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Hippocampus Duality: Memory and Novelty Detection
Are Subserved by Distinct Mechanisms
Emmanuel J. Barbeau ,1* Patrick Chauvel,2,3,4 Christopher J.A. Moulin,5
Jean Regis,2,3,4 and Catherine Liegeois-Chauvel2,3,4

ABSTRACT: The hippocampus plays a pivotal role both in novelty
detection and in long-term memory. The physiological mechanisms
underlying these behaviors have yet to be understood in humans. We
recorded intracerebral evoked potentials within the hippocampus of
epileptic patients (n 5 10) during both memory and novelty detection
tasks (targets in oddball tasks). We found that memory and detection
tasks elicited late local field potentials in the hippocampus during the
same period, but of opposite polarity (negative during novelty detection
tasks, positive during memory tasks, ~260–600 ms poststimulus onset,
P < 0.05). Critically, these potentials had maximal amplitude on the
same contact in the hippocampus for each patient. This pattern did not
depend on the task as different types of memory and novelty detection
tasks were used. It did not depend on the novelty of the stimulus or the
difficulty of the task either. Two different hypotheses are discussed to
account for this result: it is either due to the activation of CA1 pyramidal neurons by two different pathways such as the monosynaptic and
trisynaptic entorhinal-hippocampus pathways, or to the activation of
different neuronal populations, that is, differing either functionally (e.g.,
novelty/familiarity neurons) or located in different regions of the hippocampus (e.g., CA1/subiculum). In either case, these activities may integrate the activity of two distinct large-scale networks implementing
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INTRODUCTION
The hippocampus plays a dual role in two key aspects of human cognition: detection of novel stimuli given their context (e.g., Halgren
et al., 1995a,b; Knight, 1996) and long-term memory (e.g., Squire,
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1992). This leads to a situation where the same
brain region is apparently responsible both for detecting out-of-context stimuli and also for matching stimuli in the environment to stored representations. Each
of these aspects of cognition is associated with frequently used experimental paradigms and robust electrophysiological signatures, but the anatomofunctional interaction between the two remains
unclear in humans.
In novelty detection (oddball) paradigms, infrequent targets are randomly embedded in a series of
task-irrelevant stimuli. Typical instructions consist of
asking subjects to count targets mentally or press a
button when targets are detected. Intracerebral recordings in epileptic patients have shown that targets elicit
a large event-related potential (ERP) in the hippocampus with a peak latency between 300 and 600 ms.
This hippocampal component has been termed “MTL
P300” in reference to the P300, a positive scalp EEG
component recorded in the same experimental conditions (Halgren et al., 1980, 1995a; McCarthy et al.,
1989; Brazdil et al., 2001; Fell et al., 2005).
On the other hand, recognition of famous faces,
familiar visual patterns, or previously learned words
elicits a “hippocampal P600” (hP600), also a large
component, culminating between 400 and 800 ms
(Grunwald et al., 2003; Trautner et al., 2004; Barbeau
et al., 2008). Its amplitude increases with successful
memory recognition and is larger for known than for
unknown stimuli (Trautner et al., 2004; Barbeau
et al., 2008).
The fact that a high-amplitude P300 component
can reliably be recorded from the hippocampus, and
given the known role of the hippocampus in memory,
suggests that novelty detection paradigms are somehow related to memory. Indeed, various authors have
proposed that oddball tasks require memory processes,
for example, to maintain the target stimulus or the
context in memory, to identify novel events so that
they can be stored, or to act as a comparator between
previous experience and sensory information
(Kumaran and Maguire, 2007; Polich, 2007; Ludowig
et al., 2010). In contrast, there have also been many
studies on the effect of novelty on memory (Tulving
and Kroll, 1995; Poppenk et al, 2010). However, the
link between both remains unclear and under debate
(Verleger, 2008) and the intracerebral literature,
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TABLE 1.
Patients Demographic Data and Epileptic Status
Patient

Sex

Age

Hand.

Lg. lat.

Epileptic focus

Etiology

Hippocampus recorded

Tasks

P1

M

23

R

L

R LTL

CD

L ant.

P2

M

36

R

L

R&L MTL

Unkn.

L post.

P3

M

34

R

R

L MTL

HS

R post.

P4

M

43

R

L

R LTL

Unkn.

R post.

P5

M

42

L

L

R MTL

Unkn.

R ant.

P6

F

24

R

L

L LTL-LO

Unkn.

L ant.

P7

M

25

R

B

R MTL

Unkn.

R ant.

P8

F

25

R

Unkn.

R LTL

UnKn.

L ant.

P9

M

43

R

Unkn.

R LTL-MTL

Heterotopia

R ant.

P10

M

31

R

Unkn.

R LTL-MTL

Gliosis

R ant.

VOB, SAOB, LAOB, CVOB
FF, VRM, ASSO
MMN, COUNT
VOB, LAOB, voice OB
FF, VRM, ASSO
VOB
FF, ASSO
VOB, LAOB, voice OB
FF, VRM, ASSO
VOB, LAOB, CVOB
FF, ASSO
COUNT
VOB, LAOB, voice OB
FF, VRM, ASSO
VOB
FF
FF
Mixed
SAOB
VRM
MMN, COUNT
SAOB
VRM
MMN

The tasks each patient underwent are summarized in the last column of the table. Hand: handedness. Lg. Lat: language lateralization. L: left; R: right. LTL: lateral
temporal lobe; MTL: medial temporal lobe; LO: lateral occipital. CD: cortical dysplasia; HS: hippocampal sclerosis. Unkn.: unknown. ant: anterior. post: posterior. ASSO: associative memory task; COUNT: counting task; CVOB: categorical visual OB task; FF: famous faces recognition task; LAOB: long auditory OB task;
MMN: mismatch negativity task; SAOB: short auditory OB task; VOB: visual oddball task; VRM: visual recognition memory task. All tasks are described in the
Methods section.

allowing a precise spatio-temporal in vivo recording of the hippocampus, has never addressed the anatomo-functional relationship between these two processes in the same patients and
in the same hippocampal site.
The question we address in this study is that of the relationship between the MTL-P300 and the hP600. Do they correspond to the activation of different hippocampal systems or
circuits? Or are they related, in which case it might reveal a
functional link between memory and odd-ball tasks? We undertook to compare intracerebral ERPs for different oddball and
memory tasks conducted in the same patients. These ERPs
were recorded from electrodes implanted in the temporal lobe
of candidates for epilepsy surgery.

MATERIALS AND METHODS
Patients and Recordings
Ten patients (age: 23–43, two females, one left-hander;
Table 1 for details) with drug-resistant epilepsy undergoing
Hippocampus

presurgical investigations were included in this study. Four had
an epileptogenic zone outside the medial temporal lobes. In
the remaining MTL epileptic patients, except for one patient
(P3) no hippocampal sclerosis or other structural abnormality
of the hippocampus was observed as ascertained by magnetic
resonance imaging (MRI). The absence of hippocampal sclerosis was evaluated as follows: (1) no visual atrophy, (2) no signal
change either in 3D fluid-attenuated inversion-recovery sequences nor in a T2-weighted sequence, and (3) no loss of digitation of the head of the hippocampus. Epochs contaminated
with abnormal electrophysiological activity were rejected before
ERPs were computed (see below). The morphology, amplitude,
and latencies of the hippocampal ERPs recorded from this
series of patients did not differ from studies from other groups
(e.g., McCarthy et al., 1989; Dietl et al., 2005).
Stereoelectroencephalographic (SEEG) recording was performed to localize the epileptogenic zone (Talairach and Bancaud, 1973). The choice of electrode location was based on
pre-SEEG clinical and video-EEG recordings and was made
independently of this study. This study did not add any invasive procedure to depth EEG recordings. ERP recordings were
part of the functional mapping procedure carried out in each
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FIGURE 1.
(A): ERPs of a single patient (P1) recorded from
the hippocampus for both tasks. The ERP on contact 3 shows
opposite polarity between the two tasks, negative in the OB task
(average over 51 trials, for rare stimuli), positive in the famous
faces task (average over 48 correct trials, for correct famous faces
recognition). Note that the negativity is upward. The large ERPs
recorded on contact 3 disappear on adjacent contacts 4 and 5,
also on both tasks, suggesting that these are located outside the
hippocampus. See text for detailed explanation. (B): The insert

shows the electrode track reconstructed in patient P1 MRI. Contacts are in white. Contacts 1-3 are in the hippocampus, contacts
4-5 outside. The color of the contacts corresponds to the color of
the ERPs in A. (C): Grand averages MTL-P300 to rare stimuli in
the visual OB task and hP600 to famous faces in the famous/
nonfamous memory task. For each task, averages were taken across
the same seven patients (P1–P7). The light colors indicate one
standard deviation above and below mean. [Color figure can be
viewed at wileyonlinelibrary.com]

subject with the aim of assessing the functionality of the hippocampus through correct characterization of the hippocampal
ERPs. All subjects were fully informed about the aim of investigation before giving consent. This study was approved by the
Institutional Review Board of the French Institute of Health
(agreement nos. IRB0000388). Subjects had from 6–10 intracerebral electrodes implanted stereotaxically and were typically
approximately orthogonal to the brain midline (example in
Fig. 1B). Each electrode was from 33.5 to 51 mm long, had a
diameter of 0.8 mm and contained from 10 to 15 contacts
2 mm long separated by 1.5 mm (Alcis, Besançon, France). All
electrode implantations in these patients were made by the
same neurosurgeon (J.R.). Anticonvulsant therapy was reduced
or withdrawn during the SEEG exploration to facilitate seizure
occurrence. However, no subject had seizures in the 12 h
before ERP recordings.

Oddball Tasks

Tasks
The tasks are described in further detail when necessary in
the Results section. The tasks each patient underwent are listed
in Table 1. Stimuli presentation and behavioral recordings were
monitored using Eprime v1.1 (Psychology Software Tools Inc.,
Pittsburgh, PA).

General procedure. Single stimuli were presented one after
the other, and participants had to mentally count the rare, target stimuli, which appeared randomly among distractors. They
reported the number of targets they had counted after the end
of the task.
The visual Oddball task (OB) consisted of 250 trials (20%
targets), the duration of the presentation of each stimulus was
400 ms, and the interstimulus interval (ISI) varied between
1000 and 1600 ms. The target and distractor were the same
throughout the task and were abstract pictures difficult to verbalize. In the categorical OB task, targets (23%, 261 trials in
total) were different pictures of animals and the distractors
were different pictures of objects from other categories (clothes,
tools, fruits, and vegetables). Duration of the stimuli and ISI
were the same as in the visual OB task.
The auditory OB tasks were set up in a similar way. The
sounds were delivered through loudspeakers. The ISI was fixed
at 1,200 ms for each. In the short auditory OB task, targets
(23%, 230 trials in total) were pure tones at 1 kHz interspersed with tones at 500 Hz, length of the stimuli is 50 ms.
In the long auditory OB, stimuli were the same but the length
of the stimuli was 400 ms. In the voice OB task, targets (20%,
Hippocampus
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FIGURE 2.
Amplitude profiles across electrode contacts for each of the seven patients
included in Fig. 1C. Patient P1 corresponds to the patient detailed in Fig. 1. Each patient
shows opposite polarity for both tasks on the same contact. Contacts located outside of the
hippocampus show no ERP (amplitude close to 0), implying that the ERPs recorded in the
hippocampus originate from within this structure. ERPs for the rare stimuli of the visual oddball task and famous faces in the famous/unknown recognition task. [Color figure can be
viewed at wileyonlinelibrary.com]

250 trials in total) were human sounds (400 ms duration)
interspersed with various other natural sounds. All sounds were
different in this task.

Memory Tasks
In the face recognition memory task, patients viewed 48
faces of celebrities in grey-scale and 48 faces of unknown people displayed on a screen for 396 ms with an ISI between
1300 and 2000 ms (for a full description and examples of
stimuli, see Barbeau et al., 2008). They had to say for each
whether they knew the face or not. This procedure was not
intended to assess how the patients recognized the faces (e.g.,
by familiarity or naming). The task was run in one block and
without any study phase since pictures of celebrities were used.
Hippocampus

In the visual recognition memory task (described with examples in Barbeau et al., 2008), patients viewed 15 trial-unique
abstract pictures during an explicit encoding phase. The recognition phase took place after a 3 min delay. The patients were
asked to say whether the stimulus presented was old or new.
All stimuli were single-trial and consisted of abstract pictures
which were difficult to verbalize. Participants underwent 4–6
blocks depending on clinical availability. Each stimulus was displayed for 396 ms, and the ISI was 1,300–2,000 ms.
In the crossmodal associative memory task, names of concrete objects (e.g., a rabbit, n 5 15) were shown during an
explicit encoding phase. After a delay of 3 min, related pictures
(e.g., of a rabbit) were presented among distractors (e.g., a picture of an object not shown as a name during the encoding
phase) during the recall phase. The patients had to say whether
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Other Tasks

patients. Level of significance was set at P < 0.05. The Wilcoxon test was run on each millisecond in the 0–650 ms time
window. As can be observed in Figures 1 and 4, most effects
reported in this study were significant for more than 100 ms
consecutively, which allows controlling for multiple
comparisons.

For comparison purposes, some patients also underwent other tasks (see Table 1 for details).

Location of the Electrode Contacts

the picture matched one of the previously presented names.
The stimuli were displayed on a screen for 396 ms with an ISI
between 1600 and 2400 ms. The patients underwent three to
four blocks depending on clinical availability.

 Mismatch negativity task: some participants listened to the
short auditory OB task (same as described above), without
having to count the targets (an equivalent to an auditory
mismatch task). The purpose of this condition was to assess
what would happen if the patients did not have to pay
attention to the targets.
 Counting task: Some patients also underwent the visual OB
task (same as described above) and were asked to count all
stimuli. In contrast to the previous control task, the purpose
of this condition was to assess the outcome if the patients
paid attention to all stimuli.
 Mixed task: Finally, one patient underwent a specific OB
task in which the target was a famous face (Angelina Jolie),
while the distractors were other famous faces. The purpose
of this control task was to mix an oddball design with wellknown stimuli to assess if it would modify the polarity of
the components that were recorded during the oddball tasks.

Signal Acquisition
Signal was acquired using SynAmps amplifiers and Neuroscan software (Compumedics, El Paso, TX). The sampling frequency of EEG depth-recording was 1,000 Hz with an
acquisition filter band-pass of 0.15–200 Hz. Reference was a
surface electrode located in Fz.

ERP Processing
Epochs were computed off-line using Brainvision v1.05
(Brain Products GmbH, M€
unchen, Germany) between 0 and
1,200 ms with a prestimulus baseline of 150 ms. Visual inspection of the EEG and epochs as well as artefact rejection procedures enabled the rejection of epochs with interictal activities.
Epochs from memory tasks were computed after rejection of
errors (false alarms and omissions) separately for correct hits
and correct rejection. Epochs for OB tasks were computed separately for infrequent targets and frequent distractors. Epochs
were then averaged per condition and baseline corrected to
obtain ERPs.

Statistical Analyses
A matched-pair two-tailed signed-rank Wilcoxon test on
individual averaged ERPs was used to assess significant differences between conditions. Such a nonparametric test was chosen because it does not require the assumption of normality.
Furthermore, paired comparisons allow the comparison of ERP
amplitudes independently of amplitude variation among

A routine postoperative CT-scan without contrast was performed to check for the absence of bleeding after electrode
insertion. MRI with 3D reconstruction performed after removal of the electrodes allowed locating the trace of each depth
probe in the brain. The fusion of the postoperative CT-scan
with this MRI allowed precise anatomical localization of
contacts.

RESULTS
We first compared the ERPs in an OB task in which
patients had to mentally count visual targets (20%) appearing
randomly in a set of distractors (80%) with those from a
famous face recognition memory task. Figure 1A presents ERPs
to OB targets and famous faces recorded along successive contacts of an electrode implanted in the hippocampus in Patient
1. Both tasks elicited a negative component culminating at 200
ms (N2). Its amplitude (larger for the famous faces task) and
polarity did not vary across the successive contacts located in
the hippocampus. A later negative component peaking around
400 ms was evoked by OB targets, while famous faces elicited
a component of reverse polarity. To maintain nomenclature
consistency through the literature (Guillem et al., 1999; Soltani
and Knight, 2000; Polich, 2007) these components correspond
to the MTL-P300 and hP600, respectively. Amplitudes varied
gradually and symmetrically for both tasks along successive
contacts (1-2 and 3) in the hippocampus. Amplitude of this
component was maximal on contact 3. For each condition, this
component dropped on the contacts 4-5 immediately adjacent
to contact 3, indicating that the localization of its source was
within the hippocampus (Figs. 1B and 2 for a schematic representation of the data for all subjects).
In every patient included in this part of the study (n 5 7),
the MTL-P300 elicited by oddball targets was negative in the
hippocampus (mean amplitude of the peak: 2100 6 47 lV,
mean latency: 430 ms poststimulus onset), while the hP600 elicited by famous faces was positive (same patients, amplitude:
85 6 49 lV, latency: 473 ms) (Fig. 1C). The temporal course
of these potentials produced this opposite pattern for more
than 300 ms starting at 260 ms poststimulus onset (matchedpair two-tailed signed-rank Wilcoxon test, P < 0.05 during the
260–604 ms period). The hP600 peaked later than the MTLP300 (mean intrasubject peak latencies difference 5 79 ms 6
55 ms).
Hippocampus
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maximal amplitude would have been recorded from distinct
contacts as a function of task.
The location of the contact of maximal amplitude within
the hippocampus was ascertained through electrode reconstruction in the MRI of each patient and comparison with an atlas
of the human hippocampus (Duvernoy, 2005). Contacts
recording maximal amplitude were most likely located in the
CA1 region in all patients (examples in Figs. 1B and 4B, see
also Fig. 2 showing that the contact of maximum amplitude in
the hippocampus was lateral, where the CA1 region is located
in humans).

ERPs from Other Medial Temporal Lobe
Structures

FIGURE 3.
ERPs for the rare stimuli of the visual OB task
and famous faces in the famous/unknown recognition task averaged across the same seven patients. ERPs were recorded from the
amygdala (A) and rhinal cortex (B). A negative potential peaking
at 240 ms (N240) followed by a second negative component at
360 ms (N360) could be recorded in both regions in response to
famous faces. Rare stimuli in the OB task also elicited a negative
response. Interestingly, no N360 was recorded in the oddball task.

Localization of the ERPs
The MTL-P300 and hP600 were local and had maximal
negative or positive amplitude on the same contact within the
hippocampus, a consistent finding in every patient (e.g., Fig.
1A). To check whether this pattern was focal, we first computed the matched-pairs percentage amplitude reduction of the
potentials elicited by the OB targets and the famous faces on
the medial and lateral contacts adjacent to the contact of maximum amplitude. Reduction rate was equivalent (Wilcoxon test,
medial: 49% vs. 34%, P 5 0.25; lateral: 70% vs. 73%,
P 5 0.87). We further studied the profile of ERP amplitudes
for all patients. As can be seen from Figure 2, the contacts
located immediately outside the hippocampus show small voltage amplitude, which is expected since these are usually located
in the white matter laterally (for electrodes reaching the anterior hippocampus, e.g., contacts 4 and 5 in Fig. 1) and medially
(for electrodes reaching the posterior hippocampus) from the
hippocampus. A similar profile of increasing and decreasing
amplitudes across contacts, but of opposite polarity, was
observed in every patient, suggesting that the neural signatures
of underlying processing of face recognition and target detection originate from the same hippocampal region (Figure 2).
Furthermore, there were usually several electrode contacts within the hippocampus. If more than one hippocampal region had
been at the origin of each late potential, the potential of
Hippocampus

Although the oddball and memory tasks elicited ERPs in
several brain regions other than the hippocampus (6–10 electrodes were implanted in each patient and areas sampled
included recordings in the temporal as well as in parietal and
frontal lobes), a similar pattern was not observed in any of the
other brain areas from which recordings were available. For
example, in the amygdala and rhinal cortex, regions adjacent,
and closely related to the hippocampus, a double negative ERP
(N240-N360) was recorded during memory tasks, while only a
N240 was recorded during the OB tasks, in accordance with
other studies (Fig. 3; Trautner et al., 2004; Barbeau et al.,
2008; Ludowig et al., 2010).

ERPs for Other OB and Memory Tasks
To ascertain that these late components were reliably related
to the type of task and that results did not depend on specific
modalities or procedures used, we developed a series of OB
and memory tasks with differing designs and materials. The
tasks each patient underwent depended on clinical availability.
In the OB tasks, we used both auditory and visual targets;
short and long targets (e.g., 50 or 400 ms pure tones); repeated
(e.g., same target to be detected throughout the task) or always
different (e.g., detect trial-unique pictures of animals in series
of trial-unique other objects) targets. We also used targets that
could be detected using simple discrimination (e.g., high vs.
low frequency sound) or targets that required higher cognitive
processes such as categorization (detect trial unique human
sounds among series of artificial sounds). Memory tasks were
also purposefully diverse (see below). Despite these different
conditions, all targets in the OB tasks elicited negative potentials in hippocampus, while all memory tasks elicited positive
potentials at the same contact in each patient (Fig. 4). These
results indicate that the type of task, rather than the type of
materials and design, was critical to determine the polarity of
the hippocampal MTL-P300/hP600 components.
Having found consistent differences in our OB and memory
tasks, we were motivated to design a task where instruction
alone, and not material differentiated the two tasks. To this
end, we ran an OB task using famous faces. Patient (P8) had
to count the occurrence of a famous face (Angelina Jolie) presented repeatedly at random among other famous faces. The
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FIGURE 4.
(A): Grand mean ERPs to different OB and memory tasks. The ERPs presented in Fig. 1C are also reported on
this figure. ERPs for the rare stimuli in the oddball tasks and for
correct old stimuli in the memory tasks. B: OB experiment in
which a patient had to count the occurrence of a famous face
(Angelina Jolie) among other famous faces. This ERP was negative (MTL-P300, plain black line). The ERP to irrelevant famous
faces (distractors) in the OB task are also presented (dotted black

line). This ERP did not have a positive polarity although all faces
were famous. On the other hand, ERPs to famous faces that had
to be recognized explicitly in a yes/no procedure had a positive
polarity (hP600) in the same patient (grey line). All these ERPs
were recorded from the same contact 4 located in CA1 as shown
by the electrode reconstruction in the MRI of the patient. Contacts are in white. [Color figure can be viewed at wileyonlinelibrary.com]

ERP to the target famous face was compared to the ERP
evoked by famous faces when they had to be recognized explicitly among unknown faces. The famous face in the OB task
(Angelina Jolie) elicited a negative component, while famous
faces in the recognition paradigm elicited a positive component
(Fig. 4B). Furthermore, irrelevant famous faces (distractors) in
the OB task elicited a negative ERP of weak amplitude.

Grunwald et al., 2003; Trautner et al., 2004; Barbeau et al.,
2008), the MTL-P300 and hP600 were modulated by the target/distractor or old/new status of the stimuli that were presented during the different tasks. Rare visual targets elicited
potentials of much larger amplitude than frequent, behaviorally
irrelevant, stimuli (Wilcoxon test, n 5 7, P < 0.05, 241–587
ms poststimulus) (Fig. 5A). The targets that elicited a MTLP300 in the auditory OB task did not elicit any potential
when patients passively heard the same list of tones in a mismatch paradigm, indicating that task requirement and endogenous attention modulated the negative potential (Wilcoxon
test, n 5 5, P < 0.05, 267–563 ms poststimulus) (Fig. 5B).

Modulation of the Hippocampal Potentials
As expected, and as has been shown previously (Halgren
et al., 1980; McCarthy et al., 1989; Grunwald et al., 1998;

Hippocampus
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FIGURE 5.
Grand average of MTL-P300 and hP600 were
modulated by the target/distractor or old/new status of the stimuli that were presented during the different tasks. (A): Visual rare
targets compared to frequent stimuli in the visual OB task. (B):
The targets that elicited a MTL-P300 in the short auditory OB
task did not elicit any potential when patients passively heard the
same list of tones (i.e., in this case the patients did not have to

count the stimuli). (C): Patients viewed blocks of trial-unique
abstract pictures and had to count all of them mentally. This task
did not elicit any potential within the hippocampus. (D): The
hP600 was itself modulated by different factors related to memory, here between the old or new status of the stimulus. *Significant difference. [Color figure can be viewed at wileyonlinelibrary.
com]

Three patients viewed blocks of trial-unique abstract pictures
and had to count all of them mentally. This task did not elicit
any potential within the hippocampus, demonstrating, in
accord with the context updating theory (Polich, 2007), that it
is a significant change in a current series of stimuli that is
important to elicit an MTL-P300 rather than merely processing all targets or simply updating current counts of targets in
working memory (Fig. 5C).
The hP600 was itself modulated by different factors related
to memory. Although encoding phases also elicited positive
potentials, recognition phases elicited potentials of significantly
larger amplitude (Fig. 5D; Wilcoxon test, n 5 6, P < 0.05,
351–595 ms post stimulus). In addition, the recognition of targets (hits) elicited an hP600 of higher amplitude than the correct rejection of distractors (Fig. 5D, n 5 6, P < 0.05, 459–490
and 510–567 ms poststimulus). We used a variety of memory
tasks ranging from prelearned general-knowledge like materials
(famous faces) to experimentally presented words and images
of everyday objects. Interestingly, the positive potential was
larger for tasks which placed higher demands on episodic
memory than for tasks that could rely merely on familiarity. In
this study, one task used a yes/no visual recognition memory
method that could be performed principally relying on familiarity. In turn, we also used a crossmodal associative memory
task that relied more on episodic memory. In this task, names
of concrete objects (e.g., a rabbit) were shown during the

encoding phase whereas related pictures were shown among
distractors during the recall phase. Hence, recall relied less on
perceptual familiarity with the stimulus due to the crossmodal
nature of the task; the recognition decision was based on access
to a representation which was not a mere perceptual overlap
with the previously presented stimulus. Moreover, the critical
recognition decision was based on reference to having encountered the stimuli in a specific study phase, rather than identifying a famous face as someone familiar. The positive potential
elicited by the targets in the crossmodal associative memory
task showed significantly higher amplitude than the potential
to the targets in the visual recognition memory task (Fig. 4,
Wilcoxon test, n 5 5, P < 0.05, 354–488 ms poststimulus).

Hippocampus

Stimulus Novelty
Stimulus novelty did not change the polarity of the potentials per se. Stimuli were all novel (trial-unique) during the
voice and categorical OB tasks, in which case the polarity was
negative (Fig. 4A). Some were novel during memory tasks
(during encoding and during recognition of distractors) and
they elicited a positive polarity (Fig. 5D). Finally they were all
novel during a task during which all stimuli had to be counted,
in which case there was no obvious ERP (Fig. 5C). It is thus
the nature of the task, rather than the novelty/familiarity

HIPPOCAMPUS DUALITY
characteristic of the stimulus, which influences the polarity of
the potential.

Task difficulty
We used different OB and memory tasks with different levels of difficulty. The level of difficulty of the task did not
change the polarity of the potentials although it is known that
it can affect amplitude or latency (Kim et al., 2008).

DISCUSSION
Our results show different activation patterns between 400
and 600 ms in response to OB and memory tasks in the same
hippocampal region: whereas a negativity akin to the novelty
P300 was recorded in oddball tasks, a positivity which resembled the hippocampal P600 was recorded during memory
tasks. Strikingly, there was a similar temporal course but of
opposite polarity observed for the two tasks. The polarity
inversion between these two late components was robust, being
observed for all versions of the tasks tested in each patient and
consistent from one patient to another.
Neither the other medial temporal structures nor neocortical
areas displayed the same phenomenon. In addition, these components disappeared as soon as contacts were located outside
the hippocampus indicating that these late components were
generated within the hippocampus. It did not seem to depend
on whether the components were recorded in the anterior or
posterior hippocampus (Poppenk et al., 2013). Our findings
are in agreement with the collated picture from studies which
report positive potentials for memory tasks and negative potentials for OB tasks from the human hippocampus in similar
recording conditions (Halgren et al., 1980; Halgren et al.,
1998; Fernandez et al., 1999; Trautner et al., 2004; Fell et al.,
2005; Barbeau et al., 2008; Axmacher et al., 2010). Despite
the fact that it had been known that OB and memory tasks
reliably induced large hippocampal components, our study is
the first to provide data strongly suggesting that their intrahippocampal circuitry is different.
Our results suggest that OB and memory tasks are processed
within a similar time window in the same hippocampal region
but in different ways. The polarity of the potentials did not
depend on the novelty of the stimuli or on the difficulty of the
tasks. Furthermore, the hippocampal activation is clearly taskdependent and not stimulus-dependent. Famous faces evoke
large positive potential in the hippocampus in the context of
memory tasks (Trautner et al., 2004; Dietl et al., 2005; Barbeau et al., 2008). However a famous face, when processed as
a target in the context of an OB task, evoked a large negative
potential (Fig. 4B). Thus, the class of task (OB vs. memory),
rather than stimuli per se, determines the polarity of the potentials, suggesting that it may be the same cell population activated through two different pathways, which generates the MTL300 and hP600.
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What are the mechanisms underlying this reverse pattern of
activation? Because polarity reversal is localized strictly in the
same site whatever the task, the first hypothesis is that both
activities are generated by a single neuronal population, probably CA1 pyramidal cells. Pyramidal neurons in CA1 have a
remarkable size due to their long apical dendritic arborization
of up to 1.5 mm (Duvernoy, 2005). CA1 is also the largest
field in the human hippocampus and contains the highest
number of pyramidal neurons (Amaral and Lavenex, 2007;
Malykhin et al., 2010). The entorhinal cortex conveys information to CA1 via the monosynaptic (Temporo-Ammonic) and
trisynaptic pathways, coming from entorhinal layer III and layer II, respectively (Van Strien et al., 2009). They reach the
pyramidal cells of CA1 at different levels of their dendritic
tree: the monosynaptic at the apical level (stratum lacunosum
moleculare) and the trisynaptic at the basal level (stratum radiatum). The synaptic activity (increased ionic permeability) at a
given site of the somato-dendritic arborization leads to a sinksource dipolar configuration in the extracellular field. Activation of apical synapses creates a local current sink (negative)
and consequently a current source (positive) close to the soma
(Lopes da Silva, 2010). Activation of basal dendrites produces
a reverse sink-source configuration. Our data are in accordance
with such mechanism, hence generating the hypothesis of an
involvement of one or the other pathway, depending on the
task.
These two pathways carry distinct information to CA1.
Whereas the monosynaptic pathway may convey inputs from
sensory systems to CA1 and maintain a record of the current
state of the world (McNaughton et al., 1989), the trisynaptic
pathway and the autoassociative properties of CA3 is involved
in memory retrieval (Rolls, 2010). These respective circuits
could support OB and memory tasks as hypothesized above.
McCarthy et al. (1989) have proposed that the negative potential evoked by OB tasks within the hippocampus could be due
to depolarization of distal dendrites by excitatory inputs from
the entorhinal cortex. Recordings in the rat CA1 actually support such a pattern of sinks and sources (Speed and Dobrunz,
2009, their Fig. 1A). Furthermore, the trisynaptic pathway
transfers to CA1 activities that are delayed compared to the
monosynaptic pathway due to integration at each stage (Dudman et al., 2007). Accordingly, we found a delay of approximately 80 ms (mean peak difference across subjects) between
ERPs to memory tasks and ERPs to OB tasks further supporting the interpretation that negative or positive ERPs reflect the
activation of each pathway (note that it is difficult to estimate
the onset time of hippocampal components, which is why we
focused on the peak delay). Witter et al (2000) have however
emphasized the complexity of entorhinal–hippocampal circuits
with the idea of having both distinct pathways to the hippocampus from either the lateral or medial entorhinal cortex and
also first, second and third order entorhinal representations following the activation of different entorhinal-hippocampal circuits. Interestingly, second-order representations could
contribute to assessing the novelty of a new input. Thus, other
Hippocampus
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pathways or more complex interactions than simply the monosynaptic or trisynaptic pathways could be considered.
An alternative hypothesis is that the activity of two distinct
neuronal populations was recorded, one responding to OB and
the other to memory tasks. Due to the variety of hippocampal
subfields, several possibilities can be advanced. For example,
Rutishauser et al. (2015) using microwire electrodes implanted
within the human anterior hippocampus and amygdala identified two populations of neurons, one selective for given categories of objects, the other signaling either novelty or familiarity
(see also Rutishauser et al., 2006). These authors suggested that
these neurons could possibly be morphologically or physiologically different. The very similar profile of polarity reversal
along the successive contacts of the electrode as well as the similar amplitude for both potentials recorded in the two tasks
(Fig. 2) raises however the question of the location of these
two classes of neurons. Another possibility in line with the idea
of two distinct populations of neurons was presented by Valero
et al. (2015) who showed a different participation of deep and
superficial CA1 pyramidal cells to sharp-wave ripples, as they
showed opposite membrane polarization. These authors discussed the possibility that the hippocampal pyramidal cells
were not functionally uniform and depended on brain states
(Senior et al., 2008; Mizuseki et al., 2011). A third possibility
is that the polarity reversal we observed could be achieved by
CA1 pyramidal cells on the one hand, and the dentate gyrus
granule cells or another sector of CA on the other. Modeling
and recordings of the rat hippocampus has indeed shown that
the curved configuration of granule cells layer may induce local
field potentials much larger at some distance from the synaptic
sites (Fernandez-Ruiz et al., 2013).
However, it is evident that the spatial resolution of the depth
electrodes that are used in epileptic patients cannot analyze current source densities at the microscale level and thus cannot
disambiguate between these different hypotheses. This study
thus calls for further studies combining macroelectrodes/microelectrodes and state of the art MRI reconstruction to view hippocampal subfields (Yushkevich et al., 2010) or to specific
time-frequency and coherence analyses that could help distinguishing the neural circuitry or neuronal activation underlying
the MTL-P300 and hP-600. Finally, both MTL-P300 and
hP600 potentials may be related to increased BOLD response
suggesting it may be difficult to observe using fMRI the same
phenomena that we report using intracerebral recordings
(Axmacher et al., 2008).
From a broader perspective, memory (Halgren et al.,
1994a,1994b; Nyberg et al., 2000; Steinvorth et al., 2006) and
target detection (Corbetta and Shulman, 2002; Yamaguchi
et al., 2004; Crottaz-Herbette et al., 2005; Mantini et al.,
2009; Vanni-Mercier et al., 2009) are supported by the activity
of two different large-scale neocortical networks. Hippocampal
functional circuitry could shift according to the subject’s implication in one or the other class of task. Interestingly, it has
been shown that the activity of self-oriented or goal-directed
behavior networks are anticorrelated (Fox et al., 2005), which
may map upon how memory and target detection tasks are
Hippocampus

respectively processed in the hippocampus. In line with the
idea that some brain areas may work under modes that are
exclusive of others, a model of hippocampal theta rhythms
suggests that encoding and retrieval may take place at different
phase of the theta rhythm and that these cannot overlap (Separate Phases of Encoding and Retrieval model, Hasselmo and
Stern, 2014). Allan and Allen (2005) experimentally showed
that retrieval from memory transiently interfered with encoding
(for about 450 ms). In short, the hippocampus could participate in the transition between two neocortical large-scale mutually exclusive networks (Tang et al., 2012), one involved in
memory, the other in target detection, the functional reason
for their respective exclusiveness being that oddball tasks
require attention to external stimuli, while memory tasks
require attention to internal representations.
In conclusion, we report that the large potentials evoked by
memory or OB tasks have similar temporal course but opposite
polarity in the human hippocampus. Activation of the direct
and indirect entorhinal–hippocampal CA1 pathways would
subserve novelty detection and recognition memory, respectively. Their final common target in CA1 would integrate activities
of two distinct large-scale networks implementing externally or
internally oriented, mutually exclusive, brain states.
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