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Abstract A previous functional magnetic resonance imag-
ing study reported evidence for parallel memory traces in
the hippocampus: a controlled match signal detecting
matches to internally-generated goal states and an auto-
matic mismatch signal identifying unpredicted perceptual
novelty. However, the timing information in this process is
unknown. In the current study, facilitated by the high
spatial and temporal resolution of intracranial recording
from human patients, we confirmed that the left posterior
hippocampus played an important role in the goal match
enhancement effect, in which combinations of object
identity and location were involved. We also found that
this effect happened within 520 ms to 735 ms after the
probe onset, ~ 150 ms later than the perceptual mismatch
enhancement found bilaterally in both the anterior and
posterior hippocampus. More specifically, the latency of
the perceptual mismatch enhancement effect of the right
hippocampus was positively correlated with the perfor-
mance accuracy. These results suggested that the hip-
pocampus is crucial in working memory if features binding
with location are involved in the task and the goal match
enhancement effect happens after perceptual mismatch
enhancement, implying the dissociation of different com-
ponents of working memory at the hippocampus. More-
over, single trial decoding results suggested that the
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intracranial field potential response in the right hippocam-
pus can classify the match or switch task. This is consistent
with the findings that the right hippocampal activity
observed during the simulation of the future events may
reflect the encoding of the simulation into memory.
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Introduction

It is well established that the medial temporal lobe (MTL)
and the hippocampus play a crucial role in declarative
long-term memory [1-3]. Declarative memory has been
posited to rely on processes such as pattern completion and
separation [4], sequence encoding [5], and mismatch
detection [6]. These processes enable memory to be
flexibly encoded and retrieved so that information can
emerge from experience. These hippocampal-dependent
faculties have resulted in many theories to explain the
ultimate goal and function of memory [1, 7]. It is still
unclear if and how the hippocampus is involved in working
memory. Although this region has been traditionally
thought to subserve long-term declarative memory only
[8], numerous lesion, electrophysiology, and human imag-
ing studies have provided evidence that the hippocampus
plays a key role in both the encoding and retrieval of
working memory [9-12]. Nevertheless, examination of the
different forms of working memory in detail revealed that
working memory is not affected by temporal lobectomy
[7]. These results indicate that the role and different
components of working memory may show different
effects in the hippocampus or in its different sub-regions.
This is also consistent with the results of Piekema et al.
[13] who showed that working memory in patients with



B. Ni et al.: Role of the Hippocampus in Distinct Memory Traces

665

medial temporal lobe epilepsy decreases when the integra-
tion of different features is required. However, if evaluated
by the traditional digital memory span test, their working
memory seems to be intact. The discrepancy between
memory batteries and different working memory para-
digms provides a window to study the different compo-
nents involved in working memory and to extend the
general knowledge of hippocampal functions.

In daily life, we encounter things and compare them with
our stored representations. The ability to discriminate between
previously encountered and novel stimuli is an essential
mnemonic function that relies on multiple neural mechanisms
[14-16]. Whether the incoming events match or mismatch
what we expect can influence the ability of the hippocampus to
switch between memory encoding and retrieval modes.
Emerging evidence has revealed that, within the hippocam-
pus, neurons discriminate between novel and familiar stimuli
through a firing rate increase to previously encountered
stimuli (match enhancement), or through a firing rate increase
to novel stimuli (mismatch enhancement) [17-19].

Miller and Desimone’s research on monkeys confirmed
the parallel neuronal mechanisms for visual short-term
memory with a delayed-match-to-sample task. This revealed
that in the perirhinal cortex some neurons are suppressed by
any picture repetition, regardless of relevance, whereas
others are enhanced, but only when a picture matches the
sample [17]. An event-related functional magnetic reso-
nance imaging study has revealed enhanced hippocampal
activation for images that match a maintained goal. How-
ever, due to the task, mixing perceptual-mismatches with
goal-matches is inevitable [20].

Mismatch enhancement effects—in electrophysiologi-
cal, regional cerebral blood flow, and BOLD fMRI data—
have garnered considerable attention, being linked to
familiarity-based recognition decisions [21, 22], novelty
detection [6, 23], and prediction error [24].

Ducan et al. have adopted a delayed match-to-sample task,
with multiple intervening items between the sample and
matching test stimulus, fully crossed whether stimuli match or
mismatch a goal state or a previous perception. This indicated
that relational match enhancement bilaterally in the posterior
hippocampus was selective for matches between the probe
stimulus and the goal state (consistent with the study of
Hannula and Ranganath in 2008 [20]), but was not modulated
by whether that goal was perceptually novel, whereas
mismatch enhancements were influenced by perceptual
novelty. However, no regions within the medial temporal
lobe were found to show mismatch enhancements in response
to goal-mismatches or subtle perceptual-mismatches.

In the endeavor to understand hippocampus’s role in
memory encoding and retrieval, much evidence has been
established. A hippocampal involvement in active mainte-
nance was suggested by an fMRI study. With a delayed-

match-to-sample task, right lateralized hippocampal activ-
ity was evident when participants had to maintain object-
location associations, but not when they had to maintain
object-color associations or single items [25]. In macaques,
it has been found that enhanced gamma-band synchroniza-
tion during encoding predicts greater subsequent recogni-
tion memory performance [26]. An fMRI study has shown
a significant interaction effect between spatial processing
and working memory in the right posterior hippocampus
[27]. Ducan et al. proposed that the CAl area is a match/
mismatch detector [28].

In this study, we were interested in the working memory
performance modulated by top-down influences and how
the hippocampus plays its fluid role in relational memory
encoding and retrieval. We explored the dynamics of goal
match enhancement and perceptual mismatch enhancement
with electrocorticographic (ECoG) recording, which pro-
vided an advantage to uncover subtle perceptual mismatch
enhancement.

Methods
Participants

Intracranial field potentials were recorded from 120 depth
electrode contacts implanted in 8 human epilepsy patients
who suffered from pharmaco-resistant epilepsy in Xuanwu
Hospital (5 male, 3 female). The history of epilepsy in
these patients ranged from 5 years to 25 years. They were
all right-handed with normal or corrected to normal vision
and their IQs were in the average range. As part of a pre-
surgical evaluation, all patients were stereotaxically
implanted with depth electrodes from the occipital pole
to the anterior temporal area along the hippocampal
longitudinal axis. The electrode locations were based
exclusively on clinical criteria. This electrode configura-
tion was used for every patient and allowed us to collect
neuronal response data from the same (or at least similar)
brain region, with the same electrode order across patients,
making grand average of event-related potentials (ERPs)
possible [30]. At the time of recordings, patients received
antiepileptic therapy. All patients underwent epilepsy
surgery after recording (summarized in Table 1). None of
the eight patients showed visible pathology, especially
hippocampal sclerosis. No seizure occurred in any patient
during the 24 h preceding the experiment. We included
only patients with a depth electrode in a morphologically
intact hippocampus (as defined by MRI). All patients gave
informed consent before the experiment. For all eight
subjects, although the standard anterior temporal lobec-
tomy required a 3 cm resection of the hippocampus from
the head to the body (here, the area of the first three
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Table 1 Surgical techniques and electrodes located within the resection area.

Participant No. Np02 Np03 Np05 Np06 Np07
Surgical resection Right-ATL* Left-ATL* Right frontal pathological focus Left occipital pathological focus Left-ATL*
Participant No. NpO8 Npl10 Npl1
Surgical resection Right-ATL* Right-ATL* Right-ATL*

ATL anterior temporal lobe.

* Standardized resection included the anterior temporal lobe and 3 cm from the head of the hippocampus to its body.

electrodes at the hippocampus was removed), their seizure
foci were not in the hippocampus and during the interictal
period these electrodes did not show spike-like discharges.
Moreover, their behavioral performance was above average
(Table 2). None of the eclectrode data were excluded.
Experimental procedures were conducted in accordance
with the ethical principles of the 1964 Declaration of
Helsinki. The Institutional Review Boards of Xuanwu
Hospital approved all procedures.

Stimuli

Stimuli were identical to those used by Duncan [29]. They
were generated from 299 color drawings of objects. In each
block, the scenes were different from one to another. In
every scene, the stimulus was composed of a room and two
objects. Each object was presented in one of the 9 possible
locations defined by an invisible 3 x 3 grid. The room had
black-and-white square patterned carpet/wallpaper to
provide a feeling of depth and distance. The two objects
(e.g., a sofa and a jacket) were presented in alignment with
the carpet/wallpaper so that each object occupied one
compartment of a grid defined by the carpet/wallpaper
(Fig. 1). All the stimuli were generated in real time during
the experiment using the Psychophysics Toolbox PTB-3
[31, 32] for MatLab (Mathworks, Natick, MA) on a
MacBook Pro laptop computer positioned on a table over
the patient’s bed.

Recording
Depth ECoGs were referenced to linked forehead elec-

trodes. Intracranial EEG was recorded with a clinical
recording device (an SD32, sampling rate of 1024 Hz, for

the first 4 patients or an SD128, sampling rate of 512 Hz,
for the last 4 patients) from Micromed Inc (Italy). An Ag/
AgCl scalp plate electrode was placed in the middle of the
forehead as common reference. TTL (transistor-transistor
logic) signals generated by the laptop computer running the
experimental program were sent to the trigger-in port of the
recording device through a USB AD/DA board (USB-
1208FS, USA). This trigger information was recorded on a
separate channel and helped to define the zero time point
for data processing.

Procedure

MRI anatomical images were obtained with a SPRAGE
sequence (I x 1 x 1 mm®) before implanting the depth
electrodes. Before the scan, a CRW (MN, USA) stereotaxic
frame was fixed on the head of the patient, allowing
calculation of the position of the hippocampus relative to
the frame. This calculation was used to guide electrode
placement during surgery. After implantation, high-reso-
lution CT images (0.45 x 0.45 x 0.75 mm®) were col-
lected. The structural MRI and CT images were co-
registered and precise electrode positions were recon-
structed from the CT images using AFNI software (http://
afni.nimh.nih.gov/afni). Next, the electrode information
was overlaid on the structural MRI images and visualized
with MRIViewerRGL (http://zxliu.mit.edu), as illustrated
in Fig. 1.

A modified version of the delayed-match-to-sample task
was used. This paradigm dissociates goal match/mismatch
from perceptual match/mismatch. The task began with the
presentation of a room with two objects (Sample). After
500 ms the scene was replaced by a fixed cross. A verbal
instruction from a loudspeaker lasting 700 ms informed the

Table 2 Behavioral perfor-

BOTH NEITHER GOAL PERCEPT OBIJ LOC
mance measured by mean reac-
tion time and accuracy. Response time (ms) 1173 (117) 1224 (124) 1340 (137) 1422 (158) 1294 (192) 1372 (161)
Correct percentage % 86 (5) 83 (5) 78 (6) 80 (6) 82 (8) 72 (7)

Numbers in parentheses represent standard error of the mean.
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Fig. 1 Reconstructed electrode
positions. A Coronal view of
electrode contacts #1 to #8
implanted along the longitudinal
axis of the left hippocampus.
B Coronal view of electrode
contacts #9 to #16 implanted
along the longitudinal axis of
the right hippocampus. C Elec-
trode contacts 3 (red) and 11
(green) located in the bilateral
posterior hippocampus.

participant whether the trial was a match or switch task.
Regardless of the task requirement, the participant was
required to remember both the identity and location of the
sample objects. After an interval of 300 ms to 1500 ms, the
scene was presented again (Sample repetition) for 500 ms
followed by a 1000 ms to 3000 ms delay. Then, a room
containing the two probe objects (Probe) was presented for
2000 ms. The participant was required to respond within
this 2000 ms time window. If the trial was a match task, the
participant was required to discriminate whether the
identity and location of the two probe objects was exactly
the same as the sample objects. If the trial was a switch
task, the participant was required to judge whether the two
sample objects had switched locations. Thus, there were 4
possible object configurations in the Probe display: 1, the
same objects at the same locations, called BOTH in the
match task (correct response for this trial is ‘yes’) or
PERCEPT in the switch task (correct response is ‘no’); 2,
the same objects but switched locations, called NEITHER
in the match task (correct response is ‘no’) or GOAL in the
switch task (correct response is ‘yes’); 3, the same objects,
with one in a new location, called LOC in both tasks
(correct response is ‘no’); 4, the same locations, but one
object is replaced by a new one, called OBJ in both tasks
(correct response is also ‘no’). The last two conditions were
designed for control purposes. The major difference
between this modified version of the match or switch task

and the original task was the repeated presentation of the
sample after the auditory instruction (sample repetition)
(Fig. 2). This modification was implemented to aid patient
performance because, in general, their memory perfor-
mance was impaired compared to normal participants, and
they had difficulty performing the original version of the
task. The durations of the displays and intervals used in the
current version were also much shorter than those used in
the original task because the temporal restrictions imposed
by the use of fMRI were not present in our intracranial
EEG experiment.

The experiment was arranged in separate runs composed
of 126 trials. Each individual participated in 3 to 5 runs,
depending on performance, in order to obtain no less than
80 [33] correct trials.

Data Processing

Intracranial EEG data were bandpass filtered (0.01 Hz to
40 Hz) and exported from the clinical recording device in
ASCII format. The following data processing was per-
formed using MatLab. The data were first notch-filtered at
50 Hz to reduce any artifact from the power source. The
data from the first four patients were down-sampled from
1024 Hz to 512 Hz for consistency with the other datasets.
Next, the continuous data were separately aligned to probe
(the third trigger, referred to as the TTL 3 dataset) and
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Fig. 2 Sample of experimental conditions and predicted patterns of
activation. A Trial structure and corresponding response types. The
same Target and Probe may be categorized differently according to
the verbal instruction of the current trial, as illustrated. B Predicted

sample repetition (the second trigger, referred to as the
TTL 2 dataset) onset creating an epoch ranging from
—200 ms to 1000 ms. After baseline (—200 ms to 0 ms)
correction, trials with potential artifacts were rejected
based on the amplitude of the data from I ms to 700 ms for
each participant. The artifact rejection threshold for each
participant varied individually and was defined manually
by observation of all epochs. We managed to retain >80%
of all trials after artifact rejection. The absolute values of
ERPs for correct trials were averaged for each stimulus
condition.

Results
Behavioral Results

Mean reaction time and accuracy are summarized in
Table 2. Paired sample 7 tests revealed that the responses in
the match task were faster than those in the switch task
(t7y = —3.608, P < 0.01). There was no significant reac-
tion-time difference between ‘yes’ responses and ‘no’
responses (#7y = —1.306, P > 0.1). The response time in
the LOC condition was slower than in the BOTH and

@ Springer

activation patterns for the four conditions (BOTH, NEITHER,
PERCEPT, and GOAL) for a brain area showing the goal-match
enhancement effect (upper panel) or the perceptual mismatch
enhancement effect (lower panel).

NEITHER conditions (BOTH vs LOC: t7, = —2.844,
P < 0.05; NEITHER vs LOC: t7, = —2.395, P < 0.05).
Other possible comparisons did not show any significant
differences. Only correct trials were used in the following
ERP analyses.

Goal Match Enhancement and Perceptual Mismatch
Enhancement

In our behavioral results, the reaction time in the switch
task was significantly longer than in the match task. In
order to adequately measure a gradual accumulation of
information about the enhancement patterns of the ERPs, to
the TTL3 dataset (events occurring after the probe display),
we first applied a #-test between the conditions GOAL and
PERCEPT. The sample-by-sample #-test gave a time-
resolved significance level for whether the local field
potential (LFP) values differed across conditions. If at least
10 ms consecutive time points of the 7-test trace crossed the
significance threshold of 0.05, and GOAL > PERCEPT,
that time window was defined as a potential significant
interval. During the interval, we investigated the relation-
ship between the conditions of BOTH and NEITHER with
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another t-test. If at least 10 ms consecutive time points of
the #-test trace crossed the significance threshold of 0.05,
and BOTH > NEITHER, the beginning time point of this
interval was defined as the latency of the goal match
enhancement. Otherwise, if at least 10 ms consecutive time
points of the 7-test trace crossed the significance threshold
of 0.05, and BOTH < NEITHER, the beginning time point
of this interval was defined as the latency of the perceptual
mismatch enhancement. To further confirm the existence of
enhancement patterns, a sample-by-sample two-way anal-
ysis of variance (ANOVA) was used to the four ERPs
(BOTH, GOAL, NEITHER and PERCEPT) during the
defined goal match enhancement interval or perceptual
mismatch enhancement interval. The same analysis was
performed at the level of individual participants. Data were
pooled using a moving window that created 5-time-point
bins and moved at a step size of one time point. In this
single participant level test, we slightly loosened the
constraint defining a significant interval from continuous

Time (ms)

10 ms to 5 ms. The latency of the enhancement effect for
the individual participant was defined in an interval when
the GOAL condition was significantly larger than the
PERCEPT condition, and then as the time point when the
BOTH and NEITHER conditions that fitted the two
enhancement patterns started to be significant.

According to the goal match enhancement prediction, if
areas in the hippocampus were driven by the match of goal
instead of perceptual novelty, the neural responses in these
areas would be greater for BOTH compared with
NEITHER and for GOAL compared with PERCEPT. The
reconstruction confirmed that the electrode configuration
was very stable and grand averaging across patients based
on this configuration was reasonable [30]. Two similar time
intervals were found (535 ms to 735 ms on electrode
contact #3, and 520 ms to 590 ms on electrode contact #4)
to be significant (Fig. 3). Reconstructed electrode contacts
in anatomical MRI structure images showed that the two
8-contact depth electrodes reached from the occipital white
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Fig. 4 Significant perceptual
mismatch enhancement con-
firmed by four conditions on
electrode contacts #1, 2, 3, 4
and #9, 10, 11, 12. A-H Signif-
icant perceptual mismatch
enhancement was confirmed at
electrode contacts #1 (A), #2
(B), #3 (C), #4 (D) and #9 (E),
#10 (F), #11 (G), #12 (H) by the
two-step #-test and an interac-
tion of the four condition.
BOTH (blue), GOAL (red),
NEITHER (green), PERCEPT
(cyan); gray bar, interval with a
significant interaction and con-
junction of BOTH < NEITHER
and GOAL > PERCEPT.

matter to the temporal pole, going through part of the
visual cortex and along the hippocampus longitudinal axis.
The most anterior 4 contacts of each electrode were within
the hippocampus. Contacts #3 and #4 were located in the
left posterior hippocampus. The exact contacts in each
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participant varied a little but all were within the left
posterior hippocampus.

A perceptually driven mismatch enhancement was
revealed bilaterally in the hippocampus including both
the anterior and posterior areas (electrode contacts #1, #2,
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Fig. 5 Positive correlation 100
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#3, #4 and #9, #10, #11, #12). This enhancement effect
occurred at different intervals on different electrode
contacts, averaging from 376 ms to 555 ms (Fig. 4).

Considering the variability among electrodes across
participants, we divided the electrodes within the area of
the hippocampus into four parts: left anterior (electrodes #1
and #2), left posterior (electrodes #3 and #4), right anterior
(electrodes #9 and #10), and right posterior (electrodes #11
and #12). The goal match enhancement was found in the
left posterior hippocampus with a latency of 524 ms. The
latency of the perceptual mismatch enhancement varied
across areas: left anterior 411 ms, left posterior 405 ms,
right anterior 430 ms, and right posterior 409 ms. This
finding is consistent with the above results based on single
electrodes .

The perceptual mismatch enhancement began earlier
than the goal match enhancement for all participants
(latency of match enhancement vs latency of mismatch
enhancement in left posterior hippocampus: #7, = 2.43,
P < 0.05).

A late perceptual match enhancement was found on
electrodes #2 and #3 with a latency of 717 ms and 900 ms,
which fitted a pattern of BOTH > NEITHER and
GOAL < PERCEPT.

We checked the statistical significance of these effects
through Monte Carlo permutations. For each electrode
showing a significant effect, we computed 1000 random
permutations of the observed effects in the four conditions
with data pooled from all electrodes; for each permutation,
we then conducted the same two-step #-test analysis to get a
significant latency. We then sorted the latencies from the
1000 permutations and calculated the probability of the
significant latency of the match and mismatch enhance-
ment effects. For each electrode and each significant effect,
the probability of the observed latency was <0.05. For the
goal match enhancement, perceptual  mismatch

enhancement, and perceptual match enhancement, we
conducted a multiple comparison of three-way ANOVA
analysis with Bonferroni confidence interval adjustment
[electrodes (16 electrodes) * task (match task or switch
task) * response (yes or no)] during the significant inter-
vals on each electrode separately. All of the comparisons
showed a significant main effect of the electrodes factor.
Moreover, the interaction of the three factors and the
interaction between the task and response factors were also
significant.

We also investigated the relationship between the effect
of the enhancements and behavioral performance of
individual participants. The latency of the perceptual
mismatch enhancement effect found in the right posterior
hippocampus was significantly correlated with the accu-
racy of memory performance (Fig.5) (p = 0.74,
P < 0.05).

Single-Trial Decoding

To explore the mechanism of the memory encoding, we
defined the intracranial field potential (IFP) response as the
range of the IFP signal, that is, max(IFP)-min(IFP), in a
time window from 150 ms to 850 ms after sample
repetition. The time window from 150 ms to 850 ms was
chosen to account for the approximate latency of the
previously found enhancement effect. The IFPs were
divided into two groups, according to the task demand:
match or switch task. We used a statistical learning
approach [34] to quantify whether the information from
IFPs available in single trials was sufficient to distinguish
whether it is memory maintenance (match task) or
simulation of a specific future event (switch task). A linear
discriminant analysis was performed with the principal
component analysis approach for dimensionality reduction
in the classification. The output of the classifier was when
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Table 3 Individual participant’s output of the classifier, P value, and
electrode on which a significant response was found.

Participant No. Significant electrode contact number P value
Np02 #9 0.01
Np03 #10 0.04
Np05 #10 0.03
Np06 none none
Np07 #12 0.006
Np08 #12 0.05
Npl10 none none
Npl1 #10, #12 0.03

the statistical significance P < 0.05 indicated the possibil-
ity that the test trials being correctly distinguished from
match or switch task was above chance level. With the
TTL 2 datasets, 6 out of 8 patients consistently showed a
significantly reliable response in the hippocampus repre-
senting the task demand. More interestingly, we found that
for all 6 patients, the IFP signal in the right hippocampus
efficiently discriminated the task demand (Table 3). This
finding is consistent with the hypothesis that the process of
constructing a detailed representation of a novel and
specific future event differentially engages the right
anterior hippocampus compared with other forms of event
simulation and recall [25, 35].

Discussion

The design of the current paradigm allowed us to
distinguish the different memory signatures by the pattern
of LFP activation. In the object switch task, if the match
enhancement was driven by the match between the probe
and the goal, the activation evoked by the GOAL condition
would be larger than that by the PERCEPT condition;
otherwise, if the PERCEPT activation was larger, it would
be more likely to indicate a match to the previous
perception. However, for the goal match enhancement,
the BOTH condition would evoke stronger activation than
the NEITHER condition in the match task, while the
reverse would be true for the perceptual mismatch
enhancement. Consistent with our proposal and a previous
study [29], we found goal match enhancement at electrode
contacts #3 and #4, which were located on the left posterior
hippocampus, and perceptual mismatch enhancement at
electrode contacts #1, #2, #3, #4, and #9, #10, #11, #12,
which included the anterior and posterior hippocampi
bilaterally. The dissociation of different components of
working memory at hippocampus revealed more informa-
tion beyond previous electrophysiological research
[18, 19], demonstrating that match enhancement is more
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related with goal match at the hippocampus and mismatch
enhancement is more related with perceptual mismatch.
Moreover, the current result, for the first time, showed that
the goal match enhancement effect happened at ~ 520 ms
after probe onset and perceptual mismatch enhancement
occurred as early as 376 ms after probe onset. This differed
from other studies in which goal match and perceptual
match are not dissociated. It has been reported that
immediate repetition of old items enhances neural activity
at the left MTL between 250 ms and 400 ms, compared to
new items and repetition of delayed old items, revealed by
depth electrodes [36] or scalp EEG [37]. On the other hand,
an MTL-P300 component has been found at a latency of
~450 ms in which a target (novel) visual stimulus evokes
larger responses than standard by intracranial [38] or scalp
recordings [39]. This is consistent with our study, in that
the perceptual mismatch happens earlier than the goal
match enhancement.

The accuracy was found to be positively correlated with
the perceptual mismatch enhancement latency on the right
posterior hippocampus. Unlike the other neuropsycholog-
ical studies [40], none of our patients showed hippocampal
sclerosis. Thus, their hippocampus was still functioning
properly. This suggested that the latency of the perceptual
mismatch enhancement at the right posterior hippocampus
could indicate the performance of memory retrieval. This
result showed the advantage of our approach in exploring
the perceptual mismatch enhancement compared with the
fact that fMRI research only found a subtle effect. In the
single-trial decoding analysis, we also found the right
hippocampus to be crucial for memory encoding. Six out of
8 participants showed that the task demand could be
decoded from the IFP response on the right hippocampus.
This supported the finding that the right hippocampus
participates in memory maintenance (match task) and in
constructing a representation of a specific future event
(switch task) [34]. The result of the decoding might be
compromised, because the dissociation between the switch
and match task relies on a different mental manipulation.
Rather than maintaining the sample when it was the match
task and simulating a new scenario when it was the switch
task, the participant tended to maintain the sample no
matter what the task was, which may lead to a poor
performance in decoding.

It should also be noted that in the current paradigm
(derived from Duncan [29]), a combination of two streams
of information, object identity and position, are involved in
the task. Even without the trial-by-trial changes in task
requirement, increasing numbers of studies have revealed
that multiple features and combinations of features in
working memory activate the hippocampus [13]. Finke
et al. found that MTL lesions selectively reduce color-
location associations, while color-only or location-only
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working memory is retained [41]. Using fMRI in normal
participants, Piekema er al. demonstrated that the hip-
pocampus is involved in maintaining object-location asso-
ciations but is not activated in object-color association or
single items [13]. Our results agree with these studies, in
that object and location information are combined to finish
the task requirements, no matter whether it is in a match
task trial or a switch task trial. The convergence to binding
with locations in the current data and previous studies [13]
consists of the well understood role of hippocampus in
spatial memory and navigation (see [42] for a review),
though animal models were used in most of the studies. It
will be of interest to test the results from the animal models
on epilepsy patients before and after resection and to
extend our understanding of the role of the hippocampus in
different components of working memory and their
interactions.

In summary, the left posterior hippocampus might be
crucial for goal match enhancement, and both the left and
right hippocampus may play an important role in percep-
tual mismatch enhancement, distinct from the repetition-
induced perceptual match effect and novelty-induced
mismatch enhancement. The goal match enhanced a
potential at 520 ms, while the perceptual mismatch
enhanced a potential as early as 376 ms, about 150 ms
earlier than the goal match enhancement. The right
hippocampus is of great importance for memory encoding
and retrieval.

Acknowledgements We thank the patients for their cooperation in
this study. We also thank Gabriel Kreiman, Jedediah Singer and Kun
Hu for their assistance and support. Many thanks to the doctors and
nurses in Beijing Functional Neurosurgery Institute for their coop-
eration, especially Xueyuan Wang, Xi Zhang, Cuiping Xu, and Chang
Liu. We also acknowledge Fenghuachangtai Company for providing
the device for ECoG recording. This work was supported by grants
from the Ministry of Science and Technology of China
(2015CB351701 and 2012CB825500), the National Natural Science
Foundation of China (91132302), and the Chinese Academy of
Sciences (XDB2010001 and XDB2050001).

References

1. Eichenbaum H. A cortical-hippocampal system for declarative
memory. Nature Rev Neurosci 2000, 1: 41-50.

2. Squire L. Memory systems of the brain: a brief history and
current perspective. Neurobiol Learn Mem 2004, 82: 171-177.

3. Fell J, Axmacher N. The role of phase synchronization in
memory processes. Nature Rev Neurosci 2011, 12: 105-118.

4. Yassa MA, Stark CEL. Pattern separation in the hippocampus.
Trends Neurosci 2011, 34: 515-525.

5. MacDonald CJ, Lepage KQ, Eden UT, Eichenbaum, H. Hip-
pocampal “time cells” bridge the gap in memory for discontigu-
ous events. Neuron 2011, 71: 737-749.

6. Kumaran D, Maguire EA. An unexpected sequence of events:
mismatch detection in the human hippocampus. PLoS Biol 2006,
4: 1-11.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

. Maguire EA, Mullally SL. The hippocampus: a manifesto for

change. J Exp Psychol 2013, 142: 1180.

. Cave CB, Squire LR. Intact verbal and nonverbal short-term

memory following damage to the human hippocampus. Hip-
pocampus 1992, 2: 151-163.

. Davachi L. Item, context and relational episodic encoding in

humans. Curr Opin Neurobiol 2006, 16: 693-700.

Eichenbaum H, Yonelinas AR, Ranganath C. The medial
temporal lobe and recognition memory. Annu Rev Neurosci
2007, 30: 123.

Mayes A, Montaldi D, Migo E. Associative memory and the
medial temporal lobes. Trends Cogn Sci 2007, 11: 126-135.
Squire LR, Wixted JT, Clark RE. Recognition memory and the
medial temporal lobe: a new perspective. Nat Rev Neurosci 2007,
8: 872-883.

Piekema C, Fernandez G, Postma A, Hendriks MP, Wester AJ,
Kessels RP. Spatial and non-spatial contextual working memory
in patients with diencephalic or hippocampal dysfunction. Brain
Res 2007, 1172: 103-109.

Wagner AD, Shannon BJ, Kahn I, Buckner RL. Parietal lobe
contributions to episodic memory retrieval. Trends Cogn Sci
2005, 9: 445-453.

Simons JS, Spiers HJ. Prefrontal and medial temporal lobe
interactions in long-term memory. Nat Rev Neurosci 2003, 4:
637-648.

Gabrieli JDE, Poldrack RA, Desmond JE. The role of left
prefrontal cortex in language and memory. Proc Natl Acad Sci U
S A 1998, 95: 906-913.

Miller EK, Desimone R. Parallel neuronal mechanisms for short-
term memory. Science 1994. 263: 520-522.

Fried I, MacDonald KA, Wilson CL. Single neuron activity in
human hippocampus and amygdala during recognition of faces
and objects. Neuron 1997, 18: 753-765.

Suzuki WA, Miller EK, Desimone R. Object and place memory
in the macaque entorhinal cortex. J Neurophysiol 1997, 78:
1062-1081.

Hannula DE, Ranganath C. Medial temporal lobe activity
predicts successful relational memory binding. J Neurosci 2008,
28: 116-124.

Montaldi D, Spencer TJ, Roberts N, Mayes AR. The neural
system that mediates familiarity memory. Hippocampus 2006,
16: 504-520.

Gonsalves BD, Kahn I, Curran T, Norman KA, Wagner AD.
Memory strength and repetition suppression: multimodal imaging
of medial temporal cortical contributions to recognition. Neuron
2005, 47: 751-761.

O’Kane G, Insler RZ, Wagner AD. Conceptual and perceptual
novelty effects in human medial temporal cortex. Hippocampus
2005, 15: 326-332.

Shohamy D, Wagner AD. Integrating memories in the human
brain: hippocampal-midbrain encoding of overlapping events.
Neuron 2008, 60: 378-389.

Piekema C, Kessels RP, Mars RB, Petersson KM, Fernandez G.
The right hippocampus participates in short-term memory
maintenance of object—location associations. Neuroimage 2006,
33: 374-382.

Jutras MJ, Fries P, Buffalo EA. Gamma-band synchronization in
the macaque hippocampus and memory formation. J Neurosci
2009, 29: 12521-12531.

Lee ACH, Rudebeck SR. Investigating the interaction between
spatial perception and working memory in the human medial
temporal lobe. J Cogn Neurosci 2010, 22: 2823-2835.

Duncan K, Ketz N, Inati SJ, Davachi L. Evidence for area CA1 as
a match/mismatch detector: A high-resolution fMRI study of the
human hippocampus. Hippocampus 2012, 22: 389-398.

@ Springer



674

Neurosci. Bull. December, 2017, 33(6):664-674

29.

30.

31.

32.

33.

34.

35.

36.

Duncan K, Curtis C, Davachi L. Distinct memory signatures in
the hippocampus: intentional states distinguish match and
mismatch enhancement signals. J Neurosci 2009, 29: 131-139.
Staresina BP, Fell J, Do Lam AT, Axmacher N, Henson RN.
Memory signals are temporally dissociated in and across human
hippocampus and perirhinal cortex. Nature Neurosci 2012, 15:
1167-1173.

Brainard DH. The psychophysics toolbox. Spat Vis 1997, 10:
433-436.

Pelli DG. The VideoToolbox software for visual psychophysics:
Transforming numbers into movies. Spat Vis 1997, 10: 437-442.
Axmacher N, Mormann F, Fernandez G, Cohen MX, Elger CE,
Fell J, Sustained neural activity patterns during working memory
in the human medial temporal lobe. J Neurosci 2007, 27:
7807-7816.

Bishop CM. Neural networks for pattern recognition. Oxford
University Press, 1995.

Addis DR, Cheng T, P Roberts R, Schacter DL. Hippocampal
contributions to the episodic simulation of specific and general
future events. Hippocampus 2011, 21: 1045-1052.

Nahum L, Gabriel D, Spinelli L, Momjian S, Seeck M, Michel
CM, et al. Rapid consolidation and the human hippocampus:

@ Springer

37.

38.

39.

40.

41.

42.

Intracranial recordings confirm surface EEG. Hippocampus 2011,
21: 689-693.

James C, Morand S, Barcellona-Lehmann S, Michel CM,
Schnider A. Neural transition from short-to long-term memory
and the medial temporal lobe: A human evoked-potential study.
Hippocampus 2009, 19: 371-378.

Ludowig E, Bien CG, Elger CE, Rosburg T. Two P300 generators
in the hippocampal formation. Hippocampus 2010, 20: 186—195.
Guo C, Lawson AL, Zhang Q, Jiang Y. Brain potentials
distinguish new and studied objects during working memory.
Hum Brain Mapp 2008, 29: 441-452.

Tudesco Ide S, Vaz LJ, Mantoan MAS, Belzunces E, Noffs MH,
Caboclo LO, et al. Assessment of working memory in patients
with mesial temporal lobe epilepsy associated with unilateral
hippocampal sclerosis. Epilepsy Behav 2010, 18: 223-228.
Finke C, Braun M, Ostendorf F, Lehmann TN, Hoffmann KT,
Kopp U, et al. The human hippocampal formation mediates short-
term memory of colour—location associations. Neuropsychologia
2008, 46: 614-623.

Bird CM, Burgess N. The hippocampus and memory: insights
from spatial processing. Nat Rev Neurosci 2008, 9: 182-194.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2250
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (sRGB IEC61966-2.1)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


		2017-12-01T18:26:05+0530
	Preflight Ticket Signature




