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Memories can be altered by negative or arousing experiences due to the activation of the stress-
responsive sympatho-adrenal-medullary axis (SYM). Here, we used a neutral declarative memory that
was acquired during multi-trial training to determine the effect of a threatening event on memory with-
out emotional valence. To this end, participants received a new threatening social protocol before learn-
ing pairs of meaningless syllables and were tested either 15 min, 2 days or 8 days after acquisition. We
first demonstrated that this threatening social situation activates not only the SYM axis (Experiment
1) and the hypothalamus–pituitary–adrenal axis (HPA; Experiment 2), but also, it improves the acquisi-
tion or early consolidation of the syllable pairs (Experiment 3). This improvement is not a transient effect;
it can be observed after the memory is consolidated. Furthermore, this modulation increases the persis-
tence of memory (Experiment 4). Thus, it is possible to affect memories with specific events that contain
unrelated content and a different valence.

� 2015 Elsevier Inc. All rights reserved.
1. Introduction

Negative or arousing experiences can alter cognitive processes,
such as memory (Diamond, Campbell, Park, Halonen, & Zoladz,
2007). Exposure to a situation that is perceived as threatening or
excessively demanding (i.e., a stressor) induces the release of hor-
mones and other cellular mediators, which can promote adapta-
tion and the onset of coping responses, thereby orchestrating an
emotional response to the stressor (Joëls & Baram, 2009). The effect
on memory processes is in part due to the activation of the stress-
responsive sympatho-adrenal-medullary (SYM) and hypothala-
mus–pituitary–adrenal (HPA) axes (Allen, Kennedy, Cryan, Dinan,
& Clarke, 2014).

Although negative emotional states may be elicited by a variety
of circumstances, those that threaten a social goal and affect the
ability to overcome that threat produce a stress reaction
(Lazarus, 1966). A social-evaluative threat occurs when an impor-
tant aspect of self-identity is or could be negatively judged by
others and the outcome of the situation is uncontrollable
(Dickerson & Kemeny, 2004). In the laboratory, the Trier Social
Stress Test (TSST) is a protocol that can be particularly useful for
inducing this type of response in humans (Kirschbaum, Pirke, &
Hellhammer, 1993).

It is commonly accepted that stress facilitates memories with
emotional content but that it either impairs or has no effect on
neutral information (Nater et al., 2007; Smeets, Giesbrecht,
Jelicic, & Merckelbach, 2007; Smeets, Otgaar, Candel, & Wolf,
2008; Wolf, 2009); however, other reports have shown that stress
may in fact improve neutral memory (Schwabe, Bohringer,
Chatterjee, & Schachinger, 2008).

We designed a multi-trial memory task that consisted of learn-
ing a list of five pairs of meaningless syllables (each pair was
formed by a cue syllable that was associated with a response sylla-
ble (Forcato et al., 2007). In contrast with our paradigm, other tasks
have employed a single training trial using an episodic or semantic
memory with mixed content (emotional vs. neutral), which, in
turn, is modified by the stressful situation (Dongaonkar,
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Hupbach, Gomez, & Nadel, 2013). Here, the clear advantage was
the use of a pure neutral declarative memory that was acquired
during multi-trial training. During this training, it is possible to
determine the inclusion criteria for the subjects’ level of learning.
Then, under this experimental condition, it was possible to analyze
the effect of a threatening event on memory without emotional
valence.

Based on the TSST, we designed a new threatening social proto-
col. In this original version, subjects interacted with a virtual audi-
tory panel (VAP). This new protocol included a VAP that was
generated by only one researcher, thereby reducing the costs and
optimizing the organization of the experiment schedule. We first
evaluated whether the VAP induced the activation of the SYM axis
(Experiment 1) by administering the protocol following the acqui-
sition of a neutral declarative memory. Then, we compared the
effects of the VAP with those of the TSST protocol using the same
physiological measures plus cortisol, thereby demonstrating a sim-
ilar activation not only of the SYM axis but also of the HPA axis
(Experiment 2). We next analyzed the VAP’s effects on memory,
by testing 15 min (short-term, Experiment 3), 2 days or 8 days
after acquisition (long-term and forgetting, Experiment 4).

In doing so, we found that a threatening social situation that
activates the SYM and HPA axes can modulate the acquisition
and/or early consolidation of a non-related neutral declarative
task. This modulation is not a transient effect; its consequences
were observed after the memory was consolidated, and it modified
the persistence of memory. Another important contribution is the
possibility of studying the effects of a stressor on a pure neutral
memory (with a controlled level of learning). This allows for a
new line of studies in which researchers can develop their under-
standing of the relationship between this memory type and the
physiological changes that are induced by stress.
2. Methods

One hundred and seventy-six undergraduate and graduate stu-
dents from Buenos Aires University (Argentina) participated in the
current study. Prior to the experiments, participants provided a
written informed consent that was approved by the Ethics Com-
mittee of the Review Board of the National Society of Clinical
Research (Sociedad Argentina de Investigación Clínica). The follow-
ing students were excluded from the experiments: students with
cardiovascular and endocrine diseases; students having physical
illnesses or being on any kind of medication; female students with
no normal menstrual cycles (28–30 days), taking contraceptive
pills, or within the 1st–14th day of the menstrual cycle. Current
or lifetime psychopathology and/or substance abuse were assessed
by a clinical psychologist.
2.1. Virtual-Auditory Panel (VAP) protocol

We designed a threatening protocol to evaluate a negative emo-
tional response in the participants before they learned a neutral
memory task. The VAP protocol consisted of three phases (Fig. 1).
Phase 1 was an undemanding attentional task, in which 16 land-
scape images were shown on the screen for 5 s each. The images
appeared randomly and were presented in two blocks. Participants
were asked to rate the images in a scale using the keyboard (from 1
to 5) according to their likes. This undemanding task lasted 5 min
and was used as the skin conductance baseline level. In Phase 2,
participants had to prepare a speech to advertise themselves as
the best candidate for a professional position; this phase lasted
5 min. Finally, in Phase 3, the experimenter explained to the par-
ticipants that a hospital committee was following the presentation
online. Participants had to talk to a webcam which was located on
the back wall; participants were provided with headphones and a
microphone to deliver their speech. As in the TSST protocol
(Kirschbaum et al., 1993), after the presentation, participants had
to perform an arithmetic task. The experimenter used a pitch mod-
ifier provided with three different voices (virtual panel) that simu-
late a hospital committee. This virtual panel allowed a reliable
environment using pre-recorded ambient sound (consisting of dif-
ferent office sounds such as engines, papers, keys, and chairs).
Thus, the experimenter could interact with the participants in a
way similar to the TSST.

Besides, we designed a non-threatening protocol, similar to the
VAP but without the main stress components (such as social threat
and uncontrollability) (Dickerson & Kemeny, 2004). We called it
fake VAP (VAPf). The first two phases of this protocol were identi-
cal to the previous protocol. In contrast, in Phase 3, participants
had to write down the speech and resolve the arithmetic task. In
order for both protocols to last the same time, we included other
tasks such as different multiplications, additions or symbol
translations.

The virtual panel software and the pre-recorded ambient sound
were programmed in Cycling’74. Max/msp 5.0. All the sound
devices (microphones and headphones) were plugged in a
5-channel stereo mixer (SKP Pro audio VZ 5 series) connected to
the experimenter’s computer, located in the contiguous room. All
the wires were hidden from the subjects’ view.

2.1.1. Measurements
Before Phase 1, we obtained the baseline measurements for the

State Trait Anxiety Inventory (STAI), blood pressure, and heart rate.
Blood pressure and heart rate were taken at four different time
points: t0 (before Phase 1), t1 (after Phase 2), t2 (after the speech
presentation) and t3 (after the arithmetic task) (Fig. 1). Skin con-
ductance level (SCL) was recorded during the entire experiment;
we defined the SCL baseline level as the continuous measure dur-
ing Phase 1 (Fig. 1). At the end of Phase 3, blood pressure, heart
rate and the STAI were measured for the last time. The STAI was
measured 10 min after the end of the arithmetic task.

2.1.1.1. Subjective rating. Cognitive stress and anxiety were mea-
sured using the STAI (Spielberger, Gorsuch, & Lushene, 1970)
before and after the administration of the procedures (before Phase
1 and 10 min after Phase 3 respectively).

2.1.1.2. Blood pressure (Systolic Blood Pressure (SBP) and Diastolic
Blood Pressure (DBP)) and Heart Rate (HR). Blood pressures were
assessed using an Omron HEM 7220 Premium digital Tensiometer
(http://omronhealthcare.com/products/7-series-upper-arm-blood-
pressure-monitor-bp760/). Cardiovascular measurements were
taken before Phase 1 (t0), after Phase 1 (t1), at the end of the
speech (t2), and at the end of the arithmetical task (t3) (Fig. 1).

2.1.1.3. Electrodermal activity. Electrodermal activity was measured
along the entire experiment, using an input device with a sine-
shaped excitation voltage (±0.5 V) of 50 Hz, derived from the main
frequency used in Psychlab Precision Contact Instruments (http://
www.psychlab.com/). The input device was connected to two Ag/
AgCl electrodes of 20 mm � 16 mm. The electrodes were located
in the intermediate phalanges of the index and middle fingers of
the non-dominant hand. Data were analyzed with Matlab (Math-
works Inc. Sherborn, MA, USA) and Ledalab (Benedek &
Kaernbach, 2010).

2.1.1.4. Neuroendocrine response to HPA axis activity. Free salivary
cortisol was measured in all groups before Phase 1 and 10 min
after Phase 3. Samples were collected using Salivette sampling

http://omronhealthcare.com/products/7-series-upper-arm-blood-pressure-monitor-bp760/
http://omronhealthcare.com/products/7-series-upper-arm-blood-pressure-monitor-bp760/
http://www.psychlab.com/
http://www.psychlab.com/


Fig. 1. Experimental protocol. Schematic diagram showing timing of the tasks and the different measures obtained: Subjective Rating (STAI), cardiovascular activity (blood
pressure and heart rate), neuroendocrine response (salivary cortisol, Supplementary Experiment) and sympathetic activity (constant electrodermal activity measurement).
Social Stress part I refers to the speech in front of an auditory (VAP) or real TSST (Supplementary Experiment) committee. VAPf group only writes down the task. Social Stress
part II stands for the arithmetic task and was conducted as above. The arrows stand for the time when the measures were taken.
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devices and they were stored at �20 �C. Salivary cortisol levels
were determined with luminescence immunoassay in FLENI.
Fig. 2. Memory task. A trial consisted of the context period, i.e. a specific
combination of a light (color illumination of the room), image (a picture) and
sound (music), and by a syllable period, i.e. six seconds after the stimulus
presentation, the five pairs of cue-response syllables (List 1 as shown) were
presented successively 10 times in random order. Testing session consisted in the
context formation and only one cue recall trial.
2.2. Memory protocol

We studied the effect of the VAP and VAPf on a neutral declar-
ative memory. We used five pairs of meaningless syllables pre-
sented in an enriched specific context (image, colored light and
music) as reported in previous work from our laboratory
(Forcato, Fernandez, & Pedreira, 2013; Forcato et al., 2007). Each
pair was formed by a cue syllable associated with a response sylla-
ble (Fig. 2). During the training session, the list was presented in 10
different trials (in the first trial, participants saw the pairs and in
the other nine trials they completed the pairs using the keyboard
and received feedback). The testing session took place 15 min
(short-term), 2 days (long-term) or 8 days (forgetting) after train-
ing and consisted of one presentation of the cue syllables without
any kind of feedback.

Errors made at testing were classified as: Void type errors
(blank responses), Confusion type errors (writing a non-existent
response syllable) and the Intralist type (writing response syllables
for a different cue syllable).

Additionally to the exclusion criteria mentioned above, only the
subjects that achieved at least 65% of correct responses during the
last four trails of the training session (13/20 correct responses)
were included.
2.3. Experiment 1

2.3.1. Participants
Ninety-eight healthy subjects participated in Experiment 1

(24 ± 2.5 years old, 60 females and 38 males). The VAP group
(n = 49, 24 ± 2.1 years old) included 31 females and 18 males,
whereas the VAPf group (n = 49, 24 ± 2.3 years old) included 29
females and 20 males. The experiment was conducted between
9:00 a.m. and 3:00 p.m. The participants were split in both groups
to balance the time of the day of the experiment.
2.3.2. Experimental protocols
We compared the physiological measurements obtained with

the VAP and VAPf protocols. We contrasted cardiovascular data,
subjective ratings and sympathetic activity.

2.4. Experiment 2

2.4.1. Participants
Forty-five subjects (25 ± 2.8 years old, 12 males and 18 females)

volunteered for the study. The TSST included 7 males and 8 females
(25 ± 2.2 years old), the VAP7 males and 8 females (25 ± 2.5 years
old) and the VAPf6 males and 9 females (24 ± 3.1 years old).

2.4.2. Experimental protocols
The study used the same two experimental protocols as in

Experiment 1 with the addition of the TSST. Under the TSST, Phase
1 and Phase 2 were the same as in VAP and VAPf procedures. In the
Phase 3, participants were standing before a committee of two
professionals from a hospital, (a psychologist and a psychiatrist)
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dressed in white coats. Their speech had to last 5 min. The commit-
tee had to look indifferent or little interested in the presentation,
they asked the participants to continue talking or they posed gen-
eral questions to complete the time limit. Then, the participants
were instructed to perform an arithmetic task. It consisted in sub-
tracting 13 from 1022, and then sequentially subtracting 13 again
from the result as fast and accurately as possible within a 5 min
span. When failing or delaying an answer, they had to restart from
1022 (Kirschbaum et al., 1993).
2.4.3. Measures
The same measures from Experiment 1 were taken with the

addition of salivary cortisol.
2.5. Experiment 3

2.5.1. Participants
Thirty-three participants (25 ± 2.2 years old; 18 females and 15

males) participated in Experiment 2. The VAP group included 6
females and 5 males (24 ± 2.5 years old), the VAPf group included
5 females and 6 males (25 ± 2.1 years old) and the control group
included 7 females and 4 males (25 ± 2.3 years old). The experi-
ment was conducted between 9:00 a.m. and 3:00 p.m. The partic-
ipants were split in the three groups to balance the time of the day
of the experiment.
2.5.2. Experimental protocols and measurements
We aimed to test the effect of the VAP and VAPf on the acquisi-

tion of a neutral declarative memory. This experiment included the
threatening and non-threatening protocols plus a control group
that performed only the memory task. The physiological measure-
ments were equal to those of Experiment 1. The training session
started immediately after the last STAI measurement. The Testing
session took place 15 min after training.
2.6. Experiment 4

2.6.1. Participants
Fifty participants (24 ± 2 years old; 29 females and 21 males)

participated in Experiment 3. The VAP 3d group included 8 females
and 4 males, the Control 3d group included 7 females and 6 males,
the VAP 8d group included 6 females and 7 males, and the Control
8d group included 8 females and 4 males. The experiment was con-
ducted as above.
2.6.2. Experimental protocols and measurements
We studied the effect of the VAP on a neutral declarative mem-

ory at long-term retention and forgetting. This experiment
included the threatening protocol plus a control group that per-
formed only the memory task. The physiological measurements
were equal to those of Experiment 1. The Training session was as
in Experiment 2. The Testing session took place 2 days after train-
ing (VAP 3d and Control 3d groups) and 8 days after for the VAP 8d
and Control 8d groups.
2.7. Statistical analysis

2.7.1. STAI
Is reported as the mean score difference in each participant at

the end of (Phase 3) and before the attentional task (Phase 1). Data
were analyzed using one-way analysis of variance (ANOVA), fol-
lowed by LSD post-hoc comparisons (FISHER, a = 0.05) when
necessary.
2.7.2. Blood pressure and heart rate
A mean cardiovascular value (t0, t1, t2, t3) was reported (mm/

HG, BPM). Data were analyzed using repeated measures ANOVA
(Group � Time). When the interaction was significant,
simple effects were performed followed by LSD comparisons when
appropriate. When sphericity was not accomplished, Greenhouse–
Geisser correction was applied.

2.7.3. Electrodermal activity
SCL is reported as the mean SCL (lS) in each participant during

the baseline attentional task (Phase 1) and during stress induction
(Phase 3). The use of the mean SCL is supported by the stationary
time series of the signal and the low variability between points
(Supplementary Fig. 1). Data were analyzed using repeated mea-
sures ANOVA (Group � Time). Interaction, post-hoc comparisons
and sphericity were treated as with blood pressure measurements
and heart rate.

2.7.4. Neuroendocrine response to HPA axis activity
It was reported as the mean cortisol level (nmol/l) for each par-

ticipant before the attentional task (Phase 1) and at the end of the
test (Phase 3). Data was analyzed as cardiovascular activity.

2.7.5. Neutral declarative memory
The Training session is reported as the mean number of errors

per training trial and was analyzed with repeated measures
ANOVA. The Testing session was first analyzed with one-way
ANOVA and followed by post-hoc comparisons (FISHER, a = 0.05).
When significant results were obtained, Partial Eta Squared (gp2)
was used as an effect size measure in all the experiments. Typi-
cally, a gp2 = 0.01 represents a small effect, a gp2 = 0.06 represents
a medium effect and a gp2 = 0.14 represents a large effect (Fritz,
Morris, & Richler, 2012). We also studied the different types of
errors (Forcato et al., 2013). Void, Intralist and Confusion-Types
errors are reported as the mean number of errors and were ana-
lyzed with one-way ANOVA, followed by LSD post-hoc compar-
isons (FISHER, a = 0.05).

3. Results

3.1. Experiment 1

The aim of experiment 1 was to develop and evaluate the effects
of the VAP protocol by using the activation of the SYM axis and
reported stress as measures of efficacy against a control condition
that did not include the stressful components (Dickerson &
Kemeny, 2004).

3.1.1. Cardiovascular response
The VAP group showed higher SBP than that of the VAPf group

at t2 and t3. We found no differences between groups at t0 or t1
(Fig. 3A.1, repeated measures ANOVA, Group � Time interaction F
(3,28) = 54.20, p < 0.001, gp2 = 0.37). The SBP increased for the
VAP group between t1 and t2 and then remained unchanged until
the end of the procedure (t3) (p < 0.001). We found no differences
within the VAPf over time (t0, t1, t2, t3). In conclusion, we found no
differences between or within groups at Phase 1 or Phase 2 (t0, t1),
thereby indicating the specificity of stress induction at Phase 3 (t2
and t3). Similar results were found for DBP (repeated measures
ANOVA, Group � Time interaction F(3,28) = 61.05, p < 0.001,
gp2 = 0.39) and HR (repeated measures ANOVA, Group � Time
interaction F(3,28) = 25.04, p < 0.001, gp2 = 0.20, Fig. 3A.2 and
A.3). The VAP group showed a higher DBP and HR than did the VAPf
group during the stress procedure (t2, t3). Here again, DBP and HR
increased significantly in the VAP group between t1 and t2.



Fig. 3. Experiment 1. The VAP protocol activates the SYM and increases subjective stress (n = 49). (A) Cardiovascular data, systolic blood pressure, diastolic blood pressure and
heart rate. (B) Subjective stress rating: mean difference in STAI score ± SEM for each group is shown. Black bars stand for VAP groups and gray bars for VAPf. (C) Electrodermal
activity skin conductance level: Mean SCL (lS) ± SEM for each group is shown. Symbols as above. *, p < 0.05.
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3.1.2. Subjective rating
The VAP group showed a significantly lower STAI score than did

the VAPf, which indicates an increase in subjective stress (Fig. 3B,
one-way ANOVA F(1,96) = 45.29, p < 0.001, gp2 = 0.32).

3.1.3. Sympathetic activity
SCL was higher during Phase 3 in the VAP group than in the VAPf

group (Fig. 3C, repeated measures ANOVA Group � Time interac-
tion, F(1,96) = 85.03, p < 0.001, gp2 = 0.49, simple effects p < 0.001).
The VAP group also showed a significant increase in SCL between
Phase 1 and Phase 3 (simple effects p < 0.001). In summary, these
results suggest that the VAP protocol induced a significant increase
in subjective stress and the SYM response, which was maintained
until the end of the procedure, as indicated by variations in the car-
diovascular response and electrodermal activity.

3.2. Experiment 2

As previously discussed, Experiment 1 was used to demonstrate
that the VAP protocol can induce a possible stress response, as
indicated by strong SYM activation and subjective stress. Given
that the other major component of the threat response is the acti-
vation of the HPA axis and that the TSST is known to reflect not
only SYM activation but also the HPA axis variations, we compared
this protocol with the VAP and VAPf. Thus, we repeated the same
SYM and subjective measurements as those in Experiment 1 with
the addition of salivary cortisol as an index of the HPA axis.
3.2.1. Cardiovascular response
The TSST and VAP groups showed higher SBP than the VAPf

group at t2 and t3 (Table 1, middle panel a; repeated measures
ANOVA, Group � Time interaction F(6,81) = 6.77 p < 0.001,
gp2 = 0.33). No difference between groups was observed at t0 or
at t1 (simple effects p = 0.966, p = 0.784, respectively). SBP was
increased for the groups TSST and VAP but not for the VAPf,
between t1 and t2. This observation persisted until the end of
the procedure (t3; Fig. 4A).

Similar results were found for DBL (Table 1, middle panel b;
repeated measures ANOVA, Group � Time interaction F(6,81) =
6.05, p < 0.001, gp2 = 0.30). The TSST and VAP Groups showed a



Table 1
Cognitive and physiological measures for the Experiment 1. Cardiovascular activity at different time points (t0, t1, t2, t3). Mean SBP (mmHg),
mean DBP (mmHg) and mean HR (BPM), mean subjective rating difference and SCL (lS) (±SEM at 4 different time points for the three groups.
The F and effect size reported corresponds to the Group � Time interaction of a repeated measures ANOVA. SE stands for simple effects.

Means (±SE) of the cognitive and physiological measures

Experiment 1

VAPf VAP

Systolic BP (mmHg)
t0 106.85 (1.22) 107.20 (1.21) F(3,28) = 54.20
t1 98.97 (1.28) 100.12 (0.82) p < 0.001; gp2 = 0.37
t2 99.38 (1.17) 115.22 (1.44) SE pt2 < 0.001; SE pt3 < 0.001
t3 97.18 (1.18) 112.48 (1.31) SE VAP pt1–t2 < 0.001

Diastolic BP (mmHg)
t0 72.65 (0.84) 74.10 (0.96) F(3.28) = 61.05
t1 8.63 (0.91) 69.02 (0.71) p < 0.001; gp2 = 0.39
t2 68.28 (0.79) 79 (0.97) SE pt2 < 0.001; SE pt3 < 0.001
3 66.63 (0.80) 78.55 (0.96) SE VAP pt2–t3 < 0.001

HR (BPM)
t0 77.34 (1.02) 77.59 (1.32) F(3.28) = 25.04
t1 74.53 (1.09) 74.63 (1.01) p < 0.001; gp2 = 0.20
t2 74.65 (0.93) 82.10 (1.26) SE pt2 < 0.001; SE pt3 < 0.001
t3 71.48 (1.07) 82.16 (1.33) SE VAP pt2–13 < 0.001

Subjective rating
STAI difference 0.67 (0.19) �1.63 (0.28) F(1.96) = 45.29 p < 0.001, gp2 = 0.32

SCL (lS)
Phase I 3.96 (0.22) 3.90 (0.21) F(1,96) = 85.03, p < 0.001
Phase III 4.00 (0.24) 5.53 (0.22) gp2 = 0.49; SE p < 0.001

Values printed in bold denote significant within or between group differences.
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significant increment in DBL than did the VAPf Group during the
stress procedure (t2, t3). As with SBP, the DBP for the TSST and
VAP groups significantly increased between t1 and t2.

Finally, the TSST and VAP groups showed an increment in HR
between t1 and t2 (Table 1, middle panel c; repeated measures
ANOVA, interaction F(6,81) = 3.24, p < 0.02, gp2 = 0.19). Addition-
ally, the HR of the different groups showed no differences at t0,
t1 and t2 (Table 1, middle panel c). While the VAP group showed
a higher HR than did the VAPf at t3, no differences between the
VAP and TSST groups were found.

Thus, the VAP induced SBP, DBP and HR increases that were
similar to those obtained for the TSST.
3.2.2. Subjective rating
Fig. 4B shows STAI score differences between pre- and post-

stress induction for the three groups. A one-way ANOVA indicated
a significant reduction in the score that was obtained for TSST and
VAP but not for the VAPf group (F(2,42) = 8.418, p < 0.001,
gp2 = 0.28; LSD post-hoc Comparison p = 0.005, p = 0.04, respec-
tively). There were no significant differences between the TSST
and VAP, which showed similar effects between both protocols
(p = 0.68).
3.2.3. Neuroendocrine response
The salivary cortisol levels between the baseline and the final

time point of the VAP, TSST and VAPf can be observed in Fig. 4C.
Salivary cortisol was higher under the TSST and VAP when com-
pared to the VAPf group during Phase 3 (repeated measures
ANOVA, Group � Time interaction F(2,42) = 7.87, p < 0.001,
gp2 = 0.27; simple effects, p < 0.001, post-hoc LSD pVAP–VAPf = 0.007,
p

TSST–VAPf
= 0.009, pVAP–TSST = 0.90). There was a significant increase in

cortisol levels between Phase 1 and Phase 3 for the VAP and TSST
groups (simple effects VAP p < 0.001; LSD pVAP < 0.001; simple
effects TSST p < 0.001, LSD pTSST < 0.001). Therefore, the VAP pro-
duced an HPA axis response that was similar to that produced by
the TSST.
3.2.4. Sympathetic activity
SCL analysis showed an increase in the signal in the stress groups

(Fig. 4D, TSST and VAP) compared to the VAPf during Phase 3
(Repeated measures ANOVA, Group � Time interaction F(2,42) =
9.89, p < 0.001, gp2 = 0.32; simple effects p < 0.001, post-hoc LSD,
pVAP–VAPf < 0.005, pTSST–VAPf < 0.05, pVAP–TSST = 0.59) and between
Phase 1 and Phase 3 (simple effects VAP p < 0.001; LSD pVAP < 0.001;
simple effects TSST p < 0.001, LSD pTSST < 0.001). Here, again, the
TSST and the VAP showed a comparable response of SYM activation.

3.2.5. Analysis of different biomarker correlations
The goal of the following analysis was to investigate the corre-

lation between the measures of the three different protocols. To
perform the analysis, we considered the differences between Phase
3 and Phase 1 for each biomarker. In each case, the correlation was
assessed using Pearson’s test. This test showed a non-significant
correlation between cortisol and HR, SBP, DBP or STAI (Fig. 4E.1).
Conversely, a significant positive correlation between skin conduc-
tance (SCL) and cortisol was shown (r = 0.48, p = 0.01, Fig. 4E.2).
Therefore, only the SCL showed a correlation with cortisol varia-
tions, which suggests that SCL is an adequate biomarker for mon-
itoring the stressful effect of VAP.

Based on these results, we decided to evaluate the effect of VAP
through the subjective stress and SYM activation measures
because the SCL biomarker might be a predictor of HPA axis varia-
tions. Then, having demonstrated in Experiments 1 and 2 that the
VAP induced a significant threat response similar to that obtained
by the TSST, we designed three different experiments to evaluate
the effects of the VAP protocol that is administered before the
acquisition of a neutral declarative memory. We evaluated the
memory task at three different time points: 15 min (Experiment
3), 2 days and 8 days after training (Experiment 4).

3.3. Experiment 3

Subjects were trained with a list of neutral pairs of meaningless
syllables (List 1, Fig. 2) and tested 15 min later. Groups differed in



Fig. 4. Experiment 2. Physiological and cognitive measures for the VAP and TSST are similar, including HPA axis activation (n = 15). (A) Cardiovascular data. (B) Subjective
stress rating: Mean difference in STAI score ± SEM for each group is shown. *, p < 0.05. White bar represents the TSST group, black bar the VAP and the gray bar VAPf group. (C)
Salivary cortisol: mean salivary cortisol (nmol/l) ± SEM is illustrated. Symbols as above. (D) Electrodermal activity skin conductance level: Mean SCL (lS) ± SEM for each group
is shown *, p < 0.05. Symbols as above. (E) Only skin conductance is associated with the HPA axis activation. (E.1) Correlation table between salivary cortisol and SBP, DBL, HR,
STAI-S and SCL. Mean cortisol difference and their correlation with the mean difference of the other measures. A correlational analysis revealed that salivary cortisol is only
associated with variations in skin conductance level (r = 0.48, p = 0. 01). (E.2) Correlation between SCL and salivary cortisol. Mean cortisol difference related to mean SCL
difference for each subject is shown. Pearson correlation coefficient (r) and p value of the regression analysis are shown.
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the treatment they received before the training session. One group
received the VAP, another group received the VAPf and the third
group did not receive any treatment (VAP, VAPf and control groups,
respectively, Fig. 5A.1).

3.3.1. Cognitive and physiological measurements
The VAP and VAPf groups showed the same profile as in Exper-

iment 1 (Table 1, middle panel).

3.3.2. Memory task
The VAP group made fewer errors than the VAPf and the con-

trol groups at the testing session (Fig. 5A.2, one-way ANOVA F
(2,30) = 3.57, p = 0.03; gp2 = 0.20 LSD post-hoc comparison
p = 0.03 and p = 0.02, respectively). Considering the type of errors
made during testing, the VAP group showed fewer void-type
errors than did the control and VAPf groups (Fig. 5A.3, one-way
ANOVA F(2,30) = 3.35 p = 0.04; gp2 = 0.19, LSD post-hoc compar-
ison p = 0.03 and p = 0.03, respectively); however, no differences
between groups were found for confusion-type or intra-list-type
errors (all p > 0.05).

Finally, we analyzed the correlation between the percentage of
memory change between acquisition and testing and the mean SCL
difference during the VAP and VAPf protocols (Fig. 5B). We found a
significant correlation between the change in memory perfor-
mance and the SYM, as reflected by the SCL (r = 0.49; p = 0.02).
Moreover, the repeated-measures ANOVA revealed no significant
differences between the groups during List 1 training (Fig. 5C, F
(2,30) = 0.65, p = 0.59) or by trial interaction (F(16,24) = 0.27,
p = 0.99). An analysis of the percentage of correct responses
provided during the last four training trials yielded no significant
difference between groups at training (Fig. 5C inset, F(2,30) =
0.41, p = 0.66). These results show that a threatening social event



Fig. 5. Experiment 3. Social stress induction improves short term retention of a neutral declarative memory (n = 11). (A.1) Experimental protocol. (A.2) L1 testing session. (A.3)
Errors types. Mean number of total errors ± SEM on testing. Symbols as above. (B) Correlation between memory performance and SCL. (C) Learning curves. Mean number of
errors ± SEM per trial on Day 1 black bar stands for VAP group, white bar for VAPf and gray bar for Ctl.
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prior to learning improves the retention of a neutral declarative
memory but has no effect during training.

3.4. Experiment 4

Subjects were trained on day 1 and tested either 3 or 8 days
after acquisition. Prior to training, subjects either received the
VAP treatment or no treatment (VAP 3d, Control 3d, VAP 8d and
Control 8d, respectively, Fig. 6A).

3.4.1. Cognitive and physiological measurements
As expected, VAP 3d and VAP 8d repeated the same profile as in

Experiments 1 and 2 (Table 1).

3.4.2. Memory task
As in the previous experiment, the VAP groups performed bet-

ter than did the control groups (Fig. 6A.2, F(2,30) = 0.65,
p < 0.005, gp2 = 0.36, LSD post-hoc comparison pVAP3d–Ctl 3d < 0.001
and p

VAP 8d–Ctl 8d = 0.02, respectively). With respect to void-type
errors, the VAP 8d group made fewer errors than did the Control
8d group (Fig. 6A.3, one-way ANOVA F(3,46) = 4.49, p = 0.007
gp2 = 0.31; LSD post-hoc comparison p = 0.01). There was no dif-
ference for the other types of errors (all p > 0.05). In addition,
the Control 3d had fewer errors than did the Control 8d, and this
difference was also observed for the void-type errors (LSD post-
hoc comparison p = 0.04 and p = 0.04, respectively). This reflects
the effect of forgetting. The VAP groups showed no significant
correlation between the percentage of memory change and the
mean SCL difference (VAP 3d r = 0.2; p = 0.52 and VAP 8d
r = 0.37, p = 0.20). The repeated-measures ANOVA revealed no
significant differences between the groups at List 1 training
(Fig. 6B, F(3,45) = 0.93, p = 0.43) or by trial interaction
(F(24,360) = 1.10, p = 0.33). The percentage of correct responses
that were provided during the last four training trials yielded
no significant differences between groups at training (Fig. 6B
inset F(3,46) = 5.64, p = 0.66).

These results show that exposure to a threatening social event
prior to learning not only improved the retention of a neutral
declarative memory in the short- and long-term, but it also
prevented forgetting.



Fig. 6. Experiment 4. Social stress induction improves long retention of a neutral declarative memory and alleviates forgetting (n = 13). (A.1) Experimental protocol. (A.2) L1
testing session. (A.3) Errors types. Mean number of total errors ± SEM on testing. Symbols as above. (B) Learning curves. Mean number of errors ± SEM per trial on Day 1 black
bar stands for VAP 3d group, white bar for Ctl 3d, dark gray for VAP 8d and gray bar for Ctl 8d.
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4. Discussion

Here, we showed that a threatening social event that was not
specifically related to the associative memory task can modulate
the retention of a non-emotional declarative memory in both the
short- and long-term and prevents forgetting. Thus, memories
may be affected by specific events of unrelated content and differ-
ent emotional valence. In addition, the performance on the short-
term test correlates with the arousal generated by the activation
of the SYM axis. Although our experiments showed no differences
between groups in the multi-trial training, we hypothesized that
the memory changes observed 2 and 8 days after acquisition are
a consequence of enhanced encoding. The memory task used in
this report is quite different from those employed in other studies.
In these studies, researchers evaluated memories for single neutral
or emotional episodes using words with different valence or a
semantic-related word list. Here, the neutral declarative memory
is acquired during a multi-trial training session that allows us to
determine the level of learning. Another difference is that in other
paradigms, the stressful situation shares the valence with the emo-
tional content of the memory that it is modifying (Payne et al.,
2006; Schwabe, Joëls, Roozendaal, Wolf, & Oitzl, 2012; Schwabe
et al., 2008). In our memory task, the stressful situation is not
related to the neutral material. This gives us the opportunity to
investigate the relationship between threatening situations and
neutral memories.

The effects of stress that were administered before acquisition
are dissimilar, thereby showing impairment (Kirschbaum, Wolf,
May, Wippich, & Hellhammer, 1996; Lupien et al., 1997; Payne
et al., 2006; Payne et al., 2007; Schwabe et al., 2012) or improve-
ments (Nater et al., 2007; Preuß & Wolf, 2009; Roozendaal, 2000;
Schwabe et al., 2008; Smeets et al., 2007;Wolf, 2009). Some reports
have shown impairment or no effect on neutral memories, whereas
other reports have shown an improvement in short- and long-term
memory tests (Payneet al., 2006, 2007; Rimmele,Domes,Mathiak,&
Hautzinger, 2003). Our results agreewith the latter. Testing thatwas
performed near training implies that the evaluation might be done
when the stress is still elevated, thereby affecting not only the
encoding but also the early consolidation and retrieval. In this
report, it is possible that either the encoding or the early consolida-
tion improves given that a similar effect emerges two or eight days
after training, the time point at which the induced stress vanished.

We adapted the TSST using a virtual auditory panel (VAP) that
was generated by only one researcher, who interacted with the
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participants. This design offers an extremely low cost test with an
easy protocol. This makes the VAP ideal for large samples because a
single researcher administers it, thereby standardizing the interac-
tion with the participants. We demonstrated that the VAP was cap-
able of eliciting subjective stress and SYM axis activation.
Moreover, when it was run in parallel with the TSST, a significant
increase in salivary cortisol was found showing HPA axis activa-
tion. Thus, consistent with theoretical models (Dickerson &
Kemeny, 2004), the social stress response seems to be subject to
the relative uncontrollability of task outcome and the presence of
social evaluation, both of which are supplied by the VAP.

It is important to highlight the impact of the auditory panel
under the VAP in comparison with other versions of virtual com-
mittees. It has been proposed that such committees may induce
less stress than the panel used in the TSST (Kotlyar et al., 2008).
For example, by using specific samples (e.g., adolescents or chil-
dren), the Leiden Public Speaking Task, which involves speaking
in front of a pre-recorded audience, showed a moderate cortisol
increase in the adolescent sample (Westenberg et al., 2009). In this
report, the VAP showed similar stress responses to the original
TSST. To assess the impact of the stress per se, the control situation
is created in different ways (Allen et al., 2014; Het, Rohleder,
Schoofs, Kirschbaum, & Wolf, 2009). Here, we designed a control
condition with the same phases and similar tasks but without
the social interaction (VAPf). Thus, the same physiological mea-
sures are registered and are taken as a baseline for comparison
with the stressful situation. Based on this comparison, it might
be assumed that the VAP induces a stressful situation in spite of
the absolute values that were obtained for the different
biomarkers.

As in other reports, skin conductance correlated with the level
of salivary cortisol and was useful as an indicator of threat
response following VAP administration (Buchanan, Tranel, &
Adolphs, 2006; El-Sheikh, Erath, Buckhalt, Granger, & Mize, 2008;
Van Goozen, Matthys, Cohen-Kettenis, Buitelaar, & van Engeland,
2000). Skin conductance reflects variations in the SYM axis, which
are faster than those on the HPA axis (Hermans, Henckens, Joëls, &
Fernández, 2014). This allows us to have an online and reliable
measure of the activation of the SYM axis during each step of the
procedure; however, due to factors, such as cortisol pulsatility
and diurnal patterns (Young, Abelson, & Lightman, 2004), single
time points may show considerable variability. For this reason,
multiple measures are necessary to better describe the HPA axis
variations. Future experiments with multiple samples would con-
firm the effectiveness of the VAP in the activation of the HPA axis.

Notably, we found a positive correlation between SCL and cor-
tisol after the administration of the VAP and a positive correlation
between SCL and memory in the short-term memory test (Experi-
ments 2 and 3, respectively). We then predicted that a positive cor-
relation between cortisol levels and memory performance in a
short-termmemory test would also be expected. Nevertheless, this
prediction limits the possibility to distinguish the contribution of
the SYM and HPA to memory performance. Future experiments
with cortisol and SCL measures could better elucidate their effects
on memory.

Stressful events trigger the secretion of catecholamines and
glucocorticoids (Schwabe et al., 2012). Fast catecholamine and
non-genomic glucocorticoid actions interact in the basolateral
amygdale to modify the activity of other brain regions (e.g.,
prefrontal cortex, hippocampus caudate nucleus), thereby main-
taining these regions in a ‘‘memory formation mode”. Under this
mode perception, the attentiveness toward, arousal by, and encod-
ing of different experiences are enhanced. Over time, catecholami-
nes return to their basal level and genomic glucocorticoid actions
are initiated, which shift the system to a ‘‘memory storage mode”.
Under this mode, the possibility of encoding new or retrieving old
material is impaired, but the long-term storage of the material that
was acquired around the stress is improved. Based on the activa-
tion of the SYM axis caused by the administration of VAP, our
results are in line with the first phase of the model. Thus, the
changes in the hippocampus that are associated with this type of
memory might explain the strengthening of the neutral declarative
memory. Based on our results, we can hypothesize that the SYM
and HPA activity could improve during general memory acquisi-
tion/retention; however, when the paradigm includes mixed emo-
tional material, the measurements of cortisol levels show a bias
toward negative emotional items (Schwabe et al., 2008, 2012;
Wolf, 2009).

It is important to highlight the two main contributions of this
report. First, despite the difference in emotional valance, we
demonstrate that it is possible to modulate a pure neutral memory
with a threatening situation. Second, the threat response that was
induced by the VAP affects the process of memory encoding. This
effect persists, as demonstrated by a long-term memory test, sup-
porting a persistent change in memory strength and preventing
forgetting as a consequence of the simple passage of time.
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