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Abstract

Adolescence is often filled with positive and negative emotional experiences that may change
how individuals remember and respond to stimuli in their environment. In adults, aversive
events can both enhance memory for associated stimuli as well as generalize to enhance
memory for unreinforced but conceptually related stimuli. The present study tested whether
learned aversive associations similarly lead to better memory and generalization across a
category of stimuli in adolescents. Participants completed an olfactory Pavlovian category
conditioning task in which trial-unique exemplars from one of two categories were partially
reinforced with an aversive odor. Participants then returned 24-hours later to complete a
recognition memory test. We found better corrected recognition memory for the reinforced
versus the unreinforced category of stimuli in both adults and adolescents. Further analysis
revealed that enhanced recognition memory was driven specifically by better memory for the
reinforced exemplars. Autonomic arousal during learning was also related to subsequent
memory. These findings build on previous work in adolescent and adult humans and rodents
showing comparable acquisition of aversive Pavlovian conditioned responses across age
groups and demonstrate that memory for stimuli with an acquired aversive association is

enhanced in both adults and adolescents.
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Introduction

Emotional experiences shape the information that we remember. Emotional events,
particularly those that are negative, have been widely shown to enhance episodic memory in
human adults (Cahill & McGaugh, 1998; Labar & Cabeza, 2006; Yonelinas & Ritchey, 2015).
However, studies examining whether emotion similarly facilitates episodic memory at earlier
developmental stages have yielded mixed results. Studies of autobiographical memories for
emotional and neutral events in children and adolescents suggest that emotional life events are
remembered more frequently and in greater detail (Bauer et al., 2017; Fivush, Hazzard,
McDermott Sales, Sarfati, & Brown, 2003). In contrast, several studies assessing children’s
subsequent memory for images depicting intrinsically emotional stimuli have shown similar
memory for negative and neutral images (Cordon, Melinder, Goodman, & Edelstein, 2013;
Leventon, Stevens, & Bauer, 2014). There is some evidence to suggest that emotional
information enhances memory in adolescents. Adolescents show enhanced memory for fearful
faces relative to neutral faces (Pinabiaux et al., 2013) and their recall for emotional images is
similar to that of adults (Vasa et al., 2011). In an attempt to reconcile these findings in more
limited age-ranged samples, a recent study examined subsequent memory for negative, neutral,
and positive images in 8- to 30-year-olds and showed similar emotional memory enhancement
effects across ages (Stenson, Leventon, & Bauer, 2019). Taken, together, these studies
suggest that across development, memory for emotional experiences may be better than
memory for neutral experiences and that emotional memory facilitation may emerge relatively
early in development, during childhood. Still, the extant research has focused on memory for
events from one’s own life or for intrinsically emotional stimuli. Adolescence, in particular, is a
stage of development associated with increased exploration and exposure to novel contexts,
leading to many new and emotionally salient experiences (Casey, 2015). Thus, this may be a
time when episodic memories for positive or negative associations are especially crucial for

guiding future behaviors (Murty, Calabro, & Luna, 2016). Yet it remains unclear whether
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emotional learning, in which a neutral stimulus associated with an emotional experience
acquires affective significance, similarly enhances subsequent memory in adolescents and
adults.

Studies of emotional learning commonly model the acquisition of emotional associations
through Pavlovian learning, in which a previously neutral conditioned stimulus acquires
emotional salience through pairing with an intrinsically arousing positive or negative
unconditioned stimulus (LeDoux, 2000; Maren, 2001). Although previous research suggests that
acquisition of negative emotional associations is readily observable early in development (Deal,
Erickson, Shiers, & Burman, 2016; Kim, Li, & Richardson, 2011; Pattwell et al., 2012; Rudy,
1993), changes in learning processes following acquisition (Baker, Bisby, & Richardson, 2016)
suggest that there may be differences in the persistence of learned aversive associations in
memory in adolescents relative to adults. Additionally, in real world situations, learned emotional
associations are often more complex than an association between a simple stimulus and an
emotionally salient outcome. For example, if someone is bitten by a dog, they may go on to
develop a negative association not only with the particular dog that bit them, but with all dogs, or
with animals more generally. The generalization and persistence in memory of learned aversive
associations are core features of anxiety disorders (American Psychiatric Association, 2013;
Dymond, Dunsmoor, Vervliet, Roche, & Hermans, 2015). Characterizing how these cognitive
processes develop is particularly important given the typical emergence and peak in prevalence
of anxiety disorders during adolescence (Kessler, Berglund, Demler, Jin, & Walters, 2005). In
children and adolescents, stimuli that are visually similar to an aversive conditioned stimulus
elicit more negative subjective emotion ratings and heightened psychophysiological measures
of arousal, suggesting a generalization of negative affective value (Glenn et al., 2012; Michalska
et al., 2016; Schiele et al., 2016). However, whether aversive learning generalizes more broadly
to facilitate subsequent memory for similar stimuli in adolescence, a period of development in

which anxiety disorders often first emerge, has yet to be investigated.
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A recently developed “category conditioning” paradigm enables measurement of both
learned affective responses and their generalization to conceptually similar stimuli, as well as
the degree to which the strength and generalization of subsequent memory is influenced by
emotionally salient events. In this paradigm, trial-unique exemplars from one conceptual
category are partially reinforced with an intrinsically positive or negative stimulus, while
exemplars from another conceptual category are never reinforced (Dunsmoor, Kragel, Martin, &
La Bar, 2014; Dunsmoor, Martin, & LaBar, 2012; Patil, Murty, Dunsmoor, Phelps, & Davachi,
2017). In adults, emotional associations formed via category conditioning can generalize across
the conceptual category and lead to enhanced memory for the reinforced category of exemplars
(e.g. Dunsmoor et al., 2014, 2012; Dunsmoor, Murty, Davachi, & Phelps, 2015; Kroes,
Dunsmoor, Lin, Evans, & Phelps, 2017; Patil et al., 2017). Here we leverage this paradigm to
examine in both adults and adolescents whether emotional memory is facilitated for stimuli with
an aversive association, whether such a memory benefit generalizes to non-reinforced
exemplars within a category, and whether psychophysiological signatures of aversive learning
also generalize to conceptually similar stimuli.

In the present study, 60 participants ages 13- to 25-years-old completed a novel
olfactory Pavlovian category conditioning task, followed by a recognition memory test 24-hours
later (Figure 1). Our category conditioning paradigm used aversive odor as an unconditioned
stimulus, rather than mild electrical shock, as aversive odors have been successfully used in
conditioning paradigms in human (Gottfried, O’'Doherty, & Dolan, 2002) and non-human
primates (U. Livneh & Paz, 2012; Uri Livneh & Paz, 2010, 2012) and can be ethically
administered in developmental populations without risk of physical harm. We chose to
administer the memory test a day after learning due to convergent evidence from previous
studies suggesting that emotional memory enhancement effects emerge with time, after at least
several hours (Yonelinas & Ritchey, 2015). The skin conductance response (SCR) to each

stimulus was collected during the category conditioning task to serve as a psychophysiological
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measure of learning. Additionally, following the recognition memory test, we collected measures
of self-reported anxiety and intolerance of uncertainty, which we hypothesized might relate to
individual differences in emotional memory enhancement effects. Our primary aim was to test
whether acquired aversive associations, using odor as a reinforcer, enhance memory in
adolescents, similarly to adults, and whether these aversive associations generalize across a
category. We hypothesized that adolescents and adults would show similar facilitation of
memory for the aversively reinforced stimuli, but that adolescents might show greater
generalization of aversive associations across a category relative to adults, which might confer
heightened vulnerability to anxiety during this developmental stage.

Results
DAY 1 DAY 2
C. Recognition Memory Test

A. Odorant Selection B. Conditioning

1: D Maybe Old
3: Maybe New 4: Definitely new

|;| » 6s +\

‘;""l breath

1: Definitely Old 2: Maybe Old
3: Maybe New 4: Definitely new

3: Maybe New 4: Definitely new

1: Definitely Old 2: Maybe Old
3: Maybe New 4: Definitely new

Figure 1. Experimental design. Participants first completed an odor selection procedure which
involved a two-part rating procedure (A) to determine which odorant would be used as the
unconditioned stimulus (US). Participants provided valence and arousal ratings for eight
odorants. These ratings were used to select a set of four odorants that were delivered via the
olfactometer and rated again to identify the final US (for more details see Methods). Immediately
afterwards, participants underwent aversive olfactory Pavlovian category conditioning, using a
breath-triggered paradigm, in which one category of images (CS+) was reinforced 50% of the
time and the other category (CS-) were never reinforced (B). Participants returned 24-hours
later and completed a self-paced recognition memory test that included all the images observed
on day one, plus an equal number of new images from each category (C).
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Recognition Memory

In line with previous category conditioning studies (Dunsmoor et al., 2014, 2012, 2015),
we first examined corrected recognition memory (hit minus false alarms) for stimuli from the
reinforced (CS+) versus unreinforced (CS-) category by continuous age (Figure 2A) and
controlling for which category (objects or places) served as the reinforced category. We found a
significant effect of stimulus type (F(1,58) = 8.91, p = 0.004), such that subjects showed better
corrected recognition memory for the CS+ stimuli than the CS- stimuli. There was no significant
effect of age (F(1,57) = 0.31, p = 0.58), no age by stimulus type interaction (F(1,58) = 0.33, p =
0.57), and no effect of which category was reinforced (F(1,57) = 0.58, p = 0.45).

To assess whether the memory benefit conferred by learned aversive associations
generalized to unreinforced exemplars within the same conceptual category, we next examined
hit rate by stimulus type (CS+US, CS+, and CS-) and by continuous age (Figure 2B), controlling
for the reinforced category. We found a significant effect of stimulus type (F(2,116) = 14.95, p <
0.0001), but no significant effects of age (F(1,57) = 0.69, p = 0.41), no age by stimulus type
interaction (F(2,116) = 1.14, p = 0.32), and no effect of which category was reinforced (F(1,57) =
0.01, p = 0.93). Post-hoc t-tests (a = .0167, adjusted for multiple comparisons) revealed that the
main effect of stimulus type was driven by better memory for the CS+US stimuli relative to the
unreinforced CS+ stimuli (£(116.59) = 3.55, p < 0.001) and the CS- stimuli (£(117.99) = 3.73, p <
0.001). There was no significant difference between memory for the unreinforced CS+ stimuli
relative to the CS- stimuli (£(116.79) = 0.02, p = 0.99). We also examined trial-wise memory
accuracy (hit rate) by stimulus type (CS+US, CS+, and CS-) and by continuous age, controlling
for both the reinforced category and the order of presentation of the stimuli during learning. We
found a significant effect of stimulus type (y*(2) = 42.38, p < .0001) and no significant effects of
age (x¥?(1) = 0.004, p = .95), no age by stimulus type interaction (y*(2) = 3.82, p = .15), and no

effect of which category was reinforced (y?(1) = 0.22, p =.64). There was a significant primacy
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effect of stimulus presentation order (¥%(2) = 83.57, p < .0001), such that stimuli presented near
the beginning of learning were better remembered than those presented near the end. These
results suggest that improved corrected recognition memory for the CS+ category of stimuli was
driven specifically by enhanced memory for images paired with an aversive odor and was not

due to generalization of memory facilitation to non-reinforced images in the same category.
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Figure 2. Similar effects of aversive learning on recognition memory and skin conductance
response across age. Across age, corrected recognition memory is better for items from the
CS+ versus CS- category (A), driven by better recognition memory for the reinforced items
(CS+US) (B). There was a trend towards higher skin conductance in response to CS+ items
relative to CS- items (C). Participants are separated by age group (Teen: 13-17, Adult: 18-25)
for visualization purposes only. The corresponding statistical analyses treat age as a continuous
variable. Different colored dots represent individual participants. Error bars are s.e.m. ** p < .01,
~p<.

Given that several previous studies in adults observed such a generalization effect when

analyzing the high confidence trials (e.g. Dunsmoor et al., 2012; Patil et al., 2017), we also
conducted a post-hoc exploratory analysis in which we used an ordinal regression model
(Burkner & Vuorre, 2018) to examine the influence of stimulus type on subsequent memory by
confidence level. This approach allowed us to include all four confidence levels of memory
responses (1 = Definitely Old, 2 = Maybe Old, 3 = Maybe New, and 4 = Definitely New). This
analysis suggested that among the high-confidence hit stimuli, there is evidence for
generalization of memory facilitation to unreinforced CS+ stimuli, such that there were more

high confidence hits (1 = Definitely Old) than low confidence hits (2 = Maybe Old) for the both
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CS+US and CS+ stimuli, relative to the CS- stimuli, although the effect for CS+ stimuli is small.
(see Supplemental Materials, Tables S1 & S2).

The pattern of results reported above remained consistent when participants who were
excluded for not showing a variable skin-conductance signal during conditioning were included
in the analyses (see Supplemental Materials, Figure S1).

Psychophysiological Measure of Learning

To test for acquisition of category conditioning across adolescents and adults, we
examined average skin conductance responses for stimuli from the reinforced (CS+) versus
unreinforced (CS-) category by continuous age (Figure 2C). We found a marginal effect of
stimulus type (F(1,58) = 3.03, p = 0.087), such that subjects showed a trend towards higher skin
conductance for the CS+ stimuli relative to the CS- stimuli. There was no significant effect of
age (F(1,58) = 1.50, p = 0.22) or an age by stimulus type interaction (F(1,58) = 0.60, p = 0.44).
We also examined trial-by-trial unconditioned psychophysiological responses to trials that were
paired with odors across the learning phase. We found a significant effect of trial number (y2(1)
= 31.94, p <.001), such that unconditioned responses decreased over the course of learning.
This suggests that odor habituation did occur over the course of learning.
Psychophysiology-Recognition Memory Relationships

To gain a better understanding of the large degree of individual variability in recognition
memory, we explored relationships between psychophysiological responses during learning and
subsequent memory. A number of previous studies in adults have shown that increased
autonomic arousal during encoding is associated with better memory (Bradley, Greenwald,
Petry, & Lang, 1992; Kensinger EA & Corkin S, 2004; Kleinsmith & Kaplan, 1963), therefore we
first examined the relationship between subjects’ averaged skin conductance in response to all
CS presentations across the encoding task and related this to overall memory performance (hit
rate). We found a positive relationship (r(58) = 0.26, p = 0.041), such that individuals with larger

conditioned responses showed better memory overall (Figure 3A).
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We next investigated the relationship between trial-evoked skin conductance responses
to CS presentation, irrespective of the stimulus type and experienced outcome, and subsequent
memory. In the present study, we examined skin conductance responses at two time-points
during each trial. The first time-point was when the CS was on the screen before the event
occurred, which we refer to as responses to the cue. The second time-point began at the onset
of the olfactometer “shoot” event (the release of either the odor or clean air), which we refer to
as responses to the outcome. We first examined whether trial-evoked psychophysiological
responses to the cue predicted subsequent memory, including continuous age as a regressor of
interest. We found no significant effects of skin conductance in response to the cue (¥*(1) =
0.013, p =.91), age (x*(1) = 0.34, p = .56), and no interaction between skin conductance in
response to the cue and age (x?(1) = 0.003, p = .95). We also examined whether trial-evoked
skin conductance responses at the time of the outcome predicted subsequent memory,
including continuous age as a regressor of interest. We found a significant main effect (y%(1) =
14.11, p <.001), such that larger skin conductance responses at the time of the outcome were
associated with better memory (Figure 3C). There was no statistically significant effect of age
(x?(1) = 0.22, p = .64), or interaction between outcome SCR and age (x?(1) = 0.081, p = .77).
Thus, trial-evoked SCRs at the time of outcome were predictive of subsequent memory whereas

trial-evoked SCRs to the cue itself were not.
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249  Figure 3. Psychophysiological arousal during learning relates to memory 24-hours later.

250 Participants’ average skin conductance response to cue presentation was positively correlated
251  with their overall recognition memory performance (A). While trial-evoked responses to the cue
252  did not predict subsequent memory for that item, higher responses at the time of the outcome
253  were predictive of better item memory (B).

;gg Recognition Memory-Individual Difference Measure Relationships

256 To examine how individual differences in memory enhancement and generalization

257  might relate to participants’ state or trait anxiety, and intolerance of uncertainty, we first

258  computed memory bias scores for CS+US (CS+US hit rate — CS- hit rate) and unreinforced CS+
259  (CS+ hit rate — CS- hit rate) stimuli. Consistent with our earlier reported findings, linear

260  regressions revealed no relationships between CS+US memory bias and age (F(1,58) = 0.18, p
261  =0.67) or CS+ memory bias and age (F(1,58) = 1.78, p = 0.19).

262 We next examined the relationships between the State Trait Anxiety Inventory (STAI)
263  state and trait scales (Spielberger, Gorsuch, & Lushene, 1988) and these memory bias

264  measures (a = .0125, adjusted for multiple comparisons). Linear regressions revealed no

265  significant relationships between age and STAI state (F(1,58) = 0.51, p = 0.48), STAI trait

266  (F(1,57)=1.40, p=0.24), or IUS (F(1,58) = 0.74, p = 0.38). We did not find statistically

267  significant relationships between the STAI state measure and either memory bias index

268  (CS+US memory bias, r(58) = -0.050, p = 0.71; CS+ memory bias, n(58) =-0.084, p = 0.52) or
269  the STAI trait and CS+US memory bias (r(57) = -0.19, p = 0.15). However, we did observe a
270  negative correlation between the STAI trait and CS+ memory bias (r(57) = -0.35, p = 0.006),
271  such that individuals with lower STAI trait scores showed a stronger CS+ memory bias than
272 those with high STAI trait scores. A follow-up analysis (a = .017, adjusted for multiple

273  comparisons) was conducted to determine whether this result was due to differences in

274 recognition memory for the unreinforced CS+ stimuli or the CS- stimuli. We also examined the
275  relationship between recognition memory for the CS+US stimuli and STAI trait for

276  completeness. We found that neither CS+US hit rate ((57) = 0.09, p = 0.48) nor CS+ hit rate

277  (r(57) =-0.11, p = 0.40) correlated with STAI trait scores. However, we observed a positive
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correlation between CS- hit rate and STAI (r(57) = 0.31, p = 0.016), such that individuals with
higher trait anxiety showed better memory for the CS- stimuli (Figure 4A). A follow-up multiple-
regression analysis including a STAI by continuous age interaction term revealed a significant
main effect of trait anxiety (F(1,55) = 6.30, p = 0.015), no main effect of age (F(1,55) = 0.18, p =
0.675), and a marginal trait anxiety by age interaction (F(1,55) = 2.85, p = 0.097), such that the
relationship between trait anxiety and memory for CS- stimuli was stronger in younger
participants. These results indicate that higher self-reported anxiety was related to better for
stimuli from the non-reinforced category, but was not related to memory for stimuli from the

reinforced category.

1.00

0.75

CS- Hit Rate
o
3

025

0.00

2 3

0 1
STAI Trait Z-Score

Figure 4. Better memory for the stimuli from the unreinforced category is associated with higher
trait anxiety. While there was no significant relationship between recognition memory for the
CS+ or CS+US stimuli and trait anxiety, there was a positive relationship between memory for
the CS- stimuli and trait anxiety.

We also examined the relationships between Intolerance of Uncertainty Scale (IUS)
(Freeston, Rhéaume, Letarte, Dugas, & Ladouceur, 1994) and the memory bias measures (a =
.025, adjusted for multiple comparisons). We did not observe statistically significant correlations

between either memory bias index and IUS (CS+US memory bias, r(58) = -0.053, p = 0.69; CS+

bias, n(58) = -0.21, p = 0.11).
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The pattern of results reported above remained consistent when participants who were
excluded for not showing a variable skin-conductance signal during conditioning were included
in the analyses (see Supplemental Materials, Figure S2).

Discussion

The present study employed a novel olfactory variant of a Pavlovian category
conditioning task to test whether aversive learning leads to similar memory enhancement and
generalization across a conceptual category in adults and adolescents. By using trial-unique
stimuli as “tags” for each learning trial, we show that aversive learning leads to better episodic
memory for trials associated with an aversive event in both adolescents and adults. The age
invariance of this effect is consistent with previous observations that adolescent and adult
humans and rodents exhibit equivalent acquisition of aversive Pavlovian conditioning using
simple stimuli (Deal et al., 2016; Kim et al., 2011; Pattwell et al., 2012; Rudy, 1993). Our finding
extends this literature by testing memory for individual events during conditioning and showing
similar memory improvements in adolescents and adults for items with an acquired aversive
association.

While few studies have examined the neural mechanisms underlying emotional
facilitation of episodic memory prior to adulthood, our findings are consistent with evidence of
the early development of this circuitry. Multiple memory systems, centered on the amygdala for
emotional memory and the hippocampus for episodic and declarative memory, are proposed to
interact to facilitate memory of emotional events (Mcdonald, Devan, & Hong, 2004; Phelps,
2004). Under the “emotional binding” account of episodic memory, the amygdala binds
emotional information to an item, communicating with both the perirhinal cortex and the
hippocampus to modulate encoding, storage, and recollection of these memories (Yonelinas &
Ritchey, 2015). Evidence from rodent studies suggests that signatures of a functional emotional
memory system emerge early in development (Stanton, 2000), indicating that emotional

memory enhancement effects should be present during childhood and adolescence.
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While memory for items directly associated with an aversive odor was facilitated across
age, unreinforced exemplars from the same category as the odor-paired stimuli were not better
remembered in either adults or adolescents. This result does not fully replicate previous studies
showing that emotional associations generalize across a category and lead to enhanced
memory for the reinforced category of exemplars in adults (Dunsmoor et al., 2014, 2012, 2015;
Kroes et al., 2017; Patil et al., 2017). However, we did find some evidence of increased correct
high-confidence memory judgements for both odor-paired stimuli and unreinforced stimuli of the
same category, relative to stimuli that were never reinforced. This indicates a possible
interaction between metacognitive ability and memory generalization effects, such that
generalization of memory facilitation for unreinforced items from the same conceptual category
as those that were aversively reinforced is primarily observed when examining high confidence
memories. Alternatively, because the present study did not include a “don’t know” response
option, generalization of emotional associations in memory may be obscured by noisiness in low
confidence memory judgments due to guessing responses.

There were several differences between the present paradigm and the category
conditioning paradigm used in previous work that may have contributed the lack of
generalization of memory facilitation. The present paradigm used trial-unique object and scene
images rather than tool and animal images. Objects were used to try and ensure that younger
participants would have familiarity with the images and scenes were used instead of animals
due to pilot data that suggested a general memory advantage for animals. It is possible that the
exemplars from each category were too distinct to allow for generalization (Dunsmoor &
Murphy, 2015). We also did not include expectancy ratings during conditioning in order to
mitigate potential effects of generating a prediction on learning (Brod, Hasselhorn, & Bunge,
2018) and effects of expectancy rating on skin conductance response (Atlas et al., 2015).
Although other variants of category condition paradigms have also omitted expectancy ratings

and still observed memory facilitation effects (Patil et al., 2017), it is possible that this may have
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reduced the demand on participants’ attention, attenuating their anticipatory responses. Another
reason that we may not have fully replicated prior studies is our use of a different primary
reinforcer. Previous work has shown that the intensity of the aversive stimulus is related to the
degree of generalization (Dunsmoor, Kroes, Braren, & Phelps, 2017), suggesting that olfactory
reinforcers may not be potent enough to induce widespread generalization effects. We also saw
evidence for habituation of the skin conductance response to the odor after repeated exposures
across learning, which may have contributed in part to the observed primacy effect on memory.
Further studies comparing aversive learning across different modality reinforcers (e.g. shock
versus noise versus odor) and manipulating the duration and intensity of reinforcement will be
necessary to determine the effectiveness of odor conditioning in producing generalization
effects.

In this study, we used cue-evoked skin conductance response as a psychophysiological
measure of emotional learning. Moreover, in this category condition paradigm, the measure of
anticipatory arousal also provides a measure of the degree to which learned aversive
associations generalize across a conceptual category. Skin conductance responses showed a
trend towards increased anticipatory arousal for the reinforced category of stimuli across
participants. While this marginal increase in anticipatory arousal indicates some degree of
learning of the association between the partially reinforced category and a potential aversive
outcome, evidence for emotional learning in our study was weak. In the current experiment, we
used skin conductance response as a psychophysiological index of learning due to the
prevalence of this measure in the human conditioning literature (Bradley, Miccoli, Escrig, &
Lang, 2008; Hamm & Stark, 1993; LaBar, Gatenby, Gore, LeDoux, & Phelps, 1998; LANG,
GREENWALD, BRADLEY, & HAMM, 1993). Other psychophysiological measures of learning,
such as pupillometry (Leuchs, Schneider, & Spoormaker, 2018) and breathing measures (Uri
Livneh & Paz, 2010) should also be examined to determine whether they might provide more

robust indices of learning dynamics during olfactory conditioning.
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In order to probe individual variability in aversive learning and memory, we examined
relationships between skin conductance responses during learning and subsequent memory.
Previous studies in adults have shown that autonomic arousal during encoding is associated
with better memory (Bradley et al., 1992; Kensinger EA & Corkin S, 2004; Kleinsmith & Kaplan,
1963). In both humans and rodents (Glascher, Adolphs, Glascher, & Adolphs, 2003; Mather,
Clewett, Sakaki, & Harley, 2016; Reis & LeDoux, 1987; Reyes, Carvalho, Vakharia, & Van
Bockstaele, 2011; Roozendaal, Luyten, de Voogd, & Hermans, 2016), the amygdala can
modulate noradrenergic autonomic arousal responses to aversive stimuli, providing a putative
mechanism through which emotion might influence memory. Consistent with this prior work, we
found that individuals showing higher anticipatory arousal in response to cues on average,
throughout the task, also showed better memory overall. However, in accordance with previous
findings (de Voogd et al., 2016), trial-evoked anticipatory arousal to the cue did not predict
subsequent memory for the corresponding trial. We instead found that trial-evoked responses at
the time of the outcome predicted memory 24-hours later. These data suggest that while
increased anticipatory arousal during learning may foster a general memory benefit, unlearned
autonomic arousal reactions to individual stimuli predict whether or not that stimulus will be
remembered at a later time.

Finally, we examined how individual difference measures related to subsequent
memory. Unexpectedly, we found a positive relationship between recognition memory for CS-
stimuli and trait anxiety, such that individuals with higher trait anxiety showed better memory for
items from the category that was never reinforced. A follow-up analysis suggested that this
correlation was largely driven by adolescent participants, although the trait anxiety by age
interaction was only significant at a trend level. This result indicates that self-reported anxiety
may promote memory for “safe” stimuli, which were never previously associated with an
aversive outcome, within a context where aversive outcomes were experienced. While

unexpected, this finding is consistent with the idea that overgeneralization of aversive
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experiences to dissimilar stimuli is a defining feature of anxiety (Dymond et al., 2015). In
overgeneralization, the heightened emotional responses elicited by a threat-predictive stimulus
are also displayed in response to other increasingly dissimilar stimuli. Our observation that
memory for safe stimuli is facilitated in subjects with higher trait anxiety suggests that the extent
to which the cognitive processes evoked by aversive experiences generalize to safe stimuli is
also heightened in high anxiety individuals. These results also suggest that a relationship
between anxiety and better memory for safe stimuli experienced within an aversive context may
be more readily observable during adolescence, the period of development in which anxiety
disorders often first emerge (Kessler et al., 2005; Lee et al., 2014). However, it is noteworthy
that trait anxiety was not correlated with memory for the specific items associated with aversive
events (CS+US stimuli) or the unreinforced items from that same category (CS+ stimuli). Given
the exploratory nature of these results, replication and further investigation of the relationship
between generalization, overgeneralization, and trait anxiety in adolescents and adults is
warranted.

In summary, the current study demonstrated that aversive learning enhances episodic
memory in both adolescents and adults, particularly for items directly associated with an
aversive odor. We found that autonomic arousal during learning was related to later memory.
Specifically, unlearned arousal responses to outcomes during encoding were predictive of
subsequent memory for individual stimuli. These results indicate that aversive odors are
sufficiently evocative to induce memory enhancements in both adolescents and adults. While
further refinement of olfactory conditioning methods for use in developmental populations is
necessary, this study suggests that aversive and appetitive odors might be fruitfully utilized to
study emotional learning and memory processes across development.

Materials and Methods

Participants
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Sixty participants between the ages of 13 and 25 years (mean age = 18.69, 30 female)
were included in analyses. A target sample size of n = 60, including 30 adolescents and 30
adults, was determined based on group sample sizes previously reported in category
conditioning studies (Dunsmoor et al., 2014, 2012, 2015). Data from 28 additional participants
(mean age = 19.45, 18 female) were excluded from primary analyses for not showing a variable
skin-conductance signal (defined as fewer than four scorable trials) during conditioning. Data
from 22 additional participants were excluded from analyses due to the discovery of a software
bug that yielded inconsistencies in timing and delivery of the aversive reinforcers. Three
additional participants were excluded from analyses due to failure to return for the second
session of the study. All participants were volunteers from a community sample of New York
City. Of the 60 participants included in primary analyses, 45% of participants self-identified as
Caucasian/White, 15% as African American, 25% as Asian, and 15% as mixed race.
Additionally, 16.67% of the sample identified as Hispanic. Of the 28 participants who did not
exhibit a variable skin conductance signal (but were included in the supplemental analyses of
the memory data), 32.14% of participants self-identified as Caucasian/White, 21.43% as African
American, 39.29% as Asian, and 7.14% as mixed race. Additionally, 7.14% of the sample
identified as Hispanic. Participants were screened for difficulties seeing without corrective
lenses (as the nasal mask precluded the simultaneous use of glasses; contact lenses were
permitted), history of psychiatric diagnoses, use of psychoactive medication or beta blockers, or
difficulties breathing. Participants provided informed written consent (adults) or assent (minors)
per research procedures approved by New York University’s Institutional Review Board. Parents
or guardians of teenagers under age eighteen also provided written consent on behalf of the
teenager, prior to their participation in the study. All participants were compensated $30 for their
participation in two approximately 1-hour sessions scheduled 24-hours apart.

Olfactory Pavlovian Category Conditioning Paradigm
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A category conditioning paradigm used in previous studies in healthy adults (Dunsmoor
et al., 2014, 2012) was adapted for use with a custom built olfactometer, allowing for odorants to
serve as the unconditioned stimulus (US). The breath-triggered conditioning paradigm consisted
of four 12-trial blocks, where each trial was a unique exemplar from one of two conceptual
categories. Over the course of conditioning, subjects viewed 24 unique objects and 24 unique
scenes (Konkle & Caramazza, 2013). Each stimulus category (object or scene) was randomly
assigned to serve as the reinforced conditioned stimulus category (CS+) for half the participants
and the unreinforced conditioned stimulus category (CS-) for the other half of participants.
Within each 12-trial block, half of the trials were exemplars from the CS+ category and half were
from the CS- category. The CS- trials were never paired with an odor and the CS+ trials were
reinforced 50% of the time (three CS+US, three CS+, and six CS- trials per block, resulting in 12
trials total). Trial order was pseudorandomized such that no more than two reinforced (CS+US)
trials and no more than three exemplars from the same category appeared in a row. Four
different trial orders and two possible assignments the reinforced category of stimuli resulted in
eight different versions of the task that were administered to participants.

During conditioning, participants passively viewed images presented on the screen via
Psychtoolbox-3 in Matlab R2015b while breathing through a nasal mask connected to the
olfactometer. They were instructed simply to notice any associations between the pictures and
smells. Clean air was continuously circulated through the mask and participants’ nasal breathing
was measured via pressure sensors in the olfactometer and processed in real-time using
LabVIEW 2016 Version 16.0f5 (64-bit). The paradigm used breath-triggered stimulus
presentation to ensure that odor delivery was timed to a participants’ inhalation. Each trial
began with a fixation cross presented for a fixed interval of six seconds. On the subsequent
inhale after the fixation (variable duration), a trial-unique exemplar appeared on the screen for a
fixed interval of six seconds. After a one-second buffer to ensure separation of respiratory

cycles (Uri Livneh & Paz, 2010), the participant’s next inhale while the image was still on the
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screen triggered an olfactometer “shoot” event for two seconds. For CS- and unreinforced CS+
trials, this shoot event consisted of continued release of clean air and for the CS+US trials, the
aversive odor was delivered. If the participant did not inhale while the image was on the screen,
an olfactometer shoot event was not triggered and the participant only experienced clean air. If
this occurred on a CS+US trial, this trial was reclassified as a CS+ image without reinforcement
during data processing and in subsequent analyses. Twelve of the 60 participants missed at
least one odor shoot event. Nine of the 12 missed a single shoot event, leading to a 45.83%
reinforcement rate, two missed two shoot events, leading to a 41.67% reinforcement rate, and
one participant missed three shoot events, leading to a 37.5% reinforcement rate.
Odorant Selection

At the beginning of the first session, participants underwent an odor selection procedure
to identify the odorant to be used as the aversive reinforcer in the category conditioning
paradigm. This procedure was designed to take into account individual differences in whether
an odorant is considered to be aversive, mirroring calibration procedures that are typically
performed in aversive learning studies using mild electrical shock as the aversive reinforcer
(e.g. Dunsmoor et al., 2014; Dunsmoor, Mitroff, & LaBar, 2009). Each odorant was rated on
valence and arousal using a modified version of the Self-Assessment Manikin (SAM) (Bradley,
M. M. & Lang, P. J., 1994). A suite of eight different aversive odorants, supplied by DreamAir
perfumers, were first administered to participants using Whispi air puff canisters (Scentovation,
Novia Products, LLC). Three of the odorants were the following chemical compounds: isovaleric
aldehyde 10% diluted in isopropyl myristate, dimethyl acetate undecadienol, and Ozonil™
(tridec2-ene nitrile). Five of the odorants were proprietary DreamAir odorant blends (“Bad smell

3”7, “Horse hair”, “Fumier”, “Frog 3”, and “Fear 45I”). Participants were asked to rate the valence
of the smell on a scale from one to nine in which a one represented a bad smell, labeled ‘Don’t
Like’ on the scale, and a nine represented a good smell, labeled ‘Like’ on the scale. Immediately

following the valence rating, the arousal rating measured the perceived strength of the smell on
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a scale of one to nine in which one represented a ‘Weak’, unnoticeable odor and a nine
represented a ‘Strong’, noticeable odor.

Each smell was presented and ranked on these scales three times, and the average
scores for each odorant were computed to determine the four most aversive odors, as indexed
by ratings of lowest valence and highest strength. The four most aversive odors were then
presented through the nasal mask via inhale-triggered odor release delivered using the
olfactometer, which allowed the participants to experience the odors as they would during
conditioning. Participants were asked to rate the four odorants three times each on a scale from
one to five, where one indicated the smell was bad and five indicated that the smell was so bad
that the participant would not be able to handle smelling it several times during the conditioning
task. Ratings were averaged and the odorant with the highest average of a score of four or
below, meaning that the odor never received a rating of five, was used in the conditioning task.
Recognition Memory Test

Participants returned 24-hours later for a recognition memory test presented via
MATLAB’s Psychtoolbox-3. Participants were not told about the memory test until they arrived
for the second session, at which point they were queried about their expectations for the
session. Though the majority of participants reported no expectations, four of the thirty adults
and two of the thirty teens reported that they anticipated some form of memory test. The self-
paced memory test included the 24 CS+ and 24 CS- category exemplars from day one, as well
as 24 new objects and 24 new scenes, for a total of 96 images. Images used in the task on day
1 and as new images on day 2 were counterbalanced across participants. Participants rated
whether each picture was new or old on a four-point scale: 1 = Definitely Old, 2 = Maybe Old, 3
= Maybe New, and 4 = Definitely New. Consistent with previous studies, responses were
collapsed across new versus old ratings. We examined corrected recognition memory, which is

a difference score between hits, old images correctly identified as old, and false alarms, new
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images incorrectly identified as old. Additionally, we examined hit rate for the CS+US, CS+, and
CS- images to look for generalization across the reinforced category of exemplars.
Psychophysiological Data Acquisition & Analysis

Skin conductance data was recording during the conditioning paradigm using a BIOPAC
MP-100 System (Goleta, CA). Pre-gelled SCR electrodes were placed on the hypothenar
eminence of the palm (Dunsmoor et al., 2015) of the non-dominant hand and the phasic skin
conductance response (SCR) to each CS onset and outcome timepoint (US or no US) were
scored using AcgKnowledge 3.9 software (BIOPAC Systems). SCR data were low-pass filtered
and smoothed. SCR scores were based on the window 0.5 seconds after stimulus onset to 0.5
seconds after shoot onset and outcome response scores were based on the window 0.5
seconds after shoot onset to 0.5 seconds after shoot offset. The trough-to-peak difference of the
first waveform (in pSiem) (Dunsmoor et al., 2015; Hermans et al., 2017) beginning within these
windows was measured. Using MATLAB R2016a, distributions were normalized using square
root transformation of the raw SCR magnitudes, and then divided by the maximum response
(across all cue and outcome responses) to enable between-subject comparison. Any trial
without a shoot event was considered missing for analyses that examined SCR at outcome.
Self-Report Measures

Following the recognition memory test on day two, participants completed several self-
report measures via Qualtrics surveys. Participants completed the State Trait Anxiety Inventory
(STAI) state and trait scales (Spielberger et al., 1988), the Intolerance of Uncertainty Scale
(IUS) for adults (Freeston et al., 1994) or the IUS-C for teenagers ages 13 to 17 (Comer et al.,
2010), and a free response question asking whether the subject noticed anything about the
types of images that were paired with smells. One adolescent participant (16.96 year-old male)
did not complete the STAI trait scale.

Analysis Approach
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Data processing was completed in MATLAB R2016 and all statistical analyses were
conducted in R version 3.5.1 (R Core team, 2016). Mixed-effects models were run using the
‘Ime4’ package (version 1.1-17) Imer (for analyzing recognition memory and average skin
conductance response) and glmer (for trial-wise analyses) functions (Bates D, Maechler M,
Bolker B, & Walker S, 2015). Numeric variables included as regressors in the model were z-
scored across all participants. Each model included a random intercept for each participant.
Statistics were reported from analysis of variance (Type Il using Satterthwaite’s method)
performed on Imer models and analysis of deviance (Type Il Wald chi-square tests) performed
on glmer models. Welch two sample t-tests were performed for post-hoc analyses of recognition
memory data and Pearson product-moment correlations were computed for all reported
correlations. Where applicable, statistical significance thresholds (alphas) adjusted for multiple
comparisons are reported in the Results section.

Data and code availability

Data and code are available on Open Science Framework: https://osf.io/qcx8t/

Acknowledgements

We thank DreamAir, LLC for providing us with the odorants used in this study, Noam Sobel and

his engineering team for building our olfactometer, and the Frueauff Foundation for a generous

equipment grant that funded its construction. This work was supported by a Klingenstein-

Simons Fellowship in Neuroscience, a Jacobs Foundation Research Fellowship, a NARSAD

Young Investigator Award, the NYU Vulnerable Brain Project, and a National Science

Foundation CAREER Award Grant No. 1654393 (to C.A.H.) as well as a National Science

Foundation SBE Postdoctoral Research Fellowship Grant No. 1714321 (to A.O.C).

References

American Psychiatric Association. (2013). Diagnostic and Statistical Manual DSM 5. Diagnostic
and Statistical Manual of Mental Disorders, 5th Edition.

https://doi.org/10.1176/appi.books.9780890425596.744053



594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

Atlas, L. Y., Sandman, C., & Phelps, E. A. (June, 2015). Self-generate expectations modulate
feedback-driven aversive learning. Human Brain Mapping Conference, Honolulu, Hawaii.

Baker, K. D., Bisby, M. A., & Richardson, R. (2016). Impaired fear extinction in adolescent
rodents: behavioural and neural analyses. Neuroscience and Biobehavioral Reviews.
https://doi.org/10.1016/j.neubiorev.2016.05.019

Bates D, Maechler M, Bolker B, & Walker S. (2015). Ime4. Journal of Statistical Software, 67(1),
1-48. https://doi.org/10.18637/jss.v067.i01

Bauer, P. J., Stark, E. N., Ackil, J. K., Larkina, M., Merrill, N., & Fivush, R. (2017). The
recollective qualities of adolescents’ and adults’ narratives about a long-ago tornado.
Memory, 25(3), 412—424. https://doi.org/10.1080/09658211.2016.1180396

Bradley, M. M., & Lang, P. J. (1994). Measuring emotion: the self-assessment manikin and the
semantic differential. Journal of Behavior Therapy and Experimental Psychiatry, 25(1), 49—
59. https://doi.org/10.1016/0005-7916(94)90063-9

Bradley, M. M., Greenwald, M. K., Petry, M. C., & Lang, P. J. (1992). Remembering Pictures:
Pleasure and Arousal in Memory. Journal of Experimental Psychology: Learning, Memory,
and Cognition, 18(2), 379-390. https://doi.org/10.1037/0278-7393.18.2.379

Bradley, M. M., Miccoli, L., Escrig, M. A., & Lang, P. J. (2008). The pupil as a measure of
emotional arousal and autonomic activation. Psychophysiology, 45(4), 602—607.
https://doi.org/10.1111/j.1469-8986.2008.00654 .x

Brod, G., Hasselhorn, M., & Bunge, S. A. (2018). When generating a prediction boosts learning:
The element of surprise. Learning and Instruction, 55, 22—31.
https://doi.org/10.1016/j.learninstruc.2018.01.013

Burkner, P.-C., & Vuorre, M. (2018). Ordinal Regression Models in Psychology: A Tutorial.
PsyArXiv, 1-17. https://doi.org/10.31234/osf.io/x8swp

Cahill, L., & McGaugh, J. L. (1998). Mechanisms of emotional arousal and lasting declarative

memory. Trends in Neurosciences, 21(7), 294—299. Retrieved from



620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

http://www.ncbi.nim.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&l
ist_uids=9683321

Casey, B. J. (2015). Beyond Simple Models of Self-Control to Circuit-Based Accounts of
Adolescent Behavior. Annual Review of Psychology, 66, 295-319.
https://doi.org/10.1146/annurev-psych-010814-015156

Comer, JS, Roy, AK, Furr, JM, Gotimer, K, Beidas, RS, Dugas, MJ, Kendall, PC. 2009. The
intolerance of uncertainty scale for children: a psychometric evaluation. Psychol Assess 21:
402-411.

Cordon, I. M., Melinder, A. M. D., Goodman, G. S., & Edelstein, R. S. (2013). Children’s and
adults’ memory for emotional pictures: Examining age-related patterns using the
Developmental Affective Photo System. Journal of Experimental Child Psychology, 114(2),
339-356. https://doi.org/10.1016/j.jecp.2012.08.004

Deal, A. L., Erickson, K. J., Shiers, S. I., & Burman, M. A. (2016). Limbic system development
underlies the emergence of classical fear conditioning during the third and fourth weeks of
life in the rat. Behavioral Neuroscience, 130(2), 212—-230.
https://doi.org/10.1037/bne0000130

de Voogd, L. D., Fernandez, G., & Hermans, E. J. (2016). Disentangling the roles of arousal and
amygdala activation in emotional declarative memory. Social Cognitive and Affective
Neuroscience, 11(9), 1471-1480. https://doi.org/10.1093/scan/nsw055

Dunsmoor, J. E., Kragel, P. A., Martin, A., & La Bar, K. S. (2014). Aversive learning modulates
cortical representations of object categories. Cerebral Cortex, 24(11), 2859-2872.
https://doi.org/10.1093/cercor/bht138

Dunsmoor, J. E., Kroes, M. C. W., Braren, S. H., & Phelps, E. A. (2017). Threat intensity widens
fear generalization gradients. Behavioral Neuroscience, 131(2), 168-175.
https://doi.org/10.1037/bne0000186

Dunsmoor, J. E., Martin, A., & LaBar, K. S. (2012). Role of conceptual knowledge in learning



646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

and retention of conditioned fear. Biological Psychology, 89(2), 300-305.
https://doi.org/10.1016/j.biopsycho.2011.11.002

Dunsmoor, J. E., Mitroff, S. R,, & LaBar, K. S. (2009). Generalization of conditioned fear along a
dimension of increasing fear intensity. Learning and Memory, 16(7), 460—469.
https://doi.org/10.1101/Im.1431609

Dunsmoor, J. E., & Murphy, G. L. (2015). Categories, concepts, and conditioning: How humans
generalize fear. Trends in Cognitive Sciences. https://doi.org/10.1016/j.tics.2014.12.003

Dunsmoor, J. E., Murty, V. P., Davachi, L., & Phelps, E. A. (2015). Emotional learning
selectively and retroactively strengthens memories for related events. Nature, 520(7547),
345-348. https://doi.org/10.1038/nature14106

Dymond, S., Dunsmoor, J. E., Vervliet, B., Roche, B., & Hermans, D. (2015). Fear
Generalization in Humans: Systematic Review and Implications for Anxiety Disorder
Research. Behavior Therapy, 46(5), 561-582. https://doi.org/10.1016/j.beth.2014.10.001

Fivush, R., Hazzard, A., McDermott Sales, J., Sarfati, D., & Brown, T. (2003). Creating
coherence out of Chaos? Children’s narratives of emotionally positive and negative events.
Applied Cognitive Psychology, 17(1), 1-19. https://doi.org/10.1002/acp.854

Freeston, M. H., Rhéaume, J., Letarte, H., Dugas, M. J., & Ladouceur, R. (1994). Why do
people worry? Personality and Individual Differences, 17(6), 791-802.
https://doi.org/10.1016/0191-8869(94)90048-5

Glascher, J., Adolphs, R., Glascher, J., & Adolphs, R. (2003). Processing of the arousal of
subliminal and supraliminal emotional stimuli by the human amygdala. J Neurosci,
23(1529-2401 (Electronic)), 10274—-10282. https://doi.org/23/32/10274 [pii]

Glenn, C. R,, Klein, D. N., Lissek, S., Britton, J. C., Pine, D. S., & Hajcak, G. (2012). The
development of fear learning and generalization in 8-13 year-olds. Developmental
Psychobiology, 54(7), 675—684. https://doi.org/10.1002/dev.20616

Gottfried, J. A., O’'Doherty, J., & Dolan, R. J. (2002). Appetitive and aversive olfactory learning in



672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

humans studied using event-related functional magnetic resonance imaging. The Journal
of Neuroscience, 22(24), 10829—10837. https://doi.org/22/24/10829 [pii]

Hamm, A. O, & Stark, R. (1993). Sensitization and aversive conditioning: Effects on the startle
reflex and electrodermal responding. Integrative Physiological and Behavioral Science,
28(2), 171-176. https://doi.org/10.1007/BF02691223

Hermans, E. J., Kanen, J. W., Tambini, A., Fernandez, G., Davachi, L., & Phelps, E. A. (2017).
Persistence of Amygdala-Hippocampal Connectivity and Multi-Voxel Correlation Structures
During Awake Rest After Fear Learning Predicts Long-Term Expression of Fear. Cerebral
Cortex, 27(5), 3028-3041. https://doi.org/10.1093/cercor/bhw145

Kensinger EA, & Corkin S. (2004). Two routes to emotional memory: distinct neural processes
for valence and arousal. Proceedings of the National Academy of Sciences of the United
States of America, 101(9), 3310-5. https://doi.org/10.1073/pnas.0306408101

Kessler, R. C., Berglund, P., Demler, O., Jin, R., & Walters, E. E. (2005). Lifetime Prevalence
and Age-of-Onset Distributions of DSM-IV Disorders in the National Comorbidity Survey
Replication. Archives of General Psychiatry, 62(6), 593-602. Retrieved from
http://search.ebscohost.com/login.aspx?direct=true&db=psyh&AN=2005-06168-
003&site=ehost-live&scope=site

Kim, J. H., Li, S., & Richardson, R. (2011). Immunohistochemical analyses of long-term
extinction of conditioned fear in adolescent rats. Cerebral Cortex, 21(3), 530-538.

Kleinsmith, L. J., & Kaplan, S. (1963). Paired-associate learning as a function of arousal and
interpolated interval. Journal of Experimental Psychology, 65(2), 190-193.
https://doi.org/10.1037/h0040288

Konkle, T., & Caramazza, A. (2013). Tripartite Organization of the Ventral Stream by Animacy
and Object Size. Journal of Neuroscience, 33(25), 10235-10242.
https://doi.org/10.1523/JNEUROSCI.0983-13.2013

Kroes, M. C. W., Dunsmoor, J. E., Lin, Q., Evans, M., & Phelps, E. A. (2017). A reminder before



698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

extinction strengthens episodic memory via reconsolidation but fails to disrupt generalized
threat responses. Scientific Reports, 7(1). https://doi.org/10.1038/s41598-017-10682-7

Labar, K. S., & Cabeza, R. (2006). Cognitive neuroscience of emotional memory. Nature
Reviews Neuroscience, 7, 54—64. https://doi.org/10.1038/nrn1825

LaBar, K. S., Gatenby, J. C., Gore, J. C., LeDoux, J. E., & Phelps, E. A. (1998). Human
amygdala activation during conditioned fear acquisition and extinction: a mixed-trial fMRI
study. Neuron, 20(5), 937-945. Retrieved from
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&l
ist_uids=9620698

LANG, P. J., GREENWALD, M. K., BRADLEY, M. M., & HAMM, A. O. (1993). Looking at
pictures: Affective, facial, visceral, and behavioral reactions. Psychophysiology, 30(3),
261-273. https://doi.org/10.1111/j.1469-8986.1993.tb03352.x

LeDoux, J. E. (2000). Emotion circuits in the brain. Annu Rev Neurosci, 23, 155-184.

Lee, F. S., Heimer, H., Giedd, J. N., Lein, E. S., Sestan, N, Weinberger, D. R., & Casey, B. J.
(2014). Adolescent mental health— Opportunity and obligation. Science, 346(6209), 547—
549.

Leuchs, L., Schneider, M., & Spoormaker, V. |. (2018). Measuring the conditioned response: A
comparison of pupillometry, skin conductance, and startle electromyography.
Psychophysiology. https://doi.org/10.1111/psyp.13283

Leventon, J. S., Stevens, J. S., & Bauer, P. J. (2014). Development in the neurophysiology of
emotion processing and memory in school-age children. Developmental Cognitive
Neuroscience, 10, 21-33. https://doi.org/10.1016/j.dcn.2014.07.007

Livneh, U., & Paz, R. (2010). An implicit measure of olfactory performance for non-human
primates reveals aversive and pleasant odor conditioning. Journal of Neuroscience
Methods, 192(1), 90-95. https://doi.org/10.1016/j.jneumeth.2010.07.027

Livneh, U., & Paz, R. (2012). Amygdala-prefrontal synchronization underlies resistance to



724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

extinction of aversive memories. Neuron, 75(1), 133—-142.
https://doi.org/10.1016/j.neuron.2012.05.016

Livneh, U., & Paz, R. (2012). Aversive-Bias and Stage-Selectivity in Neurons of the Primate
Amygdala during Acquisition, Extinction, and Overnight Retention. Journal of
Neuroscience, 32(25), 8598—-8610. https://doi.org/10.1523/JNEUROSCI.0323-12.2012

Maren, S. (2001). Neurobiology of Pavlovian Fear Conditioning. Annual Review of
Neuroscience, 24(1), 897-931. https://doi.org/10.1146/annurev.neuro.24.1.897

Mather, M., Clewett, D., Sakaki, M., & Harley, C. W. (2016). GANEing traction: The broad
applicability of NE hotspots to diverse cognitive and arousal phenomena. The Behavioral
and Brain Sciences, 39, e228. https://doi.org/10.1017/S0140525X16000017

Mcdonald, R. J., Devan, B. D., & Hong, N. S. (2004). Multiple memory systems : The power of
interactions. Neurobiology of Learning and Memory, 82, 333-346.
https://doi.org/10.1016/j.nlm.2004.05.009

Michalska, K. J., Shechner, T., Hong, M., Britton, J. C., Leibenluft, E., Pine, D. S., & Fox, N. A.
(2016). A developmental analysis of threat/safety learning and extinction recall during
middle childhood. Journal of Experimental Child Psychology, 146, 95-105.
https://doi.org/10.1016/j.jecp.2016.01.008

Murty, V. P., Calabro, F., & Luna, B. (2016). The role of experience in adolescent cognitive
development : Integration of executive , memory , and mesolimbic systems. Neuroscience
and Biobehavioral Reviews, 70, 46-58. https://doi.org/10.1016/j.neubiorev.2016.07.034

Patil, A., Murty, V. P., Dunsmoor, J. E., Phelps, E. A., & Davachi, L. (2017). Reward
retroactively enhances memory consolidation for related items. Learning and Memory,
24(1), 65-69. https://doi.org/10.1101/Im.042978.116

Pattwell, S. S., Duhoux, S., Hartley, C. a, Johnson, D. C., Jing, D., & Elliott, M. D. (2012).
Altered fear learning across development in both mouse and human. Proc Natl Acad Sci,

109(40), 16318—16323. https://doi.org/10.1073/pnas.1206834109/-



750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

771

772

773

774

775

/DCSupplemental.www.pnas.org/cgi/doi/10.1073/pnas.1206834109

Phelps, E. A. (2004). Human emotion and memory: interactions of the amygdala and
hippocampal complex. Current Opinion in Neurobiology, 14(2), 198-202. Retrieved from
http://www.ncbi.nim.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&l
ist_uids=15082325

Pinabiaux, C., Hertz-Pannier, L., Chiron, C., Rodrigo, S., Jambaque, I., & Noulhaine, M. (2013).
Memory for fearful faces across development : specialization of amygdala nuclei and
medial temporal lobe structures. Frontiers in Human Neuroscience, 7, 1-14.
https://doi.org/10.3389/fnhum.2013.00901

R Core team. (2016). R Core Team. R: A Language and Environment for Statistical Computing.
R Foundation for Statistical Computing , Vienna, Austria. ISBN 3-900051-07-0, URL
http://www.R-project.org/.R Core Team (2016). R: A Language and Environment for
Statistical Computing. R Foundation . https://doi.org/10.1152/ajpgi.00069.2014

Reis, D. J., & LeDoux, J. E. (1987). Some central neural mechanisms governing resting and
behaviorally coupled control of blood pressure. Circulation, 76(Suppl 1, 12—19.

Reyes, B. A. S., Carvalho, A. F., Vakharia, K., & Van Bockstaele, E. J. (2011). Amygdalar
peptidergic circuits regulating noradrenergic locus coeruleus neurons: Linking limbic and
arousal centers. Experimental Neurology, 230(1), 96—105.
https://doi.org/10.1016/j.expneurol.2011.04.001

Roozendaal, B., Luyten, L., de Voogd, L. D., & Hermans, E. J. (2016). Importance of amygdala
noradrenergic activity and large-scale neural networks in regulating emotional arousal
effects on perception and memory. The Behavioral and Brain Sciences, 39, e222.
https://doi.org/10.1017/S0140525X15001934

Rudy, J. W. (1993). Contextual Conditioning and Auditory Cue Conditioning Dissociate During
Development. Behavioral Neuroscience, 107(5), 887-891. https://doi.org/10.1037/0735-

7044.107.5.887



776

777

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

799

800

801

Schiele, M. A., Reinhard, J., Reif, A., Domschke, K., Romanos, M., Deckert, J., & Pauli, P.
(2016). Developmental aspects of fear: Comparing the acquisition and generalization of
conditioned fear in children and adults. Developmental Psychobiology, 58(4), 471-481.
https://doi.org/10.1002/dev.21393

Spielberger, C. D., Gorsuch, R. L., & Lushene, R. E. (1988). STAl-manual for the State Trait
Anxiety Inventory. Palo Alto (CA): Consulting Psychologists Press.

Stanton, M. E. (2000). Multiple memory systems, development and conditioning. In Behavioural
Brain Research (Vol. 110, pp. 25-37). https://doi.org/10.1016/S0166-4328(99)00182-5

Stenson, A. F., Leventon, J. S., & Bauer, P. J. (2019). Emotion effects on memory from
childhood through adulthood: Consistent enhancement and adult gender differences.
Journal of Experimental Child Psychology, 178, 121-136.
https://doi.org/10.1016/j.jecp.2018.09.016

Vasa, R. A,, Pine, D. S., Thorn, J. M., Nelson, T. E., Spinelli, S., Maheu, F. S, ... Stewart, H.
(2011). Enhance Right Amygdala Activity in Adolescents during Encoding of Positively-
Valenced Pictures. Developmental Cognitive Neuroscience, 1(1), 88—99.
https://doi.org/10.1016/j.dcn.2010.08.004.Enhanced

Yonelinas, A. P., & Ritchey, M. (2015). The slow forgetting of emotional episodic memories : an
emotional binding account. Trends in Cognitive Sciences, 19(5), 259-267.

https://doi.org/10.1016/j.tics.2015.02.009

Figure Legends

Figure 1. Experimental design. Participants first completed an odor selection procedure which
involved a two-part rating procedure (A) to determine which odorant would be used as the
unconditioned stimulus (US). Participants provided valence and arousal ratings for eight
odorants. These ratings were used to select a set of four odorants that were delivered via the

olfactometer and rated again to identify the final US (for more details see Methods). Immediately
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afterwards, participants underwent aversive olfactory Pavlovian category conditioning, using a
breath-triggered paradigm, in which one category of images (CS+) was reinforced 50% of the
time and the other category (CS-) were never reinforced (B). Participants returned 24-hours
later and completed a self-paced recognition memory test that included all the images observed
on day one, plus an equal number of new images from each category (C).

Figure 2. Similar effects of aversive learning on recognition memory and skin conductance
response across age. Across age, corrected recognition memory is better for items from the
CS+ versus CS- category (A), driven by better recognition memory for the reinforced items
(CS+US) (B). There was a trend towards higher skin conductance in response to CS+ items
relative to CS- items (C). Participants are separated by age group (Teen: 13-17, Adult: 18-25)
for visualization purposes only. The corresponding statistical analyses treat age as a continuous
variable. Different colored dots represent individual participants. Error bars are s.e.m. ** p < .01,
~p<.1

Figure 3. Psychophysiological arousal during learning relates to memory 24-hours later.
Participants’ average skin conductance response to cue presentation was positively correlated
with their overall recognition memory performance (A). While trial-evoked responses to the cue
did not predict subsequent memory for that item, higher responses at the time of the outcome
were predictive of better item memory (B).

Figure 4. Better memory for the stimuli from the unreinforced category is associated with higher
trait anxiety. While there was no significant relationship between recognition memory for the
CS+ or CS+US stimuli and trait anxiety, there was a positive relationship between memory for

the CS- stimuli and trait anxiety.



