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a b s t r a c t

Background: Direct electrical stimulation applied to the human medial temporal lobe (MTL) typically
disrupts performance on memory tasks, however, the mechanism underlying this effect is not known.
Objective: To study the effects of MTL stimulation on memory performance.
Methods: We studied the effects of MTL stimulation on memory in five patients undergoing invasive
electrocorticographic monitoring during various phases of a memory task (encoding, distractor, recall).
Results: We found that MTL stimulation disrupted memory performance in a timing-dependent manner;
we observed greater forgetting when applying stimulation during the delay between encoding and
recall, compared to when it was applied during encoding or recall.
Conclusions: The results suggest that recall is most dependent on the MTL between learning and
retrieval.

© 2017 Elsevier Inc. All rights reserved.
1. Introduction

Following in the tradition established by Wilder Penfield [1],
cognitive neuroscientists have begun to use direct electrical stim-
ulation (DES) to uncover the neural basis of human cognition. DES
applies a voltage difference on the cortical surface or within the
brain parenchyma, and provides a means of modulating local
neural elements and their connections [2]. DES creates a short-lived
(reversible) lesion, which is used clinically to demonstrate the
behavioral function of specific brain regions [3]. Using this para-
digm, researchers have shown that DES in themedial temporal lobe
(MTL) frequently impairs memory performance [4e8]. However,
MTL (medial temporal lobe).
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the mechanism by which MTL DES impairs performance is not
known.

Identifying the specific manner by which MTL DES impairs
memory is an increasingly relevant area of research: both for
memory theory and for clinical neuroscience. In particular, recent
research has suggested that MTL stimulation can, under certain
circumstances, enhance memory [9] and has led to the suggestion
that electrical stimulation could be used to enhance memory in
cases of pathological decreases in mnemonic function [10]. How-
ever, before clinical devices can be built to boost memory in the face
of pathology, a better understanding of the precise effect of stim-
ulation on memory is needed. A fundamental and unanswered
question regarding the mechanistic action of MTL DES is whether it
affects a specific mnemonic process or has a global effect on
cognitive function.

Human memory function depends on a variety of cognitive
processes that can grossly be divided into three categories: those
related to stimulus encoding, maintenance, and retrieval. If MTL
DES disrupts memory by altering a specific mnemonic processes,
one would expect the effects of MTL DES on performance to be
stage-dependent (i.e., to have differential effects based on whether
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Fig. 1. A. Free-recall stimulation task. The schematic represents one trial of the free-
recall task subjects performed. We applied five second stimulation pulses to the left
MTL at variable phases of the experiment e encoding, arithmetic distractor, or recall
period. B. Sham stimulation probability of recall and probability of first recall by
serial position. During sham trials, both the probability of recall and the probability of
first response were modulated by serial position (respectively, MSE ¼ 0:024,
F2;23 ¼ 5:28, p ¼ 0:020 and MSE ¼ 0:304, F2;23 ¼ 50:8, p<0:0001). Subjects began
recall with the first serial position more commonly than second or third word
(respectively, t7 ¼ 8:37, p<0:0001; t7 ¼ 8:63 and p<0:0001). Error bars are centered
at across-electrode mean and represent ± 1 SEM.
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it was applied during encoding, maintenance or retrieval). Alter-
natively, if MTL DES functioned by altering global cognitive func-
tion, one would expect MTL DES to have similar effects on memory
performance regardless of the stage during which it was applied.

(e.g., one's car keys) and contextual information (an integrated
representation of external and internal features, such as the
external environment and emotions, respectively), whereas
retrieval involves a cued reinstatement of a previous contextual
state. Alternatively, theories of working memory suggest that suc-
cessful memory involves active maintenance of perceived stimuli
or associations until time of test (e.g., by rehearsing a short list of
items repeatedly). Both theoretical frameworks posit a distinct set
of cognitive functions occur during encoding, delay and recall.

In this study, we leveraged the rare opportunity to study the
mechanism by which MTL alters memory performance in patients
undergoing invasive electrocortographic monitoring and brain
stimulation. Patients performed a verbal memory task as we
applied stimulation at eight left-sided medial temporal lobe elec-
trode sites during various phases of the task (encoding, distractor
interval, recall). Consistent with previous studies [5e7], we found
that dominant MTL stimulation impairs memory performance.
However, this disruptive effect was timing-dependent: we
observed greater forgetting when stimulation was applied during
the delay between encoding and recall, compared to when it was
applied during encoding or recall. Performance on a distractor
arithmetic task was not affected by stimulation. Our results suggest
that MTL stimulation disrupts memory performance by selectively
altering a cognitive process that occurs in between encoding and
recall, and not by a global impairment of cognition. Possible
mechanisms for this disruptive effect include enhanced contextual
drift between encoding and recall (“contextual flushing;”),
disruption of unconscious neural replay of past traces, or impaired
conscious maintenance of recently encoded events.

2. Materials and methods

Five patients (age range 19� 57; twowomen) with medication-
resistant epilepsy underwent surgical procedures at Thomas Jef-
ferson University in which subdural strip or depth electrodes were
implanted to localize epileptogenic regions, including left medial
temporal lobe sites, for possible surgical resection. All patients were
left-language dominant, defined as right-handedness or evidence
of left-language dominance on intracarotid sodium amytal injec-
tion or fMRI testing. Our research protocol was approved by the
institutional review board and informed consent was obtained
from the subjects.

Each patient participated in a free-recall task (see Fig. 1A). The
task was developed using the python experiment-programming
library [PyEPL; see Ref. [11]] and administered at the subject's
bedside using a laptop computer. A fixation cross presented in the
center of the screen for 10 s signaled the onset of each study list.
Each item in the list was serially presented over a 6 s interval
following which, subjects performed a minimum 10 s arithmetic
distractor. They then recalled as many words as possible from the
most recently presented list in a 10 s recall period. Lists comprised
three words chosen randomly and without replacement from a
pool of high-frequency nouns (http://memory.psych.upenn.edu/
WordPools). In the case of one subject (subject three), we
increased the list length to five words at a second electrode site
given ceiling behavioral performance. All subjects completed at
least 10 trials of each type at each electrode site.

A neuroradiologist experienced in neuroanatomical localiza-
tions identified bipolar pairs of electrodes within medial temporal
lobe sites [12], which we used to administer DES. Electrodes were
either circular 2.4 mm exposed diameter subdural contacts spaced
every 10 mm (Integra Lifesciences, N.J., U.S.A) or cylindrical 2.4 mm
length, 1.2 mm diameter depth contacts spaced every 8 mm
(Adtech, W.I., U.S.A.). A Grass S12 cortical stimulator (Natus, Rhode
Island, U.S.A.) generated constant current, 50 Hz, biphasic square
wave pulses of 300 ms per phase (i.e. each 20 ms period began with
600ms of stimulation), 5 s trains, at subafterdischarge threshold,
which we administered to the medial temporal lobe synchronized
to different phases of the memory task (see below). Prior to
participating in the memory task, an epileptologist or neurosur-
geon trained in direct cortical stimulation identified the after-
discharge threshold by slowly increasing current levels by 0.50 mA
intervals until s/he identified afterdischarge potentials on the
clinical recording system. We applied standard electroencephalo-
gram definitions of afterdischarge potentials, which include various
rhythmic spike or wave morphologies [13]. Amperage was
decreased by 1 mA relative to the afterdischarge level for the
memory experiment. The clinical recording system was monitored
by a neurologist or neurosurgeon during the memory task. When
afterdischarge potentials were present during the experiment, the
task was paused for at least 2 min, the associated trial was dis-
carded, and the amperage was decreased by 5e15%. Patients were
tested for clinical symptoms during and after afterdischarge po-
tentials to ensure no seizure had occurred.

There were four trial types: sham (no stimulation provided), or
stimulation to the medial temporal lobe during the encoding in-
terval (stimulation onset with the first item presentation), dis-
tractor interval (stimulation onset with the first math question), or
the retrieval interval (stimulation onset with the “***” that repre-
sented the “GO” cue for retrieval). Trial type was ordered pseu-
dorandomly and constrained such that successive series of eight
trials included two of each timing condition. For the first four pa-
tients, stimulation was manually initiated by the clinician using a
pre-determined stimulation schedule for that particular session,
whereas for the last patient, stimulation was initiated automati-
cally. We attempted to blind patients from the type of trial in the
following ways: first, they were not able to see the monitors that
were used by the clinician to monitor for after-discharges, second,
when manual initiation of stimulation was used, a button was
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pressed during all trial types (including sham trials), third, we
applied stimulation at currents below the threshold at which
subjects became aware of stimulation-evoked sensation.

For every stimulated electrode site we determined the differ-
ence in the probability of recall between each stimulation condition
and the sham condition. We then determined if the number of
words recalled varied as function of stimulation phase by applying
a one-way, repeated-measures ANOVA to these distributions of
difference values. An analogous analysis was applied to a secondary
memory performance measure: response time.

3. Results

We administered a free-recall stimulation task (Fig. 1A) to five
left-language dominant subjects (two women) at eight unique bi-
polar electrode sites; clinical characteristics and baseline cognitive
data are reported in Table 1. The task assessed memory perfor-
mance based on randomly varying when sub-afterdischarge stim-
ulation was delivered (during learning, distractor, recall, or sham).
Lists initially comprised three words for all electrode stimulations.
Subject 3 demonstrated ceiling performance at his first electrode
site; we therefore increased list length to five for his second stim-
ulation location. Among bipolar stimulation sites (see Table 1),
average current density ranged from 9.0 to 39.8 mC/cm2/phase, all
within the range safely tolerated by brain tissue [14,15].

Fig. 1B illustrates behavioral performance during sham trials. In
delayed recall, healthy controls exhibit a strong primacy effect; that
is they exhibit better memory for early list items and frequently
initiate recall at the start of the list [16]. Our subjects demonstrated
these same phenomena: variability in both the probability of recall
and probability of first recall during sham trials at each of eight
electrodes was modulated by serial position (respectively,
MSE ¼ 0:024; F2;23 ¼ 5:28; p ¼ 0:020, and
MSE ¼ 0:304; F2;23 ¼ 50:8; p<0:0001). Beginning recall with the
first word of a list was particularly common relative to the second
(t7 ¼ 28:63; p<0:0001) and third (t7 ¼ 8:38; p<0:0001) words in a
list.

A comparison of all stimulation trials to sham trials revealed a
significant decrease in the probability of recall (76% vs.
83%; t7 ¼ 4:37; p ¼ 0:003). As our primary question was to assess if
recall was modulated as a function of stimulation task timing, for
each stimulation condition (encoding, distractor, and retrieval) we
Table 1
Subject demographics, clinical characteristics, electrode locations and stimulation param

Subject Gender Age Race Language
Dominance

IQ/
VIQ

Seizure onset Pathology

1 M 47 White Left N.A./
87

R. frontal, MTL e

2 M 55 White Left 113/
105

L. frontal lobe,
cingulate gyrus

N.A.

3 M 57 More than
1

Left 88/
93

L. temporal and
MTL

e

4 F 43 White Left 95/
98

R. frontal Subpial gliosis

5 F 19 African
American

Left 80/
72

L. temporal and
MTL

Dentate gyrus
dispersion

Abbreviations: (V)IQ: (Verbal) Intelligence Quotient.
Hip: Hippocampus.
PRC: Perirhinal cortex.
EC: Entorhinal cortex.
TPC: Temporal polar cortex.
calculated a normalized probability of recall by calculating the
difference relative to sham trials for each stimulation site. To assess
for differential effects of the timing of stimulationwe compared the
three distributions of normalized values across stimulation sites. A
one-factor, repeated-measures ANOVA revealed that performance
at each electrode stimulation site varied as a function of stimulation
timing (see Fig. 2A; MSE ¼ 0:019; F2;23 ¼ 5:97; p ¼ 0:013). More-
over, paired t-tests demonstrated that stimulation during the dis-
tractor period was more disruptive of recall memory (12:9±3:4%
worse than sham) than when current was applied during the
encoding phase (t7 ¼ 2:41; p ¼ 0:047; 3:9±1:4% worse than sham)
or retrieval phase (t7 ¼ 3:18; p ¼ 0:016; 5:1±1:7% worse than
sham). In sum, recall was most impaired when medial temporal
lobe stimulationwas applied during the interval between encoding
items and retrieving them, compared towhen it was applied during
the learning or recall periods.

Having established a differential effect of medial temporal lobe
stimulation timing on probability of recall, we asked whether
stimulationmodulates response time.We operationalized response
time as the interval between retrieval period onset and first correct
recall. Analogous to the probability of recall analysis above, we
calculated a normalized response time for each stimulation timing
condition at each electrode site based on the difference with sham
trials at each stimulation site (see Fig. 2B). A one-factor, repeated
measures ANOVA assessing normalized response time as a function
of stimulation timing revealed a trend towards significance
(MSE ¼ 99:1 x 103; F2;23 ¼ 3:31; p ¼ 0:067). Although not statisti-
cally significant, the qualitative effect of stimulation timing on
response time mirrored that of recall probability: the mean
response time for distractor stimulation (359 ± 200 ms) was longer
than for encoding (224 ± 230 ms) or retrieval (138 ± 155 ms)
stimulation. Planned paired t-tests revealed a significant difference
between response times during arithmetic distractor stimulation
and stimulation during retrieval (t7 ¼ 2:81; p ¼ 0:026) and a trend
towards longer response times during arithmetic distractor stim-
ulation as compared to encoding stimulation (t7 ¼ 1:85; p ¼ 0:106).
No significant difference was found between arithmetic encoding
stimulation and retrieval stimulation (t7 ¼ 0:44; p ¼ 0:828).

Having shown that memory performance is most severely
impaired when stimulation is applied during the distractor phase,
we wanted to shed light on the cognitive mechanism underlying
this effect. While we designed our task with an arithmetic
eters.

Resection Anode Cathode Elec.
Type

Mean
current
(mA)

Mean charge density
(mC/cm2/phase)

None Hip PRC Depth 5.0 9.0

L. frontal
lobectomy

PRC PRC Strip 4.5 32.5

None PRC TPC Strip 5.0 36.1

PRC PRC Strip 5.5 39.8
R. frontal
lobectomy

Hip Hip Depth 2.5 9.0

EC PRC Depth 1.9 6.8
L. anterior
temporal
lobectomy

Hip Hip Depth 2.5 9.0

PRC PRC Depth 3.5 25.3



Fig. 3. Effect of distractor stimulation on probability of first recall. Symbols
represent the difference in beginning recall with the first list item during distractor
stimulation relative to the sham condition at each stimulated electrode; each symbol
type represents a unique subject. Across electrode mean and ± 1SEM are represented
respectively by solid and hatched lines. Overall, distractor stimulation led to a
decreased likelihood of beginning recall with the first word of a list
(t7 ¼ 2:54; p ¼ 0:039).

Fig. 2. A. Probability of recall across stimulation conditions. Across-electrode mean
and ± 1SEM of normalized probability of recall for each stimulation condition. Stim-
ulation condition modulated probability of recall
(MSE ¼ 0:019; F2;23 ¼ 5:97; p ¼ 0:013) and stimulation during distractor led to worse
recall than stimulation during encoding (t7 ¼ 2:53, p ¼ 0:039) and retrieval (t7 ¼ 3:78,
p ¼ 0:007). We did not find a difference in probability of recall during encoding and
retrieval periods (t7 ¼ 0:79, p ¼ 0:789). B. Response time across stimulation condi-
tions. Across electrode mean and ± 1SEM of normalized response times for each
stimulation condition. There was a strong trend towards stimulation condition
modulating response time (MSE ¼ 99:1 x 103; F2;23 ¼ 3:31; p ¼ 0:067). Stimulation
during the arithmetic distractor led to slower recall than stimulation during retrieval
(t7 ¼ 2:81, p ¼ 0:026), and a comparison between distractor-period stimulation and
encoding stimulation trended in the same direction (t7 ¼ 1:85, p ¼ 0:106). We did not
identify a difference between response times during encoding or distraction conditions
(t7 ¼ 0:83, p ¼ 0:440). In both panels, single and double asterisks mark significance,
respectively p<0:05 and p<0:01.
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distractor in order to diminish subjects' ability to rehearse,
discouraging this strategy is notoriously difficult. However, if
stimulation during the time period between encoding and retrieval
led to worse memory performance because it impaired conscious
rehearsal, we hypothesized that stimulation not only would impair
rehearsal but also the subjects' global cognitive state. To test this
hypothesis we assessed performance of the distractor arithmetic
problems during sham and distractor stimulation conditions.While
a difference in probability correct may be obscured by ceiling ef-
fects (94:1% correct vs. 93:9% correct; t7 ¼ 0:12, p ¼ 0:909), the
response time for arithmetic distraction problems was nearly
identical between sham and distractor stimulation conditions
(4.61 s vs. 4.70 s, t7 ¼ 0:35; p ¼ 0:74). This analysis highlights the
cognitive specificity of our MTL-stimulation effect.

Because distractor period stimulation proved particularly
effective in impairing memory, we further assessed its modulation
of the strong primacy and first response effects we observed in our
sham data. Although performance varied as a function of serial
position (MSE ¼ 0:067; F2;47 ¼ 7:01; p ¼ 0:003) and distractor-
stimulation vs. sham (MSE ¼ 0:218; F1;47 ¼ 22:8; p<0:0001), the
effect of stimulation did not vary by serial position (interaction
term, two-factor repeated-measures ANOVA:
MSE ¼ 0:008; F2;47 ¼ 0:78; p ¼ 0:464). In contrast, stimulation dur-
ing the distractor period significantly diminished the first response
effect. Fig. 3 shows the difference in probability of beginning recall
with the first list item between distrator-stimulation and sham
conditions for each electrode site. For lists with at least one word
recalled, subjects demonstrated a lower likelihood of beginning
with the first word of the list during arithmetic distractor stimu-
lation as compared to sham (73:4% vs. 81:3%, t7 ¼ 2:54; p ¼ 0:039).
4. Discussion

We applied left-sided MTL stimulation in five epilepsy patients
as they performed a verbal free recall task to causally test the
dependence of memory on the timing of MTL stimulation. Consis-
tent with previous studies [5e7], we found that MTL stimulation
impaired memory performance. Also, we found that the disruptive
effect of MTL stimulation on memory performance was timing-
dependent: we observed greater forgetting when stimulation was
applied between encoding and recall, rather than during encoding
or recall. Moreover, performance on a simultaneous arithmetic task
was not affected by stimulation. These results suggest that MTL
stimulation specifically impairs neural processes that connect our
present to our past. That is, MTL stimulation affects the neural
processes supporting memory that occur between, rather than
those that underlie, learning and retrieval. Nor do our results
support MTL stimulation leading to impairment of global cognitive
function (e.g., attention).

Theories of memory suggest that successful memory relies on a
series of distinct cognitive functions [17,18] that may be carried out
in a distributed manner throughout the brain [19]. Because MTL
stimulation induced the greatest amount of forgetting when
applied during the interval between encoding and recall, we sug-
gest that the mechanism by which stimulation impairs memory
involves altering one of several cognitive functions that occur be-
tween encoding and recall. Conversely, the mechanism in question
is unlikely to be related to computations that occur during the
encoding interval (item encoding and item-context binding), or the
retrieval interval (memory search, reactivation of the memory
trace, and speech articulation of an item). Our results suggest that
additional brain regions may be sufficient to carry out cognitive
functions related to encoding and retrieval in a manner that is in-
dependent of the MTL.
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There are several cognitive processes in play during the time
interval between encoding and recall [17,18,20e22]. Our task lies
between common episodic or long-term memory paradigms [16]
and working or short-term memory designs [23], which broadens
the possible interpretations of our findings. Internal context e the
mind's representations that fluctuate moment to moment e slowly
changes over time and provides a unique “time stamp” of events in
our lives [16]. This internal contextual stamp is used to cue our
memory search for these past events. Thus, MTL stimulation may
increase the rate of contextual change, thereby causing one to
forget. This finding parallels recent research on directing forgetting
[24]. Via a series of psychological [25,26] and neural recording (?)
experiments, researchers have shown that asking a subject to
forget a list of items leads to worse memory by means of a rapid
change of internally generated context. The instruction to forget
speeds up change in mental context, and thus a greater mismatch
of context between the recall and learning periods. This contextual
mismatch leads to a less effective memory cue (jumping back in
time to the learning period is more difficult), and thus worse recall
performance. MTL stimulation may have mimicked the forget cue:
MTL electrical application may alter the neural circuitry repre-
senting the state of internal context thereby impairing perfor-
mance. Moreover, this is consistent with previous
electrophysiological work. Manns et al. described MTL neural ac-
tivity that may represent internal context [27] and Hanslmayr and
colleagues linked decreased electrical synchrony between the MTL
and the dorsolateral prefrontal cortex [28], another region know to
be involved in the representation of internal context [19], to
forgetting.

An alternative explanation is that delay-period MTL stimulation
altered the process of unconscious memory replay. Extensive
research in animals [29,30] has found that neuronal activity asso-
ciated with past experiences occurs in the MTL, and in humans
spontaneous replay of BOLD signal associated with an item has
been shown to support later memory [31], possibly through
memory consolidation to neocortical structures. By applying cur-
rent to the MTL, we may have disrupted this unconscious neuro-
cognitive process, leading to worse recall performance. A third
possible cognitive mechanism that explains our findings is that
MTL stimulation interrupted conscious item maintenance or
rehearsal. Despite the use of distractor tasks subjects nevertheless
have a tendency to rehearse learned items [32]. Although neocor-
tical regions (e.g., the dorsal prefrontal cortex, [33]) are more
commonly associated with memory maintenance, recent work has
linked medial temporal lobe structures to conscious rehearsal
[34,35] that characterizes short lists and the primacy effect [36].
Our finding that arithmetic performance is unchanged during dis-
tractor period stimulation relative to sham trials suggests that
global cognitive function was not impaired during this time
interval.

Healthy subjects begin delayed free-recall of short lists with the
first serial position [37]. We found that delay-period MTL stimu-
lation led to a lower likelihood (7.9% less) of this tendency.
Consistent with our interpretations above that stimulation affects
contextual drift or conscious rehearsal, several authors have argued
that the first item's strong association with an internal contextual
state [38,39] or prolonged access to the short-term memory buffer
[40] confers increased access to the first item during retrieval (see
Ref. [41] for formalization of the contextual explanation into a
model of free-recall). Moreover, that subjects less frequently
recalled first list item parallels the analogous behavioral finding in a
directed forgetting task [ [42], see Fig. 3] intended to maximize
contextual change. Thus, the change in first response probability
provides further evidence that MTL stimulation between encoding
and retrieval increases the rate of internal contextual drift or dis-
rupts MTL-dependent memory maintenance.

Direct brain stimulation likely exerts its physiological effects via
membrane potential alterations in both axons and cell bodies,
thereby disrupting the functional network (via both anterograde
and retrograde propagation) linked to the area directly stimulated
[3]. Thus, in addition to disrupting the MTL structures located
adjacent to our electrode contacts, we likely affected the connected
neocortical inputs and outputs as well. Although speculative,
impairment of the neural activity in the MTL [29] or its projections
to the prefrontal cortex [19] are both generally consistent with the
theoretical account (contextual drift, unconscious replay, active
maintenance) of forgetting we propose.

Although the aforementioned cognitive interpretations of our
findings are not mutually exclusive, future research is necessary to
disambiguate among theoretical accounts of stimulation-induced
forgetting during a delay period. Psychological manipulations
combined with MTL stimulation may support the claim that
disruption of neuronal activity in the MTL with electrical current
causes expeditious contextual change. This could be testedwith the
addition of a category cue to the task [c.f. [43]] or with encoding
manipulations (e.g., [44]). Comparison of neural replay across
stimulation conditions and a more challenging distractor test will
also be important for testing these cognitive interpretations of our
findings. Given the small number of subjects in this study, we
compute statistics across electrodes as the random variable.
Although no subject contributed more than two electrodes and all
bipolar electrode pairs flanked unique tissue volumes, future
studies with a greater number of subjects will be able to better
control for non-independent properties of same-subject electrodes.
Our data cannot specifically implicate subregions within the MTL
given the variability of stimulation sites. Stimulation experiments
in the future should be aimed at further refining the structure-
function relationship we describe here.

Complementary to remembering, forgetting is important to our
everyday lives. Forgetting confers us the ability to discard un-
wanted memories and prioritize recollection of certain events. This
study causally links the selective timing of stimulation to forgetting
during a free-recall task and thus implicates disruption of specific
neurocognitive processes as the mechanism of our findings. Future
research will both help further refine our current theoretical
framework and determine if our findings apply to broader classes of
memories, such as those with strong emotional associations. In this
way wemay be able to selectively prune unwanted memories, such
as those that affect patients with post-traumatic stress disorder.
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