
Effects of emotional arousal on multiple
memory systems: Evidence from declarative
and procedural learning
Stephan Steidl, Salwa Mohi-uddin, and Adam K. Anderson1

Department of Psychology, University of Toronto, Toronto, Ontario M5S 3G3, Canada

Extensive evidence documents emotional modulation of hippocampus-dependent declarative memory in humans.
However, little is known about the emotional modulation of striatum-dependent procedural memory. To address
how emotional arousal influences declarative and procedural memory, the current study utilized (1) a picture
recognition and (2) a weather prediction (WP) task (a probabilistic classification learning task), which have been
shown to rely on hippocampal- and striatum-based memory systems, respectively. Observers viewed arousing or
neutral pictures after (Experiment 1) or during (Experiment 2) WP training trials. A 1-wk delayed picture recognition
memory test revealed enhanced declarative memory for arousing compared with neutral pictures. Arousal
during encoding impaired initial WP acquisition but did not influence retention when tested after a 1-wk delay.
Data from a subsequent 3-mo delayed test, however, suggested that arousal during acquisition may enhance remote
WP retention. These results suggest a potential dissociation between how readily emotional arousal influences
hippocampus-dependent and striatum-dependent memory systems in humans.

There is a rich and growing literature demonstrating that emo-
tional arousal enhances declarative memory. This is illustrated,
in an example from everyday experience, in the greater retention
of a more remote memory of avoiding a disastrous car accident
compared with a more recent and mundane memory of where we
parked our car earlier in the day. The amygdala appears to serve
a critical function in the neurobiology of this phenomenon in
both human and nonhuman animals. Numerous studies from
nonhuman animal research converge on the appreciation that
the amygdala plays a critical role in the emotional modulation of
memory retention (for review, see Cahill and McGaugh 1999). In
particular, post-encoding manipulation of noradrenergic activa-
tion in the amygdala has demonstrated its importance to the
differential consolidation of memories associated with sympa-
thetic activation (for review, see McIntyre et al. 2003). In hu-
mans, both positron emission tomography (PET) and functional
magnetic resonance imaging (fMRI) studies have shown that
amygdala activity during encoding is highly correlated with the
amount of explicit long-term recall of emotionally arousing
material (Cahill et al. 1996; Canli et al. 2000; Dolcos et al. 2004;
Kensinger and Schacter 2005). These studies suggest an inter-
action between the amygdala and a hippocampal-based declara-
tive memory system that supports conscious recollection of
past experiences (Packard et al. 1994; Packard and Cahill 2001;
Kilpatrick and Cahill 2003). This has been shown directly in a
structural equation modeling examination of neuroimaging
data, which demonstrates greater amygdala/ipsilateral parahip-
pocampal interactions during emotional relative to neutral event
encoding (Kilpatrick and Cahill 2003).

Memory for past events, however, is accomplished via mul-
tiple qualitatively and anatomically distinct mechanisms and is
thus subserved via multiple memory systems in the brain (Cohen
and Squire 1980; Packard et al. 1989; McDonald and White 1993;
Schacter and Tulving 1994; Knowlton et al. 1996; White and
McDonald 2002). The most strongly established distinction is

between a hippocampus-based declarative memory system and
a striatum-based nondeclarative/procedural memory system
(Cohen and Squire 1980), with the latter supporting forms of
memory independently of the conscious experience of remem-
bering. In nonhuman animals, the amygdala has been shown to
modulate memory processes subserved by both declarative and
procedural memory systems (Packard et al. 1994; Packard and
Cahill 2001; McGaugh et al. 2002; McGaugh 2004). For example,
one study in rats has shown that the amygdala can interact with,
and enhance, both the hippocampus-based memory system and
the striatum-based procedural memory system (Packard et al.
1994). Post-training intra-amygdala injection of the catechol-
aminergic agonist d-amphetamine was shown to enhance reten-
tion on separate versions of a spatial, hippocampus-dependent
water maze task and a cued, caudate nucleus-dependent water
maze task. This suggests that the amygdala plays a pervasive neu-
romodulatory role in enhancing memory formation in multiple
memory systems. Thus, in humans, amygdala modulation of
memory for emotionally arousing events may be supported by a
parallel enhancement of phenomenologically and anatomically
distinct forms of memory. In our example of circumventing a
near devastating accident, recollection for the event may be en-
hanced and, in parallel, so may be the actions that were taken to
navigate it successfully. However, whether arousal and/or the
amygdala can modulate striatum-based memory in humans to
the same extent as it has been shown to affect hippocampus-
based memory is not yet known.

In the current study, the weather prediction (WP) task, a
striatum-dependant learning task (Knowlton et al. 1994), was
used to study the effects of emotional arousal on implicit/
procedural memory. The WP task is a probabilistic classification
task that initially depends upon implicit learning of complex
cue-outcome contingencies. Consistent with its reliance on pro-
cedural striatal versus declarative hippocampal learning, early
phases of the acquisition of the WP task recruit the striatum
(Poldrack et al. 1999). Initial phases of WP acquisition are intact
in medial temporal lobe amnesiacs but disrupted in patients with
Parkinson’s disease (Knowlton et al. 1994). Amygdala enhance-
ment of declarative memory in humans has been shown to de-
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pend on the degree of arousal evoked during encoding of emo-
tionally significant pictures (Hamann et al. 1999; Canli et al.
2000). Combining these two lines of evidence, emotional arousal
evoked by emotionally provocative pictures and thereby associ-
ated amygdala activation, may enhance WP acquisition and con-
solidation.

The present experiments were designed to examine how
emotional arousal influences memory traces in humans that lead
to recollective experience of the learning context, and forms of
memory that support implicit based procedural learning. Arousal
was manipulated by presenting subjects with emotionally posi-
tively or negatively arousing and/or neutral pictures at regular
intervals after (Experiment 1) or during (Experiment 2) the WP
task. Subjects participated in two WP task sessions 1 wk apart to
examine the effects of emotional arousal during encoding on
acquisition and subsequent consolidation of procedural
memory. A 1-wk delayed picture recognition memory task was
administered to the same subjects, allowing for comparison of
the effects of emotional arousal on striatal-dependent implicit
learning and hippocampus-dependent explicit memory for the
learning context.

Results

Experiment 1: Post-encoding manipulation of arousal
In Experiment 1, emotionally positively or negatively arousing
and/or neutral pictures were presented following WP acquisition
to examine the effects of arousal on consolidation independently
of its influence on encoding, consistent with the nonhuman ani-
mal models of arousal enhancement of declarative and proce-
dural memory (Packard et al. 1994).

Arousal ratings
Ratings data from the picture viewing block were submitted to a
one-way ANOVA with condition (arousal and neutral) submitted
as a between subject factor. The arousal condition (collapsed
across negative, positive, and neutral picture types) was associ-
ated with an increase in self-reported arousal relative to the neu-
tral condition, F(1,40) = 36.87, P < 0.0001 (Fig. 1A).

Recognition task
As illustrated in Figure 1B, paralleling the arousal ratings, mean
corrected picture recognition during session 2 depended on en-
coding conditions, demonstrating enhanced memory for arous-
ing picture contexts. Overall corrected recognition memory 1 wk
later was significantly enhanced in the arousal (collapsed across
negative, positive, and neutral picture types) relative to the neu-
tral condition, F(1,40) = 8.51, P < 0.006. Specifically, arousing pic-
tures in the arousing condition were better remembered than
were neutral pictures in the neutral condition, F(1,40) = 18.51,
P < 0.0001. Neutral items in the arousal condition tended to be
better remembered than were those in the neutral condition
(33.3% SE = 5.0 vs. 24.2% SE = 4.0), but this did not reach statis-
tical significance, F(1,40) = 1.99, P > 0.17.

Weather prediction

Session 1
Consistent with successful acquisition, participants showed sig-
nificant WP learning across trial blocks, F(4,160) = 10.23,
P < 0.0001, with a linear contrast revealing a strong increase
from block 1 through 5, F(4,160) = 32.63, P < 0.0001. Neither
overall performance, F(1,40) = 1.05, P > 0.31 (Fig. 1C), nor rate of
learning, F < 1, differed depending on post-encoding condition
(Fig. 1D).

Session 2
Arousal level did not significantly enhance consolidation of WP
learning (Fig. 1E). We first assessed the presence of enhanced
consolidation of WP learning by comparing the last training
block (block 5) from session 1 with the first training block (block
1) from session 2. Both groups showed retention of skills learned
over the 1-wk period separating session 1 and session 2, with no
significant drop off in performance, F < 1. There was no evidence
of an interaction with encoding condition, F < 1, suggesting that
the level of retention across the 1-wk period was not influenced
by emotional arousal experienced following initial training in
session 1.

To assess whether arousal encoding conditions would en-
hance further learning of WP cue-outcome associations, we ex-
amined performance with additional training. A main effect of
block, F(4,160) = 2.96, P < 0.03, indicated further significant in-
creases in performance with additional training trials during
session 2, with a significant linear contrast across blocks,
F(1,160) = 8.77, P < 0.004 (Fig. 1E). However, as during initial
training, there was no evidence to suggest that overall perfor-
mance was enhanced in the post-encoding arousal condition,
F < 1, nor was there any evidence of an interaction between trial
block and encoding condition, F < 1, suggesting that the further
acquisition of cue-outcome relations across blocks of trials was
not modulated by level of arousal following initial encoding.

To ensure that the failure of post-encoding arousal to en-
hance further acquisition did not reflect a ceiling effect, we per-
formed a median split analysis. In each of the arousal and neutral
conditions, the bottom half performing subjects on block 1 of
session 2 were included in an additional analysis. Analysis across
days revealed that these individuals demonstrated significant
forgetting from block 5 of session 1, F(1,18) = 6.10, P < 0.03, but
there was no evidence of differential forgetting between arousal
conditions, F < 1. These individuals demonstrated robust learn-

Figure 1. Relation between post-encoding manipulation of arousal and
WP learning in Experiment 1. (A) Overall self-reported arousal to arousing
and neutral pictures presented following initial WP acquisition. (B) One-
week delayed recognition memory for pictures presented following WP
acquisition. (C) Overall WP initial acquisition in each post-encoding con-
dition. (D) WP acquisition curves for session 1. (E) Retention and new WP
acquisition curves for session 2 given 7 d later. Arousal and neutral refer
to initial encoding conditions.
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ing across blocks with additional training during session 2,
F(1,72) = 15.44, P < 0.0002, but there was no evidence that post-
encoding arousal condition altered this subsequent learning,
F < 1. A similar median split analysis was performed on accuracy
at the end of session 1 acquisition (block 5) to identify partici-
pants that were below ceiling level performance and thus may be
most susceptible to enhanced learning with post-encoding
arousal. There was no evidence of post-encoding arousal on re-
tention between sessions (session 2 block 1), F < 1, or enhance-
ment of further learning across blocks during session 2, F < 1.

Transfer task
As illustrated in Figure 2, A and B, consistent with probability
matching, the percentage of sunshine estimation increased with
increasing cue-outcome predictability; however, arousal follow-
ing encoding did not enhance this probability estimation.

Session 1
Estimation of sunshine depended upon cue-outcome predictabil-
ity, F(4,160) = 13.97, P < 0.0001, being linearly associated with in-
creasing probability of sunshine, F(1,160) = 54.69, P < 0.0001.
Overall, participants tended to overestimate the least predictive
and underestimate the most predictive events, regardless of en-
coding condition.

Session 2
Estimation of sunshine again depended upon cue-outcome pre-
dictability, F(4,160) = 18.65, P < 0.0001; however, there was no ef-
fect of condition or an interaction with condition, suggesting
that manipulation of arousal following initial encoding did not
influence the estimation of cue-outcome probability, F < 1.

Remote retrieval

Session 3
To examine the long-term effects of post-encoding arousal on
WP learning, participants were asked to come back for an addi-
tional test session ∼3 mo following initial encoding. These analy-
ses are considered exploratory as they are based on more limited
observations from participants who partook in the final test ses-
sion. WP performance data were submitted to an additional
ANOVA with encoding condition (arousal and neutral) as a be-
tween-subjects variable and session (session 1 and session 3), and
training block (1 through 5) as within-subjects variables. Collaps-
ing across sessions, there was significant learning across trial
blocks, F(4,84) = 7.31, P < 0.0001. Learning across trial blocks in-
teracted with session, being more pronounced for session 1,
F(4,84) = 8.75, P < 0.0001. There was a significant effect of session,
F(1,21) = 6.00, P < 0.03, revealing that performance even after a
∼3-mo delay was enhanced relative to initial learning. However,

there was no evidence of a main effect or an interaction with
post-encoding condition, all P > 0.32.

To more closely examine if forgetting occurred after the
3-mo delay, a focused analysis of performance at the end of ses-
sion 2 (block 5) was compared directly with the beginning of
session 3 (block 1) across the two encoding conditions. A main
effect of delay revealed significant forgetting (77.3, SE = 2.9 vs.
69.2, SE = 3.7), F(1,21) = 4.71, P < 0.05. However, the rate of this
forgetting did not differ depending on post-encoding condition,
F < 1.

Conclusions
All participants showed significant learning during both sessions
of the WP task, and observed performance parallels acquisition
rates seen in other studies using the WP task (Knowlton et al.
1996). Furthermore, participants showed retention of learning
across the 1-wk delay separating WP sessions. Post-encoding
arousal manipulations did not affect consolidation of learning
occurring during the first WP session, nor did it affect the rates of
additional acquisition during session 2. The lack of effect of post-
encoding arousal on implicit memory was not due to a ceiling
effect in participant performance as participants clearly showed
continuing improvements in performance across sessions. Fur-
thermore, those subjects with the poorest performance levels at
the end of day 1 were not any more susceptible to further en-
hancement in WP acquisition, regardless of arousal condition.
Performance on the transfer task revealed that participants cor-
rectly gauged relative cue-outcome contingencies but did not ap-
pear to show any significant increase in probability matching
performance across days, regardless of encoding condition.

By contrast, 1-wk delayed recognition memory was signifi-
cantly enhanced for the arousing relative to neutral condition,
indicating that arousal enhanced declarative memory for the epi-
sodic context following WP learning.

Results

Experiment 2: Manipulation of arousal during encoding
Evidence suggests that post-encoding arousal interacts with the
amount of arousal experienced during encoding. In particular,
post-training arousal enhances memory for items that induced
the most arousal during training (Cahill and Alkire 2003; Cahill
et al. 2003). The observed lack of enhancement due to post-
encoding arousal in Experiment 1 may be explained by the fact
that the performance of the WP task (i.e., predicting sunshine
from combinations of geometric patterns) was not emotionally
arousing, and thus sufficient arousal may not have been evoked
during encoding. Experiment 2 examined the effect of arousal
evoked during WP learning.

Arousal ratings
The arousal condition (collapsed across negative, positive, and
neutral picture types) was associated with an increase in self-
reported arousal relative to the neutral condition, F(1,40) = 25.58,
P < 0.0001 (Fig. 3A).

Recognition task
As illustrated in Figure 3B, mean corrected picture recognition
(hits–false alarms) significantly differed across encoding condi-
tions. Recognition memory was significantly more accurate in
the arousing relative to neutral condition, F(1,48) = 12.09,
P < 0.002. Specifically, arousing pictures in the arousing condi-
tion were better remembered than were neutral pictures in the
neutral condition, F(1,48) = 22.63, P < 0.0001, and this enhanced
memory extended to neutral pictures in the arousal condition
being remembered more accurately than were neutral pictures in

Figure 2. Probability matching in learning of cue-outcome probabili-
ties in Experiment 1 on session 1 (A) and retention and further learning
during session 2 (B) in the arousal and neutral post-encoding conditions.
Arousal and neutral refer to post-encoding conditions for session 1.
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the neutral condition (48.8% SE = 6.3 vs. 33.8% SE = 3.7),
F(1,48) = 4.20, P < 0.05.

Weather prediction

Session 1
As illustrated in Figure 3, C and D, arousal level during encoding
did not significantly enhance WP acquisition. Consistent with
successful acquisition, observers showed significant learning
across trial blocks, F(1,192) = 11.91, P < 0.0001, increasing linearly
from block 1 through 5, F(1,192) = 39.92, P < 0.0001. There was
overall lower performance in the arousal condition compared
with the neutral condition, F(1,48) = 4.16, P < 0.05. There was no
significant interaction between encoding arousal and training
block, F(1,192) = 1.33, P > 0.26, suggesting that the rate of acqui-
sition of cue-outcome relations across blocks of trials was not
enhanced by intermittent emotional arousal. There was, how-
ever, indication of an initial acquisition impairment in the
arousal condition. A simple effects analysis revealed that perfor-
mance in the arousal condition during initial acquisition in
block 1 was significantly below that of the neutral condition,
F(1,48) = 9.03, P < 0.005.

Session 2
As illustrated in Figure 3E, arousal level during initial WP acqui-
sition did not significantly influence WP retention. We first as-
sessed the presence of enhanced consolidation of WP learning by
comparing block 5 of session 1 with block 1 of session 2. Both
groups showed retention of WP learning over the 1-wk period
separating WP sessions, with no significant drop off in perfor-
mance, F < 1. There was no evidence of an interaction with en-
coding condition, F < 1, suggesting that performance across the
1-wk period was not influenced by emotional arousal experi-
enced during initial training.

To assess whether arousal encoding conditions would en-
hance further learning of WP cue-outcome associations, we ex-
amined performance with additional training. A main effect of
block, F(4,192) = 6.88, P < 0.0001, indicated that participants in
both conditions demonstrated further significant increases in
performance with additional training trials during session 2, lin-
early increasing from block 1 to block 5, F(1,192) = 22.31,
P < 0.0001. However, as during initial training, there was no evi-
dence to suggest that overall performance was greater in the
arousal condition, F < 1, nor was there any evidence of an inter-
action between trial block and encoding condition, F < 1, sug-
gesting that the further acquisition of cue-outcome relations
across blocks of trials was not modulated by level of arousal dur-
ing initial encoding.

Transfer task
As illustrated in Figure 4, A and B, consistent with probability
matching, the percentage of sunshine estimation increased with
increasing cue-outcome predictability; however, arousal during
encoding did not enhance this probability estimation.

Session 1
Estimation of sunshine depended upon cue-outcome predictabil-
ity, F(4,192) = 21.30, P < 0.0001, linearly associated with increas-
ing predictability of sunshine, F(1,192) = 84.60, P < 0.0001. Over-
all, participants tended to overestimate the least predictive and
underestimate the most predictive events, regardless of encoding
condition. There was no effect of encoding condition, F < 1.

Session 2
Estimation of sunshine depended upon cue-outcome predictabil-
ity, F(4,192) = 34.01, P < 0.0001, linearly associated with increas-
ing predictability of sunshine, F(1,192) = 134.77, P < 0.0001. There
was no effect of encoding condition, F < 1.

Remote retrieval

Session 3
To examine the long-term effects of arousal during encoding on
WP learning, participants were asked to return for an additional
test session ∼3 mo following initial encoding (arousal condition,
average = 125 d [range 112–131]; neutral condition, aver-
age = 110 d [range 104–121]). These analyses are considered ex-
ploratory as they are based on limited observations from partici-
pants who partook in a final test session (arousal N = 5; neutral
N = 5).

Picture recognition
Although, picture recognition was not assayed again in the third
session, we analyzed recognition data from session 2 to deter-
mine if there was sufficient power to demonstrate differences in

Figure 3. Relation between manipulation of arousal during encoding
and WP learning in Experiment 2. (A) Overall self-reported arousal to
arousing and neutral pictures during initial WP acquisition. (B) One-week
delayed recognition memory for pictures presented during WP acquisi-
tion. (C) Overall WP initial acquisition in each encoding condition. (D) WP
acquisition curves for session 1. (E) Retention and new WP acquisition
curves for session 2 given 7 d later. Arousal and neutral refer to initial
encoding conditions.

Figure 4. Probability matching in learning of cue-outcome probabili-
ties in Experiment 2 on session 1 (A) and retention and further learning
during session 2 (B) in the arousal and neutral initial encoding conditions.
Arousal and neutral refer to encoding conditions for session 1.
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declarative memory from the smaller sample. Indeed, there was a
robust enhancement of recognition for arousing pictures in the
arousal condition relative to neutral pictures in the neutral con-
dition (57.5% SE = 4.9 vs. 30.4% SE = 3.7), F(1,8) = 19.79,
P < 0.003. In the arousing condition, memory for neutral and
arousing pictures was statistically equivalent (57.5% SE = 4.9 vs.
56.0% SE = 15.4), F < 1.

WP performance
Data were submitted to an additional ANOVA with encoding
condition (arousal and neutral) as a between-subjects variable
and session (session 1 and session 3), and training block (1
through 5) as within-subjects variables. WP performance in-
creased across training blocks, F(1,32) = 2.80, P < 0.05, and across
repeated training sessions, F(1,8) = 45.47, P < 0.0001. Critically,
there was a significant condition by session interaction,
F(1,8) = 9.28, P < 0.02. Whereas WP performance was better under
initial neutral training conditions on session 1, after substantial
delay in session 3, WP performance was now enhanced for initial
arousing relative to neutral encoding conditions. A three-way
interaction, among condition, session, and block, F(4,32) = 2.85,
P < 0.04, revealed that this delayed arousal enhancement was
most apparent from the end of session 1 to the beginning of
session 3. A focused analysis of this higher-order interaction
(block 5 of session 1 and block 1 of session 3) was significant,
F(1,8) = 6.90, P < 0.03. Whereas WP performance under neutral
encoding conditions was subject to forgetting across the ensuing
3-mo delay, arousal during initial encoding resulted in greater
performance at remote test relative to initial performance. An
analysis of performance changes from session 2 to session 3 con-
firmed this overall pattern, with significant forgetting occurring
over the 3-mo delay in the neutral condition, F(1,4) = 7.54,
P = 0.05, and a nonsignificant increase in performance in the
arousal condition F < 1 (Fig. 5).

Conclusions
One-week delayed recognition memory for picture contexts, in
which the WP task was acquired, was significantly enhanced for
the arousing relative to neutral condition. On the other hand,
induction of emotional arousal during encoding of the WP task
was not associated with enhanced rates of acquisition, nor was it
associated with enhanced consolidation of learning following a
1-wk delay. There was evidence, however, that arousal during
encoding impaired initial WP learning. This initial impairment
was associated with a long-term enhancement of WP learning.
Remote memory, ∼3 mo after initial encoding, was significantly

enhanced for participants in the arousal condition. These differ-
ences reflect differential rates of forgetting, as indicated by a sig-
nificant decrease in WP retention after a 3-mo delay in the neu-
tral but not the arousal encoding conditions.

Discussion
Emotional arousal was associated with robust enhancement of
explicit recognition of the WP learning context, as indexed by
enhanced memory for the pictures presented in the arousing
relative to the neutral conditions. By contrast, arousal after (Ex-
periment 1) or during (Experiment 2) encoding did not enhance
implicit probabilistic classification learning, as indexed by WP
performance. Arousal also did not enhance retention of WP
learning as indexed by a 1-wk delayed test, nor did it alter the rate
of additional acquisition of WP learning 1 wk later. Arousal dur-
ing encoding was, however, associated with an initial impair-
ment in performance. This impaired expression of learning was
associated with later enhanced WP retention on a remote
memory test 3 mo following initial learning. This long-term en-
hancement may be ascribed to influences on either procedural/
implicit or declarative/explicit learning. The observed dissocia-
tion between the susceptibility of declarative and procedural
forms of memory to emotional enhancement suggests that
arousal may have a more potent influence on hippocampal based
memory systems that support explicit recollection than on stria-
tal-based implicit learning.

Arousal during encoding appeared to have had a retarding
effect on initial WP acquisition within the first 30 trials of expo-
sure to the cue-outcome contingencies. This initial impairing ef-
fect may have been due to the distracting influence of highly
arousing picture content (see MacKay et al. 2004; Anderson 2005;
Schimmack and Derryberry 2005). In addition, it could represent
altered consolidation of implicit learning. The failure to demon-
strate enhanced acquisition may be contrasted with an aug-
mentation of later retrieval of these memory traces, consistent
with the proposed influence of arousal on memory consolidation
(McGaugh 2004). Studies of the effects of arousal on explicit
memory have shown that arousing study conditions often result
in an initial impairment in immediate retrieval (Kleinsmith and
Kaplan, 1963). Walker and Tarte’s (1963) “action-decrement”
theory suggests this reflects a temporary inaccessibility to
memory traces whose consolidation has been augmented. Since
the WP task involves simultaneous retrieval and consolidation,
arousing conditions may have indeed altered consolidation dur-
ing initial acquisition, impairing the capacity to retrieve implic-
itly learned associations. This immediate impairment in explicit
memory has often been accompanied by reminiscence-enhanced
memory at delayed relative to initial test (Kleinsmith and Kaplan
1963). Similarly, Okuda et al. (2004) have shown in rats that had
experienced training-associated arousal, additional post-training
arousal induced by corticosterone-impaired object recognition
performance when tested 1 h after testing, while enhancing ob-
ject recognition performance when tested at 24 h, suggesting
that the effect of arousal varies across time. In the current studies,
although greater WP memory was not found 1 wk following ac-
quisition, our exploratory analyses of performance after a 3-mo
delay revealed a pattern quite similar to that found with explicit
memory, with the arousal manipulation producing initial im-
paired memory and later enhanced retention. This pattern was
unlikely due to regression toward the mean, as WP performance
was in fact impaired at the beginning of acquisition (session 1)
but greater than neutral encoding conditions after a 3-mo delay.

Different tests of implicit memory have been shown to have
different rates of forgetting (Schacter 1987); thus, the importance
of the 3-mo delayed test may be due to the relative resistance of

Figure 5. Remote retention of weather prediction learning. Perfor-
mance is plotted from session 2 to ∼3 mo later during session 3 of testing.
Arousal and neutral refer to initial encoding conditions.
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WP memory to decay (Fig. 5). After a 1-wk delay, there was no
evidence of forgetting on WP acquisition in either encoding con-
dition, unlike the robust forgetting found in studies of explicit
memory for arousing and neutral events (see Kleinsmith and
Kaplan 1963; LaBar and Phelps 1998; Anderson et al. 2006).
Given that the effects of emotional arousal are often observed
through altering the rate of memory decay, the resistance of WP
learning to decay complicates investigations of arousal modula-
tion of procedural learning. As such, the strongest test of arousal
on procedural skill learning, as indexed by the WP task, would be
after significant forgetting has occurred, at much longer intervals
than are typically used in testing long-term declarative memory.
We provide preliminary evidence from a remote test of decreased
WP retention under neutral encoding conditions (i.e., significant
forgetting occurred), and relative maintenance under arousal en-
coding conditions (i.e., no evidence of forgetting). However, due
to the small participating samples, these data must be considered
motivation for future testing at remote delays.

In contrast with the effects of arousal during encoding, the
present studies showed no effect of post-encoding arousal ma-
nipulations. In animal models that use motivated learning (e.g.,
shock or food), post-training arousal enhances memory for
events associated with emotional significance, as in passive
avoidance learning, where memory is tested for locations previ-
ously associated with shock. Studies examining this notion di-
rectly have shown the importance of encoding arousal level for
post-encoding arousal augmentation of memory consolidation
(Okuda et al. 2004). This interaction between encoding and post-
encoding arousal may help explain the lack of post-training
arousal enhancement obtained in the present study. In humans,
although post-encoding arousal can enhance memory for prior
presentations of nonarousing events (Nielson et al. 2005; Ander-
son et al. 2006), this enhancement has been shown to be most
prominent for more arousing events (Cahill and Alkire 2003;
Cahill et al. 2003). For example, it has been shown that post-
training administration of either epinephrine (Cahill and Alkire
2003) or cold pressor stress (Cahill et al. 2003) enhances long-
term memory (1 wk) for arousing material encountered during
the training episode but not for nonarousing material. This may
indicate why arousal during, but not after encoding, may have
successfully modulated remote memory for the WP task. It is
likely that the self-reported arousal evoked during WP learning in
Experiment 2 had a trajectory that continued following encod-
ing, as well. Thus, subjects in Experiment 2, but not Experiment
1, may have experienced increased arousal during and following
encoding, conditions that may have permitted the enhancement
of long-term memory traces (Cahill and Alkire 2003; Cahill et al.
2003; Okuda et al. 2004) supporting both procedural memory
and its episodic context.

Enhancement of procedural memory may also be related to
the particular type of arousal evoked. Memory enhancement as-
sociated with viewing emotionally arousing slides is blocked by
systemic �-adrenergic antagonism, suggesting that these memory
enhancements are associated with �-adrenergic activation (Ca-
hill et al. 1994). On the other hand, cold pressor stress induces
robust cortisol activation (Lovallo 1975). Administration of ei-
ther epinephrine (Cahill and Alkire 2003) or cold pressor stress
(Cahill et al. 2003) has been shown to enhance declarative
memory for arousing material, but the effect of neither type of
arousal on procedural memory has previously been tested. While
the current experiments show that procedural memory may be
less prominently affected by emotionally arousing pictures, it
cannot be ruled out that adrenocortical-based arousal (e.g.,
evoked by cold pressor stress) can result in more pronounced
enhancement of procedural memory.

A growing body of literature documents gender differences

in the effects of emotional arousal on memory (Cahill 2003). For
example, imaging studies consistently indicate involvement of
the left amygdala in memory for emotional material for females
but an involvement of the right amygdala in memory for the
same material in males (Canli et al. 2002; Cahill et al. 2004).
While this warrants more detailed analysis, the disproportionate
number of female subjects used in the current studies does not
allow for any conclusions about whether potential gender-
related differences in the arousal modulation of declarative
memory extends to procedural memory as well.

It is unclear to what extent learning in the current experi-
ment relied exclusively on implicit memory. Previous studies
have suggested a change in underlying memory systems used in
the WP task with increasing training, such that early on during
training learning depends on an intact striatum, while later on
during training, learning depends on an intact hippocampus (Re-
ber et al. 1996). Functional imaging studies have supported this
switch in engaged memory systems, showing activation of the
striatum followed by later activation of the hippocampus (Pol-
drack et al. 1999; Iaria et al. 2003). In the current study, the
amount of trials used in each of two sessions should have ulti-
mately induced recruitment of both memory systems, with later
performance being supported more by declarative knowledge.
With respect to earlier implicit contributions from procedural
memory, the initial impairment in acquisition found in Experi-
ment 2 might reflect a disruption of implicit memory consolida-
tion, which we found was associated with enhanced remote WP
retention. However, the present results cannot disentangle
whether this pattern of early impairment and later enhancement
reflects the working of enhanced procedural or declarative
memory for the WP task following a 3-mo delay. Evidence from
probability matching in the transfer task reveals that even on
cue-outcome contingencies of >95% diagnosticity, where de-
clarative memory would likely have its greatest influence, verbal
estimates were on average 65%. The data suggest that perfor-
mance on the WP task may have relied more heavily on the
stochastic and likely implicit nature of task learning, and less on
explicit declarative associations as suggested by prior studies with
the WP task. Unlike prior examinations, arousal manipulations
used in the current studies may have interfered with the pro-
posed switch in underlying memory systems. Alternatively, the
interspersed picture events may have served to impair declarative
memory. Thus, with behavioral indices alone it is not possible to
determine whether or not a switch occurred in the relative con-
tributions of memory systems in the present studies.

A detailed analysis of WP performance has shown that at
least three different strategies can be used to learn the WP task
(Gluck et al. 2002). First, a singleton strategy involves subjects
learning the correct outcomes associated with single cards (i.e.,
memorizing the single cards). Second, a one-cue learning strategy
involves subjects basing their responses on the presence/absence
of a single card. Third, a multicue learning strategy involves sub-
jects basing their responses on combinations of cue cards pres-
ent. Furthermore, use of each of these strategies changes across
WP trials, such that performance is best described by a singleton
strategy early on while being more consistent with a multicue
strategy later in training, which may mirror the switch from stria-
tal to hippocampal systems. However, it is unclear to what extent
each of these strategies can be learned in a nondeclarative or
declarative manner, and subjects may in fact be using combina-
tions of strategies (Gluck et al. 2002). As such it may be the case
that different strategies (and associated memory systems) are
more or less prone to emotional arousal effects. However, strat-
egies were not assessed in the present experiments and future
studies might benefit from examining arousal modulation of dif-
ferent strategies for procedural learning.
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By replicating prior studies, enhancement of explicit
memory by emotional arousal suggests that degree of arousal and
associated amygdala related activity (Cahill et al. 1996; Canli et
al. 2000; Dolcos et al. 2004; Kensinger and Schacter 2005) was
sufficient to enhance memory for the recollective context in
which the WP task was performed. In contrast, this influence
may not be as pronounced for the procedural learning taking
place in arousing contexts. Enhanced declarative memory for
emotionally arousing events may reflect that these events are
intrinsically distinctive and memorable, and that memory is
tested for the events themselves that evoke arousal. In addition
to enhanced memory for events that were intrinsically emotion-
ally arousing, a summary analysis across the two experiments
revealed that neutral pictures in the arousing condition were
better remembered than were neutral events in the neutral con-
dition, F(1,90) = 5.87, P < 0.02. Although this finding is in part
complicated by the rarity of presentation of neutral events in the
arousal conditions, this pattern is consistent with other studies
showing enhanced declarative memory for neutral indistinct
events presented in arousing contexts, evoked through physical
exertion (see Nielson et al. 1996) or through presentation of
arousing pictures, as used here (see Anderson et al. 2006). Thus,
we suggest that hippocampal-based episodic/declarative memory
traces supporting recollection of temporal and spatial context are
more malleable and thus more readily influenced by induction of
systemic arousal than are procedural memory traces.

In summary, arousal during encoding impaired initial WP
acquisition but did not influence retention when tested after a
1-wk delay. By contrast, arousal enhanced 1-wk delayed recogni-
tion memory for the picture contexts in which the WP task was
performed. A subsequent 3-mo delayed test, however, suggested
that arousal during acquisition may enhance remote WP reten-
tion. These results suggest a potential dissociation between the
influence of arousal on distinct memory systems in humans—
with emotional arousal more readily modulating hippocampus-
dependent than striatum-dependent memory.

Materials and Methods

Experiment 1

Participants
Subjects were recruited through advertisements posted through-
out the University of Toronto campus as well as through intro-
ductory psychology classes. A total of 42 subjects (age
range = 18–43 yr) participated in the study which involved two
sessions separated by ∼1 wk. Subjects were randomly assigned to
either the arousal condition (n = 21; nine males, 12 females) or
the neutral condition (n = 21; six males, 15 females).

Materials, design, and procedure

The WP task
Participants performed the WP task on a computer (adapted from
the method of Knowlton et al. 1996). The WP task was designed
by using Super Lab (Version 2.0, Cedrus Inc) and viewed through
a 17-inch flat-screen LCD monitor. Participants were presented
with varying combinations of four types of cues depicting simple
geometric forms: seven black squares, 10 black triangles, nine
black circles, and 13 black diamonds. On each trial, combinations
of one, two, or three of these cues were presented side by side on
the computer screen (14 possible cue combinations) (Table 1),
and individuals were asked to predict the weather outcome as
either sunshine or rain by pressing one of two keys indicated on
a keyboard. Each of the four cards was associated with an out-
come of rain or sunshine with a fixed probability. Feedback was
given after each response to indicate a correct or incorrect re-
sponse. In the event of a correct response, subjects heard a high-
pitch sound and were shown a happy face as well as a text mes-

sage informing them that they were correct. In the event of an
incorrect response, subjects heard a low-pitch buzzer tone and
were shown a sad face as well as a text message informing them
that they were incorrect and indicating the correct answer. A
total of 150 trials were presented to each subject. Within each
trial, a particular card configuration was presented for 5 sec and
subjects had to respond within this time. After the selection was
entered, feedback was presented for 2 sec. Five self-paced intro-
ductory instruction screens appeared at the beginning of the ex-
periment.

Following presentation of 150 trials, arousal was manipu-
lated by having participants evaluate the intensity of their emo-
tional response to a presented picture, i.e., the subjective corre-
late of peripheral physiological arousal and amygdala activity
(Anderson et al. 2003) in response to the question “How intense
do you feel?” The pictures were selected from the International
Affective Picture Systems (IAPS) (Lang et al. 2005). A total of 75
pictures were used. In the arousal condition, 80% of the pictures
were selected from those catalogued in the IAPS as having high
valence (20 positive and 20 negative) and high arousal, while
20% of the pictures were neutral with low valence and low
arousal. Neutral pictures were included to reduce habituation of
self-reported arousal, evident in pilot data, when subjects were
shown only arousing pictures. Inclusion of positive, negative,
and neutral pictures was expected to limit habituation and thus
evoke more consistently intense emotional responses for arous-
ing pictures. For the neutral condition, all selected pictures were
neutral in valence and low in arousal.

Transfer task
After completion of the WP task during session 1, we adminis-
tered a transfer task to assess the subjects’ sense of subjective
probability of rain or sunshine. For session 2, the transfer task
was administered after the WP task and before the picture recog-
nition task. In either case, the test consisted of presentation of
card cues that had been previously encountered in the WP task.

Single cues
Subjects were shown one of the four cues and asked the following
question: “If just this card is showing, what percentage of the
time will it be sunny?” This was asked for each of the four cues,
and the experimenter recorded the answers on a response sheet.

Paired cues
Subjects were shown cue pairs and asked, “If these two cards are
showing, what percentage of the time will it sunny?” This was
asked of all six possible cue combinations.

Table 1. Weather prediction task probability structurea

Cue no.
Cue

arrangement Frequency Sun Rain
P

(Sunshine)

1 1100 4 4 0 1
2 1110 1 1 0 1
3 1000 7 6 1 0.86
4 1010 4 3 1 0.75
5 0100 5 3 2 0.60
6 1001 2 1 1 0.50
7 0110 2 1 1 0.50
8 1011 2 1 1 0.50
9 1101 2 1 1 0.50

10 0010 5 2 3 0.40
11 0101 4 1 3 0.25
12 0001 7 1 6 0.14
13 0111 1 0 1 0
14 0011 4 0 4 0

aTaken from Reber et al. (1996).
The numbers in the cue combination column refer from left to right to
cues 1–4: A one indicates that a cue is present on a trial, while a zero
indicates that a cue is absent on a trial. Frequency indicates how often a
particular combination occurs out of 50 trials. Sunshine and rain indi-
cated how often each outcome occurs. The final column indicates the
probability that an outcome (sunshine in this case) will occur.
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Triple cue selection
Subjects were shown sets of three cards and asked, “If these three
cards are showing, what percentage of the time will it be sunny?”
This was asked for all three possible combinations.

Retention task
To examine consolidation and retention of WP learning from the
first session of training, subjects participated in a second session
of another 150 WP trials 7 d later.

Recognition task
Following the retention task during session 2, subjects were given
a recognition task for the pictures encountered during the first
session. Seventy-five pictures were shown in the recognition task,
of which 50 had been previously seen in session 1, and 25 were
new foil items. The 25 foil items were matched thematically with
previously seen items to increase memory discrimination diffi-
culty (10 positive, 10 negative, and five neutral). Subjects in the
neutral condition were presented with 50 neutral old pictures
and 25 neutral foil items.

Data acquisition and analysis

Picture recognition
The picture recognition data was analyzed for accuracy by sub-
tracting the proportion of responses to new pictures (i.e., false
alarms) from the proportion of responses to old pictures (i.e.,
hits).

WP task
Following prior studies, a response was scored as accurate if it was
associated with the most likely outcome. Performances on trials
that had a 50% chance of being rain or shine were not scored, as
they did not provide any indication of learning across trials. The
150 trials were split into five blocks of 30 trials each. Session 1
and session 2 data were analyzed separately using mixed-
measures ANOVA, with trial block as the repeated-measures fac-
tor (block 1–5) and encoding condition as the between-subjects
factor (neutral and arousal). Consolidation of implicit learning
on the WP task across the 1-wk period separating the two WP task
sessions was analyzed using a mixed ANOVA with block as the
repeated-measures factor (block 5 from session 1 and block 1
from session 2) and encoding condition as the between-subjects
factor (arousal vs. neutral). Further learning of the WP task dur-
ing session 2 was analyzed by using the mixed ANOVA model
used in session 1.

Transfer task
The 14 different cue types were collapsed to represent five levels
of cue-outcome predictability (5%, 33%, 50%, 68%, 95%). Trans-
fer performance during session 1 and consolidation between ses-
sions were analyzed using a mixed-measures ANOVA with ses-
sion (1 and 2) and cue-outcome probability (5%–95%) as the
repeated-measures factors and session 1 encoding condition
(arousal and neutral) as the between subjects factor.

Experiment 2

Participants
A total of 50 subjects (age range = 18–35 yr) participated in the
study, which involved two sessions separated by ∼1 wk. Subjects
were randomly assigned to either the arousal condition (n = 25;
five males, 20 females) or the neutral condition (n = 25; nine
males, 16 females).

Materials, design, and procedure
Analyses and procedures followed those described for Experi-
ment 1 with the following exceptions.

The WP task
Participants performed 150 WP trials during session 1, but emo-
tional arousal was manipulated by having participants view pic-

tures (same as in Experiment 1) between every third trial (ap-
proximately every 20 sec).

Retention task
To examine consolidation and retention of WP learning from the
first training session, subjects participated in another 150 trials of
the WP task when they returned for the second session 7 d later.
The task was the same as initial acquisition with the exception of
the removal of interleaved pictures.
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