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Research has identified distinct neuronal circuits within the basolateral amygdala (BLA) that differentially mediate fear expression
versus inhibition; however, molecular markers of these populations remain unknown. Here we examine whether optogenetic activation
of a cellular subpopulation, which may correlate with the physiologically identified extinction neurons in the BLA, would differentially
support fear conditioning versus fear inhibition/extinction. We first molecularly characterized Thy1-channelrhodopsin-2 (Thy1-ChR2EYFP)-expressing neurons as a subpopulation of glutamatergic pyramidal neurons within the BLA. Optogenetic stimulation of these
neurons inhibited a subpopulation of medial central amygdala neurons and shunted excitation from the lateral amygdala. Brief activation of these neurons during fear training disrupted later fear memory in male mice. Optogenetic activation during unreinforced stimulus
exposure enhanced extinction retention, but had no effect on fear expression, locomotion, or open-field behavior. Together, these data
suggest that the Thy1-expressing subpopulation of BLA pyramidal neurons provide an important molecular and pharmacological target
for inhibiting fear and enhancing extinction and for furthering our understanding of the molecular mechanisms of fear processing.

Introduction
In humans, excessive associative fear is the hallmark of a number
of neuropsychiatric disorders, including specific phobias, social
phobias, panic disorder, and posttraumatic stress disorder
(American Psychiatric Association, 2000; Kessler et al., 2005).
Classical fear conditioning is perhaps the most powerful experimental model for studying the neural basis of associative learning
and memory formation in mammals (Maren and Fanselow,
1996; Davis, 2000; LeDoux, 2000). In classical fear conditioning,
subjects are presented with a neutral conditioned stimulus (CS),
usually a tone, which is paired with an aversive unconditioned
stimulus (US), usually a foot shock. After successive pairings, the
tone acquires aversive properties and elicits fear responses when
presented alone. In rodents, this fear is frequently quantified by
measuring freezing behavior displayed during the presentation of
the tone. Subsequently, when the tone is presented repeatedly in
the absence of the shock, fear responses decline, a phenomenon
called extinction. Extinction is not the forgetting of the original
associative memory, but is rather thought to involve new learning, forming a new memory representation that the CS no longer
predicts the US (Bouton et al., 2006; Myers and Davis, 2006).
Considerable evidence using a variety of experimental models
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indicates that the amygdala is essential in the acquisition, consolidation, and extinction of conditioned fear (Davis, 2000; Myers
and Davis, 2006; Herry et al., 2010).
A major challenge to understanding how the amygdala regulates emotional memories is identifying the neuronal circuits that
differentially regulate fear acquisition, consolidation, and extinction. Recently, two electrophysiologically distinct populations of
neurons within the basolateral amygdala (BLA) were identified to
regulate fear responses in awake-behaving mice (Herry et al.,
2008). Specifically, one population of neurons responded to the
CS with increased firing frequency during and after fear conditioning. These same neurons reduced firing frequency during extinction
training. A second population only responded to the CS with increased firing during extinction training. Importantly, the activity of
these distinct neuronal populations predicts the behavioral output;
increased firing of “extinction” neurons and decreased firing of
“fear” neurons preceded a decrease in freezing behavior. These data
suggest that there are distinct subpopulations of neurons within the
BLA that are responsible for fear activation and fear inhibition. To
date, however, the molecular identities of these neuronal populations have not been determined. The present study elucidates the
role of a specific subpopulation of BLA neurons that may play a
critical role in fear processing.
Here, we use a combination of optogenetic manipulation of neuronal activity in awake behaving mice, slice electrophysiology, immunocytochemistry, and in situ hybridization to identify specific
neurons within the amygdala regulating long-term fear memories.
We used two strains of mice with transgene expression driven by the
Thy1-promoter (Thy1-YFP; Thy1-ChR2-EYFP), which target a specific subpopulation of pyramidal neurons within amygdala and
other forebrain areas (Sugino et al., 2006). This enabled us to examine and manipulate neuronal activity within the same subpopulation
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of Thy1-labeled glutamatergic neurons within the BLA during and
following fear conditioning and fear extinction learning.

Materials and Methods
Animals
Adult (6 –10 weeks) B6.Cg-Tg(Thy1-COP4/EYFP)18Gfng/J (Thy1ChR2-EYFP), and B6.Cg-Tg(Thy1-YFP)HJrs/J (Thy1-YFP) mice were
purchased from Jackson Laboratories. All experimental mice were
group housed (4 –5 mice per cage) on a 12:12 h light:dark cycle in a
temperature-controlled colony room and had unrestricted access to food
and water. All procedures were conducted in accordance with policy
guidelines set by the National Institutes of Health and were approved by
the Emory University Institutional Animal Care and Use Committee.

Surgical procedures
For guide cannula implantation, mice were anesthetized deeply with a
ketamine/dormitor mixture and placed in a stereotaxic instrument. Stereotaxic coordinates were derived from Paxinos and Franklin (2004).
The head was positioned in the stereotaxic instrument so that the skull
was level between lambda and bregma before implantation of the guide
cannulas. Mice were implanted with a unilateral cannula aimed just dorsal to the BLA. Coordinates were 1.5 mm posterior, 3.4 mm lateral, and
4.8 mm below bregma. The side of guide cannula implantation was varied across mice. Dummy stylets were placed in the guide cannulas to keep
them patent. Following surgery, mice were handled daily and their
dummy stylets removed and replaced to habituate the mice to being
restrained and to the insertion of the fiber optic.

Behavior and optogenetic stimulation
Cue-dependent fear conditioning. Mice were pre-exposed to the conditioning chambers (Med Associates) 2 d before training. During cued-fear
training, mice received five paired CS tones (30 s, 6 kHz, 75– 80 db) and
US shock (1 s, 0.5 mA) trials with a 90 s intertrial interval (ITI).
Cued-fear expression. The expression of fear memory was tested 24 h
after fear conditioning in a novel context. Mice were presented with 15
30 s tones with a 60 s ITI. Freezing during tone presentation was measured with FreezeView software (Coulbourn Instruments).
Fear extinction, retention, renewal, and reinstatement. Fear extinction was
measured 24 h after fear conditioning in a novel context. We used a suboptimal extinction procedure in which mice were presented with 15 30 s tones
with a 60 s ITI. Freezing during tone presentation was measured with FreezeView software (Coulbourn Instruments). Forty-eight hours after initial extinction training, mice were tested for extinction retention as above. To test
renewal, mice were placed back in the training context and presented with
five initial training CS tones (30 s, 6 kHz, 75– 80 db). To test fear reinstatement, mice were placed in an entirely new context and presented with a
single unsignaled footshock. Mice were tested 24 h later and presented with
five initial training CS tones (30 s, 6 kHz, 75– 80 db).
Open field. Open-field tests were conducted in a dimly lit room. Mice
were implanted with fiber optics, then placed in the open-field apparatus
(Med Associates) and allowed to explore for 5 min. Following the initial
exploration time, mice were allowed to explore for an addition 5 min
with optogenetic stimulation.
Optogenetic stimulation. Optogenetic stimulation was performed using a 50 mW, 473 nm fiber-optic-coupled laser (IkeCool). The lasercoupled fiber was connected to the fiber optic that was inserted into the
guide cannula with a fiber optic rotary joint (Doric Lenses). Before each
experiment, mice were restrained and the fiber optic was inserted directly
through the guide cannula and secured using a modified dust cap (Plastics One). Light stimulation parameters were 2 s stimulation at 20 Hz, 15
ms pulses. Light power density during stimulation was estimated at
14.32–15.91 mW/mm 2. For stimulation during fear acquisition, the light
stimulation coterminated with the tone and shock. For stimulation during fear extinction, the light stimulation coterminated with each tone.
Stimulation parameters during the open-field experiments were the
same as described for fear conditioning and fear extinction except that
pulses were delivered once every minute for the 5 min exploration time.
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Dual fluorescent in situ hybridization
Thy1-ChR2-EYFP mice were anesthetized and decapitated. Brains were
rapidly removed, frozen on dry ice, and stored at ⫺80°C until processing.
Tissue was sectioned at 16 m on a cryostat and mounted on Superfrost
Plus slides (Fisher Scientific). cDNA clones containing the coding sequence of mouse Vglut1 and the coding sequence for ChR2 were linearized with appropriate restriction enzymes. Fluorescently labeled
riboprobes were generated using T7 (Vglut1) and SP6 (ChR2) RNA polymerase (Maxiscript SP6/T7 kit). The Vglut1 riboprobe was labeled with
fluorescein and the ChR2 riboprobe was labeled with digoxigenin. Following a prehybridization procedure, the sections were hybridized with
both riboprobes at 55°C for 16 h and then subjected to a series of stringent washes. Sections were then incubated with anti-fluoresceinpolymerized horse-radish peroxidase (POD) and Fab fragments,
followed by fluorescent amplification and peroxidase quenching, and
then with anti-digoxigenin-POD, Fab fragments (Roche). Signals were
amplified with the TSA Plus Fluorescein Fluorescence System or TSA
Plus Cy5 Fluorescence System (PerkinElmer) following each series of
primary antibodies. Sections were then stained with Hoechst, washed,
and coverslipped with Mowiol mounting medium.

Immunohistochemistry
Standard chromogenic immunohistochemistry was used to determine
c-fos expression after optical stimulation. Briefly, free-floating sections
containing the BLA were rinsed in PBS, then rinsed in 0.014% phenylhydrazine, permeabilized with 0.5% Triton-X in PBS, and incubated for
48 h at 4°C with primary antibody against c-fos (1:1000, rabbit anti-c-fos;
Santa Cruz Biotechnology). Sections were then rinsed in PBS and incubated at room temperature with goat anti-rabbit biotinylated secondary
antibody (1:500) followed by avidin-biotin-peroxidase complex reagent
(Vector Laboratories). Sections were rinsed in PBS and staining was
visualized using a nickel-enhanced DAB reaction. Slides were coverslipped with DPX and allowed to dry before imaging. C-fos immunostaining targeting the BLA was performed ⬃1 h after laser light
stimulation of Thy1-ChR2-EYFP mice following the behavioral studies
described below, using similar stimulation paradigms. We found that
without stimulation (no stim), there was minimal c-fos activation,
whereas with stimulation (stim), there was increased c-fos staining in
BLA and lateral central amygdala (CeL) (see Fig. 2C).
Immunofluorescence was used to determine the relative colocalization of
yellow fluorescent protein (YFP) with specific markers for the major subpopulations of BLA interneurons, namely parvalbumin and calbindin. To
determine relative expression of YFP within the population of BLA principal
neurons, we performed additional experiments using an antibody raised
against calcium/calmodulin-dependent protein kinase II ␣ (CaMKII␣).
CaMKII␣ is exclusively expressed in the BLA principal neurons and not in
GABAergic interneurons (McDonald et al., 2002). Free-floating Thy1-YFP
mouse brain sections containing BLA were rinsed in PBS, permeabilized
with 0.5% Triton-X in PBS, and incubated for 48 h at 4°C with the following
primary antibodies in 0.5% Triton-X solution: polyclonal rabbit antiparvalbumin antibody (1:1000; Swant), mouse anti-calbindin antibody
(1:1000; Sigma Aldrich), and mouse anti-CaMKII␣ antibody (1:1000;
Cell Signaling Solutions). Subsequently, sections were rinsed in PBS
and incubated at room temperature for 2 h with either Alexa-Fluor 488
goat anti-mouse IgG or Alexa-Fluor 568 goat anti-rabbit IgG (1:500;
Invitrogen), depending on the primary antibody host. Sections were then
rinsed, mounted on gelatin-coated glass slides, and coverslipped using
Mowiol mounting medium (Sigma Aldrich). Confocal laser scanning
microscopy was used to obtain high-resolution photomicrographs using
an Orca R2 cooled CCD camera (Hammamatsu) mounted on a Leica
DM5500B microscope (Leica Mircosystems).

Slice electrophysiology

Tissue preparation. Acute, coronal slices (300 m) containing medial
central amygdala (CeM), BLA, and lateral amygdala (LA) were collected
from 2- to 4-month-old Thy1-ChR2-EYFP mice for ex vivo electrophysiological recordings. Briefly, animals were decapitated under isoflurane
anesthesia (Abbott Laboratories) and the brains were removed and immersed in ice-cold, oxygenated cutting solution that contained the fol-
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lowing (in mM): 130 NaCl, 3.5 KCl, 1.1 KH2PO4, 6.0 MgCl2, 1.0 CaCl2, 30
NaHCO3, 10 glucose, 0.8 thiourea, 2 sodium pyruvate, 0.4 ascorbic acid,
and 2 kynurenic acid. A block of tissue containing the amygdala was then
mounted in a Leica VTS-1000 vibrating microtome (Leica Microsystems) and coronal slices were cut and hemisected. Slices were transferred
to a holding chamber containing oxygenated cutting solution at 32°C for
40 min before being placed in room-temperature, oxygenated, artificial
CSF (ACSF) containing the following (in mM): 130 NaCl, 3.5 KCl, 1.1
KH2PO4, 1.3 MgCl2, 2.5 CaCl2, 30 NaHCO3, 10 glucose, 0.8 thiourea, 2
sodium pyruvate, and 0.4 ascorbic acid.
Patch clamp. Slices were placed in a Warner Series 20 recording chamber (Warner Instruments) mounted on the fixed stage of a Leica DM-LFS
microscope (Leica Microsystems). Slices were fully submerged and continuously perfused at a rate of 1–2 ml/min with heated (32°C) and oxygenated ACSF. Before patch clamping, a concentric bipolar stimulating
electrode (FHC) was placed in the LA, and a 200 m fiber-optic cable
(Thorlabs) connected to a 488 nm laser (Shanghai Lasers) was placed at
the external capsule, lateral to and aimed at the BLA. The BLA, LA, and
CeM were identified using a mouse brain atlas (Paxinos and Franklin,
2004), and neurons were selected for recording under IR-DIC illumination with a 40⫻ water-immersion objective. For all experiments, wholecell patch-clamp configuration was established and cell responses were
recorded in current-clamp mode. For measuring responses to optical
stimulation, pulses of 0.6 –1.2 mW, 488 nm light were delivered at 0.2 or
20 Hz. For electrical stimulation, 150 s pulses were delivered to the LA.
Images were captured with a Hamamatsu Orca ER CCD camera controlled by SimplePCI software (Compix). Whole-cell patch-clamp recordings were conducted using thin-walled borosilicate glass-patch
electrodes (WPI), which were pulled on a P-97 Flaming/Brown micropipette puller (Sutter Instruments). Patch electrodes had resistances ranging from 4 to 7 M⍀ when filled with standard patch solution that
contained the following (in mM unless otherwise noted): 138
K-gluconate, 2 KCl, 3 MgCl2, 5 phosphocreatine, 2 K-ATP, 0.2 NaGTP,
10 HEPES, and 3 mg/ml biocytin. The patch solution was adjusted to a
pH of 7.3 with KOH and had a final osmolarity of ⬃280 mOsm. Junction
potentials were offset before patching neurons. Series resistances and
input resistance were monitored online with a 50 pA hyperpolarizing
step (200 ms) given between stimulation sweeps, and neurons with more
than a 15% change in series resistance were discarded. Recordings were
obtained using a MultiClamp 700A amplifier (Molecular Devices), a
Digidata 1322A A/D interface, and pClamp 10 software (Molecular Devices). Data were filtered at 5 kHz and sampled at 10 kHz. Neurons were
excluded from analysis if their resting membrane potential (Vm) was
more positive than ⫺55 mV or if their action potentials did not surpass
⫹5 mV. Neurons were also excluded if the recording location was incorrect based on post hoc visualization of recorded neurons using a Leica
DM5500B confocal, spinning disk laser microscope (Leica Microsystems) equipped with an Orca R2 cooled CCD camera (Hamamatsu) after
fixation with 10% buffered formalin (Fisher Scientific) and staining with
Alexa Fluor 568 streptavidin (Invitrogen). In some recordings, SR 95531
(Tocris Bioscience) was applied by gravity perfusion at 5 M in the circulating ACSF after being stored frozen as concentrated stock in dH2O.

Statistical analysis
Statistical analyses were performed using SPSS 19 and Prism 5. For all behavioral experiments, freezing behavior was analyzed using a repeated-measures
ANOVA with optogenetic stimulation as the between-subjects factor and
tone as the within-subjects factor. Averaged freezing values were also analyzed using a Student’s t test between treatment groups. Activity measurements in the open field (time in surround, time in center, distance traveled)
were also analyzed using a Student’s t test between treatment groups. In
electrophysiological experiments, spike number was analyzed using a
repeated-measure ANOVA.

Results
Thy1-ChR2-EYFP neurons are a subpopulation of
glutamatergic neurons within the BLA
To characterize this population of neurons, we used Thy1-YFP
transgenic mice that have been described previously (Feng et
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al., 2000) and a novel transgenic mouse strain, Thy1-ChR2EYFP (B6.Cg-Tg(Thy1-COP4/EYFP)18Gfng/J), that expresses
channelrhodopsin-2 (ChR2) fused to enhanced YFP also under the control of the Thy1 promoter (Arenkiel et al., 2007). The
expression patterns of YFP and ChR2 driven by the Thy1 promoter in both strains are extremely similar within the BLA (Fig.
1 A, B). YFP and channelrhodopsin-2 expression indicate strong
transgene expression specifically within the BLA, and not within
the lateral or central amygdala (Fig. 1 A, B). To further characterize this Thy-1-ChR2-expressing subpopulation, we performed in
situ hybridization of the Thy1-ChR2-YFP mice, finding that,
whereas all Thy1-ChR2-expressing neurons also express vGlut1, a
marker of excitatory neurons, only a subset of the vGlut1expressing neurons express ChR2 (Fig. 1C–H ). Further, we used
immunocytochemistry to analyze the colocalization of another
excitatory neuronal marker, CaMKII␣, as well as two inhibitory
markers, parvalbumin and calbindin, with the Thy1-expressing
cells. We found that, similar to vGlut1, Thy1-YFP-expressing
neurons represent a subset of CaMKII␣ cells, but do not overlap
with calbindin or parvalbumin populations (Fig. 1I–Q). Overall,
these immunofluorescence studies revealed significant overlap in
the localization of Thy1-YFP with a marker for BLA principal
neurons, CaMKII␣, in the somatodendritic compartment of a large
number of neurons scattered throughout the BLA. Significantly,
there was no overlap with either of the markers for BLA interneurons, parvalbumin nor calbindin. These data suggest that the Thy1YFP and Thy1-ChR2-EYFP neurons represent a distinct
subpopulation of amygdala excitatory, principal neurons. Finally,
radiolabeled in situ hybridization of brains from Thy1-ChR2-EYFP
mice supported previously reported expression patterns (Feng et al.,
2000; Porrero et al., 2010), with particularly strong expression of
ChR2 in the BLA (Fig. 2A). Endogenous EYFP expression in Thy1ChR2-EYFP mice indicates strong transgene expression specifically
within the BLA, but not LA or central amygdala (CeA) (Fig. 2B).
Electrophysiological correlates of optogenetic activation of
Thy1-expressing subpopulation of BLA neurons
Activity of CeM neurons has been linked to increased conditioned freezing (Haubensak et al., 2010); thus, we first examined
whether Thy1-ChR2-YFP-expressing neurons within the BLA
could inhibit CeM neurons.
Current-clamp recordings from BLA Thy1-ChR2-EYFP neurons demonstrated high-fidelity spiking in response to 20 Hz laser
light pulses (488 nm, 15 ms, 0.6 –1.2 mW), a frequency commonly
used for optogenetic behavioral activation (Fig. 3A; Johansen et al.,
2010; Tye et al., 2011; Yizhar et al., 2011). Next, neurons in the CeM
were patch-clamped to examine postsynaptic responses to photoactivation of Thy1-ChR2-EYFP-expressing neurons in the BLA (15
ms, 0.2 Hz), as well as to bipolar electrical stimulation of the LA (150
s, 0.2 Hz; Fig. 3B). Photoactivation of BLA Thy1-ChR2-EYFPexpressing neurons evoked a postsynaptic potential (PSP) in every
recorded neuron in the CeM (n ⫽ 12). Seven of 12 (58%) CeM
neurons exhibited a biphasic response in which an EPSP was
shunted by an IPSP (Fig. 3C). The remaining CeM neurons responded with a monophasic EPSP. Notably, in those CeM neurons
showing a biphasic response, the IPSP was completely abolished in
all neurons tested by bath application of the GABAA receptor
antagonist, SR95531 (5 M; Fig. 3D), and repeated (20 Hz)
photoactivation of the BLA elicited a sustained inhibitory response that abolished spiking in CeM neurons depolarized to
action potential threshold (F(2,4) ⫽ 9.89, p ⬍ 0.05; Fig. 3E).
Electrical stimulation of the LA evoked a monophasic EPSP in
eight of 12 (67%) CeM neurons (Fig. 3C). Notably, in the seven
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CeM neurons that showed a biphasic
EPSP/IPSP response to BLA photoactivation, electrical stimulation of the LA
evoked either a monophasic EPSP (4 neurons) or no response (3 neurons). In the
four CeM neurons that received convergent synaptic input from the LA and BLA,
photoactivation of the BLA shunted action potentials driven by electrical stimulation of the LA at both low (0.05 Hz; Fig.
3C) and high (20 Hz) stimulation frequencies (Fig. 3F ). Together, these data
suggest that this subpopulation of BLA
pyramidal neurons inhibits a population of CeM neurons and can shunt direct excitatory drive from the LA.

Figure 1. MolecularcharacterizationofThy1-expressingpyramidalneuronswithinbasolateralamygdalatransgeneexpressiondriven
bytheThy1promoterintwolinesofmice(Thy1-YFP,Thy1-ChR2-EYFP).Extremelysimilarexpressionpatternsofthetwotransgenesdriven
by the Thy1 promoter are observed in the BLA between the two lines. Although the expression pattern is the same, more cells appear
labeled in A because of the thickness of the section (45 m in A vs 16 m in B). A, A coronal section of a Thy1-YFP mouse, double-labeled
withDAPI(blue)stainingallcellsandYFPlabelingtheThy1subpopulation,inwhichtheThy1-YFPpyramidalneuronsareonlylocatedinthe
BLA, and not the LA or CeA regions. B, A coronal section of a Thy1-ChR2-EYFP mouse identifying ChR2 transgene expression (green) using
fluorescent in situ hybridization in which the Thy1-ChR2 neurons are only located in the BLA, and not the LA or CeA regions. Dual in situ
hybridization for ChR2 and Vglut1 demonstrating that ChR2 neurons in the BLA are glutamatergic. C–E, Coronal sections (10⫻) of a
Thy1-ChR2-EYFP mouse labeled with VGlut1 mRNA (green, C), ChR2 mRNA (red, D), and merged (E). F–H, Coronal sections (20⫻) of a
Thy1-ChR2-EYFP mouse labeled with VGlut1 mRNA (green, F), ChR2 mRNA (red, G), and merged (H). All Vglut1 neurons do not express
ChR2; however, virtually all ChR2 neurons express Vglut1 within the BLA. I–Q, Dual immunocytochemistry characterization of the Thy1EYFP neuronal population in the Thy1-EYFP mouse line (green) and its colocalization with a subset of CaMKII␣ neurons (I–K), but lack of
colocalization with the inhibitory calbindin (L–N) or parvalbumin (O–Q) populations.

Activation of Thy1-expressing neurons
inhibits fear consolidation
To examine the behavioral effects of BLA
Thy1-ChR2-EYFP neuronal activation,
mice were implanted with guide cannulae
just dorsal to the BLA to enable light activation of the Thy1-ChR2-EYFP neurons.
After recovery and habituation to handling, mice underwent fear conditioning.
Fear conditioning involved five tone–
shock pairings that coterminated with a
discrete 2 s optical activation of Thy1ChR2-EYFP neurons within the BLA (Fig.
4A). We used the same 20 Hz activation
frequency as used for the above slice studies and which had been previously reported to be successful in other brain
regions when combined with behavior
(Arenkiel et al., 2007; Carter et al., 2009;
Ciocchi et al., 2010; Gunaydin et al., 2010;
Johansen et al., 2010; Zhang et al., 2010).
Notably, BLA optical activation was only
present during these brief 2 s pulses during CS–US training period. There was no
effect of optical activation on fear expression during training (Fig. 4 B, C).
Twenty-four hours after fear conditioning, mice were tested in a novel context for freezing responses to the CS. Mice
that had previously received CS–US training coterminating with laser photoactivation displayed significantly less freezing in
response to CS presentation compared
with mice receiving sham stimulation
(F(1,12) ⫽ 17.84, p ⫽ 0.001; t12 ⫽ 4.224,
p ⫽ 0.001; Fig. 4 B, C). These data suggest
that photoactivation of BLA Thy1-ChR2EYFP neurons reduced long-term fear
memory consolidation. These results are
consistent with the hypotheses that optogenetic activation of the Thy1 subpopulation may decrease general fear/anxiety
responses, interfere with amygdala functioning, or specifically inhibit conditioned fear. We sought to separate these
possibilities with subsequent experi-
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ments. To determine whether tissue heating/damage was the cause of the blockade
of fear consolidation, we replicated the
above experiments using Thy1-YFP mice,
which lack ChR2 expression. Here we
show that optogenetic stimulation in mice
lacking ChR2 does not inhibit conditioned fear (Fig. 4D). Thus, the above effect was unlikely due to tissue heating or
damage. Previous data suggested that optogenetic stimulation of the lateral amygdala
could serve as an unconditioned stimulus
(Johansen et al., 2010). Thus, to determine
whether optogenetic stimulation of Thy1ChR2-expressing neurons within the BLA
could serve as an unconditioned stimulus,
we paired tone CS presentations with optogenetic stimulation of the BLA and tested
the mice for freezing 24 h later. Freezing responses during testing were negligible, suggesting that optogenetic stimulation of
Thy1-ChR2-expressing neurons within
the BLA is unable to support fear learning in
the absence of true unconditioned stimulus
(Fig. 4E).
Next, to determine whether the inhibition of freezing was due to a general effect
on anxiety-like or unconditioned fear responses, we observed behavior and locomotion in an open-field paradigm during
optogenetic activation of Thy1-ChR2EYFP cells in the BLA. Mice were tested in
an open field in the absence or presence of Figure 2. ChannelrhodopsinandEYFPexpressionwithinthebasolateralamygdalaoftheThy1-ChR2-EYFPmouseline.A,Autoradiogthe same 2 s optical stimulation parame- raphy of an in situ hybridization with a 35-S-labeled riboprobe targeting the channelrhodopsin (ChR2) gene from anterior (left) to more
ters used during fear conditioning (Fig. posterior (right) coronal sections including BLA. B, EYFP labeling of Thy1-ChR2-EYFP cells and fibers from anterior (topr left) to posterior
4F ). Optogenetic stimulation of the BLA (bottem right) coronal sections spanning the amygdala, demonstrating Thy1-ChR2-EYFP labeling in BLA, but not LA or CeA nuclei of the
did not cause any significant alteration in amygdala.ThispatternofChR2andEYFPexpressionrecapitulateswhathasbeenobservedintheThy1-EYFPline.C,C-fosimmunostaining
locomotion or anxiety-like behavior, as was performed ⬃1 h after laser light stimulation of Thy1-ChR2-EYFP mice targeting the BLA, following the behavioral studies described
below, using similar stimulation paradigms. We found that without stimulation, there was minimal c-fos activation, whereas with stimumeasured by total distance traveled (t5 ⫽ lation, there was increased c-fos staining in BLA and CeL. LaDL, Dorsolateral amygdala.
0.19, p ⬎ 0.05), time spent in the center of
the open field (t5 ⫽ 0.69, p ⬎ 0.05), or
conditioned with tone–shock pairings alone and then received optitime spent in the surround (t5 ⫽ 0.62, p ⬎ 0.05; Fig. 4F ). In
cal stimulation during extinction training. Fifteen presentations of
addition, there were no time-dependent differences in these
the tone CS coterminated with a 2 s optical stimulation of the BLA
open-field measures over the first 5 min period in the absence of
during extinction training (Fig. 5A), using the same optical stimulaoptogenetic stimulation ( ps ⬎ 0.05; Fig. 4F ), suggesting that detion parameters described above. During extinction training, optical
creased neophobia did not mask an apparent effect of optogeactivation of Thy1-ChR2 neurons in the BLA had no effect on freeznetic stimulation on anxiety. Combined, these data suggest that
ing (F(1,8) ⫽ 0.019, p ⬎ 0.05; t8 ⫽ 0.1821, p ⬎ 0.05; Fig. 5B,C), again
our discrete optical stimulation parameters, when coterminated
indicating that our discrete activation parameters had no effect on
with tone and shock, likely have a specific inhibitory effect on the
fear expression or freezing behavior alone.
consolidation of long-term fear memory. Moreover, these data
However, when the mice were retested for extinction retensuggest that Thy1-ChR2-EYFP-expressing neurons may be part
tion in the absence of optical stimulation, mice previously extincof a specific neural circuit inhibiting fear.
tion trained with optical stimulation displayed significantly less
fear compared with mice receiving sham stimulation. This sugActivation of Thy1-expressing neurons enhances
gests that optical stimulation of BLA Thy1-ChR2-EYFP neuconsolidation of fear extinction
rons enhanced extinction consolidation (F(1,8) ⫽ 9.0, p ⫽ 0.017;
If Thy1-ChR2-expressing neurons are part of a specific neural
t8 ⫽ 2.972, p ⫽ 0.017; Fig. 5 B, C). Thus, optical stimulation
circuit inhibiting fear, then they should also enhance extinction
within the BLA did not result in a general impairment of
learning. In contrast, if this activation were leading to a genamygdala functioning due to damage or enhanced feedback
eral disruption of amygdala processing, we would expect to see
inhibition onto interneurons producing reduced learning or
a disruption of extinction, as amygdala plasticity is required for
plasticity, two potential explanations for the deficit in fear
extinction learning. To test this hypothesis, mice were trained in
learning we observed previously. In both cases, we would also
a cued fear conditioning paradigm, then 24 h later were extinction
expect to see an inhibition of extinction of fear rather than the
trained, followed by testing for extinction retention. Mice were fear
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Figure 3. Electrophysiological effects within the BLA and CeM of optogenetic activation of BLA-Thy1 neurons. A, A representative current-clamp recording depicts typical, high-fidelity spiking of a BLA-Thy1 pyramidal neuron in response to laser light
activation (blue bars) at 20 Hz with a pulse width of 15 ms. B, Slice electrophysiology experiments were performed on Thy1-ChR2EYFP mice with neurons patch clamped in the CeM, a fiber-optic light source targeting the BLA, and a bipolar stimulating electrode
placed in the LA. A diagram of the experimental setup is overlaid on a photomicrograph depicting YFP expression (green) in Thy1
neurons of the BLA and a recorded, biocytin-filled neuron in the CeM (red). C, A representative current-clamp recording from a CeM
neuron depicts a biphasic response (left) to optogenetic BLA-Thy1 activation (blue bar) and a shunt of an action potential elicited
by LA stimulation (stim). Responses without action potentials were averaged for five consecutive sweeps (n ⫽ 12). D, A representative, biphasic response in a CeM neuron, held at a membrane potential of ⫺55 mV with direct current injection, to light
activation of BLA-Thy1 neurons (left). The response became purely depolarizing following bath application of 5 M SR95531 and
wasabletoelicitanactionpotential(right)(n⫽3).E,Arepresentativecurrent-clamprecordingofafree-firingCeMneuron,depolarizedto
action potential threshold with direct current, depicts blockade of ongoing spiking by a 20 Hz, 1 s train of optogenetic BLA-Thy1 activation
(blue bars) (n ⫽ 12). F, Current-clamp recordings of a CeM neuron, depolarized near threshold, depict 20 Hz optogenetic activation (blue
bars)ofBLA-Thy1neuronsinhibitingtherecordedcell(top)andshuntingLA-stimulation-inducedexcitation(bottom),whichitselfevoked
action potentials (middle). Stimulation artifacts were cropped at ⫺25 and ⫺50 mV for clarity.

enhanced fear extinction we observed (note that a number of
other manipulations such as pharmacological blockade of
amygdala functioning, blockade of NMDA functioning, or
amygdala lesions all inhibit both fear learning and extinction
learning; Myers and Davis, 2006; Johansen et al., 2011). Therefore, these data are consistent with a relatively specific effect of
BLA Thy1-ChR2-EYFP neuronal activation on enhancing inhibitory/extinction learning.
We next tested whether the enhanced extinction consolidation would transfer to a new context. It is generally accepted that
extinction is a form of context-dependent learning, not an erasure of the original fear memory (Myers et al., 2006). Placing
mice back into the original training context typically results in
a return of freezing, termed “fear renewal”. Here, we demonstrate that optogenetic-induced enhanced extinction consolidation
also inhibits renewal of fear (F(1,8) ⫽ 9.4, p ⫽ 0.01; Fig. 5D). These
data suggest that the enhanced extinction learning is potentially due

to a strengthening of the CS–no-US association, rendering context to be less relevant
and enabling the transfer of extinction
across contexts.
One could argue that the blockade of
spontaneous recovery (enhanced extinction retention) and renewal of fear
with optogenetic stimulation of BLA
Thy1-ChR2-EYFP neurons represents
erasure or unlearning of the fear memory.
To test this possibility, we examined both
groups of mice in a reinstatement test.
Mice that were previously extinction
trained were subjected to a single unsignaled footshock in an entirely new context. We then assessed tone-evoked
freezing 24 h later (reinstatement test).
Here, we demonstrate that the fear memory was fully reinstated following a single
unsignaled footshock (F(1,8) ⫽ 0.19, p ⬎
0.05; Fig. 5D), consistent with a savings of
the prior memory trace, indicating that
the fear memory was not erased. Rather,
optogenetic stimulation of Thy1-ChR2EYFP-expressing BLA neurons appears
to directly enhance fear extinction consolidation and may also render the
extinction memory independent of context modulation, which is critical to the
process of fear renewal. In addition, mice
can express fear normally and can be retrained to an additional cue following
optogenetic-enhanced extinction, suggesting that activation of Thy1-ChR2-EYFPexpressing neurons does not permanently
alter amygdala function.

Discussion

Our data demonstrate that pairing activation of a specific neuronal population
only during the CS–US presentation inhibited the memory for the association
between the CS and US, and thus inhibited fear consolidation. Conversely, during extinction training, pairing activation
of Thy1-ChR2-expressing neurons during a very discrete time window during
presentation of the CS alone enhanced the CS–no-US association, and thus enhanced extinction retention. It is important to
note the associative nature of the pairing of the optogenetic stimulation with the CS–US or CS–no-US as compared to previous
reports using prolonged stimulation parameters examining fear
and anxiety-like behavior (Goshen et al., 2011; Tye et al., 2011).
The present data suggest that the BLA contains a subpopulation
of glutamatergic neurons that may be specialized for inhibiting
fear responses.
We demonstrate that a Thy1-ChR2-EYFP-expressing subpopulation of BLA neurons can inhibit CeM neuronal activity.
In contrast, electrical stimulation of the LA evoked a purely
excitatory response in CeM neurons. Significantly, concurrent
optogenetic activation of Thy1-ChR2-EYFP neurons within
the BLA shunted the excitatory LA driven response and prevented CeM neuron activation. Discrete optogenetic activation
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of Thy1-ChR2-EYFP-expressing neurons
in the BLA during cued fear conditioning
inhibits fear consolidation, whereas
activation during suboptimal fear extinction training enhances the consolidation of the extinguished fear response. The observed enhancement of
extinction learning was sufficient to allow
transfer of the extinguished response to
the training context in a fear renewal test.
This did not, however, disrupt the initial
memory trace, because the fear response
was fully reinstated with a single unsignaled footshock. It is unlikely that the observed extinction enhancement was due
to a blockade of reconsolidation because
of the duration of exposure to the CS in
the present study. Several recent studies
demonstrate that one of the key factors in
distinguishing reconsolidation processes
from extinction processes is the duration of
CS exposure. In the present study, mice
were exposed to 15 CS tones over a period
of 22 min, which is beyond what has
been reported to initiate reconsolidation, but does initiate extinction (Pedreira and Maldonado, 2003; Suzuki et
al., 2004; Bredy and Barad, 2008; PérezCuesta and Maldonado, 2009; Kirtley
and Thomas, 2010; Inda et al., 2011; de
la Fuente et al., 2011). Thus, despite the
long-held role of excitatory neurotransmission within the BLA in fear, the current study demonstrates that activation
of a population of glutamatergic neu- Figure 4. Discrete optogenetic activation of BLA Thy1 neurons inhibits fear memory formation without locomotor or anxietyrons within the BLA specifically inhibits like effects. A, Training paradigm. Mice were trained with five trials of tones (30 s, 6 kHz) which coterminated with a 1 s footshock
fear, apparently without disrupting the (0.5 mA). Thy1-ChR2-EYFP mice received either sham stimulation or the 30 s tone also coterminated with a 2 s (20 Hz, 15 ms) blue
original memory trace.
light targeting BLA. Left, EYFP expression in BLA. Right, Anticipated light cone with fiber optic cable. B, Freezing during training
Importantly, activation of Thy1-ChR2- and 24 h later when mice were tested (averaged blocks of 2 trials) in the absence of optogenetic activation and in the presence of
EYFP-expressing neurons during the open- the conditioned tone cues. Mice that had been trained in conjunction with optogenetic activation (n ⫽ 8) show minimal expresfield test did not reduce anxiety-like sion of fear (n ⫽ 7 controls), C, Representation of data from A as a bar graph. Left, Average freezing responses to the last three tones
behavior or alter locomotion. Although during training and in the presence or absence of optogenetic stimulation. Right, Average freezing responses from A during testing
possible, this lack of effect on anxiety was in the absence of optogenetic stimulation. Mice that had been trained in conjunction with optogenetic activation show minimal
unlikely due to a lack of neophobia during expression of fear. D, Optogenetic stimulation in Thy1-EYFP mice lacking ChR2 expression has no effect on conditioned fear. Left,
Average freezing responses to the last three tones during training and in the presence (n ⫽ 8) and absence (n ⫽ 9) of optogenetic
the second 5 min period of testing, as stimulation. Right, Average freezing responses during testing in the absence of optogenetic stimulation. E, Optogenetic stimulaanxiety-like behavior did not vary as a func- tion during training in Thy1-ChR2-EYFP mice in the absence of a US does not support fear learning (n ⫽ 7), thus optogenetic
tion of time during the unstimulated time of stimulation of Thy1-expressing neurons of the BLA alone cannot serve as a US. Bar graph represents average freezing responses to
the open-field test (Fig. 4F). In addition, op- 10 tone presentations. F, Mice received the same stimulation procedure (2 s, 20 Hz, 15 ms blue light) during a standard open-field
togenetic stimulation was unable to support testing procedure. Left, Locomotion in the open field [total distance traveled (Tr.)] in control (n ⫽ 6) versus stimulated groups
fear learning in the absence of an uncon- (n ⫽ 6) of Thy1-ChR2-EYFP mice. Center, Anxiety-like behavior (time in center of open-field) in control versus stimulated groups.
ditioned stimulus (Fig. 4E), indicating Right, Time in surround within open field in control versus stimulated groups. Additionally, there were no time-dependent changes
behavioral specificity of our stimulation in neophobia during the behavioral test that would mask a lack of effect of optogenetic stimulation during the second 5 min period.
parameters. In another study, optical activa- White and gray bars represent the same measures as above during the first minute and fourth minute, respectively, within the
tion of the lateral amygdala paired with pre- initial unstimulated testing period. Error bars represent mean ⫾ SEM. *p ⱕ 0.05.
sentation of a conditioned stimulus during
freezing (Haubensak et al., 2010), our electrophysiological and betraining resulted in an increase in freezing during testing 24 h later
havioral data fit nicely with the role of this nucleus regulating fear
(Johansen et al., 2010), suggesting that activation of LA pyramidal
responses.
neurons is sufficient to produce long-term fear memory when assoOur findings are consistent with an earlier report (Herry et al.,
ciated with a CS in the absence of a US. These data further support
2008) suggesting that the previously identified extinction neuour electrophysiological results of electrical stimulation of the LA
rons represent a subset of a larger population of neurons within
activating CeM neurons, which could be shunted by optogenetic
the BLA that are more generally involved in inhibiting fear memstimulation of BLA Thy1-ChR2-expressing neurons (Fig. 2). As acory. Interestingly, the slice physiology data suggest that some
tivity of CeM neurons has been linked to increased conditioned
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Figure 5. Discrete optogenetic activation of Thy1 neurons within BLA enhances extinction
learning. A, Top, Fear training paradigm. All cannulated Thy1-ChR2-EYFP mice were trained
with five trials of tones (30 s, 6 kHz), which coterminated with a 0.5 s footshock (0.5 mA).
Bottom, Twenty-four hours later, in a separate context, all mice received 15 trials of tones (30 s,
6 kHz) coterminating with either sham stimulation or with a 2 s, BLA-targeted, blue light (20 Hz,
15 ms). B, No difference between sham versus optogenetically activated groups was seen
during extinction training (B, Baseline freezing during extinction before CS presentation). However, 24 h later, mice that received the blue light during extinction (n ⫽ 5) showed much lower
freezing to the cues compared with controls (n ⫽ 5), consistent with dense extinction (Ext.)
retention. C, Representation of data from B as a bar graph. Left, Average freezing responses
during extinction to 15 tone presentations and in the presence or absence of optogenetic stimulation. Right, Average freezing responses from B during extinction retention testing in the

neurons in the CeM are inhibited while others are excited by
optogenetic photoactivation of BLA Thy1-ChR2-EYFP neurons.
In these studies of auditory fear, Thy1-ChR2-EYFP neuronal activation within the BLA appears to selectively support inhibition
of fear learning and enhancement of fear extinction. One possible
mechanism by which Thy1-ChR2-EYFP neurons inhibit fear
may be via indirect inhibition of neurons in the CeM, as we
showed for a number of CeM neurons upon optogenetic activation of these BLA neurons. Indeed, in a previous report, optical
activation of BLA fibers within the lateral CeA inhibited anxietylike behavior, whereas inhibition of the same fibers enhanced
anxiety-like behavior (Tye et al., 2011). Our current data support
a similar mechanism for fear inhibition. Here, we observed feedforward inhibition of CeM neurons via optical stimulation of
Thy1-ChR2-expressing BLA neurons (Fig. 3). It is likely that that
the Thy1-ChR2-EYFP neurons examined in the present study
represent a similar population of neurons driving CeA responses
involved in anxiety-like behavior, although this was not definitively determined. It is also possible that Thy1-ChR2-EYFPexpressing neurons represent a microcircuit regulating direct
local responses within the BLA, but are synaptically connected to
neurons that project to the CeA.
In the Herry and colleagues’ (2008) study, extinction neurons
represented 14% of total recorded units, which is a much smaller
population than those activated here. In addition, extinction
neurons are preferentially synaptically connected to the mPFC,
placing them in an ideal position to regulate fear extinction.
Thy1-ChR2-EYFP-expressing neurons make up a sizable portion
of large spiny glutamatergic neurons in the BLA, as identified
with in situ hybridization and immunohistochemistry in Thy1YFP transgenic mice. Currently, it is unknown whether Thy1YFP-expressing neurons of the BLA receive afferent inputs from
the mPFC, or how they may be different from other glutamatergic neurons within the BLA. However, Thy1-YFP-expressing
BLA neurons also send efferent fibers along the stria terminalis,
terminating primarily in the nucleus accumbens (NAc) and caudate nucleus, as well as the bed nucleus of the stria terminalis
(Porrero et al., 2010). The nucleus accumbens has previously
been implicated in fear extinction (Pezze and Feldon, 2004;
Holtzman-Assif et al., 2010; Muschamp et al., 2011), suggesting
an essential role of this BLA–NAc pathway in fear inhibition/
extinction. Overall, the circuit connectivity between mPFC, NAc,
and BLA may act in concert with the CS-responding Thy1-YFP
neurons to drive extinction learning in contrast to supporting
continued fear expression.
Notably, there is a wealth of prior data showing that simply
activating or inactivating the amygdala as a whole does not produce the patterns of functional responses that we have observed.
Prior data demonstrate that general inhibition of the BLA
through GABA agonists or NMDA antagonists block the acquisition/consolidation of fear learning (Wilensky et al., 1999) as
well as block the extinction of fear (Falls et al., 1992). There is also
evidence that general pharmacological enhancement of NMDA
4
absence of optogenetic stimulation. Mice that had been extinction trained in conjunction with
optogenetic activation showed enhanced extinction retention. D, Twenty-four hours later, mice
were fear tested in the initial conditioned context. Those without optogenetic stimulation (n ⫽
5) showed renewal of fear, whereas those with optogenetic stimulation (n ⫽ 5) had minimal
freezing to the tone. Following footshock reinstatement in a new context, all mice showed
similar levels of tone-activated freezing behavior. Error bars represent mean ⫾ SEM.
*p ⱕ 0.05.
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function in the BLA enhances fear acquisition (Maren et al.,
1996) as well as fear extinction (Walker et al., 2002). Thus, our
results are most parsimoniously interpreted as the specific activation of a functional subpopulation of pyramidal neurons.
In conclusion, these data suggest that activation of specific,
genetically marked subpopulations of principal neurons within
the BLA may selectively inhibit fear. It should be noted, however,
that the use of transgenics in the current study do not allow us to
rule out the possibility that stimulation of fibers passing through
the BLA resulted in some of the observed electrophysiological or
behavioral effects. Further work remains to be done to more fully
characterize the circuit within which Thy1-ChR2-EYFP neurons
inhibit fear and to understand whether this property is shared by
all of the Thy1-YFP subpopulation or just those whose activation
leads to CeM inhibition. Identification of molecular markers
of neurons that selectively inhibit fear or enhance extinction
would be particularly useful for enhancing our understanding
of fear processes. Additionally, cell-type-specific amplification of
mRNA may allow the identification of specific receptor targets
that are preferentially expressed on this subset of cells, potentially
leading to novel targets for disorders of fear regulation.
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