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Abstract

Reminders of an aversive event adversely impact retrieval of hippocampus-dependent memories and exacerbate
stress-induced levels of anxiety. Interestingly, stress and anxiety shift control over learning away from the hippocampus and
toward the striatum. The aims of the current study were to determine whether spatial memory and learning strategy are
impacted by reminders of a stressor. Adult male Long-Evans rats (/N = 47) were subjected to an inhibitory avoidance (IA)
training trial in which 32 rats were exposed (3 s) to a single inescapable electrical footshock (0.6 mA). Prior to the retention
trial of a Y-maze task and the probe trials of two different learning strategy tasks, some of the rats that were exposed to the
footshock (n = 17) were reminded of the stressor on an IA retrieval trial. Both groups of rats exposed to the initial stressor
exhibited hypoactivity, but no impairment in spatial memory, on the Y-maze task conducted 1 week after exposure to the
footshock. One month after exposure to footshock, both groups of rats exposed to the initial stressor tended to prefer a
striatum-dependent learning strategy on a water T-maze task. However, 2 months after exposure to footshock, only shocked
rats that were reminded of the stressor exhibited a preference for a striatum-dependent learning strategy on a visible-platform
water maze task, which corresponded with lower levels of activity in an open field. The results indicate that reminders of a
stressor perpetuate the deleterious effects of stress on affective and cognitive processes.

Keywords: Anxiety, aversive memory, footshock, learning strategy, posttraumatic stress disorder (PTSD), spatial memory

Introduction task (Howland and Cazakoff 2010), the radial-arm
maze (Diamond et al. 1996), the water version of the
radial-arm maze (Diamond et al. 1999; Woodson et al.
2003; Park et al. 2008), and the Morris water maze
(de Quervain et al. 1998; Kim et al. 2005). Although
the impact of exposure to a single traumatic event has
been well documented, the effects of subsequent
exposures to reminders of an acute stressor on anxiety
and cognition remain largely unexplored.

Results from animal models of posttraumatic stress

In rodents, heightened anxiety and impairments in
hippocampus-dependent spatial learning and memory
often arise after exposure to a single traumatic event.
Following exposure to acute stressors, rodents
typically exhibit increased levels of anxiety on a variety
of tests that assess affective behaviors, including the
open field (Van Dijken et al. 1992), the light-dark
transition box (Adamec et al. 2007), the elevated plus-
maze (Belda et al. 2008), the novelty-induced feeding

task (Siegmund and Wotjak 2007), and the social
interaction test (Haller and Bakos 2002; Mikics et al.
2008a,b; Christianson et al. 2009). Correspondingly,
exposure to acute stressors often results in poorer
performance on tests of spatial cognition such as the
Y-maze task (Conrad et al. 2004), the object location

disorder (PTSD) indicate that reminders of a
traumatic event, which are designed to simulate the
intrusive thoughts that characterize the human
disorder, compound the detrimental effects of the
initial stressor on anxiety and spatial cognition (Korte
et al. 1999; Zoladz et al. 2010). For example, rats that
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were reminded of electrical footshocks exhibited
higher levels of anxiety on an elevated plus-maze
(Korte et al. 1999) and made more errors in a water-
based version of a radial-arm maze (Zoladz et al.
2010) compared with rats that were never exposed to
the shock and with rats that experienced the shock but
were never exposed to reminders of the experience.
These results indicate that reminders of a stressor
reactivate the aversive memory, which in turn
potentiates the adverse effects on affective behaviors
and hippocampus-dependent learning and memory
processes.

Interestingly, an intimate link exists between affect
and cognition such that exposure to stress (Kim et al.
2001; Schwabe et al. 2008; Ferragud et al. 2010) and
heightened levels of anxiety (Packard and Wingard
2004; Elliott and Packard 2008; Hawley et al. 2011a)
shift the way information is learned. When navigating
a spatial environment, rodents are able to employ
different types of learning strategies that are mediated
by specific brain structures. A hippocampus-depen-
dent place strategy relies on the relationships between
cues in the extra-maze environment and a goal
(Packard and McGaugh 1996; Packard 1999;
Colombo et al. 2003; Gold 2004; Hawley et al.
2011a, 2012). Alternatively, striatum-based stimulus-
response and response strategies rely either on a cue
proximal to a goal that signals its location (Packard
and McGaugh 1992; McDonald and White 1994;
Devan and White 1999; Kim et al. 2001; Daniel and
Lee 2004; Martel et al. 2007; Hawley et al. 2011a) or
on proprioceptive cues that signal specific body
movements toward a goal, respectively (Packard and
McGaugh 1996; Mclntyre et al. 2003; Korol et al.
2004; Pleil and Williams 2010; Hawley et al. 2012).
Importantly, the brain structures that govern the two
strategies work in a cooperative fashion such that
when the integrity of the hippocampus is compro-
mised, the striatum-based memory system emerges to
modulate learning (McDonald and White 1994;
Packard and McGaugh 1996). Notably, following
exposure to a single episode of inescapable stress (Kim
et al. 2001), or upon administration of anxiogenic
agents (Packard and Wingard 2004; Elliott and
Packard 2008), rodents eschew a place strategy and
instead exhibit a preference for a striatum-dependent
response learning strategy. Therefore, if exposure to a
reminder of an aversive event heightens anxiety (Korte
et al. 1999) and impairs retrieval of a recently formed
spatial memory (Zoladz et al. 2010), then exposure to
a reminder of an aversive event would also be expected
to bias rats toward striatum-dependent learning
strategies. Consistent with previous research (Zoladz
et al. 2010), rats were subjected to an inhibitory
avoidance (IA) retrieval trial, or remained in their home
cage, 30 min prior to the retention trial of a Y-maze
task, which assesses spatial memory (Conrad et al.
1996; Wright and Conrad 2005; Hawley et al. 2011a),

and again 30 min prior to the probe trials of two
different dual-solution learning strategy tasks, which
assess learning strategy preference (McDonald and
White 1994; Packard and Wingard 2004; Elliott and
Packard 2008). Four days following the final learning
strategy test, an open field test was conducted to
confirm the effects of multiple reminders of an aversive
event on activity and anxiety (Louvart et al. 2005;
Hawley et al. 2011b). Relative to rats that were not
shocked and to rats that were never reminded of
the shock, we hypothesized that rats reminded of
the footshock would exhibit an impairment in spatial
memory, a bias toward striatum-dependent learning
strategies, and elevated levels of anxiety.

Materials and methods
Animals

A total of 47 male Long-Evans rats, 55 days of age
upon arrival, were purchased from Harlan, Inc.
(Indianapolis, IN, USA). Rats were housed individu-
ally, provided free access to food and water, and
maintained under a standard 12h:12h light-dark
cycle (lights on at 07:00h) in animal care facilities
accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care. All pro-
cedures were approved by the Tulane University
Institutional Animal Care and Use Committee in
accordance with the Naronal Institutes of Health Guide
for the Care and Use of Laboratory Animals (1996). Rats
were acclimated to the housing conditions for
approximately 2 weeks prior to the onset of behavioral
procedures. During that time, rats were handled for
1 min/day on four different days in order to habituate
to the experimenters. Ambient temperature in both
the vivarium and behavioral testing rooms was
maintained in a range between 20°C and 22°C. All
behavioral tests were conducted between 08:00 and
17:00 h. A timetable for the behavioral procedures is
outlined in Figure 1.

Stress and reactivation of an aversive memory: 1A

The stress paradigm, which included exposure to
reminders of the initial stressor, was adapted from a
protocol developed to interfere with the retrieval of
hippocampus-dependent memories (Zoladz et al.
2010). The initial stressor was a brief exposure to an
inescapable electrical footshock, which was adminis-
tered in an enclosed chamber (50 X 25 X 30 cm) that
was divided into two equal-sized compartments
separated by an automatic guillotine door (Coulborn
Instruments, Whitehall, PA, USA). The illuminated
compartment had walls lined externally with white
posterboard and the dark compartment had walls lined
externally with black posterboard. The apparatus,
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Figure 1. Timeline for behavioral testing. The initial stressor
consisted of exposure to electrical footshock during an IA training
trial. To re-activate the memory for the aversive event, reminders of
the stressor (IA retrieval trials) were performed 30 min prior to the
retention trial on the Y-maze and again 30 min prior to the probe
trials on the learning strategy tasks. VPWM = visible-platform
water maze; OF = open field test.

including the drop pan below the grid floor, was
cleaned thoroughly with 70% ethanol between trials.

On the day of exposure to the initial stressor, which
took place during the IA training trial, rats were placed
into the illuminated compartment, and after 30s, the
guillotine door was automatically raised allowing
access to the dark compartment. Photocells detected
entry into the compartment, which signaled the
guillotine door to close, thereby sequestering the rat.
Three seconds after the door closed, a single electrical
shock (0.6 mA) was delivered for 3 s through the grid
floor. Rats were removed from the dark compartment
15s after the shock was terminated. Control rats
underwent an identical procedure, but did not receive
footshock. Latency to enter the dark compartment
prior to administration of the stressor was scored to
account for pre-existing differences in anxiety-like
behavior.

Rats were divided into the following groups to
examine the effects of the initial stressor (IA training
trial) and subsequent reminders (IA retrieval trial) on
cognitive and affective measures: not shocked/reminded
(n = 15), shocked/not reminded (n = 15), and shock-
ed/remunded (n = 17). Rats in the not shocked/reminded
and the shocked/reminded groups were re-exposed to
the chamber (IA retrieval trial) 30 min prior to each of
the retention and probe trials on the cognitive tasks
described later, whereas rats in the shocked/not
reminded group remained in their home cages (Zoladz
et al. 2010). The procedures for the IA retrieval trials
were identical to those of the IA training trial with the
exception that entry into the dark compartment was
not followed by footshock. Longer latencies to enter
the dark compartment confirmed re-activation of the
aversive memory (Zoladz et al. 2010). Failure to enter
the dark compartment during the IA retrieval trial
resulted in a maximum latency of 600 s.
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Spatial recognition memory: Y-maze task

One week after exposure to the footshock stressor, rats
were tested on a Y-maze task (Figure 2A) to determine
whether exposure to a reminder of the stressor
impacted retrieval of a hippocampus-dependent
memory in a non-aversive environment (Conrad
et al. 1996). The Y-maze was constructed from
opaque Plexiglas that formed three identical arms
(50 X 10 X 20 cm; Stoelting ANY-maze, Wood Dale,
IL, USA) and was surrounded by a variety of 2D and
3D extra-maze cues with different shapes, colors, and
sizes. Rats were placed into the maze for a 15-min
information trial and were allowed to freely explore
the start arm and a second arm, but access to the third
arm was blocked by an opaque plastic partition. Rats
were returned to their home cages following the
information trial for a delay interval of 4 h. After the
delay, each rat was administered a 5-min retention
trial in which they were returned to the same start arm
and were allowed to freely explore all three arms.
However, 30 min prior to the retention trial, the

A Familiar Novel Familiar Novel

Information trial Retention trial

B 'T
Place Response
Training trials Probe trials
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/ Stimulus-
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Training trials Probe trials
Figure 2. (A) Information and retention trials on a Y-maze task

that assesses spatial recognition memory. Training and probe trials
on (B) dual-solution versions of the water T-maze task and (C) the
VPWM task, that assess learning strategy.
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not shocked/reminded and the shocked/reminded groups
were subjected to an IA retrieval trial (Re-exposure I).
Retention trials on the Y-maze were video-recorded by
an overhead camera for scoring in which an entry into
an arm was defined as all four paws crossing into
the arm proper. The maze was cleaned thoroughly
with 70% ethanol and air-dried after each trial to
remove olfactory cues. On the retention trial, within-
group spatial memory was indicated by the percentage
of entries into the novel arm relative to the familiar
arm (Wright and Conrad 2005; Hawley et al. 2011a).
The difference between the percentage of entries
in the novel and the familiar arm was calculated
for between-group comparisons of spatial memory
(Conrad et al. 2004).

Learning strategy: water T-maze task

One month after administration of the footshock
stressor, a dual-solution version of the water T-maze
task (Figure 2B) was used to determine whether a
second exposure to a reminder of the stressor
impacted learning strategy. The free-standing water
T-maze was constructed from clear Plexiglas that
formed three equal-sized arms (60 X 30 X 45 cm).
The maze was surrounded by a variety of 3D spatial
cues affixed to black curtains that hung from the
ceiling to the floor. The maze filled with water to a
level of 20 cm was made opaque by addition of white
non-toxic paint and maintained at a temperature of
approximately 25°C. One day prior to training, rats
were placed in the water T-maze for a 1-min swim
without an escape platform in order to habituate to the
water. Then, rats received six training trials each day
for 2 consecutive days followed by a single probe trial
on the third day (Packard and Wingard 2004). For a
given rat, a submerged escape platform was located in
the west arm of the maze across all training trials and
during the probe trial. During training, rats were
placed into the arm of the maze located in the south
position and were allowed 60s to escape to the
platform. Once the platform was mounted, rats were
left undisturbed for an additional 15 s. Rats that failed
to locate the platform within 60 s were guided to it by
an experimenter. Training trials were separated by an
inter-trial interval of 30 s. For the probe trial, the maze
was rotated 180°, the platform was relocated in the
same arm as during training, and the rat was placed
into the maze in the start arm which was then located
in the north position. However, 30 min prior to the
probe trial, the not shocked/reminded and the shocked/re-
minded groups were subjected to an IA retrieval trial
(Re-exposure II). The first full body entry into either
the arm that contained the platform or the opposite
arm was recorded for all trials. Learning was indicated
by a greater percentage of entries into the arm that
contained the platform as training progressed (Elliott
and Packard 2008; Hawley et al. 2012). On the probe

trial, rats that returned to the training arm were
categorized as place learners and rats that entered the
opposite arm were categorized as response learners.

Learning strategy: visible-platform water maze rask

Two months after the initial stressor, a modified
version of the visible-platform water maze (VPWM)
task (Figure 2C) was used to determine whether a
third exposure to a reminder of the footshock stressor
impacted performance on a dual-solution learning
strategy task that has been previously shown to be
sensitive to the effects of shock (McDonald and White
1994; Kim et al. 2001). A white circular pool, 180 cm
in diameter, filled with water to a depth of 26 cm was
made opaque by the addition of non-toxic white paint
and maintained at a temperature of approximately
25°C. Several days prior to training, rats were placed
in the water maze without an escape platform for a
1-min swim in order to habituate to the water. During
training trials and the probe trial, a visible black
platform measuring 9.5 cm in diameter and projecting
3 cm above the water surface was located 30 cm from
the wall of the pool. Eight training trials were
conducted from each of the four cardinal points in a
pseudo-randomized order with the visible escape
platform located in the southwest quadrant of the
pool. Rats were allowed 60s to locate the platform
where they remained for an additional 30s. Rats were
guided to the platform if they did not locate it within
60s. Training trials were separated by an inter-trial
interval of 30 s (Kim et al. 2001). Twenty-four hours
later, a probe trial was conducted in which the
platform was moved to the opposite quadrant of the
pool (northeast). Rats entered the pool on the probe
trial from the south location, which was the position
most distal from the relocated platform (Kanit et al.
1998, 2000). However, 30 min prior to the probe
trial, the not shocked/reminded and the shocked/reminded
groups were subjected to an IA retrieval trial
(Re-exposure III). The path length to locate the
escape platform during training was recorded by
tracking software (HVS Image, Ltd, Buckingham,
UK) interfaced to an overhead camera. During
training, increasingly shorter escape path lengths as
training progressed served as an indicator of learning.
During the probe trial, rats that initially swam to
within 5cm of the training location of the visible
platform were categorized as place learners and those
that swam directly to the newly relocated platform
were categorized as stimulus-response learners by
experimenters blind to conditions (McDonald and
White 1994).

Activiry and anxiety: open field test

Four days after completion of the VPWM task, activity
and anxiety were assessed for 5min in an open field



constructed of black Plexiglas (90 X 90 X 45 cm). To
determine the cumulative effects of multiple remin-
ders of an aversive event on activity and anxiety, rats
were not subjected to an IA trial prior to testing. The
floor and walls of the field were cleaned thoroughly
with 70% ethanol and air-dried after each trial to
remove olfactory cues. Trials were monitored by an
overhead video camera interfaced with tracking
software (HVS Image, Ltd) that recorded activity in
the field, which was divided into 16 equal-sized center
(n = 4) and peripheral squares. Activity was indicated
by total path length and anxiety was indicated by the
percentage of time spent in the center squares of the
open field (Hawley et al. 2011a).

Stauistical analyses

An analysis of variance (ANOVA) with a between-
subjects effect of stress condition (nor shocked/
reminded, shocked/not reminded, shocked/reminded) was
conducted on the latency to enter the dark compart-
ment prior to administration of the footshock stressor
during the IA training trial. Reactivation of the
aversive memory, which was indicated by the latency
to re-enter the dark compartment, was examined by
ANOVA with a within-subjects effect of IA retrieval
trial (Reminders I-III), subsequent orthogonal con-
trasts, and a between-subjects effect of experiencing
the initial stressor (not shocked/reminded, shocked/
reminded). Independent sample z-tests were conducted
to confirm memory for the initial stressor during each
IA retrieval trial. Between-group differences in activity
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and spatial recognition memory on the Y-maze task
were analyzed by ANOVA. Paired sample z-tests were
conducted to confirm within-group spatial memory.
Learning on the training trials of the water T-maze and
the VPWM, as well as swim speed on the VPWM, was
analyzed by ANOVA with a between-subjects effect of
stress condition and a within-subjects effect of trial
block (1-6) and trial (1-8), respectively. Between-
group differences and within-group learning strategy
preference on the probe trial of the water T-maze and
the VPWM task (place vs. response/stimulus-
response) were determined by conducting x? ana-
lyses. Activity and anxiety on the open field test were
analyzed by ANOVA. When warranted, post hoc
analyses were conducted using Fisher’s least signifi-
cant difference (LSD) tests. Where appropriate, data
are represented as either the group mean = SEM or
categorically. Statistical significance was indicated by
p < 0.05.

Results

Reminder of the initial stressor reactivated the aversive
memory

No differences in anxiety-like behavior between the
stress conditions were found prior to administration of
footshock (Figure 3A), which was indicated by the
latency to enter the dark compartment during the IA
training trial [F(2,44) = 0.07, p = 0.94]. For the
IA retrieval trials, the results depicted in Figure 3B
indicate an effect of footshock [F(1,30) = 182.79,

A 351 B 900 7|2 nShocked/Reminded
30 g00 4™ Shocked/Reminded
*
25 1 700
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Figure 3.

Results from an IA paradigm designed to induce the initial stressor (electrical footshock) and subsequently reactivate the aversive

memory. (A) During the training phase of the IA task, there were no differences in the latency to enter the dark compartment of a shuttle box
where a brief footshock was administered. (B) During the IA retrieval trials (reminders), which were conducted 1 week, 1 month, and 2 months
after exposure to footshock (IA training trial), longer latencies to enter the dark compartment were exhibited by rats administered the initial
footshock relative to rats that were not exposed to footshock during IA training (***p < 0.001). For rats exposed to the footshock and exposed
to an IA retrieval trial, latencies to enter the dark compartment increased from the first reminder relative to the second and third reminders
(*p < 0.05). “n” denotes rats that were not administered a footshock during the IA training trial or not reminded of the shock (IA retrieval
trials). Group sizes were as follows: non-shocked/reminded (n = 15), shocked/non-reminded (z = 15), shocked/reminded (z = 17). Initial
crossover latencies prior to administration of footshock on the IA training trial were examined by ANOVA. Subsequent crossover latencies on
IA retrieval trials were examined by repeated measures ANOVA, within-group orthogonal contrasts, and independent sample 7-tests. Data are
represented as group mean = SEM.
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p < 0.001], such that longer latencies were exhibited
by rats exposed to footshock during all of the
reminders, which took place just prior to the retention
trial on the Y-maze [z(30) = £9.03, p < 0.001], and
just prior to the probe trials on the water T-maze
[z(30) = £13.31, p<0.001] and the VPWM
[2(30) = £13.55, p < 0.001]. Additionally, an inter-
active effect of stress condition by IA retrieval trial
(reminders) was uncovered [F(2,60) = 3.29,
p < 0.05], such that rats exposed to footshock
exhibited longer latencies to enter the dark compart-
ment during the reminders that preceded the probe
trials of learning strategy tasks (Reminders II and III)
relative to the reminder that preceded the retention
trial of the Y-maze task (Reminder I; p < 0.05).

Exposure to the stressor resulted in lower levels of activity on
the Y-maze task

The results depicted in Figure 4A indicate that rats
exposed to footshock during the IA training trial
exhibited lower levels of activity on the Y-maze task
[F(2,44) = 7.26, p < 0.01]. Post hoc analyses con-
firmed that the nor shocked/reminded group made more
arm entries than both the shocked/not reminded
(p <0.01) and the shocked/reminded (p < 0.01)
groups during the retention trial. No difference in
activity emerged between the two groups of rats
exposed to the initial stressor (p = 0.78). However,
three rats, all of which were in the shocked/reminded
stress condition, did not move from the start arm on
the retention trial and were therefore excluded from
additional Y-maze analyses. The results illustrated in
Figure 4B indicate that the not shocked/reminded
[2(14) = £6.27, p < 0.001], the shocked/notr reminded
[2(14) = =4.96, p < 0.001], and the shocked/reminded
[z(14) = £7.43, p < 0.001] groups exhibited a
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preference for the novel relative to the familiar arm.
Additionally, no difference in spatial recognition
memory between stress conditions was uncovered
[F(2,41) =1.77, p=0.18].

Exposure to the stressor biased rats toward a response
learning strategy on the water T-maze task

Figure 5A illustrates the results from the training trials
on the dual-solution water T-maze task in which there
was an effect of training trial block [F(5,220) = 10.69,
p <0.001], but no effect of stress condition
[F(2,44) = 1.15, p=0.33], or interactive effect of
trial block and stress condition [F(10,220) = 0.35,
p=0.97] on learning. Therefore, as training pro-
gressed, arm choice accuracy increased independent
of stress condition. The results from the probe trial
depicted in Figure 5B indicate that the nor shocked/
reminded group did not exhibit a learning strategy
preference [y2(1) = 0.07, p = 0.80], but that both
groups of rats exposed to the initial stressor tended to
exhibit a bias rats toward a response learning strategy.
While the shocked/not reminded group exhibited a
significant preference for a response learning strategy
[x3(1) =5.40, p<0.05], the shocked/reminded
group also tended to adopt this same strategy
[x?(1) = 2.88, p=0.09]. No between-group differ-
ence in learning strategy preference was uncovered
[x%(2) = 2.53, p = 0.28].

Reacrivation of the aversive memory biased rats toward a
stimulus-response learning strategy on the VPWM task

The results from the training trials on the VPWM
illustrated in Figure 6A indicate that there was an
effect of training trial [F(7,308) = 12.57, p < 0.001],
but no effect of stress condition [F(2,44) = 0.24,

60 - u Novel
O Familiar
% % % % %k
40
20

nShocked Shocked Shocked

Reminded nReminded Reminded

(A) Activity and (B) spatial recognition memory exhibited during the retention trial of a Y-maze task. (A) Both groups of rats

exposed to electrical footshock (IA training trial) made fewer arm entries on the retrieval trial of the Y-maze task than the group not exposed to
footshock (**p < 0.01). (B) Neither footshock alone, nor reminder of the footshock, impacted spatial memory as all stress conditions
exhibited recognition of the novel arm (***p < 0.001 novel vs. familiar arm). “n” denotes rats that were not administered a footshock during
the IA training trial or not reminded of the shock (IA retrieval trial). Group sizes were as follows: non-shocked/reminded (n = 15), shocked/non-
reminded (n = 15), shocked/reminded (n = 14). Group differences in activity and spatial memory were examined by ANOVA. Paired samples
t-tests were conducted to examine within group spatial memory. Data are represented as mean = SEM.



Avwersive memories impact cognition 79

A 110 - B 100 -
O Place
920 4 E
4 - W Response )
- 100 Q: S0 4 1 ¢
< 90 - & 701
g $ 60+
= 80 1 Z 50
e 2 40
EE —— nShocked Reminded £ 304
= nshocked Eln?lll ed g 20 4
60 A = =  ShockednReminded -
------- Shocked/Reminded 10 -
50 0
T1-T2 | T3-T4 | T5-Té6 | T7-T8 |T94T10 |T11-T12 nShocked Shocked Shocked
Trial Block Reminded nReminded Reminded

Figure 5. Results from a dual-solution water T-maze task designed to examine (A) learning on training trials and (B) learning strategy on a
probe trial. Rats exposed to electrical footshock (IA training trial), but not reminded of the stressor (IA retrieval trial), preferred a response
strategy compared with a place strategy (*p < 0.05). Rats exposed to footshock (IA training trial) and subsequently reminded of the stressor
(IA retrieval trial) 30 min prior to the probe trial also tended to prefer a response strategy compared with a place strategy (“p = 0.09). “n”
denotes rats that were not administered a footshock during the IA training trial or not reminded of the shock (IA retrieval trial). Group sizes
were as follows: non-shocked/reminded (n = 15), shocked/non-reminded (n = 15), shocked/reminded (n = 17). Learning during training trials,
which is represented as group mean = SEM, was analyzed by repeated measures ANOVA. Learning strategy preference, which is represented
categorically, was analyzed by y 2 analyses.

p=0.78], or interactive effect of trial and stress significant difference in swim speed between stress
condition [F(14,308) = 1.06, p = 0.39] on learning. conditions on the probe trial [F(2,44) = 3.20,
Therefore, escape path lengths decreased independent p=0.50]. The shocked/reminded group exhibited a
of stress condition as training progressed. The results ~ propensity to swim somewhat faster than both the not
of the probe trial, which are shown in Figure 6B, shocked/reminded (p < 0.05) and the shocked/not
indicate that neither the nor shocked/reminded  reminded groups (p = 0.13). No differences in swim
[x2(1) = 0.07, p = 0.80] nor the shocked/not reminded speed emerged between the nor shocked/reminded and
group [x2(1) = 0.07, p = 0.80] exhibited a learning the shocked/not reminded groups (p = 0.35).

strategy bias. However, exposure to a reminder of the
initial stressor during the IA retrieval trial biased the
shocked/reminded group toward a stimulus-response ol
strategy [x2(1) = 4.77, p < 0.05]. No between- lower levels of activity on the open field test

group difference in learning strategy preference was  Figure 7 illustrates the results from the open field
detected [yx2(2) = 3.30, p=0.19]. Although there test in which there was an effect of stress condition
were no differences in swim speed on training trials on activity [A: F(2,44) =7.11, p < 0.01] but not
[F(2,44) = 0.89, p = 0.42], there was a trend toward a anxiety [B: F(2,44) = 0.25, p = 0.78]. Post hoc tests

Repeated reactivation of the aversive memory resulted in
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Figure 6. Results from a dual-solution VPWM task designed to examine (A) learning on training trials and (B) learning strategy on a probe
trial. Rats exposed to electrical footshock (IA training trial) and reminded of the stressor (IA retrieval trial) 30 min prior to the probe trial
preferred a stimulus-response (S-R) strategy compared with a place strategy (*p < 0.05). “n” denotes rats that were not administered a
footshock during the IA training trial or not reminded of the shock (IA retrieval trial). Group sizes were as follows: non-shocked/reminded
(n=15), shocked/non-reminded (n = 15), shocked/reminded (n = 17). Learning during training trials, which is represented as
group mean = SEM, was analyzed by repeated measures ANOVA. Learning strategy preference, which is represented categorically, was
analyzed by y 2 analyses.
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(A) Activity and (B) anxiety exhibited during an open field test. Rats repeatedly reminded of the electrical footshock (IA retrieval

trials) exhibited shorter path lengths relative to rats that were not exposed to footshock (**p < 0.01) and to rats that were never reminded of
the footshock (*p < 0.05). Stress condition does not impact the percentage of time in the center of the open field. “n” denotes rats that were
not administered a footshock during the IA training trial or not reminded of the shock (IA retrieval trial). Group sizes were as follows: non-
shocked/reminded (n = 15), shocked/non-reminded (n = 15), shocked/reminded (n = 17). Group differences in activity and anxiety were examined
by ANOVA and, when warranted, Fisher’s LSD post hoc tests. Data are represented as group mean = SEM.

confirmed that the shocked/reminded group exhibited
lower levels of activity than both the not shocked/re-
minded (p < 0.01) and the shocked/not reminded
(p < 0.05) groups. The lower level of activity in the
shocked/not reminded group than the not shocked/re-
minded group was not significant (p = 0.13).

Discussion

Collectively, the results from the current study
indicate that (1) exposure to a remote acute stressor
biases rats toward a striatum-dependent learning
strategy and (2) after the effects of an acute stressor
subside, reactivation of an aversive memory exacer-
bates the levels of hypoactivity and maintains the
preference for striatum-dependent learning strategies.
One week after exposure to an inescapable footshock,
shocked rats exhibited lower levels of activity on the
retention trial of a Y-maze task that was administered
30min following the first reminder of the stressor.
However, there was no effect of the initial stressor, or
an additional reminder of the stressor, on spatial
recognition memory on the Y-maze task. One month
after exposure to footshock, rats that were shocked,
but not reminded of the stressor, exhibited a bias
toward a response learning strategy on a dual-solution
water T-maze task. Likewise, shocked rats that were
reminded of the stressor 30 min prior to the probe trial
in the water T-maze task also tended to exhibit
a preference for a response learning strategy. Two
months after exposure to footshock, shocked rats that
were reminded of the stressor 30 min prior to the
probe trial in a dual-solution VPWM task exhibited a
preference for a stimulus-response learning strategy.
At this time point, rats exposed to the footshock,
but never reminded of the stressor, as well as rats that
were not shocked, did not demonstrate a bias for

either learning strategy on the VPWM task. Four days
following the probe trial of the VPWM, rats repeatedly
reminded of the stressor exhibited significantly lower
levels of activity than both the group of rats that were
not shocked, as well as the group that were shocked
but never reminded of the stressor.

A large body of literature has documented the
detrimental effects of acute stress on spatial learning
and memory in rodents (Cazakoff et al. 2010). Of
particular relevance to the current findings, recent
evidence indicates that exposure to a reminder of an
acute stressor interferes with the retrieval of spatial
memories (Zoladz et al. 2010). Specifically, exposure
to a reminder of a footshock immediately prior to a
retention trial on a water-based version of the radial-
arm maze task effectively disrupted retrieval of a
spatial memory. The discrepancy between results
from the study by Zoladz et al. (2010) and results from
the Y-maze task in the current study is likely due to a
combination of factors. First, the interval between the
learning and the retrieval phase was 24 h in the study
by Zoladz et al. (2010), whereas in the current study
the delay was only 4 h. When considered in light of the
findings on the learning strategy tests in the current
study, and the findings by Zoladz et al. (2010), it is
likely that a significantly longer delay on the Y-maze
may have been necessary to detect differences in
memory retrieval between stress conditions
(McLaughlin et al. 2008). An additional difference
between the paradigms to take into consideration is
the nature of the environment in which memory was
assessed. Conceivably, in the study by Zoladz et al.
(2010), the aversive nature of the water maze
interacted with the reminder of the stressor to impact
memory retrieval, an effect that was obscured by the
relatively non-aversive nature of the Y-maze task in the
current study.



On the retention trial of the Y-maze task, all rats
exposed to the initial footshock 1 week earlier,
regardless of exposure to an additional reminder of
the stressor, exhibited lower levels of activity as
indicated by a reduced number of total arm entries.
Consistent with this result, previous research has
established that exposure to inescapable footshock
often results in a generalized state of anxiety, which is
indicated by lower levels of activity in novel
environments (van Dijken et al. 1992; Baldi et al.
2004; Diehl et al. 2007; Daviu et al. 2010; Hawley
et al. 2011b; submitted). As indicated by the total
number of entries on the retention trial of the Y-maze
task, exposure to a reminder of the stressor did not
increase levels of hypoactivity induced by the
footshock beyond those displayed by rats that were
only exposed to footshock. However, it is interesting to
note that three of the rats in the shocked/reminded stress
condition failed to move from the start arm on the
retention trial of the Y-maze. Although spatial
recognition memory on the Y-maze task was not
affected by reminders of the aversive event, exposure
to a reminder of the stressor may have impacted
anxiety-and fear-like behaviors (Korte et al. 1999).
This interpretation is consistent with previous find-
ings, which indicate that higher levels of anxiety-like
behavior are associated with poorer spatial recognition
memory on the Y-maze task (Hawley et al. 2011b),
poorer reference memory in the water maze task
(Herrero et al. 2006), and poorer place learning on
single-solution learning strategy tasks (Wingard and
Packard 2008; Packard and Gabriele 2009). In line
with this interpretation, heightened levels of emotion-
ality, which follow from reminders of an aversive event
(Korte et al. 1999), disrupt memory retrieval on some
spatial tasks (Zoladz et al. 2010).

Rats subjected to footshock 1 month earlier exhib-
ited a propensity to adopt a response learning strategy
on a dual-solution water T-maze task regardless of
additional exposure to a reminder of the stressor.
Although not necessarily consistent with our original
prediction, the preference for a response learning
strategy exhibited by rats exposed to inescapable stress
is a finding that dovetails with previous research.
Specifically, when administered either immediately
prior to training trials (Kim et al. 2005) or
immediately prior to a retrieval trial (de Quervain
et al. 1998), exposure to inescapable shock results in
memory impairments in the probe trial on hippo-
campus-dependent versions of the water maze. In
accordance with the current findings, exposure to
shock prior to training on a water-based version of a
dual-solution learning strategy task shifted control
over learning away from the hippocampus and toward
the striatum-dependent memory system (Kim et al.
2001). Rats exposed to inescapable shock exhibited a
greater preference for a stimulus-response learning
strategy on a probe trial conducted 24 h after training
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when compared with rats that were not subjected
to inescapable shock (Kim et al. 2001). Similar to
previous findings, exposure to inescapable shock did
not impact learning during training trials on either
learning strategy task. Therefore, the deleterious
effects of inescapable shock on spatial cognition
manifest as an inability to retrieve a particular memory
(de Quervain et al. 1998; Kim et al. 2005), which
subsequently biased rats toward using the striatum-
dependent memory system (Kim et al. 2001). The
results from the current study extend earlier findings
(Kim et al. 2001) as they suggest that exposure to
inescapable shock prior to training on a dual-solution
learning task results in a preference for a response
learning strategy that extends well beyond 24 h.
Notably, exposure to a single episode of inescapable
stress exerts rather long-lasting effects on affective
behaviors (Adamec et al. 2007; Belda et al. 2008;
Mikics et al. 2008a,b). Of particular importance to the
current findings on the water T-maze task, previous
research indicates that the deleterious effects of
footshock on emotionality were most pronounced
28 days after exposure to the stressor (Siegmund and
Wotjak 2007; Mikics et al. 2008a,b). For example,
mice subjected to a single episode of inescapable
footshock exhibited maximal signs of generalized fear
28 days later, which was characterized by higher levels
of freezing to a neutral tone that did not predict
footshock, when compared with mice tested 1 day
after the initial stressor. Given the relationship
between emotionality and learning strategy (Packard
2009), the bias for a response learning strategy
expressed by rats exposed to footshock, but not
subjected to subsequent reminders of the stressor,
may have resulted from an extended period of fear
incubation (Houston et al. 1999; Golub et al. 2009;
Pickens et al. 2009a; Pamplona et al. 2010). Con-
sistent with this interpretation, memory for the foot-
shock strengthened from the reminder (Reminder I)
that took place just prior to the retrieval trial on the
Y-maze, relative to the reminders that took place prior
to the probe trials on the learning strategy tasks
(Reminders II and III). It is worth noting that in the
current study the intensity (0.6 mA) and duration (3 s)
of the footshock were mild relative to those employed
in previous studies, which have demonstrated a long-
lasting effect of footshock on emotionality (Siegmund
and Wotjak 2007; Mikics et al. 2008a,b). Perhaps, as
the results of the current study and others indicate
(de Quervain et al. 1998), when cognitive testing
occurs in an aversive environment, exposure to
relatively milder forms of shock may be sufficient to
impact hippocampus-dependent learning and mem-
ory, even when testing occurs at a much later time
point. Interestingly, footshock stressors of greater
intensity (Baldi et al. 2004; Mikics et al. 2008b) and
longer duration (Pickens et al. 2009b, 2010) increase
the expression of fear-like behavior, which can last for
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upward of 2 months after cessation of stress (Pickens
et al. 2009b, 2010). Conceivably, in the current study,
rats exposed to inescapable footshock, but not
subjected to subsequent reminders of the stressor,
would have also exhibited a preference for a striatum-
dependent learning strategy on the VPWM, if the
intensity of the stressor was either greater or of longer
duration.

Two months after exposure to the initial stressor,
the preference for a striatum-based learning strategy
seemed to have dissipated in shocked rats that were
never reminded of the stressor. Accordingly, on the
VPWM task, only shocked rats that were reminded of
the aversive event exhibited a preference for a
stimulus-response learning strategy. Rats that were
not exposed to footshock, as well as rats that were
exposed to the footshock but were not reminded of the
stressor, did not exhibit a learning strategy preference.
When considered in light of the findings from previous
studies (Zoladz et al. 2010), poorer performance on
hippocampus-dependent tasks, which follows from
reactivation of an aversive memory, corresponds with
the expression of a stimulus-response learning
strategy.

Arguably, as the results of the open field test in the
current study indicate, reminders of the aversive event
were necessary to heighten emotionality (Korte et al.
1999) to levels that bias rats toward use of the
striatum-dependent memory system (Packard 2009)
on the learning strategy test that was conducted 2
months after the stressor. Although, no difference
emerged between the stress conditions on traditional
indicators of anxiety in the open field, the lower levels
of activity exhibited by the shocked/reminded
group relative to both the nor shocked/reminded and
the shocked/not reminded groups indicate that repeated
reactivation of the aversive memory heightened
emotionality (van Dijken et al. 1992). Consistent
with this interpretation, previous research indicates
that rodents reminded of an aversive event exhibited
heightened levels of anxiety as indicated by decreases
in the time spent on the open arms of an elevated plus-
maze (Korte et al. 1999; Louvart et al. 2005),
a heightened startle reflex (Pynoos et al. 1996),
prolonged latencies to begin feeding on a novelty-
suppressed feeding task (Hawley et al. 2011b,
submitted), decreases in social interaction (Louvart
et al. 2005; Siegmund and Wotjak 2007), and
alterations in sexual behaviors (Hawley et al. 2011b,
submitted). Additionally, it is especially interesting to
note that heightened levels of emotionality, which
impair learning, can be maintained for an indefinite
period of time by subsequent reminders of the initial
stressor (Maier 2001). Moreover, in the current study,
because memory for footshock did not diminish with
the passage of time (McGaugh 1966), it is tempting to
speculate just how long after the initial stressor
reactivation of the aversive memory would have biased

rats toward using the striatum-dependent memory
system to navigate. Given that retrieval of a spatial
memory is vulnerable to disruption by reactivation of a
remote aversive memory (Zoladz et al. 2010), it is
likely that a striatum-dependent learning strategy
would dictate learning in rats reminded of the initial
stressor for as long as the memory for the footshock
persisted.

Admittedly, in the current study, because rats were
subjected to three contextual reminders of the initial
stressor it is uncertain whether the stimulus-response
learning strategy exhibited by rats on the VPWM task
was due entirely to the reminder that preceded the
probe trial or to a cumulative effect of multiple re-
exposures. Additionally, the current results do not
discern whether the preference for a stimulus-
response strategy exhibited by rats reminded of the
aversive event was caused by increased emotionality
alone or by heightened levels of arousal (Woodson
et al. 2003). Considering that the shocked/reminded
group tended to swim somewhat faster on the probe
trial of the VPWM, in addition to exhibiting lower
levels of activity in the open field, it may be that the
increased emotionality expressed by repeated reacti-
vation of the aversive memory was a manifestation of a
heightened state of vigilance, which consequently
predisposed rats toward adopting a striatum-depen-
dent learning strategy.

From a neurobiological perspective, it is particularly
intriguing to note that the amygdala is positioned to
regulate both the consolidation of an aversive memory
as well as out-of-context learning and memory
processes that are impacted by stress. Specifically,
lesions of the amygdala impaired the recall of fear-
associated stimuli (Maren et al. 1996; Wilensky et al.
1999, 2000) and eliminated stress-induced impair-
ments in spatial memory (de Quervain et al. 1998;
Kim et al. 2001, 2005). Interestingly, with regard to
learning strategy, the amygdala modulates the shift
from the hippocampus to the striatum-based memory
system when anxiety is elevated. Administration of an
anxiogenic drug directly within the amygdala either
prior to training (Packard and Wingard 2004) or prior
to a probe trial (Elliott and Packard 2008) results
in a preference for a response learning strategy.
Furthermore, amygdala inactivation neutralizes
both the impairing and enhancing effects of anxiety
on hippocampus- and striatum-dependent tasks,
respectively (Packard and Gabrielle 2009). Therefore,
impairments induced by stress and anxiety on
hippocampus-dependent learning and memory
(de Quervain et al. 1998; Kim et al. 2005; Sadowski
et al. 2009; Schwabe et al. 2010), which are
modulated by the amygdala (Kim et al. 2005; Wingard
and Packard 2008; Packard and Gabriele 2009),
essentially redirect control over learning to the
striatum-based memory system (Kim et al. 2001;
Elliott and Packard 2008; Hawley et al. 2011Db).



Consistent with this interpretation, recent evidence
indicates that stress predisposes rats toward using
non-spatial strategies even in learning situations
that demand use of hippocampus-based strategies
(VanElzakker et al. 2011). Specifically, exposure to an
acute stressor was associated with increased c-fos
activity within the dorsolateral striatum of rats that
exhibited superior memory on a radial-arm water
maze, supporting the notion that under stress, some
rats shift toward using a strategy that relies on a
discrete cue that signals the location of a goal (Kim
et al. 2001). Conceivably, in the current study,
amygdala activation brought about by exposure to a
reminder of the stressor resulted in a dysregulation in
the functioning of the hippocampus that subsequently
allowed the striatum-dependent memory system to
emerge and assume control over learning.

In addition to the role of the amygdala, impairments
in spatial memory retrieval following exposure to
acute stressors are associated with elevated levels of
corticosterone (Woodson et al. 2003; Park et al. 2008;
Tronche et al. 2010; Li et al. 2012). Furthermore,
while systemic administration of corticosterone is
sufficient to block the retrieval of a recently formed
spatial memory (Couburn-Litvak et al. 2003; de
Quervain et al. 2003; Roozendaal et al. 2004a;
Khaksari et al. 2007; Ferguson and Sapolsky 2008;
Dorey et al. 2011), attenuation of corticosterone syn-
thesis following exposure to either acute (de Quervain
et al. 1998; Dorey et al. 2011) or chronic stressors
(Wright et al. 2006) rescues stress-induced deficits in
learning and memory. Moreover, the stress-induced
rise in corticosterone subsequently results in altered
synaptic plasticity in the hippocampus (Diamond et al.
1996; Mesches et al. 1999; Kim et al. 2006; Wong
etal. 2007; Cazakoff et al. 2010), an effect that is likely
modulated by the actions of corticosterone and other
various neurotransmitters within the amygdala
(Akirav and Richter-Levin 2002; Roozendaal et al.
2004b; Vouimba et al. 2006; Vouimba et al. 2007).
Much like the effects of acute stressors, exposure to
a reminder of a footshock induces both a rise in
corticosterone (Hagewoud et al. 2011) and altered
synaptic plasticity in the hippocampus (Li et al.
2005). Arguably, the actions of corticosterone may
have contributed to the spatial memory impairments
observed in previous studies (Zoladz et al. 2010)
and the greater reliance on striatum-dependent
learning strategies exhibited by rats in the current
study that were reminded of an aversive event.

From a clinical standpoint, the results of the current
study have important implications for our under-
standing of how stress-induced pathologies like PTSD
impact memory systems. PTSD is an anxiety disorder
characterized by the unwanted re-experiencing of
thoughts related to the initial trauma and by profound
alterations in emotionality, which include a perpetual
state of hyperarousal, hypervigilance, and heightened
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levels of anxiety (American Psychiatric Association
1996). In some instances, the hallmark re-experien-
cing of intrusive thoughts has been directly linked to
heightened levels of emotionality such that a greater
frequency of intrusive thoughts corresponds with an
increase in distress (Dougall et al. 1999; Schooler et al.
1999). Moreover, for those with PTSD, the frequency
of intrusive thoughts also negatively impacts cognitive
functioning (Wessel et al. 2002). Together with the
results of the current study, these findings suggest that
intrusive thoughts are associated with a heightened
state of emotionality, which can strengthen with time
to adversely impact cognitive processes. However,
whether the onset of intrusive thoughts in people with
PTSD is sufficient to heighten anxiety, and in turn,
redirect control over learning toward the striatum-
dependent memory system remains to be determined.
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