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Noradrenergic Signaling in Infralimbic Cortex Increases Cell
Excitability and Strengthens Memory for Fear Extinction
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Emotional arousal strengthens memory. This is most apparent in aversive conditioning, in which the stress-related neurotransmitter
norepinephrine (NE) enhances associations between sensory stimuli and fear-inducing events. In contrast to conditioning, extinction
decreases fear responses, and is thought to form a new memory. It is not known, however, whether NE is necessary for extinction learning.
Previous work has shown that the infralimbic prefrontal cortex (IL) is a site of extinction consolidation. Here, we show that blocking
noradrenergic ␤-receptors in IL before extinction training impaired retrieval of extinction the following day, consistent with a weakened
extinction memory. We further found that the sequelae of ␤-receptor activation, including protein kinase A (PKA), gene transcription
and translation in IL, are necessary for extinction. To determine whether activation of this cascade modulates IL excitability, we measured
the response of IL pyramidal neurons to injected current. NE increased the excitability of IL neurons in a ␤-receptor- and PKA-dependent
manner. We suggest that NE released in IL during fear extinction activates a PKA-mediated molecular cascade that strengthens extinction
memory. Thus, emotional arousal evoked by conditioned fear paradoxically promotes the subsequent extinction of that fear, thereby
ensuring behavioral flexibility.
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Introduction
Emotionally arousing experiences attain a privileged status in
memory. Extensive research indicates that the stress-related neurotransmitter norepinephrine (NE) strengthens the formation of
aversive memories (McGaugh, 2004). Blockade of NE signaling
through noradrenergic ␤-receptors results in a loss of this enhancement in both animals (Gallagher et al., 1977; Liang et al.,
1986; Ji et al., 2003) and humans (Cahill et al., 1994; Grillon et al.,
2004). Thus, arousal-evoked NE release strengthens acquisition
of aversive memories via ␤-receptor signaling.
In contrast to acquisition, extinction of aversive conditioning
leads to a decrease in responses to conditioned stimuli, and forms
a new inhibitory memory (Rescorla, 2004; Bouton et al., 2006;
Quirk et al., 2006). Extinction of fear is learned under conditions
of high arousal when levels of NE are elevated (Cassens et al.,
1980). This raises the question, does arousal-evoked NE release
strengthen memory for extinction as it does for conditioning? To
investigate the effects of NE on extinction memory, we focused
on the infralimbic (IL) prefrontal cortex, a structure critical for
consolidation and retrieval of fear extinction (Quirk et al., 2000;
Milad and Quirk, 2002; Santini et al., 2004; Hugues et al., 2006;
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Pfeiffer and Fendt, 2006; Burgos-Robles et al., 2007). Previous
work has shown that fear stimuli evoke release of NE in IL (Feenstra et al., 2001; Hugues et al., 2007), but it is not known whether
this release modulates subsequent extinction learning.
Accordingly, we examined whether blockade of noradrenergic
␤-receptors in IL during or after extinction training would impair later retrieval of extinction. ␤-Receptors stimulate cAMPdependent protein kinase A (PKA) (Pedarzani and Storm, 1993),
leading to activation of gene transcription and translation (Abel
et al., 1997). We therefore investigated whether this intracellular
signaling cascade is responsible for extinction learning in IL. To
determine the physiological consequences of noradrenergic signaling in IL, we used patch-clamp recordings to examine the
effects of NE on the intrinsic excitability of IL pyramidal cells.
Our aim was to determine how the effects of NE on molecular
cascades and cell excitability in IL might impact extinction
learning.

Materials and Methods
Subjects and surgery. Male Sprague Dawley rats (270 –320 g) were obtained, housed, and handled as described previously (Quirk et al., 2000).
Rats were restricted to 18 g of standard laboratory rat chow daily, and
were subsequently trained to bar press for food pellets on a variable
interval schedule (VI60). Throughout behavioral experiments, rats were
able to press for food to maintain a constant level of activity against which
freezing could be reliably measured (Quirk et al., 2000). All procedures
were approved by the Institutional Animal Care and Use Committee at
the Ponce School of Medicine and at the University of Puerto Rico in
compliance with National Institutes of Health guidelines.
Rats were implanted with a single 26-gauge stainless-steel guide cannula (Plastics One, Roanoke, VA) aimed at IL [anteroposterior (AP),
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⫹2.9; mediolateral (ML), ⫺1.0; dorsoventral (DV), ⫺4.1 mm relative to
bregma, angled 11° toward the midline in the coronal plane] or, for the
infusion site control, the dorsal border of prelimbic and anterior cingulate cortex (AP, ⫹2.9; ML, ⫺0.8; DV, ⫺2.1 mm relative to bregma,
angled 15° toward the midline in the coronal plane). After behavioral
testing, rats were perfused with 0.9% saline followed by 10% buffered
formalin. Brains were removed and stored in a 30% sucrose/10% formalin solution. Forty micrometer coronal sections were cut, mounted on
slides, and stained for Nissl bodies to visualize the injector tip location.
Behavioral procedures. All fear conditioning and extinction procedures
were performed in four identical operant boxes (Colbourn Instruments,
Allentown, PA), located within sound-attenuating chambers. Between
rats, shock grids were cleaned with soap and water and conditioning
chamber walls were wiped clean. On day 1, rats received seven conditioning trials in which a tone (30 s; 4 kHz; 75 dB) coterminated with a mild
footshock (0.5 mA; 0.5 s). The intertrial interval varied, averaging 3 min.
On day 2, rats were infused with drug or vehicle before receiving extinction training which consisted of 15–20 tone presentations in the absence
of footshock. A control group of rats that did not receive extinction was
also infused with vehicle and received context exposure (n ⫽ 7 for propranolol experiment; n ⫽ 8 for all other experiments). On day 3, rats
were tested drug free with five presentations of the tone alone. Conditioned fear was assessed by measuring the percentage of time spent freezing during the tone.
Drug infusions. Drugs were infused 10 –20 min before extinction training in a volume of 0.5 l at a rate of 0.1– 0.25 l/min. After infusions,
injectors were left in place for 2 min to allow the drugs to diffuse. The tip
of the injection cannula extended 1.0 mm beyond that of the guide cannula. All drugs were obtained from Sigma (St. Louis, MO). Propranolol
(5 g), Rp-adenosine 3⬘,5⬘-cyclic monophosphothioate (Rp-cAMPS)
(18 g), anisomycin (50 g), and actinomycin D (5 g) were dissolved in
0.9% saline. 1-[ N, O-bis(5- Isoquinolinesulfonyl)-N-methyl-L-tyrosyl]4-phenylpiperazine (KN-62) (340 ng) was dissolved in 45% (w/v)
2-hydroxypropyl-␤-cyclodextrin. Drug doses were chosen based on previous reports showing effective doses for the blockade of consolidation of
long-term memory for fear conditioning or extinction (Bailey et al.,
1999; Schafe and LeDoux, 2000; Ji et al., 2003; Rodrigues et al., 2004;
Santini et al., 2004).
Behavioral data analysis. Digital video was recorded during the behavioral procedures and was analyzed with Freezescan software (Clever Systems, Reston, VA). Total seconds freezing during the tone presentations
were scored for each rat, and this number was expressed as a percentage
of the total tone presentation time. For clarity, only the first 10 trials of
extinction are shown in the figures. To determine the percent rebound on
day 3, we calculated the ratio of time spent freezing during the first two
trials of day 3 divided by the time spent freezing during the last two trials
of conditioning on day 1. Group comparisons were made using ANOVA
or Student’s t tests (SPSS for Windows; SPSS, Chicago, IL). Significant
main effects were followed by Tukey’s post hoc comparisons.
Slice electrophysiology. Male Sprague Dawley rats (19 –25 d of age) were
deeply anesthetized with pentobarbital, and their brains were rapidly
removed and transferred to ice-cold artificial CSF (ACSF) containing the
following (in mM): 126 NaCl, 3 KCl, 1.25 NaH2PO4, 1 MgSO4, 26
NaHCO3, 20 glucose, and 2 CaCl2, equilibrated with 95% O2–5% CO2.
Coronal slices (300 m thick) containing IL were cut and allowed to
recover at room temperature for 1 h before recording. MK-801 [(⫹)5-methyl-10,11-dihydro-SH-dibenzo[a,d]cyclohepten-5,10-imine maleate] (10 M), a NMDA receptor (NMDAr) blocker, was added during
the incubation of slices to enhance neuronal survival (Schurr et al., 1995).
Slices were transferred to a submersion recording chamber, mounted,
and perfused at a rate of 2–3 ml/min with ACSF at room temperature.
Pyramidal neurons with prominent apical dendrites in layers II–V of IL
were visualized with infrared video microscopy using a 40⫻ water immersion objective on an upright E600FN microscope (Nikon Instruments, Melville, NY). Whole-cell recordings of IL pyramidal neurons
were done using glass pipettes, with a resistance of 3–5 M⍀, filled with
the following (in mM): 130 K-gluconate, 12 KCl, 10 HEPES, 0.1 GTP, 2
ATP, and 5 biocytin, pH 7.3 and 290 mOsm. Recordings were made with
a patch clamp amplifier (MultiClamp 700A; Molecular Devices, Union

City, CA) in current-clamp mode, filtered, and digitized at 10 kHz, and
saved to computer using pCLAMP9 (Molecular Devices). All experiments were done at the resting membrane potential of each cell. To
measure excitability, a 2 s depolarizing step was given once every 5.5 s,
and the number of evoked spikes were recorded. The amplitude of the
depolarizing step was adjusted for each neuron to evoke three to four
spikes under baseline conditions and then maintained constant throughout the experiment. NE (100 M) and propranolol (100 M) were bath
applied. In an attempt to mimic in vivo effects of the drugs, the membrane potentials were not adjusted by direct current injection. In addition, the membrane potentials were not corrected for the junction potential. In experiments with Rp-cAMPS, 500 M Rp-cAMPS was
included in the patch pipette and the cell was held in the whole-cell
configuration for at least 13 min before bath application of 100 M NE to
allow time to dialyze the cell with the Rp-cAMPS. After recording a cell
with intracellular Rp-cAMPS, control cells in the same slices were also
held in whole-cell mode for at least 13 min before application of NE to
control for possible effects of the whole-cell dialysis. At the end of recordings, the slices were fixed overnight in 4% paraformaldehyde. Biocytinlabeled neurons were revealed as previously described (Porter et al.,
2001) and visualized with brightfield microscopy. Post hoc morphological identification confirmed that recorded neurons were IL pyramidal
neurons (control, n ⫽ 4; propranolol, n ⫽ 4; Rp-cAMPS, n ⫽ 5).
Data were analyzed using Clampfit (Molecular Devices). For each experiment, the number of spikes was averaged for every five pulses and
plotted against time. To compensate for the variability in the number of
spikes during baseline conditions, the values were normalized to the
average baseline number of spikes for each experiment.

Results

Blockade of noradrenergic ␤-receptors in IL during
extinction impairs formation of extinction memory
We first examined whether NE, acting at ␤-receptors, is necessary
for extinction learning. Rats were infused with a specific
␤-receptor antagonist (propranolol) or saline into IL 10 min before extinction training (for infusion site for all rats, see Fig. 1 A).
Propranolol did not affect expression of freezing or withinsession extinction (day 2) (Fig. 1 B). The following day, however,
propranolol-infused rats showed poor retrieval of extinction relative to saline-infused rats. In response to the first test tone,
propranolol-infused rats froze significantly more than salineinfused rats, and similarly to a control group that never received
extinction training (No-Ext) (72, 21, and 85% freezing, respectively). Freezing at test, expressed as a percentage of initially acquired freezing (percent rebound), was significantly different between groups (F(2,22) ⫽ 12.71; p ⬍ 0.001). Post hoc comparisons
confirmed that propranolol-infused rats froze more than salineinfused rats ( p ⬍ 0.001) and were no different from the No-Ext
group ( p ⫽ 0.66). In contrast to preextinction infusions, infusion
of propranolol immediately after extinction had no effect (Fig.
1C) (t(8) ⫽ 0.20; p ⫽ 0.85). Thus, blocking ␤-receptors after
extinction, when fear levels are low, has no effect on consolidation of extinction. To test whether the effects were localized to IL,
we infused propranolol (n ⫽ 14) or saline (n ⫽ 13) into the dorsal
border of the prelimbic and anterior cingulate cortex before extinction training. No effect of propranolol was observed on extinction retrieval compared with saline (49 and 48% freezing,
respectively; t(25) ⫽ 0.09; p ⫽ 0.93). Therefore, the effects of
␤-receptor blockade on extinction are not attributable to dorsal
spread from the infusion site.
Despite poor recall of extinction, propranolol-infused rats
showed a faster rate of reextinction on the test day compared with
No-Ext controls (Fig. 1 B). Repeated-measures ANOVA revealed
a significant main effect of group (F(2,22) ⫽ 16.20; p ⬍ 0.001) and
trial (F(14,308) ⫽ 30.85; p ⬍ 0.001), and a group-by-trial interac-
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Figure 1. Blockade of noradrenergic ␤-receptors in IL impairs extinction memory. A, The
photomicrograph shows a representative guide cannula tract (arrow indicates injector tip).
Coronal drawings (bregma, ⫹3.20 mm) show placements of injector tips for all rats in IL. B,
Before extinction, rats were infused (arrow) with either the ␤-receptor antagonist propranolol
(n ⫽ 9) or saline (n ⫽ 9). Rats infused with propranolol into IL showed normal within-session
extinction, but were impaired in their recall of extinction on day 3. C, Infusion of propranolol
immediately after extinction had no effect (propranolol, n ⫽ 5; saline, n ⫽ 5). Error bars
indicate SEM.

tion (F(28,308) ⫽ 6.39; p ⬍ 0.001). Post hoc comparisons confirmed that propranolol-infused rats froze less than No-Ext rats
on trials 3–5 (values of p ⬍ 0.05), indicating savings of extinction
memory. Consistent with a neuromodulatory role of NE, blockade of ␤-receptors in IL weakened extinction memory, but did
not eliminate it entirely.
PKA activity, RNA synthesis, and protein synthesis in IL are
all necessary for consolidation of extinction
Noradrenergic ␤-receptors promote PKA activity (Pedarzani and
Storm, 1993), prompting us to ask whether PKA is also necessary
for extinction learning. We infused Rp-cAMPS, a competitive
antagonist of cAMP at the PKA binding site, or saline into IL 10
min before extinction training (Fig. 2 A). Rp-cAMPS-infused rats
showed reduced expression of freezing during extinction training
relative to saline-infused rats (t(20) ⫽ 3.54; p ⫽ 0.002). Similar to
propranolol, Rp-cAMPS-infused rats showed poor retrieval of
extinction the following day, freezing more than saline-infused
rats and similarly to No-Ext controls (83, 50, 88% freezing, respectively). Analysis of percent rebound revealed a significant
effect of group (F(2,27) ⫽ 9.68; p ⫽ 0.001), with post hoc tests
confirming that Rp-cAMPS-infused rats froze significantly more
than saline-infused rats ( p ⫽ 0.004), and no differently from
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Figure 2. PKA, RNA synthesis, and protein synthesis in IL are necessary for extinction learning. A, Before extinction, rats were infused (arrow) with either the PKA inhibitor Rp-cAMPS
(n ⫽ 11) or saline (n ⫽ 11). Rats infused with Rp-cAMPS into IL showed decreased expression
of freezing during extinction training, but could not recall extinction on day 3. Rp-cAMPSinfused rats matched for similar levels of freezing to saline-infused rats at the start of extinction
training still showed significantly impaired extinction recall on day 3 (see inset). B, Rats were
infused with either the RNA synthesis inhibitor actinomycin D (n ⫽ 16), the protein synthesis
inhibitor anisomycin (n ⫽ 9), or saline (n ⫽ 15) before extinction. Rats infused with actinomycin or anisomycin showed normal within-session extinction, but deficient recall of extinction on day 3. C, Summary of infusion findings showing that fear extinction is mediated by
noradrenergic ␤-receptor signaling initiated early in extinction. Percent freezing is shown for
the first two trials on day 3. *p ⬍ 0.05, ***p ⬍ 0.001 compared with saline. Error bars indicate
SEM.

No-Ext controls ( p ⫽ 0.99). Unlike propranolol, there was no
savings in the rate of reextinction in Rp-cAMPS-infused rats,
indicating a complete failure to recall extinction. In contrast to
Rp-cAMPS, infusions of KN-62 [Ca 2⫹/calmodulin-dependent
protein kinase II (CaMKII) inhibitor] into IL before extinction
training did not impair subsequent recall of extinction (28 vs 36%
freezing, KN-62 and saline, respectively; t(9) ⫽ 0.06; p ⫽ 0.96).
Thus, PKA activity, but not CaMKII activity, is necessary for
extinction learning in IL.
Because Rp-cAMPS reduced freezing during extinction training, it is possible that impaired retrieval of extinction was due to
an inability to express the conditioned response during training
(Rescorla, 2004). To investigate this possibility, we matched animals for fear expression post hoc by removing Rp-cAMPS-infused
rats expressing ⬍20% freezing on the first trial of extinction (new
n values: Rp-cAMPS, n ⫽ 4; saline, n ⫽ 11, 65 and 64% freezing,
respectively) (Fig. 2 A, inset). Despite this, Rp-cAMPS-infused
rats were still significantly impaired in their ability to retrieve
extinction on day 3 (83 vs 50% freezing, respectively; t(13) ⫽ 2.64;
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p ⫽ 0.02). It is unlikely, therefore, that
poor retrieval of extinction was simply attributable to reduced fear expression in
Rp-cAMPS-infused rats. Reduced fear expression may be due to an inhibitory effect
of Rp-cAMPS on EPSCs (Colwell and Levine, 1995), and is similar to the reduced
fear seen with pharmacological inactivation of the medial prefrontal cortex
(Sierra-Mercado et al., 2006; Corcoran
and Quirk, 2007). Reduced fear expression
has been linked to extinction deficits
(Ouyang and Thomas, 2005), which could
explain why Rp-cAMPS-infused rats (unlike propranolol-infused rats) showed no
savings in the rate of reextinction (Fig.
2 A).
PKA activates transcription factors that
regulate de novo mRNA transcription and
subsequent protein synthesis (Mayr and
Montminy, 2001). Previous work has
Figure 3. NE increases neuronal excitability in IL pyramidal neurons via ␤-receptors and PKA. A, Photomicrograph of IL
shown that protein synthesis in IL is necpyramidal cell filled with biocytin. Scale bar, 100 mm. B, Individual traces from an IL pyramidal cell showing the number of spikes
essary for long-term memory of extinction evoked by a depolarizing current pulse before and after bath-applied NE. C, NE-induced increases in spikes were prevented by
(Santini et al., 2004). To determine previous treatment with 100 M propranolol or 500 M intracellular Rp-cAMPS. D, Example traces from a single cell showing that
whether mRNA synthesis in IL is also nec- NE converted the sAHP to an afterdepolarizing potential. E, Group data showing that this effect of NE was prevented by previous
essary, we infused the transcription inhib- application of propranolol or Rp-cAMPS. *p ⬍ 0.05 compared with control. Error bars indicate SEM.
itor actinomycin into IL 20 min before extinction, and directly compared the effects
clamp recordings to measure the number of spikes elicited by IL
to that of the protein synthesis inhibitor anisomycin. Neither
pyramidal cells in response to injected current. As shown in Figactinomycin nor anisomycin impaired the ability of rats to extinure 3B, bath application of 100 M NE doubled the number of
guish on day 2, but both impaired retrieval of extinction on day 3
spikes that were elicited by a brief current pulse. This effect was
(actinomycin, 61%; anisomycin, 80%; No-Ext, 88%; saline, 28%
blocked by previous application of either propranolol or Rpfreezing) (Fig. 2 B). ANOVA of percent rebound revealed a sigcAMPS (Fig. 3C), indicating that ␤-receptors and PKA mediate
nificant effect of group (F(3,44) ⫽ 12.79; p ⬍ 0.001), with post hoc
NE-induced increases in IL excitability. Comparing all three contests confirming that actinomycin- and anisomycin-infused rats
ditions, we found a significant effect of treatment (F(2,10) ⫽ 10.95;
froze significantly more than saline-infused rats (all values of p ⬍
p ⫽ 0.003) and a treatment-by-time interaction (F(2,10) ⫽ 8.64;
0.05). Similar to previous findings (Santini et al., 2004),
p ⫽ 0.007), with post hoc tests confirming that NE increased the
anisomycin-infused rats showed no memory for extinction, benumber of spikes in controls relative to propranolol- ( p ⫽ 0.005)
having similarly to No-Ext rats ( p ⬍ 0.001), whereas
or Rp-cAMPS-treated cells ( p ⫽ 0.014). NE application did not
actinomycin-infused rats froze significantly less than No-Ext
affect membrane resistance (368 ⫾ 72 M⍀ control; 380 ⫾ 68 M⍀
controls ( p ⬍ 0.001), indicating partial retrieval of extinction.
with NE; t(3) ⫽ 0.22, p ⫽ 0.84) or action potential amplitude
The dose of anisomycin we used is sufficient to block 90% of
(53 ⫾ 1 mV control; 50 ⫾ 2 mV with NE; t(3) ⫽ 1.20; p ⫽ 0.32).
protein synthesis (Rosenblum et al., 1993). To avoid toxicity, the
However, NE application depolarized the neurons from ⫺61 ⫾ 1
dose of actinomycin we used blocks only 40% of mRNA tranto ⫺55 ⫾ 1 mV (t(3) ⫽ 7.71; p ⫽ 0.005) and converted the slow
scription (Bailey et al., 1999), which could explain the smaller
afterhyperpolarizing potential (sAHP) into an afterdepolarizing
impairment seen with actinomycin. Our results support the nopotential (ADP) (Fig. 3D). Propranolol prevented the effect of
tion that de novo protein synthesis and mRNA transcription are
NE on the sAHP (Fig. 3E), but did not prevent the depolarization
necessary in IL to stabilize extinction memory.
induced by NE (⫺56 ⫾ 1 mV; t(3) ⫽ 0.50; p ⫽ 0.65), suggesting
Figure 2C summarizes our infusion findings. Interfering with
that NE increased the number of evoked spikes by reducing the
noradrenergic ␤-receptors, PKA, transcription, or protein synsAHP and not by depolarizing the neuron. Consistent with this,
thesis in IL during extinction impairs later retrieval of extinction.
Rp-cAMPS also prevented the effect of NE on the sAHP (Fig. 3E).
Inhibition of CaMKII, a kinase not directly associated with
ANOVA of the sAHP revealed a significant effect of treatment
␤-receptor signaling, did not impair extinction. Thus, an overall
(F(3,12) ⫽ 4.0; p ⫽ 0.035), with post hoc tests confirming that cells
pathway emerges, in which activation of ␤-receptors leads to
treated with NE switched from AHPs to ADPs ( p ⫽ 0.041). Given
activation of PKA and the formation of proteins necessary for
that the sAHP limits firing rate (Wu et al., 2004), the reversal of
stabilization of extinction memory in IL.
the sAHP by NE would be expected to increase both firing rate
and bursting in IL neurons.
NE increases neuronal excitability in IL via ␤-receptors
Discussion
and PKA
Our results show that activation of noradrenergic ␤-receptors in
A potential consequence of the noradrenergic signaling cascade is
IL during fear extinction is necessary for later retrieval of extincan increase in the intrinsic excitability of IL neurons, as shown in
tion. A ␤-receptor-mediated signaling cascade increases intrinsic
the hippocampus (Pedarzani and Storm, 1993) and piriform corexcitability of IL pyramidal neurons and stabilizes extinction in
tex (Brosh et al., 2006). To investigate this, we used in vitro patch-
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genic study showing accelerated extinction
in mice lacking a promoter for PKA (Isiegas et al., 2006). Despite accelerated extinction, however, these mice were somewhat impaired in their ability to recall
extinction, consistent with our findings.
We found that ␤-receptors and PKA
mediate a NE-induced increase in IL excitability. In the hippocampus, activation of
␤-receptors has been shown to increase
calcium current (Huang et al., 1998a,b)
and kinase activity (Winder et al., 1999).
This noradrenergic amplification of intracellular processes results in increased responsiveness of cells to synaptic inputs
(Brown et al., 2005). For example,
␤-receptor activation alone is not sufficient to induce hippocampal long-term
potentiation (LTP), but enables LTP in reFigure 4. Noradrenergic ␤-receptors and PKA strengthen extinction memory through multiple actions in IL. Fear conditioned sponse to subthreshold stimuli (Thomas et
stimuli evoke NE release in IL, stimulating ␤-receptors. This, in turn, increases intracellular levels of cAMP, which stimulates al., 1996; Katsuki et al., 1997; Gelinas and
activation of PKA. PKA has multiple modes of action. First, PKA increases excitability via phosphorylation of receptors and ion Nguyen, 2005). Moreover, ␤-receptorchannels, increasing NMDA-mediated calcium influx and promoting synaptic plasticity. Second, PKA interacts with anchoring
mediated phosphorylation of GluR1
proteins responsible for AMPA receptor insertion into the membrane. Third, PKA activates downstream targets, including MAPK
and the transcription factor CREB, leading to gene transcription and translation necessary for stabilization of extinction memory. (AMPA receptor subunit 1) facilitates synaptic insertion of AMPA receptors and
LTP induction, thus lowering the threshIL. Thus, fear-induced activation of ␤-receptors engages cellular
old for memory formation (Hu et al., 2007). Our findings suggest
processes that enhance extinction learning.
that a similar amplification process facilitates extinction-related
It has been previously shown that lesions of the locus ceruleus,
plasticity in IL, such that synaptic inputs would evoke a greater
which deprive the entire cortex of NE, impair extinction (Mason
response in IL after extinction. In agreement with this, we reand Fibiger, 1979; McCormick and Thompson, 1982), but these
cently observed that high levels of bursting in IL neurons after
effects were never localized. Our findings indicate that the IL is a
extinction predicted good extinction memory (Burgos-Robles et
key site for noradrenergic modulation of extinction. The idea that
al., 2007). Our new findings suggest that extinction-related burstNE facilitates consolidation of extinction was recently suggested
ing in IL may be augmented by the NE-induced reduction in the
by Berlau and McGaugh (2006), who showed that posttraining
sAHP.
infusions of NE into the amygdala facilitated extinction of conFigure 4 summarizes possible effects of ␤-receptor activation
textual fear in a ␤-receptor-dependent manner (Berlau and Mcin IL during extinction learning. Activation of ␤-receptors proGaugh, 2006). Infusion of propranolol alone, however, had no
motes adenylyl cyclase-mediated increases in levels of intracellueffect, leaving open the question of whether endogenous NE at
lar cAMP, which activates PKA. Once activated, PKA can have
that time is necessary. Our finding that propranolol given before
local effects such as increasing cell excitability, increasing
extinction training impairs extinction suggests that arousalNMDAr-mediated calcium current (Skeberdis et al., 2006), and
related NE release in IL (Feenstra et al., 2001) plays an important
facilitating AMPA receptor trafficking (Snyder et al., 2005; Hu et
role in the formation of extinction memory. In agreement with
al., 2007). PKA can also activate transcription factors such as
Berlau and McGaugh (2006), we found that posttraining blockcAMP response element-binding protein (CREB) (Mayr and
ade of ␤-receptors did not impair extinction. Thus, activation of
Montminy, 2001), interacting with mitogen-activated protein ki␤-receptors during extinction appears to be necessary for ennase (MAPK) to cooperatively regulate gene transcription and
hancing extinction. This agrees with previous work that shows
translation (Sindreu et al., 2007). Consistent with this idea, inhithat ␤-receptors are involved in extinction of other forms of
bition of MAPK in IL impairs the formation of extinction memlearning (Berman and Dudai, 2001).
ory (Hugues et al., 2004, 2006).
PKA activity is also necessary for extinction learning. The exThe involvement of noradrenergic ␤-receptors in extinction
tinction deficit after PKA inhibition, however, was more severe
suggests that extinction, like conditioning (McGaugh, 2004), is
than with ␤-receptor inhibition, as evidenced by the lack of savbest learned under conditions of high arousal. This suggests that
ings in relearning of extinction. This suggests that there are addiNE-induced strengthening of extinction could offset NEtional routes by which PKA is activated during extinction. One
mediated strengthening of fear memory consolidation, or even
possibility is NMDAr-mediated calcium currents, which increase
reconsolidation (Debiec and LeDoux, 2004), providing a regulalevels of cAMP and activate PKA (Chetkovich et al., 1991; Chettory mechanism enabling adaptive responses to changing continkovich and Sweatt, 1993; Wong et al., 1999; Ou and Gean, 2007).
gencies. One prediction of such a model is that factors that inIn agreement with this, we recently showed that blockade of
crease arousal should strengthen extinction memory. In fact,
NMDAr in IL impairs extinction and is accompanied by savings
extinction is enhanced when performed in the presence of a secin the rate of reextinction (Burgos-Robles et al., 2007), similar to
ond conditioned stimulus (concurrent excitor) (Rescorla, 2000).
the effects of propranolol. Thus, PKA may be a point of converSimilarly, presentations of the unconditioned stimulus during
gence for receptor-mediated signaling in extinction. The necesextinction slow the rate of subsequent reconditioning, consistent
sity of PKA for extinction memory disagrees with a recent transwith strengthened extinction memory (Bouton et al., 2004). Our
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findings suggest a physiological mechanism for these effects, because excitors and unconditioned stimuli are known to increase
NE release in IL (Cassens et al., 1980; Dazzi et al., 2005). Also
consistent with this idea, facilitation of noradrenergic transmission with yohimbine (which is anxiogenic) strengthens extinction learning (Cain et al., 2004).
Another possibility is that NE, a modulator of attention processes, may affect attention during acquisition or consolidation
of extinction. If attentional processes were responsible for the
impairment in extinction, however, we would have expected that
freezing during acquisition of extinction (when propranolol was
on board) would be affected. In particular, we would have expected to observe less freezing in propranolol-infused rats than in
saline-infused rats if the rats were simply paying less attention to
the tone conditioned stimulus. However, we might have expected
to observe more freezing in propranol-infused rats if those rats
were unable to attend to the extinction conditions, in which the
tone was no longer paired with a shock. In fact, propranololinfused rats exhibited the same level of freezing behavior as
saline-infused rats, indicating that attention was not affected.
Anxiety disorders, such as posttraumatic stress disorder
(PTSD), are associated with high levels of NE turnover (Geracioti
et al., 2001). PTSD patients exhibit a resistance to extinction (Orr
et al., 2000) and NE hyperresponsiveness to traumatic stimuli
(Geracioti et al., 2006), suggesting that NE hyperresponsiveness
may be responsible for impairing extinction learning. Yohimbine, which causes NE hyperresponsiveness, can induce panic
attacks in PTSD patients (Southwick et al., 1997, 1999). In contrast, we found that extinction is dependent on activation of noradrenergic ␤-receptors in IL. One possible explanation for this
apparent contradiction is that the NE hyperresponsiveness in
PTSD patients results in avoidance of traumatic stimuli, and thus
failure to undergo extinction. If, however, the patient is exposed
to the stimuli and remains for the duration of an extinction session, they may benefit from the fear-evoked NE efflux.
␤-Receptor activation may promote extinction learning by enhancing cAMP and PKA activity, thus offsetting the reported
decrease in basal cAMP signal transduction that has been observed in PTSD patients in comparison with healthy controls
(Lerer et al., 1987). This model suggests that facing one’s fears,
rather than avoiding them, will augment extinction of those fears.
Understanding the signaling pathways underlying noradrenergic
modulation of extinction could lead to new pharmacological
methods to enhance extinction that bypass the NE-associated
fear and stress by stimulating downstream cascades rather than
NE release.
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