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Abstract 32 

Adolescence is often filled with positive and negative emotional experiences that may change 33 

how individuals remember and respond to stimuli in their environment. In adults, aversive 34 

events can both enhance memory for associated stimuli as well as generalize to enhance 35 

memory for unreinforced but conceptually related stimuli. The present study tested whether 36 

learned aversive associations similarly lead to better memory and generalization across a 37 

category of stimuli in adolescents. Participants completed an olfactory Pavlovian category 38 

conditioning task in which trial-unique exemplars from one of two categories were partially 39 

reinforced with an aversive odor. Participants then returned 24-hours later to complete a 40 

recognition memory test. We found better corrected recognition memory for the reinforced 41 

versus the unreinforced category of stimuli in both adults and adolescents. Further analysis 42 

revealed that enhanced recognition memory was driven specifically by better memory for the 43 

reinforced exemplars. Autonomic arousal during learning was also related to subsequent 44 

memory. These findings build on previous work in adolescent and adult humans and rodents 45 

showing comparable acquisition of aversive Pavlovian conditioned responses across age 46 

groups and demonstrate that memory for stimuli with an acquired aversive association is 47 

enhanced in both adults and adolescents. 48 
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Introduction 58 

Emotional experiences shape the information that we remember. Emotional events, 59 

particularly those that are negative, have been widely shown to enhance episodic memory in 60 

human adults (Cahill & McGaugh, 1998; Labar & Cabeza, 2006; Yonelinas & Ritchey, 2015). 61 

However, studies examining whether emotion similarly facilitates episodic memory at earlier 62 

developmental stages have yielded mixed results. Studies of autobiographical memories for 63 

emotional and neutral events in children and adolescents suggest that emotional life events are 64 

remembered more frequently and in greater detail (Bauer et al., 2017; Fivush, Hazzard, 65 

McDermott Sales, Sarfati, & Brown, 2003). In contrast, several studies assessing children’s 66 

subsequent memory for images depicting intrinsically emotional stimuli have shown similar 67 

memory for negative and neutral images (Cordon, Melinder, Goodman, & Edelstein, 2013; 68 

Leventon, Stevens, & Bauer, 2014). There is some evidence to suggest that emotional 69 

information enhances memory in adolescents. Adolescents show enhanced memory for fearful 70 

faces relative to neutral faces (Pinabiaux et al., 2013) and their recall for emotional images is 71 

similar to that of adults (Vasa et al., 2011). In an attempt to reconcile these findings in more 72 

limited age-ranged samples, a recent study examined subsequent memory for negative, neutral, 73 

and positive images in 8- to 30-year-olds and showed similar emotional memory enhancement 74 

effects across ages (Stenson, Leventon, & Bauer, 2019). Taken, together, these studies 75 

suggest that across development, memory for emotional experiences may be better than 76 

memory for neutral experiences and that emotional memory facilitation may emerge relatively 77 

early in development, during childhood. Still, the extant research has focused on memory for 78 

events from one’s own life or for intrinsically emotional stimuli. Adolescence, in particular, is a 79 

stage of development associated with increased exploration and exposure to novel contexts, 80 

leading to many new and emotionally salient experiences (Casey, 2015). Thus, this may be a 81 

time when episodic memories for positive or negative associations are especially crucial for 82 

guiding future behaviors (Murty, Calabro, & Luna, 2016). Yet it remains unclear whether 83 



emotional learning, in which a neutral stimulus associated with an emotional experience 84 

acquires affective significance, similarly enhances subsequent memory in adolescents and 85 

adults.  86 

Studies of emotional learning commonly model the acquisition of emotional associations 87 

through Pavlovian learning, in which a previously neutral conditioned stimulus acquires 88 

emotional salience through pairing with an intrinsically arousing positive or negative 89 

unconditioned stimulus (LeDoux, 2000; Maren, 2001). Although previous research suggests that 90 

acquisition of negative emotional associations is readily observable early in development (Deal, 91 

Erickson, Shiers, & Burman, 2016; Kim, Li, & Richardson, 2011; Pattwell et al., 2012; Rudy, 92 

1993), changes in learning processes following acquisition (Baker, Bisby, & Richardson, 2016) 93 

suggest that there may be differences in the persistence of learned aversive associations in 94 

memory in adolescents relative to adults. Additionally, in real world situations, learned emotional 95 

associations are often more complex than an association between a simple stimulus and an 96 

emotionally salient outcome. For example, if someone is bitten by a dog, they may go on to 97 

develop a negative association not only with the particular dog that bit them, but with all dogs, or 98 

with animals more generally. The generalization and persistence in memory of learned aversive 99 

associations are core features of anxiety disorders (American Psychiatric Association, 2013; 100 

Dymond, Dunsmoor, Vervliet, Roche, & Hermans, 2015). Characterizing how these cognitive 101 

processes develop is particularly important given the typical emergence and peak in prevalence 102 

of anxiety disorders during adolescence (Kessler, Berglund, Demler, Jin, & Walters, 2005). In 103 

children and adolescents, stimuli that are visually similar to an aversive conditioned stimulus 104 

elicit more negative subjective emotion ratings and heightened psychophysiological measures 105 

of arousal, suggesting a generalization of negative affective value (Glenn et al., 2012; Michalska 106 

et al., 2016; Schiele et al., 2016). However, whether aversive learning generalizes more broadly 107 

to facilitate subsequent memory for similar stimuli in adolescence, a period of development in 108 

which anxiety disorders often first emerge, has yet to be investigated.  109 



A recently developed “category conditioning” paradigm enables measurement of both 110 

learned affective responses and their generalization to conceptually similar stimuli, as well as 111 

the degree to which the strength and generalization of subsequent memory is influenced by 112 

emotionally salient events. In this paradigm, trial-unique exemplars from one conceptual 113 

category are partially reinforced with an intrinsically positive or negative stimulus, while 114 

exemplars from another conceptual category are never reinforced (Dunsmoor, Kragel, Martin, & 115 

La Bar, 2014; Dunsmoor, Martin, & LaBar, 2012; Patil, Murty, Dunsmoor, Phelps, & Davachi, 116 

2017). In adults, emotional associations formed via category conditioning can generalize across 117 

the conceptual category and lead to enhanced memory for the reinforced category of exemplars 118 

(e.g. Dunsmoor et al., 2014, 2012; Dunsmoor, Murty, Davachi, & Phelps, 2015; Kroes, 119 

Dunsmoor, Lin, Evans, & Phelps, 2017; Patil et al., 2017). Here we leverage this paradigm to 120 

examine in both adults and adolescents whether emotional memory is facilitated for stimuli with 121 

an aversive association, whether such a memory benefit generalizes to non-reinforced 122 

exemplars within a category, and whether psychophysiological signatures of aversive learning 123 

also generalize to conceptually similar stimuli.  124 

In the present study, 60 participants ages 13- to 25-years-old completed a novel 125 

olfactory Pavlovian category conditioning task, followed by a recognition memory test 24-hours 126 

later (Figure 1). Our category conditioning paradigm used aversive odor as an unconditioned 127 

stimulus, rather than mild electrical shock, as aversive odors have been successfully used in 128 

conditioning paradigms in human (Gottfried, O’Doherty, & Dolan, 2002) and non-human 129 

primates (U. Livneh & Paz, 2012; Uri Livneh & Paz, 2010, 2012) and can be ethically 130 

administered in developmental populations without risk of physical harm. We chose to 131 

administer the memory test a day after learning due to convergent evidence from previous 132 

studies suggesting that emotional memory enhancement effects emerge with time, after at least 133 

several hours (Yonelinas & Ritchey, 2015). The skin conductance response (SCR) to each 134 

stimulus was collected during the category conditioning task to serve as a psychophysiological 135 



measure of learning. Additionally, following the recognition memory test, we collected measures 136 

of self-reported anxiety and intolerance of uncertainty, which we hypothesized might relate to 137 

individual differences in emotional memory enhancement effects. Our primary aim was to test 138 

whether acquired aversive associations, using odor as a reinforcer, enhance memory in 139 

adolescents, similarly to adults, and whether these aversive associations generalize across a 140 

category. We hypothesized that adolescents and adults would show similar facilitation of 141 

memory for the aversively reinforced stimuli, but that adolescents might show greater 142 

generalization of aversive associations across a category relative to adults, which might confer 143 

heightened vulnerability to anxiety during this developmental stage. 144 

Results 145 

 146 
Figure 1. Experimental design. Participants first completed an odor selection procedure which 147 
involved a two-part rating procedure (A) to determine which odorant would be used as the 148 
unconditioned stimulus (US). Participants provided valence and arousal ratings for eight 149 
odorants. These ratings were used to select a set of four odorants that were delivered via the 150 
olfactometer and rated again to identify the final US (for more details see Methods). Immediately 151 
afterwards, participants underwent aversive olfactory Pavlovian category conditioning, using a 152 
breath-triggered paradigm, in which one category of images (CS+) was reinforced 50% of the 153 
time and the other category (CS-) were never reinforced (B). Participants returned 24-hours 154 
later and completed a self-paced recognition memory test that included all the images observed 155 
on day one, plus an equal number of new images from each category (C). 156 



 157 
Recognition Memory  158 

In line with previous category conditioning studies (Dunsmoor et al., 2014, 2012, 2015), 159 

we first examined corrected recognition memory (hit minus false alarms) for stimuli from the 160 

reinforced (CS+) versus unreinforced (CS-) category by continuous age (Figure 2A) and 161 

controlling for which category (objects or places) served as the reinforced category. We found a 162 

significant effect of stimulus type (F(1,58) = 8.91, p = 0.004), such that subjects showed better 163 

corrected recognition memory for the CS+ stimuli than the CS- stimuli. There was no significant 164 

effect of age (F(1,57) = 0.31, p = 0.58), no age by stimulus type interaction (F(1,58) = 0.33, p = 165 

0.57), and no effect of which category was reinforced (F(1,57) = 0.58, p = 0.45). 166 

To assess whether the memory benefit conferred by learned aversive associations 167 

generalized to unreinforced exemplars within the same conceptual category, we next examined 168 

hit rate by stimulus type (CS+US, CS+, and CS-) and by continuous age (Figure 2B), controlling 169 

for the reinforced category. We found a significant effect of stimulus type (F(2,116) = 14.95, p < 170 

0.0001), but no significant effects of age (F(1,57) = 0.69, p = 0.41), no age by stimulus type 171 

interaction (F(2,116) = 1.14, p = 0.32), and no effect of which category was reinforced (F(1,57) = 172 

0.01, p = 0.93). Post-hoc t-tests (α = .0167, adjusted for multiple comparisons) revealed that the 173 

main effect of stimulus type was driven by better memory for the CS+US stimuli relative to the 174 

unreinforced CS+ stimuli (t(116.59) = 3.55, p < 0.001) and the CS- stimuli (t(117.99) = 3.73, p < 175 

0.001). There was no significant difference between memory for the unreinforced CS+ stimuli 176 

relative to the CS- stimuli (t(116.79) = 0.02, p = 0.99). We also examined trial-wise memory 177 

accuracy (hit rate) by stimulus type (CS+US, CS+, and CS-) and by continuous age, controlling 178 

for both the reinforced category and the order of presentation of the stimuli during learning. We 179 

found a significant effect of stimulus type (𝜒2(2) = 42.38, p < .0001) and no significant effects of 180 

age (𝜒2(1) = 0.004, p = .95), no age by stimulus type interaction (𝜒2(2) = 3.82, p = .15), and no 181 

effect of which category was reinforced (𝜒2(1) = 0.22, p =.64). There was a significant primacy 182 



effect of stimulus presentation order (𝜒2(2) = 83.57, p < .0001), such that stimuli presented near 183 

the beginning of learning were better remembered than those presented near the end. These 184 

results suggest that improved corrected recognition memory for the CS+ category of stimuli was 185 

driven specifically by enhanced memory for images paired with an aversive odor and was not 186 

due to generalization of memory facilitation to non-reinforced images in the same category.  187 

Figure 2. Similar effects of aversive learning on recognition memory and skin conductance 188 
response across age. Across age, corrected recognition memory is better for items from the 189 
CS+ versus CS- category (A), driven by better recognition memory for the reinforced items 190 
(CS+US) (B). There was a trend towards higher skin conductance in response to CS+ items 191 
relative to CS- items (C). Participants are separated by age group (Teen: 13-17, Adult: 18-25) 192 
for visualization purposes only. The corresponding statistical analyses treat age as a continuous 193 
variable. Different colored dots represent individual participants. Error bars are s.e.m. ** p < .01, 194 
~ p < .1 195 

Given that several previous studies in adults observed such a generalization effect when 196 

analyzing the high confidence trials (e.g. Dunsmoor et al., 2012; Patil et al., 2017), we also 197 

conducted a post-hoc exploratory analysis in which we used an ordinal regression model 198 

(Burkner & Vuorre, 2018) to examine the influence of stimulus type on subsequent memory by 199 

confidence level. This approach allowed us to include all four confidence levels of memory 200 

responses (1 = Definitely Old, 2 = Maybe Old, 3 = Maybe New, and 4 = Definitely New). This 201 

analysis suggested that among the high-confidence hit stimuli, there is evidence for 202 

generalization of memory facilitation to unreinforced CS+ stimuli, such that there were more 203 

high confidence hits (1 = Definitely Old) than low confidence hits (2 = Maybe Old) for the both 204 



CS+US and CS+ stimuli, relative to the CS- stimuli, although the effect for CS+ stimuli is small. 205 

(see Supplemental Materials, Tables S1 & S2). 206 

The pattern of results reported above remained consistent when participants who were 207 

excluded for not showing a variable skin-conductance signal during conditioning were included 208 

in the analyses (see Supplemental Materials, Figure S1). 209 

Psychophysiological Measure of Learning 210 

To test for acquisition of category conditioning across adolescents and adults, we 211 

examined average skin conductance responses for stimuli from the reinforced (CS+) versus 212 

unreinforced (CS-) category by continuous age (Figure 2C). We found a marginal effect of 213 

stimulus type (F(1,58) = 3.03, p = 0.087), such that subjects showed a trend towards higher skin 214 

conductance for the CS+ stimuli relative to the CS- stimuli. There was no significant effect of 215 

age (F(1,58) = 1.50, p = 0.22) or an age by stimulus type interaction (F(1,58) = 0.60, p = 0.44). 216 

We also examined trial-by-trial unconditioned psychophysiological responses to trials that were 217 

paired with odors across the learning phase. We found a significant effect of trial number (𝜒2(1) 218 

= 31.94, p < .001), such that unconditioned responses decreased over the course of learning. 219 

This suggests that odor habituation did occur over the course of learning. 220 

Psychophysiology-Recognition Memory Relationships 221 

 To gain a better understanding of the large degree of individual variability in recognition 222 

memory, we explored relationships between psychophysiological responses during learning and 223 

subsequent memory. A number of previous studies in adults have shown that increased 224 

autonomic arousal during encoding is associated with better memory (Bradley, Greenwald, 225 

Petry, & Lang, 1992; Kensinger EA & Corkin S, 2004; Kleinsmith & Kaplan, 1963), therefore we 226 

first examined the relationship between subjects’ averaged skin conductance in response to all 227 

CS presentations across the encoding task and related this to overall memory performance (hit 228 

rate). We found a positive relationship (r(58) = 0.26, p = 0.041), such that individuals with larger 229 

conditioned responses showed better memory overall (Figure 3A).  230 



 We next investigated the relationship between trial-evoked skin conductance responses 231 

to CS presentation, irrespective of the stimulus type and experienced outcome, and subsequent 232 

memory. In the present study, we examined skin conductance responses at two time-points 233 

during each trial. The first time-point was when the CS was on the screen before the event 234 

occurred, which we refer to as responses to the cue. The second time-point began at the onset 235 

of the olfactometer “shoot” event (the release of either the odor or clean air), which we refer to 236 

as responses to the outcome. We first examined whether trial-evoked psychophysiological 237 

responses to the cue predicted subsequent memory, including continuous age as a regressor of 238 

interest. We found no significant effects of skin conductance in response to the cue (𝜒2(1) = 239 

0.013, p = .91), age (𝜒2(1) = 0.34, p = .56), and no interaction between skin conductance in 240 

response to the cue and age (𝜒2(1) = 0.003, p = .95). We also examined whether trial-evoked 241 

skin conductance responses at the time of the outcome predicted subsequent memory, 242 

including continuous age as a regressor of interest. We found a significant main effect (𝜒2(1) = 243 

14.11, p < .001), such that larger skin conductance responses at the time of the outcome were 244 

associated with better memory (Figure 3C). There was no statistically significant effect of age 245 

(𝜒2(1) = 0.22, p = .64), or interaction between outcome SCR and age (𝜒2(1) = 0.081, p = .77). 246 

Thus, trial-evoked SCRs at the time of outcome were predictive of subsequent memory whereas 247 

trial-evoked SCRs to the cue itself were not. 248 



Figure 3. Psychophysiological arousal during learning relates to memory 24-hours later. 249 
Participants’ average skin conductance response to cue presentation was positively correlated 250 
with their overall recognition memory performance (A). While trial-evoked responses to the cue 251 
did not predict subsequent memory for that item, higher responses at the time of the outcome 252 
were predictive of better item memory (B). 253 
 254 
Recognition Memory-Individual Difference Measure Relationships 255 

To examine how individual differences in memory enhancement and generalization 256 

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

computed memory bias scores for CS+US (CS+US hit rate – CS- hit rate) and unreinforced CS+ 258 

(CS+ hit rate – CS- hit rate) stimuli. Consistent with our earlier reported findings, linear 259 

regressions revealed no relationships between CS+US memory bias and age (F(1,58) = 0.18, p 260 

= 0.67) or CS+ memory bias and age (F(1,58) = 1.78, p = 0.19).  261 

We next examined the relationships between the State Trait Anxiety Inventory (STAI) 262 

state and trait scales (Spielberger, Gorsuch, & Lushene, 1988) and these memory bias 263 

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

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

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

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

(CS+US memory bias, r(58) = -0.050, p = 0.71; CS+ memory bias, r(58) = -0.084, p = 0.52) or 268 

the STAI trait and CS+US memory bias (r(57) = -0.19, p = 0.15). However, we did observe a 269 

negative correlation between the STAI trait and CS+ memory bias (r(57) = -0.35, p = 0.006), 270 

such that individuals with lower STAI trait scores showed a stronger CS+ memory bias than 271 

those with high STAI trait scores. A follow-up analysis (α = .017, adjusted for multiple 272 

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

recognition memory for the unreinforced CS+ stimuli or the CS- stimuli. We also examined the 274 

relationship between recognition memory for the CS+US stimuli and STAI trait for 275 

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

(r(57) = -0.11, p = 0.40) correlated with STAI trait scores. However, we observed a positive 277 



correlation between CS- hit rate and STAI (r(57) = 0.31, p = 0.016), such that individuals with 278 

higher trait anxiety showed better memory for the CS- stimuli (Figure 4A). A follow-up multiple-279 

regression analysis including a STAI by continuous age interaction term revealed a significant 280 

main effect of trait anxiety (F(1,55) = 6.30, p = 0.015), no main effect of age (F(1,55) = 0.18, p = 281 

0.675), and a marginal trait anxiety by age interaction (F(1,55) = 2.85, p = 0.097), such that the 282 

relationship between trait anxiety and memory for CS- stimuli was stronger in younger 283 

participants. These results indicate that higher self-reported anxiety was related to better for 284 

stimuli from the non-reinforced category, but was not related to memory for stimuli from the 285 

reinforced category. 286 

 287 
 288 
 289 
 290 
 291 
 292 
 293 
 294 
 295 
 296 
 297 
 298 
 299 
 300 
 301 
Figure 4. Better memory for the stimuli from the unreinforced category is associated with higher 302 
trait anxiety. While there was no significant relationship between recognition memory for the 303 
CS+ or CS+US stimuli and trait anxiety, there was a positive relationship between memory for 304 
the CS- stimuli and trait anxiety. 305 
  306 

We also examined the relationships between Intolerance of Uncertainty Scale (IUS) 307 

(Freeston, Rhéaume, Letarte, Dugas, & Ladouceur, 1994) and the memory bias measures (α = 308 

.025, adjusted for multiple comparisons). We did not observe statistically significant correlations 309 

between either memory bias index and IUS (CS+US memory bias, r(58) = -0.053, p = 0.69; CS+ 310 

bias, r(58) = -0.21, p = 0.11).  311 



The pattern of results reported above remained consistent when participants who were 312 

excluded for not showing a variable skin-conductance signal during conditioning were included 313 

in the analyses (see Supplemental Materials, Figure S2). 314 

Discussion 315 

 The present study employed a novel olfactory variant of a Pavlovian category 316 

conditioning task to test whether aversive learning leads to similar memory enhancement and 317 

generalization across a conceptual category in adults and adolescents. By using trial-unique 318 

stimuli as “tags” for each learning trial, we show that aversive learning leads to better episodic 319 

memory for trials associated with an aversive event in both adolescents and adults. The age 320 

invariance of this effect is consistent with previous observations that adolescent and adult 321 

humans and rodents exhibit equivalent acquisition of aversive Pavlovian conditioning using 322 

simple stimuli (Deal et al., 2016; Kim et al., 2011; Pattwell et al., 2012; Rudy, 1993). Our finding 323 

extends this literature by testing memory for individual events during conditioning and showing 324 

similar memory improvements in adolescents and adults for items with an acquired aversive 325 

association.  326 

While few studies have examined the neural mechanisms underlying emotional 327 

facilitation of episodic memory prior to adulthood, our findings are consistent with evidence of 328 

the early development of this circuitry. Multiple memory systems, centered on the amygdala for 329 

emotional memory and the hippocampus for episodic and declarative memory, are proposed to 330 

interact to facilitate memory of emotional events (Mcdonald, Devan, & Hong, 2004; Phelps, 331 

2004). Under the “emotional binding” account of episodic memory, the amygdala binds 332 

emotional information to an item, communicating with both the perirhinal cortex and the 333 

hippocampus to modulate encoding, storage, and recollection of these memories (Yonelinas & 334 

Ritchey, 2015). Evidence from rodent studies suggests that signatures of a functional emotional 335 

memory system emerge early in development (Stanton, 2000), indicating that emotional 336 

memory enhancement effects should be present during childhood and adolescence.  337 



While memory for items directly associated with an aversive odor was facilitated across 338 

age, unreinforced exemplars from the same category as the odor-paired stimuli were not better 339 

remembered in either adults or adolescents. This result does not fully replicate previous studies 340 

showing that emotional associations generalize across a category and lead to enhanced 341 

memory for the reinforced category of exemplars in adults (Dunsmoor et al., 2014, 2012, 2015; 342 

Kroes et al., 2017; Patil et al., 2017). However, we did find some evidence of increased correct 343 

high-confidence memory judgements for both odor-paired stimuli and unreinforced stimuli of the 344 

same category, relative to stimuli that were never reinforced. This indicates a possible 345 

interaction between metacognitive ability and memory generalization effects, such that 346 

generalization of memory facilitation for unreinforced items from the same conceptual category 347 

as those that were aversively reinforced is primarily observed when examining high confidence 348 

memories. Alternatively, because the present study did not include a “don’t know” response 349 

option, generalization of emotional associations in memory may be obscured by noisiness in low 350 

confidence memory judgments due to guessing responses. 351 

There were several differences between the present paradigm and the category 352 

conditioning paradigm used in previous work that may have contributed the lack of 353 

generalization of memory facilitation. The present paradigm used trial-unique object and scene 354 

images rather than tool and animal images. Objects were used to try and ensure that younger 355 

participants would have familiarity with the images and scenes were used instead of animals 356 

due to pilot data that suggested a general memory advantage for animals. It is possible that the 357 

exemplars from each category were too distinct to allow for generalization (Dunsmoor & 358 

Murphy, 2015). We also did not include expectancy ratings during conditioning in order to 359 

mitigate potential effects of generating a prediction on learning (Brod, Hasselhorn, & Bunge, 360 

2018) and effects of expectancy rating on skin conductance response (Atlas et al., 2015). 361 

Although other variants of category condition paradigms have also omitted expectancy ratings 362 

and still observed memory facilitation effects (Patil et al., 2017), it is possible that this may have 363 



reduced the demand on participants’ attention, attenuating their anticipatory responses. Another 364 

reason that we may not have fully replicated prior studies is our use of a different primary 365 

reinforcer. Previous work has shown that the intensity of the aversive stimulus is related to the 366 

degree of generalization (Dunsmoor, Kroes, Braren, & Phelps, 2017), suggesting that olfactory 367 

reinforcers may not be potent enough to induce widespread generalization effects. We also saw 368 

evidence for habituation of the skin conductance response to the odor after repeated exposures 369 

across learning, which may have contributed in part to the observed primacy effect on memory. 370 

Further studies comparing aversive learning across different modality reinforcers (e.g. shock 371 

versus noise versus odor) and manipulating the duration and intensity of reinforcement will be 372 

necessary to determine the effectiveness of odor conditioning in producing generalization 373 

effects. 374 

In this study, we used cue-evoked skin conductance response as a psychophysiological 375 

measure of emotional learning. Moreover, in this category condition paradigm, the measure of 376 

anticipatory arousal also provides a measure of the degree to which learned aversive 377 

associations generalize across a conceptual category. Skin conductance responses showed a 378 

trend towards increased anticipatory arousal for the reinforced category of stimuli across 379 

participants. While this marginal increase in anticipatory arousal indicates some degree of 380 

learning of the association between the partially reinforced category and a potential aversive 381 

outcome, evidence for emotional learning in our study was weak. In the current experiment, we 382 

used skin conductance response as a psychophysiological index of learning due to the 383 

prevalence of this measure in the human conditioning literature (Bradley, Miccoli, Escrig, & 384 

Lang, 2008; Hamm & Stark, 1993; LaBar, Gatenby, Gore, LeDoux, & Phelps, 1998; LANG, 385 

GREENWALD, BRADLEY, & HAMM, 1993). Other psychophysiological measures of learning, 386 

such as pupillometry (Leuchs, Schneider, & Spoormaker, 2018) and breathing measures (Uri 387 

Livneh & Paz, 2010) should also be examined to determine whether they might provide more 388 

robust indices of learning dynamics during olfactory conditioning.  389 



In order to probe individual variability in aversive learning and memory, we examined 390 

relationships between skin conductance responses during learning and subsequent memory. 391 

Previous studies in adults have shown that autonomic arousal during encoding is associated 392 

with better memory (Bradley et al., 1992; Kensinger EA & Corkin S, 2004; Kleinsmith & Kaplan, 393 

1963). In both humans and rodents (Glascher, Adolphs, Gläscher, & Adolphs, 2003; Mather, 394 

Clewett, Sakaki, & Harley, 2016; Reis & LeDoux, 1987; Reyes, Carvalho, Vakharia, & Van 395 

Bockstaele, 2011; Roozendaal, Luyten, de Voogd, & Hermans, 2016), the amygdala can 396 

modulate noradrenergic autonomic arousal responses to aversive stimuli, providing a putative 397 

mechanism through which emotion might influence memory. Consistent with this prior work, we 398 

found that individuals showing higher anticipatory arousal in response to cues on average, 399 

throughout the task, also showed better memory overall. However, in accordance with previous 400 

findings (de Voogd et al., 2016), trial-evoked anticipatory arousal to the cue did not predict 401 

subsequent memory for the corresponding trial. We instead found that trial-evoked responses at 402 

the time of the outcome predicted memory 24-hours later. These data suggest that while 403 

increased anticipatory arousal during learning may foster a general memory benefit, unlearned 404 

autonomic arousal reactions to individual stimuli predict whether or not that stimulus will be 405 

remembered at a later time.  406 

Finally, we examined how individual difference measures related to subsequent 407 

memory. Unexpectedly, we found a positive relationship between recognition memory for CS- 408 

stimuli and trait anxiety, such that individuals with higher trait anxiety showed better memory for 409 

items from the category that was never reinforced. A follow-up analysis suggested that this 410 

correlation was largely driven by adolescent participants, although the trait anxiety by age 411 

interaction was only significant at a trend level. This result indicates that self-reported anxiety 412 

may promote memory for “safe” stimuli, which were never previously associated with an 413 

aversive outcome, within a context where aversive outcomes were experienced. While 414 

unexpected, this finding is consistent with the idea that overgeneralization of aversive 415 



experiences to dissimilar stimuli is a defining feature of anxiety (Dymond et al., 2015). In 416 

overgeneralization, the heightened emotional responses elicited by a threat-predictive stimulus 417 

are also displayed in response to other increasingly dissimilar stimuli. Our observation that 418 

memory for safe stimuli is facilitated in subjects with higher trait anxiety suggests that the extent 419 

to which the cognitive processes evoked by aversive experiences generalize to safe stimuli is 420 

also heightened in high anxiety individuals. These results also suggest that a relationship 421 

between anxiety and better memory for safe stimuli experienced within an aversive context may 422 

be more readily observable during adolescence, the period of development in which anxiety 423 

disorders often first emerge (Kessler et al., 2005; Lee et al., 2014). However, it is noteworthy 424 

that trait anxiety was not correlated with memory for the specific items associated with aversive 425 

events (CS+US stimuli) or the unreinforced items from that same category (CS+ stimuli). Given 426 

the exploratory nature of these results, replication and further investigation of the relationship 427 

between generalization, overgeneralization, and trait anxiety in adolescents and adults is 428 

warranted. 429 

In summary, the current study demonstrated that aversive learning enhances episodic 430 

memory in both adolescents and adults, particularly for items directly associated with an 431 

aversive odor. We found that autonomic arousal during learning was related to later memory. 432 

Specifically, unlearned arousal responses to outcomes during encoding were predictive of 433 

subsequent memory for individual stimuli. These results indicate that aversive odors are 434 

sufficiently evocative to induce memory enhancements in both adolescents and adults. While 435 

further refinement of olfactory conditioning methods for use in developmental populations is 436 

necessary, this study suggests that aversive and appetitive odors might be fruitfully utilized to 437 

study emotional learning and memory processes across development.  438 

Materials and Methods 439 

Participants 440 



  Sixty participants between the ages of 13 and 25 years (mean age = 18.69, 30 female) 441 

were included in analyses. A target sample size of n = 60, including 30 adolescents and 30 442 

adults, was determined based on group sample sizes previously reported in category 443 

conditioning studies (Dunsmoor et al., 2014, 2012, 2015). Data from 28 additional participants 444 

(mean age = 19.45, 18 female) were excluded from primary analyses for not showing a variable 445 

skin-conductance signal (defined as fewer than four scorable trials) during conditioning. Data 446 

from 22 additional participants were excluded from analyses due to the discovery of a software 447 

bug that yielded inconsistencies in timing and delivery of the aversive reinforcers. Three 448 

additional participants were excluded from analyses due to failure to return for the second 449 

session of the study. All participants were volunteers from a community sample of New York 450 

City. Of the 60 participants included in primary analyses, 45% of participants self-identified as 451 

Caucasian/White, 15% as African American, 25% as Asian, and 15% as mixed race. 452 

Additionally, 16.67% of the sample identified as Hispanic. Of the 28 participants who did not 453 

exhibit a variable skin conductance signal (but were included in the supplemental analyses of 454 

the memory data), 32.14% of participants self-identified as Caucasian/White, 21.43% as African 455 

American, 39.29% as Asian, and 7.14% as mixed race. Additionally, 7.14% of the sample 456 

identified as Hispanic. Participants were screened for difficulties seeing without corrective 457 

lenses (as the nasal mask precluded the simultaneous use of glasses; contact lenses were 458 

permitted), history of psychiatric diagnoses, use of psychoactive medication or beta blockers, or 459 

difficulties breathing. Participants provided informed written consent (adults) or assent (minors) 460 

per research procedures approved by New York University’s Institutional Review Board. Parents 461 

or guardians of teenagers under age eighteen also provided written consent on behalf of the 462 

teenager, prior to their participation in the study. All participants were compensated $30 for their 463 

participation in two approximately 1-hour sessions scheduled 24-hours apart. 464 

Olfactory Pavlovian Category Conditioning Paradigm 465 



A category conditioning paradigm used in previous studies in healthy adults (Dunsmoor 466 

et al., 2014, 2012) was adapted for use with a custom built olfactometer, allowing for odorants to 467 

serve as the unconditioned stimulus (US). The breath-triggered conditioning paradigm consisted 468 

of four 12-trial blocks, where each trial was a unique exemplar from one of two conceptual 469 

categories. Over the course of conditioning, subjects viewed 24 unique objects and 24 unique 470 

scenes (Konkle & Caramazza, 2013). Each stimulus category (object or scene) was randomly 471 

assigned to serve as the reinforced conditioned stimulus category (CS+) for half the participants 472 

and the unreinforced conditioned stimulus category (CS-) for the other half of participants. 473 

Within each 12-trial block, half of the trials were exemplars from the CS+ category and half were 474 

from the CS- category. The CS- trials were never paired with an odor and the CS+ trials were 475 

reinforced 50% of the time (three CS+US, three CS+, and six CS- trials per block, resulting in 12 476 

trials total). Trial order was pseudorandomized such that no more than two reinforced (CS+US) 477 

trials and no more than three exemplars from the same category appeared in a row. Four 478 

different trial orders and two possible assignments the reinforced category of stimuli resulted in 479 

eight different versions of the task that were administered to participants.  480 

During conditioning, participants passively viewed images presented on the screen via 481 

Psychtoolbox-3 in Matlab R2015b while breathing through a nasal mask connected to the 482 

olfactometer. They were instructed simply to notice any associations between the pictures and 483 

smells. Clean air was continuously circulated through the mask and participants’ nasal breathing 484 

was measured via pressure sensors in the olfactometer and processed in real-time using 485 

LabVIEW 2016 Version 16.0f5 (64-bit). The paradigm used breath-triggered stimulus 486 

presentation to ensure that odor delivery was timed to a participants’ inhalation. Each trial 487 

began with a fixation cross presented for a fixed interval of six seconds. On the subsequent 488 

inhale after the fixation (variable duration), a trial-unique exemplar appeared on the screen for a 489 

fixed interval of six seconds. After a one-second buffer to ensure separation of respiratory 490 

cycles (Uri Livneh & Paz, 2010), the participant’s next inhale while the image was still on the 491 



screen triggered an olfactometer “shoot” event for two seconds. For CS- and unreinforced CS+ 492 

trials, this shoot event consisted of continued release of clean air and for the CS+US trials, the 493 

aversive odor was delivered. If the participant did not inhale while the image was on the screen, 494 

an olfactometer shoot event was not triggered and the participant only experienced clean air. If 495 

this occurred on a CS+US trial, this trial was reclassified as a CS+ image without reinforcement 496 

during data processing and in subsequent analyses. Twelve of the 60 participants missed at 497 

least one odor shoot event. Nine of the 12 missed a single shoot event, leading to a 45.83% 498 

reinforcement rate, two missed two shoot events, leading to a 41.67% reinforcement rate, and 499 

one participant missed three shoot events, leading to a 37.5% reinforcement rate.  500 

Odorant Selection 501 

  At the beginning of the first session, participants underwent an odor selection procedure 502 

to identify the odorant to be used as the aversive reinforcer in the category conditioning 503 

paradigm. This procedure was designed to take into account individual differences in whether 504 

an odorant is considered to be aversive, mirroring calibration procedures that are typically 505 

performed in aversive learning studies using mild electrical shock as the aversive reinforcer 506 

(e.g. Dunsmoor et al., 2014; Dunsmoor, Mitroff, & LaBar, 2009). Each odorant was rated on 507 

valence and arousal using a modified version of the Self-Assessment Manikin (SAM) (Bradley, 508 

M. M. & Lang, P. J., 1994). A suite of eight different aversive odorants, supplied by DreamAir 509 

perfumers, were first administered to participants using Whispi air puff canisters (Scentovation, 510 

Novia Products, LLC). Three of the odorants were the following chemical compounds: isovaleric 511 

aldehyde 10% diluted in isopropyl myristate, dimethyl acetate undecadienol, and OzonilTM 512 

(tridec2-ene nitrile). Five of the odorants were proprietary DreamAir odorant blends (“Bad smell 513 

3”, “Horse hair”, “Fumier”, “Frog 3”, and “Fear 45l”). Participants were asked to rate the valence 514 

of the smell on a scale from one to nine in which a one represented a bad smell, labeled ‘Don’t 515 

Like’ on the scale, and a nine represented a good smell, labeled ‘Like’ on the scale. Immediately 516 

following the valence rating, the arousal rating measured the perceived strength of the smell on 517 



a scale of one to nine in which one represented a ‘Weak’, unnoticeable odor and a nine 518 

represented a ‘Strong’, noticeable odor.   519 

Each smell was presented and ranked on these scales three times, and the average 520 

scores for each odorant were computed to determine the four most aversive odors, as indexed 521 

by ratings of lowest valence and highest strength. The four most aversive odors were then 522 

presented through the nasal mask via inhale-triggered odor release delivered using the 523 

olfactometer, which allowed the participants to experience the odors as they would during 524 

conditioning. Participants were asked to rate the four odorants three times each on a scale from 525 

one to five, where one indicated the smell was bad and five indicated that the smell was so bad 526 

that the participant would not be able to handle smelling it several times during the conditioning 527 

task. Ratings were averaged and the odorant with the highest average of a score of four or 528 

below, meaning that the odor never received a rating of five, was used in the conditioning task.   529 

Recognition Memory Test 530 

         Participants returned 24-hours later for a recognition memory test presented via 531 

MATLAB’s Psychtoolbox-3. Participants were not told about the memory test until they arrived 532 

for the second session, at which point they were queried about their expectations for the 533 

session. Though the majority of participants reported no expectations, four of the thirty adults 534 

and two of the thirty teens reported that they anticipated some form of memory test. The self-535 

paced memory test included the 24 CS+ and 24 CS- category exemplars from day one, as well 536 

as 24 new objects and 24 new scenes, for a total of 96 images. Images used in the task on day 537 

1 and as new images on day 2 were counterbalanced across participants. Participants rated 538 

whether each picture was new or old on a four-point scale: 1 = Definitely Old, 2 = Maybe Old, 3 539 

= Maybe New, and 4 = Definitely New. Consistent with previous studies, responses were 540 

collapsed across new versus old ratings. We examined corrected recognition memory, which is 541 

a difference score between hits, old images correctly identified as old, and false alarms, new 542 



images incorrectly identified as old. Additionally, we examined hit rate for the CS+US, CS+, and 543 

CS- images to look for generalization across the reinforced category of exemplars. 544 

Psychophysiological Data Acquisition & Analysis 545 

Skin conductance data was recording during the conditioning paradigm using a BIOPAC 546 

MP-100 System (Goleta, CA). Pre-gelled SCR electrodes were placed on the hypothenar 547 

eminence of the palm (Dunsmoor et al., 2015) of the non-dominant hand and the phasic skin 548 

conductance response (SCR) to each CS onset and outcome timepoint (US or no US) were 549 

scored using AcqKnowledge 3.9 software (BIOPAC Systems). SCR data were low-pass filtered 550 

and smoothed. SCR scores were based on the window 0.5 seconds after stimulus onset to 0.5 551 

seconds after shoot onset and outcome response scores were based on the window 0.5 552 

seconds after shoot onset to 0.5 seconds after shoot offset. The trough-to-peak difference of the 553 

first waveform (in μSiem) (Dunsmoor et al., 2015; Hermans et al., 2017) beginning within these 554 

windows was measured. Using MATLAB R2016a, distributions were normalized using square 555 

root transformation of the raw SCR magnitudes, and then divided by the maximum response 556 

(across all cue and outcome responses) to enable between-subject comparison. Any trial 557 

without a shoot event was considered missing for analyses that examined SCR at outcome.   558 

Self-Report Measures 559 

         Following the recognition memory test on day two, participants completed several self-560 

report measures via Qualtrics surveys. Participants completed the State Trait Anxiety Inventory 561 

(STAI) state and trait scales (Spielberger et al., 1988), the Intolerance of Uncertainty Scale 562 

(IUS) for adults (Freeston et al., 1994) or the IUS-C for teenagers ages 13 to 17 (Comer et al., 563 

2010), and a free response question asking whether the subject noticed anything about the 564 

types of images that were paired with smells. One adolescent participant (16.96 year-old male) 565 

did not complete the STAI trait scale.  566 

Analysis Approach 567 



Data processing was completed in MATLAB R2016 and all statistical analyses were 568 

conducted in R version 3.5.1 (R Core team, 2016). Mixed-effects models were run using the 569 

‘lme4’ package (version 1.1-17) lmer (for analyzing recognition memory and average skin 570 

conductance response) and glmer (for trial-wise analyses) functions (Bates D, Maechler M, 571 

Bolker B, & Walker S, 2015). Numeric variables included as regressors in the model were z-572 

scored across all participants. Each model included a random intercept for each participant. 573 

Statistics were reported from analysis of variance (Type III using Satterthwaite’s method) 574 

performed on lmer models and analysis of deviance (Type III Wald chi-square tests) performed 575 

on glmer models. Welch two sample t-tests were performed for post-hoc analyses of recognition 576 

memory data and Pearson product-moment correlations were computed for all reported 577 

correlations. Where applicable, statistical significance thresholds (alphas) adjusted for multiple 578 

comparisons are reported in the Results section. 579 

Data and code availability 580 

Data and code are available on Open Science Framework: https://osf.io/qcx8t/ 581 
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 795 

Figure Legends 796 

Figure 1. Experimental design. Participants first completed an odor selection procedure which 797 

involved a two-part rating procedure (A) to determine which odorant would be used as the 798 

unconditioned stimulus (US). Participants provided valence and arousal ratings for eight 799 

odorants. These ratings were used to select a set of four odorants that were delivered via the 800 

olfactometer and rated again to identify the final US (for more details see Methods). Immediately 801 



afterwards, participants underwent aversive olfactory Pavlovian category conditioning, using a 802 

breath-triggered paradigm, in which one category of images (CS+) was reinforced 50% of the 803 

time and the other category (CS-) were never reinforced (B). Participants returned 24-hours 804 

later and completed a self-paced recognition memory test that included all the images observed 805 

on day one, plus an equal number of new images from each category (C). 806 

Figure 2. Similar effects of aversive learning on recognition memory and skin conductance 807 

response across age. Across age, corrected recognition memory is better for items from the 808 

CS+ versus CS- category (A), driven by better recognition memory for the reinforced items 809 

(CS+US) (B). There was a trend towards higher skin conductance in response to CS+ items 810 

relative to CS- items (C). Participants are separated by age group (Teen: 13-17, Adult: 18-25) 811 

for visualization purposes only. The corresponding statistical analyses treat age as a continuous 812 

variable. Different colored dots represent individual participants. Error bars are s.e.m. ** p < .01, 813 

~ p < .1 814 

Figure 3. Psychophysiological arousal during learning relates to memory 24-hours later. 815 

Participants’ average skin conductance response to cue presentation was positively correlated 816 

with their overall recognition memory performance (A). While trial-evoked responses to the cue 817 

did not predict subsequent memory for that item, higher responses at the time of the outcome 818 

were predictive of better item memory (B). 819 

Figure 4. Better memory for the stimuli from the unreinforced category is associated with higher 820 

trait anxiety. While there was no significant relationship between recognition memory for the 821 

CS+ or CS+US stimuli and trait anxiety, there was a positive relationship between memory for 822 

the CS- stimuli and trait anxiety. 823 
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