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The lateral amygdala (LA) plays a key role in emotional learning and is the main site for sensory input into the amygdala. Within the LA,
pyramidal neurons comprise the major cell population with plasticity of inputs to these neurons thought to underlie fear learning.
Pyramidal neuron activity is tightly controlled by local interneurons, and GABAergic modulation strongly influences amygdala-
dependent learning. Synaptic inputs to some interneurons in the LA can also undergo synaptic plasticity, but the identity of these cells and
the mechanisms that underlie this plasticity are not known. Here we show that long-term potentiation (LTP) in LA interneurons is
restricted to a specific type of interneuron that is defined by the lack of expression of synaptic NR2B subunits. We find that LTP is only
present at cortical inputs to these cells and is initiated by calcium influx via calcium-permeable AMPA receptors. LTP is maintained by
trafficking of GluR2-lacking AMPA receptors that require an interaction with SAP97 and the actin cytoskeleton. Our results define a novel
population of interneurons in the LA that control principal neuron excitability by feed-forward inhibition of cortical origin. This selective
enhanced inhibition may contribute to reducing the activity of principal neurons engaged during extinction of conditioned fear.

Introduction
The amygdaloid complex plays a key role in emotional learning
and behavior (LeDoux, 2000; Davis and Whalen, 2001). The lat-
eral amygdala (LA), the main site for sensory input to the amyg-
dala, contains two types of neuron: glutamatergic principal
neurons and GABAergic local interneurons (McDonald, 1992;
Smith et al., 1998; Sah et al., 2003). Although both types of neu-
ron receive glutamatergic inputs from cortical and subcortical
regions (Mahanty and Sah, 1998, 1999; Weisskopf and LeDoux,
1999; Szinyei et al., 2000), distinct postsynaptic receptors are
present at the two cell types.

Glutamate activates two types of ionotropic receptors, AMPA
and NMDA receptors (NMDARs). AMPA receptors are tetram-
ers assembled from the products of four genes (GluR1–GluR4)
(Mansour et al., 2001). Whereas AMPA receptors assembled with
GluR2 show linear current–voltage ( I–V) relationships and are
calcium impermeable, receptors that lack GluR2 subunits are
inwardly rectifying and calcium permeable (Jonas et al., 1994;
Jonas and Burnashev, 1995; Washburn et al., 1997). NMDARs are
also heteromultimers with two obligatory NR1 subunits and two
of four different NR2 subunits (NR2A–NR2D) (Cull-Candy et
al., 2001).

Glutamatergic afferents to principal neurons make dual-
component synapses with both AMPA and NMDA receptors

(Mahanty and Sah, 1999; Weisskopf and LeDoux, 1999). AMPA
receptors at these synapses have linear I–V relationships, consis-
tent with the presence of GluR2 subunits (Mahanty and Sah,
1999), and NMDARs containing both NR2A and NR2B subunits
are present at all synapses (Lopez de Armentia and Sah, 2003).
NMDAR-dependent synaptic plasticity of inputs to these neu-
rons is thought to underlie the acquisition and storage of fear
memories (Walker and Davis, 2002; Rodrigues et al., 2004; Sah
and Westbrook, 2008). In contrast, synaptic AMPA receptors on
interneurons lack GluR2 subunits and have inwardly rectifying
I–V relationships (Mahanty and Sah, 1998). Although synapses
on some interneurons lack detectable NMDARs (Mahanty and
Sah, 1998), others express synaptic NMDARs that contain only
NR2B subunits (Szinyei et al., 2000, 2003).

Interneurons maintain a tight control over principal neuron
activity (Lang and Pare, 1997; Woodruff and Sah, 2007b; Ehrlich
et al., 2009), and modulation of inhibition strongly influences
amygdala-dependent learning (Harris and Westbrook, 1998b;
Shaban et al., 2006). Glutamatergic inputs to interneurons in the
LA also show long-term potentiation (LTP) (Mahanty and Sah,
1998; Szinyei et al., 2000). However, although different popula-
tions of interneurons have been described in the LA (McDonald,
1992; McDonald and Betette, 2001), whether interneurons that
display plasticity comprise a distinct population or the mecha-
nisms that underlie this plasticity remain unknown. Here we
show that LTP in LA interneurons is restricted to a specific class
of interneuron that lacks NR2B-containing synaptic NMDARs
and is mediated by calcium influx via calcium-permeable AMPA
receptors. LTP is restricted to cortical inputs and maintained by
postsynaptic trafficking of GluR1-containing AMPA receptors.
LTP of these inputs potentiates feedforward inhibition to princi-
pal neurons, effectively reducing the number of action potentials
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evoked by cortical stimulation. These re-
sults define a distinct population of inter-
neurons that may contribute to reducing
the activity of principal neurons engaged
during fear extinction.

Materials and Methods
Coronal brain slices containing basolateral amyg-
dala were cut from 18- to 28-d-old GAD67-GFP
knock-in mice expressing enhanced green fluo-
rescent protein (EGFP) under the control of the
GAD67 promoter (Tamamaki et al., 2003). After
halothane anesthesia, animals were decapitated,
and the brain was rapidly removed and placed in
ice-cold, oxygenated artificial CSF containing (in
mM) 118 NaCl, 2.5 KCl, 2.5 NaHCO3, 10 glucose,
1.3 MgCl2, 2.5 CaCl2, and 1.2 NaH2PO4. Slices
were cut (300 �m) and incubated at 32°C for 30
min before being allowed to equilibrate at room
temperature for at least an additional 30 min. All
procedures were approved by the University of
Queensland Animal Ethics Committee.

During recording, slices were perfused with
heated artificial CSF (34 � 2°C). Recording pi-
pettes (3–5 M�) fabricated from borosilicate
glass were filled with a solution containing (in
mM) 135 CsMeSO4, 8 NaCl, 10 HEPES, 2
Mg2ATP, 0.3 Na3GTP, 0.1 spermine, 7 phos-
phocreatine, and 0.3 EGTA. Picrotoxin (100
�M) was added to the artificial CSF during LTP
experiments. Visualization of GAD67-EGFP
neurons was achieved using an upright micro-
scope (BX50WI; Olympus) equipped with a
fluorescence attachment. Whole-cell record-
ings were made using MultiClamp 700B (Mo-
lecular Devices), filtered at 4 kHz, and digitized
at 8 kHz using an ITC-16 board (Instru-Tech).
Analysis was performed using Axograph 4.9. If-
enprodil, D-APV, nicardipine, and cyclopiazoic
acid were obtained from Sigma-Aldrich.
2,3-Dihydroxy-6-nitro-7-sulfamoyl-benzo(f)
quinoxaline-2,3-dione (NBQX) Pep1-TGL, and
Pep2-EVKI were obtained from Tocris. The
NR2B-selective antagonist CP323-488 was a gift
from Pfizer. During LTP experiments, after ob-
taining a whole-cell recording, EPSCs were tested
at �60 and �40 mV to determine the kinetics of
the NMDAR-mediated EPSCs. Baseline record-
ings were then initiated at a holding potential of
�60 mV. For current-clamp recordings, the CsMeSO4 was replaced with
KMeSO4. Bipolar stimulating electrodes were placed on the external capsule
to stimulate cortical inputs and were placed medial to the LA to stimulate
thalamic inputs (Mahanty and Sah, 1999). Synaptic inputs were evoked at
0.1 Hz using a bipolar stimulator (DS2A; Digitimer). For comparison of
deactivation kinetics of the NMDAR EPSCs, 5–10 evoked EPSCs were re-
corded at �40 mV and averaged, and the current decays were fitted to a
double-exponential equation of the form the following:

I�t� � If exp(�t/�f) � Isexp(�t/�s), (1)

where If and Is are the amplitudes of the fast and slow and decay compo-
nents and �f and �s are their respective decay time constants. The
weighted time constant was calculated as follows:

�W � �If /�If � Is���f � �Is/�If � Is���s. (2)

This was used for comparisons of the decay times of the EPSCs. LTP was
evoked with a tetanic stimulus at �60 mV (100 Hz, 300 ms) repeated
three times at an interval of 10 s, at no more than 10 min after gaining

whole-cell access. The rectification index (RI) of AMPA receptor-
mediated EPSCs was calculated as the peak amplitude at �40 mV divided
by the peak amplitude at �60 mV. The AMPA/NMDA ratio of the EPSCs
was calculated as the peak AMPA receptor-mediated EPSC at �60 mV
divided by NMDA current at 30 ms after the peak of the dual-component
EPSC at �40 mV. Paired-pulse ratios were calculated as a ratio of EPSC2
and EPSC1 separated by 50 ms. Spontaneous events recorded at �40 mV
were detected and analyzed using variable amplitude templates. Three
different templates were created with an amplitude threshold of 5 pA and
decay time constants of 50, 100, and 150 ms. Only events 	2.5
 SD of
the noise were detected.

Green fluorescent protein (GFP)-positive GAD67 mice (n � 4) were
anesthetized with sodium pentobarbital (150 mg/kg) and perfused tran-
scardially with 2% sodium nitrite solution (in 0.1 M phosphate buffer
(PB), pH 7.4) followed by 50 ml of 4% paraformaldehyde containing
0.5% glutaraldehyde (in 0.1 M phosphate buffer, pH 7.4). Brains were
then removed and postfixed overnight in the same fixative at 4°C and
washed in 0.1 M PBS, after which 50-�M-thick coronal sections contain-
ing the amygdala complex were cut using a Vibratome (VT1000S; Leica).

Figure 1. Interneurons can be differentiated based on the presence and kinetics of synaptic NMDARs. A, EPSCs evoked at
holding potentials of �60 mV and �40 V normalized to the peak EPSC at �60 mV, from representative neurons with synapses
that lack NMDARs (left traces), have NMDARs with fast kinetics (middle traces), or have NMDARs with slow kinetics (right traces).
The inset shows the NMDAR EPSC at �40 mV with the fit time constant of decay. B, Current–voltage relationships measured at the
peak of the AMPA receptor EPSC (filled squares) and 50 ms after the peak (filled circles) at a cell without (left) and with (right)
synaptic NMDARs. C, Summary data of the RI of the AMPA receptor-mediated EPSC, calculated as the ratio of peak EPSC at �40 mV
to the peak EPSC at �60 mV, in interneurons that have synapses with no NMDARs (NMDA�) and those with NMDARs (NMDA�).
For comparison, cortical inputs to principal neurons express AMPA receptors with a rectification ratio near 1. D, Summary of NMDAR
EPSC decay time constants in the LA for fast and slow NMDAR-mediated EPSC. E, Summary plot of percentages of interneurons
without/with and different types of NMDARs in the LA. Sixteen percent (n � 10 of 63) of cells lacked NMDARs, 67% (n � 43 of 63)
have NMDARs with fast kinetics, and 16% (n � 10 of 63) of cells have NMDARs with slow kinetics.
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All sections were washed in PBS, incubated in 3% H2O2 in 0.1 M PBS for
30 min, and blocked in a solution of 5% BSA/0.05% saponin/0.1 M PBS
for 1 h. Sections were incubated in a primary antibody solution contain-
ing mouse monoclonal anti-synapse-associated protein 97 (SAP97) an-

tibody (1:500; Stressgen Bioreagents) and
chicken polyclonal anti-GFP antibody (1:4000;
Abcam) in a blocking solution containing 0.5%
BSA/0.05% saponin in 0.1 M PBS with 0.05%
sodium azide, at 23°C for 56 h. Sections were
then washed in PBS and incubated for 5 h in a
solution of biotinylated donkey anti-mouse
antibody (Jackson ImmunoResearch) at 1:500
in blocking solution. After additional PBS
washes, sections were placed into a solution of
avidin– biotin– horseradish peroxidase com-
plex (1:5000; Invitrogen) in blocking solution
for 16 h. This was followed by PBS washes (two
times for 5 min) and a sodium acetate buffer,
pH 6.0, wash for 5 min. Sections were exposed
for 15 min to a 2% NiSO4 solution (in sodium
acetate buffer) containing 2 mg/ml D-glucose,
0.4 mg/ml NH4Cl, and 0.025% 3,3-
diaminobenzidine (DAB). This was followed
by another incubation in the same solution but
with the addition of glucose oxidase (0.2 �l/
ml) to allow the slow production of H2O2, re-
sulting in the deposition of nickel–DAB (black
precipitate). Sections were washed in sodium
acetate buffer to stop the reaction and then
washed thoroughly in PBS. The sections were
then incubated for 5 h in a solution of biotin-
ylated donkey anti-chicken antibody (Jackson
ImmunoResearch) at 1:500 in blocking solu-
tion with 0.05% sodium azide. Sections were
washed in PBS and incubated in a solution of
avidin– biotin– horseradish peroxidase com-
plex (1:5000) in a blocking solution for 16 h.
Sections were washed in PBS, and labeling re-
vealed using the same DAB protocol as de-
scribed above, except for the omission of nickel
in the DAB solutions to allow the production of
a brown precipitate. Control sections were
processed as above, except that primary or sec-
ondary antibodies were omitted. Sections were
washed in sodium acetate buffer and mounted
onto glass slides and coverslips containing De-
pex mounting medium. Images were acquired
using an Axio Imager Z1 microscope equipped
with an AxioCam HR camera (Zeiss). We used
Adobe Illustrator to sharpen images, adjust
brightness and contrast levels, and compose
the final plates.

Results
Principal neurons in the LA are the major
input elements and receive direct sensory
inputs from thalamic nuclei as well as pro-
cessed sensory input from a number of
cortical areas (McDonald, 1998; Sah et al.,
2003). Local circuit GABAergic interneu-
rons in the LA provide substantial feed-
forward and feedback inhibition that not
only controls their activity (Li et al., 1996;
Lang and Pare, 1997; Woodruff and Sah,
2007a,b) but also acts as a brake on plas-
ticity of glutamatergic inputs to principal
neurons (Bissiere et al., 2003). Cortical in-
puts to some interneurons in the rat LA

also show synaptic plasticity (Mahanty and Sah, 1998; Bauer and
LeDoux, 2004). However, neither the identity of these interneu-
rons nor the mechanisms that underlie this LTP is known.

Figure 2. All synapses on LA interneurons have similar postsynaptic NMDARs. A, Diagrammatic representation of the innerva-
tion of a single LA interneuron by thalamic and cortical afferents. Traces on the right show EPSCs evoked at �40 mV for cortical
stimulation followed by thalamic stimulation in a LA interneuron. Calibration: 100 ms, 50 pA. B, Average EPSCs fit with a weighted time
constant (�w). C, Decay time constants for NMDAR-mediated EPSCs at cortical synapses plotted against decay time constants for EPSCs at
thalamic synapses on interneurons (n�19). The straight line indicates a linear fit to the data (r�0.96) showing that decay time constants
forcorticalandthalamicinputsarehighlycorrelated.D,Sampletracesofevoked(eEPSC)andspontaneous(spons)NMDAR-mediatedEPSCs
at�40 mV in two cells with fast and slow NMDAR kinetics, respectively. In cells with slow evoked NMDAR EPSCs (top trace;�w�111 ms).
�w forspontaneousEPSCswas87ms(middletrace). IncellswithfastevokedNMDAEPSCs(toptrace;�w�38ms), thedecaytimeconstant
of the spontaneous EPSC was 31 ms (middle trace, red). Normalized evoked and spontaneous EPSCs overlaid showing similar NMDAR
kinetics (bottom trace). E, Shown is one interneuron filled with neurobiotin and recovered after electrophysiological recording. F, The
distribution of all neurons in the LA with the three types of synaptic NMDAR present.
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Different interneurons express different NMDARs
Interneurons in the LA were identified by expression of GFP
under the control of the GAD67 promoter (Tamamaki et al.,
2003). As in the rat (Mahanty and Sah, 1998; Szinyei et al., 2000;
Bauer and LeDoux, 2004), interneurons in the mouse amygdala
received independent excitatory inputs from both cortical and
thalamic regions (Figs. 1, 2; see Fig. 4). Consistent with the
relatively low expression of GluR2 subunits in interneurons
(McDonald, 1996), stimulation of these inputs evoked AMPA
receptor-mediated EPSCs that showed inward rectification (Fig.
1A,B), with a mean RI (see Materials and Methods) of 0.16 �
0.06 (n � 18) compared with principal neurons, that had linear
current–voltage relationships with a rectification ratio of 1.3 �
0.4 (n � 8; p � 0.01 vs interneuron RI) (Fig. 1C). The contribu-
tion of NMDARs at these synapses was highly variable with some
interneurons showing little or no NMDAR-mediated synaptic
current (Mahanty and Sah, 1998), whereas others clearly had a
large postsynaptic NMDAR component (Szinyei et al., 2003)
(Fig. 1A). When present, the decay of the NMDAR EPSC could
be fit with a sum of two exponentials, and the weighted time
constant of decay (�w; see Materials and Methods) revealed two
populations of cells. One population had a relatively fast decay
time constant with a mean of 53 � 2 ms (n � 43), whereas the
other had significantly slower kinetics with a mean weighted time
constant of 109 � 11 ms (Fig. 1D) (n � 10; p � 0.05). Overall,
excitatory synapses on 10 of 63 interneurons (16%) had no de-

tectable NMDARs, whereas 68% (43 of 63) had NMDAR EPSCs
with fast kinetics and 16% (10 of 63) had NMDAR EPSCs with
slow kinetics (Fig. 1E). When present, the relative contribution of
NMDARs to the EPSC was similar in both types of interneuron
with the mean AMPA/NMDAR ratio being 5.8 � 1.1 and 5.7 �
0.9 for cells with slow and fast NMDAR kinetics, respectively. All
glutamatergic synapses on an individual interneuron showed the
same properties with respect to both AMPA and NMDA recep-
tors. Thus, all synapses had rectifying AMPA receptors and, when
voltage clamped at �40 mV, stimulation of either cortical or
thalamic inputs (Fig. 2A–C) as well as the averaged spontaneous
synaptic events (Fig. 2D) had NMDARs with identical kinetics.
To determine the anatomical distribution of different interneu-
rons, cells were filled with neurobiotin and recovered post hoc
(see Materials and Methods), and their location was determined
as shown in Figure 2E. Cells with different types of NMDARs
were distributed throughout the LA, although cells that lacked
NMDARs appear to be somewhat concentrated in the dorsal LA
(Fig. 2F).

NMDARs are assembled as tetramers with two obligatory
NR1 subunits and two of four NR2 subunits, NR2A–NR2D
(Cull-Candy et al., 2001; Paoletti and Neyton, 2007). The pres-
ence of different NR2 subunits confers distinct pharmacological
and kinetic properties on the receptor (Dingledine et al., 1999;
Paoletti and Neyton, 2007). Of these, NR2A and NR2B subunits
are the most prominent subunits present in most forebrain struc-
tures including the basolateral amygdala (Cull-Candy et al.,
2001; Lopez de Armentia and Sah, 2003). In both expression
systems and cultured neurons, NMDARs composed of NR1/
NR2A heteromers have rapid channel kinetics, with offset rate
constants of 30 –50 ms in response to brief applications of gluta-
mate, whereas NR1/NR2B heteromers are significantly slower
with offset kinetics of 
200 ms (Stocca and Vicini, 1998; Tovar et
al., 2000) (room temperature). The significantly slower kinetics
of NMDARs at some interneurons in the LA suggests the pres-
ence of NR2B subunits at these synapses. Consistent with this,
NMDAR-mediated EPSCs with slow kinetics were significantly
more sensitive to blockade by NR2B selective antagonists
CP323488 (5 �M), Ro25-9681 (1 �M), and ifenprodil (5 �M)
(Fig. 3). Together, these results show that all interneurons in
the LA express inwardly rectifying AMPA receptors but can be
separated into three populations based on the receptor com-
position of NMDARs they express at excitatory synapses. One
type of interneuron expresses little or no synaptic NMDARs.
The second type expresses NMDARs that contain mostly
NR2B subunits, and the third type express receptors that con-
tain primarily NR2A subunits.

LTP is restricted to cortical inputs at one type of interneuron
Most glutamatergic synapses in the mammalian brain form dual-
component excitatory synapses that express both AMPA and
NMDA receptors with basal synaptic transmission being essen-
tially mediated by AMPA receptors, whereas NMDARs are re-
cruited during repetitive stimulation to initiate different forms of
synaptic plasticity (Malenka and Nicoll, 1993). As previously de-
scribed (Mahanty and Sah, 1998), repetitive stimulation of inputs
to interneurons at which excitatory synapses did not express
NMDARs evoked LTP (168 � 12%; p � 0.001 vs baseline; n � 9;
data not shown). However, for interneurons where synaptic
NMDARs were present, repetitive stimulation of cortical affer-
ents revealed two populations. In interneurons in which synaptic
NMDARs had fast decay kinetics (�w � 54 � 2 ms), repetitive
stimulation evoked LTP (to 150 � 10%; p � 0.001 vs baseline;

Figure 3. NMDAR EPSCs with slow kinetics are attributable to the presence of NR2B sub-
units. NMDARs containing NR1/NR2A and NR1/NR2B can be distinguished pharmacologically.
We have used three antagonists that are more specific for NR1/NR2B receptors compared with
NR1/NR2A receptors: CP323488, ifenprodil, and Ro25-9681 (Chizh et al., 2001). A, B, NMDAR
EPSCs recorded at �40 mV in the presence of 10 �M NBQX and 50 �M picrotoxin from inter-
neurons with slow (A) and fast (B) kinetics. Shown are average traces for control, CP323488 (5
�M, gray), and D-AP5 (30 �M). The time course of block of EPSCs corresponding to A and B are
shown below. C, Mean data for percentage block of the slow and fast NMDA currents by CP-
323488 (5 �M), Ro 25-9681 (1 �M), and ifenprodil (5 �M). CP-323488, Ro 25-9681, and ifen-
prodil produced 62 � 8% (n � 9), 54 � 1% (n � 4), and 52 � 2% (n � 3) block in the peak
EPSC for cells with slow NMDAR kinetics and 25 � 5% (n � 4), 19 � 3% (n � 3), and 24 � 4%
(n � 3) block of EPSCs with fast kinetics.
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n � 8) (Fig. 4A,C). In contrast, interneurons that expressed
NMDARs with significantly slower kinetics (�w � 118 � 7 ms)
failed to show LTP (to 101 � 15%; p 	 0.1 vs baseline; n � 9) (Fig.
4B,C). There was no significant difference in the normalized
charge transfer during LTP induction between cell types (0.13 �
0.02 vs 0.16 � 0.04; n � 6; p 	 0.5) (Fig. 4D) showing that
activation of AMPA/kainate receptors during tetanus was similar
in the two cell types.

Interneurons in the LA receive both cortical and thalamic
input (Fig. 2), and we next tested whether LTP was input specific.
We first confirmed that these inputs did not share fibers by test-
ing if there was any cross-facilitation between the two inputs (Fig.
5A,B). Cortical and thalamic inputs were then independently
stimulated, and, after obtaining a baseline, cortical inputs were
selectively tetanized. In cells with fast NMDAR EPSCs (cortical
input, �W � 50 � 6 ms; thalamic input, �W � 47 � 7 ms; n � 5),
tetanic stimulation resulted in LTP (to 190 � 20% of control; p �

0.001 vs baseline) but had no effect on
thalamic inputs (to 96 � 3% of control)
(Fig. 5C), showing that LTP is input spe-
cific. Costimulation of thalamic and cor-
tical inputs also failed to potentiate
thalamic inputs (n � 5) (Fig. 5D). More-
over, when thalamic inputs were tetanized
alone, they failed to show LTP (99 � 16%
of control; n � 10) (Fig. 5E). This inability
to potentiate thalamic inputs was selective
for interneurons as stimulation of thalamic
inputs to principal neurons (interleaved re-
cordings) led to clear LTP (to 157 � 13%;
p � 0.001 vs baseline; n � 10) (Fig. 5F).

LTP requires trafficking of AMPA
receptors and SAP97
These experiments show that LTP of exci-
tatory inputs to interneurons is restricted
to cortical inputs to a distinct population
of interneurons that do not express NR2B
subunits. We next asked whether calcium
influx via NMDARs is required to trigger
LTP at these synapses. Application of the
specific antagonist (D-APV, 30 �M) had
no effect on the EPSC at �60 mV (data
not shown) but fully blocked the NMDAR
EPSC (Fig. 2B). However, D-APV had no
effect on induction of LTP in these inter-
neurons (�w � 39 � 4 ms; n � 5) (Fig.
6A). Low-frequency stimulation of inputs
at a holding potential of 0 mV or deliver-
ing tetanic stimulation at a holding poten-
tial of �30 mV to enhance calcium influx
via NMDARs (Laezza et al., 1999; Laezza
and Dingledine, 2004) did not reveal any
dependence of LTP on NMDARs. Thus,
low-frequency pairing at 0 mV did not
evoke LTP, whereas tetanic stimulation at
�30 mV did evoke LTP but was not
blocked by D-APV (data not shown). Thus,
LTP at these inputs does not require acti-
vation of NMDARs. As the presence of a
slow NMDAR-mediated EPSC would
have significantly larger summation (Lei
and McBain, 2002; Lopez de Armentia
and Sah, 2003), we wondered whether the

lack of LTP in these interneurons resulted from the presence of a
large NMDAR-mediated calcium influx. However, D-AP-5 (30
�M) failed to rescue LTP in cells with NR2B subunits (Fig. 6B).
LTP induction did, however, require a rise in postsynaptic cal-
cium as it was blocked when neurons were loaded with the cal-
cium chelator BAPTA (�w � 47 � 5 ms; 102 � 3% of baseline;
p 	 0.05; n � 5) (Fig. 6C). What, then, is the source of the calcium
rise that triggers LTP? Blockade of L-type voltage-dependent cal-
cium channels with nicardipine (10 �M) did not alter LTP (150 �
10% of baseline; p � 0.001; n � 4; �w � 58 � 10 ms) (Fig. 6D),
and neither did emptying intracellular calcium stores with cyclo-
piazionic acid (140 � 9%; p � 0.001 vs baseline; n � 5) (Fig. 6E).
Thus, the rise in cytoplasmic calcium that initiates LTP at inter-
neuron synapses does not result from calcium influx via
NMDARs or L-type calcium channels. Moreover, the calcium

Figure 4. Cortical inputs to interneurons with slow synaptic NMDARs do not show LTP. A, Recording from a representative
interneuron with synapses that express NMDARs with fast kinetics (�w � 42 ms). Tetanic stimulation leads to potentiation of the
AMPA receptor-mediated EPSC. EPSCs recorded at the indicated time points are shown above. Inset, NMDAR-mediated EPSC
recorded at �40 mV with the weighted time constant. The average response from interneurons with fast NMDAR-mediated EPSCs
is shown in the graph below (n � 8). B, Recording from a representative interneuron with synapses that express NMDARs with
slow kinetics (�w � 126 ms). Tetanic stimulation has no effect on EPSC amplitude. EPSCs recorded at the indicated time points are
shown above. Inset, NMDAR-mediated EPSC recorded at �40 mV with the weighted time constant. The averaged response from
interneurons with slow NMDAR-mediated EPSCs is shown in the graph below (n � 9). C, Scatter plot showing the amount of LTP
evoked in each cell plotted against the weighted time constant of the NMDAR-mediated EPSC. D, Facilitation and charge transfer
during the high-frequency stimulation are similar in both cell types containing fast and slow NMDAR kinetics. Normalized example
trace (normalized to the first EPSC in the train) of HFS from interneurons containing fast NMDAR kinetics and slow NMDAR kinetics,
respectively. C, Cortical input; IN, interneuron.
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Figure 5. LTP is input specific and only present at cortical synapses. A, Interneurons receive independent cortical and thalamic inputs. Left, EPSCs evoked by either cortical (top traces) or thalamic
(bottom traces) stimulation at a holding potential of�60 mV. Middle, Response to paired pulses for cortical or thalamic stimulation. Right, Primed pulses for thalamic followed by cortical (Thal-Cort)
and cortical followed by thalamic (Cort-Thal) stimulations at an interval of 50 ms. Paired pulses for either Cort-Cort or Thal-Thal stimulations result in PPF, whereas primed pulses for either Cort-Thal
or Thal-Cort do not show cross-facilitation. B, Cortical and thalamic inputs stimulated simultaneously sum together showing there are no shared fibers between the two inputs. Plotted is the
algebraic sum of separately evoked EPSCs in response to cortical and thalamic stimulation ([Cort]� [Thal]) against the EPSC evoked by simultaneous stimulation of cortical and thalamic inputs ([Cort
� Thal]). C, LTP of cortical inputs is homosynaptic. Average data from neurons with fast NMDAR-mediated synaptic currents in which cortical and thalamic inputs were independently stimulated
(�w cortical input, 50 � 6 ms; thalamic input, 47 � 7 ms; n � 5). Tetanic stimulation of cortical inputs leads to potentiation with no effect on thalamic inputs. D, Cortical and thalamic inputs evoked
as in C were co-tetanized at time 0. Only cortical inputs are potentiated after paired stimulation of both inputs. �w for cortical input was 43 � 4 ms and for thalamic input was 44 � 7 ms (n � 5).
E, Thalamic inputs to interneurons do not show LTP. The left panel shows averaged data from interneurons in which thalamic inputs (�w � 54 � 2 ms; n � 10) were tetanized at time 0. F, Average
data of interleaved recordings from principal neurons in which the same thalamic input was stimulated (n � 10). EPSCs recorded at the indicated times are shown above the graph. C, Cortical input;
T, thalamic input; IN, interneuron; PN, principal neuron.

Figure 6. LTP at cortical inputs requires calcium influx via AMPA/kainate receptors. A, LTP in interneurons does not require NMDAR activation. D-APV (30 �M) was applied from the start of
recording in a cell that had fast NMDAR-mediated kinetics. A representative NMDAR EPSC is shown in the inset (�w � 39 ms). Tetanic stimulation leads to LTP. B, Blocking NMDARs with D-APV does
not rescue LTP in interneurons with slow decaying NMDARs. D-APV (30 �M) was applied from the start of recording, and a representative NMDAR EPSC is shown in the inset (�w � 142 ms). Tetanic
stimulation did not evoke LTP (n � 5). C, LTP is blocked in interneurons loaded with the calcium chelator BAPTA (10 mM; n � 5). A representative NMDAR EPSC with fast kinetics is shown in the inset.
D, L-type voltage-dependent calcium channels are not required for LTP. EPSCs were recorded with 10 �M nicardipine; tetanic stimulation had no effect on LTP (n � 4). E, Store release of calcium is
not required for LTP. Application of SERCA (sarco/endoplasmic reticulum Ca2�-ATPase) pump antagonist cyclopiazoic acid (CPA; 30 �M; n � 5) had no effect on LTP. F, AMPA receptor activation is
required for LTP. Cortical and thalamic inputs were independently stimulated, and, after obtaining a baseline, kynurenic acid (5 mM) was applied. After EPSCs were blocked, tetanic stimulation was
delivered to cortical inputs (time 0). Subsequent washout of kynurenic acid restored the EPSC to baseline equally in the both the tetanized and nontetanized pathways, showing that LTP was blocked.
C, Cortical input; IN, interneuron.
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rise is not attributable to release from intracellular stores, ruling
out the involvement of metabotropic receptors.

AMPA receptors that mediate transmission at interneuron
synapses show inward rectification, indicating that they are cal-
cium permeable (Jonas et al., 1994; Jonas and Burnashev,
1995; Washburn et al., 1997). To test whether activation of
AMPA receptors is required for LTP, we blocked synaptic trans-
mission with the reversible ionotropic receptor antagonist
kynurenic acid (5 mM) and tetanized cortical afferents when
AMPA receptors were blocked (Fig. 6F). Subsequent washout of
kynurenic acid restored EPSC amplitude to its control levels in
both the tetanized cortical afferents and the nontetanized tha-
lamic afferents equally (98 � 5% for cortical, 93 � 8%, p 	 0.1; �w

� 43 � 4 ms; n � 4), showing that AMPA receptor activation is
necessary for LTP induction.

These results demonstrate that in interneurons that express syn-
aptic NMDARs, tetanic stimulation leads to LTP that is initiated by
calcium influx via calcium-permeable AMPA/kainate glutamate re-
ceptors. As induction of LTP to interneurons is clearly postsynaptic,
we next asked whether expression of LTP requires a presynaptic or
postsynaptic change in synaptic transmission. We first tested the
effects of tetanic stimulation on paired-pulse facilitation (PPF), an
index of presynaptic release probability (Zucker, 1989). There was
no change in release probability with baseline PPF being 1.14 � 0.08
before and 1.15 � 0.13 (n � 8) after LTP, suggesting that LTP at
interneuron synapses has a postsynaptic locus. In both hippocampal

(Hayashi et al., 2000) and LA (Rumpel et al.,
2005) principal neurons, expression of
postsynaptic LTP results from trafficking of
AMPA receptors to the synapse. To test
whether a similar mechanism underlies LTP
in LA interneurons, we first tested the role of
the actin cytoskeleton by disrupting it with
latrunculin B (Spector et al., 1989). Load-
ing neurons with latrunculin B (20 �M)
had no effect on basal synaptic trans-
mission (Fig. 7A) but completely
blocked LTP (103 � 3%; p 	 0.5 vs base-
line; NMDA EPSC, �w � 53 � 8 ms; n �
6) (Fig. 7B). These recordings were in-
terleaved with those from neurons not
loaded with latrunculin B, which dis-
played normal LTP (170 � 20%; p �
0.001 vs baseline; n � 4). Thus, LTP at
interneuron synapses require an intact
actin cytoskeleton.

At some interneuron synapses,
AMPA receptors have been found to
change their subunit composition after
repetitive activity (Liu and Cull-Candy,
2000). However, in amygdala interneu-
rons, control RI was unchanged after te-
tanic stimulation and was 0.15 � 0.04
before and 0.08 � 0.09 after LTP ( p 	
0.1; n � 6) (Fig. 7C). Although this dif-
ference was not significantly different, it
is, if anything, showing greater rectifica-
tion after LTP, consistent with the view
that new AMPA receptors inserted after
LTP do not contain GluR2 subunits. As
interneurons in the basolateral amyg-
dala express high levels of GluR1 (Mc-
Donald, 1996; Kondo et al., 2000) with

little or no GluR2/3 (McDonald, 1996), it is likely that AMPA
receptors at interneuron synapses consist mainly of GluR1
homomers. Trafficking of GluR1-containing AMPA receptors
in neurons has been found to require interactions with the synapse-
associated protein SAP97 (Leonard et al., 1998; Rumbaugh et
al., 2003), and SAP97 has been associated with synapses that
express GluR2 lacking AMPA receptors (Valtschanoff et al.,
2000). Consistent with this, most EGFP-positive interneurons in
the LA also expressed SAP97; however, a small subset of interneu-
rons did not express SAP97 (Fig. 8). To disrupt interactions of
GluA1 with SAP97, we loaded neurons with the 11-amino pep-
tide pep1-TGL (50 �M) corresponding to the C terminus of
GluA1 that binds SAP-97 (Hayashi et al., 2000). In pep1-TGL-
loaded neurons that had fast NMDAR-mediated EPSCs, basal
synaptic transmission was unaffected (data not shown); how-
ever, LTP was completely abolished (95 � 1%; p 	 0.1 vs
baseline; �w � 52 � 6 ms; n � 6) (Fig. 7D). In contrast, loading
the cells with the peptide Pep2-EVKI that disrupts the inter-
action of GluR2 with its postsynaptic density-95/Discs large/
zona occludens-1 (PDZ) binding partners did not have any
effect on LTP (Fig. 7D). These results show that at glutama-
tergic synapses on interneurons in the LA, tetanic stimulation
of cortical afferents leads to trafficking of GluR1-containing
AMPA receptors to these synapses by a mechanism that re-
quires SAP97.

Figure 7. LTP requires a functional actin cytoskeleton and SAP97. A, Lactrunculin B had no effect on basal synaptic transmission.
Shown are average data of recordings from neurons with fast NMDAR-mediated synaptic currents in interneurons loaded with
latrunculin B (20 �M; n � 4). B, Loading neurons with latrunculin B blocks LTP. Average data of recordings from neurons with fast
NMDAR-mediated synaptic currents in interneurons loaded with latrunculin B (20 �M; n � 4; open diamonds). For comparison,
interleaved recordings from neurons that were not loaded with latrunculin B (n � 4; filled diamonds). Inset, Representative
NMDAR-mediated EPSCs in control and latrunculin-loaded neurons. C, AMPA receptors inserted after LTP lack GluR2 subunits.
Shown is the RI of AMPA receptor EPSCs recorded before and after induction of LTP. Average RI is not significantly changed after
tetanic stimulation, showing that receptors inserted after LTP also lack GluR2 subunits. D, LTP in interneurons requires interaction
of GluR1 with its PDZ binding partners. Average data of recordings from neurons with fast NMDAR-mediated synaptic currents in
interneurons loaded with pep1-TGL (50 �M; n � 6; open squares). For comparison, interleaved recordings from neurons that were
loaded with pep2-EVKI (n �5; gray squares) and neurons that were not loaded with any peptide (filled squares; n �4) are shown.
Inset, Representative NMDAR-mediated EPSCs in pep2-EVKI- and pep1-TGL-loaded neurons.

Polepalli et al. • Interneuron LTP in the LA J. Neurosci., November 3, 2010 • 30(44):14619 –14629 • 14625



Interneuron LTP dampens the
excitability of LA principal cells
To assess the functional impact of LTP on
interneurons, we made whole-cell record-
ings from projection neurons, evoking bi-
phasic currents for both cortical and
thalamic stimulation. As described pre-
viously (Mahanty and Sah, 1998), tetanic
stimulation of cortical inputs led to po-
tentiation of the evoked IPSC (142 �
17%; p � 0.001 vs baseline; n � 6). LTP
was restricted to the tetanized cortical in-
puts showing that it is synapse specific
(Fig. 9A,B). Potentiation of the cortically
evoked IPSC was caused by a disynaptic
IPSC as it was fully blocked by the AMPA
receptor antagonist NBQX (10 �M) (Fig.
9A). The change in evoked EPSC after
LTP induction was only 14 � 12% (vs
baseline, p 	 0.1), resulting in a shift of
balance between inhibition and excita-
tion, and the IPSC/EPSC ratio increased
from 1.38 � 0.44 to 2.80 � 0.9 ( p � 0.01)
after LTP (Fig. 9C). As shown previously
for thalamic inputs to these neurons (Bis-
siere et al., 2003), when inhibition was
blocked (100 �M picrotoxin), tetanic
stimulation led to robust LTP of cortical
glutamatergic inputs (158 � 11%; n � 5;
data not shown).

To test the impact of feedforward in-
hibition on principal cell excitability,
current-clamp recordings were made
from principal neurons, and cortical
stimulation (five stimuli at 20 Hz) led to summation of both
the EPSP and the IPSP and evoked action potentials with a
spiking probability of 76 � 2% (Fig. 9 D, E). After tetanic stim-
ulation, inhibition is enhanced, and the summating EPSP is
shunted to a greater degree, reducing the ability of this input
to drive neurons to threshold (Fig. 9D). As a result of this en-
hanced inhibition, the number of action potentials evoked was re-
duced, with the probability of spiking now at 40 � 10% ( p � 0.05 vs
baseline; n � 4) (Fig. 9E).

Discussion
The amygdala, a temporal lobe structure, is intimately associated
with the acquisition and storage of fear memory (LeDoux, 2000;
Davis and Whalen, 2001). It is divided into a number of function-
ally distinct nuclei (Sah et al., 2003), of which the LA is the main
input station for incoming sensory information (McDonald,
1998). Glutamatergic projection neurons are the major type of
neuron found in the LA (McDonald, 1982), and plasticity (LTP)
of inputs to these neurons is thought to underlie the acquisition
and perhaps storage of fear memory (Pape and Pare, 2010). Lo-
cally projecting GABAergic interneurons form about 20% of the
neuronal population within the LA (Sah et al., 2003), and their
activity maintains a tight control over principal cell excitabil-
ity (Li et al., 1996; Lang and Pare, 1997; Bissiere et al., 2003;
Woodruff and Sah, 2007b). Interneurons receive excitatory in-
puts from the same sources as principal neurons and also show
LTP (Mahanty and Sah, 1998; Bauer and LeDoux, 2004). Here we
have shown LTP to interneurons is restricted to cortical inputs to
a specific set of interneurons within the LA. This LTP is initiated

by calcium influx through calcium-permeable AMPA receptors
and is maintained by trafficking of GluR2-lacking AMPA recep-
tors to the postsynaptic membrane. These interneurons provide
feedforward inhibition to principal cells in the LA, and potentia-
tion of excitatory input to these cells acts to limit the excitability
of principal neurons.

As in the cortex and hippocampus (Markram et al., 2004),
interneurons in the LA comprise diverse populations that can be
separated by immunohistochemical markers, firing properties,
and the connections they make (McDonald and Mascagni,
2001; Woodruff and Sah, 2007a). Our results show that inter-
neurons in the LA can also be separated based on the types of
NMDARs present at excitatory synapses they receive. We have
shown three classes of interneuron: those that lack NMDARs,
those that express NMDARs that primarily contain NR2A sub-
units, and those that express NMDARs primarily containing
NR2B subunits. All interneurons receive both cortical and tha-
lamic input, but LTP is restricted to cortical inputs to interneurons
that do not contain NR2B subunits.

LTP of glutamatergic inputs has been studied extensively at
Schaffer collateral synapses onto pyramidal neurons in area CA1
of the hippocampus. At these synapses, calcium influx via
NMDARs triggers activation of CAMKII (calcium/calmodulin-
dependent protein kinase II) and a cascade of second-messenger
systems that leads to trafficking and insertion of new AMPA re-
ceptors into the postsynaptic density resulting in an increase in
the EPSP (Malenka and Bear, 2004). This trafficking of AMPA
receptors requires the presence of proteins that interact via PDZ-
binding domains in the C-terminal tails of AMPA receptors

Figure 8. Single (A) and double (B–D) immunoperoxidase labeling of SAP97 (black) and GFP (brown) in coronal sections of LA
of GAD-GFP mouse brains. A, SAP97-immunoreactive neurons are present in the LA. B, Double labeling for SAP97 and GFP revealed
the majority of GFP-immunoreactive interneurons also exhibited SAP97 immunoreactivity (black arrows). Some GFP-
immunoreactive interneurons indicated by red arrowheads lacked SAP97 immunoreactivity. C, Higher magnification of the dotted
inset in B illustrates double-labeled interneurons. D, High-magnification image of two GFP-positive interneurons lacking SAP97
immunoreactivity. External capsule (Ec) is marked in A and B for orientation purposes. Scale bars: A, B, 50 �m; C, D, 10 �m. D,
Dorsal; L, lateral.
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(Malinow, 2003). Similar mechanisms have also been demon-
strated for LTP of inputs to principal neurons in the LA (Rumpel
et al., 2005). LTP has also been demonstrated at excitatory syn-
apses on hippocampal interneurons (Kullmann and Lamsa,
2007). However, the mechanisms that underlie this potentiation
are not well understood. For interneurons in the LA, we have
shown that its induction requires a rise in postsynaptic calcium as
it is blocked by the inclusion of the calcium buffer BAPTA in the
recording solution. This rise in postsynaptic calcium does not
require activation of NMDARs or release from intracellular
stores. However, it is blocked when tetanic stimulation is deliv-
ered in the presence of the AMPA/kainate receptor antagonist
kynurenic acid indicating that, as in several types of interneurons
in the hippocampus, LTP is initiated by calcium influx through
calcium-permeable AMPA receptors (Lei and McBain, 2002;
Kullmann and Lamsa, 2007; Oren et al., 2009; Nissen et al., 2010).

We find that LTP on LA interneurons requires an interaction
with a PDZ binding partner of GluR1, SAP97. SAP97 is a

MAGUK (membrane associated guany-
late kinase) known to specifically bind to
the GluR1 subunit of AMPA receptors
(Leonard et al., 1998), and its localization
at synapses is maintained by interactions
with the actin cytoskeleton (Rumbaugh et
al., 2003). Consistent with this, LTP was
absent when the actin cytoskeleton was
disrupted with latrunculin B. Together,
these results show that LTP at cortical in-
puts is initiated by a rise in postsynaptic
calcium that leads to trafficking of GluR2-
lacking AMPA receptors to synapses un-
dergoing plasticity. These newly inserted
AMPA receptors are likely maintained by
an interaction with SAP97 and the actin
cytoskeleton.

Three types of interneurons could be
separated in the LA based on the contri-
bution of NMDARs at excitatory syn-
apses. One type of cell appears to lack
postsynaptic NMDARs (Fig. 1) (Mahanty
and Sah, 1998). The other two types of in-
terneuron clearly have postsynaptic
NMDARs but can be separated by the pres-
ence of NR2B subunits. We have shown that
LTP is restricted to cortical inputs on cells
that do not express NR2B subunits. LTP is
input specific and requires a rise in postsyn-
aptic calcium because of influx via calcium-
permeable AMPA receptors that provides
spatially confined rise in postsynaptic cal-
cium (Goldberg et al., 2003). Why calcium
influx via NMDARs at these synapses does
not contribute to this process remains un-
known. Cortical and thalamic inputs make
synapses that appear to be very similar: they
both express inwardly rectifying AMPA re-
ceptors, and the complement of NMDARs
at the two inputs is identical. However, tha-
lamic inputs to interneurons do not appear
to show LTP. One possibility is that SAP97
expression may be restricted to synapses
made by cortical inputs.

In the hippocampal formation, mossy
fiber inputs to interneurons in CA3 stratum lucidum activate
synapses that contain a mixture of calcium-permeable and
calcium-impermeable AMPA receptors (Toth and McBain,
1998). Moreover, as for interneurons in the LA, these synapses
display two types of NMDARs, those that mostly contain NR2A
subunits and those that contain NR2B subunits (Lei and McBain,
2002). However, unlike in the LA, the distribution of different
NMDAR subunits depends in part on the type of AMPA recep-
tors present, with NR2B selectively present at synapses that are
calcium permeable (Lei and McBain, 2002). Moreover, in CA3
interneurons, it has been suggested that both types of synapses
may be mixed in the same interneuron. Interestingly, tetanic
stimulation of synapses expressing calcium-permeable AMPA re-
ceptors leads to long-term depression that requires a rise in
postsynaptic calcium but is NMDAR independent (Lei and
McBain, 2002).

Functionally, LTP of cortical inputs to interneurons enhances
feedforward IPSPs in local principal neurons, effectively reducing

Figure 9. Inhibitory LTP leads to reduction of activity in principal neurons. A, Schematic showing the recording configuration.
Whole-cell recordings were obtained from principal neurons (PN) that were voltage clamped at �40 mV. Stimulation of cortical
inputs evokes a monosynaptic EPSC followed by a disynaptic IPSC as labeled. The graph on the right plots the peak IPSC amplitude
over time in response to cortical stimulation in one principal neuron. Tetanic stimulation (arrow) results in potentiation of the IPSC.
Application of the AMPA receptor antagonist NBQX blocks the IPSC, confirming it is disynaptic. B, Mean data (n �6) showing that tetanic
stimulation of cortical inputs leads to an input-specific potentiation of cortical disynaptic IPSC. C, Potentiation of the IPSC shifts the balance
toward greater excitation, plotted in the mean peak IPSC/EPSC ratio at baseline (1.38 � 0.44) and after LTP (2.80 � 0.9, *p � 0.01). D,
Current-clamp recording from a principal neuron. Repetitive stimulation of cortical input (50 Hz, 5 stimuli) generates an EPSP followed by
an IPSP that summates and occasionally generates action potentials. An expanded version of the response to stimulation when no action
potential evoked is shown on the right. After tetanic stimulation, the resulting disynaptic IPSP is larger and, as a result, fewer spikes are
evoked. E, Mean data showing the reduction in probability of spiking after tetanic stimulation. *p � 0.05.
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their output. The finding that cortically evoked disynaptic IPSPs
also show LTP indicates that at least some of the interneurons
showing LTP must act as feedforward interneurons. Fear mem-
ories are, at least in part, acquired by strengthening of synaptic
inputs to principal neurons in the basolateral amygdala (LeDoux,
2000; Davis and Whalen, 2001), resulting in the increased re-
sponse of these neurons to the conditioned stimulus (Quirk et al.,
1997; Herry et al., 2008). An emerging body of evidence indicates
that inhibitory circuits are engaged during both fear learning and
extinction. Thus, enhancers of GABAergic inhibition interfere
with fear learning and expression (Davis, 1979; Harris and
Westbrook, 1998a), whereas reduction in GABAergic inhibition
has an opposite effect (Tang et al., 2007). Extinction of condi-
tioned fear had been studied extensively and has been proposed
to result from potentiation of excitatory inputs to intercalated
neurons with resultant inhibition of output from the central nu-
cleus (Quirk and Mueller, 2008). However, unit recordings in
vivo have shown that after extinction there is a concomitant re-
duction in the activity of neurons in the basolateral amygdala
(Herry et al., 2008). Moreover, extinction of conditioned fear is
impaired by reduction in GABAergic transmission in the basolat-
eral amygdala (Harris and Westbrook, 1998b). These reports, to-
gether with the present findings, suggest that reduction in the
activity of BLA neurons after fear extinction may be mediated by
potentiation of cortical feedforward inhibition.
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