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The creation of auditory threat Pavlovian memory requires an initial learning stage in which a neutral conditioned stimulus

(CS), such as a tone, is paired with an aversive one (US), such as a shock. In this phase, the CS acquires the capacity of pre-

dicting the occurrence of the US and therefore elicits conditioned defense responses. Norepinephrine (NE), through β-ad-
renergic receptors in the amygdala, enhances threat memory by facilitating the acquisition of the CS–US association, but

the nature of this effect has not been described. Here we show that NE release, induced by the footshock of the first con-

ditioning trial, promotes the subsequent enhancement of learning. Consequently, blocking NE transmission disrupts multi-

trial but not one-trial conditioning. We further found that increasing the time between the conditioning trials eliminates the

amplificatory effect of NE. Similarly, an unsignaled footshock delivered in a separate context immediately before condition-

ing can enhance learning. These results help define the conditions under which NE should and should not be expected to

alter threat processing and fill an important gap in the understanding of the neural processes relevant to the pathophys-

iology of stress and anxiety disorders.

Pavlovian aversive conditioning (PTC) (Pavlov 1927) is a widely
used behavioral paradigm to study a basic and universal form of as-
sociative learning. In this paradigm, which will be referred to here
as Pavlovian threat conditioning (LeDoux 2014), a neutral condi-
tioned stimulus (CS), a tone in the case of auditory conditioning,
is paired with an innately aversive unconditioned stimulus (US),
usually a mild footshock. The CS then acquires predictive value
over the delivery of the US and can elicit conditioned defensive re-
sponses (CRs), such as freezing. Quantification of the time the an-
imal freezes during CS presentations provides an objective and
noninvasive measure of the degree of threat learning and memory
induced by pairing of the CS and US (LeDoux 2000).

During learning, neural signals encoding the sensory repre-
sentations of the CS and the US converge in the lateral nucleus
of the amygdala (LA) (LeDoux 2007). Neurons in this region re-
spond to both stimuli, and the CS–US pairing induces increased
single-unit activity, potentiated auditory-evoked field potentials,
activation of molecular cascades, and morphological changes
that eventually underlie the consolidation of the learning as a
long-term memory (LTM) (Weisskopf et al. 1999; Bauer et al.
2001; Doyère et al. 2003; Maren and Quirk 2004; Ostroff et al.
2010; Johansen et al. 2011). These changes are the result of a com-
bination of Hebbian and neuromodulatory mechanisms (Bailey
et al. 2000; McGaugh et al. 2002; Pawlak et al. 2010; Tully and
Bolshakov 2010; Johansen et al. 2014).

Norepinephrine (NE), which is released widely in the brain
during situations involving stress, emotional arousal, attention,
and alertness (for reviews, see Rodrigues et al. 2009; Sara and
Bouret 2012; Raio and Phelps 2015) is one of the key neuromodu-
lators that regulate the degree of learning and memory
(Roozendaal et al. 2009; Joëls et al. 2011; McEwen 2012). The
amygdala receives direct noradrenergic innervation from the locus
coeruleus (LC) (Uematsu et al. 2015), and β-adrenergic receptors
(βARs) are highly expressed in LA (Farb et al. 2010). The standard
view of the effect of NE in the amygdala, largely based on studies
using inhibitory avoidance, is that NE acting through βARs poten-
tiates the consolidation of the learning (McGaugh 2000, 2015;
McGaugh et al. 2002; Packard and Wingard 2004; Roozendaal
and McGaugh 2011) without having any effect on the acquisition
of the association itself. However, we have recently reported that
NE, also acting through βARs, must be present during the initial
CS–US training (acquisition) to create robust memory of the CS–
US association (Sears et al. 2013; Johansen et al. 2014). In line
with these results, our laboratory and others have found that the
blockade of βARs by propranolol disrupts long-term memory
when infused into the LA before the training session (acquisition)
but not immediately after (Miserendino et al. 1990; Lee et al. 2001;
Dębiec and LeDoux 2004; Bush et al. 2010; Schiff et al. 2017). This
suggests that the action ofNE in LA results in an enhancedmemory
of the CS–US by facilitating the acquisition of the association.
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How might NE achieve these effects
on acquisition? The NE system projects
widely throughout the brain (Swanson
and Hartman 1975). It is involved in
many adaptive physiological and patho-
physiological processes, being released
in response to a large variety of stimuli
(Benarroch 2009). While tones and
shocks both activate LC and elicit NE re-
lease, shock is a particularly effective
stimulus (Aston-Jones et al. 1996; Sara
2009). In the present study, we explore
the possibility that the footshock US is
the trigger responsible for an increase of
the NE release during acquisition. This
hypothesis leads to the prediction that
the basal release of NE has no influence
on thefirst pairing trial ofmultitrial learn-
ing, but should affect subsequent trials,
provided the presentation of these trials
occur before NE levels return to baseline.

Results

NE facilitates learning only when

conditioning involves multiple trials
We previously reported that NE, acting
through βARs in the LA, is involved in
the acquisition but not in the consolida-
tion of cued threat memories, as long-
term memory is only reduced when the
βAR-antagonist propranolol is infused
into the LA before training but not after
training (Bush et al. 2010). In accordance,
systemic injection of propranolol after
training does not affect LTM (Lee et al.
2001; Dębiec and LeDoux 2004). Howev-
er, to our knowledge, the effect of a pre-
training systemic administration of a
βAR-blocker in rodents has never been
reported.

We tested whether pretraining sys-
temic propranolol administration would
similarly diminish acquisition of PTC. Rats were randomly admin-
istered an intraperitoneal (i.p.) injection of propranolol (10mg/kg)
or its vehicle (saline 1 mL/kg) 30 min before the beginning of the
conditioning session (Fig. 1A). To account for the possibility that
NE activity could differ depending on prior exposure to the CS–
US pairing, during the training session half of the animals received
a single CS–US presentation (1Trial group) while the other half
were presented with a second CS–US 2 min after the first one
(2Trial group). All animals stayed a total duration of 9 min in the
conditioning box (Fig. 1A).

The freezing to the context was assessed by measuring the
freezing during the 30 sec immediately before the first CS–US pair-
ing in the conditioning session or the first CS presentation in the
long-term memory test. For all the described experiments, no sig-
nificant difference was observed between saline and propranolol
treatment or between behavioralmanipulations, therefore detailed
contextual freezing data is not shown. Instead only the statistics
and the average contextual freezing of all rats in each experiment
are shown.

Baseline freezing to the conditioning context before CS–US1
did not differ among the four conditions (F(3,38) = 1.37, P = 0.27),
and freezing in all conditions was low (combined average: 1.5 ±

0.5%, mean ± SEM). A one-way ANOVA with six levels compared
freezing during CS–US1 and CS–US2 across the four conditions.
The six levels included freezing to CS–US1 for all four conditions
and freezing to CS–US2 for the two conditions that received the
second trial. (Fig. 1B) This ANOVA showed a significant effect
(F(5,54) = 14.21, P < 0.01). Post hoc Sidak tests showed no pairwise
differences between conditions in freezing to CS–US1 (adjusted P
values: Sal 1Trial versus Prop 1Trial P = 0.99; Sal 1Trial versus Sal
2Trial P > 0.99; Sal 1Trial versus Prop 2Trial P = 0.74; Prop 1Trial
versus Sal 2Trial P = 0.93; Prop 1Trial versus Prop 2Trial P >
0.99; Sal 2Trial versus Prop 2Trial P = 0.55). Conditioning was ef-
fective in the 2Trial group, as shown by Sidak tests comparing
freezing to the first tone with freezing to the second tone in
both Sal 2Trial and Prop 2Trial (both P < 0.01). Interestingly,
Prop 2Trial animals showed significantly less freezing than Sal
2Trial to the CS–US2 presentation (P < 0.01). These results indi-
cate that propranolol reduced freezing to CS–US2, but did not af-
fect freezing to CS–US1 or to the context prior to CS–US1. This
suggests that propranolol may be selectively affecting the brain
processing of the first CS–US presentation or affecting freezing
only to a learned CS, rather than decreasing freezing behavior
in general.

Figure 1. Long-term threat memory (LTM) is impaired by pretraining propranolol (10 mg/kg) in
animals conditioned with 2 CS–US pairing trials but not in animals that received 1 CS–US trial. (A)
Schematic of the experimental design. Animals were habituated to the conditioning context for 30
min. Twenty-four hours later, rats received propranolol (10 mg/kg: Prop: empty symbols) or saline
vehicle (1 mL/kg, Sal: filled symbols) 30 min before the conditioning session, which consisted of
either 1 CS–US pairing trial (1Trial: dark green) or two trials (2Trial: light green) with a 2-min intertrial
interval (ITI). Forty-eight hours later, LTM was tested in a modified context with 10 CS-alone presenta-
tions. (B) Graph showing the average percentage of freezing (mean ± SEM) to each CS presentations
during threat conditioning session for each set of animals. In the group conditioned by presenting
two CS–US pairings, the animals treated with propranolol froze less than their controls to the CS2.
(C) Percentage of freezing (mean ± SEM) averaged across all 10 CSs presented to test LTM. Post hoc
tests after finding significant main Drug Treatment and Trial effects as well as Treatment by Trial inter-
action revealed that the saline animals conditioned with 2Trials froze more that the 1Trial ones.
Propranolol reduced the amount of freezing only in the 2Trial group. (D) The percentage of freezing
(mean ± SEM) to each of the 10 CSs presented for LTM test divided by treatment. The 1Trial (left
graph) and the 2Trial (right graph) groups showed main effects of CS presentation indicating normal
within-session extinction learning. 2Trial animals also showed a main effect of the treatment. (*) P <
0.05, (#) P < 0.05 for CS main effect.
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Long-termmemorywas tested 2 d later by 10CS-alone presen-
tations in amodified context (Fig. 1A). A two-way ANOVA compar-
ing treatment (Propranolol or Saline) and groups (1Trial or 2Trial)
revealed no difference in the contextual freezing level (Treatment
effect: F(1,38) = 1.51 P = 0.23; Group effect: F(1,38) = 0.01, P = 0.93;
Interaction: F(1,38) = 0.63, P = 0.43) and conditioning did not in-
duce freezing to the context since averaged pre-CS freezing of all
tested animals (5.0 ± 1.3%) was negligible. A two-way ANOVA
test comparing average freezing across the 10 CS presentations
(Fig. 1C) showed an interaction between treatment and group
(F(1,38) = 4.21, P < 0.05), a main effect of the treatment (F(1,38) =
12.17, P < 0.01) and a main effect of the group (F(1,38) = 4.70, P <
0.05). As expected, Sal 2Trial animals showed significantly more
freezing than Sal 1Trial (P < 0.05). However, Prop 2Trial animals
displayed significantly less freezing than Sal 2Trial (P < 0.05), while
the freezing of Prop 1Trial animals did not differ from their con-
trols (P = 0.86).

Two-way ANOVAs comparing the average freezing per treat-
ment during each of the 10 tones (Fig. 1D) for the 1Trial group
(left graph) showed an overall effect of the CS trial (F(9,220) = 4.44,
P < 0.01), no effect of treatment (F(1,220) = 0.16, P = 0.69) nor a treat-
ment by trial interaction (F(9,220) = 0.68, P = 0.73). This confirms
that NE activity at βARs is not required for learning in the single-
trial group. In contrast, the animals conditioned with two CS–US
trials (Fig. 1D, right graph) showed a significant effect of treatment
(F(1,160) = 101.10, P < 0.01) and trial (F(9,160) = 5.54, P < 0.01) but no
treatment by trial interaction (F(9,220) = 0.64, P = 0.77). This indi-
cates that the animals treated with propranolol on conditioning
day showed reduced freezing on test day. There was a main effect
of Trial in both panels (Fig. 1) indicating no difference in ex-
tinction over the 10 CSs regardless of the number of trials on con-
ditioning day. Similarly, the lack of interaction indicates that
within-session extinction was unaffected by pretraining drug
administration.

Overall the above results reveal that (1) the first conditioning
trial affects the following trial within the conditioning session (Fig.
1B); (2) when tested for LTM, saline-treated animals conditioned
with two trials show higher freezing than the ones conditioned
with a single trial (Fig. 1C); (3) propranolol diminishes the freezing
response only for the animals that experienced the second CS–US
(Fig. 1C,D). This pattern of results suggests that the first condition-
ing trial induces an increase in the release of NE that strengthens
the learning of the following CS–US presentation.

An unsignaled footshock before acquisition enhances

learning through a mechanism involving β-adrenergic
receptors
Several studies using in vivo microdialysis have reported that the
release of NE in the Amygdala is increased by the presentation of
an unsignaled footshock (Galvez et al. 1996; Quirarte et al. 1998;
Hatfield et al. 1999). According to these findings, the concentra-
tion of NE remains elevated for nearly 30min. Given this evidence,
we hypothesize that the footshock delivered with the first CS–US
presentation is the necessary trigger that, by increasing the release
of NE, facilitates learning on following trials.

To test this idea, we designed an experiment in which rats
were exposed to an unsignaled footshock (U-US) before condition-
ing (Fig. 2A). TheU-USwas delivered in a different context (shuttle-
box in a different room) than the one used for conditioning to
prevent contextual freezing. Rats were assigned randomly to one
of four experimental groups (Fig. 2A). In a control group, “No
U-US”, rats were placed in the shuttlebox and did not experience
a U-US. “High U-US” and “Early U-US” received a 1-mA intensity
footshock with a duration of 5 sec, while the shock presented to
the “Low U-US” group had the same intensity (1 mA) but only 1

sec duration (Fig. 2A). Thirty minutes before the presentation of
the U-US, the animals were injected with propranolol or saline.
After the unsignaled shock, “Early U-US” rats spent 40min in their
home cages before conditioning, while the three other groups were
conditioned immediately in the new context for a single CS–US
conditioning trial.

Pre-CS freezing for both the conditioning session and the
LTM test showed no group or treatment effect nor an interaction
between group and treatment (Conditioning: F(3,75) = 1.83, P =
0.35; F(1,75) < 0.01, P = 0.95; F(3,75) = 1.1, P = 0.34. LTM test: F(3,75)
= 2.40, P = 0.07; F(1,75) = 3.30, P = 0.07; F(3,75) = 0.79, P = 0.50). The
averaged pre-CS freezing was 4.0 ± 1% (Conditioning) and 6.9 ±
1.3 (LTM test). All animals were conditioned with a single CS–US
trial. The intensity of the footshock was 0.4 mAwith the aim of in-
ducing weak learning in the animals, which is ideal for detecting
increases in freezing due to manipulations when decreases relative
to the control condition are not expected. Freezing to the CS pre-
sented during conditioning was unaffected by drug treatment
and the U-US precondition, and there was no interaction between
the two as shown by a two-way ANOVA (Fig. 2B) (U-US: F(3,75) =
1.92, P = 0.13; Drug: F(1,75) = 0.54, P = 0.47; U-US ×Drug F(3,75) =
0.50, P = 0.68). Thus, neither systemic propranolol administration
nor prior exposure to a U-US in a distinct context affected freezing
in response to a novel auditory cue (the CS).

In contrast, the comparison of the averaged freezing across
the 10 CSs presented to test LTM 48 h after conditioning (Fig.
2C) showed a main effect of group (F(3,75) = 3.20, P < 0.05). There
was no main effect of treatment (F(1,75) = 0.80, P = 0.37) and no
group by treatment interaction (F(3,75) = 1.07, P = 0.37). In the sa-
line condition, only the animals that were exposed to the high in-
tensity U-US and conditioned immediately after (High U-US) froze
significantly more than the animals that were not exposed to the
U-US before training (post hoc Sidak pairwise test P < 0.05). This
finding indicates that prior exposure to an unsignaled shock in a
distinct context can enhance one-trial learning, perhaps relying
on a similar mechanism as that recruited by two-trial learning.

The analysis of the effect of propranolol in each U-US condi-
tion was performed comparing the mean percent freezing scores
across each test trial (Fig. 2D). The animals that were exposed to
high intensity U-US and treated with propranolol exhibited signif-
icantly less freezing than their vehicle controls (F(1,210) = 26.87, P <
0.01). Interestingly, only animals that did not experience the con-
ditioning session immediately after the U-US (Early U-US condi-
tion) showed significant within-session extinction over the
course of 10 CS presentations (F(9,180) = 3.51, P < 0.01). No interac-
tions between treatment andCS trial were significant for any of the
groups.

These results indicate that an unsignaled footshock, depend-
ing on its intensity, potentiates learningwhen conditioning occurs
close in time. The effect of the unsignaled footshock is prevented
by propranolol, providing further evidence for the hypothesis
that the first shock during conditioning can be the trigger of the
NE-induced facilitation of learning.

The enhancement of learning induced by NE depends on

the time interval between training trials
If the initial shock during the threat conditioning session is what
induces the release of NE that further enhances the acquisition
of the CS–US association, then we predict that this facilitative ef-
fect must be circumscribed to the temporal window in which NE
concentration is increased in the LA (Galvez et al. 1996; Quirarte
et al. 1998; Hatfield et al. 1999). To test this, 30 min after systemic
propranolol or saline, rats underwent two-trial conditioning with
ITIs of 2 or 40min (Fig. 3A). All animals stayed in the conditioning
context for a total time of 60 min.

Timing of the NE effect on threat acquisition

www.learnmem.org 434 Learning & Memory



Pre-CS freezing for both the conditioning sessionandLTMtest
showednomaineffect of ITI groupor drug treatment, norwas there
an interaction (conditioning, one-way ANOVA: F(3,38) = 2.21, P =
0.10; LTM test, two-way ANOVA: group: F(1,38) = 0.24, P = 0.63;
treatment: F(1,38) = 1.73, P = 0.20; interaction: F(1,38) = 0.02, P =

0.89). The averaged pre-CS freezing of all
conditions together was 1.2 ± 0.3%
(Conditioning) and 6.6 ± 2.4 (LTM test).
During training, a one-way ANOVA on
the freezing response of each group to
CS–US1 (Fig. 3B) showed no significant
difference among conditions in their re-
sponse to the tone before it was paired
with a shock (F(3,38) = 1.66, P = 0.19).
Next, a two-way ANOVA including the
four conditions as a between-subjects fac-
tor and CS–US trial as the other factor re-
vealed a significant effect of CS–US trial
(F(1,76) = 173.90, P < 0.01), indicating that
after a singleCS–USpresentation, subjects
were conditioned. In addition, a signifi-
cant interaction suggests that this condi-
tioning varied in strength between
different conditions (F(3,76) = 5.38, P <
0.01). There was also a main effect of con-
dition (F(1,76) = 6.51, P < 0.01; Fig. 3B).
Post hoc Sidak testing revealed that Prop
Short ITI animals froze significantly less
during the secondCScomparedwith their
vehicle controls (P < 0.05), confirmingour
previousfindingwith two-trial condition-
ing (Fig. 1B).

During LTM, we observed a main ef-
fect of group (F(1,38) = 14.05 P < 0.01) on
freezing (Fig. 3C). Therewas no overall ef-
fect of the treatment (F(1,38) = 3.00, P =
0.09), nor was there a significant group
by treatment interaction (F(1,38) = 1.91, P
= 0.17). Sidak’s post hoc tests along the
group dimension revealed a difference be-
tween ITI group only for the propranolol
treatment (Prop Short ITI versus Prop
Long ITI; P < 0.01), while saline-treated
animals did not differ significantly (Sal
Short ITI versus Sal Long ITI; P = 0.19)

The effect of treatment across the 10
CS presentations of the LTM session was
assessed with a separate treatment-by-CS
trial ANOVA for each group (Fig. 3D).
Both Short ITI andLong ITI groups experi-
enced a significant effect of CS trial
(F(9,200) = 7.11, P < 0.01; F(9,180) = 2.04, P
< 0.05, respectively). Within the Short
ITI group, propranolol-treated animals ex-
hibited significantly lower freezing than
their saline controls (F(1,200) = 64.95, P <
0.01), while the freezing in the long ITI
group was not affected by treatment
(F(1,180) = 0.11, P > 0.99). Neither group
showeda treatment byCS trial interaction
(short ITI:F(9,200) = 0.95,P = 0.49; long ITI:
F(9,180) = 0.31, P = 0.58). This result indi-
cates that propranolol only affectsmemo-
ry formation when the second CS–US
pairing occurs within a certain time fol-
lowing the first CS–US pairing.

Discussion

The results obtained here confirm that the NE transmission greatly
contributes to the acquisition of Pavlovian threat associations.

Figure 2. The enhancement of freezing during long-termmemory test induced by the preexposure to
an unsignaled footshock (U-US) before single-trial weak conditioning is prevented by pretraining pro-
pranolol. (A) Schematic of experimental design. On the day following habitation to the conditioning
context, animals received propranolol (10 mg/kg: Prop: empty symbols) or saline vehicle (1 mL/kg,
Sal: filled symbols) 30 min before placement in a shuttlebox. Three seconds after the beginning of the
shuttlebox protocol, rats received either no shock (No U-US: gray), a 1-sec shock (Low U-US: green),
or a 5-sec shock (High U-US: red; or Early U-US: blue). All groups were immediately transferred to the con-
ditioning context after offset of the U-US, except for the Early U-US group that instead waited in their
home cages for 40 min before conditioning. Conditioning consisted of a single trial of tone–shock
pairing with a weak shock (0.4 mA). Forty-eight hours later, an LTM test was done by giving 10
CS-alone presentations in a modified context. (B) Graph showing percentage of freezing (mean ±
SEM) during the CS presentation in the conditioning session for each group of animals. Note that this
CS is a novel stimulus at this point, not having been paired with shock until the final second of this CS
presentation. No significant effects or differences were observed on this measure. (C) Results from
LTM test expressed as percentage freezing (mean ± SEM) to CSs averaged across all 10 CS-alone presen-
tations. A main effect of U-US condition was observed, and post hoc testing revealed that Sal High U-US
froze more than the Sal No U-US control. (D) Percentage freezing (mean ± SEM) to each CS in the LTM
session. A main effect of drug treatment was seen only in the High U-US condition. A main effect of CS
presentation was observed only for the Early U-US condition. (*) P < 0.05, (#) P < 0.05 for CS main effect
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Building on this, the studies presented here show that the
NE-induced facilitation of learning is governed by precise temporal
dynamics initiated by an increase in the NE release triggered by the
footshock presented as part of the first conditioning association.

Few studies have used systemic administration of propranolol
and other βARs antagonist in rats or mice to study the role of NE
transmission in memory formation during auditory threat condi-
tioning. In those reports, the drug was only administered immedi-
ately after training (Miserendino et al. 1990; Lee et al. 2001; Dębiec
and LeDoux 2004). Their conclusion, based on the lackof effect ob-
served during the short-term memory and/or long-term memory
tests, was that βAR activity is not involved in the consolidation
of learning. When applied directly to the LA through local admin-
istration, blockade of βARs with propranolol reduces acquisition
(Bush et al. 2010), but whether systemic propranolol would have
the same effect was unknown. Here we show that systemic pro-
pranolol similarly reduces acquisition, indicating that NE, acting
through βARs, serves to enhance memory formation by modulat-
ing acquisition processes. This suggests that the NE effects ob-
served here occur in the LA and supports the conclusion that the
LA is a critical site for PTC learning. Using threat-potentiated star-
tle, Davis and his collaborators have reported contradictory results
since systemic pretraining propranolol disrupted the expression of
cued potentiated startle in rats (Walker and Davis 2002); however,
this was not replicated in humans (Grillon et al. 2004).

This study provides evidence that NE must already be present
at the time of a CS–US pairing in order to play its modulatory role

in acquisition. The amount of freezing
during thememory test was not modified
by propranolol in the animals exposed to
only one CS–US. In contrast, in the ani-
mals that were exposed to a second condi-
tioning trial, propranolol diminished the
CS-evoked freezing during the second
CS–US presentation and the freezing
when long-term memory was tested 48
h later. This implies that NE is not in-
volvedwhen learning occurs after a single
CS–US pairing.

Pavlovian learning is instructed by
expectation, or rather, by violation of ex-
pectation. This prediction error canbe the
direct result of an unexpected US
(Rescorla and Wagner 1972) or indirectly
caused by the CS after the first CS–US pre-
sentation since this second CS com-
mands more attention (Mackintosh
1975). Hence, the learning of the first
CS–US association might be governed by
different learning rules instructed by dif-
ferent brain areas and neurotransmitters.
As an example, μ-opioid receptors in the
ventrolateral quadrant of the midbrain
periaqueductal gray mediate learning by
altering the brain’s processing of the US
while having no effect on the CS atten-
tional teaching signal (Cole and
McNally 2007). Since NE blockade atten-
uates two-trial but not one-trial learning
(Fig. 1), it is possible that NE facilitates
learning by enhancing the attentional
strength of the CS as a teaching signal.
However, the facilitation of learning in-
duced by the U-US is suggestive of an
arousal mechanism, since in this case
the facilitation of learning happens after

only one CS–US presentation. The interval between a U-US or
CS–US and a future CS–US seems to determine NE dependence,
also consistent with an arousal mechanism.

We have not tested the effect of propranolol after single-trial
learning; however, a previous article reported, using the same pro-
tocol and drug dosewe use here, that after conditioningwith 1 CS–
US pairing neither systemic nor intra-LA propranolol impaired
memory when tested 48 h later (Dębiec and LeDoux 2004).
Together, these findings strongly suggest that NE is not necessary
for single-trial learning.

The present results show that increased NE levels potentiate
learning and this NE release can come from the US in the first
CS–US pairing. However, learning is also potentiated in a
β-AR-dependent manner when one-trial conditioning is preceded
by an unsignaled US, indicating that the first CS–US pairing can
be replaced by an unsignaled shock, or perhaps any strong enough
stressor. We observed that long-term memory was strengthened
only by preexposure to a long-duration unsignaled footshock im-
mediately before conditioning and not by the short-duration one
(Fig. 2), and this effect was prevented by propranolol. Confirming
our prediction that was based on previous reports of a time-limited
increase in NE release after an electrical shock (Galvez et al. 1996;
Quirarte et al. 1998; Hatfield et al. 1999), the effect of the U-US
did not occur if conditioningwas delayed by 40min. This temporal
constraint on the NE-induced enhancement of learning was also
observedwhen the interval between two consecutive conditioning
trials was increased from 2 to 40 min (Fig. 3). The intensity of the

Figure 3. The norepinephrine enhancement of acquisition of long-term threat memory depends on
the length of ITI during training. (A) Schematic of the experimental design. The conditioning session in-
cluded two CS–US pairings, which were either 2min apart (short ITI: light blue) or 40min apart (long ITI:
dark blue). All animals were injected with propranolol (10 mg/kg: Prop: empty symbols) or saline vehicle
(1 mL/kg: Sal: filled symbols) 30 min before conditioning. Habituation and LTM test sessions were iden-
tical to the other experiments. (B) Percentage of freezing (mean ± SEM) to each CS in the conditioning
session for each condition. Post hoc pairwise comparisons showed Prop Short ITI animals froze less to
CS2 than their saline controls. (C ) Graph showing freezing (mean ± SEM) averaged across all 10 CS pre-
sentations in the LTM test. A main effect of group was observed. (D) Analysis of freezing in the LTM test
to each CS within each group showed that pretraining propranolol reduced freezing only for the Short
ITI group but not for Long ITI. Both conditions showed amain effect of CS, demonstrating within-session
extinction learning. (*) P < 0.05, (#) P < 0.05 for CS main effect.

Timing of the NE effect on threat acquisition

www.learnmem.org 436 Learning & Memory



U-USwas not identical to the intensity of the US during condition-
ing. We chose the parameters of the unsignaled shock based on
previous publicationsmeasuring the release ofNE after the delivery
of an unsignaled footshock (Galvez et al. 1996; Quirarte et al. 1998;
Hatfield et al. 1999). Since we were not directly measuring NE re-
lease, andwewanted to be sure that in our paradigmwere inducing
an increase in NE we increased the intensity of the footshock from
0.6 to 1 mA. Of note, 1 mA, 1-sec U-US did not induce an effect on
long-termmemory while 1 mA, 5 sec did. An unsignaled shock in-
creases the NE levels, but since the rodents in experiment 2 are ex-
posed to the CS for the first time after the unsignaled shock, its
salience is not comparable to the salience of the CS when it is pre-
sented in a second trial. This could explain the necessity of higher
intensity of the U-US to facilitate learning.

Itmust be noted that the two-trial learningwith a long ITI was
robust despite the apparent lack of NE-dependence. Perhaps the
same mechanisms that underlie single-trial learning have, over
the 40 min ITI, induced an intermediate phase of memory forma-
tion that acts as scaffolding for further conditioning. It is also pos-
sible that other neuromodulators are involved that accomplish
similar effects on a different time scale. For example, dopamine
and serotonin have been shown to increase in the amygdala for
well over an hour following tone–footshock pairings (Yokoyama
et al. 2005).

Extensive evidence indicates that NE released into the amyg-
dala from neurons in the LC has a direct and indirect (mediating
the effects of other hormones and neurotransmitters) role in regu-
lating stress effects on memory by acting through activation of
β-adrenergic receptors (Morilak et al. 2005; Rodrigues et al. 2009;
Roozendaal et al. 2009; Schwabe et al. 2012). Creating adaptive ex-
plicit and implicit memories during stress is vital for confronting
future threats (Yehuda et al. 2010). We previously showed that
NE, acting through βARs, enhances memory formation with tem-
porally specific actions on extracellular regulated kinase (ERK)
and AMPA receptor subunits within the LA (Schiff et al. 2017).
Since unsignaled electrical shocks are used to generate stress re-
sponses, it is possible that the effect of the U-US is mediated by
suchmechanisms, priming the system for subsequentmemory for-
mation. Nonetheless, if the U-US facilitation of learning observed
in the present experiments is a stress response remains to be eval-
uated by using other type of acute stressors.

Another question that comes out of our findings is whether
prior U-US exposure could similarly enhance expression of a previ-
ously trained conditioned threat memory. According to our find-
ings, the brain levels of NE would be elevated to levels that are
capable of enhancing subsequent learning, but would it also en-
hance expression?

Pavlovian conditioning contributes to disorders like PTSD
(Rau and Fanselow 2009; Cain et al. 2012; Mahan and Ressler
2012). Using this task, we have found that NE enhances memory
by acting during learning. Our findings are consistent with clinical
studies demonstrating that while βAR blockade does not prevent
the consolidation of traumatic memory, it improves symptoms
of stage fright (Dubovsky 1990). The description of the dynamics
by which NE facilitates the acquisition of Pavlovian threat memo-
ries suggests that the timing in which NE agents are used to treat
PTSD and related psychiatric conditions must be reevaluated for
therapeutic success.

Materials and Methods

Subjects
Subjects were 167 male Sprague-Dawley rats (Hilltop Laboratory
Animals; Scottdale, PA, USA) weighing 225–400 g at the beginning
of the experiments. The animals were single housed in an environ-

ment that was temperature- and humidity-controlled and main-
tained on a 12/12 propranolol light–dark cycle. Rats had ad
libitum access to food andwater. All conditions and procedures fol-
lowed the National Institutes of HealthGuide for the Care and Use of
Experimental Animals and all procedures were approved by the
New York University Animal Care and Use Committee.

Drug injections
(±) Propranolol hydrochloride (Sigma-Aldrich) was freshly pre-
pared on each conditioning day. All rats were injected i.p. with
10 mg/mL of propranolol or its vehicle (saline). The volume was
1 mL/kg. For experiments 1 and 3, the treatments were adminis-
tered 30 min before conditioning procedure. For experiment 2,
the treatments were administered 30 min before the delivery of
the U-US. This dose is commonly used in PTC experiments
(Dębiec and LeDoux 2004; Rodriguez-Romaguera et al. 2009). All
injections were done by the same experimenter.

Apparatus and stimuli
All experiments were conducted using a Habitest Linc system con-
trolled by Graphic State 2 software. Conditioning boxes (Model
H10-11R-TC; Coulbourn Instruments; 30 cm width, 25 cm depth,
30 cm height) were placed in sound-isolating cubicles (Model
H10-24A;Coulbourn Instruments). For experiment 2, shuttleboxes
were also used (ModelH10-11R-SC; Coulbourn Instruments; 50 cm
width, 25 cm depth, 30 cm height.) Every box had a rod flooring
connected to shock generators (Model H13-15; Coulbourn
Instruments), a house light, a speaker connected to a tone genera-
tor (Model A12-33; Coulbourn Instruments), and infrared cue
lights.

The CS was a continuous tone (30 sec duration; 5 kHz; 80 dB).
The US consisted of amild electrical footshock (1 sec, 0.4 or 0.6mA
depending on the experiment). For experiment 2, we also used an
unsignaled footshock (U-US; 1 or 5 sec, 1mA) delivered in the shut-
tle boxes. During conditioning the US coterminated with the CS.

Behavioral procedures
Onday 1, rats were habituated to the conditioning context by plac-
ing them in the conditioning boxes for 30min. Twenty-four hours
later the rats were weighed and randomly assigned to be injected i.
p. with either propranolol (Prop) or saline vehicle (Sal) 30 min be-
fore the conditioning session (or 30minbeforeU-US delivery in ex-
periment 2). Forty-eight hours later, long-termmemory (LTM) was
tested by presenting 10 unreinforced CS’s in a modified context
with a variable ITI ranging from 90 to 140 sec (mean ITI was 112
sec). The first CS was preceded by a 3-min acclimation period.
This was in the same box as the conditioning session, butwith pep-
permint odor, a smooth black plastic floor covering the rod floor-
ing, and a dim red light instead of the usual house light. All
sessions of all procedures were run for six rats at a time.

Experiment 1
In the conditioning session on day 2 (Fig. 1A), rats received either 1
or 2CS–USpairing trials. A footshock (0.6mA, 1 sec) was given dur-
ing the final second of a 30 sec tone. The acclimation period was 5
min, and rats were in the conditioning context for 9 min total. For
the rats that received 2 CS–US pairings, the ITI was 2 min. (Group
sizes were Sal 1Trial: N = 12; Prop 1Trial: N = 12; Sal 2Trial: N = 9;
Prop 2Trial: N = 9).

Experiment 2
Rats were exposed to an unsignaled 1.0-mA footshock in a shuttle-
box before the conditioning session on day 2 (Fig. 2A). Four behav-
ioral conditions were used: “No U-US” group was placed in the
shuttlebox for the same duration as the other three groups but
did not receive any footshock. After 3 sec, the other three groups
were subjected to either 1 sec (Low U-US) or 5 sec (High U-US
and Early U-US) of a 1.0-mA footshock. After this unsignaled shock
procedure, rats were transferred to the conditioning context (No
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U-US, Low U-US, and High U-US groups) for the conditioning ses-
sion, or returned to the home cage (Early U-US group) for a 40 min
rest period before transfer to the conditioning session. (Group sizes
were Sal No U-US:N = 10; Prop No U-US:N = 10; Sal Low U-US:N =
10; Prop LowU-US:N = 10; Sal High U-US:N = 11; Prop High U-US:
N = 12; Sal Early U-US: N = 10; Prop Early U-US: N = 10)

For the conditioning procedure in experiment 2, a single CS–
US trial was given, consisting of a weak footshock (0.4 mA) deliv-
ered during the last second of a 30-sec tone presentation. This trial
was after 5min of acclimation to context. Twenty seconds after the
CS–US offset, animals were removed from the conditioning con-
text and returned to the vivarium.

Experiment 3
TwoCS–USpairingswere deliveredwith an ITI thatwas either short
(2 min; “Short ITI” group) or long (40 min; “Long ITI” group) (Fig.
3A). The pairings consisted of a 30-sec tone coterminating with a
1-sec 0.6-mA footshock. All rats were in the conditioning context
for a total of 60 min, including a 3-min acclimation period, CS–
US pairings with the ITI between, and a continued context-expo-
sure period after the second pairing that brought the total length
to 60 min. (Group sizes were Sal Short ITI: N = 11; Prop Short ITI:
N = 11; Sal Long ITI: N = 10; Prop Long ITI: N = 10)

Assessment of freezing
Videos recorded during conditioning sessions and LTM test ses-
sions were analyzed for freezing by at least one rater whowas blind
to drug treatment condition. Freezing was defined as cessation of
all movement other than respiration. Freezing during each CS pre-
sentation was timed with a digital stopwatch and presented as a
percentage of the CS duration. Baseline freezing in conditioning
and test contexts was established by scoring the 30-sec period be-
fore the first CS.

Statistical analysis
The freezing in the conditioning session (Figs. 1B, 2B, 3B) was an-
alyzed differently between experiments because the nature of the
manipulations differed. First, we used one-way analysis of variance
(ANOVA) tests to check for differences (freezing during Pre-CS and
CS–US1) before behavioral manipulations. This was done in exper-
iments 1 and 3. We then confirm effectiveness of conditioning by
analyzing increases in the percentage of freezing from CS–US1 to
CS–US2. In experiment 1, only the 2Trial group was exposed to
CS–US2, so in this case the one-way ANOVA included the freezing
to the CS–US2 to simplify analysis. In experiment 3, a two-way
ANOVA is used, one factor being CS–US1 or CS–US2 and the other
factor being the combination of treatment and behavioral group.
Given that the acquisition of learning is reflected in part by within-
session change, we include CS–US1 in all ANOVAs involving CS–
US2. We examined group and treatment effects on CS–US2 with
post hoc Sidak tests. Experiment 2 involved only one CS–US pair-
ing, and this was analyzed with a two-way group-by-treatment
ANOVA because the manipulation resulting in the four groups oc-
curred before conditioning. Pre-CS freezing is also analyzed by a
two-way ANOVA in this case because it is also after behavioral
manipulations.

Analysis of the long-termmemory test was the same in all ex-
periments. First, we performed a two-way ANOVA with group and
treatment as factors and the average of all 10 freezing-to-CS mea-
sures for each rat as the dependent variable (Figs. 1C, 2C, 3C) fol-
lowed by a Sidak post hoc test analyzing the biologically relevant
factors depending on the experiment. To further analyze the effect
of treatment we analyzed each group separately and including
CS-presentation trial as a second variable in a treatment-by-CS two-
way ANOVA.
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