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Abstract

Background: It is well established that hippocampal activity is positively related to effective associative memory formation.
However, in biological systems often optimal levels of activity are contrasted by both sub- and supra-optimal levels. Sub-
optimal levels of hippocampal activity are commonly attributed to unsuccessful memory formation, whereas the supra-
optimal levels of hippocampal activity related to unsuccessful memory formation have been rarely studied. It is still unclear
under what circumstances such supra-optimal levels of hippocampal activity occur. To clarify this issue, we aimed at
creating a condition, in which supra-optimal hippocampal activity is associated with encoding failure. We assumed that
such supra-optimal activity occurs when task-relevant information is embedded in task-irrelevant, distracting information,
which can be considered as noise.

Methodology/Principal Findings: In the present fMRI study, we probed neural correlates of associative memory formation
in a full-factorial design with associative memory (subsequently remembered versus forgotten) and noise (induced by high
versus low distraction) as factors. Results showed that encoding failure was associated with supra-optimal activity in the
high-distraction condition and with sub-optimal activity in the low distraction condition. Thus, we revealed evidence for a
bell-shape function relating hippocampal activity with associative encoding success.

Conclusions/Significance: Our findings indicate that intermediate levels of hippocampal activity are optimal while both too
low and too high levels appear detrimental for associative memory formation. Supra-optimal levels of hippocampal activity
seem to occur when task-irrelevant information is added to task-relevant signal. If such task-irrelevant noise is reduced
adequately, hippocampal activity is lower and thus optimal for associative memory formation.
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Introduction

The integrity of the medial temporal lobe, with the hippocam-

pus at its core, is essential for declarative memory [1]. There is

growing evidence that the hippocampus plays a critical role when

disparate information has to be bound together forming new

memories of associations that can be used flexibly [2–4].

Functional imaging studies [5–7] indicated as well that hippo-

campal activity at study is predictive for subsequent associative

retrieval. These and many other studies showed consistently that

more hippocampal activity at study is related to better associative

memory. However, biological systems behave often non-linearly

exhibiting typically a bell-shape dose- or activity-effect function

[8,9]. In other words, one can assume that there are intermediate

levels of hippocampal activity optimal for associative memory

formation, whereas sub- and supra-optimal levels are related to

less efficient memory formation. Functional imaging studies

published so far appear to have tapped predominantly into sub-

optimal and optimal levels of hippocampal activity related to

subsequent misses and hits, respectively. However, several studies

have reported a relationship between increased medial temporal

lobe/hippocampal activity and memory failure [6,10–12]. These

negative subsequent memory effects in the medial temporal lobe

have received little attention, and under what circumstances such

supra-optimal levels of hippocampal activity occur is still poorly

understood.

In real life, relevant information encoded into memory has to be

extracted usually from irrelevant background information, which

can be regarded as noise. Thus, formation of cleanly defined and

discrete memory traces against a background of irrelevant

information requires ambient noise reduction. When task-relevant

associative information is submerged in irrelevant information, a

supra-optimal level of hippocampal activity might be caused by

the combination of neural correlates of task-relevant and task-

irrelevant information. However, such an excess would not enable

effective memory formation, at least not for discrete task-relevant
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associations. In contrast, if ambient noise is reduced effectively in

such a noisy state, successful associative memory formation would

go along with a lower, intermediate level of hippocampal activity

relative to unsuccessful associative memory formation (i.e.,

negative subsequent memory effect), because activity related to

task-irrelevant information would be reduced. Also, in contrast to

the optimal level, associative memory formation in a conventional,

low-noise condition fails if hippocampal activity is not high enough

(sub-optimal level of hippocampal activity) and thus, a positive

subsequent memory effect occurs. There appears to be initial

empirical support for the notion that task-irrelevant noise leads to

supra-optimal levels of hippocampal activity at encoding. Henck-

ens and colleagues [12] found a negative subsequent memory

effect in the hippocampus when subjects memorized complex

pictures while being in an experimentally induced state of

psychological stress. In such a state, hypervigilance might lead to

task-irrelevant noise affecting hippocampal processing. However,

neuromodulatores released during stress might have also other

effects on hippocampal activity and thus, that study is in this

regard not conclusive yet.

Therefore, in the present study we tested the hypothesis that

intermediate levels of hippocampal activity are optimal for

associative memory formation, while sub- and supra-optimal

levels are associated with failure to form new associative memories.

More specifically, we expect a negative subsequent memory effect

in a high noise condition (i.e., subsequent remembered,subse-

quent forgotten) and a positive subsequent memory effect in a

conventional low-noise condition (i.e., subsequent remembered.

subsequent forgotten). To this end, we probed neural activity

related to associative memory formation in a full-factorial design

with the factor associative memory (association subsequently

remembered versus forgotten) and the factor noise (high versus

low distraction). While scanned, subjects memorized sequentially

presented object-face pairs and the within-pair delay period was

filled with either a simple visuo-motor control task (low distraction

condition) or a working memory task (high distraction condition).

Materials and Methods

Ethics statement
All participants provided written informed consent in accor-

dance with the declaration of Helsinki. This study was approved

by the local ethics committee (Commissie Mensgebonden

Onderzoek region Arnhem-Nijmegen, The Netherlands).

Participants
Twenty-four healthy, right handed subjects with normal or

corrected to normal vision (13 female; age 22.462.9 yrs) were

recruited from the Radboud University Research Participation

System. They reported no neurological or psychiatric history. The

data of seventeen subjects were used for further analysis. Data

from seven subjects were excluded: one due to failure in data

acquisition; one due to failure in comprehending task instructions,

and five subjects showed poor memory performance at or close to

chance level (25%) in the associative memory test.

Stimulus
Stimulus material consisted of 240 color photographs of objects

and 360 color portraits (half males). The photographs of common,

every day objects were selected from the Hemera Photo-Objects

database (http://www.hemera.com). The portraits were color

photographs of individuals from different European regions. These

faces were photographed in a standardized fashion with mildly

happy emotional expression, without headgear or glasses. One

hundred-twenty out of 360 portraits were used as foils in the face

recognition memory test, counterbalanced over subjects. All visual

stimuli were presented in the center of the screen on a black

background by Presentation software (www.neurobs.com).

Task procedure
Initially, each subject went through a pre-experimental training

session with two object-face pairs per condition not used in the

actual experiment. The actual experiment consists of three phases:

Pre-scan familiarization. Since we were not interested in

single-item memory for the objects (we have a single item memory

measure for faces), and since task difficulty was quite high, subjects

were familiarized with all objects before they went into the scanner

for associative encoding. Subjects were asked to name and

memorize all objects half an hour prior to MRI scanning.

Objects were presented twice, random sequentially, in random

order at the center of the screen, each for 2s with a 1s inter-

stimulus interval.

Scanning phase (encoding task). Figure 1 (a, top) shows the

structure of the encoding task executed inside the scanner.

Subjects were instructed to memorize 240 sequentially presented

object-face pairs in which the object was always presented first for

1s. Subsequently a variable within-pair delay of 7.5 to 11.5 s

followed and finally the face was presented for 3 s. The distraction

task was presented at the end of the within-pair delay and directly

followed by the face presentation, in order to induce clear

interruption right before associations were formed. Each pair was

separated by a jittered inter-pair delay of 3 to 6 s. To ensure the

subjects perceived the object-face pairs as one pair, the object was

presented with an open square bracket on the left to indicate

opening and the face was present with a close square bracket on

the right to indicate closure of the pair. The entire experiment

consisted of four runs, each containing 60 pairs and lasting about

19 minutes.

Half of the within-pair delay periods were filled with a simple

visuo-motor control task (low distraction condition) and the other

half of the within-pair delay periods were filled with a working

memory task (high distraction condition, Fig. 1a, bottom). Both

distraction tasks had a match-to-sample structure, in which six

letters were sequentially presented in the center of the screen for

500 ms, each with 500 ms intervals. In the simple visuo-motor

control task, the capital letter ‘‘A’’ was presented six times. In the

working memory task, six different letters (half upper case) or five

different plus one repeated, final letter. Subjects were instructed to

press corresponding buttons with their right index or middle finger

at the end of the working memory task to show whether they

detected a repeated letter, regardless of case. In the simple visuo-

motor control task, they were instructed to give one random

button press with their right index or middle finger at the end of

each sequence.

Post-scan memory tests. Two memory tests were applied

immediately after scan. First, a face recognition memory test in

which 240 old, previously studied faces were sequentially shown

on a computer screen randomly intermixed with 120 new, yet

unstudied faces. Subjects were instructed to indicate whether they

had seen the face before in the scanner by a confidence rating on a

six-point scale (Fig. 1b). On this scale, a ‘6’ response was associated

with the highest confidence for prior occurrence and a ‘1’ response

with the highest confidence for a new stimulus. After completing

the face recognition memory test, subjects performed an

associative memory test in a paper-and-pencil manner: 240

object-face pairs were randomly assigned into 60 clusters with

four pairs printed on each page. The locations of objects and faces

were randomized (Fig. 1c). Subjects were instructed to connect the
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studied pairs by lines and to add a confidence rating indicating

whether they were absolutely sure that it is the right link (1),

somewhat sure (2), or just guessing/excluding (3).

fMRI data acquisition
Whole-brain T2*-weighted images were acquired on a 1.5 T

Siemens Avanto MR-scanner. Functional images were recorded

using an ascending slice acquisition EPI sequence (33 axial slices,

matrix 64664, slice thickness 3.4 mm, slice gap 0.34 mm, flip-

angle 90u, TR 2190 ms, TE 35 ms, voxel size 3.363.363.4 mm3).

T1-weighted anatomical images were acquired using an

MPRAGE sequence (176 sagittal slices, matrix 2566256, slice

thickness 1mm, flip-angle 15u, TR 2250 ms, TE 2.95 ms,

T1 = 850 ms, voxel size 16161 mm3).

Behavioral data analysis
All statistical tests of behavioral data were performed using

SPSS (15.0, SPSS Inc, Chicago, USA). To test whether subjects

discriminated successfully between old (previously studied) and

new (previously unstudied) faces, recognition memory data was

analyzed using a 266 ANOVA with the study status of the items

as one factor (old versus new) and the confidence rating as

the other factor (six levels). Post-hoc paired-sample t-tests were

applied to test for old-new discriminability at each level of

confidence. Additionally, we tested whether recognition con-

fidence for correctly identified old faces differed between the

two distraction conditions (low versus high distraction) using

a 266 ANOVA with the factor distraction and the level of

confidence.

Based on the results in the item and the associative memory

tests (see Behavioral results), we further analyzed our data in a

repeated measures 362 ANOVA. The first factor, memory status,

contained three levels: Item forgotten (face and association

forgotten), Association forgotten (face remembered but associa-

tion forgotten), and Association remembered (both face and

association remembered). The second factor was the distraction

condition (low versus high distraction). In this way we investigated

differences between memory status, distraction conditions, and

their interactions.

fMRI data analysis
Image preprocessing and statistical analysis were performed

using Statistical Parametric Mapping (SPM5, www.fil.ion.ucl.ac.

uk) which ran under MATLAB 7.2 (Math Works, Inc). The first

five EPI volumes of each subject were discarded to allow for T1

equilibration. The images were preprocessed using the following

processing steps: realignment to correct for head motion,

coregistration of the mean of the functional images to each

subject’s high resolution T1-weighted image, slice time correction,

spatial normalized to a common stereotactic space defined by

SPM MNI152 (Montreal Neurological Institute) T1 template,

resampling into 36363 mm voxels, and finally smoothing with an

Figure 1. Experimental paradigm. Encoding task inside the scanner (a) and the post-scan memory tests (b, c). a, top, In each trial, the image of an
object was presented first, followed by a fixation cross, the distraction task, and the face. a, bottom, The distraction task was either a simple visuo-
motor control task (low distraction condition) or a working memory task (high distraction condition). In both tasks, six letters were sequentially
presented and subjects had to indicate whether the final letter of each sequence was identical to one of the previous five letters. b, Face recognition
memory test. Subjects had to make an old-new judgment on each sequentially presented face by a confidence rating on a six-point scale. c, The
associative memory test. Subjects had to connect the studied object-face pairs by lines and add a confidence rating. Note: in this figure, the actual
face stimuli are replaced by smiley, because of unclear copyright status.
doi:10.1371/journal.pone.0013147.g001
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isotropic 3D Gaussian kernel with 8 mm FWHM. The data were

statistically analyzed in the framework of the General Linear

Model and Statistical Parametric Mapping [13].

For the first level analysis we specified a general linear model in

which events were sorted into several regressors as a function of

the trial component, the distraction condition, and subsequent

memory. Firstly, the presentation of each object was included as

an event of 1 s. The distraction period was modeled into two

regressors (low and high distraction) for the period of the letter

sequence (3 s). Since our main interest is the neural activity related

to memory formation in the different conditions, the face

presentations were included in the model as 3 s events and sorted

into six different regressors according to the same six bins that we

defined in the 362 design in the behavioral data analysis. All

remaining trials were included into an extra condition of no

interest. Fixation periods were not modeled and used as a low level

baseline. All regressors were convolved with the canonical

Hemodynamic Response Function (HRF) in SPM5. In addition,

the realignment parameters were separately modeled to account

for movement-related variability.

Contrast images generated in the first level analysis were

submitted to a group level full factorial 362 ANOVA with a factor

memory status (Item forgotten, Association forgotten, and

Association remembered) and a factor distraction (low and high).

To assess the brain activity during the distraction period, we

contrasted the high and low distraction conditions at the onset of

letter sequence. All other statistical tests were onset to face

presentation. The non-associative memory effect was tested by

contrasting Association forgotten trials with Item forgotten trials.

To explore the subsequent associative memory effect and its

interaction with the distraction condition, we contrasted Associ-

ation remembered trials with Association forgotten ones, and

additionally explored the interaction between memory status

(Association remembered and Association forgotten) and distrac-

tion condition (low and high). Based on our hypothesis for the

hippocampus, we applied a small volume correction (SVC) to the

activated brain regions found in the associative memory contrast

and the interaction using the anatomical automatic labeling

template of the bilateral hippocampus (WFU PickAtlas toolbox in

SPM). Significant interactions were further explored using post-

hoc t-tests to reveal the differences between the separate

conditions. In these t-tests the peak voxel of the interaction was

assessed at the same statistical threshold as the interaction.

Beta values from significantly activated regions were extracted

using MarsBaR (marsbar.sourceforge.net) for visualization pur-

poses. All fMRI analyses in this study were thresholded at p

(uncorrected),0.001, unless otherwise specified.

Results

Behavioral results
Subjects gave in 89.0065.3% (Mean 6 SD) of trials correct

responses to the working memory task (high distraction condition).

Reaction times in the simple visuo-motor control task (low

distraction condition) were shorter than in the working memory

task (paired-samples t test, 0.5760.13 relative to 0.7860.16,

t(17) = 28.29, p,0.001). As intended, subjects were well able to do

the two distraction tasks, but the high distraction task was

substantially more difficult than the simple visuo-motor control task.

In the face recognition memory test, subjects were able to

distinguish between old and new faces (266 ANOVA, interaction

F(5, 80) = 32.94, p,0.001, Fig. 2a). Post-hoc paired-samples t-test

revealed that subjects could not discriminate between old and new

faces when giving a confidence rating of ‘4’ (t(16) = 20.05, n.s.).

The proportion of trials with rating 1, 2 and 3 was significantly

higher for new faces than for old faces (all p,0.005), and in rating

5 and 6 the reverse was true (both p,0.001). Therefore, old faces

that received a ‘1’, ‘2’, or ‘3’ rating were defined as forgotten and

old faces that received a ‘5’ or ‘6’ rating were defined as

remembered, faces received rating ‘4’ were categorized as trials of

‘‘no interest’’ and excluded from further analysis. This definition is

consistent with previous studies with similar design [14,15]. Using

these definitions we assessed the subjects’ performance (number of

remembered old faces divided by the total number of old faces) on

the face recognition memory test. Memory performance in this test

was clearly above chance level (one-sample t test, t(16) = 4.28,

p = 0.001). Confidence ratings for old faces’ recognition did not

differ between the two levels of distraction (F(1, 16) = 0.76, n.s.).

Given our associative memory test with a forced choice design,

low confidence yet correct responses might be based on exclusion

or guessing. To prevent this from confounding our results we

(conservatively) considered all trials that received a low confidence

rating of ‘3’ as forgotten. Correct, confident answers (‘1’ or ‘2’

ratings) were defined as remembered, and incorrect confident

answers (‘1’ or ‘2’ ratings) were defined as forgotten. Using these

definitions the subjects’ performance on this associative memory

test for object-face pairs was calculated as the number of

remembered trials divided by the total number of trials. Memory

performance in this test was well above chance level (one-sample t

test, t(16) = 11.72, p,0.001).

Based on the results of the face recognition memory test and the

associative memory test, we assigned all trials to their memory

status: Item forgotten, Association forgotten (item remembered),

and Association (and item) remembered, trials in which subjects

selected the incorrect face in the recognition memory task, but

successfully retrieved the association were sorted into the category

of ‘‘no interest’’ and excluded from further analysis. Performance

in neither (status) bin appeared affected by the type of distraction

task (see Fig. 2b, details are given in Table 1). Repeated measures

362 ANOVA revealed no main effect of distraction (F(1,16) = 1.13,

n.s.), no main effect of memory status (F(2,32) = 0.16, n.s.), and no

interaction between the two factors (F(2,32) = 0.40, n.s.).

Imaging results
Effect of distraction task. Imaging results for the distraction

period showed a typical working memory activation pattern when

contrasting the high with the low distraction condition. This

contrast activated a set of brain regions including the bilateral

middle frontal gyrus (BA 9), precuneus (BA 7), insula (BA 13),

inferior occipital gyrus (BA 19) and fusiform gyrus (BA37), whole

brain p(Family-Wise Error corrected),0.05. No hippocampal

activation was found, even at a liberal threshold (p = 0.01,

uncorrected).

Non-associative memory and associative memory. Non-

associative item memory formation, defined by the contrast

Association forgotten (item recognized) minus Item forgotten,

activated regions in the anterior medial temporal lobe including

bilateral anterior hippocampus, amygdala, fusiform gyrus, right

anterior parahippocampus as well as right middle hippocampus.

Assessing associative memory formation (Association remem-

bered minus Association forgotten), a region in the hippocampus

(see Fig. 3, local maximum at MNI -21 -9 -15, p(SVC) = 0.029)

showed stronger activation during encoding when associative

memory formation was successful compared to trials in which only

item memory formation succeeded but associative memory

formation failed. A region in the inferior frontal gyrus (BA 45;

local maximum at MNI -56, 30, 12) showed a same subsequent

memory effect with specific preference only in the high distraction

Optimal Hippocampal Activity
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condition (threshold at p(uncorrected),0.001) but not in low

distraction condition (even at a liberal threshold p(uncorrect-

ed),0.01). The opposite contrast, which showed stronger

activation when associative memory formation failed, revealed

only one area located in the right parietal cortex (BA 40; local

maximum at MNI 48, -54, 51; p(uncorrected),0.001).

Interaction between distraction and associative memory

formation. In the 262 interaction analysis between the memory

status (Association forgotten and Association remembered) and the two

distraction conditions, no brain region was found that exhibited a larger

associative subsequent memory effect in the high compared to the low

distraction condition [(Association remembered high distraction –

Figure 2. Behavioral performance. a, Behavioral results of the face recognition memory test. Confidence ratings range from ‘1’ (absolutely sure
that the face is new) to ‘6’ (absolutely sure that the face is old, i.e. has been studied during the encoding session). There were significant differences
for old and new faces in all ratings except for rating ‘4’. b, Subsequent memory performance based on the memory status (Item forgotten,
Association forgotten, Association remembered) and the distraction condition (low and high distraction). There were no differences in performance
between the different levels of distraction or memory status. Error bars represent SEM.
doi:10.1371/journal.pone.0013147.g002
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Association forgotten high distraction).(Association remembered low

distraction – Association forgotten low distraction)], even when using a

very liberal threshold of p(uncorrected),0.05. However, the opposite

interaction revealed a clear effect in the right hippocampus (see Fig. 4a,

local maximum at MNI 33 -6 -21, p(SVC) = 0.021) extended into the

amygdala. We extracted the beta values of this region to visualize the

pattern of this interaction, and plotted the conditions according to their

distraction level. As shown in Fig. 4b, this interaction appears to be

based on a positive subsequent memory effect when distraction was low

and a negative subsequent memory effect when distraction was high.

Independent t-tests using SPM revealed that the positive subsequent

memory effect on the low distraction level and the negative subsequent

memory effect on the high distraction level are both significant

(p(SVC) = 0.025 and p(SVC) = 0.009, respectively). When the

association had been forgotten, the activation in the high distraction

condition was significantly stronger than in the low distraction condition

(p(SVC) = 0.002); however, when the association had been successfully

remembered, the hippocampal activation showed no difference. These

findings indicate that associative memory formation failed in the high

distraction condition when too much hippocampal activity occurred

and in the low distraction condition when too little hippocampal activity

occurred. Thus, associative memory formation in the high distraction

condition was only successful when activity was reduced sufficiently and

in the low distraction condition when activity was increased sufficiently.

Discussion

The present study revealed an interaction in hippocampal

activity between the factors Associative memory formation and

Distraction. Relatively lower hippocampal activation appeared

related to better associative memory formation when encoding was

embedded in a high distraction task, whereas a conventional,

positive subsequent memory effect occurred in a low distraction

task. This pattern of results occurred when the potentially

interfering effect of the distraction task was generally compensated,

because subsequent memory performance was unaffected by the

difference in the distraction task. Nevertheless, the reason for

failing to form a memory appears different between distraction

conditions when analysis is trial-by-trial based. Too much noise

might have impaired forming an associative memory trace in the

high distraction condition. However, when ambient noise was

reduced effectively, the remaining hippocampal activity was

sufficient to form an associative memory trace successfully. In

contrast, when ambient noise was low to start with, more,

presumably task-relevant processing was beneficial for associative

memory formation while low levels of hippocampal processing

were related to subsequently forgotten associations. In sum, we

obtained four data points on a bell-shape function relating

hippocampal activity to the success of associative memory

formation. There is, in line with our hypothesis, an optimal level

of hippocampal activity for associative memory formation and

sub- as well as supra-optimal levels that appear detrimental for

associative memory formation.

Negative subsequent memory effects have been described

before, although rarely in the medial temporal lobe, but in a

number of neocortical regions including midline and lateral areas

within the so-called default mode network [16–19]. These findings

were interpreted as suggestive for inattention or mind wandering

at study and, consequently, poor subsequent memory perfor-

mance. These negative subsequent memory effects, however, were

Table 1. Mean number of trials (+SD) separated for the factors distraction and subsequent memory.

Item Forgotten Association Forgotten Association Remembered No Interest

Low Distraction 30.00 26.18 31.06 32.76

SD 15.60 8.32 14.67 11.29

High Distraction 30.06 27.00 29.76 33.18

SD 12.07 8.60 16.45 11.89

SD, Standard Deviation.
doi:10.1371/journal.pone.0013147.t001

Figure 3. Brain regions activated in associative memory formation (Association remembered.Association forgotten). Sagittal view
(left) and coronal view (right) show the activation in the left hippocampus (MNI -21 -9 -15, SVC, p = 0.029). Images are thresholded at p,0.001
uncorrected, for displaying purposes. L, left; R, right.
doi:10.1371/journal.pone.0013147.g003
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associated with positive effects in the medial temporal lobe and

thus, our negative subsequent memory effect in the hippocampus

cannot readily be attributed to default mode activity, although the

hippocampus is sometimes regarded as part of this network [20].

However, the two ideas, increased default mode network activity

or increased processing of task irrelevant information, are not

mutually exclusive, because unconstrained processing of informa-

tion related to the distraction task (i.e., noise) might be the basis for

mind wandering and thus one can regard this additional activity as

related to both noise and default mode processing. The facts that

this additional activity can be reduced significantly when main task

load was high [21,22] supports our interpretation.

Our data suggests that noise reduction seem to be accomplished

within the hippocampus. To achieve such noise reduction one has

to assume a process that separates hippocampal representations of

object-face associations from representations related to the

distraction task. It is important to note that these representations,

albeit quite different in their experimental characteristics, have

large episodic overlap, because the entire context is identical. A

process allowing such dissociation of overlapping representations

might be pattern separation, which is known to enable distinct

representations of overlapping input in the service of resolving

interference [23]. Leutgeb and colleagues [24] have revealed a

dual mechanism for pattern separation in which signals from the

entorhinal cortex can be decorrelated both by changes in

coincidence patterns and recruitment of non-overlapping cell

assemblies in the hippocampus. However, it remains unclear

whether successful pattern separation goes along with an increase

[25], a decrease [26,27], or no change in overall neural activity as

measured with fMRI. Regardless, it has been shown that damage

to a certain hippocampal subregion, the dentate gyrus, whose

integrity is essential for normal pattern separation, affects

selectively spatial memory acquired in a high spatial interference

condition [28], indicating that pattern separation enables indeed

ambient noise reduction when the study phase is submerged in

distraction causing proactive interference.

While our data suggest a hippocampal process of noise

reduction, they do not exclude alternative mechanisms for

ambient noise reduction that might lead to less hippocampal

input and hence to less overall processing as observed here.

Negative subsequent memory effects could also reflect conse-

quences of less input due to selective attention computed in

inferior temporal regions [12]. Processing in extra striate visual

cortex enables object-selective attention and thus forwarding of

attended, task relevant information to the medial temporal lobe

that lacks ambient noise related to unattended input [29,30].

Alternatively, processes related to cognitive control computed in

frontal regions could resolve competition among active represen-

tation [31], or suppress proactive interference [32,33]. In line with

the idea that the frontal lobe might have exerted control over

Figure 4. The interaction between distraction (low and high) and memory (Association forgotten and Association remembered). a,
An effect has been revealed in the right anterior hippocampus (MNI 33 -6 -21, SVC, p = 0.021). Image is thresholded at p,0.001 uncorrected, for
displaying purposes. L, left; R, right. b, We extracted the beta values from this region just to depict the direction of the interaction revealed. As can be
seen, the interaction was based on a positive subsequent memory effect when distraction was low and a negative subsequent memory effect when
distraction was high. Error bars represent SEM.
doi:10.1371/journal.pone.0013147.g004
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hippocampal input, we detected an inferior frontal subsequent

memory effect exclusively for the high distraction condition.

However, no interaction between the factors Associative memory

and Distraction occurred in this brain region. These alternative

accounts are certainly valid, but our data does not provide

evidence supporting them.

Despite the negative subsequent memory effect found here, the

hippocampus plays nevertheless a critical role in associative

memory formation. Here we probed a specific kind of associative

memory formation, because the two constituents of each pair to be

memorized were presented sequentially with a within-pair delay

filled partly with a distraction task. Such discontiguous associative

memory formation has been linked to medial temporal lobe

activity previously [14,15,34], but it remained somewhat unclear

whether this contribution was related to item maintenance during

the within-pair delay [35] or final associative binding taking place

after encountering the second constituent. The intervening

distraction task, implemented here, that did not affect overall

associative memory performance makes continuous maintenance

in working memory less likely and thus, our data is supportive for a

model in which the hippocampus supports the actual binding of

the two constituents separated in time during memory formation

[3,36,37]. This conclusion appears also closely in line with data

obtained in classical conditioning experiments in which the

hippocampus plays a critical role in trace conditioning only,

where a delay period is included between the offset of the

conditioned stimulus and the delivery of the unconditioned

stimulus [38–42]. Thus, our data confirms the view that the

hippocampus plays a critical role in associating discontinuous

events during memory formation.

Our results appear to suggest that most effective associative

memory formation is achieved at an intermediate level of

activation in the right hippocampus while the left hippocampus

shows the ‘‘classical’’ activity increase with successful associative

memory formation. However, the two effects described in the left

and right hippocampus were not significantly lateralized. Thus,

they represent just significant effects in one medial temporal lobe,

but there might have been the same, however, non-significant

effects in the homologue area of the opposite hemisphere.

Furthermore, the two effects are not found in overlapping,

homologue areas. Thus, the two findings are do not support a

hemispheric specialization and further studies will be needed to

clarify this issue.

In sum, we provide initial empirical evidence for a bell-shape

function relating hippocampal activity and success of associative

memory formation. While intermediate levels of hippocampal

activity appear optimal for associative memory formation too low

levels and too high levels appear detrimental. Supra-optimal levels

of hippocampal activity appear to occur when a distraction task, or

a state of stress [12] interferes with memory formation presumably

by adding noise to the task-relevant signal. If ambient noise

reduction is sufficient, we can form coherent episodic memories

across discontinuous events cluttered with irrelevant information, a

situation confronted with every day.

Acknowledgments

We thank Paul Gaalman for the technical assistance in MRI data

acquisition.

Author Contributions

Conceived and designed the experiments: XL SQ JL GF. Performed the

experiments: XL. Analyzed the data: XL SQ MR. Contributed reagents/

materials/analysis tools: XL SQ MR. Wrote the paper: XL MR GF.

References

1. Scoville WB, Milner B (1957) Loss of recent memory after bilateral hippocampal

lesions. J Neurol Neurosurg Psychiatry 20: 11–21.

2. Mayes AR, Holdstock JS, Isaac CL, Montaldi D, Grigor J, et al. (2004)

Associative recognition in a patient with selective hippocampal lesions and

relatively normal item recognition. Hippocampus 14: 763–784.

3. Eichenbaum H, Yonelinas AP, Ranganath C (2007) The medial temporal lobe

and recognition memory. Annu Rev Neurosci 30: 123–152.

4. Vann SD, Aggleton JP, Maguire EA (2009) What does the retrosplenial cortex

do? Nat Rev Neurosci 10: 792–U50.

5. Henke K, Buck A, Weber B, Wieser HG (1997) Human hippocampus

establishes associations in memory. Hippocampus 7: 249–256.

6. Kirwan CB, Stark CEL (2004) Medial temporal lobe activation during encoding

and retrieval of novel face-name pairs. Hippocampus 14: 919–930.

7. Davachi L (2006) Item, context and relational episodic encoding in humans.

Curr Opin Neurobiol 16: 693–700.

8. Yerkes RM, Dodson JD (1908) The relation of strength of stimulus to rapidity of

habit-formation. J Comp Neurol Psychol 18: 459–482.

9. Baldi E, Bucherelli C (2005) The inverted ‘‘U-shaped’’ dose-effect relationships

in learning and memory. Nonlinearity Biol Toxicol Med 3: 9–21.

10. Henson RNA, Rugg MD, Shallice T, Josephs O, Dolan RJ (1999) Recollection

and familiarity in recognition memory: An event-related functional magnetic

resonance imaging study. J Neurosci 19: 3962–3972.

11. Davachi L, Wagner AD (2002) Hippocampal contributions to episodic encoding:

Insights from relational and item-based learning. J Neurophysiol 88: 982–990.

12. Henckens MJAG, Hermans EJ, Pu Z, Joels M, Fernandez G (2009) Stressed

memories: how acute strss affects memory formation in humans. J Neurosci

29(32): 10111–10119.

13. Friston KJ, Holmes AP, Worsley KJ, Poline JP, Frith CD, et al. (1995) Statistical

parametric maps in functional imaging: A general linear approach. Hum Brain

Mapp 2: 189–210.

14. Qin S, Piekema C, Petersson KM, Han B, Luo J, et al. (2007) Probing the

transformation of discontinuous associations into episodic memory: an event-

related fMRI study. Neuroimage 15: 212–222.

15. Qin S, Rijpkema M, Tendolkar I, Piekema C, Hermans EJ, et al. (2009)

Dissecting medial temporal lobe contributions to item and associative memory

formation. Neuroimage 46: 874–881.

16. Otten LJ, Rugg MD (2001) When more means less, neural activity related to

unsuccessful memory encoding. Curr Biol 11: 1528–1530.

17. Wagner AD, Davachi L (2001) Cognitive neuroscience: Forgetting of things past.
Curr Biol 11: 964–967.

18. Weis S, Klaver P, Reul J, Elger CE, Fernández G (2004) Temporal and
cerebellar brain regions that support both declarative memory formation and

retrieval. Cereb Cortex 14: 256–267.

19. Shrager Y, Kirwan CB, Squire LR (2008) Activity in both hippocampus and
perirhinal cortex predicts the memory strength of subsequently remembered

information. Neuron 59: 547–553.

20. Raichle ME, MacLeod AM, Snyder AZ, Powers WJ, Gusnard DA, et al. (2001)

A default mode of brain function. Proc Natl Acad Sci U S A 98: 676–682.

21. Lavie N (2005) Distracted and confused? Selective attention under load. Trends
Cogn Sci 9: 75–82.

22. Forster S, Lavie N (2009) Harnessing the wandering mind: The role of

perceptual load. Cognition 111: 345–355.

23. McNaughton BL, Nadel L (1989) Hebbian-Marr networks and the neurobio-

logical representation of action in space. Gluck MA, Rumelhart DE, eds.
Neuroscience and connectionist theory. Hillsdale: Lawrence Erlbaum Assoc. pp

1–63.

24. Leutgeb JK, Leutgeb S, Moser MB, Moser EI (2007) Pattern separation in the

dentate gyrus and CA3 of the hippocampus. Science 315: 961–966.

25. Bakker A, Kirwan CB, Miller M, Stark CEL (2008) Pattern separation in the
human hippocampal CA3 and dentate gyrus. Science 319: 1640–1642.

26. O’Reilly RC, McClelland JL (1994) Hippocampal conjunctive encoding,

storage, and recall - avoiding a trade-off. Hippocampus 4: 661–682.

27. Rolls ET (2007) An attractor network in the hippocampus, Theory and

neurophysiology. Learn Mem 14: 714–731.

28. Hunsaker MR, Kesner RP (2008) Evaluating the differential roles of the dorsal
dentate gyrus, dorsal CA3, and dorsal CA1 during a temporal ordering for

spatial locations task. Hippocampus 18: 955–964.

29. Martinez A, Teder-Salejarvi W, Vazquez M, Molholm S, Foxe JJ, et al. (2006)

Objects are highlighted by spatial attention. J Cogn Neurosci 18: 298–310.

30. Mangun GR (1995) Neural mechanisms of visual selective attention.
Psychophysiology 32: 4–18.

31. Badre D, Wagner AD (2007) Left ventrolateral prefrontal cortex and the
cognitive control of memory. Neuropsychologia 45: 2883–2901.

32. Jonides J, Nee DE (2006) Brain mechanisms of proactive interference in working

memory. Neuroscience 139: 181–193.

33. Caplan JB, McIntosh AR, De Rosa E (2007) Two distinct functional networks

for successful resolution of proactive interference. Cereb Cortex 17: 1650–1663.

Optimal Hippocampal Activity

PLoS ONE | www.plosone.org 8 October 2010 | Volume 5 | Issue 10 | e13147



34. Luo J, Niki K (2005) Does hippocampus associate discontiguous events?

Evidence from event-related fMRI. Hippocampus 15: 141–148.
35. Ranganath C, D’Esposito M (2001) Medial temporal lobe activity associated

with active maintenance of novel information. Neuron 31: 865–873.

36. Wallenstein GV, Eichenbaum H, Hasselmo ME (1998) The hippocampus as an
associator of discontiguous events. Trends Neurosci 21: 317–323.

37. Piekema C, Kessels RP, Rijpkema M, Fernández G (2009) The hippocampus
supports encoding of between-domain associations within working memory.

Learn Mem 16: 231–234.

38. Clark RE, Squire LR (1998) Classical conditioning and brain systems: The role
of awareness. Science 280: 77–81.

39. Tseng W, Guan R, Disterhoft JF, Weiss C (2004) Trace eyeblink conditioning is

hippocampally dependent in mice. Hippocampus 14: 58–65.

40. Weible AP, O’Reilly JA, Weiss C, Disterhoft JF (2006) Comparisons of dorsal

and ventral hippocampus cornu ammonis region 1 pyramidal neuron activity

during trace eyeblink conditioning in the rabbit. Neuroscience 141: 1123–1137.

41. Gerwig M, Kolb FP, Timmann D (2007) The involvement of the human

cerebellum in eyeblink conditioning. Cerebellum 6: 38–57.

42. Cheng DT, Disterhoft JF, Power JM, Ellis DA, Desmond JE (2008) Neural

substrates underlying human delay and trace eyeblink conditioning. Proc Natl

Acad Sci U S A 105: 8108–8113.

Optimal Hippocampal Activity

PLoS ONE | www.plosone.org 9 October 2010 | Volume 5 | Issue 10 | e13147



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /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 false
  /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 true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


