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Abstract 

Norepinephrine (NE) plays a central role in the acquisition of aversive learning via 

actions in the lateral nucleus of the amygdala (LA)
1,2

. However, the function of NE 

in expression of aversively-conditioned responses has not been established. Given 

the role of the central nucleus of the amygdala (CeA) in the expression of such 

behaviors
3
, and the presence of NE projections in this brain nucleus, we assessed 

the effects of NE activity in the CeA on behavioral expression using 

receptor-specific pharmacology and cell- and projection-specific chemogenetic 

manipulations. We found that inhibition and activation of locus coeruleus (LC) 

neurons decreases and increases freezing to aversively conditioned cues, 

respectively. We then show that locally inhibiting or activating LC terminals in CeA 

is sufficient to achieve this bidirectional modulation of defensive reactions. These 

findings support the hypothesis that LC projections to CeA are required for the 

expression of defensive responses elicited by conditioned threats. 

 

Introduction 

Much of the work describing the neural and behavioral mechanisms of defensive 

behavior and threat processing has used Pavlovian threat conditioning (PTC)
4
. This 

research has shown that the amygdala plays a crucial role in defensive reactions 

initiated by environmental threats
5,6

. PTC and the amygdala have both been 

implicated in fear and anxiety disorders
5,7

, as has the neuromodulator 

norepinephrine (NE). In the present study we explore the contribution of NE in the 

amygdala to the expression of amygdala controlled defensive behavior. During PTC, 

a neutral conditioned stimulus (CS; e.g., an acoustic tone) is paired with a noxious 
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unconditioned stimulus (US; e.g., an electric foot shock) so that later presentation 

of the CS alone results in expression of defensive behaviors (the conditioned 

response; e.g., freezing). CS and US signals converge in both the lateral nucleus of 

the amygdala (LA) and the central nucleus of the amygdala (CeA)
5,8-10

. The LA 

communicates indirectly with CeA via the basal amygdala (BA)
9,11,12

, although a 

direct input to CeA has also been observed
11

. As a major output nucleus of the 

amygdala, the CeA coordinates defensive behavioral reactions and supports 

physiological adjustments in response to threatening stimuli via divergent 

projections to the midbrain
13-17

, lateral/paraventricular hypothalamus
15,18,19

, and 

medulla
3,13,20

.  

 

NE is also implicated in fear and anxiety
21,22

. Aversive stimuli and stress increase 

levels of NE in the brain, including the amygdala
23

, largely through activation of 

the brain stem locus coeruleus (LC)
24,25

. LC stimulation or noxious stimuli (e.g., 

footshock) modulate the basolateral region of the amygdala (BLA)
23,24,26

, and 

studies suggest that this is through direct NE activity at β-adrenergic receptors 

(β-ARs)
2,27-30

. Notably, β-ARs in the LA are critical for initial acquisition (and 

indirectly for consolidation
2
 processes), but not expression of Pavlovian threat 

memories
1,2

, and in BLA (which includes LA and BA), for conditioned place 

aversion and anxiety-like behaviors
31

. Although much work on the role of NE in 

the amygdala has focused on the BLA, the CeA also receives significant NE inputs 

from the LC
32,33,34,35

. Despite this anatomical evidence, few studies have examined 

the contribution of NE inputs to CeA to the expression of defensive responses 

elicited by conditioned threats. 
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Here we describe the role of NE in the expression of Pavlovian threat memories 

and uncover key components of the underlying brain circuitry. We first show that 

CS-elicited defensive responses (freezing) decreased following systemic injection 

of the β-ARs antagonist (propranolol), while injection of β2-ARs agonist (procaterol) 

increased freezing. To test the role of LC in these adrenergic effects on behavioral 

expression, we used adeno-associated virus (AAV) vectors expressing DREADDs
36

 

and engineered to target NE-expressing neurons in the LC (NE-LC)
19,37

. Inhibiting 

(hM4Di) or activating (hM3Dq) NE-LC neurons prior to the expression test by 

systemic Clozapine-N-oxide (CNO) injections caused reduced or enhanced 

behavioral expression, respectively. To test the hypothesis that CeA mediates this 

effect we used direct infusion of propranolol into CeA, which also reduced 

freezing. To test the role of a specific NE-LC�CeA circuit in expression, we directly 

inhibited or activated axon terminals from the LC in CeA using intra-CeA CNO 

infusions prior to the expression test. Consistent with the pharmacology and 

NE-LC DREADDs studies, we found that inhibition and activation of LC terminals in 

CeA bidirectionally modulated freezing behavior. Finally, to test a requirement for 

β-ARs activation in the circuit-specific hM3Dq results, propranolol was co-infused 

with CNO in CeA. As predicted, propranolol attenuated CNO-induced 

enhancement of freezing. Taken together, these studies demonstrate that NE 

released from LC terminals in CeA enhances the expression of defensive responses 

elicited by learned threats.  

 

Methods 

Subjects. Adult male Sprague-Dawley rats were obtained from Hilltop 

Laboratory Animals, Inc. (Scottdale, PA, USA), weighing 250-275 g upon arrival. All 
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animals were naive and allowed at least 1 week of acclimation to the vivarium 

before surgery and conditioning. Rats were individually housed in transparent 

plastic high-efficiency particulate absorption (HPEA)-filtered cages 

and maintained on a 12/12 h light/dark cycle (7:00 A.M.-7:00 P.M.) within a 

temperature- and humidity-controlled environment. Food and water were 

available ad libitum throughout the duration of the experiments. All experiments 

were conducted during the light cycle. All procedures were conducted in 

accordance with the National Institutes of Health Guide for the Care and Use of 

Experimental Animals and were approved by the New York University Animal Care 

and Use Committee. 

 

Stereotaxic Surgery. Rats were anesthetized with a mixture of ketamine (100 

mg/kg, i.p.) and xylazine (10 mg/kg, i.p.), and placed in a stereotaxic apparatus 

(David Kopf Instruments, Tujunga, CA, USA). Supplemental doses of the mixture 

were given as needed to maintain a deep level of anesthesia. Brain areas were 

targeted using coordinates. After surgery, rats were administered buprenorphine 

hydrochloride (0.02 mg/kg, s.c.) for analgesia. And rats were given ketoprofen (5 

mg/kg) for continuous 3 days to recover from surgery prior to behavioral 

manipulations.  

 

For central amygdala (CeA) pharmacological infusion experiments, rats were 

bilateral implanted with stainless steel guide cannulae (22 gauge; Plastics One, 

Roanoke, VA, USA) were lowered into position aimed at the CeA (stereotaxic 

coordinates from bregma: anterior–posterior (AP) –2.8 mm, medial–lateral (ML) 

±4.3 mm, dorsal–ventral (DV) –7.0 mm from skull) and secured to the skull using 
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surgical screws and acrylic dental cement (Ortho-jet; Lang Dental Manufacturing 

Co.). Dummy cannulate (28 gauge) with extended 0.2 mm from the guides, were 

inserted to prevent clogging. During CeA pharmacology infusion, infusion 

cannulae (28 gauge) that extended 1.5 mm beyond the guides, were lowered into 

the CeA using the following coordinates from Paxinos and Watson. 

 

For locus coeruelus (LC) viral injection experiments, DREADDs virus was bilaterally 

injected (stereotaxic coordinates from lambda: anterior–posterior (AP) –0.72 mm, 

medial–lateral (ML) ±1.35 mm, dorsal–ventral (DV) –7.5 mm from skull) to a 

volume of 1.4 µl/side using a 5.0 µl Hamilton Neuros syringe (Hamilton Co.) at a 

rate of 0.1 µl/min. After 3–6 weeks to allow for virus expression, animals were 

handled and subjected to behavioral conditioning as described below. 

 

Apparatus. For behavioral experiments, rats underwent threat conditioning in 1 

of 6 identical chambers (Rat Test Cage; Coulbourn Instruments, Allentown, PA, 

USA) constructed of aluminum and Plexiglas walls, with metal stainless steel rod 

flooring that was attached to a shock generator (Model H13-15; Coulbourn 

Instruments). During habituation and threat conditioning, the chambers were lit 

with a single house light, and each chamber was enclosed within a sound isolation 

cubicle (Model H10-24A; Coulbourn Instruments; context A).  

All the animals were tested in Med-Associate boxes without a house light. Testing 

took place in a modified context which consisted of dim red lighting, with smooth 

black plastic flooring, mild peppermint scent, mild lavender scent, and a striped 

pattern on the Plexiglas door (context B). An infrared digital camera, mounted on 

top of each chamber, allowed videotaping during behavioral procedures for 
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offline subsequent behavioral scoring. A computer, installed with Graphic State 2 

software and connected to the chambers via the Habitest Linc System (Coulbourn 

Instruments), delivered the presentation of tone stimuli during behavioral 

sessions. 

 

Viral vectors.  

Excitatory (hM3Dq: AAV9/PRS×8-HA-hM3Dq-SV40-PolyA), inhibitory (hM4Di: 

AAV9/PRS×8-HA-hM4Di-SV40-PolyA) and control vectors (Control: 

AAV9/PRS×8-mCherry-WPRE-rBG) were subcloned by Dr. Elena M. Vazey from 

Gary Aston-Jones’ lab and packaged by the University of Pennsylvania Vector Core. 

The synthetic PRS×8 promoter was used to restrict expression of the 

hM3Dq/hM4Di DREADDs to noradrenergic neurons in the locus coeruleus (LC).  

 

Drug Preparation and Microinfusion. 

Propranolol ((±)-Propranolol hydrochloride) and Procaterol (Procaterol 

hydrochloride) were obtained from Sigma-Aldrich Co. (St. Louis, MO, USA), and 

freshly dissolved in 0.9% sterile saline immediately prior to injections. For 

intraperitoneal injection experiments, concentrations for propranolol and 

procaterol were 10 mg/kg and 300 µg/kg, respectively. For CeA microinfusion 

experiments, propranolol was dissolved in 0.9% sterile saline and administered at 

1.0 µg /0.3 µl. CNO for IP experiments was obtained from the NIH as part of the 

Rapid Access to Investigative Drug Program funded by the NINDS and prepared in 

a 7% DMSO+ 0.9% sterile saline, which was also used for vehicle infusion. For 

intracranial infusions, CNO from Sigma-Alrdich was dissolved in 0.9% sterile 

saline. 
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For intracranial drug infusions, internal infusion cannulae were attached to 10 µl 

Hamilton syringes via 0.015” × 0.043” × 0.014” polyethylene tubing obtained from 

A-M Systems, Inc. (Carlsborg, WA, USA). Tubing and syringes were backfilled with 

distilled water, and a small air bubble was introduced to separate the water from 

the infusate. Rats were bilaterally infused with 0.3 µl using an infusion pump (PHD 

2000; Harvard Apparatus) at a constant rate of 0.1 µl/min. Animals were allowed 

to move freely in their home cage during infusions. After infusion was complete, 

cannulae were left in place for an additional 1-2 mins to allow drug diffusion away 

from the cannula tip.  

 

Pavlovian threat conditioning and testing procedures. 

All rats were habituated in groups of six rats at a time on Day 1, during which rats 

were free to explore the conditioning box (context A) for thirty minutes. After 

habituation, rats were returned to their home cages within the colony room.  

 

Conditioning was conducted in groups of six rats at a time, each in a different 

chamber (context A). Following an initial 5-min acclimation period, all rats were 

presented with three conditioning trials (CS–US pairings) on Day 2. The CS was a 

30-s, 5 kHz, 80 dB SPL sine-wave tone, which co-terminated with a 1-s, 0.6 

mA standard footshock US, or a 0.4 mA weak footshock US delivered through the 

rod flooring. The mean inter-trial interval was 4 min (2–6 min range) for both 

conditioning and testing sessions. After conditioning, rats were returned to their 

home cages within the colony room.  
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Expression testing for CS-elicited threat was conducted in the modified 

context (context B) on Day 3, 1 day after conditioning. After the 5-min acclimation 

period, rats were presented with five CS-alone presentations, using the same 

stimulus parameters as in conditioning, but excluding the footshock US. Behavior 

was recorded and freezing was scored as described below. 

 

Drug-free testing for CS-elicited freezing was conducted in the modified context 

(context C) on Day 4, 2 days after conditioning. After the 5-min acclimation period, 

rats were presented with five CS-alone presentations, using the same stimulus 

parameters as in conditioning, but excluding the footshock US. Behavior was 

recorded and freezing was scored as described below.  

 

Measurement of Freezing Behavior. 

Freezing was used to measure the conditioned threat response and was defined 

as the cessation of all movement with the exception of respiration-related 

movement and non-awake or rest body posture
38

. Behavior was videotaped and 

later scored offline with a digital stopwatch by recording the total time spent 

freezing during every 30-s tone CS. Pre-CS freezing was also scored during the 30-s 

interval prior to the initial tone onset, and was used as a measure of non-specific 

freezing to the context. Freezing was scored by two experimenters blind to drug 

group allocation and the data averaged. 

 

Histology and immunohistochemistry. 

Following behavior experiments, animals were overdosed with 25% chloral 

hydrate and transcardially perfused with either 10% formalin for histology to 
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assess cannula placement or 4% paraformaldehyde in 0.01 M PBS for 

immunohistochemistry.  

 

Tissue processed for cannula placement was post-fixed in 10% formalin at 4 °C 

until prepared for histological staining. For immunohistochemical processing, 

tissue was cryoprotected in a 30% sucrose– 4% paraformaldehyde solution (in 

0.01 M PBS) at 4 °C for at least 1 day and then stored in 0.01 M PBS. Brains were 

blocked coronally and cut on a freezing microtome.  

 

For histological verification of cannula targeting, tissue was cut at a thickness of 

50 μm and kept in 0.01 M PBS until mounted on gelatin-coated slides and dried 

overnight. After standard histological Nissl staining and coverslipping, sections 

were examined on a light microscope for injector tip localization into the central 

amygdala. Only data from rats with bilateral injector placements localized to the 

central amygdala were included in the study. 

 

For immunohistochemistry, tissue was cut at 35 μm. Before antibody incubation, 

floating tissue was rinsed with agitation three times in 0.01 M PBS and blocked in 

1% BSA in 0.01 M PBS for 1 h at room temperature. Immunohistochemical 

detection was achieved in primary antibody solutions containing 1% BSA, 0.4% 

Triton-X 100, and 0.02% NaAz.  

 

DREADDs animal brain sections were incubated overnight at room temperature in 

rabbit anti-HA (for detection of HA-Tag; 1:500; Cell Signaling Technology, MA) and 

mouse anti–dopamine beta hydroxylase (DBH) (1:2000; EMD MIllipore, MA) 
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antibodies for verification of viral expression in LC neurons, long-projection 

terminals in CeA and cell specificity of viral expression. Virus control animal brain 

sections were incubated overnight at room temperature in rabbit anti-DsRed (for 

detection of mCherry; 1:500; Clontech Laboratories, CA) and anti–dopamine beta 

hydroxylase (DBH) (1:2000; EMD MIllipore, MA) antibodies.  

 

Following primary antibody incubation, sections were rinsed with agitation three 

times for 5 min in 0.01 M PBS and incubated in Alexa Fluor goat anti-rabbit 594 or 

goat anti-mouse 488 secondary antibody (1:200; Life Technologies, CA) in 0.01 M 

PBS. Sections were rinsed three times for 5 min in PBS, mounted on gelatin-coated 

slides, and allowed to dry for several hours, followed by a brief wash in ddH2O to 

remove excess salt (PBS), coverslipped in aqueous mount (ProLong Gold Antifade 

Reagent with DAPI; Life Technologies, CA), and allowed to cure overnight at room 

temperature before fluorescence imaging. Leica TCS SP8 confocal microscope 

(Leica) or Olympus VS120 fluorescent microscope (Olympus) were used to capture 

images. Imaging data were processed and analyzed with ImageJ software (NIH). 

For all experiments, animals were excluded from analysis if virus-expression was 

insufficient or cannulae targeting was outside the areas of interest.  

 

Statistics. 

For behavioral data with two groups, a Student’s t test was used to analyze 

freezing levels (baseline or CS-elicited freezing). One-way ANOVA was used for 

comparing more than one group followed by a Tukey’s multiple comparison tests. 

Mean CS freezing data between drug-treatment days and drug-free days was 

analyzed using repeated measures ANOVAs followed by Sidak multiple 
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comparisons tests. Bartlett’s test for equal variances was used for one-way 

ANOVAs, whereas the F test was used for the Student t test to confirm that 

variances were not significantly different in compared groups. Error bars in all 

figures represent ± SEM. Data were analyzed using GraphPad Prism.  

 

Results 

We first investigated the contribution of β-ARs activity to the expression of 

Pavlovian conditioned defensive responses. Twenty-four hours following cued 

threat conditioning using a moderate protocol (0.6 mA shock), rats were 

administered the β-ARs antagonist propranolol (10 mg/kg, n = 12) or saline (n = 12) 

and tested for freezing responses to the CSs (Figure 1a). Propranolol significantly 

attenuated CS-evoked freezing levels (t (22) = 3.894, ***p = 0.0008), and slightly 

reduced baseline freezing (t (22) = 2.348, *p = 0.0283) (Figure 1b, left panel), 

effects that were not observed during a drug-free test in the same animals (Figure 

1b, center panel). In separate groups of animals, propranolol still reduced freezing 

with stronger training (Supplementary Figure 1a, 1b, n=11/group, 1.0 mA shock 

training (t (20) = 2.129, *p = 0.0459)) and during a remote memory test 

(Supplementary Figure 1c, 1d, n=9/group, 1 month after conditioning (BL freezing: 

Student’s t test, t (16) = 2.297, *p = 0.0354, CS freezing: t (16) = 5.930, ****p < 

0.0001). 

 

To assess the effects of β2-receptor activation on memory expression, two groups 

of rats were administered systemic injections of the β2-receptor agonist 

procaterol (300 µg/kg, n = 8) or saline vehicle (n = 8) prior to the expression test. 

Procaterol significantly increased CS-evoked freezing levels (Figure 1c left panel, 
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300 µg/kg, (t (14) = 2.625, *p = 0.0200)), with no difference observed between 

groups when the drug was not onboard (Figure 1c, center panel). Collectively, 

these data reveal that β-ARs positively modulate the expression of defensive 

responses regardless of memory strength or time since memory formation, and 

blockade or activation does not have long-term effects on behavioral plasticity. 

 

Chemogenetic inhibition of LC attenuates freezing to a conditioned cue 

LC neurons send NE efferent throughout the brain, including the amygdala
32-35

. We 

therefore tested whether LC activity is necessary for the expression of defensive 

responses. Using AAV vectors expressing DREADDs (hM4Di) or a fluorescent 

reporter (mCherry) under the control of a synthetic promoter (PRS × 8)
19,37,39

, we 

observed expression restricted to NE (dopamine β hydroxylase (DBH)-positive)) 

neurons in LC (Figure 2b). Following bilateral AAV injection in LC, an hM4Di group 

(n = 9) and an mCherry (n = 7) group were trained using a moderate protocol (3 

CS-US pairings, 0.6 mA US), and a third hM4Di group (n=7) received 3 CS 

presentations without footshock to control for non-specific effects on freezing 

behavior. All rats received systemic injections of CNO (5.0 mg/kg) prior to the 

expression test (Figure 2a). CNO significantly attenuated CS-elicited freezing levels 

only in conditioned animals expressing hM4Di compared to conditioned animals 

expressing mCherry alone (CS freezing: One-way ANOVA F (2, 20) = 126.4, ****p < 

0.0001, Tukey's MCT: hM4Di untrained vs. mCherry trained, ****p < 0.0001, 

hM4Di untrained vs. hM4Di trained, ****p < 0.0001, mCherry trained vs. hM4Di 

trained, **p < 0.01), with no effect observed in the untrained behavioral controls 

expressing hM4Di (Figure 2c, left panel). No significant effect was observed 

between trained groups in freezing levels during a CNO-free test, and freezing 

remained negligible in the untrained group (Figure 2c, center panel). These data 
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suggest that LC-NE activity positively modulates the expression of learned threat 

reactions. 

 

Chemogenetic activation of LC enhances freezing to a conditioned cue 

Next, excitatory DREADDs (hM3Dq) were used to determine how stimulation of 

LC-NE activity would affect CS-elicited freezing. hM3Dq- and 

mCherry-immunopositive neurons were observed to co-localize with the 

DBH-positive neurons in LC
19,37

, red fluorescence was detected throughout the 

entire locus coeruleus but not in neighboring noradrenergic or dopaminergic 

regions (Figure 3b, Supplementary Figure 4), which showed that viral targeting of 

the locus coeruleus was specific. An hM3Dq group (n = 9) and an mCherry group 

(n = 7) were trained using a weak protocol (to avoid ceiling effects, 3 CS-US 

pairings, 0.4 mA shock), and a third hM3Dq group (n = 7) received 3 CS-alone 

presentations without footshock to control for unconditioned freezing behaviors. 

Systemic CNO (1.0 mg/kg) significantly increased CS-elicited freezing levels in 

trained hM3Dq-expressing animals compared with mCherry-expressing animals (F 

(2, 20) = 69.54, ****p < 0.0001, Tukey's MCT: hM3Dq untrained vs. mCherry 

trained, ****p < 0.0001, hM3Dq untrained vs. hM3Dq trained, ****p <0.0001, 

mCherry trained vs. hM3Dq trained, ***p < 0.001), with minimal CS-elicited 

freezing responses observed in the untrained control group (Figure 3c, left panel). 

No significant effects were observed between trained groups during a CNO-free 

test (Figure 3c, center panel). Taken together, these and hM4Di data (Figure 2) 

suggest that LC activity positively modulates CS-elicited freezing. 

 

Pharmacological blockade of β-ARs in CeA attenuates freezing 
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We found that pharmacological and chemogenetic manipulation of brain NE 

activity bidirectionally modulated behavioral expression. We next test the 

hypothesis that NE activity in the CeA positively modulates CS-elicited freezing. 

Rats received bilateral microinjections of the β-ARs antagonist propranolol or 

vehicle in the CeA prior to the expression test. Results show that propranolol (1.0 

µg/0.3µL/side) significantly attenuated CS-elicited freezing levels compared to 

vehicle controls (n = 7/group, t (12) =5.324, ***p = 0.0002) (Figure 4a, right panel). 

Therefore, β-ARs activity specifically in CeA mediates the expression of responses 

to learned threats. 

 

Chemogenetic blockade of LC terminals in CeA attenuates freezing 

We have shown that NE neurons in LC and β-ARs activity in CeA play a critical role 

in defensive responses. To test the LC�CeA circuit, we combined targeted 

expression of hM4Di in LC-NE with direct CNO infusions to block axon terminal 

activity in CeA (Figure 4b). Six weeks following surgery, animals were trained using 

a moderate conditioning protocol (Figure 4c) and memory tested the subsequent 

day. Pre-test infusion of CNO in CeA (1.0 µM/0.3 µl/side) in hM4Di-expressing 

animals significantly attenuated freezing levels compared to mCherry controls 

(Figure 4d left panel, n=7-15/group, t (20) =3.401, **p = 0.0028). During a 

CNO-free test, intra-CeA infusion of vehicle did not significantly affect freezing 

behavior between groups (Figure 4d, center panel). These data support the 

hypothesis that LC�CeA circuit activity is necessary for the expression of 

conditioned threat reactions.  

 

Chemogenetic activation of LC-NE terminals in CeA enhances CS-elicited freezing 
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To further confirm a role for a LC�CeA circuit in defensive responses, we 

combined targeted expression of hM3Dq in LC-NE with direct CNO infusions to 

activate axon terminals in CeA. Six weeks following surgery, animals were trained 

using a mild conditioning protocol followed by an expression test the next day 

(Figure 5c). Following bilateral microinjections of CNO in CeA (1.0 µM/0.3 µl/side), 

we found that CNO significantly increased freezing levels in hM3Dq animals 

compared with the mCherry control group (t (16) =3.114, **p = 0.0067). (Figure 5c, 

left panel, n=8-10/group). In a subsequent CNO-free test, CS-elicited freezing was 

not different between groups (Figure 5c, center panel). 

 

Enhancement of CS-elicited freezing by chemogenetic activation of the LC�CeA 

circuit requires β-ARs activity in CeA 

Next, we determined if chemogenetic enhancement of CS-elicited freezing 

requires NE activity at β-ARs in CeA. Prior to the expression test, hM3Dq rats were 

administered bilateral microinjections of either CNO alone (1.0 µM/0.3 µl/side) or 

a cocktail of propranolol (1.0 µg/0.3 µl/side) and CNO (1.0 µM/0.3 µl/side) in CeA. 

An mCherry group was also administered the propranolol-CNO cocktail. Results 

showed that CNO alone significantly enhanced CS-elicited freezing in hM3Dq 

animals, whereas inhibition of β-ARs in CeA significantly reduced this effect 

(one-way ANOVA: F (2, 24) = 23.77, ****p < 0.0001, Tukey's MCS: mCherry 

(CNO+Prop) vs. hM3Dq (CNO+Prop), n.s., mCherry (CNO+Prop) vs. hM3Dq (CNO), 

****p < 0.0001, hM3Dq (CNO+Prop) vs. hM3Dq (CNO), ****p < 0.0001) (Figure 5d, 

n=7-10/group). No difference was observed between hM3Dq (CNO + Prop) and 

mCherry (CNO + Prop) groups. These data suggest that freezing reactions require 

NE release from LC terminals in CeA. 
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Discussion 

Here we establish neural underpinnings of noradrenergic modulation of Pavlovian 

defensive reactions. First, we found that propranolol-mediated blockade of β-ARs 

significantly reduced behavioral expression of PTC (Figure 1b, S1b, S1d), whereas 

systemic activation of β2-ARs using procaterol enhanced it (Figure 1c). Endogenous 

noradrenergic activity in behavioral expression was then confirmed through 

chemogenetic reduction (Figure 2c) or enhancement (Figure 3c) of noradrenergic 

LC activity. Furthermore, blockade of β-ARs in the CeA, the major output nucleus 

of the amygdala mediating defensive reactions (Figure 4a) or inhibition of the 

LC�CeA circuit (Figure 4d) yielded results consistent with systemic propranolol 

(Figure 1b) and chemogenetic LC inhibition (Figure 2c). As with procaterol 

injections (Figure 1c) and LC activation (Figure 3c), stimulation of LC�CeA inputs 

enhanced CS-elicited freezing (Figure 5c). This enhancement was blocked by direct 

infusion of propranolol, suggesting that NE released from LC axons acts through 

β-ARs in CeA (Figure 5d). Taken together, these data suggest that LC�CeA 

projections release NE into the CeA where β-ARs activation positively modulates 

the degree of CS-elicited freezing.  

 

Noradrenergic LC neurons phasically respond to salient stimuli (learned or novel) 

in all sensory modalities
40,41,42

. Studies show that NE may improve selectivity or 

increase the magnitude of neuronal responses to sensory stimulation
37

 and 

promote synaptic transmission and plasticity in threat processing circuits of the 

amygdala
43

. Indeed, studies have shown that NE signaling through β-ARs in LA 

and/or BLA can regulate the acquisition
1,2,26

, consolidation
2,29

, reconsolidation
44,45
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and extinction
46,47

 of  memory. However, infusion of propranolol into the LA 

before an expression test does not affect CS-elicited freezing
1
. In contrast, we find 

a role for NE activity behavioral expression of Pavlovian reactions through CeA. 

We also note that the null effect of LA propranolol infusion on behavioral 

expression supports the accuracy of our CeA manipulations. 

 

Studies have shown that optostimulation of LC-NE neurons innervating the BLA 

can increase anxiety-like behaviors
31

, and sustained (10–15 s) high-frequency (10 

Hz) photostimulation caused reversible behavioral arrest
18

. This strong stimulation 

decreased cortical release of NE, suggesting that brain-wide depletion of NE may 

be responsible for the observed effects on behavior. It is unlikely that this is the 

case in our studies with PRS x 8-hM3Dq (Figure 3), which was shown to tonically 

activate LC neurons at physiological frequencies (~5 Hz)
37

. However, using a 

manipulation similar to ours, Kane and colleagues show a disruption in a foraging 

behavior task
48

, possibly due to ‘decision noise’ created by tonic activity of LC that 

caused behavioral disengagement. This may also be the case in our previous study 

showing that the invigorating effects of a conditioned stimulus on an avoidance 

task (Pavlovian-to-instrumental transfer) were disrupted by hM3Dq-mediated 

excitation of LC
49

. Notably, this negative modulation of active behavioral 

engagement was also mediated through a LC�CeA circuit. In terms of pure 

Pavlovian reactions, however, LC activity and LC�CeA positively modulate 

CS-elicited freezing behavior.  

 

Our data suggest that increases in NE itself in the CeA is not sufficient to elicit 

defensive responses: while the NE LC�CeA circuit modulated conditioned 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 18, 2019. ; https://doi.org/10.1101/519249doi: bioRxiv preprint 

https://doi.org/10.1101/519249
http://creativecommons.org/licenses/by-nc-nd/4.0/


memory expression, it did not affect unconditioned freezing (Figure 2c, 3c). 

Although pre-CS freezing was slightly reduced in two experiments (by systemic 

propranolol (Figure 1b) and systemic injections of CNO in LC hM4Di animals 

(Figure 2c)), CNO infusion in CeA in hM4Di animals did not change pre-CS freezing 

levels (Figure 4d). This suggests that the effects of brain-wide blockade of LC-NE, 

and not LC�CeA are responsible for this reduction. Notably, baseline freezing was 

not affected in any of the excitatory hM3Dq manipulations, including the 

potentiation of β2-AR activity with procaterol (Figure 1c), LC activity (Figure 3c) 

and the LC�CeA circuit (Figure 5c, 5d). Changes in these would be expected if 

brain manipulations of NE activity affected unconditioned freezing. 

 

We use chemogenetic manipulations for many of our studies. There has been 

recent controversy over the use of CNO, which can be metabolically converted 

into the atypical antipsychotic clozapine
50

. We attempted to circumvent this 

caveat in several ways. First, we chose systemic doses of CNO that were low 

enough to minimize this effect
51,52

, and we used mCherry controls that received 

the same CNO treatments as experimental groups. Furthermore, we 

supplemented systemic CNO injection studies with direct, intracranial infusion of 

CNO to bypass the peripheral metabolism of CNO to clozapine.  

 

Studies using other aversive learning paradigms such as inhibitory avoidance also 

find an important role for NE activity in amygdala, although there are 

discrepancies when compared to PTC
28-30,47

. For example, NE signaling in the 

lateral and/or basolateral amygdala is required for memory acquisition in PTC but 

not for inhibitory avoidance
1,2,28-30,47

. These differences suggest that distinct 
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behavioral and neural processes may underlie each task. Indeed, inhibitory 

avoidance involves contextual and instrumental learning that are not required for 

cued PTC
2,28-30,47

. In contrast to lateral and basolateral amygdala, very little is 

known about NE activity in CeA in both paradigms. One study looking at NE 

signaling in CeA found no role in the consolidation of inhibitory avoidance 

memory but did not test for expression effects
29

. Recently we identified a role for 

NE signaling in CeA in Pavlovian-to-instrumental transfer (PIT), which measures 

the motivational influence of a conditioned stimulus on active avoidance of a 

threat
49

. The results suggest that NE activity negatively regulates the invigorating 

effect of a conditioned stimulus on active instrumental behavior via LC activity and 

LC projections to CeA
49

. In contrast, in the current study we find a positive 

modulation of Pavlovian freezing. Taken together, these results suggest that 

conditioned aversive arousal modulates both Pavlovian and instrumental 

responses to threat and are consistent with the theory that phasic activation of 

noradrenergic neurons of the LC, and NE release in CeA, could permit rapid 

behavioral adaptation to changing environmental imperatives
19,53,54

. 

 

Although LC is a major source of NE to the forebrain
55-57

, other sources of NE to 

the forebrain include the A1 and A2 adrenergic cell groups in the medulla
58

. Much 

existing evidence shows A2 adrenergic neurons (located in the dorsal vagal 

complex, including the nucleus of the solitary tract), also send connections to 

CeA
58-60

. Our chemogenetic inhibitory studies with hM4Di show subtle but 

significant effects, which may suggest that other sources of NE, e.g. A2, summate 

with LC NE in the CeA to positively modulate CS-elicited freezing. Indeed, one 

study showed that A2 neurons are activated by threat-conditioned stimuli
61

. 
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Future work delineating the relative contribution of these other inputs to 

defensive responses is warranted. 

 

Given the canonical role of the CeA in expression, in the current studies we 

focused on this particular phase of conditioning. However, there is some evidence 

that the CeA itself can mediate Pavlovian memory formation (memory acquisition 

and/or consolidation)
10,11,62,63

. Recent work exploring the mechanisms underlying 

this phenomenon suggests that the CeA may convey information about the 

unconditioned stimulus to the LA during learning
62

. Further studies are needed to 

determine if NE modulates CeA during the acquisition phase. 

 

Our studies describe the LC�CeA projection, but a reciprocal CeA�LC projection 

has also been reported
64

. This circuit is modulated by corticotrophin releasing 

factor, which is enhanced by stress and may represent a feedforward excitatory 

mechanism for the LC-NE-mediated responses to threat. If and how this circuit is 

involved in defensive reactions is an important subject of future research. 

 

Together with previous studies, the current findings help form a more complete 

picture of the role of NE in amygdala and emotional learning. Furthermore, 

amygdala circuits that underlie PTC in rodents and humans are dysregulated in 

people with fear and anxiety disorders
3,7

. Symptoms of PTSD involve exaggerated 

responses to stimuli, whether or not it is a threatening
65

, and studies in humans 

and animals suggest this may due to dysfunction of the amygdala, the LC
66

 and NE 

activity in amygdala
6,7,22,67-71

. Our current findings support the possibility that a 

LC�CeA circuit may underlie exaggerated reactions to stimuli and may explain the 

efficacy of β-ARs antagonists in some PTSD patients
72-74

. 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 18, 2019. ; https://doi.org/10.1101/519249doi: bioRxiv preprint 

https://doi.org/10.1101/519249
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

Acknowledgments 

We thank Cludia Farb, Mian Hou for tissue processing and Dr. Vinod Yaragudri for assistance 

with imaging, Dr. Hillary Schiff for assistance with behavioral experiments, Dr. Justin Moscarello 

for discussions during the course of this work, and Dr. Vadim Bolshakov for advice and 

comments on the manuscript. We thank the University of Pennsylvania Vector Core for 

packaging the AAV vectors. This study was funded by National Institute of Mental Health (NIMH) 

grants R01-MH046516 and R01-MH38774, National Institute on Drug Abuse (NIDA) grant 

DA029053 (J.E.L.). 

 

Author contributions 

Y.G. and R.M.S. designed the experiments, collected and analyzed data, and wrote the 

manuscript. Y.G., R.M.S and J.E.L. contributed to data interpretation and the final version of the 

manuscript. All the authors discussed all the results at all stages of the project. 

 

Conflict of interest 

The authors declare no competing financial interests. 

 

References 

 

1 Bush, D. E., Caparosa, E. M., Gekker, A. & Ledoux, J. Beta-adrenergic receptors in the 

lateral nucleus of the amygdala contribute to the acquisition but not the consolidation of 

auditory fear conditioning. Frontiers in behavioral neuroscience 4, 154, 

doi:10.3389/fnbeh.2010.00154 (2010). 

2 Schiff, H. C. et al. beta-Adrenergic Receptors Regulate the Acquisition and Consolidation 

Phases of Aversive Memory Formation Through Distinct, Temporally Regulated Signaling 

Pathways. Neuropsychopharmacology : official publication of the American College of 

Neuropsychopharmacology 42, 895-903, doi:10.1038/npp.2016.238 (2017). 

3 Keifer, O. P., Jr., Hurt, R. C., Ressler, K. J. & Marvar, P. J. The Physiology of Fear: 

Reconceptualizing the Role of the Central Amygdala in Fear Learning. Physiology 30, 

389-401, doi:10.1152/physiol.00058.2014 (2015). 

4 LeDoux, J. E. Coming to terms with fear. Proceedings of the National Academy of 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 18, 2019. ; https://doi.org/10.1101/519249doi: bioRxiv preprint 

https://doi.org/10.1101/519249
http://creativecommons.org/licenses/by-nc-nd/4.0/


Sciences of the United States of America 111, 2871-2878, doi:10.1073/pnas.1400335111 

(2014). 

5 Herry, C. & Johansen, J. P. Encoding of fear learning and memory in distributed neuronal 

circuits. Nature neuroscience 17, 1644-1654, doi:10.1038/nn.3869 (2014). 

6 Davis, M. The role of the amygdala in fear and anxiety. Annual review of neuroscience 15, 

353-375, doi:10.1146/annurev.ne.15.030192.002033 (1992). 

7 Fenster, R. J., Lebois, L. A. M., Ressler, K. J. & Suh, J. Brain circuit dysfunction in 

post-traumatic stress disorder: from mouse to man. Nature reviews. Neuroscience 19, 

535-551, doi:10.1038/s41583-018-0039-7 (2018). 

8 Han, S., Soleiman, M. T., Soden, M. E., Zweifel, L. S. & Palmiter, R. D. Elucidating an 

Affective Pain Circuit that Creates a Threat Memory. Cell 162, 363-374, 

doi:10.1016/j.cell.2015.05.057 (2015). 

9 Yu, K., Garcia da Silva, P., Albeanu, D. F. & Li, B. Central Amygdala Somatostatin Neurons 

Gate Passive and Active Defensive Behaviors. The Journal of neuroscience : the official 

journal of the Society for Neuroscience 36, 6488-6496, 

doi:10.1523/JNEUROSCI.4419-15.2016 (2016). 

10 Wilensky, A. E., Schafe, G. E., Kristensen, M. P. & LeDoux, J. E. Rethinking the fear circuit: 

the central nucleus of the amygdala is required for the acquisition, consolidation, and 

expression of Pavlovian fear conditioning. The Journal of neuroscience : the official 

journal of the Society for Neuroscience 26, 12387-12396, 

doi:10.1523/JNEUROSCI.4316-06.2006 (2006). 

11 Li, H. et al. Experience-dependent modification of a central amygdala fear circuit. Nature 

neuroscience 16, 332-339, doi:10.1038/nn.3322 (2013). 

12 Pitkanen, A., Savander, V. & LeDoux, J. E. Organization of intra-amygdaloid circuitries in 

the rat: an emerging framework for understanding functions of the amygdala. Trends in 

neurosciences 20, 517-523 (1997). 

13 Tovote, P. et al. Midbrain circuits for defensive behaviour. Nature 534, 206-212, 

doi:10.1038/nature17996 (2016). 

14 Ciocchi, S. et al. Encoding of conditioned fear in central amygdala inhibitory circuits. 

Nature 468, 277-282, doi:10.1038/nature09559 (2010). 

15 LeDoux, J. E., Iwata, J., Cicchetti, P. & Reis, D. J. Different projections of the central 

amygdaloid nucleus mediate autonomic and behavioral correlates of conditioned fear. 

The Journal of neuroscience : the official journal of the Society for Neuroscience 8, 

2517-2529 (1988). 

16 Fadok, J. P., Markovic, M., Tovote, P. & Luthi, A. New perspectives on central amygdala 

function. Current opinion in neurobiology 49, 141-147, doi:10.1016/j.conb.2018.02.009 

(2018). 

17 Ozawa, T. et al. A feedback neural circuit for calibrating aversive memory strength. 

Nature neuroscience 20, 90-97, doi:10.1038/nn.4439 (2017). 

18 Carter, M. E. et al. Tuning arousal with optogenetic modulation of locus coeruleus 

neurons. Nature neuroscience 13, 1526-1533, doi:10.1038/nn.2682 (2010). 

19 Vazey, E. M., Moorman, D. E. & Aston-Jones, G. Phasic locus coeruleus activity regulates 

cortical encoding of salience information. Proceedings of the National Academy of 

Sciences of the United States of America 115, E9439-E9448, 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 18, 2019. ; https://doi.org/10.1101/519249doi: bioRxiv preprint 

https://doi.org/10.1101/519249
http://creativecommons.org/licenses/by-nc-nd/4.0/


doi:10.1073/pnas.1803716115 (2018). 

20 Saha, S., Drinkhill, M. J., Moore, J. P. & Batten, T. F. Central nucleus of amygdala 

projections to rostral ventrolateral medulla neurones activated by decreased blood 

pressure. The European journal of neuroscience 21, 1921-1930, 

doi:10.1111/j.1460-9568.2005.04023.x (2005). 

21 Rodrigues, S. M., LeDoux, J. E. & Sapolsky, R. M. The influence of stress hormones on 

fear circuitry. Annual review of neuroscience 32, 289-313, 

doi:10.1146/annurev.neuro.051508.135620 (2009). 

22 Giustino, T. F. & Maren, S. Noradrenergic Modulation of Fear Conditioning and Extinction. 

Frontiers in behavioral neuroscience 12, 43, doi:10.3389/fnbeh.2018.00043 (2018). 

23 Chen, F. J. & Sara, S. J. Locus coeruleus activation by foot shock or electrical stimulation 

inhibits amygdala neurons. Neuroscience 144, 472-481, 

doi:10.1016/j.neuroscience.2006.09.037 (2007). 

24 Uematsu, A. et al. Modular organization of the brainstem noradrenaline system 

coordinates opposing learning states. Nature neuroscience 20, 1602-1611, 

doi:10.1038/nn.4642 (2017). 

25 McCall, J. G. et al. CRH Engagement of the Locus Coeruleus Noradrenergic System 

Mediates Stress-Induced Anxiety. Neuron 87, 605-620, 

doi:10.1016/j.neuron.2015.07.002 (2015). 

26 Johansen, J. P. et al. Hebbian and neuromodulatory mechanisms interact to trigger 

associative memory formation. Proceedings of the National Academy of Sciences of the 

United States of America 111, E5584-5592, doi:10.1073/pnas.1421304111 (2014). 

27 Buffalari, D. M. & Grace, A. A. Noradrenergic modulation of basolateral amygdala 

neuronal activity: opposing influences of alpha-2 and beta receptor activation. The 

Journal of neuroscience : the official journal of the Society for Neuroscience 27, 

12358-12366, doi:27/45/12358 [pii] 

10.1523/JNEUROSCI.2007-07.2007 (2007). 

28 Ferry, B. & McGaugh, J. L. Role of amygdala norepinephrine in mediating stress hormone 

regulation of memory storage. Acta pharmacologica Sinica 21, 481-493 (2000). 

29 Quirarte, G. L., Galvez, R., Roozendaal, B. & McGaugh, J. L. Norepinephrine release in the 

amygdala in response to footshock and opioid peptidergic drugs. Brain research 808, 

134-140 (1998). 

30 Cahill, L., Prins, B., Weber, M. & McGaugh, J. L. Beta-adrenergic activation and memory 

for emotional events. Nature 371, 702-704, doi:10.1038/371702a0 (1994). 

31 McCall, J. G. et al. Locus coeruleus to basolateral amygdala noradrenergic projections 

promote anxiety-like behavior. eLife 6, doi:10.7554/eLife.18247 (2017). 

32 Jones, B. E. & Yang, T. Z. The efferent projections from the reticular formation and the 

locus coeruleus studied by anterograde and retrograde axonal transport in the rat. The 

Journal of comparative neurology 242, 56-92, doi:10.1002/cne.902420105 (1985). 

33 Moore, R. Y. & Bloom, F. E. Central catecholamine neuron systems: anatomy and 

physiology of the norepinephrine and epinephrine systems. Annual review of 

neuroscience 2, 113-168, doi:10.1146/annurev.ne.02.030179.000553 (1979). 

34 Fallon, J. H., Koziell, D. A. & Moore, R. Y. Catecholamine innervation of the basal 

forebrain. II. Amygdala, suprarhinal cortex and entorhinal cortex. The Journal of 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 18, 2019. ; https://doi.org/10.1101/519249doi: bioRxiv preprint 

https://doi.org/10.1101/519249
http://creativecommons.org/licenses/by-nc-nd/4.0/


comparative neurology 180, 509-532, doi:10.1002/cne.901800308 (1978). 

35 Uematsu, A., Tan, B. Z. & Johansen, J. P. Projection specificity in heterogeneous locus 

coeruleus cell populations: implications for learning and memory. Learning & memory 

22, 444-451, doi:10.1101/lm.037283.114 (2015). 

36 Armbruster, B. N., Li, X., Pausch, M. H., Herlitze, S. & Roth, B. L. Evolving the lock to fit 

the key to create a family of G protein-coupled receptors potently activated by an inert 

ligand. Proceedings of the National Academy of Sciences of the United States of America 

104, 5163-5168, doi:10.1073/pnas.0700293104 (2007). 

37 Vazey, E. M. & Aston-Jones, G. Designer receptor manipulations reveal a role of the locus 

coeruleus noradrenergic system in isoflurane general anesthesia. Proceedings of the 

National Academy of Sciences of the United States of America 111, 3859-3864, 

doi:10.1073/pnas.1310025111 (2014). 

38 McAllister, McAllister & Douglass. Inverse Relationship between Shock Intensity and 

Shuttle-Box Avoidance Learning in Rats - Reinforcement Explanation. Journal of 

comparative and physiological psychology 74, 426-&, doi:Doi 10.1037/H0030579 (1971). 

39 Hwang, D. Y., Carlezon, W. A., Jr., Isacson, O. & Kim, K. S. A high-efficiency synthetic 

promoter that drives transgene expression selectively in noradrenergic neurons. Hum 

Gene Ther 12, 1731-1740, doi:10.1089/104303401750476230 (2001). 

40 Aston-Jones, G. & Bloom, F. E. Norepinephrine-containing locus coeruleus neurons in 

behaving rats exhibit pronounced responses to non-noxious environmental stimuli. The 

Journal of neuroscience : the official journal of the Society for Neuroscience 1, 887-900 

(1981). 

41 Foote, S. L., Aston-Jones, G. & Bloom, F. E. Impulse activity of locus coeruleus neurons in 

awake rats and monkeys is a function of sensory stimulation and arousal. Proceedings of 

the National Academy of Sciences of the United States of America 77, 3033-3037 (1980). 

42 Breton-Provencher, V. & Sur, M. Active control of arousal by a locus coeruleus GABAergic 

circuit. Nature neuroscience, doi:10.1038/s41593-018-0305-z (2019). 

43 Tully, K., Li, Y., Tsvetkov, E. & Bolshakov, V. Y. Norepinephrine enables the induction of 

associative long-term potentiation at thalamo-amygdala synapses. Proceedings of the 

National Academy of Sciences of the United States of America 104, 14146-14150, 

doi:10.1073/pnas.0704621104 (2007). 

44 Debiec, J. & Ledoux, J. E. Disruption of reconsolidation but not consolidation of auditory 

fear conditioning by noradrenergic blockade in the amygdala. Neuroscience 129, 

267-272, doi:10.1016/j.neuroscience.2004.08.018 (2004). 

45 Debiec, J. & LeDoux, J. E. Noradrenergic signaling in the amygdala contributes to the 

reconsolidation of fear memory: treatment implications for PTSD. Annals of the New 

York Academy of Sciences 1071, 521-524, doi:10.1196/annals.1364.056 (2006). 

46 Debiec, J., Bush, D. E. & LeDoux, J. E. Noradrenergic enhancement of reconsolidation in 

the amygdala impairs extinction of conditioned fear in rats--a possible mechanism for 

the persistence of traumatic memories in PTSD. Depression and anxiety 28, 186-193, 

doi:10.1002/da.20803 (2011). 

47 Berlau, D. J. & McGaugh, J. L. Enhancement of extinction memory consolidation: the role 

of the noradrenergic and GABAergic systems within the basolateral amygdala. 

Neurobiology of learning and memory 86, 123-132, doi:10.1016/j.nlm.2005.12.008 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 18, 2019. ; https://doi.org/10.1101/519249doi: bioRxiv preprint 

https://doi.org/10.1101/519249
http://creativecommons.org/licenses/by-nc-nd/4.0/


(2006). 

48 Kane, G. A. et al. Increased locus coeruleus tonic activity causes disengagement from a 

patch-foraging task. Cognitive, affective & behavioral neuroscience 17, 1073-1083, 

doi:10.3758/s13415-017-0531-y (2017). 

49 Campese, V. D. et al. Noradrenergic Regulation of Central Amygdala in Aversive 

Pavlovian-to-Instrumental Transfer. eNeuro 4, doi:10.1523/ENEURO.0224-17.2017 

(2017). 

50 Gomez, J. L. et al. Chemogenetics revealed: DREADD occupancy and activation via 

converted clozapine. Science 357, 503-507, doi:10.1126/science.aan2475 (2017). 

51 MacLaren, D. A. et al. Clozapine N-Oxide Administration Produces Behavioral Effects in 

Long-Evans Rats: Implications for Designing DREADD Experiments. eNeuro 3, 

doi:10.1523/ENEURO.0219-16.2016 (2016). 

52 Mahler, S. V. & Aston-Jones, G. CNO Evil? Considerations for the Use of DREADDs in 

Behavioral Neuroscience. Neuropsychopharmacology, doi:10.1038/npp.2017.299 

(2018). 

53 Bouret, S. & Sara, S. J. Network reset: a simplified overarching theory of locus coeruleus 

noradrenaline function. Trends in neurosciences 28, 574-582, 

doi:10.1016/j.tins.2005.09.002 (2005). 

54 Aston-Jones, G. & Waterhouse, B. Locus coeruleus: From global projection system to 

adaptive regulation of behavior. Brain research 1645, 75-78, 

doi:10.1016/j.brainres.2016.03.001 (2016). 

55 Jones, B. E. & Moore, R. Y. Ascending projections of the locus coeruleus in the rat. II. 

Autoradiographic study. Brain research 127, 25-53 (1977). 

56 Aston-Jones, G. & Cohen, J. D. An integrative theory of locus coeruleus-norepinephrine 

function: adaptive gain and optimal performance. Annual review of neuroscience 28, 

403-450, doi:10.1146/annurev.neuro.28.061604.135709 (2005). 

57 Sara, S. J. The locus coeruleus and noradrenergic modulation of cognition. Nat Rev 

Neurosci 10, 211-223, doi:10.1038/nrn2573 (2009). 

58 Rinaman, L. Hindbrain noradrenergic A2 neurons: diverse roles in autonomic, endocrine, 

cognitive, and behavioral functions. American journal of physiology. Regulatory, 

integrative and comparative physiology 300, R222-235, doi:10.1152/ajpregu.00556.2010 

(2011). 

59 Robertson, S. D., Plummer, N. W., de Marchena, J. & Jensen, P. Developmental origins of 

central norepinephrine neuron diversity. Nature neuroscience 16, 1016-1023, 

doi:10.1038/nn.3458 (2013). 

60 Saha, S., Henderson, Z. & Batten, T. F. Somatostatin immunoreactivity in axon terminals 

in rat nucleus tractus solitarii arising from central nucleus of amygdala: coexistence with 

GABA and postsynaptic expression of sst2A receptor. Journal of chemical neuroanatomy 

24, 1-13 (2002). 

61 Zhu, L. & Onaka, T. Involvement of medullary A2 noradrenergic neurons in the activation 

of oxytocin neurons after conditioned fear stimuli. The European journal of neuroscience 

16, 2186-2198 (2002). 

62 Yu, K. et al. The central amygdala controls learning in the lateral amygdala. Nature 

neuroscience 20, 1680-1685, doi:10.1038/s41593-017-0009-9 (2017). 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 18, 2019. ; https://doi.org/10.1101/519249doi: bioRxiv preprint 

https://doi.org/10.1101/519249
http://creativecommons.org/licenses/by-nc-nd/4.0/


63 Goosens, K. A. & Maren, S. Pretraining NMDA receptor blockade in the basolateral 

complex, but not the central nucleus, of the amygdala prevents savings of conditional 

fear. Behavioral neuroscience 117, 738-750 (2003). 

64 Valentino, R. J. & Van Bockstaele, E. Convergent regulation of locus coeruleus activity as 

an adaptive response to stress. European journal of pharmacology 583, 194-203, 

doi:10.1016/j.ejphar.2007.11.062 (2008). 

65 Parsons, R. G. & Ressler, K. J. Implications of memory modulation for post-traumatic 

stress and fear disorders. Nature neuroscience 16, 146-153, doi:10.1038/nn.3296 (2013). 

66 Naegeli, C. et al. Locus Coeruleus Activity Mediates Hyperresponsiveness in 

Posttraumatic Stress Disorder. Biological psychiatry 83, 254-262, 

doi:10.1016/j.biopsych.2017.08.021 (2018). 

67 Ronzoni, G., Del Arco, A., Mora, F. & Segovia, G. Enhanced noradrenergic activity in the 

amygdala contributes to hyperarousal in an animal model of PTSD. 

Psychoneuroendocrinology 70, 1-9, doi:10.1016/j.psyneuen.2016.04.018 (2016). 

68 Bremner, J. D., Krystal, J. H., Southwick, S. M. & Charney, D. S. Noradrenergic 

mechanisms in stress and anxiety: I. Preclinical studies. Synapse 23, 28-38, 

doi:10.1002/(SICI)1098-2396(199605)23:1&lt;28::AID-SYN4&gt;3.0.CO;2-J (1996). 

69 Southwick, S. M. et al. Noradrenergic and serotonergic function in posttraumatic stress 

disorder. Archives of general psychiatry 54, 749-758 (1997). 

70 Geracioti, T. D., Jr. et al. CSF norepinephrine concentrations in posttraumatic stress 

disorder. The American journal of psychiatry 158, 1227-1230, 

doi:10.1176/appi.ajp.158.8.1227 (2001). 

71 Giustino, T. F., Fitzgerald, P. J. & Maren, S. Revisiting propranolol and PTSD: Memory 

erasure or extinction enhancement? Neurobiology of learning and memory 130, 26-33, 

doi:10.1016/j.nlm.2016.01.009 (2016). 

72 Pitman, R. K. et al. Pilot study of secondary prevention of posttraumatic stress disorder 

with propranolol. Biol Psychiatry 51, 189-192 (2002). 

73 Hurlemann, R. et al. Human amygdala reactivity is diminished by the beta-noradrenergic 

antagonist propranolol. Psychol Med 40, 1839-1848, doi:10.1017/S0033291709992376 

(2010). 

74 Cain, C. K., Maynard, G. D. & Kehne, J. H. Targeting memory processes with drugs to 

prevent or cure PTSD. Expert opinion on investigational drugs 21, 1323-1350, 

doi:10.1517/13543784.2012.704020 (2012). 

 

 

 

 

 

 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 18, 2019. ; https://doi.org/10.1101/519249doi: bioRxiv preprint 

https://doi.org/10.1101/519249
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

 

 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 18, 2019. ; https://doi.org/10.1101/519249doi: bioRxiv preprint 

https://doi.org/10.1101/519249
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

 
a 
 
 
 
 
 
 
 

b 

 

 

 

 

c 

 

 

 

 

 
 

Figure 1. Norepinephrine β-ARs activity is required for CS-elicited freezing in threat-conditioned 

animals.  

a. Experimental timeline depicting habituation, training (0.6 mA US), expression test (Day 3) and 

drug-free expression test (Day 4) phases. Vertical arrows indicate time of drug (red arrow) or 

vehicle (blue arrow) injection for each manipulation. b. Propranolol (10 mg/kg) reduced baseline 

(*p = 0.0283) and CS-elicited (***p = 0.0008) freezing levels during the expression test compared 
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to vehicle control animals (left panel), with no effect observed between groups during a drug-

free test (center panel). A within-subject comparison of propranolol treatment versus 

propranolol-free treatment on CS-elicited freezing showed a significant difference for drug 

treatment (two-way RM ANOVA test, Interaction: F (1, 22) = 15.79, ***p = 0.0006; Time (Drug vs. 

Drug-free) F (1,22) = 1.678, p = 0.2086; Drug vs. Vehicle F (1, 22) = 5.021, *p = 0.0355; Sidak MCS, 

**p < 0.01 between days for propranolol treated animals, n.s. for vehicle-treated animals). c. 

Injection of the specific β2-ARs agonist procaterol (300 µg/kg) enhanced CS-elicited freezing 

during the expression test (n = 8/group; left panel, *p = 0.0200), with no effect during a drug free 

test (center panel). Within subject analysis showed a main effect of procaterol on CS-elicited 

freezing between days in both groups (two-way RM ANOVA test, Interaction: F (1, 14) = 3.991, p 

= 0.0655; Drug: F (1, 14) =4.786, *p = 0.0462; Time (Drug vs. Drug-free), F (1, 14) = 43.73, ****p 

< 0.0001; Sidak MCS, ****p < 0.0001 between days for procaterol treated animals, *p < 0.05 for 

vehicle-treated animals). All error bars indicate mean ± SEM. *p < 0.05, **p< 0.01, ***p< 0.001, 

****p < 0.0001. 
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Figure 2. Chemogenetic inhibition of LC-NE signaling decreases CS-elicited freezing. 

a Top: Timeline indicating habituation, conditioning (0.6 mA US), expression test (Day 3) and 

drug-free test (Day 4) phases. Bottom: Schematic depicting hM4Di or mCherry virus injection and 

CNO treatment strategy. b. Representative immunohistochemistry (IHC) images show robust and 

selective targeting of hemagglutinin-tagged (HA) hM4Di receptors to DBH+ LC neurons. (Red = 

HA; Green = dopamine β hydroxylase (DBH); Yellow = indicates co-localization. Scale bars: top 

three panels = 500 µm, middle and bottom six panels = 100 µm. c. On conditioning day, hM4Di 

paired (n=9) and mCherry paired groups (n=7) were threat conditioned, and an unpaired hM4Di 

control group (n=7) received three tones alone. CNO (5.0 mg/kg) inhibition of LC-NE neurons 

significantly decreased CS-elicited freezing in trained hM4Di animals compared to mCherry 

controls (one-way ANOVA, F (2,20) = 126.4, ****P < 0.0001; Tukey’s MCS, **P < 0.01), with no 

difference observed between hM4Di paired and mCherry paired groups during the drug-free test. 
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Within subject analysis revealed a slight reduction in CS-elicited freezing between days in the 

mCherry group, with no significant reduction in the hM4Di paired group (two-way RM ANOVA 

test, Interaction: F (2, 20) = 4.236, *p = 0.0292; Training X virus: F (2, 20) = 134.5, ****p < 0.0001; 

Time (CNO vs. CNO-free): F (1,20) = 2.692, p = 0.1165; Sidak MCS, CNO vs. CNO-free: hM4Di 

untrained, p = n.s., hM4Di trained, p = n.s., mCherry *p < 0.05). All error bars indicate mean ± 

SEM. *p< 0.05, **p< 0.01, ****p < 0.0001. 
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Figure 3. Chemogenetic activation of LC-NE signaling increases CS-elicited freezing. 

a. (Top) Timeline indicating habituation, mild conditioning (0.4 mA US), expression test and drug-

free test phases. (Bottom) Schematic depicting hM3Dq or mCherry virus injection and CNO 

treatment strategy. b. Representative IHC images show robust and selective targeting of hM3Dq-

HA to DBH+ LC neurons. (Red = HA; Green = DBH; Yellow = co-localization). Scale bars: top three 

panels = 500 µm, middle and bottom six panels = 100 µm. c. Systemic injection of CNO (1.0 mg/kg) 

prior to the expression test significantly enhanced freezing in the trained hM3Dq group (n=9) 

compared to the trained mCherry group (n=7; left panel, one-way ANOVA, F (2,20) = 69.54, ****P 

< 0.0001, Tukey’s MCS, ***P<0.001). No differences were observed between groups during a 

CNO-free expression test (center panel). A difference in CS-elicited freezing was observed in 

trained animals between CNO- and CNO-free tests (two-way RM ANOVA test, Interaction: F (2, 

20) = 16.62, ****p < 0.0001; Training X virus: F (2, 20) = 55.64, ****p < 0.0001, Time (CNO vs. 
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CNO-free): F (1,20) = 43.45, ****p < 0.0001; Sidak MCS, CNO vs. CNO-free: hM4Di untrained, p = 

n.s., hM3Dq trained, ****p < 0.0001, mCherry trained, *p < 0.05). All error bars indicate mean ± 

SEM. *p< 0.05, ***p< 0.001, ****p < 0.0001.  
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Figure 4.  CeA blockade of β-ARs or chemogenetic inhibition of LC-NE axon terminals in the CeA 

decreases CS-elicited freezing. a. Propranolol infusions in CeA (1.0 µg/0.3 µl/side) significantly 

reduced CS-elicited freezing (***p = 0.0002). b. Robust and selective targeting of hM4Di-HA to 
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DBH+ LC neurons and detectable expression in axons projecting to CeA after six weeks (Red = HA; 

Green = DBH; Yellow = co-localization; Blue = DAPI). Scale bars: top three LC panels = 500 µm, 

middle six LC panels = 100 µm, bottom three CeA panels = 50 µm. c. Virus and CNO infusion 

strategy and experimental timeline. d. CNO infusions in CeA (1.0 µM/0.3 µl/side) significantly 

reduced CS-elicited freezing in hM4Di animals (n=15) compared to the mCherry (n=7) group (t 

(20) =3.401, **p = 0.0028). No differences were observed between groups during the CNO-free 

expression test (center panel). Differences were observed in CS-elicited freezing in both groups 

between CNO- and CNO-free tests (two-way RM ANOVA test, Interaction: F (1, 20) = 20.13, ***p 

= 0.0002; Virus: F (1, 20) = 3.088, p = 0.0942; Time (CNO vs. CNO-free): F (1,20) = 0.005266, p = 

0.9429; Sidak MCS, CNO vs. CNO-free: mCherry, *p < 0.05, hM4Di, **p < 0.01). All error bars 

indicate mean ± SEM. *p< 0.05, **p< 0.01, ***p< 0.001. Central medial amygdala (CeM), Central 

lateral amygdala (CeL), Central capsular amygdala (Cec), Basal amygdala (BA). 
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Figure 5. Chemogenetic activation of LC-NE terminals in CeA increases CS-elicited freezing 

behavior and is blocked by a β-AR antagonist. 

a. hM3Dq (HA) expression in LC (Red = HA; Green = DBH; Yellow = co-localization; Blue = DAPI). 

Arrow indicates the magnification of the same LC neuron. Scale bars: LC panels = 50 µm, 

respectively. b. HA-immunopositive terminals from LC were detected in CeA. Scale bars: CeA 

panels = 50 µm. c. Infusions of CNO (1.0 µM/0.3 µl/side) led to a significant increase in CS-elicited 

freezing in hM3Dq (n = 10) animals compared to mCherry controls (left panel, n = 8, t (16) =3.114, 

**p = 0.0067), with no difference observed between groups during a CNO-free test (center panel). 

Differences were observed in CS-elicited freezing in both groups between CNO- and CNO-free 

tests (two-way RM ANOVA test, Interaction: F (1, 16) = 11.78, **p = 0.0034; Virus: F (1, 16) = 5.197, 

*p = 0.0367; Time (CNO vs. CNO-free): F (1,16) = 125.7, ****p < 0.0001; Sidak MCS, CNO vs. CNO-

free: mCherry, ***p < 0.001, hM3Dq, ****p < 0.0001). d. Prior to the expression test, animals 

received intra-CeA infusions of CNO alone (hM3Dq (CNO); (n=10)), or a cocktail of CNO and 

propranolol (1.0 µM/0.3 µl/side + 1.0 µg/0.3 µl/side) in hM3Dq (n=10) and mCherry (n=7) animals. 

Propranolol significantly reduced the effect of CNO in hM3Dq-expressing, propranolol-treated 

animals (one-way ANOVA, F (2, 24) = 23.77, ****P<0.0001, Tukey’s MCS, mCherry (CNO+Prop) 

vs. hM3Dq (CNO), ****p < 0.0001 and hM3Dq (CNO+Prop) vs. hM3Dq (CNO), ****p < 0.0001). e. 

Representative IHC images show robust and selective targeting of hM3Dq-HA to DBH+ LC neurons 

and strong expression in CeA terminals. (Red = HA; Green = DBH; Yellow = overlapping indicates 

example co-localization; Blue = DAPI.) Scale bars, CeA panels = 50 µm, respectively. Arrow 

indicates the magnification of the LC-NE terminals in CeA. All error bars indicate mean ± SEM. 

**p < 0.01, ****p < 0.0001. Central medial amygdala (CeM), Central lateral amygdala (CeL), 

Central capsular amygdala (Cec), Basal amygdala (BA).  
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