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Emotional arousal can have a profound impact on various learning and memory processes. For example,
unconditioned emotional stimuli (e.g., predator odor or anxiogenic drugs) enhance dorsolateral striatum
(DLS)-dependent habit memory. These effects critically depend on a modulatory role of the basolateral
complex of the amygdala (BLA). Recent work indicates that, like unconditioned emotional stimuli,
exposure to an aversive conditioned stimulus (CS) (i.e., a tone previously paired with shock) can also
enhance consolidation of DLS-dependent habit memory. The present experiments examined whether
noradrenergic activity, particularly within the BLA, is required for a fear CS to enhance habit memory
consolidation. First, rats underwent a fear conditioning procedure in which a tone CS was paired with an
aversive unconditioned stimulus. Over the course of the next five days, rats received training in a DLS-
dependent water plus-maze task, in which rats were reinforced to make a consistent body-turn response
to reach a hidden escape platform. Immediately after training on days 1e3, rats received post-training
systemic (Experiment 1) or intra-BLA (Experiment 2) administration of the b-adrenoreceptor antago-
nist, propranolol. Immediately after drug administration, half of the rats were re-exposed to the tone CS
in the conditioning context (without shock). Post-training CS exposure enhanced consolidation of habit
memory in vehicle-treated rats, and this effect was blocked by peripheral (Experiment 1) or intra-BLA
(Experiment 2) propranolol administration. The present findings reveal that noradrenergic activity
within the BLA is critical for the enhancement of DLS-dependent habit memory as a result of exposure to
conditioned emotional stimuli.
© 2016 Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Mammalian memory is organized into dissociable neural sys-
tems that differ in terms of the type(s) of memory they mediate
(White and McDonald, 2002; Squire, 2004; White et al., 2013).
Extensive evidence indicates that among these memory systems is
a stimulus-response/habit system principally dependent on the
integrity of the dorsolateral striatum (DLS) (Packard et al., 1989;
Packard and McGaugh, 1996; Packard and Knowlton, 2002; Yin
et al., 2004; Goodman and Packard, in press). DLS-dependent
memory processes have been implicated in a variety of learning
and memory tasks including response learning in the plus-maze,
whereby animals acquire an egocentric turning response at the
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maze choice-point to receive reinforcement (Packard and
McGaugh, 1996; Chang and Gold, 2004; Yin and Knowlton, 2004).
Memory in DLS-dependent maze tasks may be considered an
exemplar of habit memory, given that the learned behavior in these
tasks remains insensitive to reward devaluation (Sage and
Knowlton, 2000; Lin and Liao, 2003; De Leonibus et al., 2011;
Smith et al., 2012; Smith and Graybiel, 2013).

Stress influences a wide variety of learning and memory pro-
cesses, and whether stress enhances or impairs memory partly
depends on the type of memory being investigated (Kim and
Diamond, 2002; McGaugh, 2004; Sandi and Pinelo-Nava, 2007;
Packard, 2009; Roozendaal et al., 2009; Sandi, 2013; Arnsten, 2015).
Converging evidence indicates that DLS-dependent habit memory
in the plus-maze may be facilitated by the induction of emotional
arousal through the exposure of animals to aversive unconditioned
stimuli (Packard, 2009; Packard and Goodman, 2012, 2013; Sandi,
2013; Schwabe, 2013). For example, DLS-dependent habit mem-
ory may be facilitated following chronic restraint stress, tail shock,
C BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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exposure to predator odor, or administration of anxiogenic drugs
(Kim et al., 2001; Packard and Wingard, 2004; Wingard and
Packard, 2008; Elliott and Packard, 2008; Schwabe et al., 2010c;
Packard and Gabriele, 2009; Leong et al., 2012; Leong and
Packard, 2014; Taylor et al., 2014; Goodman et al., 2015). Further-
more, some evidence suggests that, as observed with uncondi-
tioned emotional stimuli, exposure to emotionally arousing
conditioned stimuli also modulates memory (Holahan and White,
2002, 2004; Hawley et al., 2013; Leong et al., 2015). In particular,
recent work from our laboratory revealed that exposing rats to
shock-associated stimuli (i.e., a tone and context previously paired
with footshockdhereafter termed ‘CS exposure’) enhanced DLS-
dependent habit memory and biased animals toward the use of a
response learning strategy in the plus-maze (Leong et al., 2015).
The neural mechanisms underlying this behavioral effect have yet
to be fully characterized.

Noradrenergic activity, particularly within the basolateral
complex of the amygdala (BLA), plays a critical role in regulating
emotional arousal and the emotional modulation of memory
(McGaugh, 2004; Roozendaal et al., 2009). Additionally, the BLA is
required for the acquisition and expression of Pavlovian fear con-
ditioning (Campeau and Davis, 1995; Maren et al., 1996; LeDoux,
2000, 2003; Maren, 2001a, 2001b). Studies have found that
noradrenaline administered directly into the BLA modulates
memory consolidation, whereas administration of a b-adreno-
ceptor antagonist blocks the emotional modulation of memory
(Liang et al., 1990; Hatfield and McGaugh, 1999). In addition, the
memory modulatory effects of systemically administered adrena-
line are also blocked after intra-BLA administration of the b-adre-
noceptor antagonist, propranolol, across a range of learning and
memory tasks (Liang et al., 1986; for review, see Roozendaal et al.,
2009). Evidence from our laboratory indicates that similar neural
mechanisms underlie the emotional enhancement of DLS-
dependent habit memory in the plus-maze. For example, admin-
istration of anxiogenic drugs directly into the BLA is sufficient to
enhance DLS-dependent habit memory and the enhancement of
habit memory produced by exposure to predator odor or systemic
administration of anxiogenic drugs is blocked by neural inactiva-
tion of the BLA (Elliott and Packard, 2008; Wingard and Packard,
2008; Packard and Gabriele, 2009; Leong and Packard, 2014).

In view of this evidence, we hypothesized that the enhancement
of DLS-dependent habit memory consolidation after exposure to an
aversive CS (Leong et al., 2015) may also be dependent on norad-
renergic activity, particularly within the BLA. In order to test this
hypothesis, rats were first subjected to a standard fear conditioning
paradigm (i.e., repeated tone-shock pairings). Rats were then
trained in a response learning task in the water plus-maze that
requires the use of DLS-dependent habit memory. Following
training sessions, rats were given systemic (Experiment 1) or intra-
BLA (Experiment 2) administration of propranolol immediately
before CS exposure.

2. Materials and methods

2.1. Subjects

Subjects were experimentally naïve adult male Long Evans (Blue
Spruce) rats, obtained from Harlan Laboratories (Indianapolis, IN),
and weighing 275e375 g at the time of training. Subjects were
individually housed in clear plastic cageswith sawdust bedding in a
climate-controlled vivarium. Standard rodent chow andwater were
accessible ad libitum. Experimenters handled rats for 1 min per day
for five days prior to the start of behavioral training or surgeries. For
Experiment 1, rats experienced a 12:12 lightedark cycle (lights on
at 7:00 a.m. and off at 7:00 p.m.). Experiment 2 utilized a 14:10
lightedark schedule (lights on at 7:00 a.m. and off at 9:00 p.m.). All
phases of behavioral training occurred during the light phase of the
cycles. The Institutional Animal Care and Use Committee at Texas
A&M University approved all experimental procedures.

2.2. Apparatus

For Experiment 1 and 2, fear conditioning occurred within 8
identical rodent conditioning chambers (MED Associates). These
chambers were housed within external sound-attenuating cabinets
in an isolated room. The chambers (30 cm � 24 cm � 21 cm) are
comprised of aluminum (side walls) and Plexiglas (real wall, front
door, and ceiling). The floor of each chamber consisted of 19
stainless steel rods (4 mm in diameter) spaced center to center at
1.5 cm apart. Footshock (2 s,1 mA; unconditioned stimulus, US) was
delivered via a shock source and solid-state grid scrambler (MED
Associates). A speaker attached to each individual chamber pro-
vided the auditory conditioned stimulus (2 kHz, 20 s, 80 dB). Small
fans in each cabinet provided background noise (70 dB). Cameras
mounted above the Plexiglas ceiling of the chambers remotely
recorded each animal's behavior. For the conditioning context, a
small volume of 1.5% acetic acid odorwas poured into themetal pan
beneath the grid floor, the testing room lights remained on, and the
cabinet doors were left open. Each chamber was cleaned with
water and acetic acid before and after conditioning. The same
contextual cues were used for both conditioning and CS exposure
sessions. A load-cell platform beneath each chamber recorded
chamber displacement (�10 V toþ10 V) as a result of each animal's
movement. Load-cell activity values were acquired and digitized at
5 Hz with Threshold Activity software (Med Associates). Activity
values were transformed offline into absolute values ranging from
0 to 100 (with lower values indicating less displacement of the
chamber); rats were scored as freezing if absolute values were �10
for 1 s or more. Freezing was analyzed as a percentage of total time
across each trial as described below.

The water maze consisted of a clear Plexiglas plus-maze (43 cm
in height; each arm is 27 cm wide and 60 cm in length) that was
inserted in a black circular tub (180 cm in diameter; 45 cm in
height; see Leong et al., 2012; Goodman and Packard, 2014; Leong
and Packard, 2014; Leong et al., 2015). For Experiment 1 and 2, the
maze was filled with water to a level of ~21 cm; water temperature
was 25 �C (i.e., room temperature). A submerged clear plastic
platform (15 cm � 14 cm � 20 cm) served as the hidden escape
platform; the platform was about ~1 cm below the water level
throughout maze training. A movable piece of Plexiglas (43 cm in
height; 27 cmwide) blocked entry into the arm opposite to the start
arm for each trial, creating a T-maze as necessary for the response
learning task described below. The maze room contained multiple
extra-maze cues.

2.3. Surgery

Prior to behavioral training in Experiment 2, rats were anes-
thetized with isoflurane and treated with atropine nitrate (0.4 mg/
kg, i.p.). Each rat was secured in a stereotaxic frame (David Kopf
Instruments) and a small incision was made in the tissue above the
skull; bregma and lambda of the skull were leveled on an even
plane. Jeweler's screws were affixed to the skull. Small holes were
drilled in the skull and guide cannulae (10 mm, 26 gauge; Small
Parts) were lowered to the following coordinates:�2.2 posterior to
bregma; ±5.0 medial/lateral to the midline; �6.0 ventral to dura
(targeting the BLA). Dental cement was used to anchor the guide
cannulae to the screws in the skull. Stainless steel dummy cannulae
(11 mm, 30 gauge) were inserted into the guide cannulae
(extending 1 mm beyond the end of the guide cannulae into the
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BLA). Dummy cannulae were replaced once before fear condition-
ing and again after each infusion session. Rats were allowed 7 days
of recovery from surgery before the start of behavioral training.

2.4. Fear conditioning

Freezing behavior served as the index of fear for conditioning
and during exposure to the conditioned fear stimuli. On the first
day of behavioral training, rats (in squads of eight; counterbalanced
by group assignments) were transported in black plastic containers
from their homecages in the vivarium to the fear conditioning
chambers in the laboratory. 3 min after being placed in the con-
ditioning chambers, rats received three tone (2 kHz, 20 s, 80 dB)-
footshock (2 s, 1 mA) pairings; the tone and shock co-terminated.
Tone-footshock pairings were separated by 1-min interstimulus
intervals; rats remained in the conditioning chambers for 1 min
after the final tone-footshock pairing. Rats were immediately
returned to the vivarium after conditioning.

2.5. Response learning task

For Experiment 1 and 2, training procedures for the response
learning task were identical to the procedures employed in our
previous studies (Leong et al., 2012; Goodman and Packard, 2014;
Leong et al., 2015; Wingard et al., 2015). Twenty-four hrs after
fear conditioning, rats were individually transported from the vi-
varium to the room containing the water plus-maze. Rats were
transported to the maze in white plastic containers. Rats were
trained in the water maze across five consecutive days with six
trials per day. For each trial, the subject was removed from the
white transport container and gently placed into the water maze
(facing the maze wall) in either the north (N) or south (S) arm; rats
were allotted 1 min to swim to a hidden platform at the end of
another arm (east or west). The arm opposite to the start armwould
be blocked with the removable plastic wall. The location of the
hidden platform was consistently in the arm in which a right body
turn at the maze's choice point (i.e., at the middle of the maze)
would lead to finding the platform. For instance, if a rat started in
the north arm, the hidden escape platform would be in the west
arm; if the rat started in the south arm, the hidden platformwould
be in the east arm. On the first, third, and fifth day of training (odd
days), the sequence of the start armwas NSSNNS. On even days, the
sequence of the start arm was SNNSSN. If the rat did not locate the
escape platform within 1 min, the experimenter would manually
guide the rat to the escape platform. Once the rat climbed onto the
platform, the rat would remain on the escape platform for 10 s
before being returned to the white plastic container for a 30 s
intertrial interval. If the subject made a full-body entry into the arm
containing the hidden platform, then this response was scored as
correct. If the rat made a full-body entry into the adjacent arm that
did not contain the hidden platform, then this response was scored
as incorrect. If the rat exited the start arm and made a full-body
entry back into the start arm, then this was also scored as incor-
rect. Performance in the maze was analyzed as a percentage of
correct responses for each day as described below.

2.6. Behavioral procedures: experiment 1

An overview of the designs for each experiment is depicted in
Fig. 1. For Experiment 1 (prior to behavioral training), rats were
randomly assigned to drug (propranolol [PROP] or vehicle [VEH])
and exposure (FEAR or NEUTRAL) conditions, yielding the following
groups: PROP-FEAR (n ¼ 8), PROP-NEUTRAL (n ¼ 8), VEH-FEAR
(n ¼ 8), VEH-NEUTRAL (n ¼ 8). For Experiment 1, PROP and VEH
rats received systemic (i.p.) administration of propranolol (3.0 mg/
kg) or vehicle (respectively) immediately following maze training
on the first three days. This dose of propranolol was selected based
on previous evidence that this dose blocks the memorymodulatory
properties of glucocorticoid administration (Roozendaal et al.,
2006b). Propranolol (SigmaeAldrich) was dissolved in saline and
prepared fresh for each day's use. Systemic injection of propranolol
was administered at a volume of 1 ml/kg.

Immediately following propranolol or vehicle administration
(on the first three days of training in the maze), rats were exposed
to either the CS in the original conditioning chambers (FEAR rats) or
to a clean blue plastic container enclosed in a separate room
(NEUTRAL rats) for an equal duration. FEAR rats received three non-
reinforced conditioned tone presentations in the conditioning
chambers (separated by 1 min interstimulus intervals in the
chamber, with 3 min of baseline and 1min following the final tone-
alone presentation). FEAR rats were transported to and from the
fear conditioned chambers in the same black transport boxes used
during conditioning. NEUTRAL rats were transported in the white
plastic containers used throughout their training in the maze.
2.7. Behavioral procedures: experiment 2

In Experiment 2, rats were randomly assigned to drug (PROP or
VEH) and exposure (FEAR or NEUTRAL) conditions, yielding the
following groups: PROP-FEAR (n¼ 6), PROP-NEUTRAL (n¼ 9), VEH-
FEAR (n ¼ 9), VEH-NEUTRAL (n ¼ 7). All apparatuses and pro-
cedures were identical to those in Experiment 1, except that drugs
were administered directly into the BLA. For each infusion, pro-
pranolol (SigmaeAldrich) was dissolved in distilled water to a
concentration of 1.0 mg/ml. Physiological saline was used for VEH
animals. Gas-tight syringes (Hamilton Co.) were secured to an
automated syringe pump (KD Scientific). Polyethylene tubing (PE-
20; Braintree Scientific) was inserted over the gas-tight syringes.
Internal injection needles (11 mm, 33 gauge; Small Parts) were
fitted to the opposite end of the tubing. The stainless steel dummy
cannulae were removed from within the guide cannulae and the
injectors were inserted into the guides. PROP rats received bilateral
infusions of propranolol at a rate of 0.5 mL/min for 1 min, yielding a
dose of 0.5 mg of propranolol per hemisphere (VEH rats received an
equal volume of saline at an equal rate of infusion). This dose of
propranolol was selected based on previous evidence that intra-
BLA infusions at this dose block the memory modulatory proper-
ties of glucocorticoid administration (Roozendaal et al., 2006b).
Injectors remained in the guide cannulae for 1 min after infusion
before being removed; clean dummy cannulae were inserted into
the guides after these procedures. Rats remained in a cleanwhite 5-
gallon bucket during the infusion process.
2.8. Histology

Rats from Experiment 2 were overdosed on pentobarbital
(0.5 ml, i.p.) and intracardially perfused with physiological saline
and 10% formalin. Brains were extracted and stored in 10% formalin
for twenty-four hrs then switched to a sucrose-formalin solution
until sectioning. Brains were flash frozen and sectioned at 40 mmon
a cryostat. Every third slice was wet-mounted to a gel-subbed
microscope slide. Sections were stained with 0.25% thionin. Pho-
tomicrographs of brain slices were generated for each rat using a
Leica MZFLIII microscope. Only rats with injector tips localized
within the BLA (bilaterally) were included in the final analyses.



Fig. 1. An overview of the experimental designs.
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3. Results

3.1. Systemic propranolol prevents fear-enhanced consolidation of
habit memory (experiment 1)

Twenty-four hrs prior to training in the response learning task,
rats reliably conditioned to the auditory tone (Fig. 2A). Repeated
measures ANOVA revealed a main effect of trial [F(1,28) ¼ 161.998;
p < 0.0001] such that rats significantly increased in freezing from
baseline to the final tone at conditioning. As expected, rats did not
differ based on drug or exposure assignments across conditioning
trials [Fs < 2]. After maze training, CS exposure in the conditioning
context reliably induced freezing behavior in FEAR rats (Fig. 2A).
Collapsed across the three days of CS exposure, a main effect of trial
revealed that rats significantly increased in mean freezing
following the onset of the CS [F(1,14) ¼ 30.194; p < 0.0001], indi-
cating robust CS-evoked fear. Peripheral administration of pro-
pranolol did not significantly alter freezing, as rats exposed to fear
conditioned stimuli did not significantly differ across drug assign-
ments during the retrieval phase [Fs < 1].

Water maze performance for Experiment 1 is depicted in Fig. 2B.
As illustrated, systemic propranolol administration prevented the
memory enhancement produced by post-training exposure to the
fear CS. This was confirmed in the ANOVA by a significant
drug� exposure interaction for responding in themaze across days
2e5 of training [F(1,28)¼ 6.599; p < 0.05]. Post hoc analyses revealed
that VEH-FEAR rats exhibited significantly more correct responses
(%) across days 2e5 as compared to PROP-FEAR [p < 0.01] or VEH-
NEUTRAL [p < 0.05] rats, whereas PROP-FEAR, PROP-NEUTRAL, and
VEH-NEUTRAL rats did not significantly differ from one another
across training. A main effect of day indicated that performance in
the maze improved for all groups across days 2e5 [F(3,84) ¼ 13.733;
p < 0.0001]. Factorial ANOVA of group performance on Day 1
revealed no significant group differences [Fs < 2]. A trending but
nonsignificant main effect of propranolol was detected across days
2e5 [F < 3]. No other significant comparisons were detected
[Fs < 1]. In sum, the data from Experiment 1 reveal that post-
training peripheral antagonism of b-adrenoreceptors is sufficient
to blunt the enhancement of habit memory as a result of exposure
to fear CSs.

3.2. Intra-BLA propranolol infusions prevent fear-enhanced
consolidation of habit memory (experiment 2)

Intra-BLA cannula placements are illustrated in Fig. 3. As in
Experiment 1, conditioning in Experiment 2 was robust for all
groups (Fig. 4A). A main effect of trial indicated that rats signifi-
cantly increased in freezing from baseline to the final tone at con-
ditioning [F(1,27) ¼ 48.746; p < 0.0001]. Groups did not significantly
differ from baseline to the final conditioning trial [Fs < 2]. During
post-maze fear exposure, the CS reliably induced freezing (Fig. 4A).
Collapsed across the three days of CS exposure, a main effect of trial
revealed that rats significantly increased in mean freezing
following the onset of the CS [F(1,13) ¼ 13.930; p < 0.005]. PROP-
FEAR and VEH-FEAR rats did not significantly differ in their levels
of freezing across the three days of fear CS exposure [Fs< 2] (similar
to Experiment 1).

In contrast to experiment 1, ANOVA of maze performance on the
first day of maze training revealed a significant drug � exposure
interaction [F(1,27) ¼ 5.395; p < 0.05], indicating that the groups
differed in baseline memory performance. This was unexpected,
because all groups were treated equally before and during Day 1
maze training. Drug administration and fear CS exposure did not
occur until immediately after maze training on Day 1. Nevertheless,
post hoc analyses revealed that VEH-FEAR rats exhibited signifi-
cantly fewer correct responses on the first day of maze training as
compared to PROP-FEAR rats [p < 0.05]. On days 2e5, a main effect
of day was observed [F(3,81) ¼ 10.247; p < 0.0001], but no other
significant main effects or interactions were detected for % correct
responses [Fs < 1.5]. Given that, in contrast to experiment 1, groups
in experiment 2 displayed differences in Day 1 baseline memory
performance and that significant differences on the first day of
training may influence differences in future performance, we
normalized the responding of each rat in the maze to each rat's
relative performance for the first day. Specifically, the percentages
of correct responses of each rat for each day (2e5) were divided by
the rat's percentage correct on day 1 (i.e., a value of 1 indicates an
equal amount of correct responses as compared to day 1, a value of
2 indicates twice as many correct responses as compared to day 1,
and so on). As such, we analyzed the relative rate of increase in
habit memory expression in the maze as compared to the first day
of training (i.e., before drugs were administered). These results are
shown in Fig. 4B. ANOVA of percentage correct responses across
training days 2e5 revealed a significant drug � exposure interac-
tion [F(1,27) ¼ 5.413; p < 0.05]. Additionally, a significant
day � drug � exposure interaction was revealed [F(1,27) ¼ 2.855;
p < 0.05]. A main effect of PROP was trending, but not significant
[F < 2.5]. Post hoc tests revealed that VEH-FEAR rats increased their
performance in the maze at a faster rate as compared to PROP-FEAR
[p < 0.05] and VEH-NEUTRAL [p < 0.05] rats. Conversely, PROP-
FEAR, PROP-NEUTRAL, and VEH-NEUTRAL rats did not signifi-
cantly differ across days 2e5 of maze training. A main effect of day



Fig. 2. Post-training i.p. injections of propranolol prevent the enhanced consolidation
of response learning in the water plus-maze task as a result of exposure to fear
conditioned stimuli. A, Freezing (mean %; ±SEM) across the course of conditioning
(‘Cond’) and across days 1e3 of post-maze fear retrieval in Experiment 1. ‘BL’ depicts
freezing across 3 min of acclimation to the conditioning chamber for each day. ‘CS3’
depicts freezing during the final 20-sec CS at conditioning. ‘CS1’ depicts freezing
during the first 20-sec CS of each day of fear retrieval. B, Mean % correct (±SEM) for
each day of training in the water plus-maze. Rats receiving systemic propranolol
(3.0 mg/kg) prior to exposure to fear conditioned stimuli (PROP-FEAR) exhibited
significantly less % correct responses over the course of training as compared to
vehicle-treated controls (VEH-FEAR) [p < 0.05]. Rats receiving injections of propranolol
or vehicle but not re-exposed to fear conditioned stimuli (PROP-NEUTRAL and VEH-
NEUTRAL) did not significantly differ across training nor did they significantly differ
from PROP-FEAR rats.

Fig. 3. A, Representative photomicrograph depicting an injector tip terminating in the
basolateral amygdala (40 mm thionin-stained coronal section). B, Illustration of over-
lapping injection sites (black filled-in circles) in the basolateral complex of the
amygdala. Placements are representative of all rats included in the final analyses for
Experiment 2. Adapted from Swanson (2002). Distances are relative to bregma.
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was observed [F(3,81) ¼ 9.642; p < 0.0001], indicating that rats in
general significantly increased in their performance in the maze
across days. No other main effects or interactions were detected
[Fs < 1]. In sum, intra-BLA infusions of propranolol prevented the
relative increase in performance in the response learning water
plus-maze task after exposure of rats to conditioned fear cues.
4. Discussion

The present findings indicate that the enhancement of DLS-
dependent habit memory produced by exposure of rats to fear
CSs is blocked by systemic (Experiment 1) or intra-BLA (Experiment
2) antagonism of b-adrenoreceptors. The finding that post-training
exposure to fear CSs, relative to exposure to neutral stimuli,
enhanced habit memory is consistent with previous research from
our laboratory (Leong et al., 2015). Given previous evidence
indicating that delayed post-training CS exposure does not influ-
ence habit memory in the plus-maze (Leong et al., 2015), we as-
sume that CS exposure influences maze performance by
augmenting the initial consolidation phase of habit memory. In
addition, previous evidence indicates that animals not given fear
conditioning or animals given fear conditioning but no post-
training CS exposure do not display enhanced habit memory in
the plus-maze (Leong et al., 2015). This suggests that the
enhancement of habit memory in the present study is specifically
attributed to CS exposure (as opposed to the fear conditioning that
transpired twenty-four hrs prior to maze training). Also, given the
present finding that CS exposure was associated with conditioned
freezing, it is plausible that post-training CS exposure enhanced
habit memory by eliciting emotional arousal (i.e., fear).

Attributing the present habit memory enhancement to
emotional arousal concords with extensive previous evidence
indicating that high emotional arousal produced by unconditioned



Fig. 4. Post-training intra-basolateral amygdala (BLA) infusions of propranolol prevent
the enhanced consolidation of response learning in the water plus-maze task as a
result of exposure to fear conditioned stimuli. A, Freezing (mean %; ±SEM) across the
course of conditioning (‘Cond’) and across days 1e3 of post-maze fear retrieval in
Experiment 2. ‘BL’ depicts freezing across 3 min of acclimation to the conditioning
chamber for each day. ‘CS3’ depicts freezing during the final 20-sec CS at conditioning.
‘CS1’ depicts freezing during the first 20-sec CS of each day of fear retrieval. B, Y-axis
shows mean % correct for each day as normalized to the mean % correct from day 1
(±SEM). Rats receiving intra-BLA propranolol (0.5 mg per hemisphere) prior to expo-
sure to fear conditioned stimuli (PROP-FEAR) exhibited a slower rate of increase in the
relative % correct responses over the course training (days 2e5) as compared to
vehicle-treated controls (VEH-FEAR) [p < 0.05]. Rats receiving injections of propranolol
or vehicle but not exposed to fear conditioned stimuli (PROP-NEUTRAL and VEH-
NEUTRAL) did not significantly differ in their rate of learning across training nor did
they significantly differ from PROP-FEAR rats.
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stimuli enhances DLS-dependent memory processes (Packard,
2009; Packard and Goodman, 2012; Schwabe, 2013). For example,
systemic infusion of anxiogenic drugs such as a-2-adrenoreceptor
antagonists yohimbine or RS 79948-197 similarly enhances DLS-
dependent habit memory in the water plus-maze task (Wingard
and Packard, 2008; Packard and Gabriele, 2009; Leong et al.,
2012) and leads to the preferential use of DLS-dependent
learning in tasks that can be solved adequately using alternative
strategies (Packard and Wingard, 2004; Elliott and Packard, 2008).
Enhancements of DLS-dependent habit memory are also observed
after exposure to behavioral or ecologically valid stressors, such as
chronic restraint, tail shock, or predator odor (Kim et al., 2001;
Schwabe et al., 2008; Leong and Packard, 2014; Taylor et al.,
2014). Notably, the stress/anxiety-induced enhancement of habit
memory originally demonstrated in rodents (Packard andWingard,
2004) has also been demonstrated in humans following
administration of anxiogenic drugs (e.g., hydrocortisone) or expo-
sure to psychological stressors (Schwabe et al., 2007, 2008, 2010b,
2013; Schwabe and Wolf, 2009, 2010; Guenzel et al., 2014).

The influence of emotional arousal on memory systems may
involve the release of stress hormones and subsequent activation of
glucocorticoid, mineralocorticoid, and adrenergic receptors in the
brain (McGaugh, 2004). Consistent with this suggestion, drug
treatments increasing the activation of these receptors mimic the
mnemonic effects of emotional arousal, whereas decreasing acti-
vation of these receptors through the use of selective antagonists
prevents the effects of emotional arousal on memory (McGaugh,
2004; Roozendaal and McGaugh, 2011). For example, administra-
tion of the b-adrenoreceptor antagonist propranolol blocks the
emotional enhancement of DLS-dependent habit memory in
humans (Schwabe et al., 2011b), and a similar blockade may be
observed following administration of mineralocorticoid receptor
antagonists in mice and humans (Schwabe et al., 2010a, 2013). In
addition, propranolol administration blocked the fear CS-
enhancement of habit memory in the present study, consistent
with the hypothesis that noradrenergic activity also underlies the
mnemonic benefit of exposure to aversive CSs.

A modulatory role of the BLA has also been implicated in the
emotional enhancement of DLS-dependent habit memory
(Packard, 2009; Packard and Goodman, 2012). Direct administra-
tion of anxiogenic drugs into the BLA mimics the enhancement of
habit memory produced by systemic administration of these drugs
(Elliott and Packard, 2008; Wingard and Packard, 2008). In addi-
tion, the enhancement of habit memory after systemic adminis-
tration of anxiogenic drugs or exposure to predator odor is blocked
by reversible inactivation of the BLA (Packard and Gabriele, 2009;
Leong and Packard, 2014). The present finding that administra-
tion of the b-adrenoreceptor antagonist propranolol directly into
the BLA blocks the fear-enhancement of habit memory suggests
that the mnemonic effects of conditioned emotional stimuli might
similarly depend on both the noradrenergic system and a modu-
latory role of the BLA. Interestingly, this present finding suggests for
the first time that noradrenergic activity specifically within the BLA
is required for emotional arousal to influence DLS-dependent
memory. Moreover, prior evidence indicates that increasing
noradrenergic activity in the BLA is sufficient to enhance memory in
a task identical to the one employed in the present study (Wingard
and Packard, 2008), and the present results suggests that this effect
is likely mediated through b-adrenergic receptors. Prior research
indicates that exposure to fear CSs increases norepinephrine
release in the amygdala (Tanaka et al., 2000; Zhou et al., 2015) and
this increase in amygdala norepinephrine release may be respon-
sible for the enhancement of habit memory observed in the present
study. Future studies are necessary to examine whether increasing
BLA noradrenergic activity augments the enhancement of habit
memory by fear CSs and whether BLA norepinephrine levels cor-
relates with these memory enhancements.

Although we only analyzed data for rats having injectors within
the BLA, it is possible that drug had spread to other regions of the
amygdala (e.g., the central nucleus [CeA]). While previous evidence
suggests that the BLA, not CeA, mediates the memory modulating
capacity of the amygdala (see Roozendaal and McGaugh, 1996;
Quirarte et al., 1997; Roozendaal and McGaugh, 1997; Akirav and
Richter-Levin, 2002), it is possible that the enhancement of habit
memory in the present studymay have been partially influenced by
blockade of b-adrenoreceptors in the CeA. The CeA may influence
habit memory through an indirect CeA-dorsal striatum pathway
(Ferreira et al., 2008; Lingawi and Balleine, 2012). Whether the role
of the CeA in habit memory depends on b-adrenoreceptor activity
has yet to be examined.

An additional consideration regarding the fear CS enhancement
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of habit memory is how the physiological processes during
emotional arousal (e.g., stress hormone activity and BLA function)
lead to the enhancement of DLS-dependent memory processes.
One possibility is that stress hormones directly increase activation
of the DLS. Indeed, previous evidence indicates that systemic or
direct administration of corticosterone into the dorsal striatum
enhances memory consolidation in both the cued water maze and
inhibitory avoidance task (Medina et al., 2007; Quirarte et al., 2009;
Goodman et al., 2015). Thus, fear CS exposure may be associated
with the release of stress hormones such as corticosterone that
directly increase activity of the DLS and consequently enhance habit
memory consolidation in the plus-maze. Aside from this “direct”
mechanism of enhancement, it is also reasonable to hypothesize
that fear CS exposure may have enhanced habit memory indirectly
through modulation of other brain regions. Extensive evidence
indicates that in some learning situations, DLS-dependent memory
processes may be facilitated by lesion or inactivation of the hip-
pocampal formation (Packard et al., 1989; McDonald and White,
1993; Schroeder et al., 2002; for review, see Poldrack and
Packard, 2003). Given that stress/anxiety is frequently associated
with impaired hippocampus-dependent memory function
(Diamond et al., 1996; de Quervain et al., 1998; Conrad et al., 2004;
Sandi et al., 2005; Park et al., 2008;Wingard and Packard, 2008; for
review, see Sandi and Pinelo-Nava, 2007), CS exposure may have
similarly impaired hippocampal function in the present study, thus
indirectly enhancing DLS-dependent habit memory. Consistent
with this suggestion, previous evidence from our laboratory in-
dicates that anxiogenic drug doses that impair hippocampus-
dependent place learning also enhance DLS-dependent response
learning, and that these enhancing and impairing effects of anx-
iogenic drug administration critically depend on BLA function
(Wingard and Packard, 2008; Packard and Gabriele, 2009). Taking
this “indirect” hypothesis a step further, it is tempting to speculate
that propranolol administration in the present study might have
blocked the CS enhancement of habit memory indirectly by pre-
venting an impairment of hippocampal function. This hypothesis is
consistent with some evidence indicating that propranolol might
rescue the impairment of hippocampus-dependent memory pro-
duced by glucocorticoid administration (Roozendaal et al., 2004; de
Quervain et al., 2007).

In addition to memory impairments, previous evidence in-
dicates that memory enhancements following corticosterone
administration are also blocked by concurrent infusions of pro-
pranolol (Quirarte et al., 1997; Roozendaal et al., 2006a). Notably,
we have recently demonstrated that the corticosterone-induced
enhancement of DLS-dependent habit memory may also be
blocked by concurrent propranolol administration (Goodman et al.,
2015). Thus, consistent with the view that glucocorticoid and
noradrenergic mechanisms might interact to produce the
emotional enhancement of habit memory, CS exposure in the
present study would be expected to increase the release of gluco-
corticoids (Goldstein et al., 1996; Cordero et al., 1998; Hagewoud
et al., 2011), whereas administration of propranolol might pre-
vent glucocorticoids from enhancing habit memory (Goodman
et al., 2015).

Another possible mechanism underlying the current results is
that propranolol administration may have reduced fear expression
(Rodriguez-Romaguera et al., 2009; Fitzgerald et al., 2014, 2015;
Giustino et al., 2016). However, in the current study, CS-evoked
levels of freezing across retrieval were not significantly different
between propranolol- and vehicle-treated animals in either
experiment. Similarly, Cain and colleagues (2004) reported no
significant differences between mice treated (i.p.) with propranolol
or vehicle in the early phases of massed auditory CS extinction or
across a 60-min extinction session in a conditioned context (also,
see Fitzgerald et al., 2015; Zhou et al., 2015). However, it is possible
that floor effects might have competed with propranolol's effects
on freezing in the current study. A higher dose of propranolol may
also be required to significantly impact fear expression during post-
maze CS exposure. Regardless, CS-evoked fear in the current study
was sufficient to modulate performance in the maze for vehicle-
treated animals.

Finally, numerous investigators have suggested that enhance-
ment of the dorsal striatum-dependent memory system might in
part underlie the development of some neuropsychiatric disorders,
in particular disorders with prominent habit-like behavioral fea-
tures (White, 1996; Everitt and Robbins, 2005; Schwabe et al.,
2011a; Berner and Marsh, 2014; Gillan and Robbins, 2014;
Goodman et al., 2014; Goodman and Packard, 2016). For instance,
post-traumatic stress disorder (PTSD) is partly characterized by
intractable avoidance behaviors that occur in response to trauma-
related cues, and some investigators suggest that such avoidance
symptoms may be a manifestation of enhanced DLS-dependent
habit memory following very high levels of emotional arousal
(i.e., trauma; Packard, 2009; Schwabe et al., 2010c; Goodman et al.,
2012). The fear CS enhancement of habit memory observed in the
present study may be considered a putative animal model of this
proposed mechanism, whereby the conditioned emotional stimuli
represent the trauma-related cues that enhance dorsal striatum-
dependent memory processes and lead to the development or
expression of behavioral avoidance symptoms in PTSD. Clinical
evidence indicates that b-adrenoreceptor antagonists such as pro-
pranolol, when administered shortly after trauma or after PTSD has
already developed, may be useful in treating some PTSD symptoms
(Famularo et al., 1988; Pitman et al., 2002; Vaiva et al., 2003; Brunet
et al., 2008; Krauseneck et al., 2010; Giustino et al., 2016). Consid-
ering that propranolol blocked the fear CS enhancement of habit
memory, propranolol administered in the acute aftermath of
trauma may similarly reduce the development of habit-like
symptoms in PTSD.

Acknowledgments

The authors acknowledge Janice J. Kim for her technical assis-
tance. This work was supported by Texas A&M University PESCA
grant (M.G.P.) and National Institutes of Health grant
R01MH065961 (S.M.).

References

Akirav, I., Richter-Levin, G., 2002. Mechanisms of amygdala modulation of hippo-
campal plasticity. J. Neurosci. 22, 9912e9921.

Arnsten, A.F., 2015. Stress weakens prefrontal networks: molecular insults to higher
cognition. Nat. Neurosci. 18 (10), 1376e1385.

Berner, L.A., Marsh, R., 2014. Frontostriatal circuits and the development of bulimia
nervosa. Front. Behav. Neurosci. 8, 395.

Brunet, A., Orr, S.P., Tremblay, J., Robertson, K., Nader, K., Pitman, R.K., 2008. Effect of
post-retrieval propranolol on psychophysiologic responding during subsequent
script-driven traumatic imagery in post-traumatic stress disorder. J. Psychiatr.
Res. 42, 503e506.

Cain, C.K., Blouin, A.M., Barad, M., 2004. Adrenergic transmission facilitates
extinction of conditional fear in mice. Learn. Mem. 11, 179e187.

Campeau, S., Davis, M., 1995. Involvement of the central nucleus and basolateral
complex of the amygdala in fear conditioning measured with fear-potentiated
startle in rats trained concurrently with auditory and visual conditioned
stimuli. J. Neurosci. 15, 2301e2311.

Chang, Q., Gold, P.E., 2004. Inactivation of dorsolateral striatum impairs acquisition
of response learning in cue-deficient, but not cue-available, conditions. Behav.
Neurosci. 118, 383e388.

Conrad, C.D., Jackson, J.L., Wieczorek, L., Baran, S.E., Harman, J.S., Wright, R.L.,
Korol, D.L., 2004. Acute stress impairs spatial memory in male but not female
rats: influence of estrous cycle. Pharmacol. Biochem. Behav. 78, 569e579.

Cordero, M.I., Merino, J.J., Sandi, C., 1998. Correlational relationship between shock
intensity and corticosterone secretion on the establishment and subsequent
expression of contextual fear conditioning. Behav. Neurosci. 112, 885e891.

De Leonibus, E., Costantini, V.J., Massaro, A., Mandolesi, G., Vanni, V., Luvisetto, S.,

http://refhub.elsevier.com/S2352-2895(15)30040-0/sref1
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref1
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref1
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref2
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref2
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref2
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref3
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref3
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref4
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref4
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref4
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref4
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref4
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref5
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref5
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref5
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref6
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref6
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref6
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref6
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref6
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref7
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref7
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref7
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref7
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref8
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref8
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref8
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref8
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref9
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref9
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref9
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref9
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref10


T.D. Goode et al. / Neurobiology of Stress 3 (2016) 74e82 81
Pavone, F., Oliverio, A., Mele, A., 2011. Cognitive and neural determinants of
response strategy in the dual-solution plus-maze task. Learn. Mem. 18,
241e244.

de Quervain, D.J.F., Roozendaal, B., McGaugh, J.L., 1998. Stress and glucocorticoids
impair retrieval of long-term spatial memory. Nature 394, 787e790.

de Quervain, D.J.F., Aerni, A., Roozendaal, B., 2007. Preventive effect of b-adreno-
ceptor blockade on glucocorticoid-induced memory retrieval deficits. Am. J.
Psychiatry 164, 967e969.

Diamond, D.M., Fleshner, M., Ingersoll, N., Rose, G., 1996. Psychological stress im-
pairs spatial working memory: relevance to electrophysiological studies of
hippocampal function. Behav. Neurosci. 110, 661e672.

Elliott, A.E., Packard, M.G., 2008. Intra-amygdala anxiogenic drug infusion prior to
retrieval biases rats towards the use of habit memory. Neurobiol. Learn. Mem.
90, 616e623.

Everitt, B.J., Robbins, T.W., 2005. Neural systems of reinforcement for drug addic-
tion: from actions to habits to compulsion. Nat. Neurosci. 8, 1481e1489.

Famularo, R., Kinscherff, R., Fenton, T., 1988. Propranolol treatment for childhood
posttraumatic stress disorder, acute type: a pilot study. Am. J. Dis. Child. 142,
1244e1247.

Ferreira, T.L., Shammah-Lagnado, S.J., Bueno, O.F., Moreira, K.M., Fornari, R.V.,
Oliveira, M.G., 2008. The indirect amygdala-dorsal striatum pathway mediates
conditioned freezing: insights on emotional memory networks. Neuroscience
153, 84e94.

Fitzgerald, P.J., Seemann, J.R., Maren, S., 2014. Can fear extinction be enhanced? A
review of pharmacological and behavioral findings. Brain Res. Bull. 105, 46e60.

Fitzgerald, P.J., Giustino, T.F., Seemann, J.R., Maren, S., 2015. Noradrenergic blockade
stabilizes prefrontal activity and enables fear extinction under stress. Proc. Natl.
Acad. Sci. U. S. A. 112, E3729eE3737.

Gillan, C.M., Robbins, T.W., 2014. Goal-directed learning and obsessive-compulsive
disorder. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 369, 20130475.

Giustino, T.F., Fitzgerald, P.J., Maren, S., 2016. Revisiting propranolol and PTSD:
memory erasure or extinction enhancement? Neurobiol. Learn. Mem. 130,
26e33.

Goldstein, L.E., Rasmusson, A.M., Bunney, B.S., Roth, R.H., 1996. Role of the amygdala
in the coordination of behavioral, neuroendocrine, and prefrontal cortical
monoamine responses to psychological stress in the rat. J. Neurosci. 16,
4787e4798.

Goodman, J., Packard, M.G., 2014. Peripheral and intra-dorsolateral striatum in-
jections of the cannabinoid receptor agonist WIN 55,212-2 impair consolidation
of stimuluseresponse memory. Neuroscience 274, 128e137.

Goodman, J., Packard, M.G., 2016a. Memory systems and the addicted brain. Front
Psychiatry 7. http://dx.doi.org/10.3389/fpsyt.2016.00024, 24.

Goodman, J., Packard, M.G., 2016b. Memory systems of the basal ganglia. In:
Steiner, H., Tseng, K.Y. (Eds.), Handbook of Basal Ganglia Structure and Function.
Academic Press, San Diego in press.

Goodman, J., Leong, K.C., Packard, M.G., 2012. Emotional modulation of multiple
memory systems: implications for the neurobiology of post-traumatic stress
disorder. Rev. Neurosci. 23, 627e643.

Goodman, J., Marsh, R., Peterson, B.S., Packard, M.G., 2014. Annual research review:
the neurobehavioral development of multiple memory systemseimplications
for childhood and adolescent psychiatric disorders. J. Child. Psychol. Psychiatry
55, 582e610.

Goodman, J., Leong, K.C., Packard, M.G., 2015. Glucocorticoid enhancement of
dorsolateral striatum-dependent habit memory requires concurrent norad-
renergic activity. Neuroscience 311, 1e8.

Guenzel, F.M., Wolf, O.T., Schwabe, L., 2014. Glucocorticoids boost stimulus-
response memory formation in humans. Psychoneuroendocrinology 45, 21e30.

Hagewoud, R., Bultsma, L.J., Barf, R.P., Koolhaas, J.P., Meerlo, P., 2011. Sleep depri-
vation impairs contextual fear conditioning and attenuates subsequent
behavioural, endocrine, and neuronal responses. J. Sleep. Res. 20, 259e266.

Hatfield, T., McGaugh, J.L., 1999. Norepinephrine infused into the basolateral
amygdala posttraining enhances retention in a spatial water maze task. Neu-
robiol. Learn. Mem. 71, 232e239.

Hawley, W.R., Grissom, E.M., Patel, J.M., Hodges, K.S., Dohanich, G.P., 2013. Reac-
tivation of an aversive memory modulates learning strategy preference in male
rats. Stress 16, 73e86.

Holahan, M.R., White, N.M., 2002. Conditioned memory modulation, freezing, and
avoidance as measures of amygdala-mediated conditioned fear. Neurobiol.
Learn. Mem. 77, 250e275.

Holahan, M.R., White, N.M., 2004. Amygdala inactivation blocks expression of
conditioned memory modulation and the promotion of avoidance and freezing.
Behav. Neurosci. 118, 24e35.

Kim, J.J., Diamond, D.M., 2002. The stressed hippocampus, synaptic plasticity and
lost memories. Nat. Rev. Neurosci. 3 (6), 453e462.

Kim, J.J., Lee, H.J., Han, J.S., Packard, M.G., 2001. Amygdala is critical for stress-
induced modulation of hippocampal long-term potentiation and learning.
J. Neurosci. 21, 5222e5228.

Krauseneck, T., Padberg, F., Roozendaal, B., Grathwohl, M., Weis, F., Hauer, D.,
Kaufmann, I., Schmoeckel, M., Schelling, G., 2010. A beta-adrenergic antagonist
reduces traumatic memories and PTSD symptoms in female but not in male
patients after cardiac surgery. Psychol. Med. 40, 861e869.

LeDoux, J., 2000. Emotion circuits in the brain. Annu. Rev. Neurosci. 23, 155e184.
LeDoux, J., 2003. The emotional brain, fear, and the amygdala. Cell. Mol. Neurobiol.

23, 727e738.
Leong, K.C., Packard, M.G., 2014. Exposure to predator odor influences the relative
use of multiple memory systems: role of basolateral amygdala. Neurobiol.
Learn. Mem. 109, 56e61.

Leong, K.C., Goodman, J., Packard, M.G., 2012. Buspirone blocks the enhancing effect
of the anxiogenic drug RS 79948-197 on consolidation of habit memory. Behav.
Brain. Res. 234, 299e302.

Leong, K.C., Goodman, J., Packard, M.G., 2015. Post-training re-exposure to fear
conditioned stimuli enhances memory consolidation and biases rats toward the
use of dorsolateral striatum-dependent response learning. Behav. Brain. Res.
291, 195e200.

Liang, K.C., Juler, R.G., McGaugh, J.L., 1986. Modulating effects of posttraining
epinephrine on memory: involvement of the amygdala noradrenergic system.
Brain Res. 368, 125e133.

Liang, K.C., McGaugh, J.L., Yao, H.Y., 1990. Involvement of amygdala pathways in the
influence of post-training intra-amygdala norepinephrine and peripheral
epinephrine on memory storage. Brain Res. 508, 225e233.

Lin, J.Y., Liao, R.M., 2003. Effects of lithium chloride induced reward devaluation on
two types of spatial behavior of the taxon system. Chin. J. Psychol. 45, 243e262.

Lingawi, N.W., Balleine, B.W., 2012. Amygdala central nucleus interacts with
dorsolateral striatum to regulate the acquisition of habits. J. Neurosci. 32,
1073e1081.

Maren, S., 2001a. Is there savings for Pavlovian fear conditioning after neurotoxic
basolateral amygdala lesions in rats? Neurobiol. Learn. Mem. 76, 268e283.

Maren, S., 2001b. Neurobiology of Pavlovian fear conditioning. Annu. Rev. Neurosci.
24, 897e931.

Maren, S., Aharonov, G., Fanselow, M.S., 1996. Retrograde abolition of conditional
fear after excitotoxic lesions in the basolateral amygdala of rats: absence of a
temporal gradient. Behav. Neurosci. 110, 718e726.

McDonald, R.J., White, N.M., 1993. A triple dissociation of memory systems: hip-
pocampus, amygdala, and dorsal striatum. Behav. Neurosci. 107, 3e22.

McGaugh, J.L., 2004. The amygdala modulates the consolidation of memories of
emotionally arousing experiences. Annu. Rev. Neurosci. 27, 1e28.

Medina, A.C., Charles, J.R., Espinoza-Gonz�alez, V., S�anchez-Resendis, O., Prado-
Alcal�a, R.A., Roozendaal, B., Quirarte, G.L., 2007. Glucocorticoid administration
into the dorsal striatum facilitates memory consolidation of inhibitory avoid-
ance training but not of the context or footshock components. Learn. Mem. 14,
673e677.

Packard, M.G., 2009. Anxiety, cognition, and habit: a multiple memory systems
perspective. Brain Res. 1293, 121e128.

Packard, M.G., Gabriele, A., 2009. Peripheral anxiogenic drug injections differen-
tially affect cognitive and habit memory: role of basolateral amygdala. Neuro-
science 164, 457e462.

Packard, M.G., Goodman, J., 2012. Emotional arousal and multiple memory systems
in the mammalian brain. Front. Behav. Neurosci. 6, 14.

Packard, M.G., Goodman, J., 2013. Factors that influence the relative use of multiple
memory systems. Hippocampus 23, 1044e1052.

Packard, M.G., Knowlton, B.J., 2002. Learning and memory functions of the basal
ganglia. Annu. Rev. Neurosci. 25, 563e593.

Packard, M.G., McGaugh, J.L., 1996. Inactivation of hippocampus or caudate nucleus
with lidocaine differentially affects expression of place and response learning.
Neurobiol. Learn. Mem. 65, 65e72.

Packard, M.G., Wingard, J.C., 2004. Amygdala and “emotional” modulation of the
relative use of multiple memory systems. Neurobiol. Learn. Mem. 82, 243e252.

Packard, M.G., Hirsh, R., White, N.M., 1989. Differential effects of fornix and caudate
nucleus lesions on two radial maze tasks: evidence for multiple memory sys-
tems. J. Neurosci. 9, 1465e1472.

Park, C.R., Zoladz, P.R., Conrad, C.D., Fleshner, M., Diamond, D.M., 2008. Acute
predator stress impairs the consolidation and retrieval of hippocampus-
dependent memory in male and female rats. Learn. Mem. 15 (4), 271e280.

Pitman, R.K., Sanders, K.M., Zusman, R.M., Healy, A.R., Cheema, F., Lasko, N.B.,
Cahill, L., Orr, S.P., 2002. Pilot study of secondary prevention of posttraumatic
stress disorder with propranolol. Biol. Psychiatry 51, 189e192.

Poldrack, R.A., Packard, M.G., 2003. Competition among multiple memory systems:
converging evidence from animal and human brain studies. Neuropsychologia
41, 245e251.

Quirarte, G.L., Roozendaal, B., McGaugh, J.L., 1997. Glucocorticoid enhancement of
memory storage involves noradrenergic activation in the basolateral amygdala.
Proc. Natl. Acad. Sci. U. S. A. 94, 14048e14053.

Quirarte, G.L., de la Teja, I.S.L., Casillas, M., Serafín, N., Prado-Alcal�a, R.A.,
Roozendaal, B., 2009. Corticosterone infused into the dorsal striatum selectively
enhances memory consolidation of cued water-maze training. Learn. Mem. 16,
586e589.

Rodriguez-Romaguera, J., Sotres-Bayon, F., Mueller, D., Quirk, G.J., 2009. Systemic
propranolol acts centrally to reduce conditioned fear in rats without impairing
extinction. Biol. Psychiatry 65, 887e892.

Roozendaal, B., McGaugh, J.L., 1996. Amygdaloid nuclei lesions differentially affect
glucocorticoid-induced memory enhancement in an inhibitory avoidance task.
Neurobiol. Learn. Mem. 65, 1e8.

Roozendaal, B., McGaugh, J.L., 1997. Basolateral amygdala lesions block the memory-
enhancing effect of glucocorticoid administration in the dorsal hippocampus of
rats. Eur. J. Neurosci. 9, 76e83.

Roozendaal, B., McGaugh, J.L., 2011. Memory modulation. Behav. Neurosci. 125,
797e824.

Roozendaal, B., Hahn, E.L., Nathan, S.V., Dominique, J.F., McGaugh, J.L., 2004.
Glucocorticoid effects on memory retrieval require concurrent noradrenergic
activity in the hippocampus and basolateral amygdala. J. Neurosci. 24,

http://refhub.elsevier.com/S2352-2895(15)30040-0/sref10
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref10
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref10
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref10
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref11
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref11
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref11
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref12
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref12
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref12
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref12
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref13
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref13
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref13
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref13
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref14
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref14
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref14
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref14
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref15
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref15
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref15
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref16
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref16
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref16
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref16
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref17
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref17
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref17
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref17
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref17
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref18
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref18
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref18
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref19
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref19
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref19
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref19
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref20
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref20
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref21
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref21
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref21
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref21
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref22
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref22
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref22
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref22
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref22
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref23
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref23
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref23
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref23
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref23
http://dx.doi.org/10.3389/fpsyt.2016.00024
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref25
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref25
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref25
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref26
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref26
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref26
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref26
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref27
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref27
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref27
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref27
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref27
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref27
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref28
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref28
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref28
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref28
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref29
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref29
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref29
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref30
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref30
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref30
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref30
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref31
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref31
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref31
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref31
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref32
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref32
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref32
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref32
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref33
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref33
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref33
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref33
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref34
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref34
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref34
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref34
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref35
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref35
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref35
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref36
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref36
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref36
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref36
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref37
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref37
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref37
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref37
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref37
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref38
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref38
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref39
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref39
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref39
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref40
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref40
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref40
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref40
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref41
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref41
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref41
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref41
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref42
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref42
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref42
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref42
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref42
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref43
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref43
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref43
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref43
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref44
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref44
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref44
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref44
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref45
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref45
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref45
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref46
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref46
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref46
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref46
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref47
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref47
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref47
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref48
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref48
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref48
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref49
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref49
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref49
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref49
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref50
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref50
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref50
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref51
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref51
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref51
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref52
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref52
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref52
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref52
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref52
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref52
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref52
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref52
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref52
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref54
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref54
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref54
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref55
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref55
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref55
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref55
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref56
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref56
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref57
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref57
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref57
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref58
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref58
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref58
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref59
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref59
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref59
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref59
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref60
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref60
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref60
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref61
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref61
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref61
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref61
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref62
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref62
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref62
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref62
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref63
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref63
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref63
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref63
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref64
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref64
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref64
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref64
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref65
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref65
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref65
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref65
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref66
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref66
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref66
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref66
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref66
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref66
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref67
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref67
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref67
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref67
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref68
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref68
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref68
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref68
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref69
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref69
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref69
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref69
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref70
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref70
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref70
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref71
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref71
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref71


T.D. Goode et al. / Neurobiology of Stress 3 (2016) 74e8282
8161e8169.
Roozendaal, B., Hui, G.K., Hui, I.R., Berlau, D.J., McGaugh, J.L., Weinberger, N.M.,

2006a. Basolateral amygdala noradrenergic activity mediates corticosterone-
induced enhancement of auditory fear conditioning. Neurobiol. Learn. Mem.
86, 249e255.

Roozendaal, B., Okuda, S., Van der Zee, E.A., McGaugh, J.L., 2006b. Glucocorticoid
enhancement of memory requires arousal-induced noradrenergic activation in
the basolateral amygdala. Proc. Natl. Acad. Sci. U. S. A. 103, 6741e6746.

Roozendaal, B., McEwen, B.S., Chattarji, S., 2009. Stress, memory and the amygdala.
Nat. Rev. Neurosci. 10, 423e433.

Sage, J.R., Knowlton, B.J., 2000. Effects of US devaluation onwinestay and wineshift
radial maze performance in rats. Behav. Neurosci. 114, 295.

Sandi, C., 2013. Stress and cognition. Wiley Interdiscip. Rev. Cogn. Sci. 4, 245e261.
Sandi, C., Pinelo-Nava, M.T., 2007. Stress and memory: behavioral effects and

neurobiological mechanisms. Neural Plast. 2007, 78970.
Sandi, C., Woodson, J.C., Haynes, V.F., Park, C.R., Touyarot, K., Lopez-Fernandez, M.A.,

Venero, C., Diamond, D.M., 2005. Acute stress-induced impairment of spatial
memory is associated with decreased expression of neural cell adhesion
molecule in the hippocampus and prefrontal cortex. Biol. Psychiatry 57,
856e864.

Schroeder, J.P., Wingard, J.C., Packard, M.G., 2002. Post-training reversible inacti-
vation of hippocampus reveals interference between memory systems. Hip-
pocampus 12, 280e284.

Schwabe, L., 2013. Stress and the engagement of multiple memory systems: inte-
gration of animal and human studies. Hippocampus 23, 1035e1043.

Schwabe, L., Wolf, O.T., 2009. Stress prompts habit behavior in humans. J. Neurosci.
29, 7191e7198.

Schwabe, L., Wolf, O.T., 2010. Socially evaluated cold pressor stress after instru-
mental learning favors habits over goal-directed action. Psychoneur-
oendocrinology 35, 977e986.

Schwabe, L., Oitzl, M.S., Philippsen, C., Richter, S., Bohringer, A., Wippich, W.,
Schachinger, H., 2007. Stress modulates the use of spatial versus stimulus-
response learning strategies in humans. Learn. Mem. 14, 109e116.

Schwabe, L., Dalm, S., Sch€achinger, H., Oitzl, M.S., 2008. Chronic stress modulates
the use of spatial and stimulus-response learning strategies in mice and man.
Neurobiol. Learn. Mem. 90, 495e503.

Schwabe, L., Sch€achinger, H., de Kloet, E.R., Oitzl, M.S., 2010a. Corticosteroids
operate as a switch between memory systems. J. Cogn. Neurosci. 22,
1362e1372.

Schwabe, L., Tegenthoff, M., H€offken, O., Wolf, O.T., 2010b. Concurrent glucocorti-
coid and noradrenergic activity shifts instrumental behavior from goal-directed
to habitual control. J. Neurosci. 30, 8190e8196.

Schwabe, L., Wolf, O.T., Oitzl, M.S., 2010c. Memory formation under stress: quantity
and quality. Neurosci. Biobehav. Rev. 34, 584e591.

Schwabe, L., Dickinson, A., Wolf, O.T., 2011a. Stress, habits, and drug addiction: a
psychoneuroendocrinological perspective. Exp. Clin. Psychopharmacol. 19,
53e63.
Schwabe, L., H€offken, O., Tegenthoff, M., Wolf, O.T., 2011b. Preventing the stress-

induced shift from goal-directed to habit action with a b-adrenergic antago-
nist. J. Neurosci. 31, 17317e17325.

Schwabe, L., Tegenthoff, M., H€offken, O., Wolf, O.T., 2013. Mineralocorticoid receptor
blockade prevents stress-induced modulation of multiple memory systems in
the human brain. Biol. Psychiatry 74, 801e808.

Smith, K.S., Graybiel, A.M., 2013. A dual operator view of habitual behavior
reflecting cortical and striatal dynamics. Neuron 79, 361e374.

Smith, K.S., Virkud, A., Deisseroth, K., Graybiel, A.M., 2012. Reversible online control
of habitual behavior by optogenetic perturbation of medial prefrontal cortex.
Proc. Natl. Acad. Sci. U. S. A. 109, 18932e18937.

Squire, L.R., 2004. Memory systems of the brain: a brief history and current
perspective. Neurobiol. Learn. Mem. 82, 171e177.

Swanson, L.W., 2002. Brain Maps: Structure of the Rat Brain. Elsevier, New York, NY.
Tanaka, M., Yoshida, M., Emoto, H., Ishii, H., 2000. Noradrenaline systems in the

hypothalamus, amygdala and locus coeruleus are involved in the provocation of
anxiety: basic studies. Eur. J. Pharmacol. 405, 397e406.

Taylor, S.B., Anglin, J.M., Paode, P.R., Riggert, A.G., Olive, M.F., Conrad, C.D., 2014.
Chronic stress may facilitate the recruitment of habit-and addiction-related
neurocircuitry through neuronal restructuring of the striatum. Neuroscience
280, 231e242.

Vaiva, G., Ducroz, F., Jezequel, K., Averland, B., Lestavel, P., Brunet, A., Marmar, C.R.,
2003. Immediate treatment with propranolol decreases posttraumatic stress
disorder two months after trauma. Biol. Psychiatry 54, 947e949.

White, N.M., 1996. Addictive drugs as reinforcers: multiple partial actions on
memory systems. Addiction 91, 921e950.

White, N.M., McDonald, R.J., 2002. Multiple parallel memory systems in the brain of
the rat. Neurobiol. Learn. Mem. 77, 125e184.

White, N.M., Packard, M.G., McDonald, R.J., 2013. Dissociation of memory systems:
the story unfolds. Behav. Neurosci. 127, 813e834.

Wingard, J.C., Packard, M.G., 2008. The amygdala and emotional modulation of
competition between cognitive and habit memory. Behav. Brain. Res. 193,
126e131.

Wingard, J.C., Goodman, J., Leong, K.C., Packard, M.G., 2015. Differential effects of
massed and spaced training on place and response learning: a memory systems
perspective. Behav. Process 118, 85e89.

Yin, H.H., Knowlton, B.J., 2004. Contributions of striatal subregions to place and
response learning. Learn. Mem. 11, 459e463.

Yin, H.H., Knowlton, B.J., Balleine, B.W., 2004. Lesions of dorsolateral striatum
preserve outcome expectancy but disrupt habit formation in instrumental
learning. Eur. J. Neurosci. 19, 181e189.

Zhou, J., Luo, Y., Zhang, J.T., Li, M.X., Wang, C.M., Guan, X.L., Wu, P.F., Hu, Z.L., Jin, Y.,
Ni, L., Wang, F., Chen, J.G., 2015. Propranolol decreases retention of fear memory
by modulating the stability of surface glutamate receptor GluA1 subunits in the
lateral amygdala. Br. J. Pharmacol. 172, 5068e5082.

http://refhub.elsevier.com/S2352-2895(15)30040-0/sref71
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref71
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref72
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref72
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref72
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref72
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref72
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref73
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref73
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref73
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref73
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref74
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref74
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref74
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref75
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref75
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref75
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref75
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref76
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref76
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref77
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref77
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref78
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref78
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref78
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref78
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref78
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref78
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref79
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref79
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref79
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref79
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref80
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref80
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref80
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref81
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref81
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref81
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref82
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref82
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref82
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref82
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref83
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref83
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref83
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref83
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref84
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref84
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref84
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref84
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref84
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref85
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref85
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref85
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref85
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref85
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref86
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref86
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref86
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref86
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref86
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref87
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref87
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref87
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref88
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref88
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref88
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref88
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref89
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref89
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref89
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref89
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref89
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref90
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref90
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref90
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref90
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref90
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref91
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref91
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref91
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref92
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref92
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref92
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref92
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref93
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref93
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref93
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref94
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref95
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref95
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref95
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref95
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref96
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref96
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref96
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref96
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref96
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref97
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref97
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref97
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref97
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref98
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref98
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref98
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref99
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref99
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref99
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref100
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref100
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref100
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref101
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref101
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref101
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref101
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref102
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref102
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref102
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref102
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref103
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref103
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref103
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref104
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref104
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref104
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref104
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref105
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref105
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref105
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref105
http://refhub.elsevier.com/S2352-2895(15)30040-0/sref105

	Enhancement of striatum-dependent memory by conditioned fear is mediated by beta-adrenergic receptors in the basolateral am ...
	1. Introduction
	2. Materials and methods
	2.1. Subjects
	2.2. Apparatus
	2.3. Surgery
	2.4. Fear conditioning
	2.5. Response learning task
	2.6. Behavioral procedures: experiment 1
	2.7. Behavioral procedures: experiment 2
	2.8. Histology

	3. Results
	3.1. Systemic propranolol prevents fear-enhanced consolidation of habit memory (experiment 1)
	3.2. Intra-BLA propranolol infusions prevent fear-enhanced consolidation of habit memory (experiment 2)

	4. Discussion
	Acknowledgments
	References


