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Abstract
Dorsolateral prefrontal cortex (DLPFC) is thought to organize items in working memory and this organizational role may also
influence long-term memory. To causally test this hypothesized role of DLPFC in long-term memory formation, we used
�-burst noninvasive stimulation (TBS) to modulate DLPFC involvement in a memory task that assessed the influence of
active short-term retrieval on later memory. Human subjects viewed three objects on a grid and then either actively retrieved
or passively restudied one object’s location after a brief delay. Long-term memory for the other objects was assessed after
a delay to evaluate the beneficial role of active short-term retrieval on subsequent memory for the entire set of object
locations. We found that DLPFC TBS had no significant effects on short-term memory. In contrast, DLPFC TBS impaired
long-term memory selectively in the active-retrieval condition but not in the passive-restudy condition. These findings are
consistent with the hypothesized contribution of DLPFC to the organizational processes operative during active short-term
retrieval that influence long-term memory, although other regions that were not stimulated could provide similar contribu-
tions. Notably, active-retrieval and passive-restudy conditions were intermixed, and therefore nonspecific influences of
stimulation were well controlled. These results suggest that DLPFC is causally involved in organizing event information
during active retrieval to support coherent long-term memory formation.
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Introduction
The hippocampus is essential for binding the various

elements that comprise events to form long-term memory
representations (Bunsey and Eichenbaum, 1996; Eichen-

baum and Cohen, 2001; Konkel et al., 2008; Giovanello
et al., 2009). However, much is unknown regarding how
event information is structured into coherently organized
memory representations (Bridge and Voss, 2015; Bridge
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Significance Statement

Although dorsolateral prefrontal cortex (DLPFC) has been implicated in short-term working memory
organization, its long-term memory contributions have not been established. Building on fMRI findings, we
tested the role of DLPFC in organizing event information during memory formation to support long-term
episodic memory. Our task involved both active-retrieval and passive-restudy encoding conditions, which
varied the extent to which event elements were organized around select information. Modulation of DLPFC
via �-burst noninvasive stimulation (TBS) selectively altered long-term memory formation in the active-
retrieval condition, but not the passive-restudy condition. These results pinpoint the role of DLPFC in
organizing event information to form coherent long-term memories and demonstrate that TBS can be used
to disentangle cognitive processes that contribute to long-term memory.
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et al., 2017). The prefrontal cortex could contribute to
memory organization, as it interacts with the hippocam-
pus during long-term memory encoding and retrieval (Blu-
menfeld and Ranganath, 2006; Murray and Ranganath,
2007; Hannula and Ranganath, 2009; Blumenfeld et al.,
2011; Voss et al., 2011). The lateral and frontopolar as-
pects of prefrontal cortex have been implicated in the
organization of information in working memory and in the
allocation of attention to goal-relevant event features
(D’Esposito et al., 1999; Postle et al., 1999, 2006;
D’Esposito and Postle, 2015). Prefrontal selection pro-
cesses could therefore serve to structure event informa-
tion so that it is bound by the hippocampus in an
organized way, enabling the formation of coherent mem-
ory representations (Blumenfeld and Ranganath, 2006;
Blumenfeld et al., 2011).

Previous studies have shown that active short-term
memory retrieval of one element from a multi-element
event causes subsequent long-term memories to become
organized around the retrieved element (Bridge and Voss,
2015; Bridge et al., 2017). In those studies, retrieved
elements later served as superior retrieval cues for other
event elements, indicating the memory was coherently
structured around the retrieved elements. Furthermore,
this beneficial effect of short-term retrieval on coherent
memory formation was associated with interactivity be-
tween the hippocampus and a frontoparietal set of re-
gions that included the dorsolateral prefrontal cortex
(DLPFC) as measured via fMRI (Bridge et al., 2017). In the
current study, we used �-burst transcranial magnetic
stimulation (�-burst noninvasive stimulation; TBS) to test
the role of DLPFC in memory organization, using a mod-
ification of the memory paradigm that previously identified
prefrontal-hippocampal interactions relevant for long-
term memory organization (Bridge et al., 2017).

Other studies have used TBS to test the role of prefron-
tal cortex in long-term memory (e.g., Lee et al., 2013;
Blumenfeld et al., 2014; Ryals et al., 2015). However,
those studies have focused on general memory con-
structs (i.e., overall accuracy and response confidence)
without specifically testing the role of DLPFC in long-term
memory organization. In previous studies on working
memory, transcranial magnetic stimulation (TMS) of the
prefrontal cortex has modulated its interaction with pos-
terior cortical regions responsible for perceptual repre-

sentation, thereby modulating working-memory accuracy
(Zanto et al., 2011; Lorenc et al., 2015). Likewise for
long-term memory, prefrontal stimulation has been shown
to alter interactions with the hippocampus in relation to
task performance (Bilek et al., 2013). Although fMRI stud-
ies have been used to identify the intersection between
organizational processes during working-memory and
subsequent long-term memory representations in the
DLPFC and hippocampus (Blumenfeld and Ranganath,
2006; Murray and Ranganath, 2007; Blumenfeld et al.,
2011; Bridge et al., 2017), no study has tested the causal
role of DLPFC in this process using noninvasive stimula-
tion.

The current study followed previous research on the
role of DLPFC organizational and selection processes that
contribute to long-term memory (Bridge and Voss, 2015;
Bridge et al., 2017), but with modifications to accommo-
date TBS. In those previous experiments, subjects stud-
ied many events each comprised of three objects at
specific locations. Following a brief delay after each
event, subjects either selected an object and retrieved its
location (active retrieval) or moved an object to its location
indicated by a visual cue (passive restudy). During de-
layed memory testing, subjects were given one object as
a reminder cue and memory for one of the non-
manipulated objects was tested. The major behavioral
finding in those studies was that subjects recalled the
non-manipulated object locations more accurately when
the actively retrieved objects served as the reminder cue,
compared to when the passively moved objects served as
the reminder cue. Thus, objects that subjects selected for
active short-term retrieval became strongly bound to the
rest of the objects within an event, and therefore served
as strong reminder cues for the entire event episode.
Furthermore, fMRI findings indicated that the active ma-
nipulation condition involved interactions between the
DLPFC and the hippocampus that were not seen in the
passive manipulation condition and that were related to
later long-term memory (Bridge et al., 2017). These results
indicate that active retrieval as measured by this experi-
ment design has an organizational influence on memory
content, with the long-term memory content coherently
organized around the actively retrieved content. Further,
this process is associated with DLPFC-hippocampus in-
teractions during active retrieval.

The current experiment follows the general logic of
these previous experiments (Bridge and Voss, 2015;
Bridge et al., 2017), but with TBS used to influence
DLPFC function. A between-group design was used,
whereby each subject completed versions of the afore-
mentioned memory task on two separate days. One group
received sham (near-zero intensity) TBS before task per-
formance on both days (sham group) and the other group
received sham TBS before task performance on the first
day then active (full-intensity) TBS before task perfor-
mance on the second day (stim group). This allowed us to
compare each subject’s performance following active or
sham TBS to their performance at the sham-intensity
baseline session. Based on the considerations reviewed
above, particularly the previous evidence that DLPFC-
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hippocampal interactions are relevant for the effects of
active retrieval on subsequent long-term memory (Bridge
et al., 2017), we hypothesized that TBS of the DLPFC
would disproportionately affect memory for objects in the
active-retrieval condition. The experiment design permit-
ted assessment of TBS effects on both short-term mem-
ory and long-term memory, such that the role of DLPFC in
the long-term memory organization process could be
more precisely specified.

Materials and Methods
Subjects

Data were collected from 30 healthy adults (18 women;
ages 18–38 years). Subjects were randomly assigned in
equal numbers to the sham group and the stim group.
Two subjects, one from each group, were excluded from
all analysis. One subject was excluded due to poor per-
formance on the short-term spatial memory task at the
first session (performance fell �2 SDs below the mean:
M � 0.27) and the second subject was excluded due to
poor performance on the associative recognition test at
the first session (M � 0.41), leaving n � 14 per group for
the final analyses (sham: seven female, mean age � 25.1
years; stim: nine female, mean age � 28.1 years). No
subjects reported neurologic or psychiatric disorders or
the current use of psychotropic drugs. All subjects were
deemed eligible for MRI and TMS procedures based on
standard safety screenings (Rossi et al., 2009) overseen
by a board-certified neurologist (S.A.V.). All subjects gave
written consent and were remunerated for their participa-
tion. The study was approved by the Institutional Review
Board.

Design overview
Subjects completed two memory testing sessions with

an �48-hour interval between sessions (41–55 h). Sub-
jects were randomly assigned to either the stim or sham
condition. session 1 was identical across subject groups
and served as a baseline for session 2 performance. At
session 1, all subjects received sham-intensity TBS,
which was set to 20% of the subject’s motor threshold
(see below). TBS took �40 s. Immediately following stim-
ulation (within 5 min), subjects began the memory task,
including three study-test blocks. Testing was completed
within 60 min of stimulation (within the generally accepted
after-effect period for TBS; Thut & Pascual-Leone, 2010).
Session 2 was identical to session 1, but with different
stimulation intensity for the stim group. Subjects in the
sham condition received the same stimulation protocol as
during session 1, whereas subjects in the stim group
received TBS at 80% motor threshold. Following stimu-
lation, subjects completed the same memory task as on
the first session but with a different set of stimuli.

MRI
Structural MRI scans were acquired before the first

session to provide subject-specific anatomic guidance for
TMS. Structural MRI scans were obtained using a Sie-
mens 3T TIM Trio whole-body scanner with a 32-channel
head coil (MPRAGE T1-weighted scans, TR � 2400 ms,

TE 3.16 ms, voxel size � 1 mm3, FOV � 25.6 cm, flip
angle 8°, 176 sagittal slices). MRI data were processed
using AFNI (Cox, 1996). Structural MRI data were trans-
formed into stereotactic space using the Montreal Neuro-
logic Institute (MNI-305) template (Evans et al., 1993), and
the transformation matrix was stored to allow conversion
between original and standardized spaces. The stimula-
tion target was marked at MNI coordinate (�28, –1, �68)
based on fMRI results from Bridge et al. (2017). This
stimulation target was the posterior aspect of the superior
frontal gyrus. This area showed increased activity at the
group level immediately following active retrieval relative
to passive re-exposure while subjects restudied the ob-
jects in their locations, and was therefore associated with
active retrieval within the same experimental design as
used here (Fig. 1). The normalized structural image with
the target marked was then transformed back into original
MRI space for localization during TBS. TBS was thus
delivered to the same MNI coordinate in all subjects
despite individual differences in neuroanatomy.

TMS
TMS was delivered under stereotactic guidance using a

Nexstim eXimia NBS 4.3 with a 70-mm figure-eight coil
(Nexstim Ltd.). Passive motor threshold was determined
as the minimum intensity required for single TMS pulses
of the M1 thumb area to produce contraction of the
abductor pollicis brevis of at least 50 mV for 6/10 con-
secutive trials, as measured by surface EMG (Rossini
et al., 1994).

TBS involved three biphasic pulses at 50 Hz delivered
every 200 ms (5 Hz) for 40 s, yielding 600 total biphasic
pulses. Sham-intensity TBS was delivered at 20% of mo-
tor threshold (M � 7.1% maximum stimulator output).
Active TBS for the Stim condition was delivered at 80% of
motor threshold (M � 30.6% maximum stimulator output).
For ten subjects (two stim, eight sham) who had motor
thresholds for which 80% would have exceeded the max-
imum intensity of the Nexstim system for the �-burst
protocol, the maximum stimulation intensity for the sys-
tem was applied for stim (M � 38% maximum stimulator
output, equivalent to M � 64.8% of motor threshold for
these subjects). For sham, 20% of the maximum stimu-
lation intensity was used (M � 7.6% maximum stimulator
output, equivalent to M � 16.84% of motor threshold for
these subjects). Subjects received a test pulse before
TBS, and were given the option to discontinue stimulation
at any point if they found it aversive.

Although a potential concern with the sham TBS control
condition is that lower intensity cannot produce the same
sensations experienced with full-intensity TBS (Jung
et al., 2016), it is important to note that hypotheses con-
cerned effects of TBS on active-retrieval versus passive-
restudy trials, which were intermixed. It is unlikely that any
nonspecific physical sensations caused by full-intensity
TBS would selectively influence performance for these
trials. Testing was automated and performed after TBS
administration was complete, and subjects were unaware
of condition-specific hypotheses.
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Memory task
Two sets of 240 object images were used, for a total of

480 unique object images. One set comprised images of
real-life objects (Brodeur et al., 2010), and the other set
comprised color drawings of objects (Rossion and Pour-
tois, 2004). Each block contained unique objects, all from
the same object set. Each object was encapsulated by a
white box with dimensions 3.71 � 3.71 cm. Most of the
screen was occupied by a green rectangular grid com-
posed of 18 individual spaces separated by thick, black
lines. Additional gray space at the bottom of the screen
was reserved for the object recognition and spatial recall
tests. Each object could appear in the center of any of the
18 grid spaces. The grid dimensions were 34.65 � 13.61
cm. The screen resolution was 1280 � 720 pixels on an
LCD monitor, with a refresh rate of 60 Hz.

Subjects completed three study-test blocks. Each
study block consisted of 10 active trials, 10 passive trials,
and four catch trials, administered in intermixed, random-
ized order. During each active and passive trial, subjects
studied three objects in unique locations on a grid (Fig. 1).
After a brief distractor, one object was subjected to an
active or passive manipulation (i.e., active retrieval vs
passive restudy), in which all three objects appeared at
the bottom of the grid, and subjects selected one object
and move it to its associated location. The active and
passive study trials were randomly intermixed during the
Study phase of each block. Immediately following the
manipulation, subjects restudied the objects in their as-
sociated locations. Following a block of 24 study trials,
subjects completed the long-term memory test. One ob-
ject from each study trial trio served as a reminder cue.
Subjects selected the object associated with the reminder
cue (out of two options) and then recalled its associated
location.

Subjects initially studied the three object locations for
4000 ms. This was followed by a brief distractor task,
during which subjects viewed two kaleidoscope images
consecutively and had to decide whether the images were
identical or different. After the distractor task, one object
was subjected to an active or passive manipulation. In the
active condition, subjects chose one object and recalled
its associated grid location (active retrieval). This served
as the short-term spatial memory test. If the object was
placed in an incorrect location, it immediately moved to its
correct location. In the passive condition, subjects moved
the preselected object to its location on the grid indicated
by a visual cue (passive restudy). The preselected object
was highlighted by a thick red outline, and its associated
location on the grid was indicated by a red box. Following
the manipulation, subjects restudied all three objects in
their correct locations for 4000 ms. A 1000-ms intertrial
interval occurred between each study trial.

In addition to the active and passive trials, four ran-
domly distributed catch trials occurred during the study
phase. The catch trials served to encourage subjects to
view all objects during the initial study period. On catch
trials, subjects were required to recall one randomly se-
lected object’s location after the initial study period. Sub-
jects then received immediate feedback on their recall
accuracy. Catch trials were not subsequently tested or
analyzed.

Following each study block, subjects viewed pictures of
cats during a 60-s delay. Subjects then completed the
test phase. The test phase included 20 trials (catch trials
were not included in the test phase). For each object trio
from the study phase, one object (either manipulated or
non-manipulated) appeared in its location on the grid,
serving as a reminder cue for one of the associated
objects from the same set. Manipulated objects were

Figure 1. Experimental design overview. At each experimental session, subjects received full-intensity TBS or sham-intensity TBS to
an area of right DLPFC identified via an fMRI experiment using similar memory testing conditions (Bridge et al., 2017), as marked in
red. Immediately following stimulation, subjects completed three study-test blocks. Active-retrieval and passive-restudy trials were
randomly intermixed. For active-retrieval trials, subjects studied three objects (initial study; 4 s), then selected one object (�1.8 s), and
moved it to its associated location (�1.1 s; manipulation). These trials were used to assess short-term spatial recall accuracy. For
passive-restudy trials, subjects clicked on the highlighted object (�1.3 s) and then dragged the experiment-determined object to its
associated location (�1.2 s), indicated by a red box on the grid. Subjects then continued to view all objects at their associated
locations (restudy; 4 s). Following a 60-s distractor, subjects completed delayed memory testing. Subjects attempted to select the
object at the bottom of the screen associated with the reminder cue on the grid, given the presence of a foil from a different trial (�2.2
s; associative recognition) and then moved the object to its associated location (�1.6 s; long-term spatial recall).
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reminder cues on half of the trials and non-manipulated
objects were reminder cues on the other half of the trials.
Subjects were given two familiar object choices below the
grid and were prompted to select the object that had been
studied with the cue (associative recognition test), and
then recall its associated location on the grid (long-term
spatial memory test). Each object choice appeared on two
separate test trials: once as the correct object choice
associated with the cue, and once as a lure. Importantly,
the tested objects were always non-manipulated objects.

Results
Short-term spatial memory

During the Active retrieval study manipulation, subjects
selected one object and recalled its associated location
shortly after initially studying the objects. We measured
short-term spatial memory at each session as the propor-
tion of trials in which subjects placed the object its correct
location during the Active retrieval study manipulation
(Fig. 2A). The groups did not differ in session 1 accuracy
[sham: M � 0.84, SE � 0.04; stim: M � 0.80, SE � 0.03;
t(26) � 0.53, p � 0.60]. To examine effects of stimulation
on short-term spatial recall, we subtracted the session 1
baseline accuracy from session 2 accuracy for each
group and compared this change in performance be-
tween groups. We conducted a one-way t test for each
group to determine whether short-term recall perfor-
mance changed significantly across testing sessions. Per-
formance in the sham group tended to improve across

sessions [t(13) � 1.97, p � 0.07], whereas performance did
not change across sessions for the stim group [t(13) �
0.66, p � 0.52]. A two-way t test comparing the change in
performance across groups indicated no differences
across groups [t(26) � 1.13, p � 0.27]. These results
suggest that DLPFC stimulation produced no significant
changes in the accuracy of short-term memory retrieval,
despite a numerical trend for reducing a weak practice
effect across sessions that was evident in the sham group
in the absence of stimulation.

Long-term associative recognition memory
We measured associative recognition accuracy by cal-

culating the proportion of trials in which subjects selected
the correct object associated with the reminder cue dur-
ing the delayed memory test (Fig. 2B). For this analysis,
we only considered trials in which the manipulated object
was correctly placed in its original location during the
study phase. Active [sham: M � 0.78, SE � 0.03; stim:
M � 0.83, SE � 0.04; t(26) � 0.89, p � 0.38] and passive
[sham: M � 0.80, SE � 0.05; stim: M � 0.77, SE � 0.05;
t(26) � 0.49, p � 0.63] scores did not differ among groups
at baseline during session 1. We computed the change in
associative recognition accuracy due to stimulation by
subtracting session 1 performance from session 2 perfor-
mance for each group and for each condition. We con-
ducted a two-way mixed ANOVA with stimulation
condition (stim vs sham) as the between-subjects factor
and study condition (active vs passive) as the within-

Figure 2. Short-term and long-term episodic memory following DLPFC stimulation. A, Short-term spatial memory was not significantly
altered due to DLPFC stimulation. B, Long-term associative recognition memory was selectively reduced in the active-retrieval
condition following DLPFC stimulation relative to sham. C, Long-term spatial recall in the active-retrieval condition was also selectively
impaired following DLPFC stimulation relative to sham. Error bars depict SEM. �p � 0.1, �p � .05, ��p � .01.
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subjects factor. This revealed a significant effect of stim-
ulation [F(1,26) � 5.15, p � 0.03]. However, this main effect
was qualified by an interaction of stimulation and study
conditions [F(1,26) � 7.37, p � 0.01]. In the active condi-
tion, the change in associative recognition accuracy was
significantly less following stim compared to sham stim-
ulation [t(26) � 3.47, p � 0.002]. However, changes in
associative recognition performance in the passive con-
dition did not vary for the stim and sham conditions
[t(26) � 0.21, p � 0.84]. These results indicate that DLPFC
TBS selectively impaired long-term associative recogni-
tion for those trials that involved active retrieval during
encoding.

We conducted follow-up one-way t tests to determine
whether performance significantly changed across ses-
sions for each group and study condition. For the active
condition, associative recognition accuracy significantly
improved across sessions for the sham group [t(13) � 3.99,
p � 0.002], whereas DLPFC stimulation blocked this
memory improvement in the stim group [t(13) � 0.75, p �
0.46]. These results were in stark contrast to the passive
condition, in which both the sham group [t(13) � 1.89, p �
0.08] and the stim group tended to improve across ses-
sions [t(13) � 2.11, p � 0.05]. These results show that
DLPFC stimulation selectively impaired long-term mem-
ory performance for sets of objects that were encoded
with the active retrieval manipulation. These results pro-
vide support for the hypothesis that (1) active retrieval
promotes organization of event information to support
coherent long-term memories and (2) DLPFC contributes
to the active retrieval organization process.

Long-term spatial recall
Immediately after subjects selected the associated ob-

ject during the delayed memory test, they were prompted
to place the selected object in its original location (Fig.
2C). We quantified long-term spatial memory accuracy as
the proportion of trials in which subjects placed the as-
sociated object in its correct location.

We conducted a two-way mixed ANOVA with stimula-
tion condition (stim vs sham) as the between-subjects
factor and study condition (active vs passive) as the
within-subjects factor. The main effect of stimulation con-
dition was significant [F(1,26) � 4.77, p � 0.04]; however,
the interaction of Stimulation condition and study condi-
tion was not significant [F(1,26) � 1.34, p � 0.26]. Impor-
tantly, baseline long-term spatial recall scores at session
1 did not differ across stimulation groups for the active
condition [sham: M � 0.52, SE � 0.05; stim: M � 0.51,
SE � 0.06; t(26) � 0.05, p � 0.96] nor for the passive
condition [sham: M � 0.56, SE � 0.04; stim: M � 0.55,
SE � 0.06; t(26) � 0.21, p � 0.83].

Given our hypothesis that DLPFC stimulation should
selectively alter performance in the active condition, we
conducted a priori t tests to determine whether the same
pattern we observed for associative recognition accuracy
was present for long-term spatial recall. Consistent with
our hypothesis, long-term spatial recall accuracy was
significantly worse following stim compared to Sham
stimulation [t(26) � 2.38, p � 0.02]. However, DLPFC

stimulation did not significantly alter long-term spatial
recall performance in the passive condition [t(26) � 1.27,
p � 0.21].

We conducted follow-up one-way t tests to determine
whether long-term spatial memory performance signifi-
cantly changed across sessions for each group and study
condition. For the active condition, long-term spatial re-
call significantly improved across sessions for the sham
group [t(13) � 2.95, p � 0.01], whereas performance did
not change across sessions for the stim group [t(13) �
0.54, p � 0.60]. On the other hand, for the passive con-
dition, neither the sham group [t(13) � 1.09, p � 0.30] nor
the stim group [t(13) � 0.68, p � 0.51] showed improve-
ments in long-term spatial recall across sessions. These
results suggest that the active retrieval manipulation dur-
ing study enabled subjects to improve long-term spatial
memory performance across sessions, whereas the pas-
sive condition did not enable any such improvement,
perhaps because subjects were able to implement a more
effective retrieval-induced organizational strategy after
practicing the task at session 1 in the sham group. Fur-
thermore, these results provide more support for the hy-
pothesis that DLPFC is selectively and causally involved
in effectively organizing event information to support the
formation of coherent long-term memory representations.

Discussion
Previous studies have shown that active retrieval of

select information during learning promotes the formation
of coherent memory representations by causing event
information to become organized around the retrieved
content. Furthermore, an fMRI study showed that DLPFC
is involved in this retrieval-induced organizational process
(Bridge et al., 2017). Here, we tested whether DLPFC
plays a critical role in organizing relational elements to
support long-term memory formation. To do this, we ap-
plied �-burst stimulation to the DLPFC of subjects before
completing a memory task that involved both active-
retrieval and passive-restudy learning conditions. Despite
no significant effects on short-term retrieval accuracy,
TBS had robust effects on long-term associative recog-
nition memory and spatial recall in the active-retrieval
condition, but not in the passive-restudy condition. Im-
portantly, we focused only on those trials for which short-
term recall was accurate, and so effects on long-term
memory were not likely secondary to effects on short-
term memory (coupled with the fact that effects on short-
term memory were not significant). Thus, DLPFC
stimulation did not merely disrupt long-term relational
memory, but it disrupted the beneficial effects of short-
term active retrieval on long-term memory formation. We
hypothesize that DLPFC stimulation impaired the organi-
zational processes that are typically engaged following
active retrieval. As a consequence, memory of the entire
episode was disrupted in the active condition. On the
other hand, because these organizational processes are
not actively engaged following passive restudy, memory
performance remained intact following stimulation for this
condition. Our within-subjects manipulation of study con-
dition (active/passive) thus yielded high specificity regard-
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ing the influence of stimulation on DLPFC contributions to
long-term memory.

Although substantial research has shown that DLPFC is
causally involved in working memory organization, no
studies have shown that it is necessary for organizational
processes that promote coherent long-term memory for-
mation. It is interesting that the effects of stimulation were
minimal on short-term spatial recall, although DLPFC sig-
nificantly modulated long-term memory for events en-
coded within this active retrieval study condition. We
hypothesize that the DLPFC contribution to long-term
memory organization occurred immediately following ac-
tive retrieval, during the ensuing restudy period. Indeed,
these results are consistent with fMRI results showing
enhanced DLPFC activity following active retrieval, but
not during retrieval (Bridge et al., 2017). During the re-
study interval, we have shown that active retrieval influ-
ences the pattern of exploratory eye movements subjects
engage in, and that these strategic eye movement pat-
terns contribute to long-term memory. Specifically, fol-
lowing active retrieval, subjects divert their attention away
from the retrieved element and focus attention on the
other non-retrieved elements. This pattern of exploratory
eye movements promoted long-term memory and in-
volved coordination between hippocampus and DLPFC.
Future studies should use eye-movement tracking paired
with TMS to determine whether DLPFC is causally linked
to exploration during learning.

There have been some inconsistent findings regarding
the influence of TBS on memory function. Whereas some
studies have shown that TBS applied to the prefrontal
cortex disrupts long-term memory (Blumenfeld et al.,
2014), others have shown TBS prefrontal stimulation en-
hances long-term memory in some conditions (Lee et al.,
2013; Blumenfeld et al., 2014; Ryals et al., 2015). These
studies stimulated different prefrontal locations and mea-
sured effects using different task formats, which may
have contributed to divergent results. Indeed, TBS stim-
ulation effects vary considerably across studies using
different stimulation locations and cognitive measures
(Demeter, 2016). Likewise, TBS effects on prefrontal cor-
tex are likely complex and poorly understood. It is unlikely
that TBS influenced only the stimulation location of
DLPFC, given that noninvasive stimulation is generally
thought to influence activity within distributed networks
(Fox et al., 2012), and prefrontal TBS has been shown to
influence widespread prefrontal connectivity (Gratton
et al., 2013). It is possible that the functional network
including DLPFC and hippocampus was influenced by
stimulation, as studies have shown that this network is
critical for the effects of the active-retrieval condition on
memory organization using a variant of the current para-
digm (Bridge et al., 2017), and previous studies have
shown that prefrontal TMS can change hippocampal ac-
tivity during memory-related processing (Bilek et al.,
2013). Importantly, our results do not show selective in-
volvement of DLPFC in organizing memories during active
learning, as we did not stimulate any other regions. In-
deed, based on previous fMRI findings (Bridge et al.,
2017), portions of the parietal cortex may work together

with DLPFC to support memory organization. However,
we do show that DLPFC is involved specifically in the
active retrieval learning condition and not the passive
restudy learning condition, demonstrating that it is cru-
cially involved in organizational processes during learning
that support long-term memory.

In conclusion, the findings suggest that DLPFC TBS
causally influences the organizational processes occur-
ring during active retrieval that structure long-term mem-
ory. These results support the previously established role
of DLPFC in organizing event information. The study
shows that TBS can be successfully employed to inves-
tigate the DLPFC contributions to complex memory func-
tions, and lays a solid foundation for future studies looking
at the role of DLPFC in creating coherent episodic mem-
ories.
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