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RAPID COMMUNICATION
Dissociations Within Human Hippocampal Subregions During
Encoding and Retrieval of Spatial Information
Nanthia Suthana,1,2 Arne Ekstrom,3 Saba Moshirvaziri,1 Barbara Knowlton,4
and Susan Bookheimer1,4*
ABSTRACT:
Although the hippocampus is critical for the formation
and retrieval of spatial memories, it is unclear how subregions are differentially involved in these processes. Previous high-resolution functional magnetic resonance imaging (fMRI) studies have shown that CA2,
CA3, and dentate gyrus (CA23DG) regions support the encoding of
novel associations, whereas the subicular cortices support the retrieval
of these learned associations. Whether these subregions are used in
humans during encoding and retrieval of spatial information has yet to
be explored. Using high-resolution fMRI (1.6 mm 3 1.6-mm in-plane),
we found that activity within the right CA23DG increased during
encoding compared to retrieval. Conversely, right subicular activity
increased during retrieval compared to encoding of spatial associations.
These results are consistent with the previous studies illustrating dissociations within human hippocampal subregions and further suggest that
these regions are similarly involved during the encoding and retrieval of
spatial information. V 2010 Wiley-Liss, Inc.
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INTRODUCTION
Learning and recalling spatial information is critical for the ability
to form and retrieve memories for events. Furthermore, processing the
spatial context in which these memories are formed may assist in the
binding of items into a stable episodic memory representation (Burgess
et al., 2002; Holscher, 2003; Eichenbaum, 2004). An intact medial
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temporal lobe (MTL) is necessary for the formation
of episodic memory (Scoville and Milner, 1957). It
has been suggested that the MTL may process spatial
and nonspatial components of episodic memory independently (Burgess et al., 2002). By this view, spatial
and nonspatial information may engage different
MTL subregions during encoding and/or retrieval
due to the special status of spatial information in the
hippocampus.
The MTL is composed of the hippocampus proper
[CA ﬁelds 1, 2, and 3; dentate gyrus (DG); and subiculum] and adjacent cortices [parahippocampal (PHC),
entorhinal (ERC), and perirhinal (PRC)]. Although
substantial evidence supports a role for the MTL in
declarative learning, it is still unclear how speciﬁc subregions are involved (Squire et al., 2004). Several neuroimaging studies support spatial dissociations along
the anterior–posterior axis of the hippocampus during
encoding and retrieval (Lepage et al., 1998; Schacter
and Wagner, 1999; Zeineh et al., 2003). However,
several other studies fail to ﬁnd differences [for review,
see Schacter and Wagner (1999)]. High-resolution
functional magnetic resonance imaging (fMRI) studies
have shown that the CA2, CA3, and dentate gyrus
(CA23DG) support encoding of novel face-name and
object–object associations, whereas the subicular cortices support retrieval of these learned associations
(Zeineh et al., 2003, Eldridge et al., 2005). Whether
these subregions are used during spatial memory tasks
has yet to be explored. Furthermore, previous data,
targeting the hippocampus as a whole, suggest that
the left is more specialized for verbal learning (Frisk
and Milner, 1990), whereas the right is for nonverbal
learning [e.g., visuospatial (Smith and Milner, 1989)],
which should be reﬂected in hemispheric differences
in patterns of activity within speciﬁc hippocampal
subregions. To determine which subregions are
involved during encoding and retrieval of spatial information, we used high-resolution fMRI while subjects learned and recalled spatial information (store
locations) within 3D virtual environments.
This study is a new analysis of data that has been presented in part (Suthana et al., 2009). This study
includes additional data (retrieval activity), which were
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FIGURE 1.
Virtual city snapshots. A: Shown is a snapshot of
a virtual city from a sample starting point and a (B) sample store
stimulus. C: Subjects’ learned store locations from an initial starting point within a city. D: Layout of city without stores used in
the direction-pressing control baseline condition. E: The task con-

sisted of alternating blocks of encoding (learn) and retrieval
(recall) interspersed with blocks of control (Ctl) (the ﬁgure was
presented to the subjects in color). [Color ﬁgure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

not presented in the previous study. We therefore describe our
subjects and methods brieﬂy here [see Suthana et al. (2009) for
full details]. Our previous study (Suthana et al., 2009) focused
on different types of spatial learning. We looked solely at differences in encoding during egocentric (viewpoint-dependent) and
allocentric (viewpoint-independent) navigation. In this study, we
sought to determine whether there are encoding versus retrieval
differences for spatial information. Subjects were 18 normal,
right-handed (nine males, nine females) between the ages of 20
and 31 (24.89 1 0.72 years), all of who provided informed consent and participated in the study, which was performed under
UCLA Institutional Review Board testing protocols.

Subjects viewed videos of navigation through novel spatial
environments using a single starting point. They were
instructed to learn store locations (Fig. 1). Navigation videos
were previously recorded with continuously refreshed (60 Hz)
virtual reality environments surrounded by a wall with a 4 3 3
grid design (Fig. 1) containing buildings, roads, and stores.
The task was presented in a blocked design of alternating
encoding, control, and retrieval conditions (Fig. 1E). During
encoding, subjects viewed navigation to novel stores (Fig. 1B)
where store locations were repeated across encoding blocks. In
half of the encoding blocks, navigation began at a single starting point (egocentric condition), whereas, in the other encodHippocampus
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ing blocks, subjects were trained using multiple starting points
(allocentric condition). These two conditions were matched for
difﬁculty as assessed by performance on the retrieval test
(Suthana et al., 2009). Retrieval blocks consisted of viewing of
navigation to old previously learned (target) or novel (lure)
store locations (same store stimuli were used); subjects had to
determine if the stores were in old or new locations within the
city and respond by pressing one of two assigned buttons. The
retrieval blocks were the same for locations encoded in the egocentric and allocentric conditions. In the direction-pressing
control condition (Fig. 1D), subjects viewed navigation through
the same cities, however, without stores (just buildings and
roads) and were instructed to press the corresponding button
on the keypad every time the direction was changed (left and
right). Navigation videos were displayed and recorded using
pyepl (http://pyepl.sourceforge.net/), Snapz Pro X (Ambrosia
software; Rochester, NY), and an adapted version of yellowcab2
(original download http://memory.psych.upenn.edu/Software).
iMovie was used to edit videos (Apple; Cupertino, CA), and
stimuli were presented using MacStim 3.2.1 software
(WhiteAnt Occasional Publishing; Melbourne, Australia).
Subjects were scanned at the University of California, Los
Angeles Ahmanson-Lovelace Brain Mapping Center using a
Siemens Allegra head-only 3 Tesla scanner. High in-plane resolution structural images (spin echo, matrix size 5 512 3 512,
TR 5 5,200 ls, TE 5 105 ls, 19 slices, contiguous; voxel
size: 0.391 3 0.391 3 3 mm) and echo-planar images (TR 5
3,000 ls, TE 5 39 ls, 128 3 128, 19 slices, contiguous; voxel
size 5 1.6 3 1.6 3 3 mm) were acquired in the same plane
and registered using a matched-bandwidth coplanar sequence
(TR 5 5,000 ls, TE 5 66 ls, 19 slices, contiguous; voxel size
5 1.6 3 1.6 3 3 mm). Headphones and 512 3 512 resolution magnet-compatible 3-D goggles were used to present auditory and visual stimuli to the subject (Resonance Technologies).
A Macintosh G4 Powerbook computer was used to present
stimuli, and key presses were recorded for behavioral analysis.
fMRI Expert Analysis Tool part of FMRIB Software Analysis
(FSL version 3.3, www.fmrib.ox.ac.uk/fsl) was used for fMRI
analysis. Motion correction was applied to functional images
using MCFLIRT (Jenkinson et al., 2002) (FMRIB’s motion
correction linear image registration tool). The brain surfaces
were extracted using brain extraction tool (Smith, 2002).
Images were temporally high-pass ﬁltered (Gaussian-weighted
least-squares straight line ﬁtting, with sigma 5 100.0 s), intensity normalized, and spatially smoothed using a Gaussian kernel
of FWHM 3 mm. Time-series statistical analysis was carried
out using FMRIB’s improved linear model with local autocorrelation correction (Woolrich et al., 2001). Functional, high-resolution coplanar and structural images were aligned using
FMRIB’s Linear Image Registration Tool via an afﬁne transformation. To optimize registration to MTL structures, weighted
masks of each subjects’ MTL regions were used for registration
of EPI to structural images. We also manually checked each
subject’s registration using landmarks that are visible on both
types of images (i.e., blood vessels). Supporting Information
Figure 1 shows example individuals’ structural images with corHippocampus

egistered visible landmarks drawn on the EPI images (red
lines). Regressors of interest were created by convolving a delta
function (time onsets) with a canonical (gamma) hemodynamic
response function and temporal derivative.
The 3D gray matter of the MTL subregions was created
(Fig. 2A), computationally unfolded, and interpolated to
improve segmentation using mrUnfold software (Engel et al.,
1997; Teo et al., 1997). This yielded a ﬁnal voxel size of 0.391
3 0.391 3 0.429 mm (Fig. 2D). The position of the various
CA ﬁelds, subiculum (sub), ERC cortex, PRC cortex, PHC
cortex, and fusiform gyrus was demarcated (Fig. 2B) on the
structural images based on the atlas by Amaral and Insausti
(1990), and Duvernoy (1998). The dentate gyrus is not distinguishable from adjacent CA ﬁelds with our current human
imaging methods and therefore labeled the encompassing
region CA23DG. With the unfolding methods used, anterior
CA ﬁelds 1–3 and dentate gyrus are not separable from each
other and therefore included as an encompassing region (Ant
CADG) on the unfolded ﬂat map. However, anterior CA1 is
distinguishable from CA23DG using our regions of interest
(ROI) methods. For the ROI analysis, anatomical ROIs were
created a priori by deﬁning voxels in 2D space and then projecting them into 3D space (Fig. 2C). However, the anterior
CADG ROI was separated into CA1 and CA23DG in 3D
space using the same atlases by Amaral and Duvernoy. ROIs
consisted of anterior and posterior CA2, 3 and dentate gyrus
(CA23DG), anterior and posterior CA1, anterior and posterior
subiculum, ERC, PRC, PHC, and fusiform gyrus. In FSL, the
average percent signal change was computed for each ROI
using the average parameter estimates with the height of an isolated event as the scaling factor relative to the voxel mean (see
http://mumford.bol.ucla.edu/perchange_guide.pdf ).
Shown in Figure 3 is a group-averaged unfolded map created
based on the 18 individual subject anatomical images and
boundaries. Each subjects’ individual anatomical and time functional data were warped into the template (for details on group
analysis, see Thompson et al. (2000). Subject’s fMRI signal
(e.g., beta values) was then compared across subjects for each
voxel using a mixed-effect t-test (t  2.4, P < 0.05, corrected).
Some subjects’ ﬂat maps were larger than others, and, therefore,
there is an absence of signiﬁcant fMRI group activity on the
outer edges of the ﬂat group map (Fig. 3). For more details on
methods, see Ekstrom et al. (2009), Thompson et al. (2000),
Zeineh et al. (2001), and Suthana et al. (2009). Correction for
multiple comparisons for single subject contrasts was cluster
corrected at Z > 2.3 and P < 0.05. Group activation maps
were corrected using a Bonferroni correction for 10 ROIs (P <
0.0005). For ROI analysis, post hoc comparisons were made
only if global analysis indicated a statistically signiﬁcant (P <
0.05, corrected) effect of condition (encoding vs. retrieval).
Subjects successfully encoded store-place associations, as
reﬂected in their ability to accurately recognize store locations
during retrieval (egocentric % correct: mean 6 s.e.m., 73.33 6
3.89; allocentric % correct: mean 6 s.e.m., 68.33 6 5.18). A
voxel-wise analysis showed signiﬁcant clusters of increased and
decreased activation within various MTL subregions during
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FIGURE 2.
Unfolding method. A: Each subjects’ gray matter
(green) is created by segmenting white matter and cerebral spinal
ﬂuid. The gray matter is then computationally unfolded and boundaries (B) between regions are projected onto the unfolded ﬂat map. D:
An averaged group ﬂat map (shown is the left) is created showing
regions CA2, 3, and dentate gyrus, CA1, subiculum (sub), entorhinal

cortex (ERC), perirhinal cortex (PRC), parahippocampal cortex
(PHC), and fusiform gyrus. C: Voxels in 2D space are projected into
3D space to create anatomical regions of interests showing posterior
regions (left): CA23DG (red), CA1 (orange), subiculum (yellow),
PHC (green), and fusiform gyrus (blue).

both encoding and retrieval during navigation with stores compared to baseline (Fig. 3A). In the single start-point (egocentric) condition, directly contrasting encoding and retrieval
blocks yielded signiﬁcant differences in activation (t  2.4)
within the right CA23DG for encoding versus retrieval and
within the right subiculum for retrieval versus encoding (Fig.
3B). We also completed an independent analysis based solely
on anatomical ROIs. ROIs were determined a priori, and average percent signal change was then calculated for each region.
These ROIs were based on the anatomical deﬁnitions of CA2,
3 and dentate gyrus (CA23DG), anterior and posterior CA1,
anterior and posterior subiculum, ERC cortex, PRC cortex,
PHC cortex, and fusiform gyrus. Average percent signal change
compared to baseline within hippocampal regions is shown in
Figure 4. A three-way ANOVA revealed a signiﬁcant main
effect of condition (encoding vs. retrieval), [F(3,238) 5 8.03,
P < 0.005)]. Post hoc analyses yielded signiﬁcant differences

within the subiculum (retrieval > encoding, t(17) 5 2.60; P <
0.05; right > left, t(17) 5 2.88; P < 0.05), and CA23DG
(encoding > retrieval, t(17) 5 2.23; P < 0.05) (Fig. 4). For the
subiculum, the posterior anatomical ROI is shown. Although
activity increased compared to baseline during both encoding
and retrieval, no signiﬁcant condition differences were found
within extrahippocampal ROIs between conditions (Supporting
Information Fig. 2).
In contrast, in the multiple start-point (allocentric) condition, there were no signiﬁcant differences in activation when
comparing the encoding and retrieval blocks (Supporting Information Fig. 3). Similar to the egocentric condition, no signiﬁcant differences were found within extrahippocampal ROIs
(Supporting Information Fig. 4). We did see signiﬁcant increase
in activity within the right posterior CA1 as reported previously
(Suthana et al., 2009). These results are consistent with the
idea that encoding an allocentric map of the environment is
Hippocampus
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FIGURE 3.
Unfolding Results. A: Group voxel-based mixedeffects unfolded t-test maps (N 5 18, statistical maps of signiﬁcantly activated and deactivated regions; 22.4  t  2.4, P <
0.05 corrected) for the left and right MTL regions during the
encoding and retrieval of locations compared to baseline. B:
Group voxel-based mixed-effects unfolded t-test maps (N 5 18,

statistical maps of signiﬁcantly difference in activity between
encoding and retrieval conditions; 22.4  t  2.4, P < 0.05 corrected) for the left and right MTL regions. Regions shown include
CA2,3 and dentate gyrus, CA1, subiculum (sub), entorhinal cortex
(ERC), perirhinal cortex (PRC), parahippocampal cortex (PHC),
and fusiform gyrus.

FIGURE 4.
Egocentric encoding versus retrieval. Shown are
the hippocampal ROIs average % signal changes (n 5 18) during
encoding and retrieval in (A) CA23DG, (A) CA1, and (C) subiculum. Within the CA23DG, we found a signiﬁcant difference

between conditions (encoding > retrieval, t(17) 5 2.60; P < 0.05).
Within the subiculum, we found a signiﬁcant difference between
conditions (encoding > retrieval, t(17) 5 2.23; P < 0.05).

Hippocampus

FUNCTIONAL DISSOCIATIONS WITHIN HIPPOCAMPAL SUBREGIONS
accompanied by the retrieval of previously taken routes. Thus,
encoding and retrieval phases are intermixed to a greater extent
during the multiple start-point condition, which may explain
the lack of differences during encoding versus retrieval detected
during this condition.
The present results demonstrate a functional dissociation
within hippocampal subregions during encoding and retrieval
of spatial information when subjects learned to navigate from a
single start point. When subjects are encoding this spatial information compared to when they are retrieving this information,
activity within the CA23DG subregion of the hippocampus is
signiﬁcantly increased. Conversely, the subiculum is preferentially engaged during recall. Furthermore, this dissociation was
localized to the right hemisphere consistent with neuropsychological evidence from patients with spatial memory deﬁcits
related to right hemispheric MTL damage (Smith and Milner,
1981). Our results are consistent with the previous high-resolution fMRI studies (Zeineh et al., 2003; Eldridge et al., 2005),
which also show activity within CA23DG and subiculum during the learning and recall of face-name and object–object associations, suggesting hippocampal subregions process spatial and
nonspatial information similarly.
Because the hippocampus is a small and variable structure, it
becomes challenging to detect changes in activity averaged
across several subjects. It is vulnerable to misregistration
because of its variability and convolution in structure. Additionally, it consists of functionally distinct subregions, which
may have opposite responses during a given task. Averaging
across these subregions may thus tend to mask a detectable signal during a given cognitive function. We address these difﬁculties by using a higher resolution imaging method combined
with computational unfolding to separately investigate smaller
hippocampal regions.
Our results are consistent with rodent electrophysiological
data and computational models, which suggest functional dissociations within hippocampal subregions. Speciﬁcally, it is
thought that the CA3 may be involved in long-term memory
formation and storage of new information entering via ERC
(McNaughton and Morris, 1987; Rolls, 1996; Levy, 1989;
Vinogradova, 2001; Mizumori et al., 2004). However, these
studies may speak to the neural activity (ﬁring rate) within hippocampal subﬁelds regions. Studies show that the BOLD signal
reﬂects both local ﬁeld potentials (synaptic input activity; Mitzdorf, 1985; Ekstrom et al., 2009) and local changes in neural
ﬁring rate, (Logothetis et al., 2001; Mukamel et al., 2005).
Therefore, it is possible that during certain tasks BOLD
increases in CA3 are evident during encoding, when novel information enters via synaptic input from ERC. Conversely,
during retrieval, BOLD activity within the subiculum should
increase reﬂective of increased synaptic activity from CA3
input. However, several models suggest encoding and retrieval
occur within the same subregions (Rolls, 1996; O’Reilly and
Rudy, 2001). Recent ﬁndings suggest that the involvement of
different hippocampal subregions in memory encoding may
depend on the type of information being encoded in addition
to its novelty (Bakker et al., 2008; Suthana et al., 2009; Pres-
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ton et al., 2010). Future studies will be needed to tease apart
the exact involvement of the hippocampal circuit during different stages of mnemonic processing.
Results from recent high-resolution fMRI studies also parallel
this data and previous data from nonhuman electrophysiological
studies. Olsen and colleagues (2009) found CA23DG activity
dominated study and delay phases of a delayed-match-to-sample
task, whereas CA1 and subiculum activation dominated probe
phases. They also found higher hippocampal activity associated
with correct compared to incorrect trials. In our study, because
navigation trials are so long, we were unable to ﬁt in enough trials to directly compare correct versus incorrect trials. However,
future navigation studies designed speciﬁcally to address this
question would presumably ﬁnd similar results. Also, consistent
with our results, other recent high-resolution fMRI studies ﬁnd
encoding related activity in CA23DG and subicular activity during retrieval of episodic information (Viskontas et al., 2009; Carr
et al., 2010). For a complete review of high-resolution fMRI of
the human MTL, see Carr et al. (2010).
Encoding and retrieval are challenging to separate during a
given cognitive task. Encoding also occurs during retrieval where
one has to determine if the information is new or previously
learned, especially during novel (lure) retrieval trials. Similarly,
retrieval processes are invoked during learning, especially during
late-encoding trials. Each condition is presumably dominated by
one process (encoding or retrieval). Therefore, studies are able to
successfully detect differences between these two conditions. In
our study, for the egocentric (single start point) condition, there
were clear differences between encoding and retrieval phases.
However, when subjects learned locations from multiple start
points in the allocentric condition, there was little difference
between encoding and retrieval activity, presumably because the
formation of a cognitive map of the environment likely requires
the retrieval of previously learned route information during the
learning of new routes. Future studies will help clarify the exact
mechanisms of encoding/retrieval processes within the MTL and
relate them directly to computational models (Levy et al., 1989;
O’Reilly and McClelland, 1994; McClelland and Goddard,
1996; Rolls, 1996; O’Reilly and Rudy, 2001).
These results extend our previous ﬁndings showing posterior
CA1 involvement during the encoding of viewpoint-independent (allocentric) spatial information compared to encoding egocentric spatial information (Suthana et al., 2009). However, in
this study, activation differences in encoding and retrieval only
emerged when subjects learned and recalled spatial locations
from a repeated viewpoint-dependent (egocentric) starting
point and thus were not reliant on forming a cognitive map of
space. We did not ﬁnd comparable differences in the allocentric
condition, presumably because the process of learning a map of
the environment from multiple start points would combine
both encoding the current trial and retrieving previous trials,
and thus these processes are intermixed in the encoding phase.
Encoding from multiple starting points involves both encoding
and retrieval: encoding of novel routes from new starting points
in addition to integrating or incorporating this information
with retrieval of previously learned routes. It is likely that this
Hippocampus
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characteristic of the allocentric encoding phase resulted in the
similarity between the encoding and retrieval phases.
As previously reported (Suthana et al., 2009), we saw
CA23DG activity in the absence of CA1 activity during encoding of egocentric spatial information. We extend these ﬁndings
by detecting subiculum activity during retrieval of egocentric
spatial information. The subregional signal changes we detect
are localized to the posterior hippocampus consistent with previous ﬁndings implicating posterior hippocampus in spatial
memory (Gabrieli et al., 1997; Fernández et al., 1998; Maguire
et al., 2006; Hassabis et al., 2009). With our ROI analysis
method, we did not see signiﬁcant increases from baseline during encoding within hippocampal structures. We did, however,
see voxels of signiﬁcant activity during encoding and retrieval
compared to baseline with our voxel-wise analysis method that
may have been masked with our ROI method, which includes
nonresponsive voxels and thus may have masked our signal.
Furthermore, we used an active baseline condition rather than
simple ﬁxation, which may have enhanced our ability to detect
hippocampal activity changes (Stark and Squire, 2001).
Overall, our results suggest dissociations within hippocampal
subregions during spatial learning and memory. Furthermore,
consistent with previous ﬁndings of right hippocampal involvement during spatial processing, activity differences were localized to the right hemisphere. High-resolution fMRI combined
with computational cortical unfolding techniques provides a
unique opportunity to investigate models of hippocampal function. This approach has allowed for the functional separation
of encoding and retrieval processes in the MTL. Future
research using these methods may provide insight into human
memory processes at the circuit level.
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