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Disrupted Prediction Error Links Excessive Amygdala
Activation to Excessive Fear
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Basolateral amygdala (BLA) is critical for fear learning, and its heightened activation is widely thought to underpin a variety of anxiety
disorders. Here we used chemogenetic techniques in rats to study the consequences of heightened BLA activation for fear learning and
memory, and to specifically identify a mechanism linking increased activity of BLA glutamatergic neurons to aberrant fear. We expressed
the excitatory hM3Dq DREADD in rat BLA glutamatergic neurons and showed that CNO acted selectively to increase their activity,
depolarizing these neurons and increasing their firing rates. This chemogenetic excitation of BLA glutamatergic neurons had no effect on
the acquisition of simple fear learning, regardless of whether this learning led to a weak or strong fear memory. However, in an associative
blocking task, chemogenetic excitation of BLA glutamatergic neurons yielded significant learning to a blocked conditioned stimulus,
which otherwise should not have been learned about. Moreover, in an overexpectation task, chemogenetic manipulation of BLA gluta-
matergic neurons prevented use of negative prediction error to reduce fear learning, leading to significant impairments in fear inhibition.
These effects were not attributable to the chemogenetic manipulation enhancing arousal, increasing asymptotic levels of fear learning or
fear memory consolidation. Instead, chemogenetic excitation of BLA glutamatergic neurons disrupted use of prediction error to regulate
fear learning.
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Introduction
Pavlovian fear conditioning enables learning about, and adaptive
responding to, sources of danger in the world. The amygdala is
critical for the formation, consolidation, and retrieval of fear
memories (Davis, 1992; Schafe et al., 2001; Maren and Quirk,

2004; Paré et al., 2004; Lüthi and Lüscher, 2014). Principal cells of
the basolateral amygdala (BLA) receive glutamatergic inputs
from thalamus and cortex conveying information about the con-
ditioned stimulus (CS) and aversive footshock unconditioned
stimulus (US) (Farb and Ledoux, 1999; Shi and Davis, 1999; Sah
et al., 2003; Lanuza et al., 2008), and their activity is sufficient for
fear learning (Johansen et al., 2010a). These glutamatergic neu-
rons are subject to complex regulation by multiple families of
GABAergic interneurons (Ehrlich et al., 2009; Wolff et al., 2014;
Tovote et al., 2015), show synaptic plasticity during fear condi-
tioning, and form fear memories in an NMDA receptor-
dependent manner (McKernan and Shinnick-Gallagher, 1997;
Maren and Quirk, 2004; Marek et al., 2013).

The amygdala has also long been implicated in normal and
clinical human anxiety and fear. Several neuropsychiatric disor-
ders are characterized by heightened activation of the amygdale;
and in the case of anxiety, such heightened activation is widely
thought to underpin clinical aberrations in fear (Rauch et al.,
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Significance Statement

Several neuropsychiatric disorders are characterized by heightened activation of the amygdala. This heightened activation has
been hypothesized to underlie increased emotional reactivity, fear over generalization, and deficits in fear inhibition. Yet the
mechanisms linking heightened amygdala activation to heightened emotional learning are elusive. Here we combined chemoge-
netic excitation of rat basolateral amygdala glutamatergic neurons with a variety of behavioral approaches to show that, although
simple fear learning is unaffected, the use of prediction error to regulate this learning is profoundly disrupted, leading to forma-
tion of inappropriate fear associations and impaired fear inhibition.
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2006; Jovanovic and Ressler, 2010; Shin and Liberzon, 2010). For
example, in human neuroimaging studies, sufferers of clinical
anxiety, including simple phobia (Goossens et al., 2007), post-
traumatic stress (Shin et al., 1997, 2005), and social anxiety
(Tillfors et al., 2001, 2002), show heightened amygdala activation
during fear provocation or during failures of fear inhibition
(Rauch et al., 2006; Jovanovic and Ressler, 2010). Such height-
ened amygdala activation has also been linked to augmented fear
responding in nonhuman animal studies (Desmedt et al., 2015).

However, the mechanisms linking excessive amygdala activa-
tion to excessive fear learning and fear responding remain elusive.
Here we used chemogenetic excitation of rat BLA glutamatergic
neurons (Armbruster et al., 2007; Alexander et al., 2009; Urban
and Roth, 2013; Sternson and Roth, 2014) to identify the conse-
quences of heightened amygdala glutamatergic neuronal activity
for BLA neurons, fear learning, and fear memory formation. We
show that, although simple fear learning is unaffected by chemo-
genetic excitation of BLA glutamatergic neurons, the use of pre-
diction error to regulate this fear learning is profoundly
disrupted, leading to formation of inappropriate fear associations
and impaired learning of fear inhibition.

Materials and Methods
Subjects
A total of 153 experimentally naive male Sprague Dawley rats (260 –350
g) were obtained from Animal Resources Centre (Murdoch, Western
Australia). Animals were housed in groups of four maximum in venti-
lated racks in a climate-controlled colony room. The colony room was
maintained on a 12 h light/dark cycle (lights on at 7:00 A.M.). Three days
before commencement of experimental procedures, rats were food re-
stricted to 85%–90% of their free feeding weight. Otherwise, rats had free
access to food and water. The University of New South Wales Animal
Care and Ethics Committee and the University of Sydney Animal Ethics
Committee approved the procedures.

Apparatus
All behavioral procedures were conducted in eight identical operant
chambers with dimensions 24 (length) � 30 (width) � 21 cm (height).
The top, rear wall and hinged door of the chambers were constructed of
Perspex. The sidewalls of the chambers were constructed of stainless steel
panels. All chambers had a grid floor constructed of stainless steel rods, 4
mm in diameter spaced 15 mm apart. The grid floor was connected to a
constant current generator. A magazine (entry space 5 � 5 cm) was built
in to the left side panel and was attached to a pellet delivery system that
delivered 45 g grain pellets (Able Scientific Biotechnology). A lever was
mounted 4 cm to the right of the magazine hopper. Each chamber was
placed in a larger sound-attenuating box, dimensions 83 (length) � 59
(width) � 59 cm (height). A fan was attached to the right side wall to
provide sufficient ventilation during behavioral testing. Two CS were
used. The auditory CS was a 60 s 80 dB clicker delivered through a
speaker attached to the right side of the rear wall of the operant chamber
and the visual CS was a 60 s flashing LED (8 [length] � 5 [width] � 3 cm
[height]) mounted on the ceiling of the sound attenuating chamber. The
US was a scrambled footshock delivered to the grid floor and was 0.5 s in
duration. The intensity of the US depended on the behavioral procedure
used. All behavioral protocols were controlled through Med-PC software
(Med Associates).

Viral vectors
Adeno-associated viral (AAV) vectors encoding the hM3Dq DREADD or
eYFP were obtained from the University of North Carolina Vector Core
(Chapel Hill, NC). The vectors used in these experiments were AAV5-
CaMKII �-HA-hM3Dq-IRES-mCitrine (3 � 10 12 vp/ml) and AAV5-
CaMKII �-eYFP (4 � 10 12 vp/ml).

Surgery
Before surgery, rats received an intraperitoneal injection of a mixture of
100 mg/ml ketamine (Ketapex, Apex Laboratories) and 0.3 ml/kg xyla-

zine (Rompun; Bayer). Once anesthetized, rats were placed in a stereo-
taxic apparatus (model 942, Kopf) and shaved to expose the skin surface
of the head. Before incision, rats received a subcutaneous injection of
carprofen (5 mg/kg) and an injection of 0.5% bupivacaine (Cenvet) just
under the surface of the incision site. Following incision, a hand drill was
used to make two craniotomies above the BLA and a 5 �l, 30-gauge
conical tipped microinfusion syringe (Hamilton) was used to infuse 0.75
�l of AAV vectors into BLA (anteroposterior �3.00; mediolateral �5.00;
dorsoventral �8.60 in mm from bregma) (Paxinos and Watson, 2007)
over a 3 min period at a rate of 0.25 �l/min (UMP3 with SYS4 Micro-
controller; World Precision Instruments). The syringe was left in place
for 5–7 min to permit diffusion of the injected vectors. Bone wax (Co-
herent Scientific) was used to seal the opening of the skull. After surgery,
rats were injected intraperitoneally with 0.3 ml of 300 mg/ml solution of
procaine penicillin (Benicillin; Illium) and subcutaneously with 0.3 ml of
a 100 mg/ml solution of cephazolin (Hospira). Daily postoperative and
recovery procedures, including weight and infection management, were
conducted for the remainder of the experiment. All behavioral proce-
dures commenced a minimum of 3 weeks after surgery.

Experiment 1: chemogenetic activation of BLA glutamatergic neurons
We validated hM3Dq expression in BLA CaMKII�-positive cells and
confirmed BLA cellular response to clozapine-n-oxide (CNO; RTI Inter-
national). After a minimum of 3 weeks after surgery, rats were killed for
immunohistochemical detection of mCitrine and CaMKII� (n � 4). For
c-Fos and mCitrine immunohistochemistry, all rats had been infused
unilaterally into the right BLA with AAV5-CaMKII �-HA-hM3Dq-IRES-
mCitrine so that the nontransduced hemisphere could serve as a within-
subjects control. These rats received an intraperitoneal injection of 3
mg/kg CNO (diluted in 5% DMSO and saline; n � 6) or vehicle (n � 6)
3 weeks following surgery and then killed with an intraperitoneal injec-
tion of sodium pentobarbital 150 min later.

Acute slices were prepared from both unilaterally and bilaterally in-
jected animals at least 6 weeks following viral injections (rats aged 15–17
weeks). Rats were anesthetized with isoflurane, decapitated, and their
brains were quickly removed and chilled in ice-cold cutting solution (in
mM) as follows: 125 NaCl, 25 NaHCO3, 11 D-glucose, 2.5 KCl, 1.25
NaH2PO4.2H2O, 2.5 MgCl2, and 0.5 CaCl2, saturated with carbogen
(95% O2/5% CO2). Coronal slices (280 �m) containing the amygdala
were cut using a V1200S vibratome (Leica). Slices were hemisected and
initially incubated in an NMDG-HEPES recovery solution (in mM) as
follows: 93 NMDG chloride, 2.5 KCl, 1.2 NaH2PO4, 30 NaHCO3, 20
HEPES, 25 D-glucose, 5 sodium ascorbate, 2 thiourea, 3 sodium pyruvate,
10 MgCl2, 0.5 CaCl2, pH 7.3, 300 –310 mOsm/L, heated to 34°C and
saturated with carbogen for 10 min (Zhao et al., 2011). Slices were then
returned to carbogenated cutting solution and incubated for a further 20
min at 34°C, then allowed to equilibrate to room temperature for at least
30 min.

For recording, slices were transferred to the recording chamber and
continually perfused (�2 ml/min) with aCSF containing (in mM)
the following: 125 NaCl, 25 NaHCO3, 11 D- glucose, 2.5 KCl, 1.25
NaH2PO4.2H2O, 1 MgCl2, and 2 CaCl2, saturated with carbogen and
heated to 32°C–34°C. In all cases, NBQX (5 �M, Abcam Biochemicals)
and picrotoxin (100 �M, Sigma) were included in the circulating aCSF to
block fast excitatory and inhibitory transmission respectively. hM3Dq-
transfected BLA neurons were readily identified using an Olympus BX51
microscope equipped with 40� water-immersion objective, Dodt gradi-
ent contrast optics, and epifluorescence illumination. Whole-cell
current-clamp recordings were made from both mCitrine � and
mCitrine � BLA neurons using patch pipettes (3–5 M�) containing the
following (in mM): 135 potassium gluconate, 8 NaCl, 0.5 EGTA, 10
HEPES, 2 Mg-ATP, 0.3 Na-GTP, and 0.1% biocytin, pH 7.3, 280 –285
mOsm/L. Because of high levels of hM3Dq expression in the BLA that
received AAV injections, recordings from mCitrine � BLA neurons were
performed on slices from noninjected hemispheres of unilaterally in-
jected animals. To monitor changes in membrane voltage, continuous
chart recordings were made from cells held in current-clamp mode with
zero current injected. To elicit minimal firing, a 1 s depolarizing current
pulse (typically 100 –300 pA) was applied every 10 s. Following CNO
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application, mCitrine � cells were held up to 1 h to monitor drug wash-
out, whereas mCitrine � cells were allowed 10 min washout before the
application of the broad-spectrum muscarinic agonist carbachol (10 �M

for 5 min; Sigma). Recordings were performed using a MultiClamp 700B
amplifier (Molecular Devices), filtered at 5 kHz, and sampled at 10 kHz.
Data were acquired and analyzed using Axograph software (Molecular
Devices). Series resistance was monitored throughout each experi-
ment, and data were discarded if this fluctuated 	20% or if series
resistance was 	20 M�.

Experiment 2: chemogenetic activation of BLA glutamatergic
neurons and fear learning
In these experiments, as per our previous work (Arico and McNally,
2014; Yau and McNally, 2015), we used conditioned suppression of lever
pressing for food to assess Pavlovian-conditioned fear. Conditioned sup-
pression as a measure of fear has several advantages for the study of fear
prediction errors. It has a nonzero baseline because rats lever press for a
pellet reward at a constant rate and so can reveal decreases and increases
in fear; there are relatively high levels of baseline activity during training
and testing sessions; it is equally sensitive to visual and auditory CS
despite these CS eliciting different amounts of freezing; each of the sem-
inal behavioral preparations identifying the actions of prediction error
on fear association formation was established using conditioned sup-
pression; and, finally, assessment of conditioned suppression is com-
pletely automated.

Baseline lever pressing. Rats were trained to lever press to establish a
stable baseline lever pressing response. On days 1 and 2, rats received
magazine training in which every lever press was rewarded with the de-
livery of a pellet. In addition, rats also received free pellet deliveries on a
fixed interval 300 s schedule, in which a pellet was delivered on average
every 300 s. Magazine training sessions were terminated after 60 min or if
the rat reached 100 lever presses. If rats failed to reach 100 lever presses,
they were shaped to lever press by the experimenter. On day 3, rats
underwent a 60 min session of lever press training under a variable in-
terval (VI) 30 s schedule. From day 4 until the end of the experiment, rats
were maintained on a VI 120 s schedule of lever pressing. These sessions
lasted 120 min unless otherwise noted. On days 9 and 10, rats received
preexposure to a visual CS (flashing LED). This CS was presented four
times for 60 s, inter-trial interval (ITI) ranging from 1200 to 1800 s.

Acquisition. Rats were randomly allocated to a weak US group or a
strong US group. All rats underwent fear conditioning on days 11 and 12.
Rats received four 60 s presentations of the visual CS with a randomized
ITI of 1200 –1800 s while being maintained on a VI 120 s. These presen-
tations coterminated with a 0.5 s, 0.6 mA US for the strong US groups or
a 0.5 s, 0.3 mA US for the weak US groups. These sessions lasted 120 min.
Thirty minutes before these sessions, rats were injected intraperitoneally
with CNO (3 mg/kg) or vehicle.

Extinction test. Rats were tested across days 13–16. Rats received four
60 s presentations of CSA alone with an ITI of 900 s while being main-
tained on a VI 120 s schedule. Each test session lasted 70 min.

Experiment 3: chemogenetic activation of BLA glutamatergic
neurons prevents use of prediction error to regulate fear learning
Baseline lever pressing. The procedures used for baseline lever press train-
ing were as described previously. On days 9 and 10, rats received preex-
posure to CSA (flashing LED) and CSB (clicker). CS were presented for
60 s, four times each with ITIs ranging from 1200 to 1800 s.

Stage I. Rats were randomly allocated to groups Block and Control. On
days 11–13, groups Block received four 60 s presentations of CSA with a
randomized ITI of 1200 –1800 s while being maintained on a VI 120 s
lever pressing schedule. Each CSA presentation coterminated with a 0.5 s
footshock US (0.8 mA). Each Stage I session lasted for 120 min. Rats in
groups Control received further VI 120 training.

Stage II. On days 14 and 15, all rats received four 60 s presentations of
a compound comprising CSA and CSB (CSAB) with a randomized ITI of
490 –1200 s while being maintained on a VI 120 s lever pressing schedule.
The compound CSAB coterminated with a 0.5 s US (0.8 mA). These
sessions lasted 70 min each. Thirty minutes before the commencement of
each session rats received intraperitoneal injection of either CNO (3
mg/kg) or vehicle.

Test. All rats were tested on day 16. Rats received four 60 s presenta-
tions of CSB with an ITI of 900 s while being maintained on a VI 120 s
lever pressing schedule. This session lasted 70 min.

Experiment 4: chemogenetic activation of BLA glutamatergic
neurons prevents use of negative prediction error to reduce fear
Baseline lever pressing. The procedures used for baseline lever press train-
ing and CS preexposure (days 1–10) were the same as described previ-
ously with one exception. All procedures in this experiment were
conducted with the house light on.

Stage I. Rats underwent Stage I training on days 11–13. They received
two 60 s presentations of CSA and two 60 s presentations of CSB with a
randomized ITI of 1200 –1800 s while being maintained on a VI 120 s
schedule. Each stimulus was reinforced with a 0.5 s, 0.8 mA US. The order
of CS presentations was counterbalanced. Each Stage I session lasted 120
min.

Stage II. Rats underwent Stage II training on days 14 –16. Rats were
randomly allocated to groups Over and groups Control. Rats in groups
Over received four 60 s presentations of a CSAB compound with a ran-
domized ITI of 490 –1200 s while being maintained on a VI 120 s sched-
ule. Each compound presentation coterminated with a 0.5 s, 0.8 mA US.
Each Stage II session lasted 70 min. Rats in groups Control received
further VI 120 s lever press training without any CS or US presentations.
Thirty minutes before each Stage II session, rats received an intraperito-
neal injection of CNO (3 mg/kg) or vehicle.

Test. All rats were tested for both CSA and CSB in two separate test
sessions on days 17 and 18. These sessions were counterbalanced for CS
identity. Rats received four 60 s presentations of CSA and CSB alone with
an ITI of 900 s between presentations. Each session lasted for 70 min.

Immunohistochemistry
Following transcardial perfusion with 0.9% saline, 1% sodium nitrite
solution, and 360 �l/L heparin, then 4% buffered PFA, brains were post-
fixed and then placed in 20% hypertonic sucrose solution for 24 – 48 h. A
cryostat (Leica Microsystems) was used to collect 40 �m coronal sec-
tions, preserved in phosphate buffered azide (0.1% sodium azide) at 4°C
before immunohistochemistry.

Immunoreactivity for mCitrine (AAV5-CaMKII �-HA-hM3Dq-
IRES-mCitrine) and eYFP (AAV5- CaMKII�-eYFP) was performed
(chicken anti-eGFP; Invitrogen; A10262). CaMKII� and eGFP immuno-
reactivity (IR) were processed using two-color immunofluorescence.
Free-floating sections were washed for 20 min in 0.1 M phosphate buffer
(PB; pH 7.4), followed by 5 min in PB Triton X (PBTx; 0.2%; pH 7.4),
then treated with sodium citrate buffer, pH 6.0, at 75°C for 15 min and 10
min off heat. Sections were washed with PBTx (10 min), blocked (2 h, 5%
NGS in PBTx), and then placed in 1:500 rabbit anti-CaMKII� (Abcam;
ab92332) and 1:750 chicken anti-GFP (Invitrogen; A10262, diluted in a
solution of 0.2% PBTx and 2% NGS) at 4°C for 48 h. Sections were
washed in PB for 30 min and then incubated in 1:500 Alexa-555 goat
anti-rabbit (Invitrogen; A21429) and 1:750 Alexa-488 goat anti-chicken
(Invitrogen; A11039), diluted in PBTx (0.2%) and 2% NGS at room
temperature for 3 h. Sections were washed for 30 min in PB, mounted,
and coverslipped (Permfluor, Thermo Scientific). CaMKII�-IR and
eGFP-IR used a confocal microscope (Olympus BX61) and Fluoview
FV1200 software.

c-Fos-IR and eGFP IR were processed using two-color peroxidase im-
munohistochemistry. Free-floating sections were washed for 30 min in
0.1 M phosphate buffer (PB; pH 7.4), followed by 50% ethanol (EtOH)
for 30 min and then 3% hydrogen peroxide diluted in 50% EtOH for 30
min. Sections were blocked (30 min with 5% NHS diluted in PB), then
placed in 1:1000 rabbit anti-c-fos (Santa Cruz Biotechnology; sc-52) and
1:2000 chicken anti-GFP (Invitrogen; A10262) diluted in 0.3% Triton-X,
2% NHS, and 0.1 M PB, pH 7.4, and incubated at 4°C for 48 h. Sections
were washed three times for 20 min each (PB, pH 7.4), incubated in
1:3000 biotinylated donkey anti-rabbit (Jackson ImmunoResearch Lab-
oratories; 711, 065, 152) (diluted in a solution of 0.3% Triton-X, 2%
NHS, and 0.1 M PB, pH 7.4), overnight at room temperature. They were
then washed in PB, pH 7.4, and incubated in Avidin-Biotin (ABC re-
agent; Vector Elite kit 6 �l/ml avidin and 6 �l/ml biotin) diluted with PB
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containing 0.2% Triton, pH 7.4. c-Fos IR was
identified using a nickel intensified DAB
(D5637–56, Sigma) reaction. Immediately be-
fore this, sections were washed twice in PB, pH
7.4, and once in 0.1 M acetate buffer, pH 6.0.
Sections were incubated in DAB solution
(0.025% DAB, 0.04% ammonium chloride,
and 0.2% D-glucose in 0.1 M acetate buffer, pH
6.0). The peroxidase reaction was catalyzed by
0.2 �l/ml glucose oxidase and then rinsed with
0.1 M acetate buffer. Sections were then washed
with PB and incubated in biotinylated donkey
anti-chicken (1:3000; Jackson ImmunoRe-
search Laboratories; 703, 065, 155) overnight
before a second DAB reaction, without nickel
intensification, to identify brown eGFP-IR
cells. Sections were then washed thoroughly
with PB and mounted, dehydrated, cleared, and
coverslipped (Entellan, ProSciTech). cFos-IR
and eGFP-IR were imaged at 20� using a trans-
mitted light microscope (Olympus BX51) and
counted using Photoshop (Adobe).

Data analysis
Suppression ratios were calculated as SR � a/(a
� b) (Annau and Kamin, 1961), where a rep-
resents the number of lever presses during the
CS period and b represents the number of lever
presses recorded 60 s pre CS. A SR of 0.5 indi-
cates low suppression or low fear, whereas an
SR of 0 indicates complete suppression or high
fear. For the acquisition experiment, data from
each trial of acquisition and the first trial on
each day of test were analyzed. For the blocking
experiment, the first trial each day was re-
ported and analyzed. For overexpectation, the
first trial for each day of Stages I and II and
trials across both test days (CSA and CSB) were
analyzed. Behavioral data and c-Fos-IR neuro-
nal counts were analyzed via planned contrasts
(Harris, 2004). The Hay’s Decision-wise error
rate (�) was controlled at 0.05 for each
contrast.

Results
Experiment 1: chemogenetic activation
of BLA glutamatergic neurons
First, we used AAV5-CaMKII �-HA-
hM3D(Gq)-IRES-mCitrine (hereafter re-
ferred to as hM3Dq) to express the
designer muscarinic receptor bilaterally in
rat BLA glutamatergic neurons (n � 4),
and we quantified immunoreactivity (IR)
for CaMKII� and mCitrine/eGFP in BLA
to confirm expression in this cell type (Fig.
1A). There were significantly more dual
CaMKII�-IR/eGFP-IR cells than single
eGFP-IR cells (F(1,3) � 19.35, p 
 0.05),
and almost all eGFP-IR cells were local-
ized to CaMKII�-IR cells (Fig. 1B).

Then we used detection of the activity marker c-Fos to deter-
mine the effects of chemogenetic excitation of BLA glutamatergic
neurons. Rats (n � 12) with expression of hM3Dq in the right
BLA received intraperitoneal injection of either CNO (3 mg/kg)
or vehicle before examination of c-Fos expression in the right
(transduced) and left (nontransduced) BLA. CNO (n � 6) caused
significant recruitment of BLA neurons (Fig. 1C) relative to in-

jection of vehicle (n � 6) (main effect: F(1,10) � 11.34, p 
 0.05),
and this increase in c-Fos expression was selective to the right
BLA (interaction: F(1,10) � 6.18, p 
 0.05) (Fig. 1D).

Next, we made whole-cell current-clamp recordings from
hM3Dq� BLA neurons to determine the effects of hM3Dq recep-
tor activation on neuronal activity. Bath application of CNO (1–5
�M) for 5 min significantly depolarized hM3Dq� BLA neurons
by 2.6 � 0.3 mV compared with baseline membrane potentials

Figure 1. Chemogenetic activation of BLA glutamatergic neurons. A, Colocalization of CaMKII�-IR and DREADD � (eGFP-IR)
BLA cells (red represents CaMKII�-IR; green represents eGFP-IR). Scale bar, 25 �m. B, Total eGFP-IR and eGFP-IR/CaMKII �-IR
dual-labeled cells in rat BLA and percentage of CaMKII� � and CaMKII� � eGFP-IR cells. *p 
 0.05. Group size: CaMKII�- hM3Dq,
n � 4. C, Representative c-Fos-IR (black) and eGFP-IR (brown) cells in an hM3Dq animal injected with CNO (3 mg/kg, i.p.) Scale bar,
50 �m. D, Total c-Fos-IR in transduced (right) and nontransduced (left) BLA. *p 
 0.05 (hemisphere � drug interaction). Group
size: CaMKII�- hM3Dq-CNO, n � 6; CaMKII�- hM3Dq-Veh, n � 6. E, Representative voltage traces from hM3Dq

� and hM3Dq
�

BLA neurons. F, CNO (1–5 �M) depolarized hM3Dq �/mCitrine � neurons but had no effect on hM3Dq �/mCitrine � neurons,
which remained responsive to carbachol. *p 
 0.05. G, Representative voltage response from hM3Dq �/mCitrine � neurons to
minimal depolarizing current injection (100 –300 pA, 1 s) before (aCSF) and during CNO (5 �M) application. H, CNO significantly
increased action potential (AP) frequency in hM3Dq �/mCitrine � neurons. *p 
 0.05. Data are mean � SEM; the number of
neurons per experiment is indicated at the corresponding bars. Group size: CaMKII�- hM3Dq, n � 7.
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(paired t test, p 
 0.05; n � 7; Fig. 1E,F).
This depolarization was sufficient to
markedly increase firing rate (Fig. 1G)
compared with baseline firing evoked by a
1 s depolarizing current injection (100 –
300 pA) that elicited minimal firing
(paired t test, p 
 0.05, n � 6; Fig.
1H). In contrast, no significant change in
membrane potential was observed for
hM3Dq� BLA neurons from the non-
transduced hemisphere (paired t test, p 	
0.05; n � 5; Fig. 1E,F). Importantly, we
found no deficit in endogenous muscarinic
receptor activity in these hM3Dq� cells be-
cause the broad-spectrum muscarinic ago-
nist carbachol (10 �M) induced an initial
hyperpolarization followed by a marked de-
polarization in hM3Dq� BLA neurons
(paired t test, p 
 0.01; n � 4, Fig. 1E,F).
This biphasic response is consistent
with changes in conductance of various
ion channels following broad-spectrum
muscarinic activation (McQuiston and
Madison, 1999; Bell et al., 2013). Hence,
CNO selectively depolarizes and in-
creases the firing rate of hM3Dq express-
ing BLA neurons while not affecting
nonexpressing neurons.

Experiment 2: chemogenetic activation
of BLA glutamatergic neurons and
fear learning
We then asked whether this chemogenetic
excitation of BLA glutamatergic neurons
yields heightened fear learning and mem-
ory formation. Rats with bilateral BLA
expression of hM3Dq (n � 22) or AAV5-
CaMKII �-eYFP (hereafter referred to as
eYFP) (n � 18) (Fig. 2A) were trained to
fear a visual CS via pairings with a 0.3 mA
(weak) or 0.6 mA (strong) footshock to
establish weak or strong fear memories,
respectively (Fig. 2B). They were injected
with CNO 30 min before these training
sessions. Rats were later tested for their
fear responses (conditioned suppression)
to the visual CS in the absence of CNO.

Histology
Figure 2A shows the extent of eGFP-IR
across all rats included in the analyses with
each rat represented at 10% opacity.

Figure 2. Chemogenetic activation of BLA glutamatergic neurons and fear learning. A, Extent of eGFP-IR for each rat included
in the analysis represented at 10% opacity. B, Behavioral procedure. Groups 0.3 mA received visual CS-0.3 mA shock training and
the Groups 0.6 mA received visual CS-0.6 mA training during acquisition. CNO (3 mg/kg, i.p.) was injected 30 min before acquisition

4

training. C, Mean � SEM suppression ratios are shown for
acquisition and test. A ratio of 0.5 � no suppression of lever
pressing during the CS (no fear), and 0� complete suppres-
sion of lever pressing during the CS (high fear). The 0.6 mA
footshock conditioned more fear than 0.3 mA ( p 
 0.05),
but there was no effect of chemogenetic excitation ( p 	
0.05). Group sizes: CaMKII�-hM3Dq-0.6 mA, n � 5;
CaMKII�-eYFP-0.6 mA, n � 7; CaMKII�-hM3Dq-0.3 mA,
n � 7; CaMKII�-eYFP-0.3 mA, n � 9.
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Twelve rats were excluded due to expres-
sion of the eYFP or hM3Dq being located
predominantly outside the BLA.

Behavior
The 0.6 mA footshock supported more
fear learning than the 0.3 mA footshock
across training (Fig. 2C) (F(1,24) � 48.15,
p 
 0.05) and test (F(1,24) � 149.88, p 

0.05), confirming that the different shock
intensities used during training estab-
lished weak and strong fear memories.
CNO was injected before acquisition
training only. However, chemogenetic ex-
citation of BLA glutamatergic neurons
had no effect on this fear learning and
memory formation, assessed across the
course of CS–US pairings or during the
subsequent extinction tests (all F(1,24) 
 1,
p 	 0.05), regardless of whether such
memories were weak or strong. So, che-
mogenetic excitation was not able to con-
vert weak fear learning into stronger
learning, was unable to shift asymptotic
levels of fear learning, and did not aug-
ment fear memory consolidation.

Experiment 3: chemogenetic activation
of BLA glutamatergic neurons prevents
use of prediction error to regulate fear
learning
The failure of chemogenetic excitation to
affect simple fear learning and memory
formation shows that the consequences of
heightened BLA glutamatergic neuronal
activation for fear learning and memory
are subtle. A key feature of normal fear
learning and amygdala synaptic plasticity
is that they are tightly regulated by predic-
tion error (McNally and Westbrook,
2006; McNally et al., 2011). In this way,
only mismatches between predicted and
actual danger (i.e., prediction errors) trig-
ger fear learning (Rescorla and Wagner,
1972).

To examine the impact of chemoge-
netic excitation of BLA glutamatergic
neurons on use of fear prediction errors,
rats expressing hM3Dq (n � 28) or eYFP
(n � 28) bilaterally in BLA (Fig. 3A) were
assessed in an associative blocking proce-
dure (Kamin, 1968) (Fig. 3B) with injec-
tions of CNO 30 min before Stage II. In
this task, rats were first trained that CSA
(visual CS) predicts footshock. Subse-

Figure 3. Chemogenetic activation of BLA glutamatergic neurons prevents use of prediction error to regulate fear learning. A,
Extent of eGFP-IR for each rat included in the analysis represented at 10% opacity. B, Behavioral procedure. Groups Block received
Stage I CSA-shock training. In Stage II, all groups received CSAB-shock pairings. CNO (3 mg/kg, i.p.) or Vehicle (i.p.) was injected 30
min before Stage II sessions. All rats were then tested for fear to CSB. C, Mean� SEM suppression ratios during Stage I, Stage II, and
test for CNO (top) or vehicle (bottom). There was evidence for blocking in CaMKII�-eYFP-Veh and CaMKII-hM3Dq-Veh and
CaMKII�-hM3Dq-CNO-Misplaced groups, versus CaMKII-hM3Dq-Veh. Blocking was attenuated in CaMKII�-hM3Dq-CNO versus
CaMKII�-eYFP-CNO. *p 
 0.05. Group sizes: CaMKII�-hM3Dq-Block-CNO, n � 5; CaMKII�-hM3Dq-Control-CNO, n � 6;

4

CaMKII�-eYFP-Block-CNO, n � 7; CaMKII�-eYFP-Control-
CNO, n�5; CaMKII�-hM3Dq-Block-Vehicle, n�5; CaMKII�-
hM3Dq-Control-Vehicle, n � 6; CaMKII�-eYFP-Block-Vehicle,
n � 7; CaMKII�-eYFP-Control-Vehicle, n � 7; CaMKII�-
hM3Dq-CNO-Misplaced, n � 6.
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quently, CSA was presented in compound with a neutral CSB
(auditory CS) and followed by the same footshock. The prior fear
learning to CSA blocks learned fear to CSB. This occurs because
the animal’s expectations are matched to the danger posed, gen-
erating minimal prediction error and minimal fear learning. A
control group, on the other hand, receiving just Stage II training
of a neutral CSA presented in compound with a neutral CSB and
followed by footshock, does learn fear to CSB. This occurs due to
positive prediction error. If chemogenetic excitation of BLA glu-
tamatergic neurons disrupts this regulation of fear learning by
prediction error, then it will cause inappropriate fear learning to
the blocked CSB.

Histology
Figure 3A shows the extent of eGFP-IR across all rats included in
the analyses with each rat represented at 10% opacity. Eight ani-
mals were excluded due to misplaced hM3Dq or eYFP expres-
sion, primarily in the surrounding CeA or endopiriform cortex or
unilaterally in BLA.

Behavior
All block groups acquired fear across Stage I (main effect of day:
F(1,20) � 80.11, p 
 0.05) (Fig. 3C), and there were no differences
between groups (hM3Dq vs eYFP; F(1,20) 
 1, p 	 0.05; CNO vs
Veh; F(1,20) 
 1, p 	 0.05; interactions: F(1,20) 
 1, p 	 0.05).

During Stage II, the block groups expressed fear to the com-
pound CSAB (main effect Block vs Control: F(1,36) � 12.27, p 

0.05), whereas the control groups acquired fear (main effect of
day: F(1,36) � 71.92, p 
 0.05; group � day interaction: F(1,36) �
25.53, p 
 0.05). There was no effect of DREADD (main effect:
F(1,36) 
 1, p 	 0.05), CNO injection (F(1,36) � 2.9, p 	 0.05), or
interaction (group � drug � DREADD interaction: F(1,36) 
 1,
p 	 0.05). Further simple effect analyses showed no differences
between the DREADD and eYFP groups during Stage II. So, there
was no effect of the DREADD on fear expression during Stage II
(all p 
 0.05).

The results from test revealed normal use of prediction error
to regulate learning among the vehicle groups. Animals that re-
ceived vehicle injections during Stage II demonstrated associative
blocking (i.e., less fear to CSB in Block than Control groups, main
effect: F(1,21) � 23.25, p 
 0.05) regardless of the DREADD (main
effect: F(1,21) 
 1, p 	 0.05; group � DREADD interaction: F(1,21)


 1, p 	 0.05). So, there was fear learning to the CS signaling an
unexpected footshock (positive prediction error) and no fear
learning to the CS signaling an expected footshock (no prediction
error).

In contrast, chemogenetic activation of BLA glutamatergic
neurons prevented this use of prediction error to guide fear learn-
ing (main effect of DREADD: F(1,19) � 5.22, p 
 0.05; group �
DREADD interaction F(1,19) � 4.43, p 
 0.05). Associative block-
ing was attenuated in hM3Dq animals (CNO-hM3Dq-Block vs
CNO-eYFP-Block: F(1,19) � 9.96, p 
 0.05), causing inappropri-
ate fear learning to the blocked CS in hM3Dq animals. This inap-
propriate fear learning was selective to the associative blocking
manipulation because chemogenetic excitation had no effect on
fear learning in the Control groups (F(1,19) 
 1, p 	 0.05).

To verify that this DREADD-driven disruption of prediction
error was anatomically specific to BLA, we examined animals
treated with CNO that had robust but misplaced expression of
hM3Dq. This misplaced expression was typically in central nu-
cleus of the amygdala or piriform cortex (Fig. 3C; CNO-hM3Dq-

Block-Misplaced, n � 6). In contrast to animals with BLA
hM3Dq expression, these animals with misplaced hM3Dq ex-

pression showed normal use of prediction error. Associative
blocking was intact yielding no fear learning to expected danger
(vs CNO-Block-eYFP group: F(1,15) 
 1, p 	 0.05; vs CNO-
hM3Dq-Block group: F(1,15) � 5.29, p 
 0.05). This confirms the
anatomical selectivity of disrupted prediction error by BLA che-
mogenetic manipulation.

Experiment 4: chemogenetic activation of BLA glutamatergic
neurons prevents use of negative prediction error to inhibit
fear
Finally, we asked whether this failure of prediction error to reg-
ulate learning extends to the inhibition of fear. Fear inhibition is
profoundly disrupted in anxiety disorders, and such disruption is
associated with hyperactivity of the amygdala (Rachman, 1994;
Guthrie and Bryant, 2006; Michael et al., 2007; Jovanovic et al.,
2010, 2012; Dunsmoor and Paz, 2015). In rodents, such fear in-
hibition is often studied via extinction. However, deficits in ex-
tinction learning have numerous causes that do not necessarily
reflect deficits in use of negative prediction error (Storsve et al.,
2010, 2012).

We used an overexpectation procedure (Rescorla, 1970; Lattal
and Nakajima, 1998; McNally et al., 2004; Rescorla, 2007) to
specifically isolate negative prediction error causing fear inhibi-
tion. Rats expressing hM3Dq (n � 19) or eYFP bilaterally in BLA
(n � 15) (Fig. 4A) were trained in an overexpectation procedure
(Fig. 4B) so that in Stage I two CS, CSA (visual) and CSB (audi-
tory), separately predicted footshock. In Stage II, the two cues
were presented in compound and followed by the same footshock
for the overexpectation group. This causes a reduction in learned
fear to both CS. This reduction occurs, despite the footshock US
being present, because the animal’s expectations of danger have
been increased: it sums predictions from both CS to predict two
footshocks, but it receives only one. This generates a negative
prediction error causing fear inhibition. If chemogenetic activa-
tion of BLA glutamatergic neurons disrupts use of negative pre-
diction error to inhibit fear, then CNO injections before Stage II
training should prevent overexpectation of fear.

Histology
Figure 4A shows the extent of eGFP-IR across all rats included in
the analyses with each rat represented at 10% opacity. Seven rats
were excluded as per exclusion criteria outlined previously. Two
of these animals were in the hM3Dq-Over group.

Behavior
All groups learned to fear CSA and CSB across Stage I (main effect
of day: F(1,23) � 743.51, p 
 0.05; no main effect of group: F(1,23)

� 1.45, p 	 0.05; no interaction: F(1,23) 
 1, p 	 0.05) (Fig. 4C).
During Stage II, both the eYFP and hM3Dq groups were identi-
cal: expressing high levels of fear (no main effect of DREADD:
F(1,13) 
 1, p 	 0.05; no main effect of day: F(1,13) 
 1, p 	 0.05;
no day � group interaction: F(1,13) 
 1, p 	 0.05).

Overexpectation caused inhibitory learning and loss of fear
(Fig. 4C) (main effect of group: F(1,23) � 17.71, p 
 0.05; no main
effect of DREADD: F(1,23) � 2.05, p 	 0.05). Importantly, che-
mogenetic activation of BLA glutamatergic neurons prevented
this use of negative prediction error to reduce fear, yielding a
significant impairment in learned fear inhibition (group � DRE-
ADD interaction: F(1,23) � 4.50, p 
 0.05; hM3Dq-Over vs eYFP-
Over: F(1,23) � 6.95, p 
 0.05; hM3Dq-Control vs eYFP-Control:
F(1,23) 
 1, p 	 0.05).
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Discussion
We used chemogenetic excitation of BLA
glutamatergic neurons to identify the
mechanisms linking heightened amygdala
activation to excessive fear. First, we
validated our DREADD approach via im-
munohistochemistry to show that the
CaMKII�-hM3Dq DREADD predomi-
nantly colocalized to BLA CaMKII�-IR
cells. We then demonstrated that injec-
tions of CNO caused c-Fos expression in
the transduced but not nontransduced
BLA. Finally, we showed that CNO signif-
icantly depolarized hM3Dq� BLA neu-
rons and markedly increased firing rates
evoked by current injection. Next, we
used this chemogenetic approach to de-
termine the effects of BLA activation on
the acquisition of fear. Chemogenetic ex-
citation of BLA glutamatergic neurons did
not augment simple fear learning regard-
less of whether this learning led to a weak
or strong fear memory. Instead, chemoge-
netic excitation of these neurons acted
selectively to prevent the associative
blocking of fear learning and also acted to
prevent inhibitory fear learning in an
overexpectation task.

Methodological considerations
There was no evidence here that these ef-
fects of chemogenetic manipulation on
fear learning were due to AAV-mediated
expression of the hM3Dq DREADD dis-
rupting general BLA function and/or be-
havior. In slices, the hM3Dq DREADD
caused expected membrane depolariza-
tion and increased firing rates. As in our
previous work (Yau and McNally, 2015),
hM3Dq and eYFP animals acquired the
baseline lever pressing task at the same
rate and to the same level; they also ac-
quired, retained, and expressed fear at the
same levels as the eYFP groups. The
hM3Dq groups were largely indistin-
guishable from eYFP controls. These find-
ings argue strongly against a nonselective
effect of BLA hM3Dq expression on learn-
ing or memory.

There was also no evidence that CNO
had nonspecific effects that confound in-
terpretation (Rogan and Roth, 2011), at
least in the measures we assessed. In BLA
slices, there was no detectable effect of
CNO on membrane potentials in
hM3Dq� neurons, despite these neurons
showing intact sensitivity to the broad-
spectrum muscarinic agonist carbachol.
At the behavioral level, there was no effect of CNO injection on
simple fear learning or memory; and in the associative blocking as
well as overexpectation experiments, there was no difference be-
tween groups until the test phases. In addition, in the associative

blocking experiment, the CNO-injected hM3Dq misplaced
group showed normal behavioral function and learning.

Together, these findings argue strongly against nonselective or
nonspecific effects of the hM3Dq or CNO manipulations on BLA
function and fear learning. Instead, our findings indicate that

Figure 4. Chemogenetic activation of BLA glutamatergic neurons prevents use of negative prediction error to inhibit fear. A,
Extent of eGFP-IR for each rat included in the analysis represented at 10% opacity. B, Behavioral procedure. All groups received
CSA-shock and CSB-shock pairings in Stage I. In Stage II, Groups Over received CSA-shock presentations. Groups Control received
further VI 120 training. CNO (3 mg/kg, i.p.) was injected 30 min before Stage II training. All groups were then tested for fear to CSA
and CSB. C, Mean � SEM suppression ratios during Stage I, Stage II, and test. Overexpectation was attenuated in CaMKII�-hM3Dq-
Over versus CaMKII�-eYFP-Over. *p 
 0.05. Group sizes: CaMKII�-hM3Dq-Over, n � 9; CaMKII�-eYFP-Over, n � 6; CaMKII�-
hM3Dq-Control, n � 6; CaMKII�-eYFP-Control, n � 6.
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chemogenetic excitation of BLA glutamatergic neurons has sub-
tle and selective effects on fear learning.

Heightened amygdala activation and disrupted
prediction error
Our data show that chemogenetic excitation of BLA glutamater-
gic neurons does not alter asymptotic levels of fear, increase the
perceived intensity of the footshock, or augment fear memory
consolidation because there were no within session or between
session differences between hM3Dq and eYFP in acquisition or
expression of simple forms of fear learning. This is consistent
with observations that such simple fear learning is often unal-
tered in clinically anxious populations (Lissek et al., 2005) (but
see below).

Rather, we detected a specific deficit in the use of prediction
error to regulate fear learning. Prediction error regulates fear
learning by matching increments and decrements in fear pre-
cisely to the danger posed. This error instructs fear learning to
unexpected events (positive prediction error), prevents fear
learning to expected events (no prediction error), and instructs
inhibitory learning to omission of expected events (negative pre-
diction error). hM3Dq excitation of BLA glutamatergic neurons
disrupted use of this error to regulate fear learning. Specifically,
this excitation yielded two consequences. First, it prevented asso-
ciative blocking, causing inappropriate fear memory formation:
animals learned to fear a CS that was not a valid predictor of
danger in the associative blocking task. Animals in the Block-
hM3Dq-CNO group showed significantly more fear to the
blocked CS than the Block-hM3Dq-Vehicle and Block-eYFP-
CNO controls. Second, chemogenetic excitation impaired fear
inhibition. Animals were unable to use negative prediction error
to reduce fear in the overexpectation task. Animals in the Over-
hM3Dq group showed impaired overexpectation compared with
the Over-eYFP group. The finding of impaired inhibition of fear
in overexpectation is important because, unlike fear extinction,
which has multiple causes for fear loss (Rescorla, 2001; Myers and
Davis, 2002), overexpectation selectively reveals actions of nega-
tive prediction error in causing fear loss.

Fear prediction error acts by regulating the activity of BLA
neurons. Expected aversive events yield less recruitment of BLA
and less fear learning than unexpected ones. This diminution of
BLA activity during fear learning has been reported in rodents
(Furlong et al., 2010; Johansen et al., 2010b) and humans (Dun-
smoor et al., 2008; Eippert et al., 2012), including in human as-
sociative blocking tasks. It is due to periaqueductal gray-based
circuits causing reductions in transmission of aversive US infor-
mation to the BLA and reducing fear learning commensurately
(Fanselow, 1998; McNally and Westbrook, 2006; McNally et al.,
2011; Herry and Johansen, 2014). Chemogenetic excitation of
BLA glutamatergic neurons may bypass circuit level feedback
control over the activity of BLA glutamatergic neurons during
fear learning. The hM3Dq excitation effectively circumvents con-
trol over BLA glutamatergic neuron activity by fear prediction
error, enabling learning to a CS that is not a valid predictor of
danger when it would not otherwise occur (blocking) and pre-
venting fear inhibition (overexpectation). This insensitivity to
prediction error during heightened BLA glutamatergic neuronal
activation may provide a common mechanism for overgeneral-
ization of fear and failures of fear inhibition characteristic of
pathological anxiety (Jovanovic and Ressler, 2010; Dunsmoor
and Paz, 2015).

Amygdala and prediction error
There are three additional features of these results that deserve
comment. First, the effects of chemogenetic excitation in the
overexpectation design could suggest that BLA glutamatergic
neurons show bidirectional sensitivity to prediction error: posi-
tive error and increments in fear are coded by increases in activ-
ity, whereas negative error and decrements in fear are coded by
decreases in activity. However, it is equally plausible that such
errors are coded by excitation in distinct populations of BLA
glutamatergic neurons (e.g., fear “on” and “off” cells) (Herry et
al., 2008; Senn et al., 2014). The chemogenetic BLA manipulation
does not allow easy distinction between these possibilities. Sec-
ond, BLA lesions do not affect prediction error driven upregula-
tion of attention to CS in Pavlovian appetitive conditioning
(Holland et al., 2001). This suggests that BLA contributions to the
effects of prediction error may differ in appetitive and fear con-
ditioning, a suggestion supported by the role of nucleus accum-
bens in attentional selection of danger signals (Li and McNally,
2015). Finally, the deficit in use of prediction error was restricted
to the blocking and overexpectation designs. There was no effect
on simple fear acquisition. BLA glutamatergic neurons may be
especially sensitive to fear learning based on pooled or summed
prediction errors (e.g., during blocking and overexpectation) and
less sensitive to learning based on unique or individual errors
(e.g., during single cue conditioning) (Le Pelley, 2004). However,
given that manipulations of BLA glutamatergic neurons affect
learning to individual cues (Wolff et al., 2014), this is an interest-
ing but unlikely possibility. Alternatively, despite sensitivity to
differences in asymptotic levels of fear learning, our measure may
have been less sensitive to differences in rate of learning. This
could obscure any effect on the DREADD manipulation on fear
learning to the single cues. Indeed, DREADDs modulate fear
acquisition in mice using immobility as the measure of learned
fear (Yiu et al., 2014).

In conclusion, here we combined chemogenetic techniques
with behavioral approaches isolating the actions of fear predic-
tion error to show that heightened activation of BLA glutamater-
gic neurons acts selectively to disrupt use of prediction error in
regulating fear learning. Animals were less able to use their past
experience with danger to regulate their future learning about
this danger, as shown by impaired associative blocking, and were
less able to reduce fear when fear expectations exceeded the dan-
ger posed, as shown by impaired overexpectation. Chemogenetic
excitation of BLA glutamatergic neurons could therefore serve as
a useful model for identifying the cellular and circuit level conse-
quences of heightened amygdala activation as well as for under-
standing fear prediction error signals in pathological anxiety.
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Eippert F, Gamer M, Büchel C (2012) Neurobiological mechanisms under-
lying the blocking effect in aversive learning. J Neurosci 32:13164 –13176.
CrossRef Medline

Fanselow MS (1998) Pavlovian conditioning, negative feedback, and block-
ing: mechanisms that regulate association formation. Neuron 20:
625– 627. CrossRef Medline

Farb CR, Ledoux JE (1999) Afferents from rat temporal cortex synapse on
lateral amygdala neurons that express NMDA and AMPA receptors. Syn-
apse 33:218 –229. CrossRef Medline

Furlong TM, Cole S, Hamlin AS, McNally GP (2010) The role of prefrontal
cortex in predictive fear learning. Behav Neurosci 124:574 –586. CrossRef
Medline

Goossens L, Sunaert S, Peeters R, Griez EJ, Schruers KR (2007) Amygdala
hyperfunction in phobic fear normalizes after exposure. Biol Psychiatry
62:1119 –1125. CrossRef Medline

Guthrie RM, Bryant RA (2006) Extinction learning before trauma and sub-
sequent posttraumatic stress. Psychosom Med 68:307–311. CrossRef
Medline

Harris RJ (2004) ANOVA: an analysis of variance primer. Itasca, IL: Peacock.
Herry C, Johansen JP (2014) Encoding of fear learning and memory in dis-

tributed neuronal circuits. Nat Neurosci 17:1644 –1654. CrossRef
Medline

Herry C, Ciocchi S, Senn V, Demmou L, Müller C, Lüthi A (2008) Switching
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