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Locus Coeruleus Norepinephrine Drives Stress-Induced
Increases in Basolateral Amygdala Firing and Impairs
Extinction Learning
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Stress impairs extinction learning, and these deficits depend, in part, on stress-induced norepinephrine (NE) release in the basolateral
amygdala (BLA). For example, systemic or intra-BLA administration of propranolol reduces the immediate extinction deficit (IED), an
impairment in extinction learning that occurs when extinction trials are administered soon after fear conditioning. Here, we explored
whether locus coeruleus (LC)-NE regulates stress-induced changes in spike firing in the BLA and consequent extinction learning impair-
ments. Rats were implanted with recording arrays in the BLA and, after recovery from surgery, underwent a standard auditory fear
conditioning procedure. Fear conditioning produced an immediate and dramatic increase in the spontaneous firing of BLA neurons that
persisted (and in some units, increased further) up to an hour after conditioning. This stress-induced increase in BLA firing was
prevented by systemic administration of propranolol. Conditioning with a weaker footshock caused smaller increases in BLA firing rate,
but this could be augmented by chemogenetic activation of the LC. Conditioned freezing in response to a tone paired with a weak
footshock was immune to the IED, but chemogenetic activation of the LC before the weak conditioning protocol increased conditioned
freezing behavior and induced an IED; this effect was blocked with intra-BLA infusions of propranolol. These data suggest that stress-
induced activation of the LC increases BLA spike firing and causes impairments in extinction learning. Stress-induced increases in BLA
activity mediated by LC-NE may be a viable therapeutic target for individuals with stress- and trauma-related disorders.
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Introduction
Stress contributes to a number of psychiatric disorders, and it is
well known that stress influences aversive learning processes that
contribute to the development and maintenance of post-
traumatic stress disorder (PTSD; O’Donnell et al., 2004; Morilak

et al., 2005; Arnsten, 2009, 2015; Milad et al., 2009; Pervanidou
and Chrousos, 2010; Parsons and Ressler, 2013; Raio et al., 2014;
Arnsten et al., 2015; Maren and Holmes, 2016). For example,
numerous studies demonstrate that either acute or chronic stress
impairs the extinction of fear after Pavlovian conditioning (Iz-
quierdo et al., 2006; Miracle et al., 2006; Chang and Maren, 2009;
Wilber et al., 2011; MacPherson et al., 2013; Merz et al., 2014;
Raio et al., 2014; Raio and Phelps, 2015; Maren and Holmes,
2016). Extinction learning is thought to mediate, in part,
cognitive-behavioral therapies for PTSD, including exposure
therapy, and patients with PTSD exhibit deficits in extinction
learning (Wessa and Flor, 2007; Pitman et al., 2012; Garfinkel et
al., 2014; Giustino et al., 2016; Maren and Holmes, 2016). In the
laboratory, we, and others, have shown that extinction learning is
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Significance Statement

Patients with post-traumatic stress disorder (PTSD) show heightened amygdala activity; elevated levels of stress hormones,
including norepinephrine; and are resistant to the extinction of fear memories. Here, we show that stress increases basolateral
amygdala (BLA) spike firing. This could be attenuated by systemic propranolol and mimicked by chemogenetic activation of the
locus coeruleus (LC), the source of forebrain norepinephrine (NE). Finally, we show that LC-NE activation is sufficient to produce
extinction deficits, and this is blocked by intra-BLA propranolol. Stress-induced increases in BLA activity mediated by LC-NE may
be a viable therapeutic target for individuals with PTSD and related disorders.
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impaired in humans and rodents when it occurs within minutes
to hours of fear conditioning (Maren and Chang, 2006; Chang et
al., 2010; Kim et al., 2010; Fitzgerald et al., 2015; Hollis et al.,
2016; Maren and Holmes, 2016; Merz et al., 2016). Considerable
evidence suggests that this “immediate extinction deficit” (IED)
is mediated by footshock stress during fear conditioning itself
(Maren and Chang, 2006; Chang et al., 2010; Fitzgerald et al.,
2015; Maren and Holmes, 2016; Giustino et al., 2017). Impor-
tantly, the IED models extinction learning impairments in both
rodents and humans in the aftermath of acute trauma, as well as
extinction impairments associated with symptomatic stress in
patients with PTSD (Maren and Chang, 2006; Rauch et al., 2006;
Wessa and Flor, 2007; Milad et al., 2009; Raio et al., 2014; Fitzger-
ald et al., 2015; Giustino et al., 2016, 2017; Merz et al., 2016).

Previous work indicates that stress-induced extinction deficits
are mediated by forebrain norepinephrine release in the medial
prefrontal cortex (mPFC) and amygdala (Arnsten, 2009, 2015;
Kim et al., 2010; Giustino et al., 2016, 2017; Giustino and Maren,
2018). Indeed, individuals with PTSD and related disorders pres-
ent with elevated amygdala activity as well as heightened levels of
neuromodulators, including norepinephrine (Southwick et al.,
1999a,b; Milad et al., 2009; Giustino et al., 2016; Krystal et al.,
2018). The locus coeruleus–norepinephrine (LC-NE) system
heavily innervates the amygdala and is highly responsive to stress
(Fallon et al., 1978; Foote et al., 1980; Loughlin et al., 1986; Jodo
et al., 1998; Quirarte et al., 1998; Passerin et al., 2000; Buffalari
and Grace, 2007; Chen and Sara, 2007; McCall et al., 2015, 2017;
Naegeli et al., 2018; Giustino and Maren, 2018). Past work has
demonstrated that LC projections to the amygdala are associated
with increased fear and anxiety-like behavior (McCall et al., 2017;
Uematsu et al., 2017), and noradrenergic blockade in the
amygdala is sufficient to rescue stress-induced deficits in fear
extinction (Giustino et al., 2017).

These data suggest the LC-NE system critically regulates
amygdala activity, which may ultimately drive stress-induced ex-
tinction deficits via interactions with the mPFC (Giustino et al.,
2019). To address this possibility, we combined single-unit baso-
lateral amygdala (BLA) recordings with systemic pharmacology
in freely moving rats to examine whether �-adrenoceptors medi-
ate stress-induced changes in amygdala firing rates. We next
combined single-unit amygdala recordings with LC-specific che-
mogenetic manipulations to determine whether LC-NE drives
changes in amygdala single-unit activity. Last, we directly exam-
ined the contribution of the LC-NE system to the immediate
extinction deficit.

Materials and Methods
Subjects
Eighty-one experimentally naive, adult, male, Long–Evans Blue Spruce
rats (weighing 200 –224 g; 50 –57 d old) were obtained from a commer-
cial supplier (Envigo). Upon arrival and throughout the experiments,
rats were individually housed in cages within a humidity- and tempe-
rature-controlled vivarium and kept on a 14/10 h light/dark cycle (lights
on at 7:00 A.M.) with ad libitum access to food and water. All experiments
were conducted in the daytime during the light phase. Rats were handled
for �30 s/d for 5 d to habituate them to the experimenter before any
behavioral testing or surgical procedures were carried out. All procedures
were conducted at Texas A&M University and were performed in strict
accordance with the guidelines and regulations set forth by the National
Institutes of Health and Texas A&M University with full approval from
its Animal Care and Use Committee.

Experimental design and statistical analyses
The work reported here was conducted in a series of four independent
experiments.

Experiment 1. In the first experiment, we examined whether fear con-
ditioning alters BLA spike firing rates and whether those changes are
mitigated by systemic propranolol, a �-adrenoceptor antagonist. Rats
were implanted with a 16-channel microelectrode array targeting the
BLA. After recovery from surgery, the animals were transported to the
recording room, and after a 3 min stimulus-free baseline period, rats
were injected with vehicle (n � 5, 143 neurons) or propranolol (10
mg/kg, i.p., n � 5, 137 neurons). Twenty minutes later, rats received five
conditioned stimulus– unconditioned stimulus (CS–US) pairings and
remained in the chamber for 60 min following the last footshock.

A modified rodent behavioral chamber (30 � 24 � 21 cm, Med Asso-
ciates) enclosed in a sound-attenuating cabinet was used for recording
experiments (Experiments 1 and 2). This chamber was modified to allow
for freely moving electrophysiological recordings as well. The chamber
was composed of two aluminum side walls, a Plexiglas rear wall, a hinged
Plexiglas door, and an open top. The grid floor consisted of 19 stainless
steel rods (4 mm diameter) spaced 1.5 cm apart (center to center). A
loudspeaker attached to the outside of a grating in one aluminum wall
was used to play auditory tones. Locomotor activity of the rat was trans-
duced by a load cell under the floor of the chamber, and the output of the
load cell was recorded by an OmniPlex recording system (Plexon). Thus,
all behavioral and neural activity was recorded automatically with this
system.

Each rat was individually fear conditioned in Context A. In this pro-
cedure, the rat was transported to the room in a black plastic box, con-
nected to a headstage with a flexible cable (OmniPlex, Plexon), and
placed in the behavioral chamber. The chamber had been cleaned with
1% ammonium hydroxide to provide a distinct olfactory cue, and a black
pan containing a thin layer of the same solution had been placed under
the grid floor. The room was illuminated with red ambient lights (Con-
text A). After a 3 min stimulus-free baseline period, the system was briefly
paused while the animal remained plugged in and was injected with
either vehicle or propranolol (10 mg/kg, i.p.). The rat was placed back in
the chamber for 20 min to allow adequate time for the drug to take effect.
The rat then received five auditory tone–footshock pairings. Recordings
did not occur during shock presentation due to electrical noise. The tones
(CS) were 2 s, 80 dB, 2 kHz; the shocks (US) were 0.5 s and 1 mA, where
shock onset occurred at tone offset. There was a 1 min intertrial interval
(ITI) between shocks. The session continued for 60 min after the final
shock, and then the rat was returned to its home cage.

Extracellular single-unit activity was recorded with a multichannel
neurophysiological recording system (Plexon). Wideband signals re-
corded on each channel were referenced to one of the recording wires
(resulting in a maximum of 15 channels of activity per rat), amplified
(8000�), digitized (40 kHz sampling rate), and saved on a PC for offline
sorting and analysis. The recording reference wire we chose for each
session was selected to optimize the quality of the recordings. After high-
pass filtering the signal at 600 Hz, waveforms were manually sorted using
two-dimensional principal component analysis (Offline Sorter, Plexon).
Only well-isolated units were used in our analysis. If two units with similar
waveforms and identical time stamps appeared on adjacent electrodes, we
only used one unit. We then imported sorted waveforms and their time
stamps to NeuroExplorer (Nex Technologies) for further analysis.

Experiment 2. The second experiment examined whether chemoge-
netic activation of the LC fosters increases in BLA spike firing after foot-
shock. This experiment followed a nearly identical protocol except
that animals received infusions of an adenoviral vector expressing
Gq-coupled designer receptor exclusively activated by designer drugs
(DREADDs) into the LC (Vazey and Aston-Jones, 2014), in addition to a
16-channel microelectrode array targeting the BLA. We and others have
previously validated this virus in vivo and have reported clozapine
N-oxide (CNO)-mediated increases in LC firing lasting for up to 1 h
(Vazey and Aston-Jones, 2014; Giustino et al., 2019). Animals were in-
jected with vehicle (n � 5, 117 neurons) or CNO (3 mg/kg, i.p., n � 5, 116
neurons) after a 3 min baseline period and conditioned with five weak
CS–US pairings 20 min later, and remained in the chamber for 60 min
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following the last shock to monitor neural and freezing behavior. The
tones (CS) were 2 s, 80 dB, 2 kHz; the shocks (US) were 0.5 s, 0.5 mA,
where shock onset occurred at tone offset.

The data were analyzed with conventional parametric statistics (Stat-
View, SAS Institute). One-way and two-way ANOVA and repeated-
measures ANOVA were used to assess general main effects and
interactions (� � 0.05). Results are shown as mean � SEM. � 2 analyses
were used to examine differences in neuronal populations (i.e., neuron
count split by excited and suppressed). Analyses for Experiments 1 and 2
used repeated-measures ANOVA with a within-subject variable of time
and a between-subject variable of systemic drug for both freezing behav-
ior and spontaneous firing rates. The spontaneous firing rate data were
plotted in 20 s bins for the duration of the session, and the z-score was
normalized to the entire preshock period.

Experiment 3. The third experiment examined whether chemogenetic
activation of the LC is sufficient to induce an immediate extinction def-
icit using a weak conditioning procedure that itself does not produce an
extinction deficit. Rats received systemic vehicle (VEH) or clozapine
N-oxide (CNO) injections �10 min before conditioning (Context A).
After conditioning, animals underwent immediate (or no extinction
(NO EXT)— context exposure only) procedures (Context B). Rats were
tested for extinction (EXT) retrieval (Context B) 48 h later in a drug-free
state. Group sizes were as follows: VEH-EXT, n � 11; CNO-EXT, n � 12;
VEH-NO EXT, n � 8; CNO-NO EXT, n � 8.

Animals underwent similar behavioral procedures as described above
for the recording experiments. On Day 1, rats were transported to the
conditioning context (Context A) in squads of eight. Rats received either
vehicle or CNO (3 mg/kg, i.p.) �5–10 min before fear conditioning.
After a 3 min stimulus-free baseline period, all animals were conditioned
with a single CS–US pairing using a weak footshock (0.5 s, 0.5 mA shock).
Rats were removed from the conditioning chambers and underwent im-
mediate extinction or no-extinction (i.e., Context B exposure, no CS
presentation) procedures in Context B. Rats were transported to Context
B in white transport boxes. The chamber was cleaned with 3% acetic acid,
and a metal pan containing a thin layer of the same solution was placed
under the grid floor. Ambient white lights illuminated the room. For
animals undergoing immediate extinction, 45 CS-alone trials were pre-
sented (30 s ITI) after a 3 min stimulus-free baseline period. Rats under-
going no-extinction procedures remained in the chambers for the same
amount of time, but no CS was presented. Animals were returned to their
home cages at the end of the session. Animals were tested for extinction
retrieval 48 h later. This extinction retrieval test was identical to the initial
extinction session.

Experiment 4. The fourth and last experiment examined whether the
extinction deficit produced by chemogenetic LC activation is mediated
by �-adrenoceptors in the BLA. Experiment 4 followed procedures
nearly identical to Experiment 3, except that intracranial drug infusions
occurred before fear conditioning. Animals were transported to an infu-
sion room where they received intra-BLA vehicle or propranolol (PROP)
intracranially (5 �g/�l, 0.5 �l/hemisphere) and systemic VEH or CNO
infusions (in a 2 � 2 factorial design). Dummies were removed, and
stainless steel injectors (33 gauge) connected to Hamilton syringes
mounted to an infusion pump were inserted into the guide cannula for
intracranial infusions. All infusions were administered �20 min before
conditioning. Infusions were administered at a rate of 0.25 �l/min for 2
min, and the injectors were left in place for 1 min to allow for diffusion.
After the infusions, clean dummies were secured to the guide cannula.
Animals were then treated with either VEH or CNO (intraperitoneally)
and underwent fear conditioning (Context A) 10 min later. Conditioning
consisted of a 3 min preshock baseline period followed by three CS–US
trials (0.5 s, 0.5 mA shocks). Immediate extinction (20 min after condi-
tioning) and extinction retrieval (Context B) procedures were identical
to the third experiment. Group sizes were as follows: VEH-VEH, n � 5;
PROP-VEH, n � 6; VEH-CNO, n � 4; and PROP-CNO, n � 7.

The data were analyzed with conventional parametric statistics (Stat-
View, SAS Institute). One-way and two-way ANOVA and repeated-
measures ANOVA were used to assess general main effects and
interactions (� � 0.05). Results are shown as mean � SEM. Analyses for
Experiments 3 and 4 examined differences in freezing behavior with a

within-subject variable of time and between-subject variable of drug
treatment (both systemic and intracranial).

Surgeries
Rats were anesthetized with isoflurane (5% induction, 2% maintenance)
and placed in a stereotaxic apparatus (Kopf Instruments). The scalp was
incised and retracted. For rats receiving viral infusions into the LC (Ex-
periments 2– 4), the head was tilted downward at a 15° angle such that the
bregma skull surface was 2 mm below intersectional lambda in the hor-
izontal plane. Burr holes were drilled above the LC in each hemisphere,
and injectors were lowered into the LC to infuse AAV9-PRSx8-
hM3Dq-HA (1.214e14 GC/ml, University of Pennsylvania Vector Core),
an LC-specific Gq-coupled DREADD. The PRSx8 promoter is a synthetic
dopamine-�-hydroxlyase promoter that restricts expression to norad-
renergic neurons (Vazey and Aston-Jones, 2014). Viral infusions were
made with a hypodermic injector (Small Parts/Amazon) that was con-
nected to a Legato 101 infusion pump (KD Scientific) and a 10 �l syringe
(Hamilton Company) using polyethylene tubing (Braintree Scientific).
Virus was infused at a rate of 0.25 �l/min, and the injector was removed
5 min after the infusion ended to allow for adequate diffusion. The co-
ordinates for each infusion (relative to intersection lambda) were as fol-
lows: anteroposterior (AP), �3.8 mm; mediolateral (ML), �1.4 mm;
and dorsoventral (DV), �7.0, �6.5, and �6.0 mm. We infused 0.5 �l at
these three depths in each hemisphere due to the specificity of the virus
and variability from animal to animal in terms of the DV location of the
LC. At least 2 weeks were allowed following viral infusions before begin-
ning experiments.

For rats that received a microelectrode array targeting the BLA (re-
gardless of whether this was preceded by LC viral infusions, Experiments
1 and 2), the skull was leveled in the horizontal plane. Three to five burr
holes were drilled for anchor screws. Burr holes overlying the BLA in the
right hemisphere were also made for the microelectrode array. The ani-
mal was then implanted with a 16-channel microelectrode array (Inno-
vative Neurophysiology). The 4 � 4 array was constructed of 16
individual 50 �m diameter tungsten wires of equal length (10.5 mm).
The wires in each row and the rows themselves were spaced 200 �m apart
(center to center). The array was positioned with its long axis parallel to
the anteroposterior plane. Coordinates for the center-most wires relative
to the bregma skull surface were as follows: AP, �2.9; ML, �4.8; DV,
�8.55. One electrode was selected to be used as a ground to optimize
recordings, resulting in a maximum of 15 channels per animal. The array
was then secured to the skull with dental acrylic. Animals were given at
least 1 week (2 weeks if viral manipulations were involved) to recover
before undergoing behavioral and recording procedures.

For animals that received bilateral BLA cannula (Experiment 4), sur-
gical procedures were similar to those described above. In brief, the skull
was leveled in the horizontal plane. Three to five burr holes were drilled
for anchor screws. Burr holes overlying the BLA were also made for the
cannula implantation (10 mm, 26 gauge). The animal was then im-
planted with a bilateral cannula (Plastics One) using the following coor-
dinates: AP, �2.9; ML, �4.8; DV, �8.55. The cannulae were secured to
the skull with dental acrylic. Stainless steel dummies (30 gauge, extending
1 mm beyond the guide cannula) were inserted into the guide cannula to
prevent clogging. Animals were given at least 2 weeks to recover before
behavioral procedures.

Drugs
D,L-Propranolol hydrochloride was obtained from a commercial supplier
(Sigma-Aldrich). The drug was dissolved in distilled water and injected
systemically (10 mg/kg, i.p.) or intracranially (5 �g/�l, 0.5 �l/hemi-
sphere). Clozapine N-oxide was obtained from the NIH and dissolved in
2.5% DMSO in distilled water and injected systemically (3 mg/kg, i.p.).

Histology
After completion of the experiments, the rats were overdosed with so-
dium pentobarbital (100 mg/kg; Fatal-Plus, Vortex Pharmaceuticals).
For rats implanted with a BLA array, electrolytic lesions were created by
passing electrical current (80 �A, 10 s; A365 stimulus isolator, World
Precision Instruments) through four of the recording wires (the four
corners of the 4 � 4 array). Rats were then perfused transcardially with
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0.9% saline followed by 10% formalin. Brains
were extracted from the skull and postfixed in a
10% formalin solution for 24 h, followed by a
30% sucrose solution, where they remained for
a minimum of 48 h. Coronal brain sections of
the BLA (40 �m thickness) were cut on a cry-
ostat (�20°C; Leica Microsystems), mounted
on subbed microscope slides, and stained with
thionin (0.25%) to visualize electrode place-
ments or cannula tracks.

To visualize LC viral expression, brains were
sectioned (40 �m thickness) in the coronal
plane with a cryostat and stored in a 0.01%
sodium azide solution until further processing.
Sections were blocked in PBS with 0.1% Triton
X-100 (TX) and 3% normal donkey serum
(NDS; 2 ml/well) for 1 h. All steps occurred in
this PBS-TX-NDS solution at room tempera-
ture. Sections were then incubated in primary
antibodies [mouse anti-tyrosine hydroxylase
(TH; 1:2000) and rabbit anti-HA (1:1000)] for
24 h. Sections were then rinsed three times (10
min each). Sections were then incubated in sec-
ondary antibodies [donkey anti-mouse Alexa
Fluor 488 (1:500; for TH) and donkey anti-
rabbit Alexa Fluor 594 (1:500; for HA)] for 3 h.
Afterward, sections were rinsed three times (10
min each). Next, the sections were mounted on
microscope slides using PBS and coverslipped
using Fluoromount (Diagnostic Biosystems).
Images were obtained using a Zeiss AXIO Im-
ager M2. The following suppliers were used for
the above materials: NDS, EMD Millipore; Triton X-100, Sigma-Aldrich;
mouse anti-TH, ImmunoStar; rabbit anti-HA, Cell Signaling Technol-
ogy; Invitrogen donkey anti-mouse IgG (H�L) Alexa Fluor 488, Thermo
Fisher Scientific; Invitrogen donkey anti-rabbit IgG (H�L) Alexa Fluor
594, Thermo Fisher Scientific.

Results
Experiment 1: propranolol reduces footshock-induced
freezing and mitigates BLA firing
Recent work suggests that intra-BLA propranolol reduces the
IED and enables extinction learning under stress (Giustino et al.,
2017). We sought to examine whether footshock stress alters
single-unit firing in the BLA and contributes to extinction deficits
(Fig. 1A, experimental design). Animals were implanted with a
16-channel microelectrode array targeting the amygdala (Fig. 1B,
example histology and schematic representation of electrode
placements). Animals were transported to the recording room
for fear conditioning (Context A). After a 3 min stimulus-free
baseline period, animals were injected with either VEH (n � 5) or
PROP (n � 5). The animals remained in the chamber for 20 min
to allow sufficient time for drug to take effect. Animals then
received five CS–US pairings (see Materials and Methods for de-
tails) and remained in the chamber for 60 min following the last
footshock. As expected, vehicle-treated animals exhibited sus-
tained increases in freezing behavior, and this was limited by
propranolol treatment (Fig. 2A, main effect of drug; F(1,8) �
19.30, p � 0.0023). During this session, we recorded from a total
of 280 single units in the BLA (VEH: n � 143, baseline firing
rate � 2.89 � 0.16; PROP: n � 137, baseline firing rate � 3.00 �
0.15). Both groups had relatively minor changes in firing rate
after the systemic injections: VEH, postdrug firing rate � 3.05 �
0.15; PROP, postdrug firing rate � 2.85 � 0.13. Thus, the neural
data were z-score-normalized to the entire preshock period. Fear
conditioning produced a dramatic increase in spontaneous firing

rate in the population of neurons recorded in the BLA, an effect
that was attenuated by propranolol (Fig. 2B, main effect of drug;
F(1,278) � 19.26, p � 0.0001).

Although footshock stress increased the average firing rate of
BLA neurons, there was considerable heterogeneity in the re-
sponse of individual BLA neurons. We therefore divided the sin-
gle units into two populations based on the direction of their
postshock firing rate change in the first 20 s bin after footshock;
based on this criterion, neurons were classified as either “excited”
(z 	 0) or “suppressed” (z � 0) immediately after the last foot-
shock. Figure 2C demonstrates that no difference was observed
when comparing drug treatment in terms of the proportion of
neurons showing shock-induced increases or decreases in firing
rate (� 2(1) � 0.94, p � 0.33). However, we did observe differ-
ences in the magnitude of both excited (Fig. 2E, main effect of
drug, F(1,133) � 13.92, p � 0.0003) and suppressed (Fig. 2F, main
effect of drug, F(1,143) � 4.92, p � 0.028) population activity
based on drug treatment. These differences are further dem-
onstrated by the heat maps (Fig. 2D) depicting each neuron
across the entire session. That is, propranolol treatment lim-
ited both shock-induced increases and decreases in BLA firing
rates. These data suggest that footshock stress induces rapid
and sustained changes in the magnitude of BLA spontaneous
firing rates, and this is regulated by the action of norepineph-
rine at �-adrenoceptors.

Experiment 2: LC-NE activation paired with weak footshocks
induces sustained increases in freezing and BLA firing
Because propranolol mitigated stress-induced alterations in BLA
firing, and past work has shown a role for LC projections to the
amygdala in fear conditioning (Uematsu et al., 2017), we hypoth-
esized that the LC-NE system was driving changes in BLA activity.
To examine this possibility, we examined whether pairing LC-NE
activation with a weaker, and presumably less stressful, footshock

Figure 1. Experimental design and representative histology. A, Experimental design for recording experiments (Experiments 1
and 2). B, Nissl-stained tissue showing representative electrode placement in the amygdala alongside schematic histology depict-
ing location of the center of the recording array for all rats split by recording experiment (n � 5 rats/group, per experiment). C,
Experimental approach for the recording experiment in animals expressing hM3Dq in the LC (Experiment 2); injection of AAV-
PRSx8-hM3Dq-HA into the LC yielded robust expression of hM3Dq among LC neurons. HA, HA tag immunolabeled for viral expres-
sion; OV, overlay. Scale bar, 100 �m.
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(see Materials and Methods for details) would recapitulate our
previous findings (Fig. 1, experimental approach and histology).

As shown in Figure 3A, systemic administration of CNO pro-
duced sustained increases in freezing behavior relative to vehicle-
treated animals after conditioning with weak footshocks (main
effect of drug, F(1,8) � 6.27, p � 0.037). During this session, we
recorded from a total of 233 single units in the BLA (VEH: n �
117, baseline firing rate � 2.34 � 0.21; CNO: n � 116, baseline
firing rate � 2.57 � 0.26). Before conditioning, injections of
either VEH or CNO did not reliably alter firing rates (VEH: post-
drug firing rate � 2.48 � 0.20; CNO: postdrug firing rate �
2.82 � 0.33). After conditioning with weak footshocks, VEH-
treated rats showed modest increases in BLA spike firing that
were much reduced relative to those observed with stronger foot-
shocks (e.g., Fig. 2). However, BLA spike firing rates after weak
footshocks were dramatically increased in rats treated with CNO
(Fig. 3B; main effect of drug, F(1,231) � 12.67, p � 0.0005). This
suggests that increasing LC-NE release can drive BLA spike firing
under conditions that produce minimal changes in BLA firing
alone.

To determine whether LC-NE activation altered the propor-
tion of neurons showing increased amygdala firing, we classified
neurons as described above. Single units were considered to be
either excited or suppressed if they showed an increase or de-
crease following the last footshock, respectively. A � 2 analysis
revealed that CNO-mediated LC-NE activation resulted in a
larger proportion of BLA neurons showing excitation after fear
conditioning relative to vehicle-treated animals (Fig. 3C; �2 (1) �
10.83, p � 0.001). Moreover, LC-NE activation resulted in a
larger magnitude of stress-induced BLA firing in the excited neu-
ronal population (Fig. 3E; main effect of drug, F(1,158) � 10.35,

p � 0.0016) but not in the suppressed population (Fig. 3F). The
heat maps showing each recorded neuron across the entire ses-
sion further demonstrate this observation (Fig. 3D). These data
suggest that the LC-NE drives stress-induced increases in
amygdala firing rates as well as freezing behavior.

Experiment 3: LC-NE activation after a weak footshock
induces an immediate extinction deficit
Although the LC-NE system regulates both amygdala firing rates
and freezing behavior, the LC itself has not been directly impli-
cated in extinction deficits. We hypothesized that we could in-
duce an IED by pairing LC activation with a weak conditioning
protocol that normally does not induce an IED. For this experi-
ment, animals expressing excitatory LC DREADDs received a
single conditioning trial with a weak footshock followed by an
immediate extinction procedure 15–20 min after conditioning.
VEH or CNO was administered 10 min before conditioning.

As shown in Figure 4A, all groups exhibited similar increases
in freezing during conditioning, which was confirmed by a
repeated-measures ANOVA (main effect of time, F(1,35) �
173.81, p � 0.0001). During the extinction session, VEH-treated
animals exhibited a reduction in freezing across the session; how-
ever, this was greatly reduced in CNO-treated rats, regardless of
their extinction group (i.e., EXT or NO EXT; Figure 4B; main
effect of drug, F(1,35) � 86.38, p � 0.0001). Forty-eight hours
later, VEH-treated rats that underwent extinction exhibited low
levels of freezing behavior during the retention test (Fig. 4C),
indicating that the immediate extinction procedure failed to yield
an IED with the weak conditioning protocol. However, rats that
underwent extinction after CNO treatment exhibited a deficit in
extinction retrieval and showed significantly greater freezing in

Figure 2. Propranolol reduces footshock-induced freezing and mitigates shock-induced increases in BLA spike firing. A, Percentage of freezing (mean � SEM) across the duration of the session
split by drug group (VEH, n � 5; PROP, n � 5). Systemic PROP treatment produced a reliable decrease in postshock freezing throughout the session (t � 0 is immediately after the last conditioning
trial). B, Average spontaneous BLA firing rate over the course of the session split by drug treatment (20 s bins). Footshock produced rapid and sustained changes in amygdala firing rates that were
mitigated by PROP treatment. C, Pie charts showing the percentage of neurons (split by drug) that increased or decreased in firing rate after the last conditioning trial. No difference between drug
treatment was observed in the proportion of single units showing footshock-induced changes in firing rate. Exc, Excited; Supp, suppressed. D, Heat maps depicting normalized firing rate for every
neuron recorded in vehicle- and propranolol-treated rats. E, F, Average firing rate over the course of the session in the two groups comparing “excited” and “suppressed” neuronal populations (20
s bins). Propranolol treatment limited both increases and decreases in BLA spike firing.
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response to the CS during the test, similar to animals that did not
undergo extinction (NO EXT). These observations were con-
firmed with a repeated-measures ANOVA (Fig. 4C; time � ex-
tinction � drug interaction, F(5,175) � 2.45, p � 0.036). These
data are summarized in Figure 4D, which depicts the average
freezing in the first nine-trial block of the extinction retrieval
session (F(1,35) � 4.47, p � 0.042). Of course, it is possible that
preconditioning CNO administration affected fear memory con-
solidation rather than extinction learning per se. However, VEH-

and CNO-treated control groups that did not undergo the extinc-
tion procedure showed similar levels of freezing during the reten-
tion test, as seen in Figure 4, C and D.

Experiment 4: intra-BLA propranolol blocks the LC-induced
immediate extinction deficit
We have shown that (1) footshock increases BLA spike firing, and
that this can be reduced with systemic propranolol (Experiment
1); (2) chemogenetic activation of the LC increases BLA spike

Figure 3. LC-NE activation paired with weak footshocks induces sustained freezing and increases BLA spike firing. A, Percentage of freezing (mean � SEM) across the duration of the session split
by drug group (VEH, n � 5; PROP, n � 5). Animals expressing hM3Dq in the LC that were treated with CNO (to activate LC-NE release) showed sustained freezing relative to vehicle controls (t �
0 is immediately after the last conditioning trial). B, Average firing rate over the course of the session split by drug treatment (20 s bins). Neurons recorded from vehicle-treated rats showed moderate
increases in BLA firing, whereas CNO rats showed a marked increase in firing rate for the duration of the session. C, Pie charts showing the percentage of neurons (split by drug) that increased or
decreased firing rate after the last conditioning trial. CNO treatment resulted in a larger proportion of recorded units showing increased firing rate in the postshock period. Exc, Excited; Supp,
suppressed. D, Heat maps depicting normalized firing rate for every neuron recorded split by drug treatment. E, F, Average firing rate over time split by drug comparing excited and suppressed
neuronal populations. CNO treatment produced a marked increase in the magnitude of excitation, but not inhibition, within the BLA.

Figure 4. Chemogenetic LC activation induces an immediate extinction deficit after a weak fear conditioning procedure. Rats expressing hM3Dq in the LC were injected with VEH or CNO 10 min
before fear conditioning with a single weak footshock. The rats subsequently received either immediate extinction (VEH-EXT, n � 11; CNO-EXT, n � 12) or context exposure alone (VEH-NO EXT, n �
8; CNO-NO EXT, n � 8). A, CNO administration did not affect postshock freezing during the fear conditioning session. B, CNO administration dramatically elevated freezing behavior during the
extinction and context exposure sessions. C, During a retrieval test 48 h after extinction, rats that were treated with CNO before extinction exhibited greater CS-elicited freezing than VEH-treated rats,
suggesting that LC-NE activation impaired extinction learning. This effect was not simply the result of LC activation increasing the consolidation of the fear memory, because CNO- and VEH-treated
rats that did not undergo extinction exhibited similar levels of CS-evoked freezing during the retrieval test. D, Summary of the retrieval data showing the average freezing for the first nine-trial block
split by group. VEH-treated rats that underwent extinction showed minimal freezing relative to the NO EXT groups and CNO-treated rats that received extinction training, demonstrating that LC
activation drove an extinction deficit. Open circles represent data from individual subjects. Percentage of freezing (mean � SEM) is shown for all sessions.
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firing rates after weak shocks (Experiment 2); and (3) chemoge-
netic activation of the LC induces an IED with a weak condition-
ing procedure that normally does not yield an IED (Experiment
3). Here, we examined whether �-adrenoceptors in the BLA are
required for LC-induced extinction impairments. Animals ex-
pressing excitatory DREADDs in the LC underwent a weak con-
ditioning procedure after intracranial infusions of VEH or PROP
into the BLA followed by systemic injections of either VEH or
CNO in a 2 � 2 factorial design (Fig. 5A shows a representative
micrograph and schematized cannula placements).

As shown in Figure 5B, all groups conditioned similarly. This
was confirmed by a repeated-measures ANOVA, which revealed
a main effect of time (F(1,18) � 64.11, p � 0.0001). During the
immediate extinction session, animals treated with CNO showed
elevated freezing behavior independent of intracranial infusions
(Fig. 5C; main effect of systemic drug, F(1,18) � 15.68, p �
0.0009). Forty-eight hours later, animals that underwent the ex-
tinction procedure after CNO treatment combined with an intra-
BLA vehicle infusion exhibited an IED; they showed elevated
freezing during the retention test relative to controls receiving
systemic and intra-BLA vehicle (Fig. 5D). However, intra-BLA
infusion of propranolol eliminated the LC-induced IED. These
observations were confirmed in an ANOVA, which revealed a
significant systemic � intra-BLA drug interaction (F(1,18) � 7.98,
p � 0.0112). These data are summarized in Figure 5E, which
depicts the average freezing in the first nine-trial block of the
extinction retrieval session (F(1,18) � 9.26, p � 0.007). These data
demonstrate that intra-BLA propranolol limits LC-driven ex-
tinction deficits, suggesting a critical role for �-adrenoceptors in
the amygdala.

Discussion
Here, we show that footshock stress induces rapid and sustained
increases in the spontaneous firing rate of BLA single units. These
increases in BLA firing were blocked by systemic propranolol
administration and potentiated by chemogenetic activation of
LC-NE, suggesting a key role for �-adrenoceptors. These stress-
related changes in BLA activity persisted for up to an hour after
footshock, a time window that corresponds to stress-induced def-
icits in extinction learning. Last, we demonstrate that LC-NE
activation impairs extinction learning, and this was blocked by
intra-BLA infusions of propranolol, presumably by exciting BLA
circuits that promote fear expression at the expense of extinction
learning (Fig. 6 for a proposed circuit mechanism).

We, along with others, have suggested that stress acts to impair
extinction learning by altering mPFC function, and this may be
mediated by NE (Chang et al., 2010; Kim et al., 2010; Fitzgerald et
al., 2015; Maren and Holmes, 2016). Activity in the infralimbic
(IL) subdivision of the mPFC is thought to regulate successful
extinction learning (Milad and Quirk, 2002; Maren and Quirk,
2004; Giustino and Maren, 2015). We have previously shown that
noradrenergic blockade enables extinction learning under stress,
and we initially hypothesized that this was mediated by foot-
shock-induced changes in mPFC single-unit activity (Fitzgerald
et al., 2015). Consistent with this, we observed that footshock
stress resulted in rapid and sustained decreases in IL firing rates,
and this could be blocked by systemic propranolol. We surmised
that this decreased IL activity was an underlying factor in the
immediate extinction deficit, but intra-IL infusions of propran-
olol had no effect on stress-induced extinction deficits (Giustino

Figure 5. Intra-BLA propranolol blocks LC-NE-induced extinction deficits. Rats expressing hM3Dq in the LC received intra-BLA infusions of VEH or PROP approximately 20 min prior to fear
conditioning. The rats were then systemically injected with VEH or CNO 10 min prior to conditioning (VEH-VEH, n � 5; PROP-VEH, n � 6; VEH-CNO, n � 4; and PROP-CNO, n � 7). A, Representative
and schematic histology of BLA cannula placements. B, All groups conditioned similarly as evidenced by an increase in freezing behavior following footshocks. C, Animals underwent immediate
extinction in a new context 15–20 min after conditioning. Rats treated with CNO showed elevated freezing relative to vehicle controls and this was not reduced by intra-BLA propranolol. D, Animals
underwent an identical extinction retrieval session 48 hrs after extinction in a drug-free state. Rats that received systemic injections of CNO and intra-BLA VEH infusions showed elevated freezing
throughout this session, replicating our prior finding (i.e., LC-NE activation induces an immediate extinction deficit when paired with a weak shock). Intra-BLA PROP reduced freezing during this
session similar to rats treated with systemic VEH and either intra-BLA VEH or PROP, suggesting that intra-BLA PROP mitigates LC-induced extinction deficits. E, The retrieval data are summarized in
panel E, which shows the average freezing for the first 9-trial block split by group. Rats that were administered systemic VEH and either intra-BLA VEH or PROP showed minimal freezing, suggesting
that this protocol is not sufficient to induce an IED. Rats treated with systemic CNO alongside intra-BLA VEH displayed elevated freezing levels, indicative of an IED and this was blocked by intra-BLA
PROP. Open circles represent data from individual subjects. Percentage of freezing (mean � SEM) is shown for all sessions.
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et al., 2017). However, both the mPFC and BLA are highly sensi-
tive to stress, and it has been suggested that stress impairs pre-
frontal function while enhancing BLA activity, a state that may
limit extinction learning (Arnsten, 2009, 2015; Arnsten et al.,
2015; Giustino and Maren, 2018). Indeed, intra-BLA proprano-
lol, on the other hand, rescued the immediate extinction deficit
(Giustino et al., 2017). We now show that footshock stress dra-
matically increases spontaneous firing rates among neurons
in the BLA, and this is dependent upon the action of NE at
�-adrenoceptors insofar as propranolol limits these changes.

Past work has demonstrated that BLA projections to the
mPFC are involved in both the conditioning and extinction of
fear (Senn et al., 2014; Burgos-Robles et al., 2017; Klavir et al.,
2017). It is possible that the observed NE-dependent changes in
BLA firing also mediated stress-induced decreases in IL firing via
these direct projections. Senn et al. (2014) showed that differing
levels of activity in BLA projections to prelimbic (PL) and infram-
limbic (IL) influence extinction retention. This is in line with our
current and past work in which we show footshock-induced sup-
pression of IL firing that outlasts changes in PL firing rates
(Fitzgerald et al., 2015). Our current data now demonstrate that
footshock stress produces rapid and prolonged activation of the
BLA, a change in firing that is opposite to that observed in IL after
footshock. These data suggest a circuit mechanism by which BLA
projections to the IL may mediate extinction deficits (Fig. 6). It is
possible that LC-NE drives increases and decreases in the BLA
and IL via direct projections, respectively. In line with this idea, a
recent study has shown that LC projections to the mPFC mediate
aversion and increase anxiety-like behavior, although it is not
known whether this was due to a suppression of mPFC activity
(Hirschberg et al., 2017). Another possibility is that, in addition
to direct projections, LC-NE may act to enhance BLA firing in
amygdala neurons that project to the IL and synapse on inhibi-
tory interneurons to promote feedforward inhibition, thus re-
sulting in impaired extinction. Indeed, BLA neurons projecting
to the IL have been shown to dampen IL firing via a feedforward

inhibitory mechanism (McGarry and Carter, 2016), and IL pro-
jections to the BLA mediate both the acquisition and recall of
extinction learning (Cho et al., 2013). Under conditions of high
stress, it seems likely that these circuits are tilted in favor of BLA-
mediated suppression of IL, thus promoting a high fear state
while simultaneously leading to poor extinction.

Extinction deficits may be mediated, in part, by the LC-NE
system prioritizing consolidation of the recent fear memory at
the expense of a new extinction memory, particularly when ex-
tinction learning occurs soon after fear conditioning. Indeed,
BLA NE has long been implicated in fear memory consolidation
(Cahill et al., 1994; McGaugh, 2000; McGaugh and Roozendaal,
2002; Roozendaal et al., 2006; McIntyre et al., 2012; Giustino and
Maren, 2018). Along these lines, recent work has shown that
optogenetic stimulation of LC projections to the BLA mediate
fear consolidation, whereas inhibiting this pathway reduced the
strength of fear memories (Uematsu et al., 2017). However, it is
unknown how these manipulations affected single-unit and
population-level dynamics in both the BLA and mPFC. McCall et
al. (2017) demonstrated that optogenetic activation of LC projec-
tions to the BLA resulted in a majority of responsive BLA neurons
showing increased firing, whereas a smaller proportion of BLA
neurons were suppressed. These data align nicely with our cur-
rent findings, which show an overall excitatory population
response in the BLA that is amplified by chemogenetic LC
activation.

Interestingly, others have shown that footshock as well as in-
fusion of adrenoceptor agonists into the BLA suppress firing rates
in anesthetized animals (Buffalari and Grace, 2007; Chen and
Sara, 2007). However, these authors also noted that a small sub-
population of neurons in the BLA showed increased spiking in
response to stimulation of amygdala adrenoceptors. Of course, it
is has been shown that anesthesia influences basal NE activity in a
way that might influence pharmacological manipulations of ad-
renergic receptors within the BLA (Vazey and Aston-Jones,
2014). In addition, pharmacological manipulations, whether lo-
cally infused or systemically administered, may not entirely rep-
licate chemogenetic activation of the LC or its terminals in
downstream brain regions, which may help explain some of these
discrepant findings. Our current work shows a robust footshock-
induced increase in population activity within the BLA, although
several neurons were also suppressed. When these footshocks
were then paired with LC-NE stimulation, this further aug-
mented BLA excitability in terms of the magnitude as well as the
proportion of neurons showing increased firing, suggesting that
elevated levels of NE facilitate BLA spiking. In line with this, we
found that the LC-induced extinction deficit was blocked by
intra-BLA infusions of propranolol. This suggests that the IED is
mediated by shock-induced increases in BLA NE, which increase
the firing of BLA neurons that promote fear expression at the
expense of extinction learning. Further work examining the ef-
fects of stress on extinction impairments at more remote time
points will be an important area of research given that our ma-
nipulations of the NE system occurred before conditioning. This
may shed light on stressor- and trauma-related disorders for
which individuals often seek treatment at varying delays from the
initial traumatic experience.

In humans, individuals experiencing PTSD and related disor-
ders present with heightened amygdala activity (Debiec and Le-
Doux, 2006; Rauch et al., 2006; Milad et al., 2009; Giustino and
Maren, 2018), elevated NE (Yehuda et al., 1992; Southwick et al.,
1999a; Arnsten, 2009; Giustino et al., 2016; Giustino and Maren,
2018; Krystal et al., 2018), and extinction impairments (Milad et

Figure 6. Proposed circuit mechanism underlying stress-induced extinction deficits. Under
low levels of stress, the LC-NE system is minimally engaged. This enables successful extinction
learning via IL-mediated feedforward inhibition of the BLA. In contrast, this circuit reverses
under high levels of stress, and this reversal is driven by LC-NE. Activation of the BLA results in
shunted IL firing via feedforward inhibition, thereby interfering with extinction learning.
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al., 2009; Garfinkel et al., 2014; Giustino et al., 2016). The current
data strongly suggest that extinction deficits may result from el-
evated LC-NE activity that, in turn, increases BLA firing rates to
promote fear at the expense of forming a new extinction memory.
Recent advantages in neuroimaging technology now allow re-
searchers to measure activity in the human LC, an advance that
will further our understanding of the role of LC-NE in PTSD (Liu
et al., 2017; Krystal et al., 2018; Priovoulos et al., 2018). Although
pharmacological manipulations of NE transmission have shown
some promise for the treatment of PTSD, the literature is largely
split on their efficacy and utility (Giustino and Maren, 2018). Our
data suggest that both stress and proximity to trauma are key
factors that influence how the LC and BLA interact to influ-
ence extinction learning; this interaction is critical for design-
ing interventions that are appropriately timed to yield the
most effective clinical outcomes. Future work in humans will
likely shed light on the role of the LC-NE system on an
individual-to-individual basis, which may better allow us to
appreciate when and why NE-altering drugs may be useful for
reducing PTSD symptomatology.

Overall, we demonstrate that footshock stress induces pro-
longed increases in BLA spontaneous firing rates, and this is
highly sensitive to manipulations of the NE system. That is, re-
ducing the action of NE via propranolol eliminated these changes
in firing rate, whereas selective LC-NE activation via chemoge-
netics enhanced stress-induced increases in BLA activity. We also
show that stress and LC-NE activation induce extinction deficits,
most likely due to the observed increases in amygdala firing in-
sofar as intra-BLA propranolol blocked this deficit. These data
have important clinical implications for individuals experiencing
stress- and trauma-related disorders, such as PTSD, and suggest
the LC-NE system may be a key regulator of heightened amygdala
activity, which is observed in those with PTSD.
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