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Medial Prefrontal Cortex Has a Causal Role in Selectively
Enhanced Consolidation of Emotional Memories after a
24-Hour Delay: A TBS Study

Nicholas Yeh,1 Jessica D. Payne,1 Sara Y. Kim,1 Elizabeth A. Kensinger,2 Joshua D. Koen,1 and
Nathan S. Rose1

1Department of Psychology, University of Notre Dame, Notre Dame, Indiana 46556, and 2Department of Psychology, Boston College, Chestnut Hill,
Massachusetts 02467

Previous research points to an association between retrieval-related activity in the medial prefrontal cortex (mPFC) and pres-
ervation of emotional information compared with co-occurring neutral information following sleep. Although the role of the
mPFC in emotional memory likely begins at encoding, little research has examined how mPFC activity during encoding inter-
acts with consolidation processes to enhance emotional memory. This issue was addressed in the present study using trans-
cranial magnetic stimulation in conjunction with an emotional memory paradigm. Healthy young adults encoded negative
and neutral scenes while undergoing concurrent TMS with a modified short intermittent theta burst stimulation (sTBS) pro-
tocol. Participants received stimulation to either the mPFC or an active control site (motor cortex) during the encoding
phase. Recognition memory for scene components (objects and backgrounds) was assessed after a short delay (30 min) and a
long delay [24 h (including a night of sleep)] to obtain measures of specific and gist-based memory processes. The results
demonstrated that, relative to control stimulation, sTBS to the mPFC enhanced memory for negative objects on the long
delay test (collapsed across specific and gist-based memory measures). mPFC stimulation had no discernable effect on mem-
ory for objects on the short delay test nor on the background images at either test. These results suggest that mPFC activity
occurring during encoding interacts with consolidation processes to preferentially preserve negatively salient information.
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Significance Statement

Understanding how emotional information is remembered over time is critical to understanding memory in the real world.
The present study used noninvasive brain stimulation [repetitive transcranial magnetic stimulation (rTMS)] to investigate the
interplay between mPFC activity that occurs during memory encoding and its subsequent interactions with consolidation
processes. rTMS delivered to the mPFC during encoding enhanced memory for negatively valenced pictures on a test follow-
ing a 24 h delay, with no such effect on a test occurring shortly after the encoding phase. These results are consistent with the
hypothesis that emotional aspects of memories are differentially subjected to consolidation processes, and that the mPFC
might contribute to this “tag-and-capture”mechanism during the initial formation of such memories.

Introduction
Emotional memory is often characterized by “trade-off effects,”
where superior recollection of the emotional parts of an

experience occur at the expense of memory for neutral aspects
(Kensinger et al., 2007a; Payne et al., 2008). One account of emo-
tional memory trade-offs proposes that synaptic processes oper-
ating near the initial learning event can “tag” emotionally salient
aspects of an experience and set the stage for downstream prefer-
ential consolidation of these emotional aspects (Payne and
Kensinger, 2018; Kim and Payne, 2020; but see, Richter-Levin
and Akirav, 2003). This “tag and capture” mechanism has been
proposed to explain how encoding and subsequent consolidation
processes interact to promote later stabilization of memories.
While the synaptic tag has yet to be directly examined in
humans, recent studies have observed network-level neural proc-
esses via functional MRI (Tambini et al., 2017) and behavioral
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outcomes (Ballarini et al., 2013; Dunsmoor et al., 2015; Patil et
al., 2016) that are consistent with the theorized tagging
mechanism.

An open question in memory research is whether these net-
work-level neural processes can be used to causally manipulate
the preferential encoding and consolidation of emotional infor-
mation. Neuroimaging studies have established that increased
levels of activation of the medial temporal lobe [MTL (including
the amygdala and hippocampus)] and the medial prefrontal cor-
tex (mPFC) are associated with successful emotional encoding of
negative information (Murty et al., 2010; Payne and Kensinger,
2010, 2011, 2018; see also Goto and Grace, 2008). Functional
connectivity between the MTL and mPFC is also associated with
successful emotional memory encoding (Kensinger and Corkin,
2004; Berkers et al., 2016).

There is also evidence that longer consolidation delays (e.g.,
24 h delays) are crucial for emotion-related memory enhance-
ments (Dunsmoor et al., 2015; for reward-related memory, see
also Patil et al., 2016). One probable reason for this delay de-
pendency is the presence of sleep during the consolidation inter-
val. Sleep-based consolidation processes play a pivotal role in
emotional memory trade-off effects by selectively preserving neg-
ative information (Payne et al., 2008), especially gist-based
aspects of negative information (Hu et al., 2006; Payne et al.,
2008). Evidence from fMRI studies suggests that sleep leads to a
refinement in the neural networks engaged in emotional mem-
ory retrieval. For example, studies have revealed that the initial
broad network activation observed during encoding is refined
into a smaller network centered on the amygdala, hippocam-
pus, and ventral mPFC following a sleep-filled consolidation
delay, with greater connectivity among these regions corre-
lating with enhanced memory for negative information com-
pared with wakefulness (Sterpenich et al., 2009; Payne and
Kensinger, 2011; Bennion et al., 2015). This refinement in
emotional memory retrieval networks presumably occurs as
memories are consolidated.

Importantly, the hypothesized tag-and-capture mechanisms
that lead to refinements in emotional memory retrieval networks
are established near the time of encoding. Payne and Kensinger
(2018) proposed that successful emotional memory will be opti-
mal with increased MTL and PFC activity near encoding,
with sleep occurring shortly after. Critically, emotional tags can
be set via stress- and arousal-related neuromodulators that reflect
initial encoding activity between the MTL and PFC. However,
sleep is required to ensure that these tags persist (Payne and
Kensinger, 2018), suggesting that postlearning sleep is essential
for transforming temporary synaptic changes into long-lasting
systems-level ones, and for linking these distributed tags into an
integrated memory trace.

Thus, by modulating neural activity at encoding, we may be
able to affect how emotional information is subsequently con-
solidated. The present work therefore sought to understand how
the mPFC might influence interactions between encoding and
consolidation processes that are thought to lead to selective pres-
ervation of negative memories (Payne and Kensinger, 2018).
During the encoding phase of an emotional memory trade-off
task, we applied a short, modified version of intermittent theta
burst stimulation (sTBS) to either the mPFC or an active control
site [motor cortex (MC); for details about the sTBS protocol and
the rationale for how we targeted the mPFC, see the subsection
Transcranial magnetic stimulation in Materials and Methods].
A recognition test assessed memory following a short delay
(30 min) and a long delay (24 h) that included sleep.

Under the assumption that mPFC activity at encoding interacts
with subsequent consolidation processes to refine the MTL–mPFC
network associated with memory for negative information, we
assumed that modulating mPFC with sTBS during an emotional
memory-encoding task would, in turn, alter activity in an excita-
tory manner to both the targeted and functionally connected areas
(similar to the effects observed with the standard intermittent TBS;
Huang et al., 2005; Tang et al., 2019; Hermiller et al., 2020) within
an emotion–cognition network, including changes in MTL–mPFC
connectivity. Enhanced emotional memory performance at the
short delay would be suggestive of differences in encoding (and
very early consolidation processes) because of mPFC stimulation,
while altered behavioral outcomes at the long delay, especially in
the absence of differences at the short delay, would indicate that
transcranial magnetic stimulation (TMS)-related modulation of
this network prioritized certain items during encoding for later
consolidation (e.g., postsleep). Our a priori hypothesis was that
mPFC relative to control stimulation would preferentially enhance
memory for negative, but not neutral, information following a long
delay. Furthermore, this study also examined the effects of mPFC
stimulation during encoding on the specificity of these emotional
memory trade-off effects for specific and gist-like emotional
memories (Hu et al., 2006; Payne et al., 2008; Bovy et al., 2020).

Materials and Methods
Participants
Forty-five participants (age range, 18–24 years; mean age, 19.71 years;
Nfemales = 30) were recruited from the University of Notre Dame.
Participants identified as 71% white, 11% Asian, 9% African American,
7% Hispanic, and 2% who declined to state. All participants were fluent
English speakers, had no history of sleep disturbances, and did not take
medication known to impact sleep or present contraindications for
TMS. The current sample size was selected to be in line with prior TMS
work (Sack et al., 2009) that has detected significant behavioral effects
when targeting cortical regions based on the 10–20 system (see TMS sec-
tion below). Participants were randomly assigned to receive sTBS either
to the mPFC (N=23) or to the MC (N= 22), which served as an active
control site.

Participants were screened for contraindications for TMS following
published criteria (Rossi et al., 2009), and were excluded if they self-
reported any history of seizures, brain injuries (e.g., stroke, aneurysms,
concussions, traumatic brain injury), severe headaches/migraines, faint-
ing, metal implants, neurologic/psychiatric disorders, potential preg-
nancy, or psychoactive medication use. Additionally, participants were
instructed to get not ,6 h of sleep the night before and to refrain from
caffeine, alcohol, and tobacco for 3 h before the study. Upon arrival, par-
ticipants provided informed consent. Following completion of the study,
they received either course credit or monetary compensation ($15/h).

Materials
The stimuli have been used in previous work (Payne et al., 2008) with
448 total critical scene components (objects and backgrounds) selected
in this study. The critical scene components were then partitioned into
old (256) and new items (192). The encoding task consisted of 128 com-
plex valenced scenes (64 negative, 64 neutral) that were created by plac-
ing a negative object (e.g., snake) or neutral object (e.g., chipmunk) on a
plausible neutral background (e.g., forest). The short and long delayed
recognition tests each contained a unique set of old and new scene com-
ponents (i.e., objects and background in isolation). Studied scenes con-
sisted of the objects and the background from “whole” scenes (i.e.,
objects on backgrounds that were presented together during the encod-
ing phase). New scene components were drawn from scenes that were
not presented during the encoding phase. Each recognition test consisted
of the following 224 total scene components: 32 previously viewed
(“same”) objects (16 negative, 16 neutral); 32 similar objects (16 negative,
16 neutral); 64 foil objects (32 negative, 32 neutral); 32 same backgrounds
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(16 shown with negative object, 16 shown with a neutral object); 32 simi-
lar backgrounds (16 similar objects were shown with a negative object,
and 16 with a neutral object); and 32 foil backgrounds (all neutral). Same
components were defined as the exact same background or object studied
during encoding (e.g., identical snake). Similar components were defined
as an alternative version of a background or object that differed in any
number of visual features from those studied during encoding (e.g., a
snake that differed in color, positioning, shape, species). Note, since back-
grounds were always nonemotional, there are no negative backgrounds.
The scene components were never presented twice (i.e., in both tests) and
were counterbalanced. Additionally, participants never saw both a same
(e.g., same snake) and similar (e.g., similar snake) scene during the one
test.

Experimental design
Participants completed the experiment over the course of two sessions
separated by ;24 h. The first session included determination of active
motor threshold (see subsection Transcranial magnetic stimulation), the
encoding task, and a recognition test after a 30 min delay (“short delay”
test). sTBS was administered during the encoding phase with a 30 min
delay occurring from the completion of the encoding phase to the onset
of the recognition test. Note that simultaneous electroencephalography
recordings were obtained during the encoding and short-delay recogni-
tion tasks, but not in the final (24 h) delayed recognition test. These data
are not the focus of the present study and therefore will not be discussed
further. After the first session, participants returned to the lab ;24 h
later to complete a recognition test on the remaining untested items
(“long delay” test).

Emotional memory trade-off task
Encoding phase. Participants were instructed that they would be pre-

sented with a series of scenes and to imagine that they were coming
across the scenes in real life (Fig. 1a). Participants viewed 128 negative
and neutral complex scenes. For each scene, they made an approach/
avoid judgment using a 7-point scale (1=move closer, 7 =move away)
to facilitate incidental encoding. The scenes were presented pseudor-
andomized into 16 blocks with eight images per block (four negative,
four neutral). Each trial began with a 100–200 ms jitter before a 1000ms
fixation cross. Following the fixation cross, a valenced scene was pre-
sented for 3000ms and was replaced with a self-paced avoid/approach

judgment scale. Following the eighth trial of each block, participants
underwent 2 s of sTBS (30 pulses), for a total of 480 pulses over the
entire encoding phase.

Recognition memory test. Participants were instructed to make same,
similar, or new judgments to old and new scene components on both
the short and long delayed recognition tests. Participants completed a
short practice phase to familiarize themselves with the recognition test
and the same, similar, and new judgments before the recognition test
(Fig. 1b). Same judgments were defined as the exact same background or
object studied during encoding (e.g., identical snake). Similar judgments
were defined as an alternative version of a background or object that dif-
fered in a specific visual detail from those studied during encoding (e.g.,
a snake that differed in color, positioning, species).

Each trial began with a 100–200 ms (10ms steps) jittered interval
before a 1000ms fixation cross. Following the fixation cross, participants
made self-paced same, similar, or new judgments of individually pre-
sented negative objects, neutral objects, or neutral backgrounds. Objects
and backgrounds were presented randomly, but only once, in either the
short or long delay recognition test.

Transcranial magnetic stimulation
A PowerMag EEG 100 TMS stimulator (Mag & More) and a 70 mm fig-
ure-eight coil (PMD70-pCool) were used for administration of TMS. An
active motor threshold was obtained by placing the coil over the left
motor cortex (near the C3 electrode) and locating the site that produced
visible movement in the right thumb from single pulses of TMS. Active
motor threshold was defined as the lowest percentage of stimulator out-
put that elicited visible movement in the right thumb on 5 of 10 trials
while participants maintained contraction of the right thumb and index
finger. Visible muscle twitches were determined by the first author in
each session. This was done to obviate variability in what constitutes a
visible muscle twitch across sessions. We determined active motor
threshold and sTBS intensity while participants were wearing the EEG
cap, so the coil distance from the stimulation site was the same during
active motor thresholding and the encoding task sTBS. The mean motor
threshold was matched between participants receiving mPFC and
MC stimulation (mPFC: mean= 59%, SD= 10%; MC: mean= 59%,
SD=12%; t(42) = �0.25, p= 0.805). As is standard, the sTBS protocol
was administered at 80% of active motor threshold.

Figure 1. a, Encoding phase. i, Encoding trial structure and timing. Participants viewed a fixation cross (1 s), followed by a valenced image (3 s) and an approach/avoid scale (self-paced).
Stimulation occurred after every eighth image for a total of 128 images and 16 blocks. Participants underwent stimulation to only one site, which was randomly assigned. ii, The Fz and C3
electrodes were targeted for mPFC (N= 23) and motor control stimulation (N= 22), respectively. The Fz electrode was selected based on its proximity to the dorsal mPFC region (MNI: 4, 52,
46; indicated by *) that is functionally connected with the ventral mPFC region (MNI; 4, 56, �8; indicated by the green crosshair) that was linked to the selective preservation of negative
objects in memory from Payne and Kensinger (2011). We targeted the dorsomedial PFC (Fz) under the assumption that sTBS would modulate neural activity in an excitatory manner (similar to
iTBS) in both the target site and its associated networks. b, Recognition task. Same, similar, and new objects (negative and neutral) and backgrounds (neutral) were presented individually.
Participants responded “same,” “similar,” or “new.” Scene components were presented in randomized order.
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The stimulation site for the dorsal mPFC was determined using a
large-scale meta-analysis of 340 fMRI datasets using neurosynth.org
(Yarkoni et al., 2011). The Fz electrode was selected as the dorsal mPFC
stimulation site based on the neurosynth meta-analysis, which showed
the MNI coordinate under the Fz electrode (MNI: 4, 52, 46; Okamoto et
al., 2004; Okamoto and Dan, 2005) had strong functional connectivity
and coactivation with the ventral mPFC site identified by Payne and
Kensinger (2011) that was associated with enhanced negative object rec-
ognition following sleep compared with wakefulness (MNI=4, 56, �8;
Fig. 1b). The rationale for targeting the dorsal mPFC is that TMS modu-
lates neural activity in both the target site and its associated networks
(for an example with TMS to cortical regions modulating the hippocam-
pus, see Wang et al., 2014; Warren et al., 2019). Thus, we reasoned that
stimulating the dorsal mPFC would also affect the ventral mPFC activity,
which is not directly accessible to TMS. For the control stimulation site,
we targeted the MC under the C3 electrode because it is both a common
control site (Daskalakis et al., 2008; Fecchio et al., 2017), and, impor-
tantly, we are not aware of any evidence demonstrating a strong connec-
tivity between the MC and the ventral mPFC region during emotional
encoding.

The typical offline protocol for intermittent TBS (iTBS) follows 2 s
on/8 s off cycles that deliver 600 pulses with each 2 s of stimulation cor-
responding to three pulses at 50Hz with an interstimulus interval of
200ms. We adopted a slightly modified sTBS approach with identical 2 s
periods of stimulation that was applied in a similar 2 s on/8 s off manner
that was interleaved (between each encoding block) throughout the
encoding phase. Specifically, following each encoding block (eight

images), participants were instructed to close their eyes and relax while
the TMS coil was positioned to either the mPFC or MC stimulation site
location. For the mPFC condition, the coil was positioned at 0° from the
midline pointing posteriorly to target the Fz electrode. For the MC con-
dition, the coil was positioned at 45° from the sagittal plane to target the
C3 electrode (Fig. 1b). Following 2 s of sTBS, participants were
instructed to continue with the encoding task with a self-paced button
press. The average time from the last TMS pulse to the onset of the first
and last image in the following encoding block was 8.28 s (range, 6.14–
19.66 s) and 48.71 s (range, 45.62–60.01 s), respectively.

A similar approach has previously been shown to facilitate memory
and, importantly, to not have cumulative effects on performance
(Demeter et al., 2016). Before the start of the experimental task, partici-
pants received one 2 s train of sTBS to become familiarized with the pro-
cedure. No participants reported any adverse response to sTBS.

Statistical analysis
For the recognition data, participants’ memory scores were calculated
for general recognition (gist-familiarity) and specific recognition (recol-
lection). The contrast between general and specific recognition scores
was our focus because prior research suggests that overnight sleep exerts
its strongest effects on gist-based familiarity, rather than specific recol-
lection of memory details (Payne et al., 2008). In line with prior studies
using a same-similar-new judgment at retrieval (Garoff et al., 2005;
Kensinger et al., 2007b), general recognition parallels the independence
formulas score commonly used in Remember/Know paradigms (Yonelinas
and Jacoby, 1995) with the following formula:

Table 1. ANOVA results

Effects MSE F(1,40) h p
2 p

Main effects
Stimulation site 0.27 1.42 0.034 0.241
Valence 0.03 6.17 0.134 0.017*
Scene component 0.04 21.77 0.352 ,0.001***
Delay 0.03 109.87 0.733 ,0.001***
Memory score 0.09 86.98 0.685 ,0.001***
Two-way interactions
Stimulation site � valence 0.03 0.62 0.015 0.434
Stimulation site � scene component 0.04 7.64 0.160 0.009**
Stimulation site � delay 0.03 5.01 0.111 0.031*
Stimulation site � memory score 0.09 0.95 0.023 0.336
Valence � scene component 0.02 43.81 0.523 ,0.001***
Valence � delay 0.02 2.79 0.065 0.103
Valence � memory score 0.03 5.97 0.130 0.019*
Scene component � delay 0.03 4.51 0.101 0.040*
Scene component � memory score 0.03 0.35 0.009 0.555
Delay � memory score 0.04 34.02 0.460 ,0.001***
Three-way interactions
Stimulation site � valence � scene component 0.02 0.15 0.004 0.697
Stimulation site � valence � delay 0.02 0.30 0.007 0.589
Stimulation site � valence � memory score 0.03 5.13 0.114 0.029*
Stimulation site � scene component � delay 0.03 0.79 0.019 0.381
Stimulation site � scene component � memory score 0.03 3.43 0.079 0.071
Stimulation site � delay � memory score 0.04 0.20 0.005 0.655
Valence � scene component � delay 0.02 2.19 0.052 0.147
Valence � scene component � memory score 0.02 37.40 0.483 ,0.001***
Valence � delay � memory score 0.03 1.76 0.042 0.192
Scene component � delay � memory score 0.03 , 0.01 , 0.001 0.959
Four-way interactions
Stimulation site � valence � scene component � delay 0.02 6.27 0.136 0.016*
Stimulation site � valence � scene component � memory score 0.02 4.04 0.092 0.051
Stimulation site � valence � delay � memory score 0.03 0.09 0.002 0.760
Stimulation site � scene component � delay � memory score 0.03 0.01 ,0.001 0.917
Valence � scene component � delay � memory score 0.02 1.10 0.027 0.301
Five-way interaction
Stimulation site � valence � scene component � delay � memory score 0.02 0.12 0.003 0.727

Degrees of freedom were the same for all effects.
*p, 0.05, **p, 0.01, ***p, 0.001.
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General recognition hits ¼ Pðsimiliarj“same”Þ
ð1� Pðsamej“same”ÞÞ

General false alarms ¼ Pðsimiliarj“new”Þ
ð1� Pðsamej“new”ÞÞ

Thus, general hits are calculated based on when participants respond
“similar” to previously viewed items, taking into account when partici-
pants respond “same” to previously viewed items. General false alarms
are measured when participants respond “similar” to new items, taking
into account when they respond “same” to new items. Specific recogni-
tion was scored with the following formula:

Specific recognition hits ¼ P samej“same”ð Þ

Specific false alarms ¼ P samej“new”ð Þ

Thus, specific hits and false alarms are computed when participants
respond “same” to previously viewed items and “same” to new items,
respectively.

Since our primary aim was to investigate the effects of mPFC
sTBS on emotional memory, we computed recognitions scores
for negative objects, neutral objects, the neutral backgrounds
that were originally paired with a negative object, and the neutral
backgrounds that were originally paired with a neutral object.
Importantly, these calculations were repeated for the short- and
long-delay tests. This enabled us to systematically compare how
mPFC versus MC sTBS affected memory for negative and neutral
objects, backgrounds in negative and neutral scenes, across the
short and long delay tests. Analyses focused on memory perform-
ance for same, similar, and new responses to the same and new
scene components (i.e., responses to similar objects and back-
ground scenes were not analyzed), to be consistent with previous
work using this paradigm (Kensinger et al., 2007a,b; Waring et al.,
2010).

There were statistically comparable same (range, 0.038–0.096) and
similar (range, 0.153–0.258) false alarm rates between the cells in the
experiment (all p values. 0.05), which is consistent with previous work
(Payne et al., 2008). All memory performance analyses were conducted
on corrected recognition scores (hits – false alarms) to obviate issues
with response bias effects. We will refer to these measures as recognition
scores from this point forward.

Analyses were conducted in R (version 3.6.3.) with the afex pack-
age (Singmann et al., 2020; https://CRAN.R-project.org/package=
afex) and the emmeans package (Lenth, 2020; https://CRAN.R-
project.org/package=emmeans). Significant effects in the ANOVAs
were followed up with post hoc contrasts as implemented in the
emmeans package. Degrees of freedom for post hoc contrasts were
estimated using the Kenward–Roger method. Three participants
(mPFC: 2, MC: 1) were excluded from the analysis because of no
observations in one or more response categories for the general rec-
ognition test. Results are considered significant at an a level of 0.05,
unless otherwise noted.

Results
We tested our a priori hypothesis that, relative to MC stimula-
tion, mPFC stimulation would facilitate recognition for negative
objects at a long delay using a 2 (stimulation site: mPFC, MC) �
2 (valence: negative, neutral) � 2 (scene component: object,
background) � 2 (delay: short, long) � 2 (memory score: gen-
eral, specific) ANOVA. The analysis included a between-subjects
factor (stimulation site) and within-subject factors (valence,
scene component, delay, and memory score). The full results are
reported in Table 1, and the primary results of interest are
reported below.

The emotional memory trade-off effect
In line with prior work (Payne et al., 2008), we first examined the
existence of the emotional trade-off effect and whether this effect
remained consistent over time. As expected, we replicated the
emotional memory trade-off effect as our results revealed a sig-
nificant valence � scene component interaction, F(1,40) = 43.81,
mean square error (MSE) = 0.02, p, 0.001, hp

2 = 0.523 (Fig. 2).
Follow-up t tests revealed that for negative scenes, objects were
better remembered than their accompanying backgrounds
(t(73.2) = 7.67, p, 0.001, d=0.705). Critically, this pattern was
not observed for neutral scenes, as memory performance did not
differ between objects and backgrounds (t(73.2) = 0.14, p=0.890,
d=0.013). Somewhat surprisingly, the scene component � va-
lence � delay interaction revealed no evidence that the emo-
tional memory trade-off differed between a short and long delay
(F(1,40) = 2.19, MSE= 0.02, p= 0.147, hp

2 = 0.052).

mPFC activity modulates the emotional memory trade-off
effect at a long delay
We then examined the causal role of mPFC activity near the
time of encoding interacting with consolidation processes (e.g.,
modulating the emotional memory trade-off effect). Because
prior work has linked the mPFC in selectively preserving nega-
tive information following sleep, we anticipated that negative
objects would be preferentially remembered following a long
delay that included sleep in the mPFC condition relative to the
MC condition. In line with our prediction, our analysis revealed
a significant stimulation site � scene component � valence �
delay interaction, which suggests that mPFC compared with MC
sTBS modulated the emotional memory trade-off effect (F(1,40) =
6.27, MSE= 0.02, p= 0.016, hp

2 = 0.136; Fig. 3).
To parse out the four-way interaction, follow-up t tests com-

pared memory differences between the mPFC and MC stimula-
tion conditions at each of the other factors (scene component,
valence, delay). At the short delay, we observed no memory dif-
ferences between the mPFC and MC stimulation site conditions
for negative objects (t(110) = 1.30, p=0.196, d=0.313) or their
backgrounds (t(110) = �0.02, p=0.988, d = –0.004). Similarly, no
memory differences emerged between the mPFC and MC stimu-
lation site conditions for neutral objects (t(110) = 1.49, p=0.139,
d=0.358) or backgrounds (t(110) = �1.46, p= 0.147, d = –0.351).
Thus, we found no evidence that mPFC sTBS modulated the

Figure 2. Corrected recognition scores (hits – false alarms) revealed an emotional mem-
ory trade-off effect with greater memory for objects compared with backgrounds in negative
scenes. Additionally, no memory differences emerged for neutral scenes. Error bars represent
95% confidence intervals. ***p, 0.001. Note that this is collapsed across stimulation site,
delay, and memory scores.
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emotional memory trade-off effect at a
short delay that did not include sleep (col-
lapsed across memory score).

In line with our predictions, at a long
delay, mPFC compared with MC stimula-
tion facilitated memory for negative
objects (t(110) = 2.78, p= 0.006, d= 0.669),
with no differences emerging for their
backgrounds (t(110) = 0.33, p= 0.739, d=
0.081). Importantly, we found no evidence
for memory differences for neutral objects
(t(110) = 1.47, p=0.145, d= 0.353) or back-
grounds (t(110) = 1.36, p=0.175, d= 0.328).
This pattern of results suggests that sTBS
to the mPFC (compared with the MC)
modulated the emotional memory trade-
off effect by selectively preserving memory
for negative objects, but not backgrounds,
following a long delay that included a
night of sleep (collapsed across specific
and general memory scores). This effect
was found only at the long delay, as no
differences emerged for objects or back-
grounds when memory was assessed at
the short delay. Importantly, for neutral
scenes, no differences between stimulation conditions emerged
for objects or backgrounds when memory was assessed at either
a short or long delay.

The role of mPFC activity in memory specificity
Next, we sought to address whether mPFC stimulation differen-
tially modulated the emotional memory trade-off effect at a short
or long delay when assessed on specific versus general memory.
The five-way interaction found no evidence that mPFC versus
MC stimulation at a short or long delay differentially modulated
the emotional memory trade-off effect when memory was
assessed on specific and general recognition scores (F(1,40) = 0.12,
MSE=0.02, p= 0.727, hp

2 = 0.003). Last, we examined whether
mPFC sTBS differentially modulated the emotional memory
trade-off effect collapsed across delay when recognition scores
were assessed on specific versus general information (gist). Our
results revealed a marginally significant four-way interaction
among stimulation site, valence, scene component, and memory
type (F(1,40) = 4.04, MSE=0.02, p=0.051, hp

2 = 0.092). Although
this did not reach significance, there appeared to be a numeric
trend such that mPFC stimulation modulated the emotional
memory trade-off effect for specific versus general recognition
(collapsed across short and long delays).

Summary of results
Collectively, the findings revealed that sTBS to the mPFC selec-
tively facilitated recognition of negative information after a long
delay, while no differences emerged for their accompanying
backgrounds. Critically, no memory differences emerged when
memory was assessed following a short delay in negative scenes
or at either a short or long delay in neutral scenes. Together,
these findings suggest that modulating mPFC activity during
encoding selectively facilitated emotional memories.

Discussion
This study investigated the causal role of the mPFC in the prefer-
ential encoding and consolidation of emotionally salient

information. Our results provide preliminary evidence that the
mPFC is causally involved in the encoding of negatively valenced
scenes. Specifically, stimulating the mPFC, but not the MC, dur-
ing encoding with sTBS enhanced memory for negative objects
only after a 24 h delay (filled with sleep). Moreover, sTBS to the
mPFC had no detectable effect on memory for negative stimuli
on the short delay (30min) test, on neutral information on either
test, or on the background scene component in any condition.
Notably, false alarm rates did not differ between any of the con-
ditions, which provides evidence that our results are because of
effects on recognition, rather than differences in response bias
between the mPFC and MC groups. We interpret these findings
as being consistent with the idea that mPFC activity near the
time of encoding potentiates subsequent consolidation processes,
which together facilitate memory for negative information
(Payne and Kensinger, 2010, 2011, 2018).

The results reported here also partially converge with recent
work suggesting a causal role for the mPFC in gist-based false
memories (Bovy et al., 2020; for related findings, see Berkers et
al., 2017). Bovy et al. (2020) examined the relationship between
gist-based emotional false memories and mPFC by stimulating
the mPFC using an inhibitory TMS protocol, specifically contin-
uous TBS (cTBS). Before encoding in an emotionally valenced
Deese–Roediger–McDermott paradigm, participants underwent
a negative mood induction and received TMS to the mPFC with
either a cTBS or control [i.e., 5Hz repetitive TMS (rTMS) proto-
col]. They found that cTBS to mPFC during encoding reduced
false recognition of negative critical lures on a test after an;24 h
delay (including a night of sleep). The authors took these find-
ings as evidence that the mPFC plays an important role in
extracting schematic (or gist) information during encoding. Our
findings extend the results described above. Here, we observed
that sTBS, a TMS protocol thought to be associated with
increased excitation (“long-term potentiation”; Wischnewski
and Schutter, 2015) of the stimulated region, delivered to the
mPFC during encoding, facilitated memory for negative objects
on a 24 h delayed test. Moreover, we demonstrate that mPFC
sTBS benefits emotional episodic memory by using a memory
task consisting of complex emotional scenes as opposed to

Figure 3. Corrected recognition scores (collapsed across memory score) revealed that mPFC compared with MC sTBS facili-
tated memory for negative objects at a long delay. No memory differences were found between negative objects at a short
delay for mPFC versus MC control stimulation. Error bars represent 95% confidence intervals. *p, 0.05.
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semantically related word lists. Most importantly, in addition to
the 24 h delayed test, we also included a short (30min) delayed
memory test to better establish that mPFC activity during encod-
ing interacted with subsequent consolidation processes. We
observed that mPFC sTBS at encoding selectively enhanced neg-
ative memory only on the 24 h delayed memory test. Our find-
ings suggest that mPFC activity near the time of encoding
interacts with downstream consolidation processes to support
the retention of emotional memories.

The present results also provide support for theories of the
selective consolidation of emotional information (Richter-Levin
and Akirav, 2003; Payne and Kensinger, 2018; Kim and Payne,
2020). Specifically, stimulation (i.e., neuromodulation) of the
dorsal mPFC during encoding may have affected subsequent
memory performance by upregulating regions important for
emotional memory encoding and retrieval, including the ventral
mPFC, amygdala and hippocampus (Kensinger and Corkin,
2004; Murty et al., 2010; Payne and Kensinger, 2010; Bennion et
al., 2015). Future work could directly test this possibility by
examining the effects of TMS in conjunction with fMRI meas-
ures of activity and connectivity.

There are some limitations of the present study that warrant
mention. First, sTBS was interspersed throughout the encoding
task to attempt to modulate brain regions, specifically the MTL,
that are functionally connected with the mPFC and critically
involved in the encoding of emotional information. Although we
aimed to modulate mPFC–MTL activity during the encoding
phase, it is possible that our stimulation procedure may have also
altered neural activity during early consolidation and/or retrieval
processes (i.e., during the short delay recognition test) because of
potentially long-lasting effects that extend 20–60min following
stimulation. Although we are unaware of any evidence to suggest
that the modified sTBS protocol implemented in the present
study would have modulated neural activity beyond the encoding
phase (e.g., modulating retrieval related processes), different
stimulation protocols may provide further insights into the role
of the mPFC activity near the time of encoding in selectively pre-
serving negative information following a sleep-filled delay.
Furthermore, it is unclear whether our results would differ had
we used a different TMS protocol. For example, as described
above, Bovy et al. (2020) found a causal role of the mPFC in gist-
based false memories implementing cTBS, while our sTBS proto-
col revealed a causal role of the mPFC in emotional memory
(collapsed across specific and gist-based memories). Of relevance
to this point, a recent meta-analysis of TMS effects on episodic
memory found that offline 1Hz rTMS led to larger enhancing
effects on episodic memory compared with other stimulation
protocols, including iTBS (Yeh and Rose, 2019). In addition, our
excitatory assumption was based on the study by Demeter et al.
(2016) that applied a similar sTBS protocol to the DLPFC and
found enhanced word recognition. Coupled with our own
enhanced memory for negative objects at a long delay, we find it
likely that sTBS had excitatory effects. Relatedly, if sTBS had in-
hibitory effects (like cTBS), then mPFC stimulation would have
been expected to reduce memory performance—as observed by
Bovy et al. (2020)—which we did not find. Our assumption that
sTBS has similar effects to iTBS protocols despite the differences
in the stimulation parameters (e.g., timing) is a limitation that is
present across the literature. For example, the excitatory effects
of iTBS are primarily based on stimulating the motor cortex but
are often assumed to have similar effects when stimulating other
cortical regions. Future work will be needed to probe whether
sTBS has similar excitatory effects as iTBS protocols.

Second, we only examined the effects of mPFC stimulation
during memory encoding. It is possible that mPFC stimulation
during a different stage of memory, such as during postencoding
periods, would lead to a different pattern of results. To draw
stronger causal claims about the role of mPFC in emotional
memory, we used an active control stimulation site (left MC)
instead of another common control site (i.e., vertex) or sham
stimulation. Prior findings have suggested vertex stimulation
may modulate activity in the default-mode network (Jung et al.,
2016), which is involved in emotion (Sheline et al., 2009) and
memory processes (Rugg and Vilberg, 2013). Although we can-
not rule out the possibility that MC stimulation contributed to
the effects on memory by impairing recognition of negative
objects, we find this possibility unlikely for two reasons. First,
memory performance in the MC stimulation group reported
here was comparable to memory performance in a no-stimula-
tion control group in a pilot study (data not reported). Second,
and most importantly, MC is not associated with emotional
memory. Last, future work is needed to determine whether dif-
ferent stimulation protocols (e.g., frequency, intensity, control
stimulation site, stage of memory) will contribute to further
insights about the role of encoding–consolidation interactions
involving the mPFC and its associated network.

Future work should conduct a more direct investigation of
the relationship between mPFC activity during encoding and
sleep-based consolidation in emotional memory. Sleep affords an
ideal environment for offline consolidation to transform, inte-
grate, and preserve salient and future relevant information
(Payne, 2011). Synchronous neural oscillations during sleep (e.g.,
theta oscillations, slow oscillations, spindles) have been observed
in the amygdala, hippocampus, and prefrontal cortex, and may
facilitate synaptic plasticity and selective memory consolidation
during sleep (Rasch and Born, 2013; Kim and Payne, 2020).
Examining the macroarchitecture and microarchitecture of sleep
in conjunction with causal methods like TMS will provide critical
insight into the neural mechanisms of emotional memory encod-
ing and consolidation.

In conclusion, the results of this study provide preliminary
evidence for a causal role of the mPFC in selectively preserving
negative memories. The current work moves beyond correla-
tional findings and provides initial causal support for theories
suggesting that activity and connectivity in an emotional mem-
ory network (e.g., mPFC–MTL) near the time of encoding inter-
act with subsequent consolidation processes (perhaps during
sleep) to form long-lasting emotional memories (Payne and
Kensinger, 2018; Kim and Payne, 2020).
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