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Behavioral extinction is an active form of new learning involving the prediction of nonreward where reward has previously
been present. The expression of extinction learning can be disrupted by the presentation of reward itself or reward-predic-
tive stimuli (reinstatement) as well as the passage of time (spontaneous recovery) or contextual changes (renewal). The fol-
lowing experiments replicated the demonstration that presenting multiple previously rewarded stimuli in compound during
extinction enhances extinction learning. To explore the pharmacological basis for this we next examined the effects of
pharmacological treatments that either facilitated or blocked noradrenergic activity to test the hypothesis that increased
noradrenergic activity at the time of extinction training would improve, whereas blockade of noradrenergic activity
would impair the extinction of appetitive stimulus—reward memories. Different groups of rats were trained in a discrimi-
native stimulus paradigm to lever-press for food reward. Once stable responding was achieved, responding was extinguished
for 2 d. Prior to a third extinction session, rats received systemic administration of either saline, yohimbine (a2 antagonist),
atomoxetine (norepinephrine reuptake inhibitor), or propranolol (B-receptor antagonist). Spontaneous recovery of
responding to the stimuli was tested 4 wk later. Our results indicate that increasing noradrenergic activity during extinction
augments extinction learning resulting in less recovery of responding at test. These results have important implications for

models of relapse to drug seeking and the development of extinction-based therapies.

Current theories of associative learning suggest that extinction is
not the forgetting or “unlearning” of the original association, but
rather involves active new learning involving the prediction of
nonreward (Pavlov 1927; Delamater 1996; Rescorla 1996, 1997).
Extinction learning is notoriously labile and easily disrupted.
Even following extinction training, which may far exceed the
duration of the original excitatory conditioning, the expression
of extinction is easily disrupted by the passage of time (spontane-
ous recovery) (Rescorla 1997), stress or arousal (disinhibition)
(Pavlov 1927; Horns and Heron 1940), the presentation of the
previously trained reinforcer or stimuli associated with that rein-
forcer (reinstatement) (Rescorla and Heth 1975), or changes in
the test context (renewal) (Bouton and King 1983). The aim of
the current series of experiments was to examine approaches
that might enhance extinction learning.

The impact of a reinforcing event, such as reward delivery,
depends on the degree to which that reinforcer is well signaled;
areinforcer that is preceded by a well-conditioned excitatory stim-
ulus has a reduced ability to produce new learning (Kamin 1968).
Observations such as this have lead to the development of error-
correction models of learning (e.g., Rescorla and Wagner 1972),
which postulate that learning will occur when there is a dis-
crepancy between what is expected based on the presence of
predictors (i.e., conditioned stimuli; CS) and the reinforcer that
actually occurs (reward, in appetitive conditioning). These models
make predictions not only about what will happen with rein-
forcement, but also about what learning will occur in the case
of nonreinforcement, or extinction. Within this framework, the
concurrent presence of an excitatory stimulus at a time when a
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response is nonreinforced would result in a particularly large pre-
diction error, and hence should enhance the extinction of that
response when it is not reinforced. In line with that prediction,
Rescorla (2000) demonstrated that extinguishing a previously
rewarded response in the presence of an additional excitatory
stimulus resulted in significantly less subsequent responding at
test than extinguishing the response either alone or in the pres-
ence of a neutral stimulus. Reberg (1972) made the interesting
observation that even when two stimuli have themselves been
extinguished individually, presenting them together, in com-
pound, yielded greater responding than was observed to either
stimulus alone, suggesting again that extinction does not entirely
eliminate the original excitatory conditioning, and compound
presentation potentially reintroduces a prediction error, which
could in turn lead to further learning. This possibility was
explored by Rescorla (2006) where he reported that nonreinforce-
ment of a compound of stimuli augmented extinction when the
components were later tested compared with a stimulus that
was presented alone for the same number of extinction trials, sug-
gesting that nonreinforcement of a compound stimulus further
engaged learning mechanisms at the time of nonreinforcement,
and thus, deepened the resultant extinction learning.

While error correction models focus on the conditions under
which learning will occur, they do not necessarily specify the
mechanism. When an animal is confronted with a discrepancy
between what is expected and what occurs, in addition to gener-
ating a prediction error, the experience itself may be arousing
and engage the attentional and neural mechanisms responsible
for establishing long-term memories.

Emotional memories are often better remembered than
neutral ones (e.g., Dolan 2002), and neutral stimuli may be better
remembered when encoded in an emotional context (Sterpenich
et al. 2006). A hallmark of many emotional experiences is the
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release of neural and hormonal modulators that produce charac-
teristic arousing effects. Many of these neural and hormonal
modulators, including norepinephrine (NE), have been proposed
to modulate learning and memory formation (McGaugh 2004;
Arnsten 2009). For example, pharmacological treatments that in-
crease the NE response to stimuli facilitate episodic memory
formation (O’Carroll et al. 1999; Southwick et al. 2002). In con-
trast, treatments that block postsynaptic NE effects decrease the
memory benefit typically seen with emotional stimuli (Cahill
et al. 1994; Berlau and McGaugh 2006). Importantly, arousal
and associated noradrenergic effects may be particularly impor-
tant for modifying performance when reward contingencies or
reward value change as is the case in extinction (e.g., Sara et al.
1994; Usher et al. 1999).

The aim of the current series of experiments was to examine
ways that extinction learning might be enhanced through
manipulations of stimulus presentation and by pharmacological
modulation of the noradrenergic system. Rats were trained in a
discriminative stimulus paradigm wherein performance of a lever-
press response in the presence of one of three discrete stimuli
resulted in the delivery of food reward. Thereafter, rats were extin-
guished and the efficacy of the extinction training was later
assessed by examining spontaneous recovery of responding. We
show that extinction of a stimulus compound improves extinc-
tion of the elements of that compound relative to extinction of
a single stimulus. Further, we attempted to either mimic or block
the benefit to extinction found with compound stimulus presen-
tation by administering drugs that modulate noradrenergic sig-
naling. To the extent that the benefit observed with compound
stimulus presentation involves noradrenergic signaling, we pre-
dicted that drugs that increase NE should improve, whereas drugs
that block NE should impair extinction revealed as changes in
the degree of spontaneous recovery of responding at test.
Consistent with these predictions we demonstrate that adminis-
tration of the a2-antagonist yohimbine or the norepinephrine
transporter blocker atomoxtetine augmented the extinction of a
single stimulus. In contrast, administration of the B-adrenergic
antagonist propranolol diminishes the benefit of compound-
stimulus extinction. These findings suggest that extinction of
reward-paired stimuli can be modulated by manipulations of
noradrenergic signaling.

Results

Experiment I: Compound stimulus presentation

The aim of this experiment was to replicate Rescorla’s (2006) find-
ing that presentation of a compound of extinguished stimuli
deepens extinction of the elements of that compound compared
with extinction of a stimulus alone. Rats received training in
which three separate stimuli (white noise, clicker, and light) sig-
naled the availability of a food pellet following an instrumental
lever-press response (7 d, 24 trials per day). Thereafter, all of
the stimuli underwent the same amount of extinction training;
the critical difference was that following initial extinction of
each stimulus alone (two sessions), two of the stimuli were pre-
sented together (compound) during further extinction trials,
whereas the remaining stimulus continued to be presented alone.
Of note, by previously extinguishing the individual stimuli, even
if additional nonreinforcement of the individual is expected
to be without further effect, the reintroduction of a prediction
error with the stimulus compound permits further learning
and thus allows the possibility of achieving extinction beyond
what could be produced by presentations of the stimuli alone.
Further, the initial extinction reduces the chances that a more
salient stimulus may overshadow a less salient one and thus retard
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rather than enhance extinction (for a detailed discussion, see
Rescorla 2006). Spontaneous recovery of responding was assessed
1 and 4 wk after the final extinction session. Table 1 summarizes
the experimental design. On the final day of acquisition the
mean rates (+ SEM) of lever pressing were 4.0 (0.6), 12.9 (1.1),
16.4 (1.2), and 15.6 (1.3) responses per trial for the pre-CS, light,
noise, and clicker, respectively. There were no reliable between-
stimulus differences in response rates.

Over the course of extinction responding decreased for all
three stimuli. Prior to the differential treatment of the noise
and clicker, responding during these stimuli was similar and low
for the to-be compound and to-be single stimulus (Fig. 1A).
There were no reliable between-stimulus differences in response
rates (F < 1). On the third extinction day, one of the auditory
stimuli was presented along with the light stimulus (compound),
whereas the other auditory stimulus continued to be presented
alone.

The data of primary interest come from the final extinction
day and subsequent tests for spontaneous recovery. As shown in
Figure 1B, on the final extinction day responding in the presence
of the single stimulus (Y) continued to be low, whereas respond-
ing to the compound (AX) was higher. Notably, this pattern
reversed when the stimulus that had been part of the compound
was compared with the stimulus extinguished alone in tests con-
ducted 1 wk or 4 wk later. This description is confirmed by the sta-
tistical analyses which revealed a significant effect of experimental
phase (extinction, 1-wk test, 4-wk test; F(3 22 = 52.3, P <0.01),
and while there was no overall effect of stimulus (compound vs.
single; F(1,11)= 0.22, P> 0.05) there was an interaction between
stimulus and phase (F(z 22 = 23.6, P < 0.01). To further explore
this interaction we compared responding to the two stimuli in
each phase. During extinction responding was significantly
higher for the compound (F(1,11) = 86.6, P < 0.01). In the 1-wk
test responding was low for both stimuli; however, consistent
with improved extinction, responding was reduced for the stimu-
lus that had been extinguished as part of a compound compared
with the stimulus that was only extinguished alone (Fq,11)=
8.1, P < 0.05). When the rats were tested 4 wk later, this effect
was more pronounced. While there was recovery of responding
to both stimuli relative to extinction levels, the rats responded
significantly more in the presence of the stimulus that had been
extinguished alone compared with the stimulus that had been
extinguished in compound, suggesting that the difference seen
at 1 wk was maintained 4 wk after extinction (F4,11)=7.3, P <
0.01).

Because this effect was more robust at the 4-wk time point,
this time point was used in subsequent experiments. These results
replicate Rescorla’s (2006) demonstration that extinguishing a
compound reduced subsequent spontaneous recovery compared
with a stimulus that was only extinguished alone at the 1-wk
time point and further demonstrate that this difference is main-
tained for at least 4 wk.

Table 1. Summary of experimental design for Experiment 1

Acquisition Extinction 1 Extinction 2 Test
A+ A— AX— X?
X+ X— Y- Y?
Y+ Y-

Summary of the experimental design used in Experiment 1. “A” represents
the light stimulus. “X” and “Y” represent the noise and clicker stimuli (coun-
terbalanced). “+" indicates that responding in the presence of the stimuli
was rewarded, whereas “—" indicates extinction conditions.
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Figure 1. Extinction of a stimulus compound reduces spontaneous recovery relative to extinction of a

single stimulus. (A) Mean lever presses per stimulus for the initial extinction sessions. (B) Mean lever
presses per stimulus on the final extinction session and in the tests conducted 1 and 4 wk later.
Presentation of a stimulus compound increased responding during extinction; however, when the
element of that compound was tested alone 1 wk or 4 wk later, animals responded less to the stimulus
that was extinguished in compound than to the stimulus extinguished alone. Analysis revealed a signifi-
cant effect of experimental phase indicating that responding was elevated at the 4-wk time point
(F2,22y=52.3, P<0.01). Further, while there was no effect of stimulus (F4,41)=0.2, P> 0.05),
there was a significant interaction between stimulus and phase, indicating that there was greater spon-
taneous recovery of the stimulus extinguished alone (F,22) = 23.6, P < 0.01). *Indicates a significant

There was no differential effect of
stimulus in the initial extinction
sessions (Fig. 2A; F<1). Comparison
of the effects of drug treatments on
responding in extinction and when
the rats were tested drug-free 4 wk later
revealed no effect of group (Fp 27 =
0.31, P>0.05) and no effect of ex-
perimental phase (extinction vs. test;
Fa,27y=0.04, P> 0.05); however, there
was a significant interaction between
these factors (Fz27=5.2, P<0.05).
To further explore this interaction we
examined the effect of phase for each
group. As shown in Figure 2, animals
that received saline treatment and
extinction of a single stimulus showed
an increase in responding from extinc-
tion to test (i.e., spontaneous recovery;
Fa,0)=7.0, P<0.05). In contrast, ani-
mals that received yohimbine (either

difference in number of lever presses; P < 0.05; N=12.

Experiment 2: Yohimbine treatment during extinction
reduces spontaneous recovery

While yohimbine, an a2 antagonist that increases synaptic NE, at
high doses can produce a stress response sufficient to produce
reinstatement (e.g., Ghitza et al. 2006), yohimbine has also been
shown to promote extinction of conditioned fear (Cain et al.
2004; Morris and Bouton 2007; Powers et al. 2009; but see also
Mueller et al. 2009). Specifically, when injected with yohimbine
prior to presentation of a shock-predictive CS in extinction,
mice showed a reduced fear response to the CS when tested drug-
free the following day relative to saline controls. Additionally,
while control mice did show extinction given enough trials, those
treated with yohimbine showed extinction after fewer nonrein-
forced trials (Cain et al. 2004). The fact that a potentially anxio-
genic drug facilitates extinction of conditioned fear is consistent
with the demonstration that increased excitation, or arousal, dur-
ing extinction leads to greater extinction (Rescorla 2000, 2006).
The following experiment tested the hypothesis that increased
NE activation produced by giving yohim-

bine during extinction learning will

mimic the effects of compound stimulus

1.25 or 2.5 mg/kg) prior to the final
extinction session showed no change
in their responding between extinction
and test (i.e., failure of spontaneous
recovery; 1.25mg/kg; F,0)=1.8, P>0.05; 2.5mg/Kkg; Fq,0) =
1.4, P> 0.05). Examination of the test data alone indicated a
marginal effect of group (F27 = 3.2, P=0.058) and post-hoc
analyses (Bonferroni) indicate that rats treated with 1.25 mg/kg
yohimbine responded less than those treated with saline, but
that rats treated with 2.5 mg/kg did not differ from the other
two doses. These data suggest that yohimbine treatment enhances
the efficacy of extinction training such that it is less vulnerable to
later disruption, such as that which occurs following the passage
of time.

Experiment 3A: Atomoxetine during extinction reduces
spontaneous recovery

While yohimbine has high affinity and antagonist properties at
the a2 adrenergic receptors, it also acts at multiple serotonergic
and dopaminerigic receptors and so it is possible that these, rather
than increased NE, account for the observed results (e.g., Holmes

presentation and enhance extinction of A ;.
reward-predictive stimuli. 5

Rats were trained using the same g 64
discriminative stimulus procedure and 2 a
underwent two sessions of initial extinc- '{LE 4
tion training as above. Prior to a third 3%
extinction session the rats were divided § 21
into groups in an attempt to match their =
training and initial extinction response 0

rates and received an injection of either Day 1

saline or 1.25 or 2.5 mg/kg yohimbine
30 min prior to session onset. Our pre-
diction was that yohimbine treatment
would mimic the effects of compound
stimulus extinction and augment extinc-
tion learning; thus, the rats received
further extinction of a single stimulus.
Animals were tested 4 wk later for sponta-

neous recovery of responding. N =10 per group.
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Figure 2. Yohimbine treatment enhances extinction. (A) Mean lever presses per stimulus for the initial
extinction sessions. (B) Mean lever presses per stimulus during the final extinction session containing
the drug treatments and during the test session conducted drug-free 4 wk later. Treatment with yohim-
bine during extinction had no effect on responding (F(2,27) < 1); however, when rats were tested for
spontaneous recovery 4 wk later, while rats previously treated with saline showed a significant increase
in responding (F1,0) = 7.0, P < 0.05), those treated with yohimbine did not (1.25 mg/kg; Fa,0)= 1.8,
P>0.05; 2.5 mg/kg; Fa1,0y = 1.4, P> 0.05), indicating that yohimbine treatment enhanced extinction
of an appetitive stimulus. *Indicates a significant difference in the number of lever presses; P < 0.05.
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and Quirk 2010). To further examine the role of NE signaling in
extinction learning we examined the effects of the NE transporter
blocker atomoxetine. Atomoxetine is a selective NE reuptake
inhibitor and has dose-dependent beneficial effects on dif-
ferent forms of impulsivity and behavioral inhibition in rats
(Robinson et al. 2008), monkeys (Seu et al. 2009), and humans
(Chamberlain et al. 2006). Given our hypothesis that increasing
the postsynaptic effect of NE should improve extinction, NE
reuptake inhibitors such as atomoxetine should also be expected
to improve extinction.

Rats received training and initial extinction identical to that
described above until the drug treatments and final extinction
session. Prior to a third extinction session the rats were divided
into groups in an attempt to match their training and initial
extinction response rates and received an injection of either saline
or 0.3 or 1.0 mg/kg atomoxetine 45 min prior to the beginning
of the session. Our prediction was that atomoxetine treatment
would augment stimulus processing and extinction learning,
and so the rats received further extinction of a single stimulus.
Animals were tested four weeks later for spontaneous recovery
of responding.

As shown in Figure 3B, and consistent with the findings
above, animals treated with saline during extinction of a single

*

stimulus showed spontaneous recovery of responding in the
4-wk test. This effect differed for the groups treated with atomox-
etine, and was reduced in particular for those treated with the
1.0 mg/kg dose. The statistical analyses indicate an effect of group
(F2,33) = 4.56, P <0.05), of experimental phase (extinction vs.
test; Fq,33y=56.6, P<0.01) and an interaction between these
factors (F,33)=3.25, P<0.05). Analysis of the difference in
responding between extinction and test for each group confirmed
an increase in responding between extinction and test for each
group (saline; F(1,12) = 179, rP< 001, 0.3 mg/kg, F(Lg) = 196,
P <0.01; 1.0 mg/Kg; F(1,12) = 6.26, P < 0.05); however, post-hoc
analyses (Bonferroni) indicate that rats treated with 1.0 mg/kg
of atomoxetine responded significantly less than those treated
with saline.

Experiment 3B: Learning vs. consolidation
While the above results demonstrate that atomoxetine treatment
can improve extinction, it remains unclear whether this is the
result of increased stimulus processing or the result of improved
consolidation of the extinction memory as NE has been impli-
cated in both (McGaugh 2004; Arnsten 2009). In order to address
the possibility that atomoxtine treatment specifically improves
consolidation of extinction we compared
the effects of pre- and post-training

A B . administration of the drug. Two groups
10 - 6 - N !
5 5 of rats received 1.0 mg/kg of atomoxe-
o 8- s 57 tine either prior to or immediately fol-
Q Q . . . .
2 2 4 lowing the final extinction session. A
©S 6 o=} * 71 0 mg/kg ) . X
a3 53 4] [ 0.3 mgkg third group received saline (1 mL/kg)
23 4 3% B 1.0 mgkg immediately following the session.
< s 27 The extinction data from the final
S 2] s 17 extinction session and test 4 wk later
0 . 0 . (panel D) are shown in Figure 3. As illus-
Day 1 Day 2 Extinction Test trated in the figure, we replicated our
Extinction Day Experimental Phase finding that pretraining atomoxetine re-
duces spontaneous recovery of respond-
c D ing providing evidence of enhanced
10 - 5 - ‘ * . . l . Th ~ . .
4'_|_| extinction learning. e post-training
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3 3 * covery, although, to a lesser extent that
88 6 88 34 - ' the pretraining treatment. This de-
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(F1,2)=67.7, P < 0.001). There was also
an effect of group (Fp.1)=7.8, P<
0.01), but no interaction between these
factors (F21y=2.2, P>0.05). Given

Test

Figure 3. Atomoxetine treatment enhances extinction. (A) Mean lever presses per stimulus for the
initial extinction sessions for Experiment 3A. (B) Mean lever presses per stimulus during the final extinc-
tion session containing the drug treatments and during the test session conducted drug-free 4 wk later.
Treatment with atomoxetine had no effect on responding (F(2,33y = 0.9, P > 0.05); however, when rats
were tested for spontaneous recovery of responding 4 wk later, while all groups showed an increase in
responding, this effect was greater in the group treated with saline than in those treated with atomox-
etine (f,33y = 5.7, P < 0.01), indicating that atomoxtine treatment enhanced extinction. *Indicates a
significant difference in the number of lever presses; P < 0.05. N= 12, 10, and 13 for the saline, 0.3,
and 1.0 mg/kg groups, respectively. (C) Mean lever presses per stimulus for the initial extinction ses-
sions for Experiment 3B. (D) Pretraining atomoxetine reduced spontaneous recovery to a greater
extent than post-training treatment. This statistical analysis reveals an effect of experimental phase, indi-
cating that responding for all groups was higher at test than in extinction (fu,2) = 67.7, P<0.001).
There was also an effect of group (F,21)= 7.8, P<0.01), but no interaction between these factors
(F2,21y=2.2, P>0.05). Simple effects analyses of the test session indicate an effect of group
(F2,21y=7.6, P<0.01) and post-hoc analyses indicate that both pretraining and post-training
groups responded less at test than those treated with saline and that the pretraining group showed
less spontaneous recovery than the post-training group. *Indicates a significant difference from
saline; **from saline and post-training groups. N= 7, 10, and 7 for the saline, post-training, and pre-
training groups, respectively.
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the hypothesis that atomoxetine should
reduce spontaneous recovery we pre-
dicted that the groups should differ
specifically at test, and so we compared
the groups in this session and found an
effect of group (Fiz21)=7.6, P<0.01).
Pairwise comparisons indicate that pre-
training atomoxetine reduced spontane-
ous recovery relative to saline treatment
(taz) = 4.1, P < 0.001). Post-training treat-
ment also reduced spontaneous recovery
compared with saline (f4s5=2.1, P<
0.05). However, the pretraining and post-
training groups also differed from each
other (f(15) = 2.1, P < 0.05) with the post-
training group responding more at test
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than the pretraining group, suggesting that consolidation may
contribute to the effect seen with atomoxetine but that this prob-
ably does not explain the entire effect. If we impose the more con-
servative Bonferroni correction, only the pretraining treatment
differs from saline. An effect of the post-training treatment would
be consistent with a role for NE in the consolidation of the extinc-
tion learning, and it is possible that different timing or some other
parameter change may yield a greater effect of the post-training
treatment. However, the fact that a greater effect was observed
with pretraining treatment suggests that consolidation processes
do not entirely explain the results, and that atomoxetine may
also enhance stimulus processing or other attentive mechanisms
during extinction learning.

Experiment 4A: Propranolol treatment during extinction
blocks the benefit to extinction seen with compound
stimulus presentation

While the effects of yohimbine or atomoxetine treatment shown
above mimic the effects of extinguishing a stimulus compound,
they do not prove that compound stimulus presentation activates
NE signaling. B-Receptor activation has been shown to modulate
many of the postsynaptic mechanisms involved in establishing
long-term memories. For example, B-receptor agonists have

with light; balanced within groups). As shown in Figure 4, rats
in the saline group showed robust responding to the stimulus
compound but showed reduced responding to the element of
that compound when tested 4 wk later. In contrast, treatment
with propranolol reduced the impact of the compound stimulus
presentation during extinction (i.e., rats performed fewer
responses) and, importantly, rats treated with propranolol exhib-
ited greater spontaneous recovery when the element was subse-
quently tested. The statistical analyses revealed no overall effect
of group (F(2,36) = 0.22, P > 0.05), but there was an effect of exper-
imental phase (Fi,36 =124, P<0.01) and an interaction
between these factors (F(z 36 = 7.8, P <0.01). Because the rats
received a stimulus compound in the extinction session but a sin-
gle stimulus in the test session the amount of responding between
these sessions is expected to differ; therefore, in order to further
evaluate the drug effects, we focused on between-, rather than
within-group comparisons. Simple effects analyses demonstrate
that treatment with propranolol reduced responding during the
extinction phase (F; 36 = 3.9, P < 0.05), and post-hoc analyses
(Bonferroni) indicate that rats treated with 5.0 mg/kg responded
less than those treated with saline, but that rats treated with
2.5 mg/kg did not differ from the other two doses. During the
test phase, the effect of group was marginal (F2 36 =2.9, P=
0.07); however, post-hoc analyses indicate that responding

been shown to facilitate synaptic trans-
mission (Abraham et al. 2008; Pu et al.
2009) and stimulation of the locus
coeruleus or local administration of
the B-agonist isoproterenol paired with
exposure to a novel odor were sufficient
to condition a preference for that odor
(Sullivan et al. 2000). Further, B-receptor
antagonists such as propranolol block
the beneficial effects that are typically
seen with NE activation, for example, in
response to emotional arousal (Cahill
et al. 1994; De Martino et al. 2008), or
exposure to a novel context (King and
Williams 2009). In order to address
whether NE signaling contributes to the
effects seen with compound stimulus
presentation, we tested the effects of
blocking postsynaptic noradrenergic
receptors on the efficacy of extinction
by pretreating rats with the p-adrenergic
receptor antagonist propranolol. If the
effects of compound stimulus pre-
sentation depend on NE signaling, pro-
pranolol treatment should reduce the
efficacy of this treatment and rats
that were extinguished under proprano-
lol should show increased spontaneous
recovery.

Rats received training and initial
extinction identical to that described
above until the drug treatments and final
extinction session. Our working hy-
pothesis was that the compound stimu-
lus presentation increases noradrenergic
activity and reducing this effect (via
blockade of B-receptors) should occlude
the benefit to extinction. To test this
hypothesis, separate groups of rats were
given either 0, 2.5, or 5 mg/kg of propra-
nolol prior to a further extinction of a
stimulus compound (click or noise paired
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Figure 4. Propranolol treatment blocks the benefit to extinction produced by extinction of a stimulus
compound. (A) Mean lever presses per stimulus for the initial extinction sessions for Experiment 4A. (B)
Mean lever presses per stimulus during the final extinction session containing the drug treatments and
during the test session conducted drug-free 4 wk later. In saline-treated animals compound stimulus
presentation produced robust responding in extinction and reduced responding when the element
was tested 4 wk later. In contrast, the group treated with 5.0 mg/kg of propranolol showed less
responding in extinction when the drug was present but greater spontaneous recovery when sub-
sequently tested drug-free. Analysis revealed no effect of group (f(,36 = 0.22, P> 0.05), but there
was an effect of experimental phase (F;,36y=12.4, P<0.01) and an interaction between these
factors (F2,36) = 7.8, P < 0.01). Post-hoc analyses indicated that rats treated with 5.0 mg/kg of propra-
nolol responded less in test than those treated with saline. *Indicates P < 0.05 for post-hoc analyses.
These results suggest that propranolol occludes the benefit to extinction otherwise achieved with com-
pound stimulus presentation. N =14, 13, and 12 for the 0, 2.5, and 5.0 mg/kg groups, respectively.
(C) Mean lever presses per stimulus for the initial extinction sessions for Experiment 4B. (D)
Propranol treatment was without effect on extinction of a single stimulus. Analysis revealed an effect
of experimental phase, indicating that both groups increased responding from extinction to test
(Fa,16y = 34.8, P<0.01); there was no effect of group (F< 1), and no interaction between these
factors (F(1,16y= 2.5, P> 0.05). N=9 per group.
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was greater for rats treated with the high dose of propranolol than
for those treated with saline indicating greater spontaneous re-
covery in this group.

Experiment 4B: Propranolol does not affect extinction

of a single stimulus

It remains possible that propranolol treatment interferes with
extinction in general rather than specifically blocking the
enhancing effect of the compound presentation. To address this
possibility we tested two more groups of rats that received either
saline or propranolol (5.0 mg/kg) prior to a final extinction ses-
sion containing presentations of a single stimulus. The extinction
data (panel C) and data from the final extinction session and test
(panel D) are shown in Figure 4. As suggested by the figure, propra-
nolol given with extinction of a single stimulus had no effect on
spontaneous recovery tested 4 wk later. While there was an effect
of experimental phase, indicating that both groups increased
responding from extinction to test (F(;,16) = 34.8, P < 0.01), there
was no effect of group (F < 1), and no interaction between these
factors (F(l,16) = 25, P> 0.0S)

These data indicate that propranolol does not produce a
general impairment in extinction but its effects in Experiment
4A are specific to the compound stimulus. These results
further suggest that the effects of the compound stimulus depend,
at least in part, on noradrenergic activity during extinction train-
ing and that this benefit to extinction can be reduced by
propranolol.

Experiment 5: Control for nonspecific effects of drug
treatment

Of note, propranolol treatment during exposure to the stimulus
compound reduced the amount of responding compared with
animals treated with saline. Thus, it is possible that the fact
that these animals responded less during the session resulted
in reduced extinction. In order to address this possibility we
conducted a further experiment to examine any nonspecific
effects of drug treatment (e.g., related to response performance,
context exposure, etc.). Rats underwent training and initial
extinction (two sessions with stimuli present) identical to that
described above. Prior to the third extinction session rats
were divided into four groups and received either saline,
yohimbine (2.5 mg/kg), atomoxetine

(1.0 mg/kg), or propranolol (5.0 mg/

kg) prior to an additional extinction ses-

sion where the levers were present but A

no stimuli were presented. 5 101
As shown in Figure 5, rats showed > g4

similar low levels of responding follow- % P

ing the drug treatment. Further, when a3 61

tested 4 wk later, all groups showed 3% 44

similar levels of spontaneous recovery. 5

This description is confirmed by the = 27

statistical analyses which indicate an 0 -

effect of experimental phase (Fg 25 =
103.8, P < 0.01) but no effect of group
(F@3,28)= 0.4, P> 0.05) and no interac-
tion between these factors (F s =
0.1, P>0.05). These data suggest
that the effects of noradrenergic drugs
reported above are related to stimulus
exposure and extinction. While not
entirely surprising given that the rats
were trained that only responding in
the presence of the stimuli resulted

Day 1
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Extinction Day

in reward, nonetheless, these results help rule out factors such
as motor impairments or state-specific learning effects which
could contribute to the results reported above.

Discussion

These data replicate the previous demonstration by Rescorla
(2006) that presenting a stimulus compound in extinction aug-
ments the extinction of the elements of that compound relative
to a stimulus that was only extinguished alone. In addition, we
find that this effect is long lasting, with significant effects on
recovery of responding that last at least 4 wk. Further, the results
from Experiment 2 extend findings from fear-conditioning para-
digms (e.g., Cain et al. 2004) and provide additional evidence
that the «-2 noradrenergic antagonist, yohimbine, can enhance
the efficacy of extinction training, making it is less vulnerable to
later disruption, such as that which occurs following the passage
of time. Similar results found with the NE uptake inhibitor, atom-
oxetine, suggest that these effects are due to increased noradrener-
gic activity rather than other off target effects of yohimbine.
While the effects of yohimbine or atomoxetine treatment mimic
the effects of compound stimulus presentation on extinction
learning, the results of Experiment 4 showing that the noradre-
nergic B-antagonist, propranolol, blocks the benefit to extinction
otherwise seen with compound stimulus presentation provide
the most direct evidence that compound stimulus presentation
recruits noradrenergic activity. Together, these results demon-
strate that compound stimulus presentation can improve ex-
tinction learning, and that this effect may be mediated by
activation of NE. The effects of compound stimulus manipulation
are readily interpretable in terms of increased prediction error
resulting from the presentation of multiple predictors of reward.
While NE activity may not increase prediction errors per se, the
current results demonstrate that manipulations that increase
activity of the NE system can likewise promote learning in
extinction.

Receptor specificity

These experiments were conducted with the overall hypothesis
that increasing noradrenergic activity would improve, whereas
decreasing noradrenergic activity would impair extinction learn-
ing. NE function involves actions distributed across multiple

7 -
& 6
3
2., 57 M saline
=] 4
2 4 _—
g_g [J yohimbine
> % -
8% 3 l atomoxetine
§ 2
2 [ propranonolol
1 -
0 -

Day 2 Extinction Test

Experimental Phase

Figure 5. Drug treatment without stimulus exposure does not alter responding at test. (A) Mean lever
presses per minute during the extinction session containing the drug treatments and during the test
conducted drug-free 4 wk later. Note that in the final extinction session (presented above) the levers
were present but the stimuli withheld. When animals were given drug treatments without exposure
to the discriminative stimuli, there was no effect on response rates either during extinction or when
the stimuli were reintroduced in the test. (B) Statistical analyses indicate an effect of experimental
phase (F,28)=103.8, P<0.01) but no effect of group (fs,2s) = 0.4, P> 0.05) and no interaction
between these factors (F3 gy = 0.1, P> 0.05). These data suggest that the effects of noradrenergic
drugs reported above are related to stimulus exposure and extinction. N = 8 per group.

6 Learning & Memory



Noradrenergic enhancement of appetitive extinction

anatomical regions and multiple receptor subtypes, not all of
which were tested here. While the current results implicate antag-
onism of the a2-receptor or administration of NET inhibitors as a
means for increasing NE, and antagonism of B receptors as a
means for decreasing the postsynaptic effects of NE, other sub-
classes of receptors may also play important roles in mediating
appetitive extinction. For example, recent work has demonstrated
that either pretraining (Do-Monte et al. 2010) or post-training
(Bernardi and Lattal 2010) administration of the a1 antagonist
prazosin slows extinction of conditioned fear implicating the al
receptor in extinction. The role of the al-receptor in the current
paradigm awaits further testing.

Increased responding vs. increased extinction

It is interesting to note that in some of the experiments above, the
amount of responding during extinction is negatively correlated
with the amount of spontaneous recovery observed at test. For
example, increased responding to the compound corresponds to
less responding at test and less responding following propranolol
treatment corresponds to more responding at test. Thus, it is plau-
sible that the amount of responding rather than attentional or
associative mechanisms accounts for the differences observed.
Notably, these relations did not always occur, i.e., treatment
with either yohimbine or atomoxetine did not increase respond-
ing during extinction but did reduce responding at test. Further,
this issue has been directly assessed in an experiment by
Rescorla (2006) (Experiment 5). There, using a sign-tracking pro-
cedure, he demonstrated that presentation of a stimulus trained
as a facilitator, that itself had no net excitatory strength but was
nonetheless able to augment responding to another trained exci-
tor when they were presented together, failed to promote extinc-
tion. In contrast, presentations of a diffuse excitor, a stimulus that
produced a conditioned response distinct from that produced by
the target stimulus that thus failed to increase responding when
the stimuli were presented together, did facilitate extinction.
These results are consistent with an error prediction account of
the augmented extinction rather than an account based on ele-
vated response performance alone. Further, our own Experiment
5 was conducted to examine any effects of the drug treatments
that were not related to stimulus presentation (e.g., context expo-
sure, effects on the lever-press response). We found that the drug
treatments were without effect on spontaneous recovery if the rats
were not given exposure to the stimuli. These data suggest that
changes in the amount of responding alone are not sufficient to
promote or interfere with extinction learning, and that the effects
of the drug treatments in these experiments are specific to the
stimuli.

Improved extinction vs. disruption of reconsolidation

Post-training administration of noradrenergic compounds can
modulate retention of the preceding training leading to the
theory that NE is important for memory consolidation (for review,
see McGaugh 2004). Several studies examining the effects of
noradrenergic compounds on extinction learning have used
pretraining treatments (Cain et al. 2004; Morris and Bouton
2007) where the effects on acquisition of extinction vs. disruption
of consolidation or reconsolidation of the original excitatory
memory are difficult to disentangle. In Experiment 3 we
examined the effects of post-training administration of atomoxe-
tine and saw a decrease in spontaneous recovery that was less
robust than that seen with the pretraining treatment. It remains
possible that different parameters or drugs working through
different mechanisms (including yohimbine) may yield different
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results and so the current results observed mainly following
pretraining treatments do not rule out a role of NE in consolida-
tion of an extinction memory. This important distinction
between the contribution of NE to acquisition of extinction vs.
consolidation of the extinction memory will be addressed in
future studies.

Contextual modulation

It is well established that the expression of extinction can depend
on the context in which it is tested (Bouton and Bolles 1979;
Bouton 2004). For example, rats that are trained in one context
but extinguished in another will show renewal of responding
when returned to the original training context. Indeed, using a
fear-conditioning paradigm, it has been shown that administra-
tion of noradrenergic agents, such as yohimbine, while facilitat-
ing extinction of conditioned fear, can interact with the context
where either extinction occurs, or the drug is administered
(Morris and Bouton 2007). As such, it is possible that the effects
reported here may be altered if rats are tested outside the environ-
ment in which they were extinguished. The role of contextual
control of extinction learning and its mediation by NE, while
not specifically addressed in the experiments above, is an impor-
tant area for future study.

Clinical implications

Extinction-based therapies have been used for the treatment of
anxiety disorders and phobias as well as substance abuse where
they have met with some success (O’Brien et al. 1990; Gould
et al. 1995; Pollack et al. 2002; Otto et al. 2004; Craske et al.
2008). Nonetheless, they are not always effective (e.g., Marissen
et al. 2007). However, new developments in our understanding
of extinction itself, developed largely from animal studies, suggest
that this strategy warrants further investigation (Bouton 2002;
Conklin and Tiffany 2002; Chaudhri et al. 2008; Taylor et al.
2009). There have been some recent significant advances in the
efficacy of extinction-based therapies driven by insights from
animal studies and resulting from both improvements in the
behavioral methods and the use of pharmacological adjuncts
(Craske et al. 2008; Norberg et al. 2008). The addition of pharma-
cological agents within the clinic setting may be able to safely
augment the extinction learning that occurs as a valuable
addition to cognitive—behavioral-based therapies to ultimately
improve the efficacy of this treatment. Equally important, a better
understanding of the pharmacological regulation of extinction
learning may identify commonly prescribed drugs that could
interfere with extinction and be counterproductive to other ther-
apeutic interventions.

Conclusions

In summary, we find that compound stimulus presentation dur-
ing extinction results in a long-lasting enhancement of that
extinction. Extinction is likewise enhanced by drugs that increase
noradrenergic activity and the benefit of compound stimulus pre-
sentation is blocked by a noradrenergic B-antagonist. Taken in the
broader context of learning, the noradrenergic system has been
shown to have powerful effects on neural responses and conse-
quent synaptic plasticity associated with regulating long-term
memory formation (Yang et al. 1996; Berridge and Waterhouse
2003; Sara 2009). The current results indicate that noradrenergic
effects on learning include the special case of extinction and
may help improve clinical applications.
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Materials and Methods

Experiment |

Subjects and apparatus

The subjects were 12 male Sprague-Dawley rats (Charles River
Laboratory, Hollister, CA) approximately 300 g at the beginning
of the experiment. They were housed in individual cages and their
feeding was restricted such that they were maintained at approx-
imately 90% of their free-feeding weight for the duration of the
experiment. They had free access to water while in the home
cage. All procedures were approved by the Institutional Animal
Care and Use Committee of the Ernest Gallo Clinic and
Research Center at the University of California, San Francisco.
Training and testing took place in Med Associates operant cham-
bers housed within sound- and light-attenuating shells. Each
chamber was equipped with a pellet dispenser that delivered a sin-
gle 45-mg pellet (BioServ) into a recessed magazine in the cham-
ber when activated. The chambers contained retractable levers
that could be inserted to the left and right of the magazine. The
boxes also contained two white key lights (one over each lever),
a white noise generator, and a solanoid that, when activated,
delivered a 5-Hz clicker stimulus. The auditory stimuli were
adjusted to 80 dB in the presence of background noise of 60 dB
provided by a ventilation fan. A 3-W, 24-V house light mounted
on the top center of the wall opposite the levers and magazine pro-
vided illumination. Computers equipped with MED-PC software
controlled the equipment and recorded magazine entries and
lever-press responses.

Procedure

Magazine and response training

These procedures were designed after those of Rescorla (2006)
(Experiment 3). The rats were gradually food restricted and
handled daily for 1 wk prior to the beginning of the experiment.
On the first training day the rats received a 30-min magazine train-
ing session during which approximately 30 pellets were delivered
on a random time 60-sec schedule. The levers were retracted for
this session. On the next day, the rats were trained to press the
lever (left or right, balanced across subjects) for a food pellet.
Each lever press delivered a pellet until 50 pellets were earned,
at which point the session was terminated. Rats that failed to
earn 50 pellets in the initial session were given a second session
the following day.

Acquisition

The next day discrimination training began. Each session con-
tained eight 30-sec presentations each of a light (two key lights
illuminated), white noise, and clicker stimulus (24 trials total).
During each stimulus, lever pressing resulted in pellet delivery.
In order to aid acquisition, on the first day the lever was inserted
at the beginning and retracted at the end of each stimulus. On
subsequent days the lever was present throughout the session
but only responding during the stimuli was reinforced according
to a random ratio (RR) schedule that was increased across days
(days 1-3: RR1; days 4-6: RR2; days 7-9: RR4). Trial order was
determined by the computer program and the intertrial interval
(ITI) was variable but on average was 90 sec. The rats received a
total of nine reinforced training sessions with the discriminative
stimuli.

Extinction phase |

On the following 2 d the rats received sessions identical to the
training sessions except that no pellets were delivered.

Extinction phase 2

On the following day, the rats received 12 single stimulus trials
(four of each stimulus) followed by six further nonreinforced
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presentations of each of two trial types, AX- and Y-. The two audi-
tory stimuli served as stimuli X and Y in a counterbalanced fash-
ion and the light stimulus served as stimulus A. The entire
session had 24 trials as in previous sessions and each stimulus
had an equal number of presentations.

Test

The rats remained in their home cages for 1 wk maintained on
their deprivation schedule before testing. The test session con-
tained four presentations of each the noise and clicker stimuli in
pseudorandom order. The rats received a second test session iden-
tical to the first conducted 4 wk after the final extinction session.

Experiment 2

Subjects and apparatus

The subjects were 30 male Sprague-Dawley rats maintained in the
same manner as those from Experiment 1 above. The apparatus
was identical to that used in the previous experiment.

Procedure

The initial training including magazine training, acquisition, and
extinction phase 1 were identical to the description in Experiment
1. The rats received a saline injection prior to the final rewarded
training session in order to habituate them to the injection
procedure.

Extinction phase 2

Based on their responding in the previous extinction the rats were
divided into three groups with approximately even response rates.
On the following day, rats received an injection of either saline or
1.25 or 2.5 mg/kg yohimbine (yohimbine hydrochloride; Sigma;
dissolved in saline and administered in a volume of 1 mL/kg)
30 min prior to the beginning of the session. Our prediction was
that yohimbine treatment would augment stimulus processing
and extinction learning, and so the rats received further extinc-
tion of a single stimulus (six trials; clicker or noise balanced within
groups and total responding for the assigned stimulus in previous
extinction sessions was approximately equated across groups).

Test

Animals were tested 4 wk later for spontaneous recovery of
responding. The test consisted of six presentations of the same
stimulus that was presented in the final extinction session and
the number of lever-press responses were recorded. No food pel-
lets were delivered in this session.

Experiment 3

Procedure

Experiment 3A. Thirty-six rats were housed and trained, and div-
ided into groups in an identical fashion to that described above
until the drug treatment day. Rats received an injection of either
saline, 0.3 or 1.0 mg/kg atomoxetine (atomoxetine hydrochlor-
ide; Tocris; dissolved in saline and administered in a volume of
1 mL/kg) 45 min prior to the beginning of the session.
Experiment 3B. Twenty-four male Sprague-Dawley rats (ARC)
weighing approximately 300 g at the beginning of the experiment
served as subjects. They were housed in squads of eight and their
feeding was restricted such that they were maintained at approx-
imately 90% of their free-feeding weight for the duration of the
experiment. They had free access to water while in the home
cage. All procedures were approved by the Institutional Research
Ethics Committee of the University of Sydney. Training was con-
duced in Med-Associates operant chambers outfitted as those
described above. Rats were trained and divided into groups as
above and received 1.0 mg/kg atomoxetine either 45 min prior
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to the beginning of the session or immediately upon completion
of the session or sterile saline immediately after the session.

Our prediction was that atomoxetine treatment would
augment stimulus processing and extinction learning, and so
the rats received further extinction of a single stimulus as above.

Test

Animals were tested 4 wk later for spontaneous recovery of
responding following the procedures of Experiment 2 above.

Experiment 4

Procedure

Experiment 4A. Thirty-nine male rats were maintained and trained
in an identical fashion to Experiment 1 until the drug treatment
and final extinction session. Our working hypothesis was that
the compound stimulus presentation increases noradrenergic
activity and reducing this effect (via blockade of B-receptors)
would occlude the benefit to extinction. To test this hypothesis,
groups of rats were given either 0, 2.5, or 5 mg/kg of propranolol
(propranolol hydrochloride; Sigma; dissolved in sterile water)
30 min prior to a final extinction session containing six presenta-
tions of a stimulus compound (click or noise paired with light; bal-
anced within groups). Animals were tested 4 wk later for
spontaneous recovery of responding.

Experiment 4B. Eighteen rats were maintained and trained in
an identical fashion to Experiment 3B until the drug treatment.
To address whether propranolol affects extinction, generally the
rats were divided into groups and received either O or 5 mg/kg
of propranolol prior to a final extinction session containing six
single stimulus trials. Animals were tested 4 wk later for spontane-
ous recovery of responding.

Experiment 5

Procedure

Thirty-two rats were maintained and trained in an identical
fashion to that described in the experiments above. In order to
control for any nonspecific effects of the drug treatments such
as motor impairment, sedation, state-dependent learning, and
so on, we examined the effects of drug treatment prior to a session
in which the rats were exposed to the chambers and had the
opportunity to perform the lever-press response; however, the
stimuli were not presented. Prior to this session rats were divided
into groups based on their response rates in the first two extinc-
tion sessions and treated with either saline, yohimbine (2.5 mg/
kg), atomoxetine (1.0 mg/kg), or propranolol (5.0 mg/kg). These
doses were chosen as they were the doses found to have the clear-
est effect on spontaneous recovery in the experiments above. The
session was 20 min in duration which was the approximate dura-
tion of the sessions containing stimuli in the other experiments.
The rats were tested 4 wk later for spontaneous recovery of
responding. The stimuli were again present in this test.

Statistics

Data were analyzed with repeated-measures analysis of variance
(ANOVA) and simple effects analyses and Bonferroni post-hoc
tests were used to further assess main effects and interactions
where indicated.
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