cells had spine-rich
dendrites, as exemplified in Figure 4C. Six of the interneurons were
tested for connectivity with thalamic and cortical input fibers. All
cells responded with fast EPSCs of constant latencies to minimal
(high failure rate) and low-strength stimulation of both cortical and
thalamic input fibers, indicating monosynaptic convergent input.
Two examples are illustrated in Figure 4, Ab and Bb.

Paired- and primed-pulse depressions of EPSCs
in interneurons
Paired- and primed-pulse depressions of evoked EPSCs were
tested in 5 of the 11 interneurons, similarly as described before for
IPSC recordings in principal cells. The interstimulus interval was
kept at 0.5 sec, and K-gluconate based internal solution was used at
a holding potential of 272 mV. Depression of the second EPSC
was observed in all experimental paradigms (Fig. 5A). Averaged
amplitudes of the second response were 83.6 6 2.9% and 86.9 6
3.5% after paired stimulation of cortical and thalamic afferents,
respectively, and 93.2 6 6% and 81.5 6 9.9% after primed cortical /
thalamic and thalamic/cortical stimulation, respectively (Fig. 5C).

Overall, the depression of EPSCs in interneurons was small com-
pared with the depression of IPSCs in principal cells. Furthermore,
the depression of EPSCs in interneurons was not affected in any of
the experimental paradigms tested during presence of 10 mM CGP
55845 A (Fig. 5B). During action of CGP 55845 A, the depressions
were 85.2 6 12.2% and 86.7 6 6.9% during paired cortical and
thalamic stimulation, respectively (Fig. 5C). Cortical priming fol-
lowed by a thalamic stimulus and vice versa yielded 85.5 6 6.4%
and 82.8 6 7.2%, respectively. These values are not significantly
different from each other or from values of control experiments
(Fig. 5C).

DISCUSSION
Our results show that (1) stimulation of putative cortical and
thalamic afferents to the AL using every stimulation sequence of
paired- and primed-pulses results in an identical and largely
GABAB receptor-dependent depression of GABAA receptor-
mediated responses in principal neurons, (2) AL interneurons
generate monosynaptic EPSCs after minimal stimulation of both
afferents, and (3) at higher stimulation strengths, an ;15%
GABAB receptor-independent reduction of EPSCs occurs in in-
terneurons after paired- and primed-pulse stimulation. In the fol-
lowing, the possibility is discussed that a rather homogeneous
population of interneurons exists in the AL with respect to their
afferent connectivity, in that they receive excitatory convergent
input through thalamic and cortical fibers, both directly and indi-
rectly (through principal neurons), and mediate inhibitory control
of postsynaptic principal neurons.

Paired and primed depression as a tool for analyzing
synaptic circuitries
To study the nature of intra-amygdaloid GABAergic circuitry, we
used paired and primed activation of cortical and thalamic affer-
ents and analyzed the GABAA receptor-mediated responses in
principal neurons. The inhibitory component was isolated with
masking excitatory ones by holding the membrane potential close
to the reversal potential of excitatory amino acid receptor-
mediated responses. Including QX-314 in the pipette solution
(Nathan et al., 1990) or using Cs1 as the main positive charge
carrier successfully minimized the postsynaptic GABAB receptor-
mediated outward currents that could have otherwise interfered
with our measurements. Application of GABAA receptor antago-
nists bicuculline or picrotoxin completely inhibited the postsynap-
tic currents, indicating that they originated from GABAA receptor
activation.

Separate activation of putative cortical or thalamic afferents with
paired pulses led to depressions of the second evoked IPSCs or
IPSPs. The depression is thought to be modulated largely by
presynaptic G-protein-coupled GABAB receptors (Misgeld et al.,
1995). Application of a specific GABAB receptor antagonist CGP
55845 A and the subsequent relief of depressions confirmed
GABAB receptor mediation.

Although paired-pulse depression is a widespread phenomenon
in the CNS (Ziakopoulos et al., 2000), we used the paired-pulse
paradigm to ask a specific question about intra-amygdaloid cir-
cuitry. Do thalamic and cortical afferents project to a common
population of inhibitory interneurons in the AL, i.e., do these
interneurons receive convergent excitatory input seen as GABAA
IPSCs in AL principal cells? To answer this question we used an
approach consisting of “classical” paired-pulse stimulation of each
pathways and of primed-pulse paradigm involving the stimulation
of one afferent pathways followed by the stimulation of the other.
Given that paired-pulse depressions occur in both inputs as de-
scribed above, we hypothesized that the primed-pulse depressions
should result in the same depressions as seen with the paired-pulse
depressions if one population of interneurons is activated. Further-
more, the magnitude of paired-pulse depressions of the two sepa-
rate afferents should not be different from each other. Our exper-
imental results validate our hypothesis. If, by comparison, a

Figure 3. Effect of a specific GABAB receptor antagonist on paired- and
primed-pulse depressions. A, Pairs of IPSCs were evoked under control
conditions with stimuli delivered at an interval of 0.5 sec either twice to the
cortical (cort/cort) or to the thalamic (thal/thal ) afferents (paired stimula-
tions). Afterward, using the same stimulation strengths, stimulation in-
volved cortical followed by thalamic (cort/thal ) or thalamic followed by
cortical (thal/cort) afferents (primed stimulations). B, The same stimulation
sequences were performed under CGP 55845 A (10 mM) treatment. Stim-
ulus artifacts were omitted for clarity, and arrowheads show the point of
stimulation. C, Averaged IPSCs in response to the second stimulus using
the above described stimulation sequences either under control conditions
(n 5 12) or under a subsequent CGP 55845 A treatment (n 5 9). Stimulus
artifacts were omitted for clarity, and arrowheads show the point of stimu-
lation. Asterisk indicates a significant difference ( p , 0.0125).

8912 J. Neurosci., December 1, 2000, 20(23):8909–8915 Szinyei et al. • Convergent Input of Lateral Amygdaloid Interneurons



different population of interneurons receiving separate cortical and
thalamic input existed or there were two populations of interneu-
rons receiving convergent and nonconvergent input, then different
experimental results with respect to the extent of the depressions
should be obtained. In the first case one cannot expect the presence
of primed-pulse depressions and in the second, the extent of
primed-pulse depressions should deviate from that of paired-pulse
depressions. Thus, our results show that under different stimulation

conditions the same population of GABAergic synapses is engaged
in inhibitory synaptic transmission. As a further evidence, the
application of the specific GABAB receptor antagonist CGP 55845
A also had an identical relieving effect on the depressions in all
cases. Thus, these results indirectly support the scenario that a
population of interneurons exists in the AL, which receives con-
vergent excitatory input from the sensory afferents, thereby being
homogeneous with respect to the major afferents. Whether this

Figure 4. Synaptically evoked EPSCs recorded from neurons identified electrophysiologically and morphologically as interneurons. Aa, Ba, Depolarizing
current injection (10.1 nA) and resulting action potential firing at resting membrane potential recorded from two representative interneurons in
current-clamp mode. Ab, Bb, Individual EPSCs after stimulation of cortical (cort) and thalamic (thal ) afferents at 272 mV holding potential using two
different stimulation strengths for each pathway in voltage-clamp mode. Stimulus artifacts were omitted for clarity, and arrowheads indicate the point of
stimulation. Ac, Bc, Intracellular biocytin staining of these neurons revealed nonspiny dendrites of putative interneurons in the AL; regions within a white
frame are shown at a higher magnification. Ca, Train of action potentials (10.1 nA current injection) displaying spike frequency adaptation typical of a
principal neuron in the AL. Cb, Intracellular staining revealed spiny dendrites of a pyramidal-like neuron (region within white frame is shown at a higher
magnification). Scaling for Aa, Bb, and Ca (current-clamp mode) and for Ab and Bb (voltage-clamp mode) is 200 and 10 msec for horizontal and 20 mV
and 50 pA for vertical bars, respectively. Scaling for Ac, Bc, and Cb (biocytin-filled cells) is 30 mm for horizontal bars (corresponding magnified regions:
10 mm, vertical bars).
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convergence is attributable to a direct (feedforward) or indirect
(feedback) mechanism, or both, will be discussed below.

Afferent synaptic connectivity of interneurons
To obtain direct evidence supporting the above described scenario,
recordings from inhibitory interneurons had to be performed. The
majority of neurons in the AL are spiny, often pyramidal-shaped
neurons believed to be principal cells (McDonald, 1982). Their
response behavior is characterized by accommodating action po-
tentials to depolarizing current pulses followed by a large slow
afterhyperpolarization (Sugita et al., 1993; Washburn and Moises,
1992b; Lang and Paré, 1998) and the generation of slow rhythmic
membrane potential oscillations (Paré et al., 1995; Pape et al.,
1998). The other neuronal class contains aspiny or sparsely spiny
neurons, putative GABAergic interneurons (McDonald, 1982). It
is accepted that these neurons in the amygdala are local-circuit
interneurons (Rainnie et al., 1991b). These cells respond with
regular sustained firing to depolarizing current pulses, and they
possess high resting input resistance and generate fast spikes com-
pared with those of principal cells (Washburn and Moises, 1992b;
Sugita et al., 1993; Lang and Paré, 1998; Mahanty and Sah, 1998).
These features allowed us to identify neurons in the AL on the
basis of their morphological and electrophysiological characteris-
tics. Furthermore, we should point out, that the recorded interneu-
rons in our study did not belong to the intercalated cell masses that

are to be found as islands of cells in the amygdala (McDonald,
1982; Royer et al., 1999) and that could be readily identified in our
fresh preparations.

Stimulation of either afferents evoked postsynaptic excitatory
currents in all studied interneurons. We did not find any cell that
responded to only one pathway, indicating with a reasonable high
probability that a population of interneurons exists in the AL that
receives convergent excitatory input from the two main sensory
afferents and thereby proves to be homogeneous with respect to
their afferent connectivity to the tested major afferents. The con-
stant latencies of the EPSCs using minimal stimulation range
provide a strong evidence that these interneurons can be mono-
synaptically activated through these pathways in a feedforward
manner. In support of this notion is the finding that cortical axons,
although rarely, establish asymmetric synaptic contacts with
GABAergic interneurons in the basolateral amygdaloid complex
(Smith et al., 2000). Furthermore, in vivo data suggest the presence
of feedforward inhibition in the thalamo-amygdala pathway within
the AL (Li et al., 1996a). However, the testing of paired- and
primed-pulse depressions in interneurons at higher stimulus inten-
sities strongly indicated that they also receive indirect (feedback)
excitation from principal cells. The rationale is as follows: the
results show an ;15% GABAB receptor-insensitive reduction of
fast EPSCs in interneurons after paired and primed stimulation,
and thus most likely not mediated through presynaptic GABAB
receptors. The existence of primed-pulse depressions of EPSCs, in
particular, points to an indirect effect mediated through axon
collaterals of presynaptic principal cells receiving convergent tha-
lamic and cortical input. In support of this are anatomical findings
in the basolateral complex demonstrating that a majority of tha-
lamic and cortical terminals contact dendritic spines (Carlsen and
Heimer, 1988; LeDoux et al., 1991; Smith et al., 2000) and that
intrinsic axon collaterals of principal cells contribute a significant
portion of synaptic contacts onto interneurons (Smith et al., 2000).
These indirect (feedback) effects, however, cannot fully explain
alone the paired and primed depression of IPSCs in principal cells,
mainly because the latter are substantially larger in amplitude and
mediated via GABAB receptors. Therefore it appears that a pop-
ulation of GABAergic interneurons exists in the AL, which re-
ceives convergent input from thalamic and cortical fibers through
principal neurons both directly and indirectly (in a feedforward
and feedback manner, respectively). The lack of CGP 55845 A to
fully antagonize the paired- or primed-pulse depressions of IPSCs
in principal cells may well be explained by the remaining indirect
effects on the excitatory drive of interneurons. In more general
terms, the present data indicate that irrespective of the route of
excitation, the interneuronal population in the AL can be regarded
as homogeneous with respect to their afferent connections consid-
ering the two major input pathways. This conclusion would be valid
even if the external capsule stimulation had backfired some AL
principal cells, thereby indirectly evoking responses in connected
interneurons. It is important to note, however, that antidromic
spike initiation was never observed in the present experiments.
This can be attributable to the fact that pathways different from the
output pathways of the principal cells were activated and/or stim-
ulus intensities were used that were below the threshold for anti-
dromic spike initiation.

In conclusion, this symmetrically built GABAergic circuitry can
be assumed to be of functional significance, given the distinctive
role of the two input systems for the mediation of different com-
ponents of fear responses (LeDoux, 2000) and the importance of
GABAergic mechanisms for limitation of excessive neuronal activ-
ity (Gloor, 1992). The exact conditions under which feedforward or
feedback mechanisms are preferably activated remain to be eval-
uated under in vivo conditions. The predominant inhibitory control
of principal cells by interneurons in the AL (Lang and Paré, 1997,
1998) and the spatially organized arrangement of intercalated
GABAergic neurons (Royer et al., 1999, 2000) are suggestive of the
idea of polarized inhibitory interactions mediated also by the

Figure 5. Paired- and primed-pulse depressions of EPSCs in identified
interneurons. A, Pairs of EPSCs were evoked under control conditions with
stimuli delivered at an interval of 0.5 sec either twice to the cortical
(cort/cort) or to the thalamic (thal/thal ) afferents (paired stimulations).
Afterward, using the same stimulation strengths stimulation involved cor-
tical followed by thalamic (cort/thal ) or thalamic followed by cortical (thal/
cort) afferents (primed stimulations). B, The same stimulation sequences
were performed under CGP 55845 A (10 mM) treatment. Stimulus artifacts
were omitted for clarity, and arrowheads show the point of stimulation. C,
Averaged EPSCs in response to the second stimulus using the above
described stimulation sequences either under control conditions (n 5 5) or
under a subsequent CGP 55845 A treatment (n 5 5).
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GABAergic interneurons within nuclear boundaries of the amyg-
daloid complex.
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