
Copyright © 2019 the authors

Research Articles: Behavioral/Cognitive

Locus coeruleus norepinephrine drives stress-
induced increases in basolateral amygdala
firing and impairs extinction learning

https://doi.org/10.1523/JNEUROSCI.1092-19.2019

Cite as: J. Neurosci 2019; 10.1523/JNEUROSCI.1092-19.2019

Received: 13 May 2019
Revised: 8 November 2019
Accepted: 26 November 2019

This Early Release article has been peer-reviewed and accepted, but has not been through
the composition and copyediting processes. The final version may differ slightly in style or
formatting and will contain links to any extended data.

Alerts: Sign up at www.jneurosci.org/alerts to receive customized email alerts when the fully
formatted version of this article is published.



 

 1 

For Journal of Neuroscience, Article 1 
 2 

 3 
Title: Locus coeruleus norepinephrine drives stress-induced increases in basolateral 4 

amygdala firing and impairs extinction learning 5 
 6 
 7 

Authors: Thomas F. Giustino, Karthik R. Ramanathan, Michael S. Totty, Olivia W. Miles, and 8 
Stephen Maren* 9 
 10 
 11 
Affiliations: Department of Psychological and Brain Sciences and Institute for Neuroscience, 12 
Texas A&M University, College Station, TX 77843-3474 13 
 14 
 15 
Running Title: Locus coeruleus drives extinction deficits 16 
 17 
 18 
Key Words: fear expression, fear conditioning, immediate extinction, stress, norepinephrine, 19 
amygdala, locus coeruleus 20 
 21 
*Correspondence: 22 
Stephen Maren 23 
Department of Psychological and Brain Sciences 24 
TAMU 4235  25 
Texas A&M University  26 
College Station, TX 77843-4235 27 
maren@tamu.edu 28 
Ph: (979) 458-7960 29 
 30 
Number of Pages: 38 31 
Number of Figures: 6 32 
Abstract Word Count: 241 33 
Introduction Word Count: 524 34 
Discussion Word Count: 1519 35 
 36 
Conflict of interest statement 37 
The authors declare no conflicts of interest.  38 
 39 
Acknowledgments  40 
This work was supported by grants from the National Institutes of Health (R01MH065961 and 41 
R01MH117852 to SM and F31MH112208 to TFG).  We would like to thank Dr. Gary Aston-42 
Jones for providing the LC-specific excitatory DREADD (PRSx8-hM3Dq-HA) and Dr. Elena 43 
Vazey for her guidance in using these viruses in the locus coeruleus. 44 

  45 



 

 2 

Abstract 46 

Stress impairs extinction learning and these deficits depend, in part, on stress-induced 47 

norepinephrine release in the basolateral amygdala (BLA).  For example, systemic or intra-BLA 48 

administration of propranolol reduces the immediate extinction deficit (IED), an impairment in 49 

extinction learning that occurs when extinction trials are administered soon after fear 50 

conditioning.   Here we explored whether locus coeruleus norepinephrine (LC-NE) regulates 51 

stress-induced changes in spike firing in the BLA and consequent extinction learning 52 

impairments. Rats were implanted with recording arrays in the BLA and, after recovery from 53 

surgery, underwent a standard auditory fear conditioning procedure. Fear conditioning produced 54 

an immediate and dramatic increase in the spontaneous firing of BLA neurons that persisted (and 55 

in some units increased further) up to an hour after conditioning. This stress-induced increase in 56 

BLA firing was prevented by systemic administration of propranolol.  Conditioning with a 57 

weaker footshock caused smaller increases in BLA firing rate, but this could be augmented by 58 

chemogenetic activation of the LC. Conditioned freezing to a tone paired with a weak footshock 59 

was immune to the IED, but chemogenetic activation of the LC prior to the weak conditioning 60 

protocol increased conditioned freezing behavior and induced an IED; this effect was blocked 61 

with intra-BLA infusions of propranolol. These data suggest that stress-induced activation of the 62 

LC increases BLA spike firing and causes impairments in extinction learning. Stress-induced 63 

increases in BLA activity mediated by LC-NE may be a viable therapeutic target for individuals 64 

suffering from stress-and trauma-related disorders.  65 

 66 

 67 

 68 
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Significance Statement 69 

Patients with post-traumatic stress disorder (PTSD) show heightened amygdala activity, elevated 70 

levels of stress hormones, including norepinephrine, and are resistant to the extinction of fear 71 

memories.  Here we show that stress increases basolateral amygdala (BLA) spike firing. This 72 

could be attenuated by systemic propranolol and mimicked by chemogenetic activation of the 73 

locus coeruleus (LC), the source of forebrain norepinephrine (NE). Finally, we show that LC-NE 74 

activation is sufficient to produce extinction deficits, and this is blocked by intra-BLA 75 

propranolol. Stress-induced increases in BLA activity mediated by LC-NE may be a viable 76 

therapeutic target for individuals with PTSD and related disorders.   77 

  78 
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Introduction 79 

Stress contributes to a number of psychiatric disorders and it is well known that stress influences 80 

aversive learning processes that contribute to the development and maintenance of posttraumatic 81 

stress disorder (PTSD) (O’Donnell et al., 2004; Morilak et al., 2005; Arnsten, 2009, 2015; Milad 82 

et al., 2009; Pervanidou and Chrousos, 2010; Parsons and Ressler, 2013; Raio et al., 2014; 83 

Arnsten et al., 2015; Maren and Holmes, 2016).  For example, there are numerous studies 84 

demonstrating that either acute or chronic stress impairs the extinction of fear after Pavlovian 85 

conditioning (Izquierdo et al., 2006; Miracle et al., 2006; Chang and Maren, 2009; Wilber et al., 86 

2011; MacPherson et al., 2013; Merz et al., 2014; Raio et al., 2014; Raio and Phelps, 2015; 87 

Maren and Holmes, 2016).  Extinction learning is thought to mediate, in part, cognitive-88 

behavioral therapies for PTSD including exposure therapy, and patients with PTSD exhibit 89 

deficits in extinction learning (Wessa and Flor, 2007; Pitman et al., 2012; Garfinkel et al., 2014; 90 

Giustino et al., 2016; Maren and Holmes, 2016). In the laboratory, we, and others, have shown 91 

that extinction learning is impaired in humans and rodents when it occurs within minutes to 92 

hours of fear conditioning (Maren and Chang, 2006; Chang et al., 2010; Kim et al., 2010; 93 

Fitzgerald et al., 2015; Hollis et al., 2016; Maren and Holmes, 2016; Merz et al., 2016).  94 

Considerable evidence suggests that this “immediate extinction deficit” (IED) is mediated by 95 

footshock stress during fear conditioning itself (Maren and Chang, 2006; Chang et al., 2010; 96 

Fitzgerald et al., 2015; Maren and Holmes, 2016; Giustino et al., 2017).  Importantly, the IED 97 

models extinction learning impairments in both rodents and humans in the aftermath of acute 98 

trauma, as well as extinction impairments associated with symptomatic stress in patients with 99 

PTSD  (Maren and Chang, 2006; Rauch et al., 2006; Wessa and Flor, 2007; Milad et al., 2009; 100 

Raio et al., 2014; Fitzgerald et al., 2015; Giustino et al., 2016, 2017; Merz et al., 2016).  101 
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Previous work indicates that stress-induced extinction deficits are mediated by forebrain 102 

norepinephrine release in the medial prefrontal cortex and amygdala (Arnsten, 2009, 2015; Kim 103 

et al., 2010; Giustino et al., 2016, 2017; Giustino and Maren, 2018). Indeed, individuals suffering 104 

from PTSD and related disorders present with elevated amygdala activity as well as heightened 105 

levels of neuromodulators, including norepinephrine (Southwick et al., 1999a, 1999b; Milad et 106 

al., 2009; Giustino et al., 2016; Krystal et al., 2018).  The locus coeruleus-norepinephrine (LC-107 

NE) system heavily innervates the amygdala and is highly responsive to stress (Fallon et al., 108 

1978; Foote et al., 1980; Loughlin et al., 1986; Quirarte et al., 1998; Jodo et al., 1998; Passerin et 109 

al., 2000; Buffalari and Grace, 2007; Chen and Sara, 2007; McCall et al., 2015, 2017; Naegeli et 110 

al., 2017; Giustino and Maren, 2018). Past work has demonstrated that LC projections to the 111 

amygdala are associated with increased fear and anxiety-like behavior (McCall et al., 2017; 112 

Uematsu et al., 2017), and noradrenergic blockade in the amygdala is sufficient to rescue stress-113 

induced deficits in fear extinction (Giustino et al., 2017).  114 

These data suggest the LC-NE system critically regulates amygdala activity, which may 115 

ultimately drive stress-induced extinction deficits via interactions with the mPFC (Giustino et al., 116 

2019). To address this possibility, we combine single-unit BLA recordings with systemic 117 

pharmacology in freely moving rats to examine whether ß-adrenoceptors mediate stress-induced 118 

changes in amygdala firing rates. We next combined single-unit amygdala recordings with LC-119 

specific chemogenetic manipulations to determine if LC-NE drives changes in amygdala single-120 

unit activity. Lastly, we directly examine the contribution of the LC-NE system to the immediate 121 

extinction deficit.  122 

 123 

 124 
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Materials and Methods 125 

Subjects 126 

Eighty-one experimentally naïve adult male Long-Evans Blue Spruce rats (weighing 200-224 g; 127 

50-57 days old) were obtained from a commercial supplier (Envigo, Indianapolis, IN).  Upon 128 

arrival and throughout the experiments, rats were individually housed in cages within a 129 

humidity- and temperature-controlled vivarium and kept on a 14:10 hr light/dark cycle (lights on 130 

at 7 am) with ad libitum access to food and water.  All experiments were conducted in the 131 

daytime during the light phase.  Rats were handled for ~30 seconds a day for 5 days to habituate 132 

them to the experimenter before any behavioral testing or surgical procedures were carried out.  133 

All procedures were conducted at Texas A&M University and were performed in strict 134 

accordance with the guidelines and regulations set forth by the National Institutes of Health and 135 

Texas A&M University with full approval from its Animal Care and Use Committee. 136 

 137 

Experimental Design and Statistical Analyses  138 

The work reported here was conducted in a series of four independent experiments.  139 

Experiment 1 140 

In the first experiment, we examined whether fear conditioning alters BLA spike firing rates and 141 

whether those changes are mitigated by systemic propranolol, a ß-adrenoceptor antagonist. Rats 142 

were implanted with a 16-channel microelectrode array targeting the BLA. After recovery from 143 

surgery, the animals were transported to the recording room and after a 3-min stimulus-free 144 

baseline period, rats were injected with vehicle (n = 5, 143 neurons) or propranolol (10 mg/kg, 145 

i.p., n = 5, 137 neurons). Twenty minutes later, rats received 5 CS-US pairings and remaining in 146 

the chamber for 60 min following the last footshock.  147 
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A modified rodent behavioral chamber (30x24x21 cm, Med Associates, St. Albans, VT) 148 

enclosed in a sound-attenuating cabinet was used for recording experiments (Experiments 1 and 149 

2). This chamber was modified to allow for freely moving electrophysiological recordings as 150 

well.  The chamber was comprised of two aluminum side walls, a Plexiglas rear wall, a hinged 151 

Plexiglas door, and an open top.  The grid floor consisted of 19 stainless steel rods (4 mm 152 

diameter) spaced 1.5 cm apart (center-to-center).  A loudspeaker attached to the outside of a 153 

grating in one aluminum wall was used to play auditory tones.  Locomotor activity of the rat was 154 

transduced by a load-cell under the floor of the chamber, and the output of the load-cell was 155 

recorded by an OmniPlex recording system (Plexon, Dallas, TX).  Thus, all behavioral and 156 

neural activity was recorded automatically with this system.   157 

Each rat was individually fear conditioned in context A.  In this procedure, the rat was 158 

transported to the room in a black plastic box, connected to a headstage with a flexible cable 159 

(OmniPlex, Plexon, Dallas, TX) and placed in the behavioral chamber.  The chamber had been 160 

cleaned with 1% ammonium hydroxide to provide a distinct olfactory cue, and a black pan 161 

containing a thin layer of the same solution had been placed under the grid floor.  The room was 162 

illuminated with red ambient lights (Context A). After a 3-min stimulus-free baseline period, the 163 

system was briefly paused while the animal remained plugged in and was injected with either 164 

vehicle or propranolol (10 mg/kg, i.p.). The rat was placed back in the chamber for 20 min to 165 

allow adequate time for drug to take effect. The rat then received five auditory tone-footshock 166 

pairings. Recordings did not occur during shock presentation due to electrical noise. The tones 167 

(conditioned stimuli; CS) were 2 sec, 80 dB, 2 kHz; the shocks (unconditioned stimuli; US) were 168 

0.5 sec and 1 mA, where shock onset occurred at tone offset.  There was a 1-min inter-trial 169 
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interval (ITI) between shocks.  The session continued for 60 min after the final shock, and then 170 

the rat was returned to its home cage. 171 

 Extracellular single-unit activity was recorded with a multichannel neurophysiological 172 

recording system (Plexon).  Wideband signals recorded on each channel were referenced to one 173 

of the recording wires (resulting in a maximum of 15 channels of activity per rat), amplified 174 

(8,000x), digitized (40 kHz sampling rate), and saved on a PC for offline sorting and analysis.  175 

The recording reference wire we chose for each session was selected to optimize the quality of 176 

the recordings.  After high-pass filtering the signal at 600 Hz, waveforms were manually sorted 177 

using 2-dimensional principal component analysis (Offline Sorter, Plexon).  Only well-isolated 178 

units were used in our analysis.  If two units with similar waveforms and identical time stamps 179 

appeared on adjacent electrodes, we only used one unit. We then imported sorted waveforms and 180 

their timestamps to NeuroExplorer (Nex Technologies, Madison, AL) for further analysis. 181 

Experiment 2 182 

The second experiment examined whether chemogenetic activation of the LC fosters increases in 183 

BLA spike firing after footshock.  This experiment followed a nearly identical protocol except 184 

that animals received infusions of an adenoviral vector expressing Gq-coupled DREADDs into 185 

the LC (Vazey and Aston-Jones, 2014), in addition to a 16-channel microelectrode array 186 

targeting the BLA. We and others have previously validated this virus in vivo and have reported 187 

CNO-mediated increases in LC firing lasting for up to one hour (Vazey and Aston-Jones, 2014; 188 

Giustino et al., 2019). Animals were injected with vehicle (n = 5, 117 neurons) or clozapine N-189 

oxide (CNO, 3 mg/kg, i.p., n = 5, 116 neurons) after a 3-min baseline period and conditioned 190 

with 5 weak CS-US pairings 20 min later and remained in the chamber for 60 min following the 191 

last shock to monitor neural and freezing behavior. The tones (conditioned stimuli; CS) were 2 192 
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sec, 80 dB, 2 kHz; the shocks (unconditioned stimuli; US) were 0.5 sec, 0.5 mA where shock 193 

onset occurred at tone offset.   194 

The data were analyzed with conventional parametric statistics (StatView, SAS Institute).  195 

One-way and two-way analysis of variance (ANOVA) and repeated-measures ANOVA were 196 

used to assess general main effects and interactions (α = 0.05). Results are shown as mean ± 197 

SEM. Chi-square analyses were used to examine differences in neuronal populations (i.e., neuron 198 

count split by excited and suppressed). Analyses for Experiments 1 and 2 used repeated-199 

measures ANOVA with a within-subject variable of time and a between-subject variable of 200 

systemic drug for both freezing behavior and spontaneous firing rates. The spontaneous firing 201 

rate data were summed in 20-sec bins for the duration of the session and z-score normalized to 202 

the entire pre-shock period.  203 

Experiment 3 204 

The third experiment examined if chemogenetic activation of the LC is sufficient to induce an 205 

immediate extinction deficit using a weak conditioning procedure that itself does not produce an 206 

extinction deficit.  Rats received systemic vehicle or CNO injections ~10 min prior to 207 

conditioning (Context A). After conditioning, animals underwent immediate (or no extinction – 208 

context exposure only) procedures (Context B). Rats were tested for extinction retrieval (Context 209 

B) 48 hrs later in a drug free state. Group sizes are as follows: VEH-EXT n = 11, CNO-EXT n 210 

=12, VEH-NO EXT n = 8, CNO-NO EXT n = 8.  211 

Animals underwent similar behavioral procedures as described above for the recording 212 

experiments. On Day 1, rats were transported to the conditioning context (Context A) in squads 213 

of eight. Rats received either vehicle or CNO (3 mg/kg, i.p.) approximately 5-10 minutes before 214 

fear conditioning. After a 3 min stimulus-free baseline period, all animals were conditioned with 215 
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a single CS-US pairing using a weak footshock (0.5 sec, 0.5 mA shock). Rats were removed 216 

from the conditioning chambers and underwent immediate extinction or no-extinction (i.e., 217 

context B exposure, no CS presentation) procedures in Context B. Rats were transported to 218 

Context B in white transport boxes. The chamber was cleaned with 3% acetic acid and a metal 219 

pan containing a thin layer of the same solution had been placed under the grid floor. Ambient 220 

white lights illuminated the room. For animals undergoing immediate extinction, 45 CS-alone 221 

trials were presented (30 sec ITI) after a 3 min stimulus free baseline period. Rats undergoing 222 

no-extinction procedures remained in the chambers for the same amount of time, but no CS was 223 

presented. Animals were returned to their home cages at the end of the session. Animals were 224 

tested for extinction retrieval 48 hrs later. This extinction retrieval test was identical to the initial 225 

extinction session.  226 

Experiment 4 227 

The fourth and last experiment examined whether the extinction deficit produced by 228 

chemogenetic LC activation is mediated by ß-adrenoceptors in the BLA. Experiment 4 followed 229 

nearly identical procedures to Experiment 3, except that intracranial drug infusions occurred 230 

before fear conditioning.  Animals were transported to an infusion room where they received 231 

intra-BLA vehicle or propranolol intracranially (5 μg/μl, 0.5 μl/hemisphere) and systemic VEH 232 

or CNO infusions (in a 2 X 2 factorial design). Dummies were removed and stainless-steel 233 

injectors (33 gauge) connected to Hamilton syringes mounted to an infusion pump were inserted 234 

into the guide cannula for intracranial infusions. All infusions were made approximately 20 min 235 

prior to conditioning. Infusions were made at a rate of 0.25 μl/min for 2 min and the injectors 236 

were left in place for 1 min to allow for diffusion. After the infusions, clean dummies were 237 

secured to the guide cannula. Animals were then treated with either VEH or CNO (i.p.) and 238 
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underwent fear conditioning (Context A) 10 min later. Conditioning consisted of a 3-min pre-239 

shock baseline period followed by 3 CS-US trials (0.5 sec, 0.5 mA shocks). Immediate extinction 240 

(20 min after conditioning) and extinction retrieval (Context B) procedures were identical to the 241 

third experiment. Group sizes are as follows: VEH-VEH n = 5; PROP-VEH n = 6; VEH-CNO n 242 

= 4; and PROP-CNO n = 7. 243 

The data were analyzed with conventional parametric statistics (StatView, SAS Institute).  244 

One-way and two-way analysis of variance (ANOVA) and repeated-measures ANOVA were 245 

used to assess general main effects and interactions (α = 0.05). Results are shown as mean ± 246 

SEM. Analyses for Experiments 3 and 4 examined differences in freezing behavior with a 247 

within-subject variable of time and between-subject variables of drug treatment (both systemic 248 

and intracranial).  249 

 250 

Surgeries 251 

Rats were anesthetized with isoflurane (5% induction, 2% maintenance) and placed in a 252 

stereotaxic apparatus (Kopf Instruments, Tujunga, CA). The scalp was incised and retracted. For 253 

rats receiving viral infusions into the LC (Experiments 2-4), the head was tilted downward at a 254 

15-degree angle such that bregma skull surface was 2mm below intersectional lambda in the 255 

horizontal plane. Burr holes were drilled above the LC in each hemisphere and injectors were 256 

lowered into the LC to infuse AAV9-PRSx8-hM3Dq-HA (1.214e14 GC/ml, University of 257 

Pennsylvania Vector Core), an LC-specific Gq-coupled DREADD. The PRSx8 promoter is a 258 

synthetic dopamine-ß-hydroxlyase promoter that restricts expression to noradrenergic neurons 259 

(Vazey and Aston-Jones, 2014). Viral infusions were made with a hypodermic injector (Small 260 

Parts/Amazon, Seattle, WA) that was connected to a Legato 101 infusion pump (KD Scientific, 261 



 

 12 

Holliston, MA) and a 10 μl syringe (Hamilton Company, Reno, NV) using polyethylene tubing 262 

(Braintree Scientific, Braintree, MA). Virus was infused at a rate of 0.25 μl/min and the injector 263 

was removed 5 min after the infusion ended to allow for adequate diffusion. The coordinates for 264 

each infusion (relative to intersection lambda) were as follows: AP: -3.8, ML: +/- 1.4, and DV: -265 

7.0, -6.5, and -6.0. We infused 0.5 μl at these 3 depths in each hemisphere due to the specificity 266 

of the virus and variability from animal to animal in terms of the DV location of the LC. At least 267 

two weeks were allowed following viral infusions prior to beginning experiments. 268 

 For rats that received a microelectrode array targeting the BLA (regardless if this was 269 

preceded by LC viral infusions, Experiments 1 and 2) the skull was leveled in the horizontal 270 

plane. Three to five burr holes were drilled for anchor screws. Burr holes overlying the BLA in 271 

the right hemisphere were also made for the microelectrode array. The animal was then 272 

implanted with a 16-channel microelectrode array (Innovative Neurophysiology, Durham, NC). 273 

The 4x4 array was constructed of 16 individual 50-μm diameter tungsten wires of equal length 274 

(10.5 mm). The wires in each row and the rows themselves were spaced 200 μm apart (center-to-275 

center). The array was positioned with its long axis parallel to the anteroposterior plane. 276 

Coordinates for the center most wires relative to bregma skull surface were as follows: AP: - 2.9, 277 

ML: + 4.8, DV: -8.55. One electrode was selected to be used as a ground to optimize recordings, 278 

resulting in a maximum of 15 channels per animal. The array was then secured to the skull with 279 

dental acrylic.  Animals were given at least one week (two if viral manipulations were involved) 280 

to recover prior to behavioral and recording procedures.  281 

 For animals that received bilateral BLA cannula (Experiment 4) surgical procedures were 282 

similar to those described above. Briefly, the skull was leveled in the horizontal plane. Three to 283 

five burr holes were drilled for anchor screws. Burr holes overlying the BLA were also made for 284 
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the cannula implantation (10 mm, 26 gauge). The animal was then implanted with a bilateral 285 

cannula (Plastics One, Roanoke, VA) using the following coordinates: AP: - 2.9, ML: +/- 4.8, 286 

DV: -8.55. The cannulae were secured to the skull with dental acrylic. Stainless steel dummies 287 

(30 gauge, extending 1 mm beyond the guide cannula) were inserted into the guide cannula to 288 

prevent clogging. Animals were given at least two weeks to recover prior to behavioral 289 

procedures.  290 

 291 

Drugs 292 

D,L-propranolol hydrochloride was obtained from a commercial supplier (Sigma-Aldrich). The 293 

drug was dissolved in distilled water and injected systemically (10 mg/kg, i.p.) or intracranially 294 

(5 μg/μl, 0.5 μl/hemisphere). Clozapine N-oxide was obtained from the NIH and dissolved in 295 

2.5% DMSO in distilled water and injected systemically (3 mg/kg i.p.).  296 

 297 

Histology 298 

After completion of the experiments, the rats were overdosed with sodium pentobarbital 299 

(FatalPlus, 100 mg/kg).  For rats implanted with a BLA array, electrolytic lesions were created 300 

by passing electrical current (80 μA, 10 sec; A365 stimulus isolator, World Precision 301 

Instruments, Sarasota, FL) through four of the recording wires (the 4 corners of the 4x4 array).  302 

Rats were then perfused transcardially with 0.9% saline followed by 10% formalin.  Brains were 303 

extracted from the skull and post-fixed in a 10% formalin solution for 24 hours, followed by a 304 

30% sucrose solution, where they remained for a minimum of 48 hours.  Coronal brain sections 305 

of the BLA (40 μm thickness) were cut on a cryostat (-20o C, Leica Microsystems, Buffalo 306 
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Grove, IL), mounted on subbed microscope slides, and stained with thionin (0.25%) to visualize 307 

electrode placements or cannula tracks.   308 

 To visualize LC viral expression, brains were sectioned (40 μm thickness) in the coronal 309 

plane with a cryostat and stored in a 0.01% sodium azide solution until further processing.  310 

Sections were blocked in PBS with 0.1% Triton X-100 (TX) and 3% normal donkey serum 311 

(NDS, 2 ml/well) for one hour. All steps occurred in this PBS-TX-NDS solution at room 312 

temperature. Sections were then incubated in primary antibodies (mouse anti-tyrosine 313 

hydroxylase (TH) [1:2000] and rabbit anti-HA [1:1000]) for 24 hours.  Sections were then rinsed 314 

three times (10 min each).  Sections were then incubated in secondary antibodies (donkey anti-315 

mouse Alexa Fluor 488 [1:500; for TH] and donkey anti-rabbit Alexa Fluor 594 [1:500; for HA]) 316 

for three hours.  Afterward, sections were rinsed three times (10 min each).  Next, the sections 317 

were mounted on microscope slides using PBS, and coverslipped using fluoromount (Diagnostic 318 

BioSystems, Pleasanton, CA). Images were obtained using a Zeiss AXIO Imager M2. The 319 

following suppliers were used for the above materials: NDS (EMD Millipore, Billerica, MA), 320 

Triton X-100 (Sigma-Aldrich, St. Louis, MO), mouse anti-TH (ImmunoStar, Hudson, WI), 321 

rabbit anti-HA (Cell Signaling Technology, Danvers, MA), donkey anti-mouse IgG (H+L) Alexa 322 

Fluor 488 (Thermo Fisher Scientific/Invitrogen, Waltham, MA), donkey anti-rabbit IgG (H+L) 323 

Alexa Fluor 594 (Thermo Fisher Scientific/Invitrogen, Waltham, MA). 324 

 325 

Results 326 

Experiment 1: Propranolol reduces footshock-induced freezing and mitigates BLA firing 327 

Recent work suggests that intra-BLA propranolol reduces the IED and enables extinction 328 

learning under stress (Giustino et al., 2017). We sought to examine if footshock stress alters 329 
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single-unit firing in the BLA and contributes to extinction deficits (Figure 1A shows the 330 

experimental design).  Animals were implanted with a 16-channel microelectrode array targeting 331 

the amygdala (example histology and schematic representation of electrode placements shown in 332 

Figure 1B). Animals were transported to the recording room for fear conditioning (Context A). 333 

After a 3-min stimulus-free baseline period, animals were injected with either vehicle (VEH, n = 334 

5) or propranolol (PROP, n = 5). The animals remained in the chamber for 20 min to allow 335 

sufficient time for drug to take effect. Animals then received 5 CS-US pairings (see methods for 336 

details) and remained in the chamber for 60 min following the last footshock. As expected, 337 

vehicle-treated animals exhibited sustained increases in freezing behavior and this was limited by 338 

propranolol treatment [Figure 2A, main effect of drug, F(1,8) = 19.30, p  = 0.0023]. During this 339 

session, we recorded from a total of 280 single-units in the BLA (VEH: n = 143; baseline firing 340 

rate = 2.89 ± 0.16; PROP: n = 137; baseline firing rate = 3.00 ± 0.15).  Both groups had 341 

relatively minor changes in firing rate after the systemic injections: VEH: post-drug firing rate = 342 

3.05 ± 0.15; PROP: post-drug firing rate = 2.85 ± 0.13.  Thus, the neural data were z-score 343 

normalized to the entire pre-shock period.  Fear conditioning produced a dramatic increase in 344 

spontaneous firing rate in the population of neurons recorded in the BLA, an effect that was 345 

attenuated by propranolol [Figure 2B, main effect of drug, F(1,278) = 19.26, p < 0.0001].  346 

 Although footshock stress increased the average firing rate of BLA neurons, there was 347 

considerable heterogeneity in the response of individual BLA neurons.  We therefore divided the 348 

single-units into two populations based on the direction of their post-shock firing rate change in 349 

the first 20-sec bin after footshock; based on this criterion neurons were classified as either 350 

“excited” (z > 0) or “suppressed” (z < 0) immediately after the last footshock.  Figure 2C 351 

demonstrates that no difference was observed when comparing drug treatment in terms of the 352 
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proportion of neurons showing shock-induced increases or decreases in firing rate [χ2 (1) = 0.94, 353 

p = 0.33]. However, we did observe differences in the magnitude of both “excited” [Figure 2E, 354 

main effect of drug, F(1,133) = 13.92, p = 0.0003] and “suppressed” [Figure 2F, main effect of 355 

drug, F(1,143) = 4.92, p = 0.028] population activity based on drug treatment. These differences 356 

are further demonstrated by the heatmaps (Figure 2D) depicting each neuron across the entire 357 

session.  That is, propranolol treatment limited both shock-induced increases and decreases in 358 

BLA firing rates. These data suggest that footshock-stress induces rapid and sustained changes in 359 

the magnitude of BLA spontaneous firing rates and this is regulated by the action of 360 

norepinephrine at ß-adrenoceptors.  361 

 362 

Experiment 2: LC-NE activation paired with weak footshocks induces sustained increases 363 

in freezing and BLA firing 364 

Because propranolol mitigated stress-induced alterations in BLA firing and past work has shown 365 

a role for LC projections to the amygdala in fear conditioning (Uematsu et al., 2017), we 366 

hypothesized that the LC-NE system was driving changes in BLA activity. In order to examine 367 

this possibility, we examined whether pairing LC-NE activation with a weaker, and presumably 368 

less stressful, footshock (see methods for details) would recapitulate our previous findings 369 

(Figure 1A-C shows experimental approach and histology).  370 

As shown in Figure 3A, systemic administration of CNO produced sustained increases in 371 

freezing behavior relative to vehicle-treated animals after conditioning with weak footshocks 372 

[main effect of drug, F(1,8) = 6.27, p = 0.037].  During this session, we recorded from a total of 373 

233 single-units in the BLA (VEH: n = 117; baseline firing rate = 2.34 ± 0.21; CNO: n = 116; 374 

baseline firing rate = 2.57 ± 0.26). Prior to conditioning, injections of either VEH or CNO did 375 
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not reliably alter firing rates (VEH: post-drug firing rate = 2.48 ± 0.20; CNO: post-drug firing 376 

rate = 2.82 ± 0.33). After conditioning with weak footshocks, VEH-treated rats showed modest 377 

increases in BLA spike firing that were much reduced relative to those observed with stronger 378 

footshocks (e.g., Fig 2).   However, BLA spike firing rates after weak footshocks were 379 

dramatically increased in rats treated with CNO [Figure 3B; main effect of drug, F(1, 231) = 380 

12.67, p = 0.0005]. This suggests that increasing LC-NE release can drive BLA spike firing 381 

under conditions that produce minimal changes in BLA firing alone. 382 

In order to determine if LC-NE activation altered the proportion of neurons showing 383 

increased amygdala firing we classified neurons as described above. Single units were 384 

considered to be either “excited” or “suppressed” if they showed an increase or decrease 385 

following the last footshock, respectively. A chi-square analysis revealed that CNO-mediated 386 

LC-NE activation resulted in a larger proportion of BLA neurons showing excitation after fear 387 

conditioning relative to vehicle treated animals [Figure 3C; χ2 (1) = 10.83, p = 0.001]. Moreover, 388 

LC-NE activation resulted in a larger magnitude of stress-induced BLA firing in the “excited” 389 

neuronal population [Figure 3E; main effect of drug, F(1,158) = 10.35, p = 0.0016] but not the 390 

“suppressed” population (Figure 3F). The heatmaps showing each recorded neuron across the 391 

entire session further demonstrate this observation (Figure 3D). These data suggest that the LC-392 

NE drives stress-induced increases in amygdala firing rates as well as freezing behavior. 393 

 394 

Experiment 3: LC-NE activation after a weak footshock induces an immediate extinction 395 

deficit 396 

Although the LC-NE system regulates both amygdala firing rates and freezing behavior, the LC 397 

itself has not been directly implicated in extinction deficits. We hypothesized that we could 398 



 

 18 

induce an IED by pairing LC activation with a weak conditioning protocol that normally does 399 

not induce an IED.  For this experiment, animals expressing excitatory LC DREADDs received a 400 

single conditioning trial with a weak footshock followed by an immediate extinction procedure 401 

15-20 min after conditioning.  VEH or CNO was administered 10-min prior to conditioning. 402 

As shown in Figure 4A, all groups exhibited similar increases in freezing during 403 

conditioning, which was confirmed by a repeated measures ANOVA [main effect of time, 404 

F(1,35) = 173.81, p < 0.0001]. During the extinction session, VEH-treated animals exhibited a 405 

reduction in freezing across the session, however this was greatly reduced in CNO-treated rats, 406 

regardless of their extinction group (i.e., EXT or NO-EXT) [Figure 4B; main effect of drug, F(1, 407 

35) = 86.38, p < 0.0001]. Forty-eight hours later, VEH-treated rats that underwent extinction 408 

exhibited low levels of freezing behavior during the retention test (Fig 4C), indicating that the 409 

immediate extinction procedure failed to yield an IED with the weak conditioning protocol.  410 

However, rats that underwent extinction after CNO treatment exhibited a deficit in extinction 411 

retrieval and showed significantly greater freezing to the CS during the test, similar to animals 412 

that did not undergo extinction (NO-EXT). These observations were confirmed with a repeated 413 

measures ANOVA [Figure 4C; time X extinction X drug interaction, F(5,175) = 2.45, p = 414 

0.036].  These data are summarized in Figure 4D, which depicts the average freezing in the first 415 

9-trial block of the extinction retrieval session [F(1,35) = 4.47, p = 0.042]. Of course, it is 416 

possible that pre-conditioning CNO administration affected fear memory consolidation, rather 417 

than affecting extinction learning per se. However, VEH- and CNO-treated control groups that 418 

did not undergo the extinction procedure showed similar levels of freezing during the retention 419 

test as seen in Figure 4C and D.   420 

 421 
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Experiment 4: Intra-BLA propranolol blocks the LC- induced immediate extinction deficit 422 

We have shown that 1) footshock increases BLA spike firing and that this can be reduced with 423 

systemic propranolol (Experiment 1), 2) chemogenetic activation of the LC increases BLA spike 424 

firing rates after weak shocks (Experiment 2), and 3) chemogenetic activation of the LC induces 425 

an IED with a weak conditioning procedure that normally does not yield an IED (Experiment 3).  426 

Here we examined if ß-adrenoceptors in the BLA are required for LC-induced extinction 427 

impairments.  Animals expressing excitatory DREADDs in the LC underwent a weak 428 

conditioning procedure after intracranial infusions of VEH or PROP into the BLA followed by 429 

systemic injections of either VEH or CNO, in a 2 x 2 factorial design (Figure 5A shows a 430 

representative micrograph and schematized cannula placements). 431 

As shown in Figure 5B, all groups conditioned similarly. This was confirmed by a 432 

repeated measures ANOVA which revealed a main effect of time [F(1, 18) = 64.11, p < 0.0001]. 433 

During the immediate extinction session, animals treated with CNO showed elevated freezing 434 

behavior independent of intracranial infusions [Figure 5C, main effect of systemic drug, F(1, 18) 435 

= 15.68, p = 0.0009]. Forty-eight hours later, animals that underwent the extinction procedure 436 

after CNO-treatment combined with an intra-BLA vehicle infusion exhibited an IED; they 437 

showed elevated freezing during the retention test relative to controls receiving systemic and 438 

intra-BLA vehicle (Fig 5D).  However, intra-BLA infusion of propranolol eliminated the LC-439 

induced IED.   These observations were confirmed in an ANOVA which revealed a significant 440 

systemic X intra-BLA drug interaction [F(1, 18) = 7.98, p = 0.0112].  These data are summarized 441 

in Figure 5E, which depicts the average freezing in the first 9-trial block of the extinction 442 

retrieval session [F(1,18) = 9.26, p = 0.007]. These data demonstrate that intra-BLA propranolol 443 
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limits LC-driven extinction deficits, suggesting a critical role for ß-adrenoceptors in the 444 

amygdala.  445 

 446 

Discussion 447 

Here we show that footshock stress induces rapid and sustained increases in the spontaneous 448 

firing rate of BLA single units. These increases in BLA firing were blocked by systemic 449 

propranolol administration and potentiated by chemogenetic activation of LC-NE, suggesting a 450 

key role for ß-adrenoceptors. These stress-related changes in BLA activity persisted for up to an 451 

hour after footshock, a time window that corresponds with stress-induced deficits in extinction 452 

learning. Lastly, we demonstrate that LC-NE activation impairs extinction learning, and this was 453 

blocked by intra-BLA infusions of propranolol, presumably by exciting BLA circuits that 454 

promote fear expression at the expense of extinction learning (see Figure 6 for a proposed circuit 455 

mechanism).  456 

 We, along with others, have suggested that stress acts to impair extinction learning by  457 

altering medial prefrontal cortex (mPFC) function, and this may be mediated by NE (Chang et 458 

al., 2010; Kim et al., 2010; Fitzgerald et al., 2015; Maren and Holmes, 2016).  Activity in the 459 

infralimbic (IL) subdivision of the mPFC is thought to regulate successful extinction learning 460 

(Milad and Quirk, 2002; Maren and Quirk, 2004; Giustino and Maren, 2015). We have 461 

previously shown that noradrenergic blockade enables extinction learning under stress and 462 

initially hypothesized that this was mediated by footshock-induced changes in mPFC single-unit 463 

activity (Fitzgerald et al., 2015). Consistent with this, we observed that footshock-stress resulted 464 

in rapid and sustained decreases in IL firing rates, and this could be blocked by systemic 465 

propranolol. We surmised that this decreased IL activity was an underlying factor in the 466 
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immediate extinction deficit, but intra-IL infusions of propranolol had no effect on stress-467 

induced extinction deficits (Giustino et al., 2017). However, both the mPFC and BLA are highly 468 

sensitive to stress and it has been suggested that stress impairs prefrontal function while 469 

enhancing BLA activity, a state that may limit extinction learning (Arnsten, 2009, 2015; Arnsten 470 

et al., 2015; Giustino and Maren, 2018).  Indeed, intra-BLA propranolol, on the other hand, 471 

rescued the immediate extinction deficit (Giustino et al., 2017). We now show that footshock 472 

stress dramatically increases spontaneous firing rates among neurons in the BLA and this is 473 

dependent upon the action of NE at ß-adrenoceptors insofar as propranolol limits these changes. 474 

 Past work has demonstrated that BLA projections to the mPFC are involved in both the 475 

conditioning and extinction of fear (Senn et al., 2014; Burgos-Robles et al., 2017; Klavir et al., 476 

2017). It is possible that the observed NE dependent changes in BLA firing also mediated stress-477 

induced decreases in IL firing via these direct projections. Senn and colleagues (2014) showed 478 

differing levels of activity in BLA projections to PL and IL influence extinction retention. This is 479 

in line with our current and past work in which we show footshock-induced suppression of IL 480 

firing that outlasts changes in PL firing rates (Fitzgerald et al., 2015). Our current data now 481 

demonstrate that footshock stress produces rapid and prolonged activation of the BLA, a change 482 

in firing that is opposite to that observed in IL after footshock. These data suggest a circuit 483 

mechanism by which BLA projections to the IL may mediate extinction deficits (Figure 6). It is 484 

possible that LC-NE drives increases and decreases in BLA and IL via direct projections, 485 

respectively. In line with this idea, a recent study has shown that LC projections to the mPFC 486 

mediate aversion and increase anxiety-like behavior, though it is not known if this was due to a 487 

suppression of mPFC activity (Hirschberg et al., 2017). Another possibility is that in addition to 488 

direct projections, LC-NE may be acting to enhance BLA firing in amygdala neurons that project 489 
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to IL and synapse on inhibitory interneurons to promote feedforward inhibition, thus resulting in 490 

impaired extinction. Indeed, BLA neurons projecting to the IL have been shown to dampen IL 491 

firing via a feedforward inhibitory mechanism (McGarry and Carter, 2016) and IL projections to 492 

the BLA mediate both the acquisition and recall of extinction learning (Cho et al., 2013). Under 493 

conditions of high stress, it seems likely that these circuits are tilted in favor of BLA mediated 494 

suppression of IL, thus promoting a high fear state while simultaneously leading to poor 495 

extinction.  496 

 Extinction deficits may be mediated, in part, by the LC-NE system prioritizing 497 

consolidation of the recent fear memory at the expense of a new extinction memory, particularly 498 

when extinction learning occurs soon after fear conditioning. Indeed,  BLA-NE has long been 499 

implicated in fear memory consolidation (Cahill et al., 1994; McGaugh, 2000; McGaugh and 500 

Roozendaal, 2002; Roozendaal et al., 2006; McIntyre et al., 2012; Giustino and Maren, 2018).  501 

Along these lines, recent work has shown that optogenetic stimulation of LC projections to the 502 

BLA mediate fear consolidation whereas inhibiting this pathway reduced the strength of fear 503 

memories (Uematsu et al., 2017). However, it is unknown how these manipulations affected 504 

single-unit and population level dynamics in both the BLA and mPFC. McCall and colleagues 505 

(2017) demonstrated that optogenetic activation of LC projections to the BLA resulted in a 506 

majority of responsive BLA neurons showing increased firing, whereas a smaller proportion of 507 

BLA neurons were suppressed (McCall et al., 2017). These data align nicely with our current 508 

findings, which show an overall excitatory population response in the BLA that is amplified by 509 

chemogenetic LC activation.   510 

Interestingly, others have shown that footshock as well as infusion of adrenoceptor 511 

agonists into the BLA suppress firing rates in anesthetized animals (Buffalari and Grace, 2007; 512 
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Chen and Sara, 2007). However, these authors also noted that a small subpopulation of neurons 513 

in the BLA showed increased spiking in response to stimulation of amygdala adrenoceptors.  Of 514 

course, it is has been shown that anesthesia influences basal NE activity in a way that might 515 

influence pharmacological manipulations of adrenergic receptors within the BLA (Vazey and 516 

Aston-Jones, 2014). In addition, pharmacological manipulations, whether locally infused or 517 

systemically administered, may not entirely replicate chemogenetic activation of the LC or its 518 

terminals in downstream brain regions, which may help explain some of these discrepant 519 

findings.  Our current work shows a robust footshock-induced increase in population activity 520 

within the BLA, although several neurons were also suppressed. When these footshocks were 521 

then paired with LC-NE stimulation this further augmented BLA excitability in terms of the 522 

magnitude as well as the proportion of neurons showing increased firing suggesting that elevated 523 

levels of NE facilitate BLA spiking. In line with this, we found that the LC-induced extinction 524 

deficit was blocked by intra-BLA infusions of propranolol.  This suggests that the IED is 525 

mediated by shock-induced increases in BLA NE that increase the firing of BLA neurons that 526 

promote fear expression at the expense of extinction learning. Further work examining the 527 

effects of stress on extinction impairments at more remote time points will be an important area 528 

of research given that our manipulations of the NE system occur before conditioning. This may 529 

shed light on stressor- and trauma-related disorders where individuals often seek treatment at 530 

varying delays from the initial traumatic experience.  531 

 In humans, individuals suffering from PTSD and related disorders present with 532 

heightened amygdala activity (Debiec and LeDoux, 2006; Rauch et al., 2006; Milad et al., 2009; 533 

Giustino and Maren, 2018), elevated NE (Yehuda et al., 1992; Southwick et al., 1999a; Arnsten, 534 

2009; Giustino et al., 2016; Giustino and Maren, 2018; Krystal et al., 2018), and extinction 535 
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impairments (Milad et al., 2009; Garfinkel et al., 2014; Giustino et al., 2016).  The current data 536 

strongly suggest that extinction deficits may result from elevated LC-NE activity that, in turn, 537 

increases BLA firing rates to promote fear at the expense of forming a new extinction memory. 538 

Recent advantages in neuroimaging technology now allows researchers to measure activity in the 539 

human LC, an advance that will further our understanding of the role of LC-NE in PTSD (Liu et 540 

al., 2017; Krystal et al., 2018; Priovoulos et al., 2018). Although pharmacological manipulations 541 

of NE transmission have shown some promise for the treatment of PTSD, the literature is largely 542 

split on their efficacy and utility (Giustino and Maren, 2018). Our data suggest that both stress 543 

and proximity to trauma are key factors that influence how the LC and BLA interact to influence 544 

extinction learning; this interaction is critical for designing interventions that are appropriately 545 

timed to yield the most effective clinical outcomes. Future work in humans will likely shed light 546 

on the role of the LC-NE system on an individual-to-individual basis, which may better allow us 547 

to appreciate when and why NE-altering drugs may be useful for reducing PTSD 548 

symptomatology.  549 

 Overall, we demonstrate that footshock stress induces prolonged increases in BLA 550 

spontaneous firing rates, and this is highly sensitive to manipulations of the NE system. That is, 551 

reducing the action of NE via propranolol eliminated these changes in firing rate whereas 552 

selective LC-NE activation via chemogenetics enhanced stress-induced increases in BLA 553 

activity. We also show that stress and LC-NE activation induces extinction deficits, most likely 554 

due to the observed increases in amygdala firing insofar as intra-BLA propranolol blocked this 555 

deficit. These data have important clinical implications for individuals suffering from stress- and 556 

trauma-related disorders, such as PTSD and suggest the LC-NE system may be a key regulator of 557 

heightened amygdala activity which is observed in those with PTSD.  558 
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Figure Legends 723 

 724 

Figure 1. Experimental design and representative histology. A) Experimental design for 725 

recording experiments (Experiments 1 and 2). B) Nissl stained tissue showing representative 726 

electrode placement in the amygdala alongside schematic histology depicting location of the 727 

center of the recording array for all rats split by recording experiment (n = 5 rats per group, per 728 

experiment). C) Experimental approach for the recording experiment in animals expressing 729 

hM3Dq in the LC (Experiment 2); injection of AAV-PRSx8-hM3Dq-HA into the LC yielded 730 

robust expression of hM3Dq among LC neurons. (HA = HA-tag immunolabeled for viral 731 

expression, TH = tyrosine hydroxylase, OV = overlay; scale bar = 100um). 732 

 733 

Figure 2. Propranolol reduces footshock-induced freezing and mitigates shock-indiced 734 

increases in BLA spike firing.  A) Percentage of freezing (mean ± SEM) across the duration of 735 

the session split by drug group (VEH, n = 5; PROP, n =5). Systemic PROP treatment produced a 736 

reliable decrease in post-shock freezing throughout the session (t = 0 is immediately after the last 737 

conditioning trial). B) Average spontaneous BLA firing rate over the course of the session split 738 

by drug treatment (20-sec bins). Footshock produced rapid and sustained changes in amygdala 739 

firing rates that were mitigated by PROP treatment. C) Pie charts showing the percentage of 740 

neurons (split by drug) that increased or decreased in firing rate after the last conditioning trial. 741 

No difference between drug treatment was observed in the proportion of single-units showing 742 

footshock-induced changes in firing rate. D) Heat maps depicting normalized firing rate for 743 

every neuron recorded in vehicle- and propranolol-treated rats. E, F) Average firing rate over the 744 

course of the session in the two groups comparing “excited” and “suppressed” neuronal 745 
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populations (20-sec bins). Propranolol treatment limited both increases and decreases in BLA 746 

spike firing.  747 

 748 

Figure 3. LC-NE activation paired with weak footshocks induces sustained freezing and 749 

increases BLA spike firing. A) Percentage of freezing (mean ± SEM) across the duration of the 750 

session split by drug group VEH, n = 5; PROP, n =5).  Animals expressing hM3Dq in the LC 751 

and treated with CNO (to activate LC-NE release) showed sustained freezing relative to vehicle 752 

controls (t = 0 is immediately after the last conditioning trial). B) Average firing rate over the 753 

course of the session split by drug treatment (20-sec bins). Neurons recorded from vehicle-754 

treated rats showed moderate increases in BLA firing whereas CNO rats showed a marked 755 

increase in firing rate for the duration of the session. C) Pie charts showing the percentage of 756 

neurons (split by drug) that increased or decreased firing rate after the last conditioning trial. 757 

CNO treatment resulted in a larger proportion of recorded units showing increased firing rate in 758 

the post-shock period. D) Heatmaps depicting normalized firing rate for every neuron recorded 759 

split by drug treatment. E, F) Average firing rate over time split by drug comparing “excited” 760 

and suppressed” neuronal populations. CNO treatment produced a marked increase in the 761 

magnitude of excitation, but not inhibition within the BLA.  762 

 763 

Figure 4. Chemogenetic LC activation induces an immediate extinction deficit after a weak 764 

fear conditioning procedure.  Rats expressing hM3Dq in the LC were injected with VEH or 765 

CNO 10 min prior to fear conditioning with a single weak footshock.  The rats subsequently 766 

received either immediate extinction (VEH-EXT, n = 11; CNO-EXT n =12) or context exposure 767 

alone (VEH-NO-EXT, n = 8; CNO-NO-EXT, n = 8).  A) CNO administration did not affect 768 
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post-shock freezing during the fear conditioning session. B) CNO administration dramatically 769 

elevated freezing behavior during the extinction and context exposure sessions. C) During a 770 

retrieval test 48 hours after extinction, rats that were treated with CNO prior to extinction 771 

exhibited greater CS-elicited freezing than VEH-treated rats, suggesting that LC-NE activation 772 

impaired extinction learning. This effect was not simply the result of LC activation increasing 773 

the consolidation of the fear memory, because CNO- and VEH-treated rats that did not undergo 774 

extinction exhibited similar levels of CS-evoked freezing during the retrieval test.  D) The 775 

retrieval data are summarized in panel D, which shows the average freezing for the first 9-trial 776 

block split by group. VEH-treated rats that underwent extinction showed minimal freezing 777 

relative to the NO-EXT groups and CNO treated rats that received extinction training, 778 

demonstrating that LC activation drove an extinction deficit. Open circles represent data from 779 

individual subjects. Percentage of freezing (mean ± SEM) is shown for all sessions. 780 

 781 

Figure 5. Intra-BLA propranolol blocks LC-NE induced extinction deficits. Rats expressing 782 

hM3Dq in the LC received intra-BLA infusions of VEH or PROP approximately 20 min prior to 783 

fear conditioning. The rats were then systemically injected with VEH or CNO 10 min prior to 784 

conditioning (VEH-VEH, n = 5; PROP-VEH, n = 6; VEH-CNO, n = 4; and PROP-CNO, n = 7). 785 

A) All groups conditioned similarly as evidenced by an increase in freezing behavior following 786 

footshocks. B) Animals underwent immediate extinction in a new context 15-20 min after 787 

conditioning. Rats treated with CNO showed elevated freezing relative to vehicle controls and 788 

this was not reduced by intra-BLA propranolol. C) Animals underwent an identical extinction 789 

retrieval session 48 hrs after extinction in a drug-free state. Rats that received systemic injections 790 

of CNO and intra-BLA VEH infusions showed elevated freezing throughout this session, 791 
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replicating our prior finding (i.e., LC-NE activation induces an immediate extinction deficit 792 

when paired with a weak shock). Intra-BLA PROP reduced freezing during this session similar 793 

to rats treated with systemic VEH and either intra-BLA VEH or PROP, suggesting that intra-794 

BLA PROP mitigates LC-induced extinction deficits. D) The retrieval data are summarized in 795 

panel D, which shows the average freezing for the first 9-trial block split by group. Rats that 796 

were administered systemic VEH and either intra-BLA VEH or PROP showed minimal freezing, 797 

suggesting that this protocol is not sufficient to induce an IED. Rats treated with systemic CNO 798 

alongside intra-BLA VEH displayed elevated freezing levels, indicative of an IED and this was 799 

blocked by intra-BLA PROP. Open circles represent data from individual subjects.  Percentage 800 

of freezing (mean ± SEM) is shown for all sessions.  801 

 802 

Figure 6. Proposed circuit mechanism underlying stress-induced extinction deficits. Under 803 

low levels of stress, the LC-NE system is minimally engaged. This enables successful extinction 804 

learning via IL mediated feed-forward inhibition of the BLA. In contrast, this circuit reverses 805 

under high levels of stress and this reversal is driven by LC-NE. Activation of the BLA results in 806 

shunted IL firing via feed-forward inhibition thereby interfering with extinction learning. 807 

Abbreviations: LC – locus coeruleus, NE – norepinephrine, BLA - basolateral amygdala, IL – 808 

infralimbic cortex. 809 
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