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ABSTRACT:  Lesions of parahippocampal structures impair perfor-
mance of delayed matching tasks in nonhuman primates, suggesting a role
for these structures in the maintenance of items in working memory and
short-term stimulus matching. However, most human functional imaging
studies have not shown medial temporal activation during working mem-
ory tasks and have primarily focused on functional magnetic resonance
imaging (fMRI) signal intensity changes in the prefrontal and posterior
parietal cortex. The goal of this study was to test the hypothesis that the
difference between the human and nonhuman primate data results from
the use of highly familiar stimuli in human working memory studies and
trial-unique stimuli in nonhuman primate studies. We used fMRI to ex-
amine prefrontal and temporal lobe activation during performance of a
working memory (two-back) task, using blocks of novel and highly famil-
iar complex pictures. Performance of the working memory task with novel
complex pictures resulted in greater signal change within medial temporal
lobe structures than performance of the task with familiar complex pic-
tures. In contrast, the working memory task with highly familiar stimuli
resulted in greater prefrontal activation. These results are consistent with-
out hypothesis that the medial temporal lobe is recruited for the short-
term maintenance of information that has no prior representation in the
brain, whereas the prefrontal cortex is important for monitoring familiar
stimuli that have a high degree of interference. A second set of tasks
examined stimulus matching. Subjects performed a target-matching task,
during which they identified a single target presented in blocks of novel or
familiar stimuli. The results provide evidence of hippocampal and para-
hippocampal recruitment in the target-matching task with familiar stim-
uli. These results are consistent with prior animal studies and suggest that
prefrontal regions may be important for the monitoring and matching of
familiar stimuli which have a high potential for interference, whereas
medial temporal regions may become proportionally more important for
matching and maintenance of novel stimuli. Hippocampus 2001;11:
337-346. © 2001 Wiley-Liss, Inc.
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INTRODUCTION

Numerous studies of nonhuman primates have dem-
onstrated that lesions of the medial temporal lobe (MTL)
cause impairments of performance on delayed match-to-
sample (DMS) tasks (Gaffan, 1974; Gaffan and Murray,
1992) and delayed nonmatch-to-sample (DNMS) tasks
(Zola-Morgan et al., 1989, 1993; Alvarez et al., 1994).
These impairments appear at long delays (e.g., 1 min, 10
min) but not short delays (0.5, 1, or 3 s) (Gaffan and
Murray, 1992; Alvarez et al., 1994). These results are
consistent with the notion that the entorhinal cortex and
perirhinal cortex are important for maintaining memory
for trial-unique stimuli across delays lasting more than a
few seconds. Lesions of the entorhinal cortex have also
been shown to impair continuous delayed nonmatch-to-
sample tasks in rats (Otto and Eichenbaum, 1992a).

Despite these findings, the majority of functional neu-
roimaging tasks in humans have not reported medial
temporal lobe activation during performance of two-
back working memory tasks, which require short-term
stimulus matching. This discrepancy between the human
and nonhuman primate findings may be based on the fact
that while animal studies have used trial-unique stimuli,
the majority of neuroimaging studies using the two-back
task have concentrated on simple, highly familiar stimuli,
such as letters, which have a clear prior representation in
the brain (Cohen etal., 1997; Owen et al., 1998; Postle et
al., 2000; Stern et al., 2000). In contrast with studies
using trial-unique stimuli (Zola-Morgan et al., 1989; Al-
varez et al., 1994), the use of repeated presentations of
small numbers of stimuli in DNMS tasks causes signifi-
cantly slower learning and poorer performance in non-
human primates, suggesting that familiar stimuli place
very different demands on cognitive processes (Mishkin
and Delacour, 1975). In fact, medial temporal lobe le-
sions in monkeys do not impair performance on delayed-
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match-to-sample tasks using 2 or 4 sample stimuli, but result in
significant impairments on delayed-match-to-sample tasks with
trial-unique stimuli (Eacott et al., 1994). In contrast, lesions of the
inferior prefrontal convexity in nonhuman primates do impair
performance of matching tasks with small numbers of stimuli
(Passingham, 1975; Bachevalier and Mishkin, 1986), which is
thought to be primarily a result of an impairment in relearning the
matching task irrespective of the delay (Kowalska et al., 1991;
Rushworth etal., 1997). Lesions of the mid-dorsolateral prefrontal
cortex also cause impairments in tasks which require the avoidance
of interference effects with small numbers of familiar stimuli (Pet-
rides, 2000). In rats, perirhinal cortex lesions cause significant im-
pairments of DNMS tasks with both 8 and 16 odors in a set, but
prefrontal cortex lesions only impair performance with the smaller
8-odor set, which has a greater amount of interference (Otto and
Eichenbaum, 1992a). These studies suggest that the prefrontal
cortex plays a role in maintaining distinct representations of small
sets of highly familiar stimuli as well as keeping track of stimulus
order and recency to avoid interference effects (Petrides, 1994,
2000; Stern et al., 2000). In contrast, the medial temporal lobe
may rapidly form representations of novel stimuli which can be
utilized for recognition and short-term maintenance of such stim-
uli, but does not provide information that is sufficient to avoid
interference effects.

In this study, we used novel and familiar complex visual pictures
as stimuli in a two-back working memory (short-term matching)
task. We predicted that when subjects were shown stimuli for
which they had no prior long-term representation (two-back task
with novel stimuli), medial temporal lobe structures would be
recruited in addition to the network of dorsolateral prefrontal,
premotor, and posterior parietal regions shown to be activated in
previous studies using two-back tasks with simple, familiar stimuli
(Cohen et al., 1997; Smith and Jonides, 1999; Owen et al., 1998;
Owen, 2000). A second set of control tasks was used to examine
long-term target matching.

METHODS

Subjects

Eight right-handed native English-speaking volunteers (6 male,
2 female; age range, 18-25) participated in this study. Informed
consent was obtained in a manner approved by the Human Studies
Committee of Massachusetts General Hospital and the Boston
University Institutional Review Board.

Stimuli

The stimuli for this experiment consisted of indoor and outdoor
color visual scenes similar to those used in our previous studies of
long-term encoding (Stern et al., 1996; Kirchhoff et al., 2000). We
used two types of stimuli in the study: novel pictures and highly
familiar pictures. Approximately 1 hour prior to scanning, subjects

viewed the familiar picture set, and the task instructions were ex-
plained. The familiar set of stimuli was composed of 12 distinct
pictures. Each subject viewed these pictures 14 times during pre-
training prior to scanning. The novel pictures were each shown
once during the scanning session unless they were repeated in the
context of a two-back match, in which case they were shown twice.
Each stimulus was presented for 2 seconds.

Behavioral Tasks

There were four experimental conditions in this blocked-design
functional magnetic resonance imaging (fMRI) study: a working
memory two-back task with novel stimuli (N2B), a working mem-
ory two-back task with familiar stimuli (F2B), a long-term target-
matching task with novel stimuli (NX), and a long-term target-
matching task with familiar stimuli (FX). The four tasks are shown
in Figure 1. The first two tasks were variants of the two-back
working memory task that has been used extensively in fMRI stud-
ies (Braver et al., 1997; Cohen et al., 1997; Owen et al., 1998).
However, previous studies used simple letters and words as stimuli,
while this study used complex color scenes. Both of the two-back
task conditions required a short-term match between a visual scene
and the scene shown two stimuli prior to it in the sequence. The
second two tasks, NX and FX, were variants of a control target-
matching condition used previously in two-back tasks. In previous
two-back tasks with letter stimuli, the control condition required
that subjects decide whether the current letter matches a single
target letter, the letter X (Braver et al., 1997; Cohen et al., 1997).
In this study, the target stimulus was a predefined target scene (Fig.
1). Thus the second two tasks, NX and FX, required matching each
visual scene with a long-term representation of the target scene.

Two-back working memory tasks with novel and
familiar stimuli (N2B and F2B)

In the two-back working memory tasks with novel or familiar
stimuli, subjects were required to assess whether a stimulus was
repeatedly presented with one intervening stimulus (Fig. 1). Sub-
jects were required to indicate whether each stimulus was a match
or nonmatch by pressing one of two keys on a button-box placed in
their left hand. There was a total of five matches randomly assigned
throughout every two-back condition. For the two-back task with
novel stimuli (N2B), all the stimuli were presented once through-
out the entire experiment. The match stimuli were presented
twice: once as a novel stimulus, and once as a match stimulus. The
two-back task with familiar stimuli (F2B) condition was similar to
the N2B condition, except that all the stimuli presented in the
block were highly familiar.

Target-matching tasks (NX and FX)

The target-matching tasks with novel and familiar stimuli in-
volved the detection of a single target stimulus, which was shown
to subjects prior to scanning (Fig. 1). Subjects indicated whether or
not the current stimulus was the target stimulus by pressing one of
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Task Design

Look for X

Look for Two-Back .

Look for X

FIGURE 1. Each row shows examples of images from individual
tasks. Top row: Two-back condition with novel stimuli (N2B). In this
condition, subjects were shown a sequence of novel complex images,
and had to respond when an image reappeared after one intervening
stimulus (image labeled “2-Back”). Second row: Target condition
with novel stimuli (NX). In this condition, subjects viewed novel
complex images and responded when an image matched the target

two keys on a button-box. The same target stimulus was used in
both the target-matching tasks. In the target-matching task with
novel stimuli (NX), the target stimulus would appear in a sequence
of novel stimuli. In the target-matching condition with familiar
stimuli (FX), the target stimulus would appear in a sequence of
highly familiar stimuli. There was a total of five presentations of the
target that appeared randomly throughout each condition.

Recognition test

A surprise recognition test was given immediately following the
scanning session outside of the scanner. On a computer monitor,
subjects were shown a series of pictures presented one at a time in
random order. The set included the 150 novel pictures and the 12
highly familiar pictures from the scan session, and 150 new pic-
tures. Subjects were asked to judge their confidence in recognition

stimulus

arget X stimulus

image (labeled “Target”). Third row: Two-back condition with famil-
iar stimuli (F2B). Subjects were shown a sequence of familiar complex
images, and responded when an image reappeared after one interven-
ing stimulus (image labeled “2-Back”). Bottom row: Target condition
with familiar stimuli (FX). Subjects viewed familiar complex images
and responded when an image matched the target image (“Target”).
The same target picture was used for both the NX and FX conditions.

of each picture by responding either “high confidence,” “low con-
fidence,” or “new” with a button press.

fMRI Methods

fMRI data acquisition

Anatomical and functional MR data were acquired on a 3.0T
GE Signa scanner with an ANMR upgrade. Structural data were
acquired using a T1-weighted rf-spoiled GRASS sequence. Func-
tional data were acquired using a whole-brain echoplanar T2*-
weighted gradient echo sequence (TR = 2, TE = 30 ms, flip
angle = 60°, 16 AC-PC axial slices with 1-mm skip, 3.125 X
3.125 X 7 mm resolution, 120 images per slice). During training
and structural scanning, the subjects practiced the two types of
tasks with the familiar stimuli. There was a total of eight functional
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FIGURE 2. Hippocampal activation was found bilaterally in av-  similar to activation in the familiar target condition (FX). Statistical

eraged functional data during performance of the novel two-back task
(N2B) when compared to the familiar two-back task (F2B) condition.
Bilateral hippocampal activation was also greater during the N2B
condition compared to the novel matching condition (NX), but was

runs for each subject. Each of the eight functional runs lasted a
total of 4 min. Each condition (N2B, NX, F2B, or FX) was 56 s
long and was preceded by a 4-s instructional prompt. A total of 224
time points per condition were collected for averaging within sub-
jects, and 1,792 time points per condition were used for across
subject averaging.

Data analysis

Functional data for each subject were first normalized to remove
whole-brain intensity changes and detrended to remove potential
signal drift. Motion correction was then performed on each run,
using Statistical Parametric Mapping software (SPM95) (Friston
etal., 1989). The data were transformed into Talairach space (Ta-

activation map and time-course data are shown for the 8-subject av-
erage and for 3 individual subjects. Dashed lines indicates termina-
tion of the 4-s instruction period preceding each condition.

lairach and Tournoux, 1988). The eight functional runs were sub-
sequently averaged together for each subject and analyzed on an
individual-subject basis, as shown in Figure 2. In addition, data
were averaged across the eight subjects. Functional maps based on
Kolmogorov-Smirnoff statistics were created using MGH-NMR
Center analysis software and published methodology (Stern et al.,
1996, 2000; Owen et al., 1998). The statistical threshold was set at
P < 0.001. Percent signal change time-courses were examined for
prefrontal, medial temporal, and posterior parietal regions of in-
terest (ROIs). An automated region-defining algorithm was used
to identify the Talairach coordinates of the activation peaks of
ROIs. These ROIs were defined from the N2B with F2B. The
average percent signal change data from four voxels, centered
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FIGURE 3. Average time-course data demonstrating different

patterns of activation for Brodmann’s areas 9/46 and 44/6 in prefron-
tal cortex (PFC) and Brodmann’s areas 40/7 in posterior parietal
cortex (PP). Both PFC and PP show stronger activation during the
familiar two-back condition (F2B) than during the novel two-back
condition (N2B). Dashed lines represent termination of 4-s instruc-
tion period preceding each condition.

around the Talairach coordinates of the activation peaks of the
ROIs, were used to construct percent signal change time-courses.

RESULTS

Behavioral Results

A repeated-measures ANOVA revealed that subjects performed
at equivalent levels for both the two-back task with novel stimuli
(N2B) and the two-back task with familiar stimuli (F2B). The
mean accuracy scores on the N2B and F2B conditions were 91.6%
+ 4.23% standard deviation (SD) and 88.6% =* 5.64% SD, re-
spectively. Reaction time data also were not significantly different
between the N2B (618 ms + 70 SD) and F2B (673 ms * 138 SD)
conditions (P > 0.05). The mean accuracy score on the NX task
was 96.8% = 3.3% (SD), and the mean accuracy score on the FX
task was 97.3% = 3.1% (SD). There was no significant difference
between the means. Reaction time data also did not significantly
differ between the NX (521 ms = 73 ms SD) and FX (526 ms *
76 ms SD) conditions.
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Postscan Recognition

A postscan recognition test containing the familiar and novel
sets of stimuli as well as new stimuli was used to assess subject
familiarity with the presented stimuli. A repeated-measures
ANOVA revealed that subjects correctly recognized familiar stim-
uli at a significantly higher rate than novel stimuli (familiar,
97.93%; novel, 47.25%; false-alarm rate for new pictures, 22%)
(F(1,4) = 63.3, P < 0.05).

fMRI Results

Data were examined by comparing the two working memory
tasks, N2B and F2B, with their respective control conditions, NX
and FX, and by directly comparing the novel and familiar working
memory tasks (N2B vs. F2B). In addition, the NX and FX tasks
were directly compared. Both positive and negative activation pat-
terns were examined and are reported here.

Opverall, the results of both two-back tasks support the findings
of previous fMRI studies of working memory using two-back
tasks. fMRI signal changes were noted in multiple regions includ-
ing the dorsolateral and ventrolateral prefrontal cortex, lateral and
medial premotor cortex, posterior parietal cortex, and medial tem-
poral regions. Here we focused our analysis specifically on ROIs
within the prefrontal, posterior parietal, and medial temporal re-
gions.

Working memory tasks with novel and familiar
stimuli compared with target control tasks

Comparison of both two-back tasks with target control tasks
(i.e., comparison of N2B with NX and comparison of F2B with
FX) demonstrated fMRI signal intensity changes in the prefrontal
cortex, posterior parietal cortex, and medial and lateral premotor
regions, consistent with previous studies. During performance of
the novel two-back task (comparison of N2B with NX), the hip-
pocampus showed significant signal change bilaterally. This bilat-
eral signal change in the hippocampus did not occur for the famil-
iar two-back task (comparison of F2B with FX). This result is
demonstrated in the time-course data shown in Figure 2. The
time-course data demonstrate that activation during the N2B task
was high relative to both the F2B and NX conditions, and activa-
tion during the F2B task was low relative to the FX condition.

Novel two-back task compared with familiar
two-back task

A direct comparison of the novel two-back and familiar two-
back tasks was also performed. Clear bilateral activation of medial
temporal lobe structures, including the hippocampus, was ob-
served during performance of the novel two-back task relative to
performance of the familiar two-back task (comparison of N2B
with F2B), as shown in Figure 2. The average and individual time-
courses from a right hippocampal ROI are also shown in Figure 2.

Comparison of the F2B and N2B tasks revealed increased bilat-
eral dorsolateral and ventrolateral prefrontal and bilateral posterior



342 STERN ET AL.

parietal activity in the working memory task with familiar stimuli.
Figure 3 presents time-courses from the group average data dem-
onstrating that the signal intensity changes in the dorsolateral and
ventrolateral prefrontal cortex (BA 9/46 and 44/6) and posterior
parietal cortex (BA 40/7) were significantly higher in the F2B
condition than in the N2B, FX, or NX conditions.

Familiar target-matching task compared with
novel target-matching task

fMRI signal intensity increases were noted in the medial tem-
poral lobe structures during performance of the target task with
familiar stimuli (FX), relative to both the target-matching task
with novel stimuli (NX) and the two-back task with familiar stim-
uli (F2B). Activation in the FX condition was localized bilaterally
in the hippocampus, in the same region identified in the N2B task.
As can be seen from the individual and group average time-course
data shown in Figure 2, the average signal intensity changes ob-
served during the FX and N2B tasks were similar in magnitude in
the bilateral hippocampal ROIs. As is shown in Figures 2 and 3,
there is a dissociation between the patterns of activation seen in the
hippocampal ROIs and the prefrontal and posterior parietal lobe
ROIs with regards to the FX and NX target-matching conditions.
While both prefrontal and posterior parietal regions (Fig. 3) were
active in the two working memory conditions (N2B and F2B),
both regions showed much less activation during performance of
the target-matching tasks (NX and FX). In contrast, the hip-
pocampal ROIs (Fig. 2) showed significant activity during both
short-term working memory tasks with novel stimuli (N2B) and
during the long-term target matching task with familiar stimuli
(FX). The comparison between the NX and FX tasks within the
hippocampal ROIs further suggests that novelty alone does not
cause a significant difference in activation level of the hippocam-
pus.

DISCUSSION

Differential Activation During Novel and
Familiar Working Memory Tasks

Performance of the two-back task with novel stimuli resulted in
greater activation of the medial temporal lobe than performance of
the two-back task with familiar stimuli in this study. This suggests
astronger role for the medial temporal lobe in working memory for
complex, novel, trial-unique stimuli, relative to working memory
for familiar stimuli. In the N2B condition, subjects were required
to maintain a previously presented novel stimulus in working
memory to assess its match with a current novel stimulus. This
contrasted with the F2B task, which had similar task requirements
but utilized familiar stimuli, and with the NX condition, which
had similar novel stimuli, but lacked the working memory task
requirements. The activation in the medial temporal lobe during
the N2B condition suggests a specific role for this region in work-

ing memory for novel stimuli. In contrast, activation in the pre-
frontal and posterior parietal cortex during performance of the
F2B task suggests that the prefrontal and parietal cortex play a
stronger role in working memory for familiar stimuli. We suggest
that these differences reflect the engagement of medial temporal
lobe regions in tasks that require the formation and maintenance of
new short-term representations, whereas the prefrontal cortex is
preferentially engaged when prior representations already exist in
the brain but must be selectively updated and monitored to avoid
interference effects.

Relation of Novel vs. Familiar Working Memory
to Previous Studies of Medial Temporal Lobe
and Prefrontal Cortex

The prefrontal and posterior parietal lobe activation observed
during the F2B task is consistent with extensive studies showing
prefrontal and parietal activation during performance of working
memory tasks with familiar stimuli (Cohen et al., 1997; Owen et
al., 1998; Smith and Jonides, 1999). In addition, a recent fMRI
study of working memory showed that whereas prefrontal regions
are capable of maintaining consistent responses to repeated presen-
tations of face stimuli, ventral temporal regions show a consistent
decrease in response to repeated presentations of both target and
distractor stimuli (Jiang et al., 2000). A number of fMRI studies of
long-term encoding using novel complex visual scenes as stimuli
have demonstrated differences in medial temporal lobe activation
when novel stimuli are compared with repeated stimuli (Stern et
al., 1996; Gabrieli et al., 1997; Kirchhoff et al., 2000). Although
the task demands between the current study and these previous
studies differ considerably, one suggestion is that the results of this
study and previous studies reflect a common factor, such as nov-
elty. However, two lines of evidence suggest that this is not the
case. First, if the response simply reflected novelty, then the target
condition with novel stimuli (NX) would produce a similar pattern
of activation to the working memory condition (N2B). Secondly,
the primary locus of activation within the medial temporal lobe in
this study is centered in the hippocampus, and is further anterior
than medial temporal lobe activations found in studies of novelty
and encoding. Previous studies of the encoding of novel stimuli
reported activation in more posterior regions of the medial tempo-
ral lobe, primarily localized within the parahippocampal and fusi-
form gyri along the banks of the collateral sulcus and extending
into the posterior portion of the hippocampus (Stern et al., 1996;
Kirchhoff et al., 2000).

In contrast to the signal intensity changes in the prefrontal and
posterior parietal lobe observed during both the F2B and N2B
tasks, hippocampal activation was greater during the N2B task
than during the F2B task. These results are consistent with previ-
ous nonhuman primate studies showing that medial temporal le-
sions impair delayed match and nonmatch-to-sample performance
with trial-unique stimuli (Zola-Morgan and Squire, 1986; Zola-
Morgan et al., 1989; Gaffan and Murray, 1992; Alvarez et al.,
1994, 1995). Thus, the essential difference between the human
and nonhuman results appears to lie in the use of novel, trial-



unique stimuli vs. highly familiar stimuli, with working memory
for novel stimuli requiring activation of medial temporal lobe
structures, and working memory for familiar stimuli resulting in
activation of prefrontal and parietal structures. This is consistent
with previous data showing that medial temporal lesions in mon-
keys cause stronger impairments of performance on tasks with
trial-unique stimuli than on tasks with 2 or 4 sample stimuli (Ea-
cott et al., 1994). The data are also consistent with the finding that
prefrontal lesions in the rat cause impairments on DNMS with a
small set of 8 odors, but not with a larger set of 16 odors (Otto and
Eichenbaum, 1992a). Together, these results suggest different
roles for the medial temporal lobe and prefrontal cortex in the
representation and retention of novel and familiar stimuli. The
results suggest that medial temporal lobe structures can retain in-
formation about the sensory features of novel stimuli, whereas
prefrontal structures become more important for avoiding inter-
ference effects between active working memory representations
during retention of smaller numbers of highly familiar stimuli.
Consistent with this, lesions of the ventral prefrontal cortex cause
strong impairments in relearning matching tasks with recurrent
use of the same two visual stimuli (Passingham, 1975; Bachevalier
and Mishkin, 1986; Petrides, 1994). A more recent study of ven-
tral prefrontal lesions using delayed and simultaneous matching-
to-sample tasks suggested that the delay component is not critical,
but that stimulus selection is (Petrides, 1996; Rushworth et al.,
1997). Lesions of the mid-dorsolateral prefrontal cortex also im-
pair tasks that require the maintenance and continuous updating
of information from small stimulus sets (Petrides, 2000).

Relation to Extracellular Recording of Action
Potentials During Behavioral Tasks

In recordings from single neurons in the hippocampal forma-
tion, activity patterns have been demonstrated which could con-
tribute to the activation differences observed in these tasks. In
particular, in recordings from hippocampal region CA1, a number
of neurons showed differential responses dependent on whether
the current odor matched with the previously presented odor, and
almost all of these neurons responded more strongly to a nonmatch
than to a match (Otto and Eichenbaum, 1992b). This type of
nonmatch enhancement could result in an overall increase in ac-
tivity for nonmatching (novel) stimuli in the N2B task. In other
recordings in monkeys, preferential responses to novel stimuli were
observed for object-place combinations (Cahusac et al., 1989),
which may more strongly resemble the stimulus features of the
complex visual scenes used in this study. In neuronal recordings
from the human hippocampus, responses to visual stimuli were
shown to differ, depending on the novelty or familiarity of the
stimulus in a recognition memory task (Fried et al., 1997). The
presence of this nonmatch enhancement in N2B but not NX
might result from the requirement for short-term maintenance of
stimuli in N2B but not NX. This could result in the release of
neuromodulators associated with maintenance of stimuli, which
increase cellular mechanisms for sustained activity and match en-
hancement (Fransen et al., 1999; Hasselmo et al., 2000). In some
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delayed matching tasks, hippocampal neurons have been shown to
demonstrate sustained activity during task delays (Hampson et al.,
1993), but these responses have not been compared for novel vs.
familiar conditions.

Passive decreases across multiple presentations of a stimulus
with intervening distractors were not observed in hippocampal
units in rats or monkeys (Brown et al., 1987; Otto and Eichen-
baum, 1992b). However, in single-unit recordings from monkeys,
entorhinal neurons have been shown to decrease their responses to
familiar stimuli (Brown et al., 1987; Fahy et al., 1993), similar to
the suppression of response-to-repeated (match) stimuli observed
in the inferotemporal cortex (Miller et al., 1993; Miller and Desi-
mone, 1994) and rhinal cortex (Li et al., 1993). This decrease in
entorhinal response to familiar stimuli could contribute to the
difference between the N2B and F2B task activation found here, as
it would result in a decrease in the magnitude of afferent input
from the entorhinal cortex to the hippocampus during viewing of
familiar stimuli. This property of single-unit responses in ventral
temporal regions appears to be mirrored by the decrease in re-
sponse to repeated stimuli observed in previous fMRI studies in
human parahippocampal and fusiform regions (Stern et al., 1996;
Gabrieli et al., 1997; Jiang et al., 2000; Kirchhoff et al., 2000).
This match suppression may be an automatic process for any re-
peated stimulus, whereas match enhancement may be an active
process occurring only for a match with the stimulus seen as a
sample (Otto and Eichenbaum, 1992b; Miller and Desimone,
1994). In fact, sample stimuli (which must be maintained) often
do not show suppression effects (Miller and Desimone, 1994).
Both these properties could result from cholinergic modulation
during the presentation of the sample stimulus (Sohal and Has-
selmo, 2000). The selective release of acetylcholine during presen-
tation of stimuli in N2B could cause greater parahippocampal
activity in this task relative to NX, whereas the absence of mainte-
nance requirements in NX might result in an absence of neuro-
modulation by acetylcholine and a lack of enhancement relative to
FX. The general tendency toward match suppression would result
in an overall decrease in activity levels with familiar stimuli, which
is not offset by match enhancement during presentation of the
single-target stimulus. Recent studies showed sustained activity of
entorhinal neurons during the delay period of a delayed-non-
match-to-sample task in rats (Young et al., 1997) and during the
delay period of a delayed-match-to-sample task in monkeys (Su-
zuki et al., 1997), but differences between novel and familiar stim-
uli were not analyzed in those tasks.

In the standard DNMS task, a monkey must respond to a stim-
ulus based on whether or not he recognizes it. In effect, his response
is based on relative familiarity of one stimulus in comparison with
another. Monkeys with medial temporal lobe damage are impaired
in this task (Zola-Morgan et al., 1989, 1993; Alvarez et al., 1994).
Similarly, the novel two-back task described here can also be per-
formed on the basis of relative novelty and familiarity, which may
in turn contribute to the greater medial temporal activation in this
task. The study presented here does not include presentation of
repeated nonmatch stimuli, as utilized in some of the unit record-
ings from nonhuman primates (Miller and Desimone, 1994; Su-
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zuki et al., 1997). This possibility can be tested in future event-
related fMRI studies by including one-back repeated stimuli,
which would not require a response, but would place stronger
demands on working memory for the specific time of stimulus
presentations. Such a control might result in greater prefrontal
activation during the novel two-back task. However, it should be
noted that previous fMRI studies looking at medial temporal lobe
responses to novel and familiar stimuli reported activations thatare
more posterior and parahippocampal to those reported in this
study (Stern et al., 1996; Kirchhoff et al., 2000).

Relation to Cellular Properties of Cortical
Structures

For a region to maintain working memory for novel stimuli, the
neuronal populations must be capable of retaining activity repre-
senting a specific sensory stimulus without repeated presentation
of these stimuli. The maintenance of novel stimuli is not consistent
with mechanisms of working memory, which require modification
of excitatory recurrent connectivity during previous exposure
(Camperi and Wang, 1998). However, it is consistent with intrin-
sic mechanisms in neurons that allow a subset of neurons activated
by a sensory stimulus to maintain that activity without further
synaptic input (Lisman and Idiart, 1995; Jensen and Lisman,
1996). The latter mechanism has been described using cellular
recordings in brain slice preparations of entorhinal cortex (Klink
and Alonso, 1997a,b; Fransen et al., 1999; Hasselmo et al., 2000).
In slice preparations, muscarinic cholinergic receptors activate a
calcium-sensitive nonselective cation current that allows a subset of
neurons to show sustained spiking activity once they have been
activated. In this mechanism, during cholinergic modulation, all
neurons will show some depolarization due to activation of this
current, but only those neurons that spike in response to afferent
input will have the calcium influx necessary to cause regenerative
activation of this current. Thus, only the subset of neurons that are
activated by sensory input will show sustained activity. This pro-
vides an ideal mechanism for sustaining information about a novel
stimulus during a delay period, and could drive hippocampal ac-
tivity via perforant path input from the entorhinal cortex.

Differential Activation During Target-Matching

In addition to the clear differences seen between the N2B and
F2B tasks described above, there were also differences observed
between the FX and NX matching tasks. In particular, medial
temporal regions showed greater activation during the matching of
a target stimulus presented in a series of familiar stimuli (FX) than
during the matching of a target stimulus presented in a series of
novel stimuli (NX). The activation during the matching task with
familiar stimuli (FX) was similar in magnitude to the activity ob-
served during N2B. The strong response to the FX task suggests
that a possible reason that medial temporal activation has not been
shown in other two-back working memory imaging studies may
result from the use of the long-term target-matching tasks as a
baseline condition.

The activation reported here for the FX task suggests an impor-
tant role for the medial temporal lobe in holding a stimulus for
comparison, and in comparing input stimuli with this single target.
The requirement to hold a stimulus for an extended period over
multiple distractors could place greater demands on mechanisms
that do not involve sustained activity, drawing instead on synaptic
mechanisms mediating intermediate-term storage in the hip-
pocampus and adjacent structures. In fact, it has been shown that
greater fMRI activation occurs within the hippocampus even in
simple DNMS tasks when the delay is long (15 s), as compared to
a shorter delay (5 s) (Elliott and Dolan, 1999). Thus, the simple
requirement of holding information beyond a certain minimum
time period appears to recruit medial temporal structures. Hip-
pocampal structures may also be specifically important for per-
forming a comparison or matching process between an internal
representation of a target stimulus and a current stimulus. In the
NX condition, the match between the current stimulus and the
internal target representation can be made using a simple sense of
familiarity. In contrast, in the FX condition, all the stimuli
matched stored representations (i.c., they are all familiar), and
what is required is a specific match between the current stimulus
and the internal target representation. This requirement for spe-
cific matching may preferentially engage the hippocampus and
would be reflected here as greater activity during the FX condition
than during NX. The connectivity of the hippocampal formation
was previously described as providing a comparison function in
region CA1 between the retrieval from region CA3 with the new
afferent input from the entorhinal cortex (Gray, 1982; Eichen-
baum and Buckingham, 1990; Hasselmo and Schnell, 1994; Has-
selmo and Wyble, 1997).

The difference in medial temporal activation during the FX and
NX tasks can also be discussed in terms of electrophysiological data
on unit responses during performance of delayed matching tasks.
In particular, electrophysiological data argue against the notion
that the difference between the N2B and F2B tasks described
above results simply from a passive decrease in response to familiar
stimuli. Instead, it suggests the importance of changes in neuronal
activity associated with the matching of individual stimuli. Studies
of neuronal activity in the entorhinal cortex have shown match
enhancement in addition to match suppression during perfor-
mance of delayed matching tasks in rats (Young et al., 1997) and
monkeys (Suzuki et al., 1997). In recordings from single neurons,
enhancement of response to matching stimuli has been demon-
strated within hippocampal region CA1 (Otto and Eichenbaum,
1992b), and hippocampal neurons have been shown to demon-
strate sustained activity during task delays (Hampson et al., 1993).
In human imaging studies, there is an enhancement of response to
the first match of a target stimulus, in contrast to the decreased
response to repeated presentations (Jiang et al., 2000). These types
of changes could contribute to the differential activity observed
during the FX task, particularly if the stronger task demands for
recollection specifically require recruitment of hippocampal cir-
cuits during performance of the FX task.

In summary, these results provide evidence suggesting that pre-
frontal and posterior parietal regions may be important for work-



ing memory tasks with familiar stimuli that have a high potential
for interference effects. In contrast, medial temporal regions may
become increasingly important for working memory with novel
stimuli and for long-term stimulus-matching. The results pre-
sented here provide evidence that the difference in medial temporal
lobe recruitment in human neuroimaging studies and nonhuman
primate studies may reflect the use of trial-unique stimuli in non-
human studies and highly familiar stimuli in human imaging stud-
ies. Further studies using event-related fMRI are necessary to study
the separate contributions of these regions to stimulus mainte-
nance over delay periods and stimulus-matching functions.
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