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Research

Post-encoding stress enhances mnemonic discrimination

of negative stimuli

Tony J. Cunningham,'* Stephanie L. Leal,>* Michael A. Yassa,* and Jessica D. Payne’

"Department of Psychology, University of Notre Dame, Notre Dame, Indiana 46556, USA; ?Helen Wills Neuroscience Institute,
University of California, Berkeley, Berkeley, California 94720, USA; 3Department of Neurobiology and Behavior and Center for the
Neurobiology of Learning and Memory, University of California, Irvine, Irvine, California 92697, USA

Stress influences how we remember emotional events and how these events shape future behaviors. However, the impact of
stress on memory specificity for emotional events has yet to be examined. To this end, the present study utilized a mne-
monic discrimination task that taxes hippocampal pattern separation, the process of distinguishing between overlapping
experiences, thereby allowing us to better understand the mechanisms by which stress affects gist versus detail memory
of emotional events. Participants encoded scenes composed of negative or neutral objects placed on neutral backgrounds
and then underwent a psychosocial stressor or matched control task. Twenty-four hours later during testing, objects were
presented separately, with some identical old objects (targets), some new objects (foils), and some similar but not identical
objects (lures). Target recognition was enhanced for negative compared to neutral objects in both the stress and control
groups. Interestingly, post-encoding stress selectively enhanced mnemonic discrimination of negative versus neutral
objects, which was not the case in the control group. Measures of salivary cortisol revealed a quadratic inverted U relation-
ship between negative mnemonic discrimination and cortisol increase. These findings suggest that moderate cortisol release

following stress is associated with enhanced memory precision for negative information.

Many events in our lives tend to share key features. They take place
in the same location, occur with the same people, and can involve
the same emotions, yet we are able to maintain separate records of
such experiences. Pattern separation, the process of disambiguat-
ing similar representations as distinct from one another, is one
mechanism for reducing interference of overlapping experiences
and is thought to be subserved by the hippocampus (Marr 1971;
Treves and Rolls 1992; Shapiro and Olton 1994; McClelland et al.
1995; Yassa and Stark 2011). Mnemonic discrimination tasks,
which assess the ability to discriminate highly similar stimuli in
memory by calculating a lure discrimination index (LDI), have
been used reliably in the past to examine pattern separation in hu-
mans (cf. Leal and Yassa 2018 for review). However, the impact of
stress on individual facets of performance such as target recogni-
tion and lure discrimination has not been evaluated in detail.
Numerous studies suggest that stress hormones play a critical
role in the formation and storage of emotional memories (Gold
and McGaugh 1975; McGaugh 2004; McIntyre et al. 2012; Cun-
ningham et al. 2014). These hormones boost activity in the baso-
lateral amygdala, and enhance connectivity among the amygdala
and other memory-relevant regions of the brain, including the
hippocampus (McGaugh 2004; Roozendaal et al. 2009). The poten-
tiation of this network by stress is thought to benefit the consolida-
tion of emotionally salient memories (e.g., Buchanan and Lovallo
2001; Vyas et al. 2002; Cahill et al. 2003; Abercrombie et al. 2006;
Payne et al. 2007; for reviews, see de Quervain et al. 2009; Wolf
2009), sometimes at the cost of neutral memories that likely have
less adaptive value (Payne et al. 2006, 2007). For instance, preen-
coding stress exposure has been shown to enhance long-term
memory for an emotionally arousing slide show, but impair mem-
ory for a matched neutral slide show (Payne et al. 2007). Similarly,
participants who were exposed to stress after watching a slide show
consisting of neutral and emotionally arousing slides remembered
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more emotional versus neutral slides than nonstressed control par-
ticipants (Cahill et al. 2003; Nielsen et al. 2013). In general, a large
body of research suggests that stress exposure during the early con-
solidation window can enhance emotional memory (e.g., Cahill
et al. 2003; Smeets et al. 2008a,b; Shields et al. 2017). However,
the accuracy and level of detail with which these memories are
stored remain equivocal. Tasks that tax hippocampal pattern sepa-
ration may offer a unique perspective into this dynamic. Rather
than testing overlapping gist and detail information such as in
the emotionally arousing slide show discussed above, these tasks
offer a lure discrimination measure that is based on the parametric
manipulation of the similarity of the stimuli, thus taxing hippo-
campal pattern separation and may offer a mechanism underlying
stress-related enhancements in emotional memory.

Thus far, one study has applied a mnemonic discrimination
task to the memory of emotional stimuli, and found that target rec-
ognition (gist) was preserved for emotional versus neutral informa-
tion, while lure discrimination (detail) was impaired for emotional
versus neutral information (Leal et al. 2014a). This was then linked
to increased hippocampal DG/CA3 and amygdala activity during
accurate discrimination using high-resolution fMRI (Leal et al.
2014b) and suggests mnemonic discrimination tasks can inform
us about the mechanisms underlying emotional memory consoli-
dation. Further, individuals with depressive symptoms (e.g., a
chronic stress syndrome that is often associated with elevations
of the stress hormone cortisol, see Pariante and Miller 2001)
show impaired lure discrimination for neutral items (Déry et al.
2013; Shelton and Kirwan 2013; Leal et al. 2014a). When perform-
ing a mnemonic discrimination task including negative stimuli,
individuals with depressive symptoms showed enhanced lure
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Stress enhances negative discrimination

discrimination only for negative information (Leal et al. 2014a).
This was not the case for target recognition. This suggests that
lure discrimination measures may be more sensitive to memory
processing in depressed individuals, which may, in part, be due
to elevated stress and stress hormone release observed in depres-
sion (e.g., Yehuda et al. 1996; Abercrombie 2009), potentially lead-
ing to the enhanced amygdala activation in response to negative
stimuli, also typically found in individuals with depression
(Siegle et al. 2002, 2007; Roberson-Nay et al. 2006).

Determining the influence of acute stress on mnemonic dis-
crimination of emotional information is an important next step
in understanding how stress affects the veridicality of emotional
memories. This question is critical in determining whether stress
enhances the precise, detailed long-term storage of emotional in-
formation or if it promotes a more generalized, gist-based memory
storage. Here we investigated the effect of post-encoding stress on
memory for emotional and neutral stimuli. While stress often ben-
efits the consolidation of emotionally arousing information (e.g.,
for review, see Payne and Nadel 2004; Payne et al. 2007; Wolf
2009), few studies have explored how stress affects the specificity
of memory using tasks that rely on hippocampal pattern separa-
tion. We have included two measures of memory in this study to
investigate more general memory effects for repeated items (i.e.,
target recognition) as well as a more specific memory measure of
the ability to discriminate highly similar items (i.e., lure discrimi-
nation). We hypothesized that post-encoding stress (via the Trier
Social Stress Test [TSST]) would lead to an enhancement in lure dis-
crimination of negative, but not neutral information, not only
because we found this effect in individuals with depressive symp-
toms previously, but also given that cortisol release is associated
with enhanced amygdala-hippocampal connectivity and better
subsequent memory for negative emotional information (e.g.,
van Stegeren et al. 2007; Vaisvaser et al. 2013). Additionally, we ex-
pected lure discrimination to be more sensitive than target recogni-
tion in identifying stress-related differences. Furthermore, similar
to other studies in which the encoding period precedes the stressor
(Cahill et al. 2003), we did not expect any effect of stress on neutral
information.

Results

Participants arrived in the lab mid-afternoon and completed an in-
cidental encoding task, rating 64 complex scenes (32 with a nega-
tive central object and 32 with a neutral central object, all placed
on neutral backgrounds; Kensinger et al. 2006), before being ran-
domly assigned to either a stress or control condition. After encod-
ing, stress participants completed a psychosocial stressor (TSST,
Kirschbaum et al. 1993) and control participants completed a
matched control task. Saliva samples and self-report measures
were collected for later cortisol/stress assessment. The next
day, participants returned to the lab to perform an unexpected,
self-paced recognition task, in which the scene objects and back-
grounds were presented individually and one at a time. The recog-
nition task included scene components that were identical to the
objects and backgrounds that had been encoded (“same”), similar
(but not identical) versions of the object or background, (“simi-
lar”), and new objects and backgrounds that had not been previ-
ously viewed (“new”).

Stressor efficacy

Physiological response

To assess the impact of the TSST versus control manipulation on
cortisol responsivity, we performed a 2 (Group: Stress vs.
Control) x 6 (Time: t0, t1, t2, t3, t4, t5) mixed ANOVA, with time
as the within-subject factor and group as the between-subject fac-
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tor. This analysis revealed a significant Time x Group interaction
(F(s,44y=3.2, P=0.009; partial 12=0.06, observed power =0.88).
Because participants’ peak cortisol response to stressors can occur
at different time points following stress exposure (Kudielka and
Kirschbaum 200S5; Otte et al. 2005; Kajantie and Phillips 2006;
Kudielka et al. 2007), we subtracted baseline cortisol concentra-
tions (t0) from the maximum cortisol increase following the stres-
sor (t1, t2, t3, t4, or t5; note that this was at t2 for most participants
[40%]). Using this change score, there was a clear increase in corti-
sol concentrations in participants exposed to the stressor, com-
pared to the control condition (f4g8=3.8, P<0.0001; see Fig. 1).
Additionally, individual group analyses comparing baseline corti-
sol concentrations to the maximum concentration following the
stress manipulation revealed that the stress group had a significant
increase in cortisol (tz7)=5.4, P<0.001), while the control group
had no change in cortisol concentration from baseline (¢21,=0.2,
P=0.83). These findings confirm that the stress task successfully
elicited a physiological stress response leading to increased cortisol
concentrations.

Subjective response

To determine the impact of the TSST on the subjective experience
of stress, the state-trait anxiety questionnaire (STAI) was given both
during the initial acclimation period upon entering the lab and im-
mediately following the stress manipulation. We conducted mixed
ANOVAs, with time of assessment as the repeated measure, on rat-
ings of state anxiety (STAlI-state) in the stress and control groups.
We found a main effect of group on reported anxiety (Fg 4s) =
12.9, P=0.001, partial n?=0.21, observed power =0.94) and an in-
teraction between group and time of assessment (F1,48)=17.2, P<
0.001, partial n?=0.26, observed power=0.98). To determine the
direction of these effects we used follow-up paired t-tests to exam-
ine the change in STAl-state score. Mirroring the cortisol data, par-
ticipants in the stress group demonstrated a significant increase in
reported anxiety from baseline to post-TSST (f27=5.7, P<0.001),
while the control group showed no change in STAl-state score
over time (t21y=0.38, P=0.70). This finding confirms that, in addi-
tion to generating a significant increase in HPA axis activation, the
stress task was also successful in elevating subjectively experienced
stress.

Stress enhances mnemonic discrimination of negative
objects

To determine the effect of stress on mnemonic discrimination
of negative and neutral objects, we conducted a 2 (Emotion:
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Figure 1. Average change in cortisol in Control and Stress Groups. The
Stress group demonstrated a significant increase in salivary cortisol con-
centration from baseline to maximum increase during the 60-min
period following the task compared to the control group (P<0.0001).
Error bars represent SEM.
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Negative vs. Neutral) x 2 (Group: Stress vs. Control) ANOVA, with
Emotion as a repeated factor on the calculated LDI measure for
each valence (see Memory Analysis for how this was computed).
Although there was no main effect of either emotion or group, crit-
ically, we found a significant interaction between emotion and
group (F(1,48=5.0, P=0.03, partial 12=0.09, observed power =
0.59; Fig. 2). Post-hoc contrasts revealed that the interaction was
driven by enhanced mnemonic discrimination of negative objects
in the stress group compared to the control group (f4s)=-2.7, P=
0.01), with no difference across groups for neutral object discrim-
ination (f4g=0.14, P=0.89). Within groups, a paired t-test con-
firmed enhanced negative relative to neutral discrimination in
the stress group (t27,=2.4, P=0.02), with no such difference in
the control group (t1,=-0.87, P=0.4). We also conducted the
same analyses with sex as an additional factor and found no signif-
icant main effects or interactions with sex (all Ps>0.05), although
we note that the study was not powered to detect sex differences.
In the control group, there were 8 males and 14 females. In
the stress group, there were 13 males and 15 females. Thus, our
null findings are likely a result of small sample sizes and should
not be taken as evidence of no sex differences. Together, these re-
sults suggest that stress selectively enhances negative object
discrimination.

General recognition enhancement for negative

objects

To examine whether, in addition to discrimination, stress affects
general recognition memory of negative and neutral objects, we
conducted a 2 (Emotion: Negative vs. Neutral) x 2 (Group: Stress
vs. Control) ANOVA, with Emotion as a repeated factor on the cal-
culated d’ scores (see Memory Analysis) for each valence. We found
a significant main effect of emotion (F(1,48)=17.6, P<0.001, partial
n?=0.27, observed power=0.98; Fig. 3), where negative objects
were better remembered than neutral objects. There was no main
effect of group or interaction between emotion and group, al-
though we note that the interaction was trending toward signifi-
cance (F,48)=3.50, P=0.068). This is consistent with previous
findings of emotional memory enhancements in general, and sug-
gests that while stress selectively enhances negative discrimination
in this task, it does not enhance general recognition. We also con-
ducted the same analyses with sex as an additional factor and
found no significant main effects or interactions with sex (all Ps
>0.05). See Table 1 for raw proportion of responses (Old, Similar,
New) for negative and neutral objects in the control and stress
groups. We also tabulated the proportion of responses for the back-
ground stimuli (Table 2) and found no significant differences
across groups or conditions.
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Figure 2. Lure discrimination in Control and Stress groups for Negative
vs. Neutral objects. Lure discrimination [p(“Similar or New”|Lure)-
p(”“Similar or New”|Target)] for negative and neutral objects in the stress
group compared to controls. Error bars represent SEM.
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Figure 3. Target recognition in Control and Stress groups for Negative
versus Neutral objects. Target recognition [z(Hits)—z(False Alarms)] for
negative and neutral objects in the stress group compared to controls.
Error bars represent SEM.

Relationship between cortisol and mnemonic
discrimination

In addition to exploring the impact of stress exposure on mnemon-
ic discrimination, we were also interested in whether cortisol
concentration would be related to changes in mnemonic discrim-
ination performance. As noted above, the stress group showed a
significantly greater cortisol increase following the TSST as mea-
sured by the greatest increase in salivary cortisol concentration
post-stressor. In the following analyses, we included all partici-
pants, regardless of stress or control group status, in correlations be-
tween cortisol and performance to increase power. The maximum
increase in salivary cortisol concentration was used as the indepen-
dent variable with both negative and neutral LDI measures as the
dependent variables. Linear analyses revealed no significant corre-
lations between cortisol concentration and either negative (r(50) =
0.16, P=0.26) or neutral (r(50)=-0.04, P=0.77) LDI. Critically,
however, when using a quadratic model in a curvilinear regression,
we found a significant inverted U-shaped quadratic fit between cor-
tisol concentration and negative LDI (F; 47y=3.7, P=0.03, 95% CI
[-0.64, —0.064]; Fig. 4A). The model did not fit the relationship
between cortisol and neutral information (F(z47,=0.2, P=0.8;
Fig. 4b). When comparing the fits of the curves, the quadratic rela-
tionship between negative LDI and cortisol concentration was a
better fit (AICc=-174.3) compared the quadratic relationship be-
tween neutral LDI and cortisol concentration (AICc=-158). The
probability the quadratic model is correct (compared to the linear
model) is 86.29% for the negative LDI-cortisol relationship and
only 26.54% for the neutral LDI-cortisol relationship. This finding
falls directly in line with the Yerkes-Dodson inverted U-shaped
dose-response model of stress (Yerkes and Dodson 1908).
Importantly, it suggests that an increasing stress response, as mea-
sured by cortisol reactivity, selectively benefits mnemonic discrim-
ination of emotionally negative information up to a moderate
level, but once cortisol exceeds that level it begins to hinder
performance.

Discussion

The primary goal of this study was to determine the effects of post-
encoding stress on the quality and discriminability of negative
emotional versus neutral memory. Research has shown that stress
has differential impacts on memory depending on when it is ad-
ministered (e.g., de Quervain et al. 2009). Post-encoding manipu-
lations have shown to be powerful in examining effects on
consolidation. The importance of the post-encoding manipulation
in understanding consolidation is to remove any impact the ma-
nipulation could have on encoding processes, making it possible
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Table 1. Proportion of Old, Similar, and New responses to negative and neutral targets and lures in control and stress groups. Scores

reported as means with SEM

Negative Neutral
old Similar New Old Similar New

Responses to target objects

Control 0.67 (0.03) 0.21 (0.03) 0.12(0.03) 0.64 (0.05) 0.15 (0.03) 0.21 (0.04)

Stress 0.75 (0.03) 0.16 (0.01) 0.09 (0.02) 0.64 (0.03) 0.13 (0.02) 0.23 (0.03)
Responses to similar lure objects

Control 0.25 (0.04) 0.49 (0.04) 0.25 (0.04) 0.18 (0.03) 0.41 (0.04) 0.40 (0.04)

Stress 0.20 (0.03) 0.53 (0.03) 0.27 (0.03) 0.19 (0.02) 0.39 (0.03) 0.42 (0.04)

to tease apart stress effects on encoding versus consolidation.
Rodent studies have shown that drug injections or brain stimula-
tion after learning can enhance memory consolidation (Gold
and McGaugh 1975; Packard et al. 1994; McGaugh 2000). In hu-
mans, Cahill and colleagues showed that post-encoding stress (elic-
ited via a cold-pressor task) enhanced memory for emotional
arousing slides compared to controls but did not affect memory
for neutral slides (Cahill et al. 2003).

In the present study, we exposed participants to the stressor
after encoding. We aimed to address the question of whether stress
enhances the long-term storage of precise emotional information
or if it promotes a more general type of storage. We show that post-
encoding stress (via the TSST) resulted in selective enhancement of
negative detailed information. For target recognition, we found a
general emotion effect, where both stress and control groups
showed better memory for negative versus neutral information.
However, for mnemonic discrimination, we found an emotion
effect that was specific to individuals who experienced post-
encoding stress; negative lure objects were more likely to be cor-
rectly distinguished as similar or new compared to neutral lure
objects. Therefore, stress seems to selectively enhance the ability
to discriminate negative information. Furthermore, similar to oth-
er research exploring the impact of endogenous cortisol release on
memory performance (Andreano and Cahill 2006), analysis of sali-
vary cortisol concentrations revealed an inverted U effect, where
those with moderate levels of cortisol showed enhanced mnemon-
ic discrimination of negative stimuli, while those with low or high
levels of salivary cortisol were worse at discriminating negative
stimuli. This was not true for neutral stimuli, highlighting the spe-
cificity of the impact of cortisol on discrimination in that it only
effects what is deemed emotionally salient, and thus, most adap-
tive to discriminate. Clearly, post-encoding stress led to highly ac-
curate and detailed storage of emotional information. Moreover,
stress selectively enhanced discrimination of negative stimuli.

The mechanism by which stress influences memory consoli-
dation has been examined extensively over the years. During
stress, epinephrine and glucocorticoids (such as cortisol) are re-
leased and influence the modulation of memory via a downstream

release of norepinephrine in the basolateral amygdala which can
influence hippocampal function (McGaugh 2004). Increased nor-
epinephrine aids in remembering an emotional event and when
further interacting with cortisol can lead to optimal strengthening
of memories (Joéls et al. 2011). While many human studies have
shown that stress increases memory for emotionally arousing in-
formation (e.g., Payne and Nadal 2004; Payne et al. 2007), few stud-
ies have explored how stress affects the specificity of memory.
Prior work has shown that presenting participants with a set
of emotionally arousing images immediately before they encode
everyday neutral objects is associated with noradrenergic activa-
tion as measured by salivary a-amylase, which predicts mnemonic
discrimination performance (Segal et al. 2012). However, this
study only evaluated emotional arousal as a prestudy state effect,
in which an increased state of arousal could have enhanced atten-
tion or increased vigilance rather than discrimination ability. Our
findings suggest that activation of the HPA axis leading to the re-
lease of cortisol during the early consolidation period is associated
with an impact on the ability to discriminate emotional memories.
Another study used an emotional mnemonic discrimination
task to test participants’ memory in discriminating similar nega-
tive, neutral, and positive scenes. Unlike the aforementioned de-
sign, this task did not use an arousal-inducing prestudy state, but
rather examined transient fluctuations in arousal and their impact
on memory (Leal et al. 2014a). The authors demonstrated an im-
pairment in mnemonic discrimination for emotional versus neu-
tral items, but a preservation of general recognition for emotional
versus neutral items, which is consistent with previously reported
gist versus detail trade-offs in emotional memory (Loftus et al.
1987; Buchanan and Adolphs 2002; Kensinger 2009; Mather and
Sutherland 2011). High-resolution functional MRI revealed greater
hippocampal dentate gyrus (DG) and CA3 activity specifically dur-
ing emotional versus neutral discrimination (Leal et al. 2014a) and
greater amygdala activity on emotional versus neutral trials regard-
less of accurate memory performance, suggesting two dissociable
roles for the amygdala (emotional modulation) and the hippocam-
pus (mnemonic discrimination). Based on these results as well
as the large literature on the role of the amygdala in enhancing

Table 2. Proportion of Old, Similar, and New responses to negative and neutral target backgrounds and lure backgrounds in control and

stress groups. Scores reported as Means with SEM

Negative Neutral
Oold Similar New oid Similar New

Responses to target backgrounds

Control 0.45 (0.04) 0.17 (0.03) 0.38 (0.03) 0.54 (0.04) 0.16 (0.02) 0.30 (0.04)

Stress 0.41 (0.03) 0.17 (0.03) 0.42 (0.03) 0.55 (0.03) 0.17 (0.02) 0.28 (0.03)
Responses to lure backgrounds

Control 0.17 (0.03) 0.27 (0.02) 0.56 (0.04) 0.17 (0.03) 0.30 (0.04) 0.53 (0.04)

Stress 0.16 (0.02) 0.28 (0.03) 0.56 (0.04) 0.14 (0.02) 0.28 (0.03) 0.58 (0.04)
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duced DG/CA3 activity and increased
amygdala activity compared to healthy
controls (Leal et al. 2014a). Two studies
have now shown a negative correlation
between DG/CA3 activity and depressive
symptoms (Fujii et al. 2014; Leal et al.
2014a), suggesting a dysfunction between
DG/CA3 and the amygdala may underlie
enhanced discrimination of negative
stimuli in individuals with depression.
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Figure 4. Relationship between negative and neutral lure discrimination and cortisol. (A) Correlation

between maximum cortisol increase (subtracting baseline cortisol concentrations (t0) from the
maximum cortisol increase following the stressor) and negative lure discrimination. (B) Correlation

between maximum cortisol increase and neutral lure discrimination.

affective memory consolidation (see McGaugh 2004), we suggest
that the cascade of cortisol and other neuromodulators (e.g., nor-
epinephrine) following exposure to stress leads to enhanced amyg-
dalaactivation, which in turn may influence hippocampal DG/CA3
function when processing emotional stimuli. Thus, cortisol release
after a stressful event may lead to stronger amygdala-DG/CA3 con-
nectivity that enhances the ability to discriminate emotional infor-
mation. However, our results also suggest that the relationship
between stress and discrimination is nonlinear, exhibiting an in-
verted U-shaped curve.

Altered cortisol levels occur in many clinical disorders as
well. For example, elevated cortisol levels are common in depres-
sion (Yehuda et al. 1996; Young et al. 2000; Herbert 2013), while
lower cortisol levels have been found in post-traumatic stress disor-
der (PTSD) (Yehuda et al. 1996). Thus, another important question
is whether acute versus chronic stress yields similar results.
Previously, we reported enhanced discrimination of negative stim-
uli in individuals with depressive symptoms (Leal et al. 2014a),
similar to the enhanced negative mnemonic discrimination we re-
port here in individuals who are acutely stressed. As such, it raises
the interesting possibility of overlapping mechanisms in acute and
chronic stress conditions, although further research will be neces-
sary to assess this given that elevated stress and cortisol secretion
are not the only changes observed in depression. Nevertheless, it
is interesting that individuals with depressive symptoms also
show deficits in neutral discrimination compared to healthy con-
trols (Leal et al. 2014a), while our healthy stressed participants
demonstrated no difference in neutral discrimination relative to
controls. While speculative at this point, this might suggest that
acute and chronic stressors elicit similar enhanced memory pro-
cessing of negative information, whereas chronic stress may have
an additional impact on the discrimination of neutral information.
Further, the enhancement effect in individuals with depressive
symptoms appears to be specific to mnemonic discrimination, as
previous studies found no influence on target recognition abilities
(Leal et al. 2014a). Here, acutely stressed individuals demonstrate
enhanced negative versus neutral target recognition in addition
to enhanced mnemonic discrimination. However, controls also
had greater target recognition for negative versus neutral objects,
suggesting that individuals with chronically elevated HPA axis ac-
tivation may have impaired target recognition while acute stress
does not have this impact. Measuring memory for general target
memory in addition to mnemonic discrimination leads to different
interpretations of how stress affects memory, which highlights the
importance of taking these differences into account.

Previously, high-resolution imaging performed in indivi-
duals with depressive symptoms revealed a shift in amygdala-
hippocampal dynamics, where depressed participants showed re-
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Thus, while the increase in discrimination
may be adaptive after acute stress, the ef-
fects of long-term, chronic cortisol in-
crease frequently found in depression
may lead to maladaptive behavioral ef-
fects. High-resolution imaging studies us-
ing tasks that are sensitive to emotional
gist versus detail information are key to
understanding the mechanisms underlying the effects of stress on
hippocampal function and will be an important future direction.

One of the most exciting aspects of these results is that it
opens the door to a host of new interesting questions for future re-
search. To begin, further studies using neuroimaging will be neces-
sary to link amygdala and hippocampal connectivity with levels of
cortisol activity during negative discrimination to understand how
these systems work together to result in greater discrimination of
negative information. Efforts should also be made to elicit stress
at different stages of memory formation to determine how stress
administered at encoding and retrieval impact the discrimination
of different kinds of memory.

A number of future studies should also be designed to assess
some of the major limitations of this study. One important limita-
tion of this study is that stress and arousal are associated with the
release of a host of neuromodulators and both psychological and
physiological responses. As such, the cortisol measured in this de-
sign is only a marker of stress effects. Further research is necessary
to determine the specific contributions of cortisol, the influence of
other neuromodulators such as norepinephrine released during
stress and arousal, more widespread effects stress may have on
the system, as well as the differing effects between acute elevations
in cortisol and the chronically elevated cortisol seen in depression
and other affective disorders. A second limitation is that, while
trending, we did not find a significant effect of stress on target rec-
ognition memory for negative stimuli that has previously been re-
ported in the literature (Payne and Nadel 2004; Payne et al. 2007).
This may also be an issue of power, where with more subjects the
effect may have reached significance. However, if we can pick up
on stress effects for lure discrimination but not target recognition,
it is also a possibility that lure discrimination measures may be
more sensitive to the effects of stress. Another possibility is that
the inclusion of similar stimuli during testing may also influence
how target stimuli are remembered, so we may not expect to see
the exact same results as previous studies that did not include
this stimulus type in their paradigms. Future studies should address
these possibilities in determining the differential effects of stress
on lure discrimination and target recognition.

Another important direction for future research will be the
use of imaging to determine the brain mechanisms behind the re-
ported stress effects on mnemonic discrimination. While, as dis-
cussed above, a number of studies have found amplified activity
in the basolateral amygdala and enhanced connectivity among
the amygdala and other memory-relevant regions of the brain in
response to stress and cortisol (McGaugh 2004; Roozendaal et al.
2009), other studies have found reduced amygdala activation fol-
lowing a psychosocial stressor (e.g., Pruessner et al. 2008).
Additionally, a number of clinical studies have found that
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administration of exogenous cortisol leads to a reduction in typical
symptomatology and fear behavior in individuals with anxiety
(Putman et al. 2007), phobias (Soravia et al. 2006), and PTSD
(Aerni et al. 2004), also indicating a cortisol may have alternate ef-
fects on subsequent amygdala activation and memory consolida-
tion. Given that our explanation of the reported effects is highly
reliant on the theory that cortisol enhances amygdala activation
and connectivity, our conclusions will remain speculative until
validated by further research. Another limitation of this study is
the lack of power to detect an influence of sex on performance un-
der our task conditions. Future investigation is necessary to under-
stand possible sex differences in mnemonic discrimination under
stressful conditions. In addition, mnemonic discrimination tasks
that include a three-response system such as the one used in the
current study (i.e., Old, Similar, New) can examine lure discrimina-
tion in multiple ways, such as only looking at a “Similar” response
to a lure versus combining “Similar” and “New” responses, where-
as a two-response system (i.e., Old, New) is less open to interpreta-
tion, since “New” is the only correct response for discriminating
lures. A limitation of the three-response system is that a “New” re-
sponse to a lure could mean discrimination or forgetting. Although
we did correct for response bias, it does not entirely eliminate the
potential problem and additional means of examining mnemonic
discrimination should be explored in future studies. Finally, in the
present study we only focused on negative (and not positive) emo-
tional stimuli. We chose to focus on negative stimuli as these types
of stimuli typically elicit universally greater arousal compared to
neutral stimuli, while positive stimuli are more influenced by sub-
jective interpretation and prior experience (e.g., a photo of a puppy
for a dog lover compared to someone that is allergic to dogs). Future
studies should include positive stimuli to examine how stress may
impact memory of positive items as well. If positive stimuli were
successful at generating the same level of arousal, then we would
expect to see similar results for both positively and negatively
valenced information.

To our knowledge, this study was the first to explore the
impact of acute stress on the mnemonic discrimination of emo-
tional and neutral stimuli. We find that the stress effect is specific
to mnemonic discrimination, only for emotional stimuli. While
several previous studies using general recall or recognition scores
show typical emotion-related enhancements in memory following
stress (replicated here), the discrimina-
tion measure allows us to better tease

1 d apart. They participated for payment or course credit.
Participants had normal or corrected-to-normal vision and
English was their primary language. Prior to enrollment in the
study, they were screened to ensure that they were free of sleep dis-
orders, history of psychiatric illness (including anxiety or mood
disorders), and the use of medication affecting the endocrine or
central nervous systems. Informed consent was obtained from all
participants, with all procedures approved by the University of
Notre Dame Institutional Review Board.

Materials

Each scene used during the encoding session depicted a negative
arousing, or neutral object on a plausible neutral background
(Kensinger et al. 2007; Payne et al. 2008). For each of 64 scenes
(e.g., a car on a street), eight different versions were created by
placing two similar neutral objects (e.g., two images of a car) and
two similar negative objects (e.g., two images of a car crash) on
two neutral backgrounds (e.g., two images of a street; see Fig. 5).
An additional 32 completely new scenes served as foils on the sub-
sequent recognition memory test. The objects and backgrounds
were previously normed on valence and arousal using 7-point
Likert scales (Kensinger et al. 2006). All negative objects received
valence ratings <3 (1 =most negative) and arousal ratings of 5-7
(7=most arousing), while neutral items (both objects and back-
grounds) were rated neutral in valence (between 3 and 5) and non-
arousing (arousal values <4). Target objects and their similar lures
were previously matched based on size, overall similarity, dimen-
sions, and familiarity, and were placed in the same approximate lo-
cation on the scenes. Importantly, final pairs were selected such
that emotional pairs and neutral pairs also did not differ in any
of these categories (Kensinger et al. 2007).

Experimental design

Participants were randomly assigned to either a stress (N =28, 15 fe-
male, mean age 18.8+0.9) or control group (N=22, 14 female,
mean age 18.9£0.9). The study commenced in the late afternoon
(between 4 and 5 p.m.) to control for circadian influences on
cortisol response. Upon arrival, participants completed paperwork
for 20 min while acclimating to the laboratory setting. After this
acclimation period, they provided their first saliva sample. Partici-
pants were instructed to use the passive drool technique using a
straw to expectorate (i.e., no cotton, gum, or other saliva flow stim-
ulants were used) and were asked to fill the test tube to the 5 mL
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than leading to a blanket enhancement
in emotional memory, moderate stress
may be playing a more important role in
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distinguishing previously experienced
emotional experiences from one another.
It will be vital for future researchers to
continue to explore the relationship be-
tween stress and discrimination abilities,
as this information is important for un-
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derstanding both everyday experiences
and the unique memory patterns found
in a variety of clinical populations.
Figure 5.
Materials and Methods
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Experimental procedure. The subject arrives at 4 p.m. and takes a saliva sample after 20 min
(20m). They then complete the incidental study session in which they are shown scenes with objects

embedded in them (either negative or neutral) and are asked if they would approach or avoid the

Participants

Fifty participants (29 female) from the
University of Notre Dame (mean age
18.9+0.9), who were part of a larger on-
going study on sleep-stress interactions,

were tested in two experimental sessions,  saw the day before.
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scene. Immediately following encoding, subjects either undergo the TSST or the control condition,
which involves giving a speech and doing a math task (see Materials and Methods for details). Saliva
samples are collected immediately after the stressor/control manipulation followed by saliva samples
15, 30, 45, and 60 min post-stress. The subject leaves the lab and returns at 9 a.m. the following day
and completes the recognition test, where they are presented with objects and backgrounds separately
and are asked to determine if they are the same, similar, or new objects/backgrounds from what they
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line for each sample. They were allowed to drink sips of water
during the session, but only immediately after a sample was
completed.

After the acclimation period and initial sample, each par-
ticipant completed the encoding task, which consisted of viewing
64 scenes (32 with a negative central object and 32 with a neutral
central object, all placed on neutral backgrounds) for 5 sec
each. For each scene, participants used a 7-point scale to indicate
whether they would approach or back away from the scene if
they were to encounter it in real life. This task was used to ensure
that participants were paying attention to the scenes and to pro-
mote deep encoding (Waring et al. 2010). The encoded version
of each scene (of the eight possible versions) was counterbalanced
across participants.

After encoding, participants were escorted to a separate room
and exposed to a validated psychosocial stressor, the TSST
(Kirschbaum et al. 1993), or a matched control treatment (see be-
low), both of which lasted ~20 min. The TSST is a well-established
method of stress induction, reliably inducing HPA activation in
laboratory settings (Kirschbaum et al. 1993). It combines stressor
uncontrollability with social evaluative stress, which together pro-
duce a large cortisol response in humans (Dickerson and Kemeny
2004). Participants completing the TSST were told that they would
be judged on verbal and nonverbal performance while delivering a
speech. They were then given a 10-min preparation period to write
a speech about why they would be the best candidate for a job po-
sition. The presentation could be on any job position, but they
were required to use only truthful information about themselves
and were not allowed to fabricate details. The participants took
notes during the preparation period, but the notes were abruptly
taken away from participants just before they began their speech.
Participants then delivered their speech for 5 min standing in front
of two seated judges wearing lab coats. The participants were also
given the impression that their performance was being video-
and audio-recorded for later analysis. If the participants finished
before 5 min, they were instructed to continue until the full
5 min elapsed. Immediately following the speech, participants
were instructed to perform an out loud arithmetic task (subtract
13’s from 1022 continuously, and as quickly and accurately as pos-
sible for another 5 min). If they made a mistake, they were told,
“No, that is not correct. Start over from 1022.” Once the math
task was over, they were dismissed to return to the experimenter.

Participants in the control condition also prepared the
speech, but prior to doing so were informed that they were in the
control condition and would not be presenting it in front of any-
one. Instead, after preparation, they sat alone in an empty room
and read their speech aloud from their notes while seated with
no audio or video equipment present. They were then asked to
complete an easier math task (subtracting 15’s from 1000), again
with no one directly observing them. Participants were surrepti-
tiously observed through a window to ensure that they followed
these instructions and remained awake.

A total of six saliva samples were collected throughout the
course of the initial encoding session: (t0) a baseline sample col-
lected 20 min after participant arrival, (t1) immediately after com-
pletion of the stress/control task, (t2) 15 min after stress/control
task, (t3) 30 min after stress/control task, and (t4) 45 min after
stress/control task, and (t5) 60 min after stress/control task.
Measures of state anxiety (STAI, Spielberger et al. 1983) and affect
(PANAS, Watson et al. 1988) were also collected at baseline prior
to the encoding task, immediately after the stress/control manipu-
lation, and again the next day prior to recognition testing.
Following the final saliva sample, participants were instructed to
return the next day for a follow-up session and were dismissed.

The following day, participants returned to the lab at 9 a.m. to
perform an unexpected, self-paced recognition task. During this
task, objects and backgrounds from the encoded scenes were pre-
sented individually and one at a time. The recognition task was
composed of scene components that were identical to the objects
and backgrounds that had been encoded (e.g., the same car crash),
alternate versions of the object or background (i.e., shared the same
verbal label but differed in specific visual details; a similar car acci-
dent), and other objects and backgrounds that had not been previ-
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ously viewed (completely new). Participants either saw the same or
the similar version of a particular item at test, never both. For
each item, participants were asked to determine whether it was
identical to a previously viewed scene component (“same”), simi-
lar but not an exact match (“similar”), or not seen during encoding
(llnewﬂ).

The recognition task included 32 same objects (16 negative,
16 neutral), 32 similar objects (16 negative, 16 neutral), 32 new ob-
jects (16 negative, 16 neutral), 32 same backgrounds (16 previously
presented with a negative object, 16 previously presented with a
neutral object), 32 similar backgrounds (16 previously presented
with a negative object, 16 previously presented with a neutral ob-
ject), and 32 new backgrounds.

Cortisol reactivity assessment

After each session, vials were capped and frozen until later process-
ing. Radioimmunoassays were done in the on-campus wet lab at
Notre Dame and began with three freeze-thaw cycles and centrifu-
gation to reduce viscosity and remove salivary debris. The protocol
described by Wirth and Schultheiss (2006) was used to determine
cortisol levels through solid-phase '*°I radioimmunoassays. In to-
tal, seven assays were necessary to complete all the samples. The
study required ongoing data collection and processing. Following
the first four assays the initial assay kit provider discontinued their
product (Coat-A-Count, Siemens Healthcare Diagnostics, Duluth,
GA). This required the use of a new provider for the final three as-
says (MP Biomedicals, Santa Ana, CA). Samples with an initial CV
greater than 60 in both kits were reassayed using their original kits.
Samples were then Z-scored within each kit to create standardized
cortisol concentrations. Fifty-one samples from the original kits
were randomly selected to be assayed again using the MP
Biomedicals kit. Comparison of the standardized Z-scores revealed
a high correlation between kits (r(51)=0.73, P<0.0001), verifying
the validity of this approach.

After removing samples under the lower limit of detection
(LLD), the mean intra-assay coefficient of variation (CV) was
19.9. Inter-assay CVs for Morning and Evening combined pools
of saliva averaged 12.2 and 16.0, respectively. The average LLD
(Bo—3 xSD method) was 0.21 ng/mL. External controls tested at
expected values.

Memory analysis

We focused our analyses on how well participants remembered
negative and neutral objects. To do so, we examined performance
using a response bias-corrected LDI measure previously used in
studies of mnemonic discrimination (Leal et al. 2014a, 2014b;
Marks et al. 2017). In order to measure how well participants dis-
criminated similar objects (lures) from old and new images, we
operationalized LDI for this study as p(“Similar or New”|Lure) -
p(“Similar or New”|Target). This corrected for the general tendency
toreject (i.e., call an item “Similar” or “New”) and has been used in
prior work (Marks et al. 2017). This score captures the ability to dis-
criminate similar items by giving a “similar” or “new” response, in
which participants had to remember some specific component of
the object in order to reject it. These responses can be viewed as dif-
ferent thresholds for detecting differences among stimuli but are
generally classified as items that were not falsely recognized (i.e.,
1 minus p(“Old”|Lure). While “similar” is the most correct re-
sponse to a lure item and has been used alone as a measure of
lure discrimination (Yassa et al. 2011; Stark et al. 2013), a “new” re-
sponse may also reflect the accurate rejection of a lure item as old
(Marks et al. 2017), thus we combined these responses to measure
correct rejections of lure stimuli.

Consistent with prior studies, a general memory recognition
score was also computed by summing the number of “same” re-
sponses to same items. Target recognition was measured by a dis-
criminability index (d’), which was calculated as z(“Old”|Target) —
z(“Old”|Foil), which is thought to assess gist knowledge or general
familiarity (Norman 2010; Yonelinas et al. 2010). Both of these
measures allow us to investigate memory, but for unique trial types
(i.e., target recognition versus mnemonic discrimination).
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Statistical analysis

All statistical analyses were conducted in SPSS v. 24 (IBM Corp.,
Armonk, NY). Planned comparisons were conducted using repeat-
ed-measures ANOVAs. Post-hoc contrasts were conducted where
appropriate. All tests used the General Linear Model (ANOVA
and correlations). Normality assumptions were investigated using
Kolmogorov-Smirnov tests and all distributions investigated did
not significantly deviate from the normal distribution. Repeated
measures tests were corrected for error nonsphericity using
Greenhouse-Geisser correction where appropriate. The Akaike in-
formation criterion (AIC) was used to compare which curve fitting
approach fitted the data best. Statistical values were considered sig-
nificant at a final corrected o level of 0.05, which appropriately
controls for Type I error.
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