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SUMMARY

GABAergic signaling in the amygdala controls
learned fear, and its dysfunction potentially contrib-
utes to posttraumatic stress disorder (PTSD). We
find that sub-threshold fear conditioning leads
to dopamine receptor D4-dependent long-term
depression (LTD) of glutamatergic excitatory synap-
ses by increasing inhibitory inputs onto neurons of
the dorsal intercalated cell mass (ITC) in the amyg-
dala. Pharmacological, genetic, and optogenetic
manipulations of the amygdala regions centered on
the dorsal ITC reveal that this LTD limits less salient
experiences from forming persistent memories. In
further support of the idea that LTD has preventive
and discriminative roles, we find that LTD at the dor-
sal ITC is impaired in mice exhibiting PTSD-like
behaviors. These findings reveal a novel role of inhib-
itory circuits in the amygdala, which serves to
dampen and restrict the level of fear expression.
This mechanism is interfered with by stimuli that
give rise to PTSD and may also be recruited for
fear-related psychiatric diseases.

INTRODUCTION

The amygdala is a brain region critical for acquisition and expres-

sion of conditioned fear whereby a neutral conditioned stimulus

(CS) becomes associated with a noxious unconditioned stimulus

(US) (Rogan et al., 1997). Among several nuclei that constitute

the amygdala complex, it is the lateral nucleus (LA) that receives

sensory inputs during fear conditioning, and after being associ-

ated in the LA, the signals are transmitted to the central nucleus

(CeA) either directly or via the basal nucleus (Ehrlich et al., 2009;

Palomares-Castillo et al., 2012; Pare and Duvarci, 2012; Lee

et al., 2013). The intercalated cell masses (ITCs), which are situ-
378 Neuron 88, 378–389, October 21, 2015 ª2015 Elsevier Inc.
ated between the amygdala nuclei encompassing the dorsal,

ventral, and lateral clusters, appear to play a regulatory role in

fear-related behavior by controlling the signal transfer between

those amygdala nuclei. Thus, saponin-mediated lesions of

ITCs or pharmacological inhibition of basolateral amygdala

(BLA) inputs to ITCs interferes with extinction of fear memory

(Likhtik et al., 2008; Jüngling et al., 2008). Although extinction

of fear memory strengthens the excitatory inputs from the BLA

to the ventral ITC (Amano et al., 2010), it remains unclear whether

synaptic plasticity arising at the dorsal ITC can modulate fear

acquisition and expression.

The dorsal ITC residing between the LA and CeA receives glu-

tamatergic inputs from LA as well as from cortical regions, and it

provides GABAergic inhibitory outputs to the lateral sector of the

CeA and the ventral ITC (Ehrlich et al., 2009). By contrast, the

ventral ITC receives its major inputs from the basal nucleus of

the amygdala and sends projections to the medial sector of

the CeA (Pare and Duvarci, 2012). The differences in connectivity

of individual ITCs suggest that each ITC can play distinct roles in

the regulation of fear behavior. Indeed, it has been proposed that

the dorsal ITC regulates fear expression while the ventral ITC

controls fear extinction (Busti et al., 2011; Duvarci and Pare,

2014). This raises the possibility that synaptic plasticity in the

dorsal ITC could modify fear-related signaling from the LA to

the CeA and the ensuing behavior and that deficits in the plastic

capabilities of the dorsal ITC could potentially contribute to fear-

related psychiatric diseases such as posttraumatic stress disor-

der (PTSD).

By modulating the activity of amygdala neurons, dopami-

nergic neurons can control the expression of fear memory

(Fadok et al., 2009; de la Mora et al., 2010). Consistent with

this notion, a subset of dopaminergic neurons is robustly acti-

vated on the presentation of aversive stimuli, and their firing rates

positively correlate with the intensity or salience of the stimulus

(Wang and Tsien, 2011). Dopamine (DA) gates synaptic plasticity

in the amygdala and ultimately controls acquisition of fear

memory by reducing feed-forward inhibition to LA projection

neurons bymeans of DA-mediated increases in disynaptic inhib-

itory postsynaptic currents (IPSCs) in the local interneurons
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(Rosenkranz and Grace, 2002; Bissière et al., 2003). As with the

local interneurons within the BLA, the output of ITCs also can be

regulated by DA (Marowsky et al., 2005). Although the dorsal ITC

receives potent dopaminergic inputs (Fuxe et al., 2003), the DA-

dependent long-term synaptic plasticity in the dorsal ITC circuit

has not been explored.

We therefore assessed synaptic plasticity at the dorsal ITC

using the stimulation protocol for spike-timing-dependent plas-

ticity (STDP) (Shin et al., 2006). STDP stimulation induces long-

term depression (LTD) in the LA-dorsal ITC pathway after weak

fear conditioning, but not after strong fear conditioning. Induc-

tion of LTD at the dorsal ITC depends upon activation of

dopamine receptor subtype 4 (D4R) and the concomitant

enhancement in GABA release from neighboring ITC neurons.

Importantly, selective blockade or depletion of D4R at the region

of amygdala centered on the dorsal ITC or optogenetic manipu-

lation that reverses the LTD in the LA-dorsal ITC pathway in vitro

resulted in heightened freezing behavior in mice, supporting the

critical roles of D4R-dependent LTD in limiting the expression of

fear. Finally, we explored LTD in the context of a mouse model of

PTSD (Kaouane et al., 2012) and discovered impairment of LTD

at the dorsal ITC.

Our findings indicate that synaptic plasticity at the dorsal ITC

serves to actively limit the expression of learned fear and that

its impairment may contribute to pathophysiology of PTSD.

These data provide new insights into functional roles of a specific

inhibitory circuit in the amygdala, which serves to demarcate the

range of emotional stimuli that can be retained as long-term

memory.

RESULTS

LTD Induction in the Dorsal ITC Synapses after Weak
Fear Conditioning
The dorsal ITC receives glutamatergic inputs from the LA and the

medial prefrontal cortex (mPFC), which adjust fear responses

(Cho et al., 2013; Duvarci and Pare, 2014). We have identified

the dorsal ITC neurons spatially and morphologically (Figure 1A;

Marowsky et al., 2005). To assess synaptic properties in the LA-

dorsal ITC pathway and other neuronal features, we obtained

whole-cell patch recordings of excitatory postsynaptic poten-

tials (EPSPs) while stimulating LA (Figure 1B; Table S1). We

induced STDP by applying 80 pairs of presynaptic stimulations

and postsynaptic action potentials with various time intervals

from EPSP initiation (Shin et al., 2006). Interestingly, long-term

potentiation (LTP) arose at +4- and +6-ms interval delays in the

presence of the GABAA receptor antagonist picrotoxin, but not

in the absence of picrotoxin (Figure S1A). These data suggest

that GABAergic transmission tightly regulates STDP in the dorsal

ITC neurons as in the BLA neurons (Rodrı́guezManzanares et al.,

2005; Makkar et al., 2010).

To analyze the behavioral and physiological consequences of

different fear-conditioning protocols, we carried out Pavlovian

fear conditioning by pairing a tone with either a sub-threshold

(0.4 mA for 0.5 s, weak fear conditioning) or a supra-threshold

US (0.8 mA for 0.5 s, strong fear conditioning). Weak fear condi-

tioning resulted in reduced levels of freezing at 24 hr after acqui-

sition, which further decayed over the course of several days,
comparable to those of the unpaired CS-US or the tone-only

control groups (Figure S1B). In contrast, strong fear conditioning

led to significantly greater levels of freezing that remained

elevated throughout the same time period (Figure S1B). Thus,

the weak fear conditioning seems to entail less-salient experi-

ence that could not be retained as long-lasting memory. Impor-

tantly, LTD was induced in the dorsal ITC neurons by the same

STDP protocol in the absence of picrotoxin (+6-ms interval at

which GABAergic regulation was maximally effective for the in-

duction of synaptic plasticity; Figure S1A) in the amygdala slices

prepared 24 hr after weak fear conditioning (Figure 1C). How-

ever, we failed to detect any significant synaptic plasticity in

slices from the animals that had undergone either strong fear

conditioning or no training (naive) (Figure 1C).

Although we elicited the synaptic responses in the dorsal ITC

neurons by stimulation of LA, the possible existence of en

passant synapses projecting from the mPFC might have

obscured which pathway expressed LTD. To further assess syn-

aptic plasticity in distinct pathways, we infused adeno-associ-

ated virus (AAV) encoding channelrhodopsin-2 and enhanced

yellow fluorescence protein (eYFP) (rAAV5-CamKIIa-hChR2-

eYFP) into the LA or mPFC and then validated ChR2 expression

with least retrograde infection (Figures 1D and S1C–S1E). After

the monosynaptic nature of optogenetically induced EPSPs

was verified (Figure S1F), we applied STDP-like optical stimuli.

LTD was readily induced by the repeated pairing of light-elicited

EPSPs and action potentials after weak fear conditioning when

rAAV5-CamKIIa-hChR2-eYFP was infused into LA, but not

when it was infused into the mPFC (Figures 1E, S1G, and

S1H). The optical STDP also produced no synaptic plasticity in

the amygdala slices prepared from naive animals or animals

that underwent strong fear conditioning (Figure 1E). Therefore,

LTD was induced at the synaptic connections from the LA to

the dorsal ITC after weak fear conditioning.

Increased Inhibition to Dorsal ITC Neurons after Weak
Fear Conditioning
We monitored basal synaptic transmission and found that mini-

ature IPSCs (mIPSCs) significantly increased after weak fear

conditioning (Figures 2A and S2A), whereas no significant

change in miniature EPSCs (mEPSCs) was observed despite

apparent reduction of excitatory transmission (Figures 2B and

S2B). We also evoked disynaptic inhibitory postsynaptic poten-

tials (IPSPs) in dorsal ITC neurons, because they receive

GABAergic inputs from neighboring ITC neurons and glutama-

tergic inputs from the LA (Geracitano et al., 2007; Busti et al.,

2011). We observed biphasic PSPs, which consist of fast

EPSP and slow IPSP, evoked by LA stimulation and confirmed

the disynaptic nature by applying DNQX, an antagonist

for a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid

(AMPA) and kainate receptors (Figure 2C). The input-output

curves revealed that the inhibitory drives to the dorsal ITC

neurons significantly increased after weak fear conditioning

compared with those in other groups (Figure 2D). Thus,

GABAergic inputs onto the dorsal ITC neurons might become

enhanced by weak fear conditioning and thereby may contribute

to the induction of LTD by shunting inhibition (Nishiyama et al.,

2010; Talathi et al., 2010). To examine whether neuronal activity
Neuron 88, 378–389, October 21, 2015 ª2015 Elsevier Inc. 379
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Figure 1. Synaptic Plasticity of the Dorsal

ITC Synapses Controlled by Fear Con-

ditioning

(A) Representative images of a neuron that was

recorded and labeled with neurobiotin. Left: a

merged image of neurobiotin (red) and DAPI

staining (blue). The dorsal ITC (ITCd), basal

amygdala (BA), and CeA are outlined with white

dotted lines. Scale bar, 100 mm. Right: a magnified

fluorescence image. Scale bar, 50 mm.

(B) A schematic diagram showing the recording

configuration. A whole-cell patch clamp was

placed on the dorsal ITC neurons while a stimu-

lating electrode was placed on the LA. LA, ITCd,

BA, and CeA, as well as the placement of elec-

trodes, are indicated on a differential interference

contrast image. Scale bar, 200 mm.

(C) Synaptic plasticity was assessed with an

application of the STDP protocol (+6 ms interval

delay) 24 hr after fear conditioning using either

sub-threshold (0.4 mA, weak fear conditioning) or

supra-threshold US (0.8 mA, strong fear condi-

tioning). The STDP stimulation (a vertical black

arrow) induced LTD when sub-threshold US (weak

fear conditioning, 60.11% ± 8.91%, N = 6, n = 8,

p < 0.001, Wilcoxon test) was used for fear condi-

tioning but yielded no significant synaptic plasticity

when the animals underwent fear conditioning with

supra-threshold US (strong fear conditioning,

115.57% ± 11.06%, N = 6, n = 7, p > 0.1, Wilcoxon

test) or none (naive, 95.44%± 8.87%, N = 6, n = 10,

p > 0.1, Wilcoxon test). Inserts: representative

traces with color-matched time points.

(D) A schematic diagram of optogenetic examina-

tion of the pathway exhibiting LTD (left). The

expression of ChR2 was verified with eYFP (green)

mainly in the LA area (right). Scale bar, 100 mm.

(E) Synaptic plasticity in the LA-dorsal ITC pathway

was assessed with STDP-like light illumination

(a vertical blue arrow) 24 hr after weak fear conditioning (61.95% ± 15.56%, N = 4, n = 5, p < 0.001, Wilcoxon test) or strong fear conditioning (96.95% ± 7.68%,

N = 4, n = 4, p > 0.1, Wilcoxon test). Naive animals were also tested (97.45% ± 10.00%, p > 0.1, N = 3, n = 4, p > 0.1, Wilcoxon test). Inserts: representative traces

with color-matched time points.

Data are presented as mean ± SEM. See also Figure S1 and Table S1.
of the dorsal ITC could be upregulated, we attempted to analyze

the spontaneous activity in vivo before and after weak fear con-

ditioning. To this end, we carefully defined the dorsal ITC

neurons with their responses to electrical stimulation of the infra-

limbic regions of the mPFC of live animals and then confirmed

the recording sites within the dorsal ITC through postmortem

examination (Figures S2C–S2E; Amir et al., 2011). However,

we failed to detect significant changes in single-unit activity of

those identified ITC neurons (Figures S2F and S2G), suggesting

that neuronal activity of the dorsal ITC itself was not significantly

affected by weak fear conditioning.

DA-Dependent LTD by Activation of D4R
Consistent with previous reports (Fuxe et al., 2003; de la Mora

et al., 2010), our immunohistochemistry data revealed that the

dorsal ITC possessed axonal processes intensely labeled with

tyrosine hydroxylase, a marker of dopaminergic neurons (Fig-

ure S3A). To address possible roles of DA in the dorsal ITC neu-

rons, we analyzed their intrinsic properties in the presence of DA
380 Neuron 88, 378–389, October 21, 2015 ª2015 Elsevier Inc.
(30 mM). Although it was previously reported that DA itself could

alter intrinsic features of ITC neurons (Marowsky et al., 2005), we

detected only negligible changes in the resting membrane po-

tentials (RMPs) and excitability before and after DA application

(Figures S3B and S3C). The cause for this discrepancy is un-

clear, but it might be due to age differences of recordings of

postnatal day 17 (P17) (Marowsky et al., 2005) versus P56 cells,

the different availability of spontaneous GABAergic synaptic

transmission, or the further decreased RMPs (approximately

�85 mV) in our study. While bath application of DA alone did

not alter synaptic transmission (Figure S3D), LTD was readily

induced by the STDP protocol in the presence of DA (30 mM)

(Figures 3A, S3E, and S3F). To specify the pathway expressing

DA-dependent LTD (DA-LTD), we infused rAAV5-CamKIIa-

hChR2-eYFP into LA and then were able to induce DA-LTD

with photostimulation (Figure 3B). These results support the

idea that DA enables the synapses between the LA and dorsal

ITC to undergo LTD, which is similar to what we had observed

with LTD after weak fear conditioning.
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B Figure 2. Enhanced Inhibition to the Dorsal

ITC Neurons after Weak Fear Conditioning

(A) Both mIPSC amplitude (naive, 21.09 ± 1.75 pA,

N = 6, n = 30; after fear conditioning, 25.39 ±

1.77 pA, N = 7, n = 27) and frequency (naive, 0.4 ±

0.05 Hz, N = 6, n = 30; after fear conditioning,

0.63 ± 0.07 Hz, N = 7, n = 27) significantly

increased 24 hr after weak fear conditioning

(*p < 0.05, Mann-Whitney U test).

(B) Neither mEPSC amplitude (naive, 14.57 ±

0.57 pA, N = 6, n = 24; after fear conditioning,

14.96 ± 0.58 pA, N = 4, n = 30) nor frequency (naive,

9.84 ± 0.86 Hz, N = 6, n = 24; after fear condi-

tioning, 8.44 ± 0.48 Hz, N = 4, n = 30) was affected

by weak fear conditioning (p > 0.1, Mann-Whitney

U test).

(C) Biphasic PSPs were evoked by stimulation of

the LA. Both EPSPs and IPSPs were blocked with

DNQX (left), while only IPSPs were blocked with

picrotoxin (right).

(D) The input-output curves constructed for di-

synaptic IPSPs show significantly higher feed-

forward inhibition after weak fear conditioning,

compared to IPSPs after strong fear conditioning

or none (naive, N = 6, n = 16; weak fear condi-

tioning, N = 8, n = 13; strong fear conditioning,

N = 8, n = 10, *p < 0.05, Kruskal-Wallis H test

followed by Mann-Whitney U test).

Data are presented as mean ± SEM. See also

Figure S2.
To identify which subtype of DA receptors plays a dominant

role in the induction of DA-LTD, we blocked individual DA recep-

tors with various antagonists in optimal concentrations selective

for each receptor (Kwon et al., 2008). Only a D4R-specific antag-

onist (L-745870) abolished DA-LTD, whereas antagonists of

D1/5R (SCH-23390), D2R (L-741626), or D3R (GR-103691) did

not affect DA-LTD (Figure 3C). Consistent with the antagonist

data, activation of D4Rwith PD-168077 allowed for the induction

of LTD at the dorsal ITC as effectively as DA did, but the agonists

for D1/5R (SKF-38393), D2R (quinpirole), or D3R (PD-128907)

did not (Figure 3D). To exclude possible cross-reactivity of the

pharmacological manipulation, we took advantage of a genetic

model deficient in D4R. In D4R knockout (KO) mice, the same

STDP protocol could not induce LTD despite the presence of

DA (Figure 3E). Importantly, L-745870 also interfered with the in-

duction of LTD that had been normally induced after weak fear

conditioning in wild-type (WT) mice, supporting the involvement

of D4R (Figure 3F). Taken together, D4R is a major subtype of

DA receptors required for the induction of DA-LTD, and its acti-

vation is likely to permit LTD in the dorsal ITC after weak fear

conditioning.

D4R is expressed throughout brain regions including the

amygdala (Oak et al., 2000), and the polymorphisms are impli-

cated in various psychiatric disorders (López León et al., 2005;

Shaw et al., 2007). Indeed, our immunohistochemistry revealed

the presence of D4R in the dorsal ITC as well as other amygdala

nuclei (Figures S3G and S3H). We also used structured illumina-

tion microscopy (SIM) over the dorsal ITC neurons to resolve co-

localization of D4R with either synaptophysin, a marker for

synaptic vesicles, or gephyrin, a marker for GABAergic postsyn-
aptic density. This superresolution imaging indicated that D4R

exhibited higher co-localization with synaptophysin than with

gephyrin (Figures S3I–S3K). To analyze the subcellular localiza-

tion of D4R, we performed post-embedding immuno-gold trans-

mission electron microscopy. We detected D4R-bound gold

particles in axon terminals of symmetric inhibitory synapses

that were labeled with GAD67 and contacting the somas (Fig-

ure 3G). In contrast, no D4R immunoreactivity was observed in

GAD67-containing presynaptic terminals of D4R KO mice (Fig-

ure 3H), as expected. Therefore, D4R appears to be present in

the dorsal ITC synapses and predominantly distributed in

GABAergic presynaptic terminals.

Feed-Forward Inhibition in the Dorsal ITC Leads to
DA-LTD
To elucidate the mechanistic bases of DA-LTD, we monitored

basal transmission of the dorsal ITC synapses. After the induc-

tion of DA-LTD, mIPSC frequency significantly increased,

whereasmEPSCswere unaffected (Figures 4A and 4B). Interest-

ingly, cumulative probability plots of mIPSCs revealed that both

frequency and amplitude increased after DA-LTD, but those of

mEPSCs did not change (Figures S4A and S4B). We also de-

tected significant increases in disynaptic IPSPs after DA-LTD in-

duction (Figure 4C), indicating enhanced feed-forward inhibition

presumably from the neighboring dorsal ITC neurons (Geraci-

tano et al., 2007). To corroborate an increase in GABAergic

transmission within the dorsal ITC, we recorded postsynaptic

currents (PSCs) from single ITC neurons while interleaving stim-

ulation of LA or dorsal ITC areas (every 5 s) (Figure 4D). Due to the

small size of the dorsal ITC, monosynaptic IPSCs were evoked
Neuron 88, 378–389, October 21, 2015 ª2015 Elsevier Inc. 381
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B Figure 3. D4R-Dependent LTD in the Dorsal

ITC Synapses

(A) DA treatment (a green bar) during STDP stim-

ulation (a vertical black arrow) resulted in LTD at

the dorsal ITC (65.79% ± 9.39%, N = 6, n = 10, p <

0.001, Wilcoxon test). Inserts: representative

traces with color-matched time points.

(B) After rAAV5-CamKIIa-hChR2-eYFP was

infused into LA, LTD was induced by repeated light

illumination (a vertical blue arrow) in the presence

of DA (a green bar) (68.52% ± 13.57%, N = 6, n = 7,

p < 0.001, Wilcoxon test). Inserts: representative

traces with color-matched time points (left) and a

schematic diagram (right).

(C) DA-LTD was assessed using subtype-specific

DA receptor antagonists (30 mM DA, 68.56% ±

10.47%, N = 6, n = 7; DA + 5 mM SCH-23390,

60.07% ± 16.41%, N = 5, n = 5; DA + 200 nM

L-741626, 68.92% ± 14.47%, N = 4, n = 6; DA +

50 nM GR-103691, 67.34% ± 7.46%, N = 4, n = 6;

DA + 50 nM L-745870, 118.94% ± 12.07%, N = 6,

n = 8. **p < 0.01, Kruskal-Wallis H test followed by

Mann-Whitney U test).

(D) DA-LTD was assessed using subtype-specific

DA receptor agonists (30 mM DA, 67.37 ± 9.46%,

N = 6, n = 6; 10 mM SKF-38393, 101.74% ±

12.64%, N = 4, n = 5; 100 nM quinpirole,

106.61% ± 18.62%, N = 5, n = 7; 200 nM PD-

128907, 101.74% ± 8.96%, N = 5, n = 6; 200 nM

PD-168077, 63.47% ± 12.28%, N = 7, n = 10. **p <

0.01, Kruskal-Wallis H test followed by Mann-

Whitney U test).

(E) DA-LTD was not induced in D4R KO mice (D4R

KO, 115.26% ± 15.38%, N = 4, n = 7, p > 0.1; WT,

68.52% ± 13.57%, N = 5, n = 6, p < 0.001, Wil-

coxon test). Insert: representative trace with color-

matched time points. Duration of DA treatment is

depicted with a green bar and the application of

STDP protocol is denoted with a vertical black

arrow.

(F) While LTD was readily induced after weak fear

conditioning (without D4R antagonist, 60.11% ±

8.91%, N = 5, n = 7, p < 0.001, Wilcoxon test), D4R

antagonist (50 mM L-745870, a blue bar) precluded

LTD induction (with D4R antagonist, 99.98% ±

12.56%, N = 6, n = 7. p > 0.1, Wilcoxon test). The

application of STDP protocol is denoted with a

vertical black arrow. Inserts: representative traces

with color-matched time points.

(G) Immuno-electron microscopic images showing

the subcellular localization of D4R and GAD67 at

the dorsal ITC of WT mice. The area outlined with a red box (left) is magnified to delineate a presynaptic terminal (right). Arrows and arrowheads denote D4R-

immunogold particle (12 nm) and GAD67-immunogold particles (6 nm), respectively. Scale bars represent 500 nm (left) and 200 nm (right).

(H) Immuno-electron microscopic images of D4R KO mice. The area outlined with a red box (left) is magnified to delineate a presynaptic terminal (right). We

detected no large gold particles for D4R, but only GAD67 (+) particles (6 nm). Scale bars represent 500 nm (left) and 200 nm (right).

Data are presented as mean ± SEM. See also Figure S3.
with glass electrodes, whereas EPSCs were evoked by stimu-

lating the LA with standard metal electrodes. Notably, the

latencies of postsynaptic currents evoked by stimulation of

both the LA (2.78 ± 0.19 ms) and the dorsal ITC (3.76 ±

0.17 ms) were consistent with latencies of previously reported

monosynaptic currents (Cho et al., 2013; Felix-Ortiz et al.,

2013). Once DA-LTDwas induced, IPSCswere potentiated while

EPSCs were depressed (Figure 4E). Presynaptic neurotrans-
382 Neuron 88, 378–389, October 21, 2015 ª2015 Elsevier Inc.
mitter release can be represented by the quantal content propor-

tional to the inverse square of the coefficient of variation (1/CV2)

of evoked responses (Malinow and Tsien, 1990). Consistent with

the enhanced presynaptic release of GABA, 1/CV2 increased for

IPSCs, but not for EPSCs (Figure S4C).

After synaptically coupled ITC neurons were identified with

action potentials elicited by current injection and resultant out-

ward IPSCs, we analyzed the unitary IPSCs (uIPSCs) by paired
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Figure 4. Feed-Forward Inhibition In-

creased by DA-LTD

(A) mIPSC frequency (without STDP, 0.41 ±

0.06 Hz; +10 min after STDP, N = 6, n = 24, 0.61 ±

0.11 Hz, N = 6, n = 27, *p < 0.05, Mann-Whitney

U test), but not amplitude (amplitude: without

STDP, 21.08 ± 1.75 pA, N = 6, n = 24; +10 min after

STDP, 23.62 ± 2.6 pA, N = 6, n = 27, p > 0.1, Mann-

Whitney U test), increased upon the induction of

DA-LTD.

(B) DA-LTD did not affect mEPSC amplitude

(without STDP, 14.15 ± 1.18 pA, N = 6,

n = 14; +10 min after STDP, 12.12 ± 0.78 pA, N = 6,

n = 18) or frequency (frequency: without STDP,

3.11 ± 0.50 Hz, N = 6, n = 14; +10 min after STDP,

2.69 ± 0.21 Hz, N = 6, n = 18, p > 0.1 for all, Mann-

Whitney U test).

(C) Disynaptic IPSPs increased concomitantly to

the induction of DA-LTD relative to its own baseline

at �10 min (N = 5, n = 14, p < 0.001, repeated-

measures ANOVA; +10min, 134.4% ± 4.4%, ***p <

0.001; +30 min, 115.4% ± 3.9%, **p < 0.01, post

hoc Bonferroni test).

(D) Synaptic responses from the dorsal ITC neu-

rons obtained by interleaved stimulation of LA and

the dorsal ITC. A schematic diagram depicting

positions of electrodes (left) and a timeline of each

stimulus for PSC recordings (right).

(E) When DA-LTD was induced, IPSCs were

significantly potentiated, but EPSCs were

depressed (ITC stimulation, 127.95% ± 12.5%; LA

stimulation, 66.80% ± 6.65%; N = 3, n = 6, p < 0.01

for both PSCs, Wilcoxon test). Duration of DA

treatment is depicted with a green bar and the

application of STDP protocol is denoted with a

vertical black arrow. Inserts: representative traces

with color-matched time points.

(F) A schematic diagram of a paired whole-cell

recording (left). Sample traces of single action

potentials (APs) given to a presynaptic neuron and

the elicited unitary IPSCs (uIPSCs) at the post-

synaptic cell recorded at the holding potential

of �40 mV (right: red, average traces; black, indi-

vidual traces). Note that the STDP stimulation was

applied by injecting current to postsynaptic neu-

rons, but not presynaptic neurons, while stimu-

lating the LA.

(G) uIPSCs from postsynaptic neurons were

significantly increased after the induction of D4R-

dependent LTD, compared with the corresponding baselines (PD-168077 (�), 100.98% ± 3.58%, N = 3, n = 5; PD-168077 (+), 118.28% ± 3.35%, N = 4, n = 12,

**p < 0.01, Kruskal-Wallis H test followed by Mann-Whitney U test). During the induction of D4R-dependent LTD, GDPbS was included in recording pipettes for

the dorsal ITC neurons (GDPbS in pre, 98.7% ± 1.96%, N = 5, n = 15, p > 0.05; GDPbS in post, 113.28% ± 1.27%, N = 6, n = 17, **p < 0.01; Kruskal-Wallis H test

followed by Mann-Whitney U test, relative to the PD-168077 (�) group).

(H) Correlation of normalized uIPSCs and the magnitude of DA-LTD (N = 11, n = 32, r2 = 0.6192, **p < 0.01, Pearson’s correlation coefficient).

Data are presented as mean ± SEM. See also Figure S4.
recording (Figure 4F). The amplitude of uIPSCs markedly

increased when LTD was induced by injecting currents to the

postsynaptic ITC neurons while stimulating the LA in the pres-

ence of PD-168077 (Figure 4G). Notably, the increase in the

amplitude of uIPSCs was positively correlated with LTD magni-

tude, consistent with the causal role of GABA release for LTD

(Figure 4H). Since D4R was enriched at presynaptic sites

(Figure 3G), we asked: does the increment of GABA release

resulting from activation of presynaptic D4R contribute to
LTD? To address this question, we selectively included GDPbS,

an antagonist of G protein signaling in either presynaptic or

postsynaptic ITC neurons. GDPbS blocked an LTD-induced

increment of uIPSC amplitude when infused into the pre-

synaptic ITC neurons, but not when infused into the postsyn-

aptic ITC neurons (Figure 4G). Collectively, DA-LTD arose

from the potentiation of GABAergic transmission in intrinsic

circuits of the dorsal ITC, most likely by activation of presynap-

tic D4R.
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A

C D

B Figure 5. Freezing Behavior Regulated by

D4R Activity in Dorsal ITC Neurons

(A) An experimental scheme (top) and a timeline

(bottom) for a D4R antagonist infusion and behav-

ioral tests. Freezing behavior was assessed after

weak fear conditioning when either L-745870 or

vehicle was infused to the region centered around

the dorsal ITC areas bilaterally.

(B) Following drug infusion through cannulae, we

measured freezing levels during fear acquisition

(left) and tested fear recall 24 hr after weak fear

conditioning (right) (vehicle, 31.25%± 7.56%, N = 8;

L-745870, 74.55% ± 8.10%, N = 9, **p < 0.01,

Mann-Whitney U test).

(C) The schematic sequence of cKD-eYFP-shD4R

(top) and a timeline for virus infusion and behavioral

tests (bottom) are depicted. The Cre-dependent

inversion resulted in simultaneous expression of

eYFP and shRNA for D4R in the dorsal ITC of Dlx5/

6-Cre (+) mice. Freezing behavior was assessed

after weak fear conditioning when D4R was

depleted in the region centered around the dorsal

ITC area.

(D) We measured freezing levels during fear acqui-

sition (left) and tested fear recall 24 hr after weak

fear conditioning (right: Dlx5/6-Cre (�), 42.75% ±

4.26%, N = 7; Dlx5/6-Cre (+), 72.47% ± 5.66%,

N = 9, **p < 0.01, Mann-Whitney U test).

Data are presented as mean ± SEM. See also Fig-

ure S5 and Supplemental Experimental Procedures.
Blockade of D4R or Reversal of LTD Is Sufficient to
Increase the Expression of Fear
If DA-LTD at the dorsal ITC is a synaptic mechanism that regu-

lates neural circuits conveying fear memory, manipulation of

D4R activity or synaptic plasticity at the dorsal ITC should affect

fear memory. To test this hypothesis, we first examined the

behavioral consequences of DA-LTD by pharmacological inacti-

vation of D4R at the dorsal ITC. We injected either vehicle or

L-745870 bilaterally into the dorsal ITC areas (Figures S5A and

S5B) and then assessed acquisition and expression of fearmem-

ory (Figure 5A). Animals that received either vehicle or L-745870

displayed comparable freezing levels during acquisition, which

increased as the pairings of CS and US were repeatedly pre-

sented (Figure 5B). When assessed at 24 hr after weak fear con-

ditioning, L-745870-infused mice exhibited significantly higher

levels of freezing compared with vehicle-infused animals (Fig-

ure 5B), indicating the involvement of D4R activity for fear

expression.We next developed a newgeneticmethod to deplete

D4R in GABAergic neurons of the dorsal ITC. This viral vector en-

ables us to knock down a given gene with small hairpin RNA

(shRNA) and simultaneously identify those infected/knocked-

down neurons with expression of eYFP in a Cre-dependent

manner (Figures S5C and S5D; see Supplemental Experimental

Procedures for detailed information). We infused the AAV
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containing shRNA for D4R (rAAV2-cKD-

eYFP-shD4R) into the dorsal ITC of Dlx5/

6-Cre (�) or Dlx5/6-Cre (+) mice express-

ing Cre at GABAergic neurons (Figures

5C and S5E–S5G). eYFP was expressed
mainly in the dorsal ITC area (Figures S5G and S5H), and D4R

was markedly depleted in the dorsal ITC of Dlx5/6-Cre (+) mice

compared to that of Dlx5/6-Cre (�) controls (Figure S5I). Impor-

tantly, Dlx5/6-Cre (+) mice that received rAAV2-cKD-eYFP-

shD4R displayed higher levels of freezing than Dlx5/6-Cre (�)

mice, whereas freezing levels during the acquisition of fear mem-

ory were indistinguishable (Figure 5D). Interestingly, WT andD4R

KO mice did not differ in fear expression to weak fear condition-

ing (data not shown), highlighting the importance of the dorsal

ITC circuits for controlling fear expression. The small size of

the dorsal ITC makes it difficult to be completely certain that

we localized the region-specific knockdown of D4R only to the

dorsal ITC. However, it should be noted that we employed

both pharmacological and genetic approaches for local manipu-

lation of D4R with the same results. Therefore, we provide evi-

dence that D4R in the dorsal ITC neurons could, at least in

part, be a functional prerequisite for limiting fear expression,

especially to less-salient experience, and thus might delineate

the integrity of fear memory.

If synaptic plasticity in the dorsal ITC circuit was faithfully

induced by the cues associated with weak fear conditioning,

fear recall by cue exposure prior to recordings would affect the

subsequent induction of LTD. Indeed, LTD was occluded when

CS-induced recall was given to the fear-conditioned mice



A

C D

B Figure 6. Optogenetic Reversal of LTD

Leading to Heightened Expression of Fear

Memory

(A) Occlusion of LTD at the dorsal ITC by prior fear

recall. Acute brain slices were made 1 hr after the

cue-induced fear recall (102.37% ± 7.85%, N = 4,

n = 7, p > 0.1, Wilcoxon test). The application of

STDP protocol is denoted with a vertical black

arrow. Inserts: representative traces with color-

matched time points.

(B) Validation of reversal of DA-LTD by optogenetic

TBS-like stimulation. On the amygdala slices

prepared from the animals that received rAAV5-

CamKIIa-hChR2-eYFP, DA-LTD was induced

electrically and then examined with an application

of light illumination mimicking TBS. The opto-

genetic TBS (blue arrows) abrogated DA-LTD and

thereby restored strength of synaptic transmission

to the baseline levels (+10 min, 75.21% ± 9.69%,

p < 0.05; +40 min, 97.57% ± 17.06%; N = 4, n = 7,

p > 0.1; Wilcoxon test). Duration of DA treatment is

depicted with a green bar and the application of

STDP protocol is denoted with a vertical black

arrow. Inserts: representative traces with color-

matched time points.

(C) A schematic diagram for in vivo optogenetic

manipulation (top) and a timeline for behavioral

tests (bottom) are depicted. After recovery from the

implantation of optic fibers targeting right above

the dorsal ITC area, the animals underwent weak

fear conditioning, and then freezing levels to the same conditioned cue were measured before and after the optogenetic TBS.

(D) Optogenetic TBS onto the region centered on the dorsal ITC was sufficient to increase freezing levels in the animals that received rAAV5-CamKIIa-hChR2-

eYFP in the LA area (left: test I, 27.32% ± 7.87%; test II, 49.81% ± 12.64%, N = 5, *p < 0.05, Wilcoxon test), but not in control-virus-infused animals (right: test I,

29.52% ± 5.44%; test II, 28.70% ± 4.46%, N = 7, p > 0.1, Wilcoxon test).

Data are presented as mean ± SEM. See also Figure S6.
(Figure 6A). We surmised that fear expression could be altered if

LTD is reversed in the LA-dorsal ITC pathway. We sought to

optogenetically manipulate the LA-dorsal ITC pathway in order

to abrogate LTD that normally arose after weak fear conditioning.

In the amygdala slices from WT mice that received rAAV5-

CamKIIa-hChR2-eYFP in LA, DA-LTD was abrogated by

repeated light illumination mimicking theta burst stimulation

(TBS) (Figure 6B). It was shown that TBS induced N-methyl-D-

aspartic acid receptor (NMDAR)-dependent LTP in the LA-dorsal

ITC pathway (Huang et al., 2014). We explored how optical TBS

could affect DA-LTD and discovered that TBS-induced reversal

of LTD also depended on NMDAR activity using its antagonist,

2-amino-5-phosphonopentanoic acid (APV) (Figure S6A). With

optic fibers implanted at the top of the dorsal ITC, we applied

optogenetic TBS and detected increased activity of the dorsal

ITC neurons (Figures S6B–S6D). When the optogenetic TBS

was applied between fear recall tests (Figure 6C), rAAV5-

CamKIIa-hChR2-eYFP-infused mice displayed significant in-

creases in freezing levels to the conditioned cue in the second

recall test compared to those in the first test, whereas optoge-

netic TBS resulted in no behavioral changes in rAAV5-CamKIIa-

eYFP-infused mice (Figure 6D). Although our ex vivo recordings

did not allow us to precisely determine how much the given fear

recall could depress the strength of the dorsal ITC synapses,

LTD at the dorsal ITC would be a critical cellular substrate that

can limit learned fear.
Impaired LTD at the Dorsal ITC in a PTSD-like Animal
Model
Since both D4R blockade and reversal of LTD resulted in

increased levels of fear expression, LTD could be affected in

the dorsal ITC of PTSDmodels. While most of the animal models

for PTSD have been produced by exposure to a variety of

stresses (Pitman et al., 2012), PTSD models can also be pro-

duced by administration of glucocorticoids (Kaouane et al.,

2012). The PTSD-like impairment of fear memory could be repre-

sented with enhanced fear responses as well as incapability to

discriminate between threat- and safeness-predicting stimuli

(Kaouane et al., 2012). When we injected corticosterone

(CORT; 5 mg/kg), a predominant form of glucocorticoid, into

mice that underwent weak fear conditioning, PTSD-like impair-

ment in fear memory was obviously observed; 24 hr after weak

fear conditioning, the conditioned cue resulted in higher freezing

levels in CORT-injected mice than in vehicle-injected animals,

regardless of pairing the sub-threshold US with either the audi-

tory cue or context (Figure 7A). Importantly, the context also

increased freezing levels in CORT-injected mice although they

underwent only cue conditioning (Figure 7B). Subsequent to

verification of PTSD-like impairment of fear memory in CORT-in-

jected mice, we found that LTD could not be triggered in the

dorsal ITCofCORT-treatedmice, regardless of fear conditioning,

whereas LTD was readily induced in vehicle-treated mice (Fig-

ures 7C and S7A). Interestingly, a glucocorticoid receptor
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A

D E

B C Figure 7. Impaired LTD at the Dorsal ITC of

the Animal Exhibiting PTSD-like Behavior

(A) Cue-induced freezing wasmeasured in vehicle-

or CORT-injected mice that had undergone either

cue or context conditioning (cue conditioning:

vehicle, 33.55% ± 5.02%, N = 6; CORT, 74.19% ±

6.23%, N = 7, **p < 0.01; context conditioning:

vehicle, 26.25%±4.01%, N = 10; CORT, 47.49%±

5.36%, N = 10, *p < 0.05, Mann-Whitney U test).

(B) Context-induced freezing was measured in

vehicle- or CORT-injected mice that had under-

gone either cue or context conditioning (cue con-

ditioning: vehicle, 15.43% ± 4.74%, N = 6; CORT,

35.94% ± 3.19%, N = 8, *p < 0.05; context con-

ditioning: vehicle, 36.31% ± 7.41%, N = 10; CORT,

53.81% ± 7.84%, N = 10, p > 0.05, Mann-Whitney

U test).

(C) In CORT-injected animals, STDP stimulation

failed to induce LTD, but resulted in modest LTP

at the dorsal ITC, after weak fear conditioning

(vehicle, 73.46% ± 6.55%, N = 5, n = 4, p < 0.001;

CORT, 126.06% ± 10.91%, N = 6, n = 5, p < 0.05,

Wilcoxon test). Inserts: representative traces with

color-matched time points. The application of

STDP protocol is denoted with a vertical black

arrow.

(D) Cue-conditioned Dlx5/6-Cre (+) mice that had

received rAAV2-cKD-eYFP-shD4R bilaterally in

the regions centered around the dorsal ITC areas exhibited higher freezing levels when subjected to the context, compared with freezing behavior exhibited by

control Dlx5/6-Cre (�) mice (Dlx5/6-Cre (�), 14.92% ± 2.68%, N = 7; Dlx5/6-Cre (+), 25.17% ± 3.77%, N = 6, *p < 0.05, Mann-Whitney U test).

(E) Input-output curves of disynaptic IPSPs after the application of STDP protocol. Disynaptic IPSPs did not differ between CORT-injected and naive mice,

whereas they were significantly increased in the mice that had undergone only weak fear conditioning without CORT (naive, N = 8, n = 16; CORT + fear con-

ditioning, N = 7, n = 7; vehicle + fear conditioning, N = 7, n = 6, **p < 0.01, Kruskal-Wallis H test followed by Mann-Whitney U test).

Data are presented as mean ± SEM. See also Figure S7.
antagonist RU38486blockedbothDA-LTD innaivemice andLTD

in mice that underwent weak fear conditioning (Figures S7B and

S7C). These results prompted us to speculate that D4R elicits

downstream signaling pathway(s) of glucocorticoid receptors.

Consistent with functional overlapping of CORT- and D4R-trig-

gered signaling, irrelevant context led to increased freezing levels

in Dlx5/6-Cre (+) mice in which D4R was depleted in the dorsal

ITC, compared with those in Dlx5/6-Cre (�) mice (Figure 7D).

To obtain mechanistic insights into the LTD impairment, we con-

structed the input-output curvesof evokeddisynaptic IPSPs. The

disynaptic IPSPs in CORT-treated mice were not altered after

weak fear conditioning, whereas those in vehicle-treated mice

significantly increased (Figure 7E). Thus, the LTD deficit in

CORT-treatedmice appears to result from the impaired augmen-

tation of inhibitory inputs to the dorsal ITC neurons. Altogether,

these data suggest that abnormality in D4R-mediated signaling

and/or defective synaptic plasticity of the amygdala inhibitory cir-

cuit contribute(s) to PTSD-like memory impairment.

DISCUSSION

We here provide evidence that the amygdala inhibitory pathway

undergoes synaptic plasticity, which, in turn, modulates the

expressionof fearmemory. These resultsarebasedonamultidis-

ciplinary approach involving electrophysiological and behavioral

experiments using pharmacological, genetic, and optogenetic

manipulations. Althoughwe are confident that our electrophysio-
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logical analyses were specific for the LA-dorsal ITC synapses,

given the small size of the dorsal ITC, it is possible that our phar-

macological and optogenetic manipulations of D4Rmight not be

completely selective for the dorsal ITC neurons and thereby

wouldhaveaffectedneighboring regions.Nevertheless,our com-

bined electrophysiological and behavioral data support the idea

that the synaptic modulation in the amygdala inhibitory circuit

centered on the dorsal ITC is one of underlying mechanisms

that deter less-salient experience from entering long-term mem-

ory storage, and its deficit could potentially contribute to fear-

related psychiatric diseases such as PTSD.

DA-Dependent Synaptic Plasticity at the Dorsal ITC
upon Exposure to Less-Salient Experience
It has been long believed that less- or non-salient experience

cannot initiate the signaling cascade sufficiently to induce syn-

aptic plasticity in the relevant circuits of the amygdala (Rogerson

et al., 2014). Contrary to this notion, we found that LTD was

induced in the LA-dorsal ITC pathway by electrical or optoge-

netic STDP stimulation after weak fear conditioning that had nor-

mally caused negligible fear responses in the subsequent test

days. Importantly, LTD induced at excitatory synapses resulted

from augmented GABAergic inputs impinging onto the dorsal

ITC neurons. The physiological relevance of this synaptic plas-

ticity induced by specific behavioral manipulation and STDP

could be recapitulated by DA-LTD, considering that STDP was

causally modulated by the levels of DA (Figure S3F).



While DA is generally recognized for its importance in reward

learning, motivation, and attention (Schultz, 2002), DA also has

emerged as a neuromodulator for fear-related learning (Fadok

et al., 2009; Bromberg-Martin et al., 2010). For instance, stressful

events increase the activity of dopaminergic neurons leading to

enhanced release of DA, which in turn could mediate behavioral

adaptation to the outcome-predicting cues (Ventura et al., 2007).

It has been proposed that the saliency of aversive experience

would correlatively set DA concentrations (Wang and Tsien,

2011). If this were the case for fear memory, weak fear condition-

ing would increase the concentration of DA to an appropriate

level that would allow for the induction of LTD, whereas strong

fear conditioning would not. Thus, this heterosynaptic LTD could

be a cellular mechanism whereby less-salient experience is pre-

vented from being stored as long-term memory.

Although it remains unclearwhyLTDcould not be inducedafter

strong fear conditioning, the different binding affinities of each

subtype of DA receptorsmight account for this interesting obser-

vation. D4R has been known to have a higher binding affinity to

DA than D1R (Sunahara et al., 1991; Van Tol et al., 1991). Activa-

tion of D1R can result in reduction of inhibitory outputs from ITC

neurons (Marowsky et al., 2005). Accordingly, the amount of DA

released by weak fear conditioning could activate D4R only, but

strong fear conditioning would raise the DA level high enough

to activateD1Radditionally, leading to reversal of LTDbynormal-

izing GABA release. Indeed, we found that a D1/5R antagonist,

SCH-23390, rescued LTD after strong fear conditioning (Fig-

ure S4E). These data suggest that, at least in part, D1R activity

can abrogate LTD upon exposure to salient experience, although

we could not exclude possible involvement of other cellular

mechanisms such as differential expression level or trafficking

of each DA receptor in response to given experience. However,

because in vivo DA levels and individual DA receptors have not

been measured and carefully assessed, respectively, at the

amygdala or the dorsal ITC following specific fear conditioning,

these possibilities should be clarified with subsequent studies.

D4R-Mediated Regulation of Inhibitory Circuits of the
Amygdala
In contrast to the classical views for inhibitory roles of D2-like re-

ceptors (Missale et al., 1998; Neves et al., 2002), activation of D4R

enriched at presynaptic terminals causes, paradoxically, an in-

crease in GABA release. However, the DA-induced increase in

GABA release was also observed in the previous reports that

D2-like receptors affect excitability of cortical pyramidal neurons

through regulation of the local interneurons (TsengandO’Donnell,

2004, 2007; Zhong and Yan, 2014).We have extensively corrobo-

rated the presynaptic attributes of D4R for LTD with superresolu-

tion and electron microscopy as well as with paired-recordings

following selective blockade of G protein signaling. These data

clearly indicate that presynaptic D4R in the dorsal ITC neurons

plays a major role in controlling the expression of fear memory.

However, we also observed a significant amount of D4R present

in the postsynaptic sites of the dorsal ITC neurons and in the

neighboring amygdala regions such as the basal nucleus of the

amygdala and CeA. Although the physiological roles of D4R in

those areas remain unclear, it may well be involved in trafficking

of AMPARs (Yuen and Yan, 2009) or regulation of NMDARs (Mar-
tina and Bergeron, 2008). It is unlikely, however, that D4R partic-

ipates in the induction of DA-LTD that we have observed.

Although it was recently reported that sensory inputs to the

dorsal ITC undergo fear-learning-related changes in a presynap-

tic GABAB receptor-dependent manner (Asede et al., 2015), DA-

LTD in the LA-dorsal ITC pathway was not affected by the

blockade of GABAB receptors (Figure S4I), suggesting that

GABA can exert shunting effects on excitatory transmission

mainly via GABAA receptors (Nishiyama et al., 2010; Talathi

et al., 2010). Interestingly, in our study, thedorsal ITCneuronsdis-

played slightlymore hyperpolarized RMPs, compared to those of

the previous report (Marowsky et al., 2005), whichmight account

for the negligible levels of DA-triggered andK+-induced hyperpo-

larization, because RMPs that we have observed are close to the

K+ equilibrium potential (Geracitano et al., 2007). Nevertheless,

DA-LTD in the dorsal ITC is independent of alteration in intrinsic

membrane properties but relies on GABAA receptor activity.

Medially localized ITCs including the dorsal and ventral ITCs are

topographically polarized in a lateromedial direction and form an

inhibitory interface controlling the trafficking of synaptic signals

from the BLA to CeA (Royer et al., 1999; Palomares-Castillo

et al., 2012). Given the decreases in excitatory transmission and

concomitant increases in inhibitory transmission, our LTD data

suggest the existence of complex inhibitory-disinhibitory interac-

tions between dorsal ITC neurons. Moreover, mean firing rates

that remained unaltered by the application of weak fear condition-

ing (FigureS2) couldbeattributed tooccurrenceofheterogeneous

synaptic dynamics among the dorsal ITC neurons that have been

predicted to be critical for the computational role of the amygdala

in fear learning (Geracitano et al., 2007). Furthermore, the dorsal

ITC provides feed-forward inhibition to CeA, mainly to its lateral

sector, which in turn causes disinhibition of the medial sector of

the CeA (Royer et al., 1999; Pare and Duvarci, 2012; Duvarci and

Pare, 2014). Impairment or reversal of D4R-mediated LTD at the

dorsal ITCmight result in abnormal activation of themedial sector

of the CeA, which facilitates even less-salient information to elicit

fear-related behavior. D4R has previously been shown to modu-

late inhibitorycircuits andplaya role in learningand recall of salient

versus non-salient emotional information (Baimoukhametova

et al., 2004; Lauzon et al., 2009). Taken together, D4R-dependent

synaptic plasticity in the inhibitory circuit is one of critical regula-

tors for controlling the expression of fear memory, although

possible cellular heterogeneity and output preference of ITC neu-

rons also can participate in adjustment of individual pathways.

Relevance of LTD at the Dorsal ITC to PTSD
Although the cellular andmolecular mechanisms leading to PTSD

are just beginning to be explored, PTSD is thought to be due to

dysfunction in the suppression of fear to non-relevant cues or

extinction of learned fear (Layton and Krikorian, 2002; Myers and

Davis, 2007).Glucocorticoids releasedby the adrenal glands facil-

itate and enhance formation and maintenance of the stress-

related memory, which would contribute to occurrence and pro-

gression of PTSD (van Zuiden et al., 2012; Labonté et al., 2014).

Indeed, the animals that received CORT displayed PTSD-like

memory impairment as previously demonstrated (Kaouane et al.,

2012). The lack of LTD at the dorsal ITC of CORT-injected mice

supports the idea that synaptic plasticity in the dorsal ITC circuit
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servesadiscriminative role that suppresses theexpressionof irrel-

evantly excessive and overgeneralized fear response to cues that

remind less-salient experience. Given that CORT both increased

the excitability of principal neurons and reduced the GABAA re-

ceptor-mediated IPSPs in the amygdala (Duvarci and Paré,

2007), CORT treatmentmight result in a decrease inGABA release

from the dorsal ITC neurons as well, which affects LTD in their

downstream ITC neurons. This leads us to suggest that maladap-

tation of GABAergic signaling and the resultant LTD impairment at

the dorsal ITC would contribute, at least in part, to endopheno-

types of PTSD such as heightened fear responses.

EXPERIMENTAL PROCEDURES

See Supplemental Experimental Procedures for full experimental procedures.

Subjects and Surgery

Male 8- to 10-week-oldmicewere used. All procedures for animal experiments

were approved by the ethical review committee of POSTECHand performed in

accordance with the relevant guidelines. For AAV infection, viral solution was

infused into each hemisphere in coordinates targeting the LA, mPFC, or dorsal

ITC. For drug infusion, cannulae were implanted bilaterally, targeting the dorsal

ITC. Optic fiber was implanted to target above the dorsal ITC areas for in vivo

optogenetic manipulation.

Behavioral Tests

For fear conditioning, mice were conditioned with auditory tones that co-termi-

nated with electric foot shocks. The pairs of stimuli were presented with pseudo-

random inter-trial intervals. Recall of learned fearmemorywas tested by exposure

to theCSfor2min.FreezingbehaviorwasmeasuredduringthepresentationofCS.

Viral Vectors

rAAV5-CamKIIa-hChR2-eYFP and rAAV5-CamKIIa-eYFP were obtained from

Vector Core of University of North Carolina and used for optogenetic manipu-

lation. For conditional knockdown experiments, rAAV2 was designed and pro-

duced as previously described (Hommel et al., 2003).

Electrophysiology

Acute coronal slices were prepared from 8-week-old male mice. Using whole-

cell recording, STDP was induced by applying 80 pairs of presynaptic stimula-

tions and postsynaptic action potentials (Shin et al., 2006). In vivo spontaneous

firings from thedorsal ITCneuronsweremonitoredusing tungstenwiresafter the

dorsal ITC neurons were identified as previously described (Amir et al., 2011).

Statistics

Statistical tests, statistical significance, and the numbers animals used (N)

and/or experiments performed (n) are specified in the figure legends. All re-

ported values are mean ± SEM, and the statistical significance is indicated

with ‘‘n.s.’’ (non-significant) or asterisks.
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Development of a novel viral vector that allows for simultaneous Cre-mediated knock-

down and fluorescence labeling 

A number of genetic methods including Cre-loxP system have been developed and used to 

accomplish the cell-type specific expression of given genes, which have tremendously 

facilitated investigation of functional roles of those genes at the cellular and organism levels 

(Le Pichon and Chesler, 2014; Ting and Feng, 2014). Although application of Cre-loxP has 

been heavily used to overexpress genes, it has been much less frequently exploited to achieve 

the cell-type specific gene silencing (Kasim et al., 2004; Tiscornia et al., 2004; Zhou et al., 

2007). The cell-type specific knock-down of given genes could be made using pSico vectors 

carrying the U6 promoter, CMV-eGFP reporter/stop cassette, and a pair of TATAlox to express 

small hairpin RNA (shRNA) selective to the target gene (Ventura et al., 2004; Lee et al., 2010; 

Woo et al., 2012). Cre-mediated recombination of pSico vectors could be represented by 

removal of CMV-eGFP reporter/stop cassette and the consequential disappearance of the 

fluorescence signal (Ventura et al., 2004). As a result, pSico vectors do not permit ones to 

discriminate between non-infected and infected cells where Cre-mediated recombination 

occurred. 

 Because of the small size of the dorsal ITC of the amygdala, a genetic method that 

couples Cre-dependent recombination with Cre-specific expression of reporter protein would 

be ideal for the identification of the transduced dorsal ITC neurons containing shRNA that can 

deplete a specific gene. Although the DIO (double floxed inverse open reading frame) construct 

has been useful for Cre-dependent expression of given genes in a specific type of cells (Atasoy 

et al., 2008; Sohal et al., 2009), DIO in itself was not ideal for Cre-inducible knock-down 

because of the palindromic structure of shRNA. By modifying pAAV-EF1a-DIO-eYFP (Sohal 

et al., 2009), we have developed a viral vector with which transduced cells enabled to express 

a fluorescence reporter upon the Cre-mediated recombination that results in depletion of a 

specific gene product. To generate EF1α-DIO-TATAlox-eYFP-U6-shRNA (shRNA-mediated 

conditional knock-down with eYFP expression, cKD-eYFP-shRNA), loxP sequence was 

converted to TATAlox, which contained inverted TATAbox, and the U6 promoter was inserted 

to the 3’ end of eYFP (Figure 5C). We also introduced restriction enzyme sites HpaI and EcoRI, 

for shRNA insertion to allow for the optimal 25 base pairs between TATAbox and a 



transcription start site (Ventura et al., 2004). Indeed, this construct enabled shRNA to deplete 

a specific gene in Cre-expressing cells and simultaneously eYFP to be expressed upon Cre-

mediated recombination. Therefore, this novel conditional knock-down system would allow us 

to distinguish the infected neurons from non-infected neurons by expression of eYFP. 

 To verify the efficacy of Cre-mediated recombination, we first applied rAAV2-EF1α-

DIO-TATAlox-eYFP-U6-shD4R containing shRNA for D4R (cKD-eYFP-shD4R) to the mixed 

culture of normal and Cre-expressing HEK-293 cells. Immunostaining results revealed that 

eYFP was selectively expressed in Cre-positive cells, but not in Cre-negative cells (Figure S5C), 

which substantiated the Cre-dependent expression of eYFP. Moreover, we first expressed D4R 

in either Cre (+) or Cre (-) HEK-293 cells by transfecting pCMV-D4R-turboGFP and then 

tested whether shD4R could knock down D4R. We found that D4R expression was not affected 

by cKD-eYFP-shD4R virus in Cre (-) cells, but D4R expression was significantly reduced in 

Cre (+) cells when infected with virus encoding eYFP and shD4R (Figure S5D). However, the 

expression of eYFP appeared to be indifferent to expression of D4R or shD4R since eYFP 

levels did not differ between rAAV2-cKD-eYFP-shD4R- and control rAAV2-cKD-eYFP-

infected Cre (+) cells (Figure S5D). Finally, we validated in vivo efficacy of cKD-eYFP-shD4R 

for both Cre-mediated expression of eYFP and D4R depletion. Immunohistochemistry analysis 

revealed that D4R was depleted selectively in eYFP-expressing dorsal ITC neurons of Dlx5/6-

Cre (+) mice, but not in neurons of Dlx5/6-Cre (-) mice (Figure S5I), with least infection to the 

other nuclei of the amygdala (Figures S5G-S5I). Using this viral vector, we were able to address 

the physiological and behavioral consequence of manipulating D4R protein levels mainly in 

the dorsal ITC neurons without affecting the other types of neurons or neurons outside the 

dorsal ITC areas (Figures 5D and 7E). Therefore, cKD-eYFP-shRNA could be a valuable 

resource that allows for labeling the virally-infected neurons without immunostaining, 

applicable to a number of cell biological and physiological investigations besides this study. 
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Figure S1, related to Figure 1. 

(A) Summary of STDP experiments in the dorsal ITC neurons during LA stimulation. STDP 

was induced by pairing of presynaptic stimulation (80 EPSPs) with postsynaptic action 

potentials when either the EPSP preceded the action potential in a postsynaptic neuron (positive 

time intervals) or the action potential preceded the EPSP (negative time intervals). STDP was 

tested with or without picrotoxin (100 M) in the bath solution. The number of cells is indicated 

for each time interval. At +4 ms and +6 ms, significant changes in EPSPs were observed (**p 

< 0.01, Mann-Whitney U test). 

(B) Freezing responses to the conditioned cue was measured in the ensuing days after the mice 

were subjected to individual conditioning protocols using either sub-threshold (0.4 mA, N = 6) 

or supra-threshold US (0.8 mA, N = 7, **p < 0.01 for all time points, Kruskal-Wallis H test 

followed by Mann-Whitney U test relative to weak fear conditioning group). As controls, 

freezing responses to the auditory tone were also measured from mice that underwent unpaired 

conditioning (0.8 mA, N = 7, *p < 0.05 for 24 hours, p > 0.05 for 48 and 72 hours, Kruskal-

Wallis H test followed by Mann-Whitney U test relative to weak fear conditioning group) or 

that had experienced CS alone (N = 5, *p < 0.05 for all, Kruskal-Wallis H test followed by 

Mann-Whitney U test relative to weak fear conditioning group). 

(C) Representative fluorescence images of coronal sections of a mouse, containing LA infected 

with rAAV5-CamKII-hChR2-eYFP. Distances from the bregma (mm) are specified on each 

image. External and intermediate capsules are delineated with white dotted lines. Highly-

magnified Z-stacks of the boxed areas indicate that ChR2-eYFP was expressed in somas and 

neurites of LA neurons (bottom). Scale bars = 500 m (top) and 50 m (bottom). 

(D) Representative fluorescence images of coronal sections of two other mice that were 

infected with rAAV5-CamKII-hChR2-eYFP. ChR2-eYFP was mainly expressed in the LA 

area, but minimally in the basal amygdala (BA). External and intermediate capsules are 

delineated with white dotted lines. Scale bars = 500 m. 

(E) Coronal sections containing brain regions upstream of LA display negligible fluorescence 

after infusion of rAAV5-CamKII-hChR2-eYFP into LA, arguing against the possibility of 

retrograde infection. Medial geniculate nucleus (MGN) and primary auditory cortex (Au) are 



outlined with white dotted lines. Scale bars = 200 m. 

(F) Monosynaptic nature of optically-elicited EPSPs (N = 2, n = 3) was verified by sequential 

application of TTX (a black bar, 1 M) and 4-AP (a gray bar, 400 M). Representative traces 

are delineated with color-matched time points (right). 

(G) EPSPs were elicited in the IL-dorsal ITC pathway with light pulses and then STDP was 

assessed with repeated light stimulation (a vertical blue arrow) that mimicked presynaptic 

stimulation of the STDP protocol, 24 hours after weak fear conditioning (96.37  15.18%, N = 

6, n = 7, p > 0.1, Wilcoxon test). Inserts: A schematic illustration showing rAAV5-CamKII-

hChR2-eYFP infusion into IL (left, adapted from Franklin and Paxinos, 1997). The expression 

of ChR2 was confirmed with eYFP signal (middle). Representative traces with color-matched 

time points are depicted (right). IL, PL, caudate putamen (CPu), dorsal peduncular cortex (DP), 

and forceps minor of the corpus callosum (fmi) are delineated with white dotted lines. Scale 

bar = 200 m. 

(H) EPSPs were elicited in the PL-dorsal ITC pathway with light pulses and then STDP was 

assessed with repeated light stimulation (a vertical blue arrow) that mimicked presynaptic 

stimulation of the STDP protocol, 24 hours after weak fear conditioning (106.59  17.03 %, N 

= 6, n = 6, p > 0.1, Wilcoxon test). Inserts: A schematic illustration showing rAAV5-CamKII-

hChR2-eYFP infusion into PL (left, adapted from Franklin and Paxinos, 1997). The expression 

of ChR2 was confirmed with eYFP signal (middle). Representative traces with color-matched 

time points are depicted (right). IL, PL, and fmi are delineated with white dotted lines. Scale 

bar = 200 m. 

Data are represented as mean ± SEM. 
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Figure S2, related to Figure 2. 

(A) A cumulative probability plot of mIPSCs from naïve (black) and weak fear conditioning 

(red) groups (inter-event interval, p < 0.001; amplitude, p < 0.001, Kolmogorov-Smirnov test). 

Errors are indicated by shaded bars. 

(B) A cumulative probability plot of mEPSCs from naïve (black) and weak fear conditioning 

(red) groups (inter-event interval, p > 0.1; amplitude, p > 0.1, Kolmogorov-Smirnov test). 

Errors are indicated by shaded bars. 

(C) Electrical stimulation of IL triggered burst-like responses in the dorsal ITC neurons. 

Asterisks (*) indicate spikes after stimulus which is denoted by a black arrow. The high-

frequency burst could be elicited by IL stimulation only when recording electrodes were placed 

within the dorsal ITC areas as shown in (D) and (E). Note that the latency and number of 

evoked spikes are comparable to those previously obtained from the dorsal ITC (Amir et al., 

2011). 

(D) Histological reconstruction of electrode placements. Schematic illustrations of IL (left) and 

the dorsal ITC (right) showing the electrode sites (red circles). Distances from the bregma (mm) 

are indicated. Images are adapted from Franklin and Paxinos, 1997. 

(E) Representative DIC images of coronal brain slices for verification of electrode placement. 

Electrode tips in IL and the dorsal ITC (ITCd) were confirmed during the post-mortem 

examination. For stimulation sites, IL, PL, the dorsal anterior cingulate cortex (dACC), forceps 

minor of the corpus callosum (fmi) are delineated with white dotted lines (left). For recording 

sites, LA, CeA, ITCd, and the basal amygdala (BA) are delineated with white dotted lines 

(right). The electrode tips are marked with white arrows. Scale bars = 500 m. 

(F) Representative traces of spike waveforms recorded from four isolated units are shown 

before and after weak fear conditioning. 

(G) A summary histogram showing that spontaneous firing rates of the isolated units were not 

altered by weak fear conditioning (N = 5, n = 13 units, p > 0.1, Wilcoxon test). 

Data are represented as mean ± SEM. 
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Figure S3, related to Figure 3. 

(A) Immunostaining for tyrosine hydroxylase in the amygdala nuclei, LA, the dorsal ITC 

(ITCd), CeA and the basal amygdala (BA), which are outlined with white dotted lines (left). A 

magnified view of the ITCd area within a solid red box clearly shows tyrosine hydroxylase-

positive processes (right). Scale bars = 20 m. 

(B) Resting membrane potentials (RMPs) of the dorsal ITC neurons. DA was perfused during 

-5 - +5 min from application of STDP protocol for the induction of DA-LTD whereas PD-

168077 was used for D4R-LTD. DA only group received no STDP protocol. RMPs were not 

significantly different between before and after any treatment (before DA-LTD, -85.48  0.96 

mV vs. after DA-LTD, -86.03  0.66 mV; before D4R-LTD, -84.80  0.72 mV vs. after D4R-

LTD, -86.38  0.65 mV; before DA, -84.97  0.84 mV vs. after DA, -86.80  0.81 mV; p > 0.1 

for all, Wilcoxon test). 

(C) Intrinsic membrane excitability that was measured by the number of action potentials (AP) 

elicited by current injection (left, 10-pA increment, 800 ms), was not different between before 

and after bath application of DA (N = 3, n = 7, p > 0.05 for all, Mann-Whitney U test for each 

injection current). Representative responses to a single injected current (60 pA) are shown 

before (right top) and after DA perfusion (right bottom). 

(D) Perfusion of DA (30 µM, a green bar) did not affect synaptic transmission by itself (101.24 

 8.54%, N = 5, n = 6, p > 0.1, Wilcoxon test). Insert: representative traces with color-matched 

time points. 

(E) A representative time course of EPSPs upon DA-LTD induction. Duration of DA treatment 

is depicted with a green bar and the application of STDP protocol is denoted with a vertical 

black arrow. 

(F) A summary histogram of STDP magnitude when various concentrations of DA were applied 

between -5 and +5 min from the application of STDP protocol (0 M, 102.58  9.75%, n = 4; 

1 M, 120.86  5.83%, n = 5; 5 M, 112.34  5.63%, n = 4; 10 M , 76.87  3.09%, n = 5, 

***p < 0.001; 30 M, 68.56  8.48%, n = 5, ***p < 0.001; 50 M, 85.83  5.98%, n = 6, **p 

< 0.01; 100 M, 87.36  11.03%, n = 4; 150 M, 98.60  6.16%, n = 5, Wilcoxon test relative 



to the corresponding baselines). 

(G) Representative images showing distribution of D4R in various nuclei of the amygdala. LA, 

ITCd, CeA and BA are delineated with white dotted lines. Those areas within white solid boxes 

in a low-magnification DAPI image (blue) were magnified for D4R immunostaining (red) with 

the merged DAPI staining for each area (right). Scale bars = 200 m (left) and 10 m (right). 

(H) Number of D4R-immunoreactive puncta observed in the amygdala nuclei (LA, 7359.08  

587.07; BA, 13427.00  1115.93; CeA, 14299.63  1259.45; ITCd, 14648.40  756.44, N = 3, 

n = 5-8). 

(I) Representative images exhibiting partial co-localization of D4R and gephyrin. LA, ITCd 

and BA are delineated with white dotted lines (first from the left). Sequentially-magnified 

DAPI images (blue, first and second panels from the left) within white solid boxes were further 

analyzed with structured illumination microscope (SIM). SIM results revealed partial co-

localization of D4R (green) and gephyrin (red). A merged image of D4R and gephyrin is 

represented with nuclei labelled with DAPI (far right). Scale bars = 500 m (first from the left), 

50 m (second from the left) and 5 m (right). 

(J) Representative images exhibiting co-localization of D4R and synaptophysin. LA, ITCd and 

BA are delineated with white dotted lines (first from the left). Sequentially-magnified DAPI 

images (blue, first and second panels from the left) within white solid boxes were further 

analyzed with structured illumination microscope (SIM). SIM results revealed co-localization 

of D4R (green) and synaptophysin (red). A merged image of D4R and synaptophysin is 

represented with nuclei labelled with DAPI (far right). Scale bars = 500 m (first from the left), 

50 m (second from the left) and 5 m (right). 

(K) Quantitative analysis for D4R co-localization with synaptic markers. 68.76  3.24% of 

D4R-immunoreactive area was also positive for synaptophysin (N = 3, n = 12) while 45.07  

2.03% of D4R-immunoreactive area was also positive for gephyrin (N = 5, n = 11) (***p < 

0.001, Mann-Whitney U test). 

Data are represented as mean ± SEM. 
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Figure S4, related to Figure 4. 

(A) A cumulative probability plot of mIPSCs before (black) and after (red) DA-LTD induction 

(inter-event interval, p < 0.001; amplitude, p < 0.01; Kolmogorov-Smirnov test). Errors are 

indicated by shaded bars.  

(B) A cumulative probability plot of mEPSCs before (black) and after (red) DA-LTD induction 

(inter-event interval, p > 0.1; amplitude, p > 0.1; Kolmogorov-Smirnov test). Errors are 

indicated by shaded bars. 

(C) Quantal contents were estimated as 1/CV2 from either monosynaptic IPSCs or EPSCs 

elicited by minimal stimulation of the dorsal ITC or LA, respectively without or 10 min after 

the induction of DA-LTD (1/CV2 for IPSCs: without STDP, 4.94  1.12, N = 5, n = 13, after 

STDP, 10.87  3.43, N = 4, n = 14, **p < 0.01, Mann-Whitney U test vs. 1/CV2 for EPSCs: 

without STDP, 9.25  2.36, N = 6, n = 15; after STDP, 11.96  2.42, N = 8, n = 19, p > 0.1, 

Mann-Whitney U test). 

(D) CGP-46381 (10 M, a gray bar), a GABAB receptor antagonist, was applied to examine a 

potential requirement of GABAB receptor activity for the induction of DA-LTD (73.16  8.46%, 

N = 4, n = 5, p < 0.05, Wilcoxon test). Duration of DA treatment is depicted with a green bar 

and the application of STDP protocol is denoted with a vertical black arrow. Insert: 

representative traces are delineated with color-matched time points. 

(E) Bath application of a D1R-antagonist, SCH-23390 (10 M, a purple bar) rescued LTD after 

strong fear conditioning (-85.3  10.9%, N = 3, n = 6, p < 0.05, Wilcoxon test). The application 

of STDP protocol is denoted with a vertical black arrow. Insert: representative traces with 

color-matched time points. 

Data are represented as mean ± SEM. 
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Figure S5, related to Figure 5. 

(A) Histological reconstruction of drug infusion sites. Filled red circles indicate the locations 

of cannula tips in the images adapted from Franklin and Paxinos, 1997. Distances from the 

bregma (mm) are specified on the left sides. 

(B) Merged fluorescence images of coronal sections obtained from two L-745870-injected 

mice. A mixture of L-745870 (500 nM) and FITC (green, 500 nM) was injected to the dorsal 

ITC areas. The diffusion range of L-745870 across the amygdala areas were estimated by that 

of FITC. Slices were counterstained with DAPI (blue) to delineate the amygdala nuclei, LA, 

the dorsal ITC (ITCd), CeA and the basal amygdala (BA) outlined with white dotted lines. 

Distances from the bregma (mm) are specified above images. Scale bars = 500 m. 

(C) Cre-mediated recombination of cKD-eYFP-shD4R leading to eYFP expression. The mixed 

culture of Cre (+) and Cre (-) HEK-293 cells was infected with rAAV2-cKD-eYFP-shD4R. 

After incubation, HEK-293 cells were immunostained for Cre (red, top left) and eYFP (green, 

top right). Fluorescence (top) and merged images (bottom right) along with the DIC image 

(bottom left) exhibit the selective expression of eYFP only in Cre (+) cells, but not in Cre (-) 

cells. Scale bar = 50 m. 

(D) Cre-mediated depletion of D4R. Either rAAV2-cKD-eYFP-shD4R or control rAAV2-cKD-

eYFP was applied onto Cre (-) or Cre (+) HEK-293 cells which had been transfected with 

pCMV-D4R-turboGFP and then protein levels were analyzed from the cell lysates (left). D4R 

levels were markedly reduced by rAAV2-cKD-eYFP-shD4R only in Cre (+) HEK-293 cells, 

compared with those of control AAV without shD4R sequence or Cre (-) cells (middle, Cre (-): 

control, 100  7.26%; shD4R, 112.5  7.12%; p > 0.1, Mann-Whitney U test; right, Cre (+): 

control, 100  8.20%; shD4R, 37.25  4.09%; n = 5 for each group, **p < 0.01, Mann-Whitney 

U test). 

(E) A coronal section of the amygdala from Ai14 reporter mice mated with Dlx5/6-Cre (+) 

mice. tdTomato-positive neurons were observed mainly in striatum, CeA and ITCs including 

the dorsal, the ventral (ITCv) and the lateral ITC (lITC), but only scarcely in LA and BA (left). 

Individual nuclei of the amygdala are outlined with the anatomical features elucidated in the 

DIC image (middle). The merged image is also shown (right). The magnified views of the area 

within solid yellow boxes exhibit tdTomato expression in ITCd region (bottom). Scale bars = 



100 m (top) and 20 m (bottom). 

(F) In vivo validation of rAAV2-cKD-eYFP-shD4R. rAAV2-cKD-eYFP-shD4R was infused 

into ITCd areas of either Dlx5/6-Cre (+) (left) or Dlx5/6-Cre (-) mice (right). ITCd, external 

and intermediate capsules are delineated with white dotted lines in merged images of DAPI 

(blue) and eYFP (green)(top). Sequentially-magnified images exhibit the representative areas 

(top, white solid boxes), which were further magnified (bottom). The fluorescence and merged 

images show the distribution of D4R (red) around cell somas labelled with DAPI. Scale bars = 

500 m (top left), 50 m (top right) and 10 m (bottom). 

(G) Representative fluorescence images of neighboring amygdala nuclei of a rAAV2-cKD-

eYFP-shD4R-infused Dlx5/6-Cre (+) mouse. LA, CeA and BA are delineated with white dotted 

lines outlining external and intermediate capsules. Those amygdala areas within white solid 

boxes were magnified in the merged images of DAPI (blue) and eYFP (green) (bottom). No 

considerable expression of eYFP was observed in those areas (bottoms). Scale bars = 200 m 

(top) and 10 m (bottoms). 

(H) Proportions of eYFP-positive cells in each amygdala nucleus normalized to the number of 

cells labelled by DAPI (LA, 3.98  1.76%; BA, 1.19  1.19%; CeA, 8.37  2.54%; ITCd, 70.58 

 6.05%; N = 5, ***p < 0.001, Kruskal–Wallis H test followed by Mann-Whitney U test). 

(I) The number of pixels positive for D4R markedly decreased in ITCd of Dlx5/6-Cre (+) mice 

that received rAAV2-cKD-eYFP-shD4R compared with that of Dlx5/6-Cre (-) mice (Dlx5/6-

Cre (+), 397.33  94.51; Dlx5/6-Cre (-), 1621.00  84.22; N = 5 for both groups, **p < 0.01, 

Mann-Whitney U test). 

Data are represented as mean ± SEM. 
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Figure S6, related to Figure 6.  

(A) Reversal of DA-LTD dependent upon NMDAR activity. TBS-like optic stimulation 

(vertical blue arrows) in the presence of APV (50 M, a black bar) failed to restore EPSPs 

(65.76  8.93%, N = 2, n = 5, p < 0.05, Wilcoxon test). Duration of DA treatment is depicted 

with a green bar and the application of STDP protocol is denoted with a vertical black arrow. 

Inserts: representative traces are delineated with color-matched time points. 

(B) A single hemisphere from a mouse that had received rAAV5-CamKIIα-hChR2-eYFP (top 

left) is shown in the merged image of DAPI (blue) and eYFP (green). External/intermediate 

capsules and borderline of the brain slice are marked with white dotted lines and solid line, 

respectively. Areas containing the dorsal ITC (ITCd), LA, CeA or the basal amygdala (BA), 

are outlined with solid red boxes (top right) and further magnified (bottom). Magnified 

fluorescence and merged images indicate that c-Fos-positive cells (red) were readily observed 

in ITCd after in vivo optogenetic stimulation to the region centered around ITCd whereas ChR2 

expression was most frequently observed in LA (bottom). However, c-Fos-positive cells were 

rarely detected in CeA and BA. Scale bars = 1 mm (top left), 200 m (top right) and 20 m 

(bottom). 

(C) Another mouse that had received rAAV5-CamKIIα-hChR2-eYFP (top left) is shown in the 

merged image of DAPI (blue) and eYFP (green). Areas containing ITCd, LA, CeA or BA, are 

outlined with solid red boxes (top right) and further magnified (bottom). Magnified 

fluorescence and merged images indicate that c-Fos-positive cells (red) were readily observed 

in ITCd and LA presumably due to back-propagation of activity after in vivo optogenetic 

stimulation to the region centered around ITCd whereas ChR2 expression was mainly observed 

in LA (bottom). However, c-Fos-positive cells were rarely detected in CeA and BA. Scale bars 

= 1 mm (top left), 200 m (top right) and 20 m (bottom). Scale bars = 200 m (top) and 20 

m (bottom). 

(D) In vivo optical stimulation significantly increased proportions of c-Fos-positive cells 

normalized to the number of cells labelled by DAPI when rAAV5-CamKIIα-hChR2-eYFP was 

infused into LA (LA: control, 4.33  1.08% vs. ChR2, 7.46  1.52%; CeA: control, 0.00  0.00 

vs. ChR2, 0.98  0.53%; BA: control, 2.46  0.83% vs. ChR2, 4.35  1.15%; ITCd: control, 

2.58  0.75% vs. ChR2, 5.91  0.86%; N = 6, *p < 0.05, Mann-Whitney U test). 



Data are represented as mean ± SEM. 
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Figure S7, related to Figure 7.  

(A) STDP was assessed 24 hours after CORT injection (5 mg/kg, i.p.) without weak fear 

conditioning. No synaptic plasticity arose in the LA-dorsal ITC pathway (101.68  17.08%, N 

= 4, n = 5, p > 0.1, Wilcoxon test). Insert: representative traces with color-matched time points. 

The application of STDP protocol is denoted with a vertical black arrow. 

(B) DA-LTD was abolished by perfusion of a CORT antagonist, RU38486 (1 M, a blue bar) 

(105.81  20.95%, N = 3, n = 5, p > 0.1, Wilcoxon test). Insert: representative traces with color-

matched time points. Duration of DA treatment is depicted with a green bar and the application 

of STDP protocol is denoted with a vertical black arrow. 

(C) Perfusion of RU38486 (1 M, a blue bar) prevented LTD from being induced after weak 

fear conditioning (101.46  10.59%, N = 3, n = 5, p > 0.1, Wilcoxon test). Insert: representative 

traces with color-matched time points. The application of STDP protocol is denoted with a 

vertical black arrow. 

Data are represented as mean ± SEM. 



Table S1.

Parameter Average SEM n (N)

RMP (mV) -85.3 2.5 15 (5)

Rin (MΩ) 650 65.4 12 (7)

Cm (pF) 61 4.2 14 (6)

AHP (mV) -9 0.51 9 (5)

Amplitude of AP 
(mV)

69 3.5 10 (10)

Half-width of AP 
(ms)

0.76 0.04 9 (8)



Table S1, related to Figure 1. Electrophysiological properties of the dorsal ITC neurons. 

RMP, resting membrane potential; Rin, input resistance; Cm, membrane capacitance; AHP, 

afterhyperpolarization; AP, action potential. 



Supplemental Experimental Procedures 

Animals 

Male C57BL/6J, D4R-KO, and Dlx5/6-Cre and Ai14 reporter mice from Jackson Laboratory 

(Bar Harbor, ME) were housed under a 12-hour light/dark cycle and given ad libitum access to 

food and water. All procedures for animal experiments were approved by the ethical review 

committee of POSTECH (Pohang University of Science & Technology), Korea and performed 

in accordance with the relevant guidelines. 

Plasmid and viral vectors 

pCMV6-AC-D4R-turboGFP was purchased from OriGene Technologies (Rockville, MD). 

shRNA sequences targeting D4R (gctgctcatcggcttggtgtt) were also obtained from OriGene 

Technologies and cloned into pLL3.7 construct (Rubinson et al., 2003). Then, the effectiveness 

of shD4R sequence was verified with quantitative RT-PCR using HEK-293 cells (GenTarget, 

San Diego, CA) co-transfected with pCMV6-AC-D4R-turboGFP and pLL3.7-shD4R. To 

achieve simultaneous Cre-dependent knock-down and eYFP expression in the same cells, 

pAAV-EF1a-DIO-eYFP obtained from K. Deisseroth, was modified by inserting U6 promoter 

and TATAlox and adding new sequences (Supplemental Text). The resultant plasmids, cKD-

eYFP-shD4R (pAAV-EF1-DIO-TATAlox-eYFP-U6-shD4R) and control cKD-eYFP 

(pAAV-EF1-DIO-TATAlox-eYFP-U6) vectors were used for production of the 

corresponding viruses. 

 Virus production was conducted in accordance to established protocols (Hommel et al., 

2003). Briefly, HEK-293 cells were co-transfected with helper plasmids and either cKD-eYFP-

shD4R or cKD-eYFP at an equal molar ratio using Lipofector-Q transfection reagents (AptaBio, 

Korea). 72 hours after co-transfection, the cells were lysed through freeze-thaw steps and 

resultant AAV particles were purified by iodixanol-gradient ultracentrifugation at 340,000 g 

for 2 hours. AAV particles were concentrated with Amicon Filter (100K, Millipore, Bedford, 

MA) to achieve at least 5.0 × 1012 gc/ml. 

Western blot 

Normal HEK-293 and Cre-expressing HEK-293 were cultured in Dulbecco's modified Eagle's 



medium (DMEM) supplemented with 10% fetal bovine serum (Hyclone, South Logan, UT) 

and 100 U/ml penicillin and 100 g/ml streptomycin. They were incubated at 37°C/5% CO2. For 

heterologous expression of D4R, we transfected HEK-293 cells with pCMV-D4R-turboGFP 

using Lipofector-Q. D4R-transfected cells were further treated with either rAAV2-cKD-eYFP 

or rAAV2-cKD-eYFP-shD4R. 2 days after viral infection, total proteins were extracted using 

HEPES lysis buffer (40 µM HEPES, 120 mM NaCl, 1 mM EDTA, 1% Triton X-100) 

containing protease inhibitor cocktail (Roche, Indianapolis, IN), separated on 10% SDS PAGE 

gel and then transferred onto PVDF membrane (0.45 µm pore, Millipore). The membranes 

were blocked for 1 hour in TBST (Tris-buffered-saline and Tween 20) containing 5% skim 

milk and then individually incubated overnight at 4°C with anti-D4R (sc-31481, 1:1000, Santa 

Cruz, Paso Robles, CA), anti-GFP (LF-PA0043, 1:1000, AbFrontier, Korea) or anti-GAPDH 

(sc-25778, 1:1000, Santa Cruz) antibodies. HRP-conjugated anti-goat (sc-2020, 1:5000, Santa 

Cruz) or anti-rabbit (A120-201P, 1:5000, Bethyl Laboratories, Montagomery, TX) antibodies 

were applied as secondary antibodies and treated at room temperature (RT) for 1 hour. Western 

blots were visualized with ECL reagent (WBKLS0100, Millipore) and scanned with LAS-4000 

(GE Heath Care, Piscataway, NJ). Quantitative analysis was performed with ImageJ (NIH, 

Bethesda, MD). 

Immunocytochemistry 

HEK-293 cells were plated onto 12-mm glass coverslips coated with 0.1 mg/ml poly-L-lysine 

and then treated with either rAAV2-cKD-eYFP-shD4R or rAAV2-cKD-eYFP. Following 3 

days-incubation, the coverslips were fixed with a fixative solution containing 4% 

paraformaldehyde in phosphate buffered saline (PBS) at 4°C for 24 hours and permeabilized 

with 0.25% Triton X-100 in PBS at 25°C for 10 minutes. Then the samples were blocked with 

1% BSA, 5% normal goat serum and 0.25% Triton X-100 in PBS. For Cre staining, anti-Cre 

(MAB3120, 1:500, Millipore) antibody was applied at 4°C for 12 hours and then goat anti-

mouse Alexa Fluor 568 conjugated IgG (A11004, 1:500, Invitrogen, Carlsbad, CA) antibody 

at RT for 1 hour. The samples were mounted on glass slides with mounting medium (Santa 

Cruz) containing DAPI. 

Immunohistochemistry 



Mice were deeply anesthetized with tribromoethanol (250 mg/kg) and transcardially perfused 

with PBS and then a fixative solution (4% paraformaldehyde in PBS). The isolated brains were 

kept in the fixative solution for overnight at 4°C. The brains were embedded in 5% agarose and 

sliced into 50-µm thick coronal sections with a vibratome (VT1000S, Leica, Germany). Sliced 

sections were blocked with 4% normal donkey serum and 0.4% Triton X-100 in PBS at 4°C 

for 1 hour and then were incubated with goat anti-D4R (sc-31481; 1:500, Santa Cruz), rabbit 

anti-synaptophysin (04-1019; 1:1000, Millipore) or mouse anti-gephyrin (sc-25311, 1:300, 

Santa Cruz) antibodies at 4°C overnight. Donkey anti-goat DyLight 488 conjugated IgG (1:300, 

Bethyl Laboratories) or donkey anti-goat Alexa Fluor 594 conjugated IgG (1:300, Invitrogen), 

donkey anti-rabbit Alexa Fluor 568 conjugated IgG (1:300, Invitrogen) or DyLight 550 

conjugated donkey anti-mouse IgG (1:300, Bethyl Laboratories) antibodies were used as 

secondary antibodies. For c-Fos staining, we used rabbit anti-c-Fos (sc-52, 1:500, Santa Cruz) 

as primary antibody and goat anti-rabbit Alexa Fluor 647 conjugated IgG (1:500, Invitrogen) 

as secondary antibody after blocking with 4% normal goat serum in PBS. All tissues were 

mounted on the slide glasses with UltraCruz mounting medium (Santa Cruz). 

Cellular imaging 

We used laser scanning confocal microscopes (LSM 510, Zeiss, Germany or Fluoview 1000, 

Olympus, Japan) for cellular imaging experiments except for co-localization between D4R and 

synaptic marker proteins. We also used a structured illumination microscope (N-SIM, Nikon, 

Japan) to examine co-localization of D4R and gephyrin/synaptophysin further precisely rather 

than conventional confocal microscopy. Quantitative analysis of immunoreactive puncta was 

performed using MetaMorph 7.7 software (Molecular Devices, Sunnyvale, CA). 

Post-embedding immuno-gold electron microscopy 

Immuno-EM was conducted in accordance with established protocols (Masugi-Tokita and 

Shigemoto, 2007). Transcardial perfusion and preparation of brain slices were identical to those 

used for the immunohistochemistry experiments except thickness of slices being 200 µm. The 

dorsal ITC areas were isolated from the amygdala slices under a dissection microscope 

(Olympus). The tissue was immersed into a 0.001% osmium tetroxide (OsO4) solution on the 

ice for 1 hour to achieve the membrane preservation and then rinsed with PBS. Then, the tissue 



was kept in a 10% sucrose solution for cryoprotection. High-pressure freezing system (HPM 

100, Leica) was used to acutely freeze the tissue while preserving the membrane and cellular 

components. After acute freezing, sample tissue was kept in acetone and embedded in Lowicryl 

HM20 resin (Electron microscopy sciences, Hatfield, PA) at -45°C for 2 days and UV-

polymerization for 1 day with EM AFS2 (Leica). UV-polymerized blocks containing the dorsal 

ITC tissues were sliced by an ultra-microtome (Leica). These slices were then put on the Nickel 

grids (FCF200-Ni, Electron microscopy sciences). For immunostaining, goat anti-D4R (1:20, 

Millipore) and mouse monoclonal anti-GAD67 (MAB5406, 1:20, Millipore) antibodies were 

used as primary antibodies. Subsequently, 12-nm gold particle-Donkey anti-goat or 6-nm gold 

particle-Donkey anti-mouse (705-205-147 and 715-195-150, respectively, Jackson Immuno 

Research, West Grove, PA) antibodies were used for labeling D4R or GAD-67, respectively 

after blocking with 0.2% normal donkey serum in detergent-free PBS at 4°C overnight. After 

antibody application, we treated 1 - 2% uranyl acetate for 4 minutes and Reynolds solution for 

2 minutes to obtain a high-contrast image. Images were obtained with a transmission electron 

microscope (JEM-1011, Jeol, Japan). 

Virus infusion and implantation of tungsten electrodes and optic fibers 

After mice were anesthetized with ketamine and xylazine, the head was fixed in a stereotaxic 

frame (Kopf, Tujunga, CA). For viral infusion, ~0.1 µl of virus solution was infused using 

horizontally pulled glass needles, into each hemisphere with NanojectII (Drummond scientific 

instrument, Broomall, PA) for 1 minute (4 injections per hemisphere were applied, 23.0 nl per 

injection which had a rate of 46 nl/sec), and the injection needles remained for additional 10 

minutes to allow diffusion of AAV. Coordinates were as follows for infusion to the lateral 

nucleus (LA) of the amygdala: AP -1.4 mm, ML ±3.4 mm, DV -4.0 mm from the bregma, for 

infusion to the infralimbic region (IL) of the medial prefrontal cortex (mPFC): AP +1.9 mm, 

ML ±0.3 mm, DV -2.5 mm from the bregma, for infusion to the prelimbic region (PL) of mPFC: 

AP +1.9 mm, ML ±0.3 mm, DV -1.5 mm from the bregma, and for infusion to the dorsal ITC: 

AP -1.4 mm, ML ±3.2 mm, DV -4.2 mm from the bregma. Single tungsten electrodes were 

ipsilaterally implanted to reach the dorsal ITC for recording in vivo activity and IL for in vivo 

stimulation in the aforementioned coordinates, and secured with screws and dental cement. To 

ensure the recording electrodes were placed correctly in the dorsal ITC, we electrically 

stimulated IL (0.1 Hz) while neural activity was monitored from the dorsal ITC. If burst-like 



spikes were observed earlier than 50 ms from each IL stimulation, the recording electrodes 

were secured with dental cement. Optic fibers (50-µm core diameter, ThorLabs, Newton, NJ) 

were secured to a multi-mode zirconia ceramic ferrule (Precision Fiber Products, Milpitas, CA) 

with adhesive and epoxy, and then implanted to place its tip on the dorsal atop of the dorsal 

ITC in the coordinate, AP -1.4 mm, ML ±3.2 mm, DV -4.0 mm from the bregma, and secured 

with dental cement. 

Drug infusion 

Guide cannulae were implanted bilaterally (26 gauge, Plastics One, Roanoke, VA) aimed into 

the dorsal ITC areas in the coordinates, AP -1.4 mm, ML ±3.2 mm, DV -4.2 mm from the 

bregma, and were fixed in the skull with dental cement. The cannulae remained capped with 

internal dummy cannulae (33 gauges, Plastics One) after surgery. Animals were individually 

housed and allowed to recover at least for 1 week after surgery. The mice bilaterally received 

0.5 µl of either L-745870 or vehicle through the injection cannula (33 gauge, Plastics One) 

connected to a 10-µl Hamilton syringe for 5 minutes at a rate of 0.1 µl/min using microinfusion 

pump (Harvard Apparatus, Holliston, MA) 20 minutes before fear conditioning. L-745870 was 

dissolved to 500 nM in 0.9% saline just before the infusion. Mice were kept with injector 

cannulae for additional 5 minutes after the end of infusion and then were subjected to fear 

conditioning. To estimate the diffusion range of L-745870, FITC (500 nM) was also included 

in the injectant for certain experiments. The subject mice were transcardially perfused right 

after the last behavioral tests and analyzed for the injection loci. Data from the animals with 

wrong placement of cannula tips were excluded from further analyses. 

Behavioral tests 

We used two different chambers (26 cm x 26cm x 24 cm). Context A consisted of black opaque 

PVC walls and a grid floor, which was swiped with 70% ethanol before each trial whereas 

context B consisted of transparent plastic walls and a PVC floor covered with cage bedding 

and was scented with peppermint odor. Fear conditioning trainings were conducted in context 

A within sound-attenuating conditions (Panlab, Spain). Tone CS (conditioned stimulus) was 

delivered with a speaker while electric foot shock US (unconditioned stimulus) was applied 

through a floor grid attached to a shock generator (Panlab). The chambers were also equipped 

with infrared webcams connected to a personal computer to store animal behavior. Mice were 



placed in the context A for 2 minutes of acclimation and were then presented with auditory 

tone (CS: 3 kHz, 80 dB for 30 sec) that were co-terminated with electric foot shocks (US: 0.4 

or 0.8 mA for 0.5 sec). Total 8 CS-US pairs were presented in pseudorandom intertrial intervals 

(varied from 60 to 120 sec). 24 hours after fear conditioning, mice were placed in context B to 

assess the recall of fear memory by being re-exposed to CS, but without US for 2 minutes. For 

the tone-only control group, fear conditioning and fear recall were performed without 

presentation of US. For the unpaired conditioning group, CS and US (0.8 mA for 0.5 sec) were 

separately presented with pseudorandom interval (varied from 60 to 120 sec). Freezing 

behavior was measured as the time duration of absence in all movements except respiration. 

 In order to reverse LTD-like plasticity, optogenetic TBS was applied onto the dorsal 

ITC areas through the optic fibers. 1 day after 20-min habituation to context A, the optic fiber-

implanted mice were fear conditioned in context A with sub-threshold US (0.4 mA). At the 

next day freezing levels of those mice were tested with 2 separate recall sessions, each of which 

was composed of 2-min presentation of CS in the context B. Optogenetic TBS was delivered 

at the home cage, 30 minutes after the first recall session. 30 minutes after application of 

optogenetic TBS, fear recall was tested again in the same context used for the first recall test. 

 To induce PTSD-like memory impairment, corticosterone (CORT, 5 mg/kg) or vehicle 

was intraperitoneally (i.p.) injected immediately after fear conditioning as previously described 

(Kaouane et al., 2012). The cue-conditioning group underwent weak fear conditioning with the 

previously-described CS-US pairing paradigm in context A and was tested for fear recall 

toward the cue in context B at the next day. To assess contextual fear memory from cue-

conditioned animals, the mice were placed again in context A 2 hours after termination of the 

first recall test and then duration of freezing was measured for 2 minutes without presentation 

of the auditory cue. The context-conditioning group received two sets of unpaired shocks and 

tones (electric shocks and tones with 20 sec interval) in context A and was tested for fear recall 

in context A at the next day. To assess auditory fear memory from context-conditioned animals, 

the mice were placed in context B 2 hours after termination of the first recall test and the 

freezing time during presentation of the auditory cue was measured for 2 minutes. 

ChR2-mediated optical stimulation 

rAAV5-CamKII-hChR2(H134R)-eYFP and rAAV5-CamKII-eYFP from Vector Core of 



University of North Carolina were used for optogenetic manipulation. Optical activation of 

axon terminals of the dorsal ITC neurons for STDP induction was performed by illuminating 

acute slices with 1-msec blue light pulses from LED source (ThorLabs). The light intensity was 

adjusted to evoke robust EPSPs (~70% success rate, Kyuyoung and Huguenard, 2014). 473-

nm DPSS blue laser (Shanghai Laser & Optics Century, China) was utilized to apply in vivo 

optogenetic TBS to the LA-dorsal ITC pathway. The optogenetic TBS was delivered through 

a custom-made patch cable (50-µm core diameter fiber optics, ThorLabs). This TBS was 

composed of 10 sets of light pulses at 0.1 Hz, each set of 10 pulse trains at 5 Hz, and a single 

train had 4 light pulses at 50 Hz. The generation of optogenetic TBS was controlled by Master-

8 stimulator (AMPI, Israel). During optogenetic TBS, the mice were allowed to freely move 

nearby their home cage without any anesthetization (Pascoli et al., 2012). The intensity of blue 

laser was calibrated using powermeter (ThorLabs) to ~0.5 mW/mm2 at 150 µm below the tip 

of the optic fiber (Witten et al., 2011). The putative light loss was carefully compensated for 

attenuation through the implanted part, which was measured prior to the surgery. Geometric 

light loss in the brain was also predicted and compensated with the web-based light 

transmission calculator (http://optogenetic.org/). After transcardial perfusion, we validated that 

each optic fiber withdrawn from the skull did not exhibit a significant difference in light loss 

from the measurement prior to the surgery (Sparta et al., 2012). 

Slice electrophysiology 

Acute brain slices were placed in recording chambers and continuously superfused (2 ml/min) 

with a bathing solution containing 119 mM NaCl, 2.5 mM KCl, 2.5 mM CaCl2, 2 mM MgSO4, 

1.25 mM NaH2PO4, 26 mM NaHCO3, and 10 mM D-glucose while equilibrated with 95% O2 

and 5% CO2 (pH 7.3 - 7.4) at RT. Whole-cell patch recordings in current clamp mode or voltage 

clamp mode were made with a MultiClamp 700B amplifier (Molecular Devices). Recording 

electrodes (8-10 M) were filled with an internal solution containing, for EPSP recordings: 

120 mM K-gluconate, 5 mM NaCl, 1 mM MgCl2, 0.2 mM EGTA, 10 mM HEPES, 2 mM 

MgATP, and 0.1 mM NaGTP at pH 7.2 adjusted with KOH, for EPSC recordings: 130 mM 

CsMeSO4, 8 mM NaCl, 0.5 mM EGTA, 10 mM HEPES, 2 mM MgATP, 0.1 mM NaGTP, 5 

mM QX-314, 10 mM phosphocreatine at pH 7.2 adjusted with CsOH (Kwon et al., 2008), for 

IPSP recordings: 135 mM KCl, 10 mM NaCl, 2mM MgCl2, 0.5 mM EGTA, 10 mM HEPES, 

2 mM MgATP, 0.1 mM NaGTP at pH 7.2 adjusted with KOH (Roberto et al., 2003), and for 

IPSC recordings: 135 mM CsCl, 1 mM EGTA, 10 mM HEPES, 2 mM MgATP, 0.1 mM NaGTP, 

http://optogenetic.org/


and 5 mM QX-314 at pH 7.2 adjusted with CsOH (Maximov et al., 2007). Exceptionally, to 

compare mPSCs without or after STDP, KCl-based and K-gluconate-based internal solutions 

were used for recording mIPSCs and mEPSCs, respectively. K-gluconate based solution was 

also used to record EPSCs and IPSCs evoked by interleaved stimulation. Series resistance (10-

30 MΩ) was monitored throughout all experiments. mEPSCs were recorded at -70 mV holding 

potential in the presence of 1 µM tetrodotoxin (TTX) and 100 µM picrotoxin (Tocris, UK) 

while mIPSCs were measured at -70 mV in the presence of 1 µM TTX, 25 µM NBQX, and 50 

µM 2-amino-5-phosphonovaleric acid (APV, Tocris). Miniature PSCs were analyzed with 

MiniAnalysis (Synaptosoft, Fort Lee, NJ) or Clampfit 10.1 software (Molecular Devices). For 

PSC recordings with interleaved stimulation, the holding potential was briefly (~40 ms) 

changed from -70 mV to +10 mV to reach the reversal potential of EPSC for isolation of 

putative IPSCs. For STDP experiments, stimulus intensity was adjusted to elicit EPSPs 

displaying 25% - 30% of the maximum amplitudes. After obtaining stable baseline recording, 

80 presynaptic stimuli were delivered at 2 Hz via metal stimulating electrode placed in LA 

while paired with action potentials induced by injection of depolarizing current to postsynaptic 

neurons (Shin et al., 2006). Quantal contents were estimated by obtaining the inverse square of 

the coefficient of variation (1/CV2). Each 1/CV2 value was measured and calculated from 50 

EPSCs or 50 IPSCs (80 % success rate for both PSCs), as previously described (Malinow and 

Tsien, 1990; Hodgkiss and Kelly, 2001). 

 GDPβS (0.5 mM) was included in the internal solution to examine the 

presynaptic/postsynaptic contribution of D4R-mediated signaling to DA-LTD. Liquid junction 

potential between K-gluconate based internal solution and extracellular ACSF (13.3 mV) was 

corrected for the representation of resting membrane potential (Figure S3B and Table S1). For 

a subset of neurons, neurobiotin (0.5%, Vector Labs, CA) was included in pipette solution for 

morphological characterization. There was no significant difference between the 

electrophysiological data from the neurons recorded with or without neurobiotin, and thus those 

data were combined. The neurobiotin-injected neurons were visualized by staining with Texas 

Red conjugated avidin (Vector Labs) after overnight fixation. 

In vivo electrophysiology 

Electrode-implanted mice were weakly anesthetized with ketamine and xylazine for the stable 

recording of spontaneous firings of the dorsal ITC neurons. Spontaneous firings were recorded 



1 hour after the habituation session (before fear conditioning). Weak fear conditioning was 

conducted at 24 hours after the first in vivo recording. 24 hours after fear conditioning, 

spontaneous firings were recorded in the same manner (after fear conditioning). Signals from 

recording electrodes were amplified 104 times and band-pass filtered between 10 kHz (low-

pass) and 300 Hz (high-pass) with DAM80 differential amplifier (World Precision Instruments, 

Sarasota, FL), and digitized at 40 kHz using PowerLab/4sp (ADinstruments, Colorado Springs, 

CO). Spontaneous firings were further processed and monitored with Chart acquisition 

software (ADinstruments). Single units were sorted using Spike2 software (Cambridge 

Electronic Design, UK), as previously described (Kim et al., 2014). A single spike was initially 

detected by an amplitude threshold. All detected spike traces were isolated by comparing with 

template waveforms. If not matched with any existing templates, a new template waveform 

was created based on the waveform of the detected spike. The spike isolation was refined by 

principle component analysis. Units showing inter-spike interval less than 1 ms were discarded 

from further analysis. Total spike numbers from each unit were used to calculate the 

spontaneous firing frequency of the dorsal ITC neuron. The electrode placements were 

thoroughly ascertained via post mortem examination. 

Statistics 

For multiple comparisons, non-parametric Kruskal-Wallis H test followed by Mann-Whitney 

U test with Bonferroni correction was utilized except for disynaptic IPSP measurement where 

repeated measures ANOVA and post hoc Bonferroni test were used (Figure 4C). For pairwise 

tests including assessment of synaptic plasticity, we took advantage of Wilcoxon signed-rank 

test. For assessment of synaptic plasticity, PSPs from 20-30 min after induction were compared 

to their own baseline. Mann-Whitney U test was used to compare two unpaired groups. 

Kolmogorov-Smirnov test was utilized for the cumulative distribution of miniature PSCs. 

Pearson’s correlation coefficient was calculated to examine significance of a linear correlation. 

The number of animals and experiments are specified with N and n, respectively. All values 

indicated are means  SEM and the statistical significance is presented with n.s. (non-

significant) or asterisks, p values of < 0.05 (*), < 0.01 (**), and < 0.001 (***). 
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