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The ability to generalize from and distinguish between aversive memories and novel experiences is critical to
survival. Previous research has revealed mechanisms underlying generalization of threat-conditioned defen-
sive responses, but little is known about generalization of episodic memory for threatening events. Here we
tested if aversive learning influences generalization of episodic memory for threatening events in human
adults. Subjects underwent Pavlovian threat-conditioning in which objects from one category were paired with
a shock and objects from a different category were unpaired. The next day, subjects underwent a recognition
memory test that included old, highly similar, and entirely novel items from the shock-paired and shock-
unpaired object categories. Results showed that items highly similar to those from the object category
previously paired with shock were mistaken for old items more often than items from the shock-unpaired
category. This finding indicates that threat learning promotes generalization of episodic memory, and is
consistent with the idea that threat generalization is an active process that may be adaptive for avoiding a
myriad of potential threats following an emotional experience. Enhanced generalization of aversive episodic
memories may be maladaptive, however, when old threat memories are inappropriately reactivated in
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harmless situations, exemplified in a number of stress- and anxiety-related disorders.

Keywords: generalization, fear conditioning, episodic memory

Supplemental materials: http://dx.doi.org/10.1037/xge0000551.supp

Pavlovian threat (“fear”) conditioning is an adaptive learning
process that enables animals to anticipate and avoid potential
threat. During threat conditioning, intrinsically neutral stimuli gain
emotional significance through pairing with an aversive event
(LeDoux, 2014; Maren, 2001; Phelps & LeDoux, 2005). Impor-
tantly, in an ever-changing environment, the exact same stimulus
is rarely encountered over repeated experiences, and organisms are
instead confronted by ambiguous cues that bear a resemblance to
previous signals of threat. One way to resolve whether to react
defensively to these ambiguous threat cues is through processes

that bias behavior toward generalization or discrimination. Under-
standing how animals balance the tradeoff between threat gener-
alization and discrimination is a crucial question that has war-
ranted considerable empirical attention from studies of threat
conditioning (Dunsmoor & Paz, 2015). Notably, research on stim-
ulus generalization tend to limit investigation to the generalization
of conditioned responses from a particular stimulus or stimuli to
other stimuli that vary in perceptual or conceptual similarity (Dun-
smoor, Kroes, Braren, & Phelps, 2017; Dunsmoor & LaBar, 2013;
Dunsmoor & Murphy, 2014; Haddad, Xu, Raeder, & Lau, 2013;
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Holt et al., 2014; Kroes, Dunsmoor, Lin, Evans, & Phelps, 2017;
Lissek et al., 2008, 2014; Norrholm et al., 2014; Schechtman,
Laufer, & Paz, 2010). Nevertheless, episodic memories are also
formed during threatening experiences and likely contribute to
identification (or misidentification) of similar threats in the future.
What effect, if any, threat conditioning has on the specificity of an
emotional episodic memory has received little attention. This
question is important because episodic memories may be altered in
pathological anxiety and posttraumatic stress disorder (PTSD) and
contribute to overgeneralization of unwanted and maladaptive
behavior (Besnard & Sahay, 2016; Duits et al., 2015; Ehlers et al.,
2002; Kheirbek, Klemenhagen, Sahay, & Hen, 2012; Lissek et al.,
2005). Here, we ask whether Pavlovian threat conditioning influ-
ences generalization of episodic memories, measured as a bias to
explicitly confuse new items that are highly similar to a learned
threat as having been encountered in the past.

Human memory research has long established that emotional
experiences are remembered more often and with more vividness
than neutral experiences (Cahill et al., 1996; Cahill & McGaugh,
1995; Christianson & Loftus, 1987, 1991). We have recently
extended the emotional enhancement of episodic memory to threat
conditioning, showing that long-term item recognition memory is
enhanced for neutral items from an object category that have
acquired emotional salience through association with an aversive
electrical shock (Dunsmoor, Martin, & LaBar, 2012; Dunsmoor,
Murty, Davachi, & Phelps, 2015). Importantly, although we may
easily recognize emotional events and remember the gist of emo-
tional episodic experiences, the precision of our memory to accu-
rately remember the details of emotional events can be limited
(Adolphs, Denburg, & Tranel, 2001; Adolphs, Tranel, & Bu-
chanan, 2005; Kensinger, 2009; LaBar & Cabeza, 2006; Leal, Tighe,
& Yassa, 2014; Mather & Sutherland, 2011). This is also true in
threat conditioning, where memory precision of a conditioned
stimulus or context gives way to more gist like representations,
leading to increases in threat response generalization over time
(Dunsmoor, Otto, & Phelps, 2017; Wiltgen & Silva, 2007). Un-
derstanding how the precision of episodic memory is affected by
threat conditioning could be relevant to elucidate the mechanisms
underlying anxiety- and stress-related disorders, where impairment
in accurately discriminating between traumatic memories and new
information has been suggested to result in overgeneralization of

Day1: Encoding: Threat Conditioning

— ,

(e

~
y 4 N, l
=" 1 f
Q —— &4
+ B
A W A2
~
o N .
120items f
(60 animals/60 tools) ~ 1
~
B
Figure 1.

threat-related responses (Besnard & Sahay, 2016; Kheirbek et al.,
2012).

The objective of the present study was to investigate the effect
of threat conditioning on the generalization of long-term episodic
memory using a memory paradigm that taxes episodic memory for
the details of previously encoded items. Participants completed
two experimental sessions that occurred 24 hr apart (see Figure 1).
Encoding, on Day 1, consisted of a trial-unique (i.e., stimuli are
nonrepeating) Pavlovian threat-conditioning task during which
skin conductance responses (SCRs) and shock expectancy were
measured to confirm acquisition of threat conditioning (Dunsmoor
et al., 2012). Participants were conditioned to items from a specific
category associated with an aversive shock (conditional stimulus
[CS]+; i.e., animals or tools) or no shock (CS—; i.e., tools or
animals, counterbalanced between subjects). Day 2 consisted of a
surprise item recognition memory test, where old target items
encoded during threat conditioning, similar lures, and novel foils
were presented to participants (Clemenson & Stark, 2015; Kirwan
& Stark, 2007; Stark, Stevenson, Wu, Rutledge, & Stark, 2015).
Based on our prior findings (Dunsmoor et al., 2012, 2015), we
predicted that threat conditioning would enhance recognition
memory for items from the conditioned category, that is, correctly
identifying target items from the CS+ category as old more often
than target items from the CS— category. However, we also
predicted that threat conditioning would promote generalization of
episodic memory for the conditioned category, operationalized as
misidentification of similar lures as old relative to misidentifying
novel foils as old (Ally, Hussey, Ko, & Molitor, 2013). In addition,
we also calculated a discrimination score operationalized as cor-
rectly identifying similar lures as similar relative to misidentifying
novel foils as similar (Clemenson & Stark, 2015; Kirwan & Stark,
2007). These generalization and discrimination measures have
often been taken as a proxy for presumed underlying pattern
completion and separation processes (Ally et al., 2013; Clemenson
& Stark, 2015; Kirwan & Stark, 2007; Yassa & Stark, 2011). In the
field of memory, the operation of pattern completion, refers to the
reactivation of a stored memory representation based on partial
input that resembles the prior learning experience, whereas pattern
separation processes (Besnard & Sahay, 2016) refers to the dis-
crimination of a novel input pattern from a stored memory repre-
sentation (Ally et al., 2013; Rudy & O’Reilly, 2001; Yassa &

Day2: Recognition Memory Test
Old/Similar/New?
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—— 60 ‘new’ foils (30 animals/30 tools)
—— 60 ‘old’ targets (30 animals/30 tools)
—— 60 ‘similar’ lures (30 animals/30 tools)

Behavioral task paradigm. During conditioning, participants rated shock expectancy; shocks were

paired with 30 out of 60 animal or tool pictures (counterbalanced across participants). During the memory test,
participants indicated whether the presented picture was new, old or similar. Colored borders are for illustrative
purposes, and not part of the stimuli shown to subjects. See the online article for the color version of this figure.
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Stark, 2011; though see Aimone, Deng, & Gage, 2011; Hunsaker
& Kesner, 2013 for a critical review of such framework). Given
that threat generalization is characteristic of anxiety- and stress-
related disorders, we investigated whether participants’ memory
performance was associated with the amount of conditioned auto-
nomic arousal at the time of encoding, self-reported intolerance of
uncertainty, and trait levels of anxiety.

Method

Participants

Based on our prior studies (Dunsmoor et al., 2012, 2015), 30
healthy participants were recruited. One participant was removed
from the analysis for failing to complete Day 1, three for failing to
return for Day 2, and one due to computer malfunctioning. This
left a total of 25 participants in the analysis (six males; age M =
22.29 years, SD = 3.69 years). The study followed APA Ethical
Principles of Psychologists and Code of Conduct and was ap-
proved by the University Committee on Activities Involving Hu-
man Subjects at New York University. All participants provided
written informed consent to participation and were compensated
monetarily.

Independent Variables

The study included two experimental sessions, threat condition-
ing and a surprise recognition memory test, that occurred 24 hr
apart (see Figure 1).

Day 1: Encoding: Threat conditioning. The Pavlovian
threat-conditioning task presented 120 trial-unique pictures of an-
imals (60) and tools (60) on a white background as conditioned
stimuli (CS). For the threat-conditioned category (CS+, animals or
tools counterbalanced between subjects) 30 out of 60 trials co-
terminated with a 200-ms aversive shock (unconditioned stimulus
[US]; 50% CS-US pairing rate). The shock was administered
through pregelled snap electrodes (BIOPAC EL508) attached to
the right wrist and connected to a Grass Medical Instruments
stimulator (Model SD9; West Warwick, RI). A within-subjects
control category (CS—, tools or animals, respectively) was never
paired with shock. Each trial was presented for 4.5 s followed by
a jittered 8—10 s of intertrial interval (intertrial interval [ITI])
during which a fixation cross on a blank screen was presented. The
stimulus on each trial was a different exemplar of the category that
was never repeated (i.e., each stimulus could be identified by a
unique name, so e.g., there were not two different pictures of a dog
during threat conditioning).

Day 2: Surprise recognition memory test. The structure of
the memory test was modeled after paradigms designed to asses
behavioral pattern completion and separation (Kirwan & Stark,
2007). It included a total of 180 pictures (90 animals and 90 tools).
Of these, 60 pictures (30 animals, 30 tools) were old targets (i.e.,
the picture on the screen was exactly like a picture seen on Day 1),
60 were similar lures (i.e., the picture on the screen was different
from, but similar to, a picture seen on Day 1, e.g., during acqui-
sition a dog was presented and during the memory test the same
dog but with different body position was presented), and 60 were
novel foils (i.e., the picture on the screen was a unique exemplar
of an object that was never presented on Day 1). Note that, for

items of the CS+ category, the number of old targets and similar
lures was equally divided over shocked and nonshocked items. On
each trial, subjects had 4 s to respond if the picture was “old,”
“similar,” or “new.” Each trial was followed by a jittered 500-ms
to 1,500-ms ITL

Dependent Variables

Skin conductance response. Galvanic skin conductance was
recorded at 200Hz from pregelled snap electrodes (BIOPAC EL509)
placed on the hypothenar eminence of the palmar surface of the left
hand connected to a BIOPAC MP-100 System (Goleta, CA). The
digitalized signal was processed using Autonomate 2.8 (Green, Kra-
gel, Fecteau, & LaBar, 2014) to obtain trough-to-peak SCR values. A
SCR was considered valid if the trough-to-peak deflection occurred
between 0.5-4.5 s following the presentation of the CS, was greater
than 0.02 wS and lasted for maximum 5 s. Trials that did not meet
these criteria were scored as zero (Dunsmoor et al., 2015). The raw
SCRs were square root transformed to normalize the data distribu-
tions. Only nonreinforced CS+ trials and all CS— trials were in-
cluded in further analysis. Mean SCRs to CS+ and CS— were
analyzed to verify threat conditioning acquisition.

Shock expectancy. Shock expectancy was rated on each trial
using a two-alternative forced-choice button press (yes = shock,
no = no-shock). The mean proportion of yes response to CS+ and
CS— were analyzed to verify threat conditioning acquisition.

Episodic memory. Bias corrected memory scores were cal-
culated to evaluate episodic memory recognition, generalization
and discrimination to CS+ and CS-. Respectively, a corrected item
recognition memory score was calculated as the probability of
correctly endorsing targets as old minus endorsing foils as old
(Clemenson & Stark, 2015; Kirwan & Stark, 2007). A generaliza-
tion score was calculated as the probability of endorsing lures as
old minus the probability of endorsing foils as old (Ally et al,,
2013). We also calculate a lure discrimination index (LDI) as the
probability of correctly endorsing lures as similar minus the prob-
ability of endorsing foils as similar (Clemenson & Stark, 2015;
Kirwan & Stark, 2007). Note that additional graphs and analyses
on the raw proportions of responses are reported in the Supple-
mental Materials.

Intolerance of Uncertainty Scale (IUS; Buhr & Dugas,
2002). This is a self-report questionnaire assessing the difficulty in
tolerating uncertain situations and the degree of worry about them. It
comprises 27 items rated on a 5-point Likert scale ranging from not at
all characteristic of me to entirely characteristic of me. The total score
results from the sum of the scores obtained on each question, with
higher score indicating greater intolerance of uncertainty.

State Trait Anxiety Questionnaire (STAI; Spielberger, Gor-
such, Lushene, Vagg, & Jacobs, 1983). The trait portion of
form Y of the STAI was used to assess symptoms of trait anxiety.
This is a self-report questionnaire, which comprises 20 items rated
on a 4-point Likert scale ranging from almost never to almost
always. The total score results from the sum of the scores obtained
on each question and indicates the severity of symptoms, with
higher score indicating greater anxiety.

Procedures

Day 1: Encoding: Threat conditioning. First, SCR elec-
trodes and the shock electrodes were attached. The intensity of the
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shock was calibrated for each participant to a level deemed “highly
unpleasant, but not painful,” using an ascending staircase proce-
dure. Participants rated the unpleasantness of the shock on a 0 (no
sensation) to 10 (very high intensity) scale (M = 6.66, SD = 0.91).
Next, participants were told that on each trial a picture of an animal
or tool would appear on the screen and that it might coterminate
with a shock. No information was provided regarding which cat-
egory would be paired with the shock and participants had to learn
this from experience. Participants’ task was to make a shock
expectancy rating on each trial by a button press. They were
informed that neither their speed nor their accuracy would influ-
ence whether or not they received a shock, in order to eliminate the
possibility of participants attributing administration of the shock to
their actions. The task took about 45 min to complete.

Day 2: Surprise recognition memory test. No specific in-
formation about the purpose of Day 2 was provided to participants
beforehand. Before starting the memory test, participants were
asked the open ended question “What are your expectations for
today’s experiment?,” in order to validate the memory test was a
surprise. Nearly all participants reported that they either expected
a continuation of what they did the day before (i.e., fear condi-
tioning) or that they did not know. Only one participant expected
a memory test. We did not exclude this subject in the final
analyses, but including this data did not change the results in any
meaningful way. We then told participants that they were going to
do a memory test, and asked how surprised they were on a 1 (not
surprised at all) to 9 (totally surprised) scale. The average rating
was 5.48 (min = 4, max = 8). Participants were told that on each
trial a picture would appear on the screen and their task was to be
as fast and as accurate as possible in deciding whether the picture
was “old,” “similar,” or “new.” The task took about 20 min to
complete. At the end of the task participants also completed the
IUS (Buhr & Dugas, 2002) and the trait form of the STAI (Spiel-
berger et al., 1983).
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Data Availability

The data sets generated during and/or analyzed during the
current study are available in the online supplemental materials.

Results

Data met assumptions of normal distribution and homoscedas-
ticity; therefore, parametric tests were used for analysis.

Arousal and Shock Expectancy Indicate Acquisition of
Threat Conditioning

First, we assessed acquisition of threat conditioning on Day 1 by
comparing mean square-root-normalized SCRs for the CS+ and
the CS— category. A paired ¢ test indicated higher mean SCR for
the CS+ than the CS— category, #(24) = 4.90, p < .001, d,, =
1.10; CS+: M = 0.75, SD = 0.50; CS—: M = 0.35, SD = 0.23
(see Figure 2A). Likewise, analysis of mean expectancy ratings
revealed that participants were more likely to expect the shock on
CS+ than CS— trials, #(24) = 7.27, p < .001, d,, = 2.63; CS+:
M = 0.68, SD = 0.23; CS—: M = 0.09, SD = 0.22 (see Figure
2B). Thus, category conditioning led to the acquisition of auto-
nomic threat responses and explicit awareness of conditioned
threat expectation.

Threat Conditioning Enhances Subsequent
Recognition Memory and Episodic Memory
Generalization for the Conditioned Category

Threat conditioning on Day 1 enhanced subsequent recognition
memory for items of the conditioned category on Day 2 (see
Figure 3). A paired ¢ test on bias corrected mean item recognition
scores (i.e., responding old to targets minus responding old to foils;

40 50 60 70 80 90 100
Intolerance of Uncertainty

Figure 2. Acquisition of threat conditioning and correlation between intolerance of uncertainty and skin
conductance response (SCR). Acquisition of threat conditioning was shown by higher mean square-root-
normalized SCR in nS (A) and higher shock expectancy (B) on CS+ than CS— trials. Error bars represent

ook

standard error of the mean,

p < .001, two-tailed paired-samples 7 test. In addition, intolerance of uncertainty

predicted mean square-root-normalized SCR in S to the conditioned category (C). Dashed lines represent 95%

confidence interval, p < .05, simple linear regression.
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Figure 3. Recognition memory. Bias corrected item recognition score
(i.e., responding old to targets minus responding old to foils) showed better
recognition of items from the CS+ than CS— category. Error bars repre-
sent standard error of the mean. ** p < .001, two-tailed paired-samples ¢
test.

Clemenson & Stark, 2015; Kirwan & Stark, 2007) revealed better
recognition of CS+ than CS— items, #(24) = 4.03,p <.001,d,, =
0.76; CS+: M = 0.47, SD = 0.19; CS—: M = 0.34, SD = 0.15,
replicating previous reports (Dunsmoor et al., 2012, 2015; Kroes et
al., 2017).

We next assessed the effect of threat conditioning on episodic
memory generalization and discrimination. We found that threat
conditioning enhanced generalization scores (Figure 4A). A paired
t test on mean generalization scores (i.e., responding old to lures
minus responding old to foils; Ally et al., 2013) revealed greater
generalization for items of the CS+ than the CS— category,
1(24) = 247, p = .021,d,, = 0.60; CS+: M = 0.22, SD = 0.13;
CS—: M = 0.14, SD = 0.12. That is, subjects were more likely to
endorse lures from the threat-conditioned category as “old” than
lures from the control category. However, we found no evidence
that threat conditioning affected discrimination. A paired ¢ test on
mean LDI (i.e., responding similar to lures minus responding
similar to foils; Clemenson & Stark, 2015; Kirwan & Stark, 2007)
revealed no difference between the CS+ and CS— category,
1(24) = 1.92, p = .067, d,, = 0.51; CS+: M = 0.15, SD = 0.15;
CS—: M = 0.08, SD = 0.11 (see Figure 5). Thus, threat condi-
tioning resulted in greater item recognition and episodic memory
generalization but did not significantly affect discrimination of
episodic memory after 24 hr.

Arousal Responses Predict Episodic Memory
Generalization for the Conditioned Category

Next, we examined whether mean SCR to the CS+ category
during threat conditioning predicted subsequent recognition mem-

ory and generalization for the CS+ category. Simple linear regres-
sion showed no evidence for an effect of mean SCR on mean item
recognition scores (p = .154). In contrast, mean SCRs to CS+
category on Day 1 positively predicted subsequent generalization
scores for the CS+ category on Day 2 (unstandardized 3 = 0.12,
1(24) = 2.38, p = .026; R> = 0.20, F(1, 24) = 5.66, p = .026; see
Figure 4B). Thus, autonomic arousal during threat conditioning
was associated with greater episodic memory generalization for
items of the conditioned category, but was not associated with the
tendency to accurately identify items from the conditioned cate-
gory encoded the previous day. In addition, we examined whether
mean SCR to the CS— category during threat conditioning pre-
dicted subsequent episodic memory generalization for the CS—
category, in order to understand whether episodic memory gener-
alization was driven by general arousal or specifically by condi-
tioned arousal. Simple linear regression showed no evidence for an
effect of mean SCR to CS— category on subsequent generalization
scores for the CS— category (p = .977).

Intolerance of Uncertainty Predicts Arousal to but Not
Memory for the Conditioned Category

Finally, we tested if intolerance of uncertainty and trait anxiety
influenced mean SCR during threat conditioning and subsequent
item recognition and episodic memory generalization for the CS+
category. Simple linear regression revealed that participants’ in-
tolerance of uncertainty score positively predicted mean SCRs for
the CS+ category (unstandardized 3 = 0.01, #24) = 2.85, p =
.009; R* = 0.26, F(1, 24) = 8.13, p = .009; see Figure 2C).
However, trait anxiety did not predict mean SCR for CS+ (p =
.130). Neither intolerance of uncertainty nor trait anxiety predicted
item recognition or pattern completion for CS+ (all ps = .096).

Discussion

Episodic memories help us remember the details of an emo-
tional experience and help guide behavior in similar situations in
the future. The goal of this study was to examine the effect of
Pavlovian threat conditioning, a form of emotional learning, on
long-term episodic memory generalization. We found that threat
conditioning enhanced subsequent item recognition memory, such
that items from the threat conditioned category were better remem-
bered than items from another category never paired with shock,
replicating previous findings (Dunsmoor et al., 2012, 2015; Kroes
et al., 2017). Threat conditioning also promoted the generalization
of episodic threat memories. Specifically, similar lures of the
conditioned category were more likely to be misidentified as old,
compared with similar lures of the category never paired with
shock. However, threat conditioning did not significantly affect
discrimination, that is, participants had comparable performance,
in correctly identifying as similar, lures from the CS+ and CS—
category. Furthermore, we found that the degree of autonomic
arousal at the time of threat acquisition predicted generalization of
episodic memory for items of the conditioned category but not for
the CS— category. However, autonomic arousal was unrelated to
subsequent recognition memory accuracy. Finally, intolerance of
uncertainty, a characteristic of anxiety disorders that describes the
degree of worry about uncertain situations (Buhr & Dugas, 2002;
Dugas, Gagnon, Ladouceur, & Freeston, 1998), positively pre-
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Figure 4. Episodic memory generalization and its correlation with arousal for the conditioned category. (A)
Episodic generalization score (i.e., responding old to lures minus responding old to foils) was greater for items
from the CS+ than the CS— category. Error bars represent standard error of the mean. “p < .05, two-tailed
paired-samples ¢ test. (B) Mean square-root-normalized SCR in pS to the conditioned category predicted
episodic memory generalization score for the conditioned category. Dashed lines represent 95% confidence

interval, p < .05, simple linear regression.

dicted the degree of autonomic arousal at the time of threat
acquisition but not memory performance.

Our main finding is that threat conditioning enhances subse-
quent generalization of episodic memory. This result suggests that
episodic memory generalization may be an active process where
threat cues presented at the time of retrieval trigger recollection of
stored episodic memory representations of aversive experiences.
This idea is in line with the literature on the generalization of threat
responses (Dunsmoor, Kragel, Martin, & LaBar, 2014; Onat &
Biichel, 2015) that argued that stimulus generalization is an active
process (Shepard, 1987), which leads to response generalization
despite perceptual discrimination between originally conditioned
stimuli and a similar ones (Guttman & Kalish, 1956; Pavlov,
1927). In the context of threat conditioning, active generalization
of threat representations stored in episodic memory may confer an
adaptive advantage, as incorrectly identifying a safe stimulus as a
dangerous stimulus is far less costly than the alternative (Dun-
smoor & Paz, 2015; Laufer, Israeli, & Paz, 2016).

We also found that conditioned autonomic arousal at the time of
encoding was related to subsequent episodic memory generaliza-
tion processes at the time of memory retrieval only for the condi-
tioned category. This finding suggests that the arousal specifically
elicited by threat conditioning (conditioned SCRs, and not just
SCR in general) was related to the future explicit memory gener-
alization. It also extends the long-established emotional enhance-
ment of episodic memory encoding and consolidation (Cahill et
al., 1996; Cahill & McGaugh, 1995; Christianson & Loftus, 1987,

1991), showing that emotion can also affect specific episodic
memory processes at the time of retrieval. It is possible that similar
lures of the conditioned category would likewise evoke general-
ized threat responses, which in turn could have enhanced memory
generalization. A limitation of the current study is that physiolog-
ical threat responses were not acquired during retrieval because
evaluating autonomic arousal in absence of a threat of shock was
methodologically challenging—and assessing recognition memory
during threat of shock would have complicated interpretation of
the memory results. Nevertheless, previous research has indicated
that emotion-related responses and amygdala activation can affect
episodic memory processes at the time of retrieval (Kroes, Strange,
& Dolan, 2010; Maratos, Dolan, Morris, Henson, & Rugg, 2001;
Smith, Henson, Dolan, & Rugg, 2004; Smith, Stephan, Rugg, &
Dolan, 2006; Takashima, van der Ven, Kroes, & Ferndndez, 2016).
Future studies should address this issue assessing if enhanced
episodic memory generalization is accompanied by greater threat
response generalization for the conditioned category.

As this is the first explorative study into the effect of condition-
ing on episodic memory generalization, we decided to follow a
widely used theoretical framework that investigates memory gen-
eralization/discrimination in terms of pattern completion/separa-
tion and chose the mnemonic similarity task (MST) to test our
hypothesis. However, parsing pattern completion/separation in hu-
man memory research is challenging, and the MST protocol and
it’s memory indices may not be sufficient to dissociate pattern
completion/separation operations (e.g., Aimone et al., 2011; Hun-
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Figure 5. Episodic memory discrimination. Lure discrimination index
score (i.e., responding similar to lures minus responding similar to foils)
showed no difference for items from the CS+ and CS— category. Error
bars represent standard error of the mean. Two-tailed paired-samples  test.

saker & Kesner, 2013; Loiotile & Courtney, 2015). Future studies
should account for difficulties distinguishing between pattern com-
pletion and pattern separation and perhaps use alternative proto-
cols, analyses methods, or high-resolution imaging to elucidate the
information processing operations that underlie the episodic threat
memory generalization we found (Loiotile & Courtney, 2015;
Yassa & Stark, 2011). Furthermore, episodic threat memory gen-
eralization may not depend on pattern completion/separation pro-
cesses, but instead result from the hierarchy of stimulus classifi-
cation to which threat was associated on Day 1. For example, if a
subject encoded the visual items at a higher level of categorization
(e.g., perceived a picture of a Golden Retriever at the basic level,
“dog,” and not the subordinate level, “Golden Retriever”), then
they might be more likely to “misremember” the stimulus at test.
Whether and how differences in encoding strategy affect episodic
memory generalization and how this interacts with threat learning
remains an open question for future investigation.

From a clinical perspective, overgeneralization of episodic
memories may contribute to maladaptive overgeneralization of
threat memories. For instance, highly emotional events could lead
to subsequent misidentification of similar people, stimuli, or situ-
ations as threatening even in a safe context. The positive correla-
tion between arousal at the time of encoding and subsequent
memory generalization for stimuli of the conditioned category is in
line with this idea, albeit in healthy subjects. Contrary to this, a
recent theoretical account proposes that threat overgeneralization,
characteristic of PTSD, would be determined by an impairment in
pattern separation (Besnard & Sahay, 2016; Kheirbek et al., 2012).
Specifically, PTSD is thought to be marked by an inability to
discriminate between sensory inputs similar to the traumatic mem-

ory, grouping them together despite their differences, leading to
overlapping memory representations and overgeneralization of the
threat memory. This discrimination deficit is supported by the
finding of an inverse relationship between discrimination ability
and generalization of threat expectation in healthy participants
(Lange et al., 2017). Another possibility is that overgeneralization
in PTSD may trigger recollection of the traumatic event even in
conditions of safety, when faced by threat cues resembling the
traumatic event. The current paradigm could be used in clinical
populations to clarify these different accounts of threat general-
ization in PTSD.

In conclusion, we found that Pavlovian threat conditioning
enhanced generalization of emotional episodic memories. This
supports the idea that behavioral generalization might be driven at
least in part by an explicit process of episodic memory general-
ization, where threat cues presented at the time of retrieval trigger
recollection of stored episodic memory representations of aversive
experiences. Enhanced memory generalization following threat
learning may be adaptive to efficiently promote avoidance of
stimuli similar to previously learned threats. However, in extreme
cases, generalization of threat conditioned episodic memories may
become maladaptive by leading to overgeneralization of threat
memories in the face of harmless stimuli or situations. Whether an
overactive process of memory generalization is a contributing
factor to the etiology and maintenance of PTSD warrants further
research.

Context of the Research

We show that Pavlovian threat-conditioning induces a bias to
generalize episodic memory in humans. This research fits in a
broader context of two mostly separated literatures on emotional
learning and memory: stimulus generalization as it is defined in the
Pavlovian conditioning tradition, and pattern completion as it is
defined in human episodic memory research. Here, we synthesize
these two literatures to show that Pavlovian conditioning has
unique effects on episodic memory, promoting an explicit bias to
judge items similar to a conditioned stimulus as having been
encountered in the past. The data fit with an active research
program on the intersection between conditioning and episodic
memory, which has already shown how conditioning can enhance
retroactive memory for conceptually related stimuli (Dunsmoor et
al., 2015; Patil, Murty, Dunsmoor, Phelps, & Davachi, 2016) and
that event boundaries between conditioning and extinction helps
organize episodic memory by segmenting competing experiences
of threat and safety (Dunsmoor et al., 2018). This research will be
extended to patients with stress and anxiety disorders to examine
whether these disorders are characterized by an overgeneralization
of explicit episodic memory following a threat learning experi-
ence.
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