
www.elsevier.com/locate/ynimg

NeuroImage 40 (2008) 1319–1327
Visual areas become less engaged in associative recall following
memory stabilization
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Numerous studies have focused on changes in the activity in the
hippocampus and higher association areas with consolidation and
memory stabilization. Even though perceptual areas are engaged in
memory recall, little is known about how memory stabilization is
reflected in those areas. Using magnetoencephalography (MEG) we
investigated changes in visual areas with memory stabilization.
Subjects were trained on associating a face to one of eight locations.
The first set of associations (‘stabilized’) was learned in three sessions
distributed over a week. The second set (‘labile’) was learned in one
session just prior to the MEG measurement. In the recall session only
the face was presented and subjects had to indicate the correct location
using a joystick. The MEG data revealed robust gamma activity during
recall, which started in early visual cortex and propagated to higher
visual and parietal brain areas. The occipital gamma power was higher
for the labile than the stabilized condition (time=0.65–0.9 s). Also the
event-related field strength was higher during recall of labile than
stabilized associations (time=0.59–1.5 s). We propose that recall of the
spatial associations prior to memory stabilization involves a top-down
process relying on reconstructing learned representations in visual
areas. This process is reflected in gamma band activity consistent with
the notion that neuronal synchronization in the gamma band is re-
quired for visual representations. More direct synaptic connections are
formed with memory stabilization, thus decreasing the dependence on
visual areas.
© 2008 Elsevier Inc. All rights reserved.
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Introduction

Long-term memory representations undergo profound changes
with repetitions, time and sleep. This reorganization is thought to
stabilize representations by integrating them into existing context
and by making them more resistant to interference (McClelland
et al., 1995; McGaugh, 2000; Ellenbogen et al., 2006). Multiple
studies suggest that memories become less dependent on the
hippocampus and rely more on the neocortical representations with
memory stabilization and consolidation (Alvarez and Squire, 1994;
Eichenbaum, 2000; Wiltgen et al., 2004; Frankland and Bontempi,
2005; Takashima et al., 2006b). Several of these studies also focus
on changes in the prefrontal areas with consolidation (Wiltgen et al.,
2004; Frankland and Bontempi, 2005; Takashima et al., 2006b).
While perceptual areas have been shown to be engaged in long-term
memory encoding and retrieval (Ungerleider, 1995; Nyberg et al.,
2000; Wheeler et al., 2000; Ueno et al., 2007), the consequence of
memory stabilization in these areas is less explored.

Both brain imaging and electrophysiological studies in humans
point to that perceptual areas which are active during memory
encoding also are reactivated during retrieval. For instance, the
ventral pathway was shown to be reactivated during long-term
memory retrieval of object identity and the dorsal pathway during
retrieval of spatial information (Moscovitch et al., 1995). Activation
of the auditory cortex was found during visual presentation of words
that previously were paired to sounds (Nyberg et al., 2000; Wheeler
et al., 2000). Brain areas involved in color perception showed
activity during presentation of white stimuli which previously had
been presented in color (Ueno et al., 2007). Not only do higher
perceptual areas show retrieval related activation, the same holds for
early visual areas. In an fMRI study BA17 and BA18 were more
active during true than false recognition of complex shapes (Slotnick
and Schacter, 2004). Also active suppression of emotional memories
is associated with a decrease of the activation of BA17 and BA18
(Depue et al., 2007). Finally, a recent magnetoencephalography
(MEG) study demonstrated that gamma activity in early occipital
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Fig. 1. The behavioral setup. (A) Two sets of face–location associations
were encoded according to the ‘stabilized' and ‘labile’ protocol. Set 1
(stabilized) was encoded spaced over three sessions; the first session was on
day 1, the second on days 3, 4 or 5 and the third on day 7. In these sessions,
each face–location association was rehearsed 9, 16 and 14 times re-
spectively. Set 2 (labile) was encoded in one session on day 8 and each
association was rehearsed 39 times. The total duration and number of
rehearsals were the same for both sets. Set 1 and set 2 were counterbalanced
over subjects with respect to the stabilized and labile condition. Recall
during MEG recording took place on day 8. (B) During the MEG recordings,
each trial started with a 0.8 s period in which the subject could blink. Then
followed a baseline interval (2-3 s) during which a gray rectangle equal in
size to the face stimulus was shown. The face stimulus followed for 1.5 s
during which subjects were instructed to retrieve the associated location, but
withhold their response. Finally, the eight possible locations and the cursor
(white dot) were shown, prompting the subjects to make a joystick
movement to the retrieved location. The chosen location changed color for
0.2 s and subsequently the next trial started.
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areas was associated with both successful long-term memory
encoding and recognition (Osipova et al., 2006). It is well accepted
that long-term memories are stored by synaptic changes. The
reactivation of (early) perceptual areas during retrieval could be
interpreted as the reinstantiation of the neuronal firing pattern
required to ‘read out’ a synaptically encoded memory representation
(Wheeler et al., 2000; Kahn et al., 2004; Wagner et al., 2005).
According to this view memory retrieval involves a reconstructive
process (Slotnick and Schacter, 2004). However, it remains an open
question whether perceptual areas are permanently involved in
memory retrieval, or if other areas take over that task with memory
stabilization.

In this study we have used MEG to investigate the engagement
of perceptual areas in long-term memory retrieval. We used a
paradigm in which the memory trace was allowed to strengthen
due to rehearsal and time-dependent consolidation. We hypothesize
that perceptual areas are more involved when a memory trace is not
stabilized. With stabilization, retrieval is expected to rely more on
direct connections in higher level areas, resulting in less activation
in the perceptual areas (Takashima et al., 2007). The high time
resolution of MEG is essential when studying the involvement of
perceptual areas in memory retrieval. It enables to disentangle the
early bottom-up perceptual activity from activity later in time due
to memory retrieval.

We focused the analysis on oscillatory synchronization in the
gamma band (N30 Hz). There are strong arguments for synchro-
nization in the gamma-frequency band being important for neu-
ronal communication (Varela et al., 2001; Fries, 2005). A group of
neurons firing synchronously in the gamma band are bound in a
narrow time frame and exert a strong drive on downstream net-
works due to the temporal summation of synaptic activity (re-
viewed in Jensen et al 2007). Gamma band synchronization has
been shown to play a critical role in neuronal coding by selectively
synchronizing the firing of neurons representing the various fea-
tures of an object (reviewed in Singer, 1999). Not inconsistent with
feature binding, oscillatory gamma band activity also reflects pro-
cesses such as directed attention, working memory maintenance
and long-term memory operations (Engel et al., 2001; Salinas and
Sejnowski, 2001; Fell et al., 2003; Gruber et al., 2004b; Jensen
et al., 2007). Also during successful declarative memory retrieval
increased gamma-frequency activity has been found (Gruber et al.,
2004b; Osipova et al., 2006). This might reflect the reactivation of
synaptically encoded representations (Jensen et al., 2007).

Event-related responses have been investigated extensively
during long-term memory encoding and recall using EEG and
MEG (Rösler et al., 1995; Tendolkar et al., 2000; Takashima et al.,
2006a; Rugg and Curran, 2007). In particular the slow components
of event-related potentials (ERPs) have been shown to reflect long-
term memory retrieval (Johansson and Mecklinger, 2003; Fried-
man et al., 2005; Herron, 2007). We also investigated how memory
stabilization is reflected in the event-related fields (ERFs) elicited
by memory recall.

To investigate the changes in neocortical activity with memory
stabilization, subjects were trained on two sets of face–location
associations. The first set was learned in 3 sessions distributed over
the week preceding the MEG measurement (‘stabilized’), while the
second set was intensively learned just prior to the measure-
ment (‘labile’). The MEG data were acquired during retrieval of the
location associated with a given face. Using time-frequency analysis
of power and source modeling of the MEG data, we characterized
the consequences of memory stabilization in visual perceptual areas.
Materials and methods

Subjects

Twenty two healthy, right handed subjects (mean age: 23.3,±
4.8 years; 11 females) participated in the experiment. None of the
subjects had a history of neurological or psychiatric disorders. All
subjects had normal or corrected to normal vision, and gave their
written consent to participate in the experiment. The study was
approved by the local ethics committee.

Experimental paradigm

The experiment was a joint MEG and fMRI experiment, with
subjects participating in both. The results of the fMRI study have
been reported elsewhere (Takashima et al., 2007). During encoding
subjects had to associate a face to one of eight locations displayed
on a computer screen. Subjects learned two sets of 20 face–location
associations for each condition (Fig. 1A). The face–location asso-
ciations for the ‘stabilized condition’ were trained in three sessions
in the week preceding the MEG measurement. The first session
took place on day 1 (a week before the MEG measurement) in
which each face–location association was rehearsed 9 times. The
second session took place on days 3, 4 or 5. In this session each
association was rehearsed 16 times. The last session took place the



Fig. 2. Gamma band activity during retrieval of face–location associations.
(A) The grand-average of gamma power for the two conditions averaged over
posterior channels (marked by ⁎ in panel B) and gamma frequency ( f=65–
100 Hz). Sensors and time-frequency points reflecting a difference between
the stabilized and labile condition were identified using non-parametric
permutation statistics. The difference was significant in the time interval
t=0.65–0.90 s ( pb0.01). A relative baseline was applied: t=−0.3 to
−0.1 s. (B) Topography of the grand-average of gamma power for the labile
(left) and stabilized (center) conditions. The difference between conditions
(right panel; labile-stabilized; z-values) was significant in posterior sensors
marked with ⁎ (pb0.01). Time-frequency window: 0.65b tb0.90 s;
65b fb100 Hz. (C) Time-frequency representation of the grand-averaged
gamma power for both conditions in posterior channels (marked by ⁎ in panel
B) which showed a significant difference ( pb0.01). The difference between
conditions (right; z-values) was observed relatively late. Same scale and
order of conditions as in B.
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day before the measurement (day 7) and each association was
rehearsed 14 times. The face–location associations for the labile
condition were learned in one massed session 2 h before the MEG
measurement. In this session, each face–location association was
rehearsed 39 times. The total duration of the encoding and the
amount of rehearsals was exactly the same for both sets (39 re-
hearsals in 46 min per set). Two training paradigms were used; cued
and uncued. The cued training was used mainly in the beginning of
the training; at the end mainly the uncued training was used. In the
cued training, a color change of one of the eight target locations
indicated the correct location. In the uncued training the subjects had
to indicate the remembered location by moving a joy-stick
controlled cursor. In case of error, a color cue indicated the correct
target. Using this paradigm, subjects were over-trained in order to
minimize memory decay over time. Grayscale pictures of unknown
faces with a neutral expression were used as stimuli. The pictures
were taken with a digital camera in equal lighting. The eight target
locations were arranged in a circle around the face. All locations
were at the same distance from the face (Fig. 1B). The sets used in
each condition were counterbalanced over subjects.

During the recall session, when the MEG data were acquired, a
face was shown in the center of the screen. By moving a joy-stick, the
subject had to point an on-screen cursor to the associated location
(Fig. 1B). The subject received no feedback. The faces of the
stabilized and labile conditions were presented randomly intermixed.
Each face was repeated 6 times in order to obtain enough trials. Each
trial started with a blink period of 0.8 s to reduce blinking later in the
trial. Then followed a baseline period with a jittered duration of 2–3 s
in which a gray rectangle was presented. Subsequently the face
appeared in the center for 1.5 s, after which the eight target locations
and the cursor appeared. This cued the subjects to make the response.
When seated in the MEG system the distance from the subjects' eyes
to screen was about 75 cm. The visual angle of the face stimulus was
4.4° by 5.7° and from center to location cues 9.2°. After the MEG
session an additional retrieval round took place to obtain reaction time
data, since the response was delayed during the MEG measurement.

Data acquisition

MEG was acquired with a 151-sensor axial gradiometer system
(CTF systems Inc., Port Coquitlam, Canada) placed in a mag-
netically shielded room. In addition, the horizontal and vertical
electrooculogram (EOG) were recorded to later discard trials con-
taminated by eye movements and blinks. The ongoing MEG and
EOG signals were low-pass filtered at 300 Hz, digitized at
1200 Hz, and stored for off-line analyses. Prior to and after the data
acquisition, the subject's head position relative to the gradiometer
array was determined using coils positioned at the subject's nasion,
and at the left and right ear canal.

High-resolution anatomical images (voxel size=1 mm3) of the
whole brain were acquired using a 1.5-T Siemens Sonata whole-
body scanner (Erlangen, Germany). These images were used for
reconstruction of individual head shapes for the source reconstruc-
tion procedures described later.

Preprocessing

The data analysis was performed using the FieldTrip open source
Matlab toolbox developed at the F. C. Donders Centre for Cognitive
Neuroimaging (http://www.ru.nl/fcdonders/fieldtrip). Only trials in
which the subjects responded to the correct location were used for
further analyses. Data segments contaminated with artifacts, eye
movements, eye blinks, muscle activity and jumps in the super-
conducting quantum interference devices (SQUIDS), were detected
with a semi-automatic routine and discarded. Data sets from three
subjects were discarded because of excessive artifacts in the MEG
signals. For four subjects the synthetic 3rd order gradient was used
to cancel out noise caused by vibrations from road construction
(Vrba and Robinson, 2001), for the other subjects we used the
original 1st order gradiometer data. Power line noise was removed
by estimating and subtracting the 50, 100 and 150 Hz components in
the MEG data (similar to the approach used in Bauer et al., 2006).
The data was padded to 5 s resulting in a notch width of 0.2 Hz.

An estimate of the planar gradient was calculated for each sensor
using the signals from the neighboring sensors. The horizontal and
vertical components of the planar gradient were combined using

the root mean square
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dF
dx

� �2 þ ðdFdyÞ2
r

. The planar field gradient
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Fig. 3. Source reconstruction of changes in gamma power with respect to a baseline period (grand average; 65b fb95 Hz). Both conditions were combined. The
gamma power distributions were calculated for the individual subjects, z-transformed (poststimulus versus prestimulus) and spatially normalized to the MNI
template brain. The average over subjects was then calculated and projected to the brain surface. Multiple comparisons over voxels are controlled for by only
showing voxels belonging to the significant clusters ( pb0.001).
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simplifies the interpretation of the sensor-level data because the
maximal signal power typically is located above the source
(Hämäläinen et al., 1993). Furthermore, activation is produced in
a contiguous set of sensors which is advantageous for the cluster-
randomization algorithm described later. (A similar approach was
used in Bauer et al., 2006; Osipova et al., 2006; Jokisch and Jensen,
2007). For source reconstruction, we used the data from the true
axial sensors and not the planar gradient estimate.

Time-frequency analysis on sensor level

Time-frequency representations (TFRs) of power were calcu-
lated for each trial using a (multi)taper approach applied to short
sliding time windows (Percival and Walden, 1993). The data in
each time window were multiplied with a Hanning taper for the
low frequencies (2-40 Hz) or with a set of orthogonal Slepian
tapers for the high frequencies (35-150 Hz). For the high fre-
quencies, the power values from the Fourier transforms of the
tapered time windows were then averaged across tapers. The power
values were calculated for the horizontal and vertical component of
the estimated planar gradient and summed. The planar gradient
power estimates were subsequently averaged over trials for a given
condition. For the low frequency band, we applied an adaptive
time window of four cycles for each frequency (ΔT=4/f ). In the
high frequency band, we used a fixed time window of ΔT=0.2 s
and a frequency smoothing of Δf ~10 Hz, resulting in three tapers
being applied to the sliding time window. (Similar settings were
used in Osipova et al., 2006; Jokisch and Jensen, 2007).

The difference in power between conditions was first quantified
within each subject over all trials by means of t-values which
subsequently were converted to z-values (SPM2, http://www.fil.ion.
ucl.ac.uk/spm). This procedure served to normalize the power
values and to reduce the contribution of subjects with large variance.
The significance of the difference in z-values between conditions
over subjects (random effects analysis) was tested by means of the
randomization test proposed by Maris and Oostenveld (2007) also
incorporated in the FieldTrip software. This test controls the Type-1
error rate in a situation involving multiple comparisons (i.e. sensors
and time-frequency points). First, all sensor-time-frequency-points
are identified for which the z-value for the difference between
conditions within each subject exceeds a threshold (higher than 1.96
or lower than -1.96). Contiguous sensor-time-frequency points
exceeding the threshold are then grouped in clusters. Each cluster is
subjected to a cluster-level test: for a given cluster the sum of the
sensor-time-frequency point z-values is used in the cluster-level test
statistics. In the second step the Monte Carlo estimate of the per-
mutation p-value of the cluster is obtained by comparing the cluster-
level test statistic to a randomization null distribution assuming no
difference between conditions. This distribution is obtained by 1000
times randomly swapping the conditions in subjects and calculating
the maximum cluster-level test statistic. Using 1000 random draws
the Monte Carlo p-value is an accurate estimate of the true p-value.

Event-related fields

The data were bandpass filtered offline between 0.1 and 30 Hz,
down-sampled to 100 Hz, and a 0.1 s baseline, preceding the onset of
the face, was applied. The ERFswere calculated per condition for each
subject with respect to the axial gradiometer signals. Subsequently an
estimate of the planar gradient was calculated for each sensor as
described above. The significance of the difference in planar ERFs
between conditions over subjects (random effects analysis) was tested
by using the randomization test as well. First, all sensor-time-points
were identified for which the dependent t-value for the difference
between conditions exceeds the 5% critical value of the sensor-time-
specific t-statistics (two tailed). Subsequently theMonteCarlo estimate
of the permutation p-value of the cluster was obtained (1000 draws).

Source reconstruction

Source reconstruction was performed using a frequency-domain
beam-forming approach [Dynamic Imaging of Coherent Sources
(DICS)]. The DICS technique uses adaptive spatial filters to localize
power in the entire brain (Gross et al., 2001; Liljeström et al., 2005).
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A realistically shaped single-shell description of the brain-skull in-
terface was constructed, based on the individual anatomical MRIs.
The brain volume of each individual subject was discretized to a grid
with a 0.8 cm resolution and the lead field was calculated for each
grid point (Nolte, 2003). Using the cross-spectral density matrices
and the lead-field, a spatial filter was constructed for each grid point
(Gross et al., 2001), after which the power at each grid point was
estimated for both conditions separately in every subject. The same
filter was used for both conditions.

Sources were estimated on time-frequency tiles that were pre-
selected from the sensor level analysis. Sources were estimated for
gamma power (~80 Hz) using a 0.2 s time windows and using multi-
taper approach. Here we used 5 orthogonal Slepian tapers, resulting in
a frequency smoothing of Δf ~15 Hz. Statistical testing was done by
a very similar approach as was used on sensor level. As a first step,
z-values of the source estimateswere calculated over trials, comparing
the conditions within each subject. Subsequently, it was tested if the
z-value was significant over subjects, using spatial clustering to
control for multiple comparisons. Clustering was done in voxel space
for the time-frequency tile of interest. Prior to averaging and statistical
analysis, the source estimates of the individual subjects' functional
data were spatially normalized to the MNI brain according to the
individual brain shapes using SPM2 to the International Consortium
for Brain Mapping template [Montreal Neurological Institute (MNI),
Montreal, Quebec, Canada; http://www.bic.mni.mcgill.ca/brainweb].

Results

Stabilized face–location associations were learned distributed
over the week prior to the MEG measurement, while labile asso-
ciations were learned on the same day as the measurement. In the
retrieval session the subjects had to recall the location associated
with a given face from either the stabilized or the labile condition.
Faster and equally accurate retrieval of stabilized associations

During the MEG measurement subjects had to choose one of
eight target locations associated with the presented face. In both
conditions the hit rate was very high and there was no difference
between the stabilized and labile condition (mean±standard error:
stabilized: 94.0±1.3%, labile: 94.8±0.9%; n=19, t=0.47, p=0.64).
Since subjects had to delay their response during the MEG
measurement, reaction times were measured in a separate behavioral
task after the MEG experiment. During this task, subjects were on
average 0.1 s faster in retrieving a stabilized compared to a labile
location (stabilized: 0.94±0.03 s, labile: 1.04±0.04 s; n=19, t=4.74,
pb0.001). Thus, memory stabilization decreased the retrieval time
and did not result in increased forgetting.
Fig. 4. Source reconstruction of the differences in gamma power between the
stabilized and labile conditions. Time-frequency window: 0.65b tb0.90 s;
65b fb95 Hz. The gamma power distributions were calculated for the
individual subjects, z-transformed (labile versus stabilized) and spatially
normalized to the MNI template brain. Multiple comparisons over voxels are
controlled for by only showing voxels belonging to the significant cluster
( pb0.05).
More gamma power in occipital areas during the retrieval of labile
associations

After presentation of the face stimulus (t=0 s) subjects retrieved
the associated location from memory. We characterized the gamma
power modulation during the retrieval process for the stabilized and
labile condition (Fig. 2). The initial strong gamma power increase over
posterior sensors peaking around 0.5 s was followed by a decrease.
This decrease was faster for the stabilized than the labile condition.
Statistical comparison of the two conditions revealed significantly
higher gamma power in the labile than the stabilized condition
( pb0.01, See supplementary Fig. S1). The space-frequency-time
cluster identified by the statistical test consisted of 20 posterior sen-
sors (indicated by * in Fig. 2B), a 65–100 Hz frequency range and a
0.65–0.90 s time range (indicated by the light red bar in Fig. 2A).
Thus, there is a relatively late difference in posterior gamma activity,
with higher power when labile associations are retrieved.

To identify the sources accounting for the increase in gamma
activity, we performed a beamforming analysis. Source activity
was reconstructed for each trial separately with respect to 0.2 s
time-windows centered at -0.1 s (prestimulus baseline), 0.1 s, 0.2 s,
0.3 s, 0.4 s, and 0.5 s (80±15 Hz). The difference compared to the
prestimulus baseline was calculated for the combined conditions.
After face onset gamma power increased in the early visual areas
and spread anteriorly to higher order occipital, parietal and (left)
central cortices (Fig. 3).

We also reconstructed the sources of the gamma power for the
time and frequency range that showed a significant difference at
sensor level (0.65–0.85 s; 80±15 Hz) The source analysis revealed
the brain areas associated with more gamma power for the retrieval
of labile versus stabilized face–location associations ( pb0.05,
Fig. 4). These areas comprised BA17, BA18 and BA19 with a trend
towards a left lateralization. In the right hemisphere the source
extended into the posterior parietal cortex. Thus the difference in
gamma activity between the labile and stabilized condition was
largely in the occipital cortex, including the primary visual areas.
When subjecting the data to analysis in the lower frequency bands,
no differences were found.

www.bic.mni.mcgill.ca/brainweb


Fig. 5. Grand average event-related fields (ERFs) during retrieval of face–location associations. In the middle all sensors at which the planar ERF was stronger
for the labile than the stabilized condition are marked by * (0.59b time b1.5 s; pb0.05). The surrounding frames show the waveforms for the stabilized and
labile condition averaged over the outlined channels. Note that the vertical axis scales for the channel groups are different.
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Memory stabilization reduces the magnitude of slow ERFs over
posterior and left frontal sensors

The planar gradient representations were calculated for the ERFs
time-locked to memory retrieval. During the first 0.6 s of the retrieval
process, the ERFs were very similar for the stabilized and labile
condition (Fig. 5). The face sensitiveM170 component, most obvious
in occipital sensors, is clearly present in both conditions. The late part
of the ERFs was larger in the labile than the stabilized condition. This
effect was significant on a large group of sensor-time-points
( pb0.05). The sensors were located over bilateral occipital and tem-
poral, left frontal and left parietal areas (indicated by * in Fig. 5), the
time range was from 0.59 to 1.5 s. To show the topographical
dependence of the ERFs, the time course of six channel groups are
shown (Fig. 5). In conclusion, as for the gamma activity, memory
stabilization is reflected relatively late (N0.6 s) in the ERFs.

Discussion

Oscillatory brain activity and ERFs were investigated during
retrieval of face–location associations. The presentation of the face
cue prompted a strong increase in gamma activity (65–100 Hz)
which initially was produced in early visual areas and then pro-
pagated to higher level areas including the parietal cortex. Fol-
lowing 0.65 s after face onset, the occipital gamma activity was
stronger for recall of labile (learned in one session just prior to the
test) compared to stabilized (learned during the week preceding the
test) associations. Also the slow components of the ERFs were
stronger during recall of labile compared to stabilized associations
from 0.6 s after face onset in sensors over posterior and left frontal
brain regions.

What is the functional importance of the gamma activity in the
early perceptual areas (BA17 and BA18) being stronger when labile
compared to stabilized memories are recalled? Twomechanisms can
be entertained: the first relies on a ‘sharpening' of the memory traces
and the second on a top-down drive engaging occipital areas in
memory recall. Recent EEG studies have supported the idea that a
sharpening of the memory trace is reflected in changes in induced
gamma band activity (Gruber et al., 2004a; Gruber and Müller,
2006). In particular it was shown that induced gamma power over
posterior electrodes decreased with repeated presentation of familiar
stimuli. This effect occurred between 0.2 and 0.3 s after stimulus
onset. The ‘sharpening’ of the memory traces might be explained by
synaptic plasticity in which features not essential for a given re-
presentation are dropping out leaving a more efficient representa-
tion. It is possible that a similar sharpening occurs with time due
consolidation of the memory traces. This could explain why the
gamma activity is reduced with memory stabilization. The main
concern of this explanation is that changes in gamma activity were
observed in occipital areas, whereas memory consolidation typically
is thought to be a consequence of changes in non-perceptual higher
level areas. An alternative explanation is that the stabilization effect
is explained by a top-down mechanism. According to this scheme
the early occipital gamma (before 0.5 s) reflects face perception
being the same in both conditions. Subsequently, the recognition of
the face results in the retrieval of the associated location in higher
order memory areas (Takashima et al., 2007). The retrieval pro-
cess results in a top-down drive engaging early visual areas in a
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reconstructive process reflected in activation after 0.6 s. This recon-
structive process results in the late gamma response which is modu-
lated by stabilization.

With stabilization, a reorganization of the memory trace might
involve the formation of more direct synaptic connections between
the storage areas representing the face and the locations. This is
supported by our recent fMRI study using the same paradigm which
demonstrated an increase in functional connectivity between fusiform
face area and precuneus with stabilization (Takashima et al., 2007).
The precuneus is known to be an area involved in the multimodal
integration of information from different associational brain areas
(Cavanna and Trimble, 2006). Given this reorganization, the recall
becomes less dependent on perceptual areas and instead the recon-
struction of thememorymight rely on the precuneus to a larger degree
(Wagner et al., 2005). As a consequence, less gamma activity is
evoked with memory stabilization in visual areas.

The changes in the memory networks with stabilization are also
supported by the response data: reaction times were about 0.1 s
faster in the stabilized compared to the labile condition. The in-
crease in recall speed might also be explained by the formation of
more direct synaptic connections in and between the areas rele-
vant for memory recall. The faster reaction times cannot be due to
changes in motor cortical areas alone since while the faces were
different for the two conditions, the target locations directing the
motor response were the same.

Memory stabilization was reflected in the ERFs in the same,
relatively late, time period as for the gamma power. This late epi-
sodic memory effect, maximal over the parieto-occipital scalp, is
often found in event-related memory paradigms using ERPs (Rugg
and Curran, 2007) and may reflect the search for and/or retrieval or
evaluation of source-specifying information in the cortical regions
that initially processed the stimuli (Friedman et al 2005). The to-
pography of our findings is in accordance with Khader et al (2005).
In a study on long-term memory retrieval of faces and spatial
positions they found that the slow wave topography of the ERPs
was more negative in parietal and occipital electrodes during re-
call of spatial positions and more negative over central and pre-
dominantly left frontal electrodes during face recall. While it is not
possible to directly compare the signs of ERPs and ERFs, it is
likely that the same brain regions are producing the face–location
association. We conclude that memory stabilization is reflected in a
much larger network in the ERFs than in the gamma band, where
the effect is restricted to the occipital areas.

A typical concern when examining differences in brain activity
with memory consolidation is that the memory trace decays with
time. A decay of the memory trace effects retrieval effort which
complicates the interpretation of the related brain activation. In our
design we aimed at minimizing the decay by spacing the training of
the stabilized condition over a week. In this way the associations in
the stabilized conditions were consolidated for a week, but the
rehearsal minimized forgetting and decay. Given the equal recall
rates for the two conditions it is unlikely that the decrease in
gamma power and modulations in the ERFs with stabilization are
explained by a weaker memory trace or by differences in effort.
However, the spaced versus massed encoding procedure might
have affected encoding. The massed training for the labile con-
dition could have resulted in repetition suppression and thus less
encoding (Wagner et al., 2005; Cepeda et al., 2006; Fernández and
Tendolkar, 2006). Since such repetition effects would be weaker in
the spaced condition, the stronger encoding activity might have
facilitated memory stabilization (see also Takashima et al., 2007).
Future studies are needed to account for the individual contribu-
tions of time dependent consolidation and spaced encoding.

Recently, we have reported fMRI results using the same sub-
jects and task as here (Takashima et al., 2007). In the fMRI data we
did not find a difference in occipital areas when comparing the
labile and stabilized conditions. This is surprising since particularly
neuronal synchronization in the gamma band has been associated
with blood-oxygen-level-dependent (BOLD) changes (Logothetis
et al., 2001; Kilner et al., 2005; Niessing et al., 2005). One expla-
nation could be that the large gamma activity due to perceptual
processing of the face cue, and the resulting temporal smearing
from the hemodynamic response function, swamps the subtle
difference in the BOLD response between 0.65 and 0.9 s (Huettel
et al., 2004). Since MEG provides a millisecond temporal reso-
lution, it is possible to disentangle more subtle differences in time.
A complementary explanation is that the frequency decomposition
increases the sensitivity of specific neuronal activity, since it allows
us to specially focus on the gamma band, while attenuating noisy
effects in other frequency bands. Finally, it is possible that the
gamma band activity reflects changes in neuronal synchronization.
Synchronization changes are possible without modulations in
overall neuronal firing or synaptic communication. Interestingly, in
the fMRI study we did identify BOLD increases with stabilization
in precuneus, the ventromedial prefrontal cortex, the bilateral tem-
poral pole, and left temporo-parietal junction. At least within the
realm of the analyses we conducted, these differences were not
reflected in the MEG signals. This might be explained by modu-
lations in the BOLD signal not necessarily resulting in detectable
changes in neuronal synchronization. In sum, these discrepancies
underline the difference between the signals measured by MEG
and fMRI and stress the complementary value of both techniques.

Our findings add to a growing body of evidence demonstrating
that the visual system is engaged in tasks beyond visual per-
ception. These tasks include directed attention, working memory
maintenance and long-term memory encoding and recall (re-
viewed in Jensen et al., 2007). It is particularly interesting that the
memory engagement of the visual system in these tasks is re-
flected in the gamma band (Tallon-Baudry et al., 1998; Gruber
et al., 2004b; Osipova et al., 2006; Jokisch and Jensen, 2007).
Neuronal synchronization in the gamma band has been proposed
to underlie the formation of visual representations as supported by
the binding theory (Singer, 1999). This is consistent with the
hypothesis that visual gamma activity during long-term memory
recall reflects a reconstructive process evoking the initial neu-
ronal representations.
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