Research

Spatial and temporal episodic memory retrieval
recruit dissociable functional networks
in the human brain
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Imaging, electrophysiological studies, and lesion work have shown that the medial temporal lobe (MTL) is important
for episodic memory; however, it is unclear whether different MTL regions support the spatial, temporal, and item
elements of episodic memory. In this study we used fMRI to examine retrieval performance emphasizing different
aspects of episodic memory in the context of a spatial navigation paradigm. Subjects played a taxi-driver game
(“yellowcab”), in which they freely searched for passengers and delivered them to specific landmark stores. Subjects
then underwent fMRI scanning as they retrieved landmarks, spatial, and temporal associations from their
navigational experience in three separate runs. Consistent with previous findings on item memory, perirhinal cortex
activated most strongly during landmark retrieval compared with spatial or temporal source information retrieval.
Both hippocampus and parahippocampal cortex activated significantly during retrieval of landmarks, spatial
associations, and temporal order. We found, however, a significant dissociation between hippocampal and
parahippocampal cortex activations, with spatial retrieval leading to greater parahippocampal activation compared
with hippocampus and temporal order retrieval leading to greater hippocampal activation compared with
parahippocampal cortex. Our results, coupled with previous findings, demonstrate that the hippocampus and
parahippocampal cortex are preferentially recruited during temporal order and spatial association retrieval—key

components of episodic “source” memory.

Although there is little doubt in cognitive neuroscience regarding
the importance of the human medial temporal lobes—especially
the hippocampal area—in declarative memory processes (Scoville
and Milner 1957; Zola-Morgan et al. 1994; Vargha-Khadem et al.
1997), the exact role of the hippocampus and parahippocampal
gyrus in memory retrieval remain under intense debate (Squire et
al. 2004). Aggleton and Brown (2006) argue for a distinction be-
tween hippocampus and perirhinal cortex (part of anterior para-
hippocampal gyrus) in processing based on item familiarity and
recovery of the source from which the item was learned—
processes that may be carried out by perirhinal cortex and hip-
pocampus, respectively. Put another way, the hippocampus may
primarily code episodic or source-rich information, while peri-
rhinal cortex codes familiarity-based information about stimuli.
Davachi et al. (2003), however, outlined a role for the hippocam-
pus and posterior parahipppocampal gyrus (parahippocampal
cortex) in source retrieval using fMRI—specifically, the condi-
tions under which an item was originally encoded—compared
with perirhinal cortex, which was most active during item re-
trieval only. Source information may encompass both spatial and
temporal components, e.g., remembering when in time an item
was learned, or remembering where in space the item was learned
(Tulving 1993; Nyberg et al. 1996; Fujii et al. 2004). Thus, it is
possible that the role of the parahippocampal cortex and hippo-
campus may depend on the type of source information being
retrieved. Little is known about the role of the hippocampus and
parahippocampal cortex in recovering different types of source
information. The present study sought to address this important
issue.
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Several fMRI studies suggest the importance of the parahip-
pocampal cortex in spatial processing. Epstein and Kanwisher
(1998) found increased activation of the parahippocampal cortex
while subjects viewed scenes compared with viewing faces or
other objects. Arguing for the importance of the parahippocam-
pal cortex in spatial navigation, Aguirre et al. (1996) showed
increased parahippocampal activation during navigation com-
pared with a rote control task where subjects navigated back and
forth down a corridor. The fact that subjects likely relied heavily
on landmarks during the active navigation condition suggested
that the parahippocampal activations observed by Aguirre and
colleagues could relate to integrating landmark information with
navigational routes. Indeed, lesions of parahippocampal cortex
impair recall for recently learned spatial routes (Bohbot et al.
1998). Also arguing for the involvement of the parahippocampal
cortex in landmark representation during navigation, Janzen and
van Turenout (2004) had subjects navigate a virtual environment
and then perform a recognition task to determine what aspects
of navigation most activated the parahippocampal cortex. Sub-
jects showed the greatest activation when viewing previously
seen objects that were at navigational decision points, and there-
fore served as spatial landmarks, compared with objects that re-
ceived equal amounts of attention but were not at decision
points.

Other studies argue for the importance of the hippocampus
and retrosplenial cortex in spatial representation. Lesions of the
right hippocampus, in particular, impair patients’ memory for
the locations of objects in arena independent of object identity
(Stepankova et al. 2004). Following navigation of a virtual envi-
ronment, patients with left hippocampal damage are deficient in
recalling contextual aspects of events such as whom they met
during navigation, places visited, and the order of events (Spiers
et al. 2001). These data together argue for parahippocampal in-
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volvement in landmark representation and hippocampal in-
volvement in episodic memory representation such as spatial
and temporal context (Burgess et al. 2002). Other studies,
though, argue for the importance of retrosplenial cortex in spa-
tial representation compared with the hippocampus (Maguire
2001; Shelton and Gabrieli 2002; Rosenbaum et al. 2004). Wol-
bers and Buchel (2005) found that the hippocampus activated
most strongly during acquisition of spatial information in the
first few trials of navigation, while the retrosplenial cortex cor-
related with long-term learning and recall of spatial layouts over
navigation sessions (Wolbers and Buchel 2005). The roles of the
parahippocampal cortex, retrosplenial cortex, and hippocampus
in recall of spatial versus temporal episodic components of
memory retrieval from a recent navigational experience, how-
ever, have yet to be tested.

To address the issue of hippocampal, perirhinal, parahippo-
campal, and extra-hippocampal activations in episodic memory
retrieval, we controlled the degree to which subjects acquired
spatial and temporal information during navigation of a virtual
environment. We did this by having subjects play a taxi-driver
like virtual navigation game, in which they freely searched for
passengers and delivered them to specific stores, tasks our previ-
ous results have shown to strongly activate the hippocampus and
parahippocampal cortex at both the single neuron and ensemble
level (Ekstrom et al. 2003, 2005). Subjects met specific passengers
with unique identities and then delivered them to specific stores.
We then tested subjects’ memories for objects experienced dur-
ing navigation and for associations formed during navigation,
with our principle focus on how specific retrieval processes
would differentially recruit brain regions during remembering of
a recently experienced spatial environment.

Subjects performed three retrieval tasks following naviga-
tion while undergoing fMRI imaging. Subjects first viewed famil-
iar and novel landmarks and made judgments about whether
they had seen these objects before or
not. This task involved simple familiar-
ity-based judgments, serving as a con-
trast for subsequent tasks that involved
associative judgments. Subjects then
performed spatial and temporal associa-
tion retrieval, in which they made judg-
ments about whether they had delivered
a passenger to a store and the order that
passengers were delivered. Based on pre-
vious results and the implication of both
the hippocampus and parahippocampal
cortex in spatial processing (Burgess et
al. 2002; King et al. 2005), we predicted
the strongest activation in both regions
during retrieval of spatial associations.
We expected temporal order judgments
to activate the hippocampus to a greater
extent than the parahippocampal gyrus,
based on the hypothesized role of the
hippocampus but not the parahippo-
campal gyrus in episodic memory (Tulv-
ing 1993). Finally, we predicted that
item recognition would show the least
hippocampal activation but significant
parahippocampal and perirhinal cortex
activation, because previous studies sug-
gest the involvement of the parahippo-
campal gyrus but not hippocampal in-
volvement in familiarity-based recogni-
tion processes (Yonelinas et al. 2002;
Holdstock et al. 2005).

Did you take me here?

ditions across subjects.
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Materials and Methods

Experimental design

A total of 14 paid right-handed volunteer subjects (seven male,
seven female), fluent in English, were recruited with no history of
neurological illness and participated as subjects. All recruitment
procedures conformed to UCLA IRB testing protocols. The ex-
perimental task involved two separate components. Immediately
prior to scanning, subjects navigated a virtual reality (VR) envi-
ronment in a taxi-driver like game (“yellowcab”), in which they
encountered passengers and delivered them to stores. Subjects
then performed three separate recognition tasks within the scan-
ner. The virtual city was composed of a 5 X 5 grid containing
roads, stores to which the subject delivered passengers, and
buildings the subject did not visit (Fig. 1A,B). The city contained
four different stores and 21 buildings. Subjects navigated the city
using a joystick; the virtual town was presented using pyepl and
yellowcab2 (download http://memory.psych.upenn.edu/
programming/experiments/yellowcab2.tgz). If subjects could not
find a passenger after 30 sec, a brightly colored beam appeared
above the passenger to illuminate its location. This ensured that
subjects encoded an equal number of passengers and locations.
Subjects delivered a total of 12 passengers; thus, each store was
delivered to three different times. The navigation part of the
experiment was designed to take subjects ~20 min.

Subjects then entered the scanner and began the imaging
part of the experiment ~10 min after completing navigation. (Al-
though all efforts were made to control the time at which sub-
jects began the scan, occasionally subjects required a minute or
two of extra preparation.) Subjects responded using an MRI-
compatible button pad in their right hand. The experiment was
set up as event related, with three runs comprising the three
retrieval conditions. In the first run, the landmark recognition con-
dition (Fig. 1C), subjects viewed four familiar and four novel
stores randomly shuffled together and repeated three times each
for a total of 24 presentations. Our previous findings from hu-
man single-neuron recordings during yellowcab2 in hippocampus

Have you seen this before?
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&

Whom did you meet first?
LANDMARK SPATIAL TEMPORAL

Figure 1. Behavioral methods and results. (A) Screen shot of a passenger waiting on sidewalk from
a virtual city that subjects explored. (B) Overview layout of location of stores in virtual city; stores are
labeled in black, buildings labeled in white. (C-E) Following navigation, subjects performed an episodic
retrieval task in the scanner composed of three different conditions: (C) a landmark recognition con-
dition, (D) a spatial association retrieval condition, and (E) a temporal order retrieval condition (see
Materials and Methods). (F) Mean performance was above chance (50%; red-dotted line) in all con-
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and parahippocampal cortex suggested that repeating presenta-
tions of landmarks would not affect the neural firing rate to a
significant extent (Ekstrom et al. 2003). Events in the landmark
recognition condition therefore consisted of whether the stimu-
lus was seen during navigation or not; subjects indicated with a
button press whether they had seen the stimulus before or not.
Events in the landmark recognition condition preceded associa-
tive recognition conditions and thus could not be counterbal-
anced with the associative recognition conditions. This is be-
cause the associative recognition conditions used familiar stimuli
only, thus providing information about the landmark recogni-
tion condition. We address the possible consequences of order
effects in the Discussion section.

During the next run, subjects participated in either the spa-
tial or temporal association condition, depending on the coun-
terbalancing condition of the subject (half of the subjects re-
ceived the spatial association condition first, the other half re-
ceived the temporal order condition first). During the spatial
association condition (Fig. 1D), subjects viewed pairings of pas-
sengers with stores; half of the pairings were targets (correct pas-
senger—store pairings), while the other half were lures (incorrect
passenger—store pairings). Events thus consisted of whether the
passenger—store pairing was novel or familiar. As during the land-
mark recognition run, subjects indicated with a keypress whether
they had experienced the passenger-store pairing previously or
not. Subjects viewed a total of 12 familiar store-passenger pair-
ings and 12 rearranged store—passenger pairings based on the
original 12 passenger deliveries in the navigation part of the ex-
periment.

During the temporal order condition (Fig. 1E), subjects
viewed pairings of passengers adjacent to each other. The events
consisted of whether the ordering of passengers was consistent
with what was seen previously or whether the passengers were
rearranged. Subjects received equal numbers of novel and famil-
iar orderings. Passenger pairings were derived such that the dis-
tance in time between passengers was overall balanced to the
extent allowed by the experimental design. In other words, sub-
jects saw equal numbers of distantly spaced passengers in time
compared with those closely spaced in time. Subjects indicated
with a keypress as to which passenger came first in the order of
deliveries, the one on the right or the one on the left. Subjects
saw 12 passenger pairs arranged such that the more recently ex-
perienced passenger occurred on the left and 12 passenger pairs
arranged such that the more recently experienced passenger
came on the right.

In all retrieval conditions, each target stimulus appeared on
the screen for 3 sec. Following each stimulus, subjects performed
a control task in which they saw even and odd numbers for 6 sec
and indicated with a button press whether the number that ap-
peared was odd or even. This control task allowed us to directly
contrast recognition with a task that did not spontaneously en-
gage mnemonic processes and thus provided minimal hippocam-
pal activation (Stark and Squire 2001). The timing and control
task were the same in all three conditions.

Although the timing of stimuli was identical in all three
conditions, the number of stimuli that appeared on the screen in
the landmark recognition condition was fewer than in the asso-
ciative recognition conditions (one vs. two stimuli, see Fig. 1, C
vs. D and E). This was necessary because we wished to contrast
simple familiarity-based recognition with associative recogni-
tion, requiring recovery of previously learned spatial and tempo-
ral information (e.g., see Holdstock et al. 2005). An additional
stimulus on the screen during landmark recognition would have
provided a significant distraction to the subject and likely re-
cruited different brain regions from those involved in familiarity-
based recognition. To attempt to deal with this issue to the great-
est extent possible within the constraints of our experimental
questions, subjects were explicitly instructed to focus on judg-
ments regarding the stimuli rather than features of the stimuli
themselves. To facilitate this process, text appeared below each
stimulus set in each condition explicitly instructing the subject
what their task was (e.g., “Have you seen this before?” “Did you
take me here?” “Whom did you meet first?”). We discuss further
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in the Discussion section the possible impact that the differential
number of stimuli may have had on our findings.

Instructions prior to retrieval explicitly instructed subjects
to answer questions based on their experience during VR navi-
gation prior to the scan and not based on whether the stimuli
had been seen before during retrieval. Because passengers were
seen once during navigation compared with stores, which were
seen repeatedly during navigation, we did not include them dur-
ing the recognition part of the experiment.

Imaging procedures

Using a Siemens Allegra 3T scanner, we collected whole-brain
fMRI scans using a gradient-echo, echo-planar scan sequence
while the participants performed the retrieval conditions (3-mm
slices; 64 X 64 (3.1 X 3.1 mm) in-plane resolution; field of view
(FOV) =200 x 200; repetition time (TR) = 3000 msec; echo time
(TE) = 35 mseg; flip angle (FA) = 90). Scans were acquired perpen-
dicular to the long axis of the hippocampus to maximize signal
intensity in the medial temporal lobes. We acquired high-
resolution spin-echo scans (128 x 128, e.g., 1.6 X 1.6 mm, in-
plane resolution; FOV =200 x 200; TR = 5000 msec; TE =33
msec; FA = 90; averages = 4) coplanar to the fMRI scans to aid in
registration to a standard Montreal Neurological Institute (MNI)
brain, allowing fMRI analysis to take place in standard space.

Functional data analysis

All functional data analyses were performed using the Analysis
Group at the Oxford Center for Functional MRI of the Brain
(FMRIB) software library (FSL) tools. Skulls were first stripped
automatically from each high-resolution spin echo coplanar scan
using FSL Brain Extraction Tool (BET) (Jenkinson et al. 2002). FSL
FMRI Expert Analysis Tool (FEAT) was then used to perform in-
dividual preprocessing and statistical analysis of each partici-
pant’s fMRI scan as well as to perform group analyses. Individual
participants’ preprocessing included brain extraction using BET,
and motion correction (Motion Correction using FMRIB’s Linear
Image Registration Tool [MCFLIRT]), as well as registration of
each functional scan to its corresponding coplanar high-
resolution image using rigid body transformations, and to the
MNI standard brain using nonlinear transformation. High-pass
temporal filtering of 120 sec was applied to the fMRI images, and
images were spatially smoothed using a Gaussian smoothing ker-
nel of 5 mm.

Statistical comparisons

We performed statistical analyses on individual scans within
FEAT using FMRIB’s Improved Linear Model (FILM), (Woolrich et
al. 2001), which applies the general linear model and uses non-
parametric estimation of time series autocorrelation to remove
estimated autocorrelation of noise between time points for each
voxel. We first contrasted fMRI activity during retrieval of hits
and correct rejections against each other and against the control
condition in each condition. Thus, for the landmark recognition
and spatial association conditions, we compared hits versus cor-
rect rejections, correct rejections vs. hits, hits vs. the control task,
and correct rejections versus the control task. For the temporal
order condition, we contrasted hits vs. incorrect responses (and
the opposite contrast), hits versus the control task and incorrect
vs. the control task (correct rejections could not be properly de-
fined for the temporal order task). We used an FSL higher order
mixed-effect analysis (FMRIB’s Local Analysis of Mixed Effects)
(Beckmann et al. 2003) to generate Z statistic images (Z > 2.3,
cluster P < 0.05, corrected) of the combined individual fMRI ac-
tivation results across participants. In addition to obtaining the
group results for the above comparison, we also contrasted the
three different conditions against each other using a higher-order
mixed-effects model. Thus, for each individual contrast, we also
obtained the group activations for landmark recognition vs. (spa-
tial association + temporal order), spatial association versus
(landmark recognition + temporal order), and temporal order
versus (landmark recognition + spatial association).
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ROI analysis

Because previous results demonstrated significant hippocampal,
parahippocampal cortex, and retrosplenial activation during re-
trieval of spatial landmarks and routes (Ghaem et al. 1997; Bur-
gess et al. 2001; Hartley et al. 2003; Janzen and van Turennout
2004), we conducted additional regions of interest analyses (ROI)
on hippocampus, parahippocampal cortex, and retrosplenial cor-
tex. We also included a perirhinal ROI mask because of the dem-
onstrated role of perirhinal cortex in retrieving item, but not
source, information (Davachi et al. 2003). Masks were created on
the standard MNI brains for the hippocampus by creating ana-
tomical masks covering the middle and posterior aspect of the
hippocampus and subiculum, over posterior parahippocampal
gyrus for the parahippocampal mask, and over the anterior para-
hippocampal gyrus lateral to entorhinal cortex for the perirhinal
mask based on Duvernoy’s boundaries (Duvernoy 1998). Average
time courses were then extracted from the raw filtered time
courses for each subject; the percent signal change was taken as
the mean percent signal change over 3 and 6 sec after the stimu-
lus appears on the screen. All comparisons were done in a mul-
tivariate ANOVA; post-hoc tests were performed for any compari-
sons in ANOVAs that were significant at P < 0.05.

Results

Behavioral data: Subjects performed above chance on all the
components tasks (Fig. 1F; landmark recognition: f.3, = 39,
P <1 X 10715 spatial association: f3, = 4, P < 0.0001; temporal
order: 3, = 3.3, P < 0.005). The t-test comparisons are based on
each subject’s mean performance across the entire task compared
against chance (50%). An ANOVA revealed a significant main
effect between the different conditions (F 4, =57,
P<1 x 10~ '?), with landmark recognition performed signifi-
cantly better than spatial association (f,4 =10, P<1 x 107'°
and temporal order t,5, = 11, P <1 X 10~ '"), although there was
no significant difference between spatial association and tempo-
ral order tasks (t,¢, = .5, P=n.s.). Landmark recognition, how-
ever, was significantly different from ceiling (100% performance;
tazy = —2.2, P<0.04).

Imaging data: Combined retrieval versus control

We first identified brain areas that were commonly active across
all three retrieval conditions. The combined data across the three
conditions showed significant hippocampal, parahippocampal,
and perirhinal cortex clusters of activation for correct retrieval of
items in the experimental conditions against the control task
(Fig. 2A). We could not contrast incorrect responses because sub-
jects made too few errors in the landmark recognition condition.
We also observed significant clusters activating for correct rejec-
tions vs. control in hippocampus and parahippocampal gyrus
(data not shown). There were no significant differences between
activations for hits and correct rejections; subsequent analyses
therefore focused on comparisons of the different retrieval con-
ditions (hits only).

Region of interest (ROI) analysis in hippocampus

and parahippocampal gyrus

For each of the 14 subjects, we contrasted the magnitude of ac-
tivation in the ROI analysis for hits in the landmark recognition,
spatial association, and temporal order conditionsina3 X 2 X 3
ANOVA contrasting region (hippocampus vs. perirhinal cortex
vs. parahippocampal cortex), laterality (right vs. left), and con-
dition (e.g., landmark recognition vs. spatial association vs. tem-
poral order). We observed significant effects of condition
(Fi2,251y =49, P<0.0001, region (F »s;,=7, P<0.001) and sig-
nificant interaction effects of region X condition (F , =8,
P <0.0001) and region X laterality (F, , =11, P<0.0001). No
other effects reached significance. Because we found a main ef-
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fect of condition and region, interaction effects with region and
condition, and interaction effects with region and laterality, we
then proceeded to investigate differences in ROI activations us-
ing post-hoc tests on the right and left side of hippocampus and
parahippocampal gyrus.

Hippocampal activations

All three behavioral conditions produced left hippocampal acti-
vations greater than baseline (Fig. 2B); we also found that both
landmark recognition (3, = 2.6, P <0.02) and spatial associa-
tion (f43) = 2.3, P<0.04) conditions showed greater activation
than the temporal order condition. Thus, we observed the fol-
lowing order of activations for left hippocampus: (spatial
associations = landmark recognition) > temporal order. Al-
though there were significant changes from baseline in right hip-
pocampus for all three conditions (Fig. 2C), there was no signifi-
cant difference between conditions (landmark recognition vs.
spatial association, t;3, = 1.5, P = n.s., landmark recognition vs.
temporal order, t,3, = .17, P =n.s., spatial association vs. tempo-
ral order t;3, = 1.4 P = n.s.). For right hippocampus, we found the
following order of activations: landmark recognition = spatial
association = temporal order. We also found greater left hippo-
campus activation during spatial association retrieval compared
with right hippocampus (¢, = 3.3, P < 0.01).

Parahippocampal cortex

For the left parahippocampal cortex (Fig. 2D), we did not observe
significant signal change for the temporal order condition from
baseline (t3, = .74, P = n.s.), although landmark recognition and
spatial association conditions showed significant levels of activa-
tion. Spatial association and landmark recognition showed
greater activation than temporal order (spatial association vs.
temporal order, t,3,=7.0, P <0.000005; landmark recognition
vs. temporal order, f,3,=5.9, P <0.00005), and spatial associa-
tion retrieval activated to a greater extent than landmark re-
trieval (¢35, = 2.7, P < 0.01). We observed the following order of
magnitude for left parahippocampal activation: spatial
association > landmark recognition > temporal order. In right
parahippocampal cortex (Fig. 2E), we similarly found that retriev-
ing spatial associations produced greater activation than tempo-
ral order retrieval (t3, = 4.7, P < 0.0004); we also found that spa-
tial association activation was significantly greater than land-
mark recognition activation (f3, = 4.2, P <0.0009). We found
no difference between temporal order and landmark recognition
condition activations ({3, = .54, P = n.s.). Thus, we observed the
following order of activations for the right parahippocampal cor-
tex: spatial association > (landmark recognition = temporal or-
der). In contrast to the hippocampus, where spatial associations
activated left greater than right hippocampus, spatial association
retrieval activated right parahippocampus to a greater extent
than left parahippocampus (3, = 2.7, P < 0.02).

Perirhinal cortex

Overall, landmark recognition resulted in greater activation bi-
laterally in perirhinal cortex than spatial and temporal order re-
trieval combined (¢, = 3.6, P < 0.0001). The landmark recogni-
tion condition also activated left perirhinal cortex to a signifi-
cantly greater extent than the spatial retrieval (left side:
tas =3.9, P<0.001; Fig. 2F). The landmark recognition condi-
tion was further significantly greater than the temporal order
condition for both right and left perirhinal cortex (left side:
tas) = 4.4, P < 0.0001; right side: t,3, = 2.2, P < 0.05; Fig. 2G). For
left perirhinal cortex, landmark > (temporal order = spatial asso-
ciations). For right perirhinal cortex, (landmark recognition =
spatial associations) > temporal order.
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Figure 2. Activations in the hippocampus and parahippocampal cortex during retrieval of recently learned spatial information. (A) Group mean cluster
activations in standard MNI space for 14 subjects during retrieval of landmarks, passenger—store associations (spatial association condition), and
orderings of passengers (temporal order condition). We observed significant bilateral hippocampal, parahippocampal, and perirhinal cortex activations.
Numbers next to slices indicate MNI values in millimeters of slice locations. Activations were thresholded at Z = 2.3. ROI analysis for these regions shown
in B-G. (B) In left hippocampus, we observed greater activations during landmark recognition and spatial association conditions compared with the
temporal order condition. (C) In right hippocampus, we did not find differences between conditions. However, all three conditions activated hippo-
campus bilaterally. (D) Left parahippocampal cortex showed greater activation during spatial association retrieval than the other two conditions;
landmark recognition activated the left parahippocampal cortex to a greater extent than temporal order retrieval. (E) Right parahippocampal activation
was also higher during spatial association retrieval than the other two conditions. (F) Left perirhinal activation was higher during landmark retrieval than
spatial and temporal retrieval. (G) Right perirhinal activity was higher during landmark retrieval compared with temporal order retrieval. (H) We observed
a significant dissociation between hippocampal and parahippocampal activations during spatial and temporal order retrieval; spatial retrieval activated
parahippocampus to a greater extent than hippocampus, and temporal order retrieval activated hippocampus to a greater extent than parahippo-
campus. (/) We also found a significant dissociation between parahippocampal cortex and perirhinal cortex; spatial retrieval led to greater activation in
parahippocampal cortex compared with landmark retrieval, while the opposite trend (greater activation during landmark than spatial retrieval) was
observed in perirhinal cortex.

cortex activation during landmark and spatial recognition con-
ditions (Fig. 2I). We again found a significant region X condition
interaction (2 X 2 region X condition ANOVA, region X condi-
tion interaction, P < 0.01).

Comparing hippocampus, parahippocampal,

and perirhinal cortex activations

To better understand the region X condition interaction effect we
observed, and to test our original hypothesis regarding differen-
tial roles of hippocampus and parahippocampal cortex in tem-

poral versus spatial memory, we conducted a separate ANOVA
only on activations in hippocampus and parahippocampal cor-
tex during spatial association and temporal order conditions. We
found a significant interaction effect between parahippocampal
cortex and hippocampal activations (Fig. 2H): Hippocampal ac-
tivation was greater during temporal order retrieval than para-
hippocampal cortex, while parahippocampal activation was
greater during the spatial association condition compared with
hippocampus (2 X 2 region X condition ANOVA, region X con-
dition interaction, P < 0.01). To test our hypothesis regarding
item and source retrieval differences between parahippocampal
and perirhinal cortex, we also conducted an additional ANOVA
comparing parahippocampal cortex activation and perirhinal
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Group analysis: Extra-hippocampal activations

Prior studies also implicate extra-hippocampal structures in spa-
tial navigation and spatial retrieval, particularly retrosplenial cor-
tex (Shelton and Gabrieli 2002; Hartley et al. 2003; Rosenbaum et
al. 2004; Wolbers and Buchel 2005). In line with these studies, we
found significant retrosplenial activation generally during re-
trieval (Fig. 3A). Because of our a priori hypothesis regarding the
presence of retrosplenial activation during spatial retrieval, we
conducted an additional ROI analysis on the retrosplenial cortex
based on the anatomical definition provided by Maguire (2001),
comprised of Broadman areas 29 and 30. While the landmark
condition activated to a significantly greater extent than the tem-
poral order condition (f3,=2.4, P<0.03), we did not find
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Figure 3. Extra-hippocampal activations and retrosplenial region of interest analysis. (A) Outside of
the hippocampus, significant activations in retrosplenial cortex, prefrontal cortex, and cingulate are
readily identifiable in the mean across all three retrieval conditions. (B) ROI of retrosplenial cortex
indicated overall significantly more activation during landmark retrieval and spatial association retrieval
(combined) compared with temporal order; the contrast of spatial association vs. temporal order failed
to reach significance. (C) In a group analysis, comparison of the spatial retrieval condition against
temporal order retrieval, distinct clusters of activation were present in retrosplenial cortex. Activations
were thresholded at Z = 2.3. Significant retrosplenial clusters of activation were also present when we
contrasted landmark recognition against temporal order retrieval; no other contrasts showed signifi-

cant retrosplenial activations.

greater activation during the spatial association condition com-
pared with the temporal order condition (Fig. 3B). Thus, for ret-
rosplenial cortex, we found landmark recognition > temporal or-
der. Landmark and spatial conditions together, however, were
significantly greater than the temporal order condition
(ta0y = 2.3, P < 0.03). An additional mixed-effects analysis com-
paring spatial association retrieval against the temporal order
condition also revealed significant, yet localized, clusters in the
retrosplenial cortex (Fig. 3C). Consistent with the ROI analysis,
we also found significant clusters of activations in retrosplenial
cortex when we contrasted landmark with temporal order re-
trieval; we did not find significant retrosplenial activation during
any other comparisons. These data suggest that our ROI analysis
did not locate the spatial retrieval activation in retrosplenial cor-
tex compared with temporal order, because the clusters were
fairly small and localized. We suggest that the order of activation
for retrosplenial cortex instead be (landmark recognition =
spatial associations) > temporal order.

Table 1 presents a comprehensive list of brain regions active
during retrieval. These regions included activations in prefrontal
cortex, cingulate cortex, lingual, and fusiform gyri. The most
robust activations during retrieval were present bilaterally in fu-
siform and lingual gyri. To identify extra-hippocampal activa-
tions that were unique to each retrieval condition, we conducted
an additional comparison of each condition against the other
two conditions using a t-test (P corrected). Thus, we contrasted
landmark recognition against spatial association and temporal
order, spatial association against landmark recognition and tem-
poral order, and temporal order against landmark recognition
and spatial association. Consistent with recent studies on route
sequence learning (Hartley et al. 2003), the temporal order con-
dition uniquely activated regions in the striatum, such as the
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rus (MFG: prefrontal cortex) during spa-
tial and temporal but not landmark re-
trieval, consistent with previous studies
on retrieval of information from re-
cently experienced VR environments
(King et al. 20095). In fact, the landmark
recognition condition showed no areas
that were active above the levels of the
temporal order and the spatial associa-
tion conditions (e.g., Table 2). We con-
ducted additional analyses comparing
each condition against the other (e.g.,
6-way comparison of landmark vs. spa-
tial, spatial vs. landmark, etc.). Because
these analyses did not reveal any addi-
tional information not already con-
tained in the 3-way comparison or ROI
analysis, we do not present it or discuss
it further in this work.

Discussion

By having subjects freely explore a vir-
tual environment and then retrieve
landmark, spatial association, and tem-
poral order information while undergo-
ing fMRI imaging, we compared brain
regions involved in the retrieval of dif-
ferent components of episodic memory.
We observed significant activations in
hippocampus and parahippocampal gy-
rus during landmark, spatial association,
and temporal order retrieval; we did not
find activation differences for retrieving familiar compared with
novel landmarks and associations. These data argue for the in-
volvement of MTL regions in the process of retrieval of episodic
information from memory. Our data further argue for the in-
volvement of specific regions within medial temporal lobe for
retrieving spatial and temporal order information. Parahippo-
campal cortex activated bilaterally during retrieval of spatial as-
sociations compared with hippocampus, while hippocampus ac-
tivated bilaterally during retrieval of temporal order information

Table 1. Brain regions active during retrieval
Condition Group mean vs. control
Region X y z z

1. Medial temporal

Hippocampus L 24 -28 10 4.6

R —24 —28 10 2.8

Parahippocampal gyrus L —24 -18 —38 3.2

R 24 -34 -20 4.4

2. Lingual gyrus L -12 -84 -14 8.8

R 10 —82 -12 8.2

3. Fusiform gyrus L -26 —74 -18 8.3

R 24 —82 -22 8.0

4. Cingulate gyrus L -8 16 46 4.1

R 8 30 26 3.3

5. Cerebellum (medial) L 0 —-56 46 3.9
6. Prefrontal

IFG R 46 26 20 5.2

L -38 24 -2 4.2

MFG R 58 26 28 4.6

L -2 32 40 4.0

X, ¥, and z reflect positions in MNI coordinate space; Z reflects maximum
Z value in the cluster.
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Table 2. Brain regions active during item, spatial, and temporal episodic memory retrieval

Landmark vs. Spatial vs. Temporal vs.
Condition Spatial + Temporal Landmark + Temporal Spatial + Landmark
Region X y z z X y z z X y z z
1. MTL (parahippocampal gyrus) R 20 -26 -26 2.7
2. Fusiform gyrus R 40 —44 -26 3.1 -38 -52 -18 43
3. Cingulate (anterior) L -8 20 42 3.5
4. Motor (precentral gyrus) L -50 2 48 3.2
5. Cerebellum (medial) L —4 —68 —48 3.4
6. Prefrontal
SFG L -14 36 54 3.7
MFG R 2 48 48 3.2 54 22 28 3.8
IFG L —46 24 -2 3.9 -32 26 0 3.0
R 48 28 20 4.0
7. Temporal Cortex
ITG R 56 -72 -4 5.6
MTG R 50 - 66 6 5.0
Insula -36 18 0 3.3
8. Occipital Cortex
Medial R 44 -72 -2 4.8
L —48 -80 0 4.5
Inferior R 48 -80 -10 4.7
L —42 -84 -6 4.5
9. Subcortical
Substantia nigra R 4 18 -22 3.2
Putamen L -16 12 -2 29
Caudate -6 16 38 3.4
Globus pallidus L -12 4 -2 3.0

x

compared with parahippocampal cortex. We also found differ-
ences in the involvement of right and left hippocampus in re-
trieval of spatial associations: We found greater activation in left
hippocampus compared with right hippocampus, and greater
right parahippocampal activation compared with left parahippo-
campal activation. There were also activation differences be-
tween parahippocampal and perirhinal cortex. We found signifi-
cantly greater parahippocampal cortex activation bilaterally dur-
ing spatial association retrieval compared with landmark
retrieval, while perirhinal cortex showed greater activation dur-
ing landmark retrieval compared with spatial association re-
trieval. Finally, extra-hippocampal brain regions differentially ac-
tivated for spatial compared with temporal order memory. Ret-
rosplenial cortex activated during spatial association retrieval
and landmark recognition compared with temporal order re-
trieval. Also, striatum activated to a greater extent during the
temporal order condition compared with the other two condi-
tions. We discuss below the functional relevance of these activa-
tions and how these results relate to our hypothesis stated in the
introduction.

Hippocampal and parahippocampal gyrus activations

The primary focus of this study was to compare spatial and tem-
poral judgments following a recently experienced episode to at-
tempt to resolve competing hypotheses on the role of the para-
hippocampal cortex and hippocampus in spatial and temporal
order memory judgments (Tulving 1993; Burgess et al. 2002; Ei-
chenbaum 2004). Important to this comparison, subjects per-
formed equally well, but well above chance, on both spatial and
temporal order judgments (Fig. 1F). In attempting to equate the
difficulty of spatial and temporal order retrieval, we designed the
spatial association condition so that it involved rapid judgments
about whether a passenger went to a specific store or not. It could
be argued that subjects may have learned the spatial associations
task by simply pairing specific passengers with specific stores
based on nonspatial strategies. Two lines of reasoning argue
against this. First, in a prior study using yellowcab2, in which
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, v, and z reflect positions in MNI coordinate space; Z reflects maximum Z value in the cluster.

subjects picked up passengers and delivered them to stores, sub-
jects quickly learned the locations of stores over trials by gradu-
ally optimizing their paths from passengers to stores—even
though subjects were not explicitly told to do so (Newman et al.
2006). Second, the patterns of activations we observed also argue
against subjects using a nonspatial strategy to retrieve passenger—
store associations. Consistent with previous studies (Janzen and
van Turennout 2004), we found the greatest parahippocampal
activation when subjects retrieved landmarks in a spatially rel-
evant manner compared with simply viewing the landmark
alone during the landmark recognition task (Fig. 2D,E). Were
subjects using a nonspatial strategy, the predicted activation pat-
terns for parahippocampal cortex instead would be equivalent
activation in all three conditions, or at least equivalent activation
during the landmark and spatial-association condition.

A possible difficulty in comparing the spatial associations
condition with the temporal-order condition relates to the fact
that subjects saw a passenger and a store on the screen during
spatial association retrieval and two passengers during temporal-
order retrieval. During the task, however, subjects were explicitly
instructed to make judgments about the relation between the
stimuli, and were reminded to do so during stimulus presenta-
tion by lines of text that appeared continuously below the
stimuli (e.g., “Which store did you take me to?” and “Whom did
you meet first?”; see Fig. 1D,E). Thus, the main focus of the sub-
ject was remembering the trajectory the passenger traveled to the
store or the order the passenger came relative to the other pas-
senger shown and not specific stimulus features. Although stron-
ger parahippocampal activations are typically observed for spa-
tial scenes compared with people or other objects (Epstein and
Kanwisher 1998), we note that the stores themselves were not
spatial scenes, but rather objects that served as landmarks during
the game. Finally, we did not observe differences for retrieving
novel vs. familiar stores or passenger—store pairings. These results
argue that the differences in activations we observed in the three
conditions derived primarily from judgments subjects made
about the different stimuli rather than the stimuli themselves.
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A final issue we address concerns comparing the landmark
recognition condition against the associative recognition condi-
tions. Subjects performed significantly better on this task com-
pared with the associative recognitions, in part because familiar-
ity-based recognition judgments of picture stimuli are typically
easier for subjects than associative-based recognition judgments.
For example, in a recent study by Holdstock et al. (2005), subjects
performed significantly better on familiarity-based recognition
of pictures compared with spatial and temporal tasks. If task dif-
ficulty were to have an effect on our results, we would expect
significantly less regional activation during landmark recogni-
tion compared with associative recognition. The complex pat-
tern of activations we observed within in the MTL—decreasing
perirhinal activation from landmark to associations tasks, yet in-
creasing parahippocampal activations and equivalence in activa-
tion for right hippocampus—argues against this explanation.
The dissociations we observed between regions and conditions
addresses a concern mentioned in the Materials and Methods
with having landmark recognition precede associative recogni-
tion (although associative recognition conditions were counter-
balanced). Were this to have significantly affected our results, we
would have expected decreasing activation in all regions over
conditions due to adaptation-based processes, instead of the
findings we report.

Similar to our study, two fMRI studies by Burgess et al.
(2001) and King et al. (2005) also investigated activations during
memory retrieval following virtual navigation in the hippocam-
pal area. In the two studies, subjects moved through a virtual
environment to different spatial locations, at which they met
specific people who held certain objects. Subjects then made de-
cisions in the scanner about whether they had encountered a
certain object (1) in that place, (2) with that person, or (3) with
an additional object. As a control, subjects also made judgments
about the width or brightness of objects. Burgess et al. (2001)
found primarily left hippocampal activation only in the place
vs. control comparison, arguing for the involvement of the left
hippocampus in the processing and retrieval of spatial-
contextual information. In our study, we similarly found greater
left hippocampal activation during spatial association retrieval
compared with right hippocampus. Indeed, the Z scores we ob-
served for right and left hippocampus (right: Z = 2.8; left: Z = 4.6)
are generally comparable to those observed in the Burgess et al.
(2001) study (Burgess et al. report Z = 3.6 only for left hippocam-
pus).

There are, however, several notable differences between our
studies that make more in-depth comparisons difficult. One im-
portant difference is that our subjects navigated the spatial en-
vironment freely compared with the Burgess et al. (2001) and
King et al. (2005) studies, in which subjects were guided with
arrows to specific locations. Arguably, our paradigm allowed sub-
jects to encode information in a fashion similar to how we might
encode episodic information in the natural world compared with
the Burgess et al. and King et al. studies in which the information
experienced was constrained by the details of the experiment. A
second important difference between our study and that of the
previous two studies is the control conditions. Burgess et al. and
King et al. used a control condition that required subjects to
make perceptual judgments about the pictures of objects or
places they visited—presumably leading to little hippocampal
activation. Our study, in contrast, used a low-level perceptual
task (determining whether a number was odd or even)—shown
in a previous study by Stark and Squire (2001) to provide mini-
mal hippocampal activation compared with picture viewing. Our
control task, in fact, may account for the slightly greater Z values
and percent signal changes we observed when we compared re-
trieval conditions against the control condition (this study, Table
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1 and Fig. 2; Burgess et al. 2001, Table 1 and Fig. 4). A third
difference between our studies is that the memory component of
our study required subjects to make recognition judgments—
particularly in the landmark and spatial conditions—while the
Burgess et al. (2001) and King et al. (2005) studies required sub-
jects to make forced-choice judgments about which objects came
when. Although the Burgess et al. and King et al. memory con-
dition allowed subjects to look at the same stimuli but make
different types of judgments about them, a manipulation not
possible in our study, our paradigm permitted comparison with
other studies that have looked separately at item and source
memory retrieval. A final difference between our two studies is
that our study looked at temporal order retrieval in addition to
spatial and object memory.

Because our study allowed us to directly compare simple
item recognition with recognition requiring recovery of spatial
and temporal source information, we believe our results demon-
strate several important aspects of the brain networks underlying
episodic retrieval. First of all, our data demonstrate the general
involvement of the hippocampus and parahippocampal cortex
in retrieval of recently experienced items, spatial associations,
and temporally sequenced events in episodic memory. Our re-
sults therefore suggest a general role for the hippocampus in
retrieval of episodic memories (Tulving 1993)—at least those ac-
quired from a recently experienced spatial environment. We pre-
dicted, however, greater parahippocampal cortex than hippo-
campal activation during landmark retrieval based on the fact
that the parahippocampal cortex typically shows stronger acti-
vation during familiarity-based recognition than the hippocam-
pus (Epstein and Kanwisher 1998). The fact that we saw similar
degrees of hippocampal and parahippocampal cortex activation
during landmark recognition—contrary to our expectation—
suggests that the hippocampus and parahippocampal cortex
were recruited to comparable degrees during the landmark rec-
ognition task. In contrast to hippocampus and parahippocampal
cortex, perirhinal cortex showed greater activation during land-
mark compared with spatial and temporal retrieval. We also
noted dissociation between perirhinal and parahippocampal cor-
tical activations—perirhinal cortex activated more strongly dur-
ing landmark than spatial retrieval, while parahippocampal cor-
tex activated more strongly during spatial than landmark re-
trieval. Together, our data suggest a more specific role for the
perirhinal cortex in retrieval of item, and not source information,
from recently experienced events (Davachi et al. 2003).

Compared with hippocampus, parahippocampal cortex ac-
tivated to a greater extent during spatial association retrieval
than temporal order retrieval (e.g., Fig. 2H); hippocampus, in
contrast, activated more strongly than parahippocampal gyrus
cortex during temporal order retrieval compared with spatial re-
trieval. Our dissociation of hippocampal and parahippocampal
activations during temporal order and spatial association re-
trieval suggests the continued involvement of the parahippo-
campal cortex in spatial memory, but suggests that it plays less of
a role in temporal order memory, a key component of episodic
memory (Tulving 1993). Our data also argue for a greater hippo-
campal role in temporal order memory than the parahippocam-
pal cortex; previous studies have also reported hippocampal ac-
tivation during temporal order retrieval (Rekkas et al. 2005). Our
findings thus provide an important prediction for patients with
medial temporal lobe lesions: Patients with lesions restricted to
hippocampus should show profound temporal order memory
deficits, but lesions that extend into the parahippocampal cortex
should not further impair temporal order memory.

A final activation difference of note in the MTL is that spa-
tial association retrieval led to greater left hippocampal activa-
tion compared with temporal order retrieval; we did not observe
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a difference between the three conditions for right hippocampal
retrieval. These data suggest that the left hippocampus may play
a greater role in spatial retrieval than temporal order retrieval.
Consistent with out findings, Spiers et al. (2001) found greater
impairment during spatial retrieval for left hippocampal dam-
aged patients compared with right hippocampally damaged pa-
tients. In the Spiers et al. study, subjects navigated a virtual en-
vironment; following navigation, patients performed several
tests of episodic memory, recalling people, objects, and the order
of events experienced during virtual navigation. Left hippocam-
pally damaged patients showed the greatest impairments during
retrieval of these episodic experiences compared with right hip-
pocampally damaged patients, who had impairments during
navigation and in map drawing. Together with our findings,
these data support the idea that the left hippocampus may play
a greater role in spatial retrieval than right hippocampus.

Extra-hippocampal activations: Retrosplenial cortex
Retrosplenial cortex showed significant activation when subjects
retrieved spatial associations and landmarks compared with re-
trieval of temporal order information. Previous findings sug-
gested the importance in general of the posterior parietal cortex
in retrieval of episodic memories (Shallice et al. 1994; Nyberg et
al. 1996). Fujii et al. (2004), however, found the greatest activa-
tions in retrosplenial cortex when subjects retrieved spatial epi-
sodic information. In the Fujii et al. (2004) study, subjects expe-
rienced several different experimentally induced real world
events and then answered questions about whether the events
happened or not, where they occurred, and the order in which
they happened. Retrosplenial cortex activation was greater dur-
ing retrieval of spatial information compared with remembering
the order of events or during event recognition. Previous fMRI
studies further suggest retrosplenial recruitment may be particu-
larly salient during retrieval of topographic spatial information
compared with retrieval of route information (Shelton and Gab-
rieli 2002; Wolbers and Buchel 2005). For example, Wolbers and
Buchel (2005) found that retrosplenial activation correlated with
subjects successfully drawing survey maps of environments
learned over multiple scanning sessions. Based on these findings,
we tentatively suggest that the retrosplenial cortex activations
observed in our study, most pronounced during spatial associa-
tion and landmark retrieval compared with temporal order re-
trieval, reflect the accessing of topographic spatial representa-
tions of the virtual environment subjects explored to aid in re-
trieval of which passengers went to which stores and which
stores were visited.

Prefrontal cortex and other extra-hippocampal
activations

We found that medial frontal gyrus (MFG) and fusiform cortex
were active in the spatial association and temporal order tasks
when we contrasted against the landmark recognition task (Table
2). These findings suggest that both spatial association and tem-
poral order conditions involved recruitment of these two struc-
tures. Leung et al. (2002) found that MFG activation increased
with increasing memory loads, showing little activation during
delay periods requiring maintenance of three items, but robust
activation during delay periods requiring maintenance of five
items. In our study, the spatial association and temporal order
conditions required holding one item in memory while compar-
ing it against the other item (either a store or a passenger in our
case). We therefore attribute the prefrontal activations in our
study to the increased memory load involved in the spatial asso-
ciations and temporal order conditions. King et al. (2005) found
less prefrontal cortex activation when subjects had to recall
from a larger pool of places, objects, and people compared with
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the smaller pool used in Burgess et al. (2001), likely due to the
lower contextual interference present with a greater number of
unique episodes. Indeed, our activations (Z = 3.2) were closer in
line with those of King et al. (Z = 3.5) than Burgess et al. (Z = 4.4);
correspondingly, we had comparable numbers of unique events
to King et al. (2005). Based on our convergence with King et al. as
well as the previously demonstrated role of MFG in short-term
memory, we suggest that our activations in prefrontal cortex rep-
resent the cognitive resources involved in matching specific pas-
sengers with stores and comparing different passengers against
each other in time.

Fusiform cortex, which showed the strongest magnitude ac-
tivation during retrieval (Z = 8.3) of any region, displayed a simi-
lar pattern to prefrontal cortex of activating during temporal or-
der and spatial association conditions, but not during landmark
recognition (Table 2). We similarly attribute the greater activa-
tion there during spatial and temporal retrieval to the presence of
two objects in memory compared with one, as two objects would
require greater processing demands than simply recognizing
single objects. Based on the previously demonstrated role of the
fusiform gyrus in object recognition (Grill-Spector et al. 2006),
we suggest that the fusiform activations observed in this study
represent the processing of several objects simultaneously. We
also note that the lingual gyrus was active generally during re-
trieval (Table 1) but were not active during specific contrasts
(Table 2). These data suggest that this structure plays a somewhat
more general role in object processing during retrieval.

Striatal activations

A final important difference we observed between conditions was
activation of the striatum in the temporal order condition but
not in the spatial association or landmark recognition condition
(Table 2). The striatum activates during motor sequence learning,
both while subjects have explicit and implicit knowledge of a
sequence (Willingham et al. 2002; Destrebecqz et al. 2005). Stud-
ies by Reeves et al. (2005) and Hartley et al. (2003) further showed
striatal activity during retrieval of sequentially learned spatial
information. These findings suggest that the striatal activation in
our study during temporal order retrieval is likely related to the
retrieval of sequences.

Conclusion

Our results support the involvement of several different brain
networks in the retrieval of previously learned episodic and spa-
tial information. The hippocampus and parahippocampal cortex
activated during retrieval in all three conditions, although para-
hippocampal activations were particularly pronounced during
spatial association retrieval. Our data support a role for the hip-
pocampus and parahippocampal gyrus in representation of item,
spatial, and temporal context in episodic memory. We also report
anovel dissociation between hippocampal and parahippocampal
involvement, with the hippocampus more active during correct
retrieval of temporal order information compared with the para-
hippocampal cortex, and parahippocampal cortex more active
during correct retrieval of spatial associations compared with the
hippocampus. These results support a role for the two structures
in spatial and temporal source memory retrieval, respectively.
Compared with parahippocampal cortex, perirhinal cortex
showed greater activation during landmark retrieval compared
with spatial retrieval, suggesting a more limited role in item rep-
resentation. Retrosplenial activation was similarly greater during
spatial association and landmark retrieval, and may relate to the
use of topographic maps when subjects successfully remembered
which passengers went to which stores. Temporal order retrieval,
in contrast, led to greater striatal activation, relating to its previ-
ous established role in sequence learning and retrieval. Our re-
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sults suggest that distinct networks of brain regions are recruited
when retrieving the spatial and temporal context of newly
learned episodes; these activations in turn relate to the behav-
ioral function these regions are primarily involved in, as sug-
gested by our results and previous findings discussed in this study.
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