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Abstract

The present study investigated the differential involvement of the right and left hippocampus in various forms of
spatial memory: spatial search, positional memagsusobject—location binding, and coordinatersuscategorical
processing. Twenty-five epilepsy patients with selective amygdalohippocampectomy were examined using a
sensitive computer paradigm to measure these spatial memory aspects. The patients’ performance was compared to
a group of thirty healthy controls. The results show that the left amygdalohippocampectomy group performed

poorly on the ability to bind together object information to coordinate spatial locations. In turn, the right
amygdalohippocampectomy group was impaired in coordinate positional memory. Both patient groups were
unimpaired on the spatial search task. These findings are discussed focusing on the “binding device” hypothesis in
combination with the cognitive map theorylINS 2004,10, 907-912.)
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INTRODUCTION features in everyday life is related to spatial characteristics.
Itis, for example, important to remember where you have
left your glasses or your keys, or to search your room effec-

. . _ ively in case you have forgotten where they are. Problems
memory, and are involved in the encoding and storage o y y g y

. ! . . X n spatial memory can thus result in profound behavioral
information for longer time periods (Squire, 1982). Further-; P y P

h . | id that the MTL ol . [mpairments in everyday life functioning, and are fre-
more, there 1S ampie evidence that the -plays a Cr”_C'ahuently reported in patients suffering from amnesia (Kes-
role in the encoding of contextual information in specific.

. . ; . . sels et al., 2000).

For instance, patients W'th. hippocampal lesions perform Importantly, spatial memory is not a unitary construct,

poorly otn rlnemqry tasIJ rely;pglj Ion co_ntexlt}l such gstatlre?but can be divided into multiple subprocesses, each of which

gggima}rﬁ garnt;qgt; atn spa(lja eadrnmg I(I ay(;,\st I‘? ;er Smight be selectively impaired in neuropsychological patients.
. ). The inability to encode and recal contextual Infor » recent meta-analysis focusing on studies in patients with

mation related to the target information is often referred tohippocampal lesions (Kessels et al., 2001) made a distinc-

as source amnesia, and mig_ht reflec_t a problem in bindin%on between route learning (e.g., remembering a path in a
together multiple aspects of information in memory (Chal- aze), positional encoding (storing coordinates in the form

fonte et al., 1996). One of the most important contextualg} a cognitive map), object-location memory (recalling the

locations of objects in the environments) and spatial work-
_ , ing memory (online maintenance of spatial information for
Reprint requests to: Dr. R.P.C. Kessels, Helmholtz Instituut, Depart-

ment of Psychonomics, Utrecht University, Heidelberglaan 2, NL—3584f"l short t.'me per'Od)' Furthermore’_ memory for POS!tlonal
CS Utrecht, The Netherlands. E-mail: r.kessels@fss.uu.nl information and memory for bound identity—location infor-
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It is well established that the medial temporal lobe (MTL)
including the hippocampal formation are important in huma
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mation has been found to dissociate in patients with cortiments on the object—location memory task. In line with
cal lesions following stroke (Kessels et al., 2002a). Theprevious findings in nonhippocampal patients (Kessels et al.,
results of these previous studies can also be explained 8002a), it might be expected that hemispheric specializa-
differences in the nature of the spatial relations to be protion between object—location binding and memory for posi-
cessed (Postma et al., 2004). Specifically, the distinctiortional information exists for the hippocampus as well.
between categorical and coordinate processing, as pro-
posed by Kosslyn (1994), is relevant here. This theory SUIETHODS
gests that the left hemisphere is specialized in the processing
of categorical spatial relations (such as abthedow or
left/right). In turn, the right hemisphere is specialized in
coordinate (or “metric”) spatial processing (e.g., rememberTwenty-five patients receiving periodical outpatient ther-
ing that the chair is locate2 m from the window). apy at the Hans Berger Clinic were asked to participate in
To further examine the contribution of the human hippo-this study. All patients had suffered from medically refrac-
campus to various forms of spatial memory, a group oftory temporal-lobe epilepsy caused by mesiotemporal scle-
medically refractory epilepsy patients was tested who underosis (MTS) that was diagnosed with structural magnetic
went a selective unilateral amygdalohippocampectomy asesonance imaging (MRI), and had undergone a unilateral
treatment for the relief of epileptic seizures. Spatial work-selective amgygdalohippocampectomy for treatment of their
ing memory was examined using a computerized spatiaseizures. Of these patients, 16 had a leftl &a right
search task in which the participant had to search through amgygdalohippocampectomy. Presurgically, all patients were
number of boxes on the screen in order to find a hiddennvestigated according to a phased protocol, which included
object. Memory for the locations of objects was studieda thorough medical history, a full neurological examination
using a computer task in which positional processing camwith a routine EEG and a long-term interictal and ictal EEG
be separated from object—location binding. Also, the taskvith video monitoring. Furthermore, the patients under-
conditions assess either coordinate processing by meanswent an intracarotid sodium amytal test (Wada procedure)
relocation in free space or categorical processing using preahat revealed left-hemisphere language function in all
marked locations or a grid during relocation (cf. Findlay patients. The Dutch version of the Wechsler Memory Scale—
et al., 1994). The performance of the patients with eithelRevised (WMS-R; Wechsler, 1987) was performed by all
left- or right-sided hippocampal lesions was compared to gatients as a measure of overall memory performance. The
healthy control group. It could be expected that bothcontrol group consisted of 30 healthy volunteers. Table 1
amgygdalohippocampectomy groups performs relativelyshows the characteristics of the patient and control group.
normally on the spatial search task, since spatial workingrhere were no significant differences between the groups
memory function is predominantly subserved by the pre-on age F(2,52)= 1.4,p = .26] or sex distribution }{?(2) =
frontal cortex (Fletcher & Henson, 2001), although some5.0,p = .08]. The control group had a slightly higher edu-
studies have found hippocampal involvement in spatiakation level compared to the patients(R,52)= 4.9,p <
search tasks (Feigenbaum et al., 1996). In contrast, botl®5]. The left and right surgery groups did not significantly
hippocampal groups were hypothesized to display impairdiffer with respect to time after operation, age of seizure

Research Participants

Table 1. Characteristics for the left- and right-amgygdalohippocampectomy patients and the healthy controls
(age, sex, education level, seizure characteristics, WMS—R performance and time after operation)

Left Right
amgygdalohippocampectomyamgygdalohippocampectomy Control
(10 male, 6 female) (5 male, 4 female) (9 male, 21 female)

Variable M SD M SD M SD
Age 40.2 9.3 39.7 14.9 45.1 10.9
Education level 4.7 0.8 4.9 0.6 5.6 1.0
Time after operation (months) 43.9 33.8 69.9 30.1
Age at seizure onset 11.3 8.3 19.0 12.8
Years with seizures 20.3 7.7 175 10.5
Seizure frequency 89.4 94.1 103.3 59.3
Wechsler Memory Scale-R

Total Memory Index 87.6 10.1 96.7 12.7

Verbal Memory Index 82.8 13.4 94.4 10.7

Visual Memory Index 98.8 13.2 104.4 12.6

Note Education level was scored using seven categories, 1 being the ldessttijan primary schopland 7 being the highest
(university degrep Seizure frequency reflects the total number of seizures since onset.
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onset, seizure duration, seizure frequency or performanci@structed to relocate the objects to their previously occu-
on the WMS-R index scores (& < 1.99). The study was pied locations within the frame, with no time restrictions,
approved by the medical ethics committee of Utrecht Uni-using the touch-sensitive screen. Four spatial memory con-
versity (University Medical Center) and informed consentsditions were included, measuring either object-location bind-
were obtained. ing or positional memory, and categorical or coordinate
processing. In the categorical object—location binding
] (categorical-OLB condition, 10 different objects were
Materials and Procedures shown at different locations. Subsequently, the locations of
the objects were marked with black dots, and the subject
had to assign the objects to their previously occupied loca-
The Box Task is a newly developed spatial search task basdins. Here, the percentage incorrectly relocated objects in
on the principle of spatial search tasks such as the Exec@ stimulus display was used as error score. In the categori-
tive Golf Task (Feigenbaum et al., 1996). Pictures of closedal positional ¢ategorical-PO$ condition, 10 identical
boxes (size approximately ¥ 1 cm) were displayed at objects were presented at different locations. In the sub-
different locations within a 1% 19 frame on a 15touch-  sequent relocation phase, &77 grid was present, and the
sensitive LCD computer monitor. Atarget object (e.g., shoepbjects had to be relocated to their previously occupied
umbrella) was visible at the bottom of the screen. The parlocations (note that the grid was visible in the relocation
ticipant was instructed to search through the boxes until th@hase only). The percentage incorrectly placed objects was
target object (which was also hidden inside one of the boxegjalculated (i.e., within the correct cell or not). In the coor-
was found. Clicking a box (using the touch-sensitive screenjlinate object—location-bindingcgordinate-OLB condi-
resulted in the opening of that box, displaying either antion, again 10 different objects were presented at different
empty box or the object that had to be found. An empty boxocations, which had to be relocated subsequently in an
closed again in 2 s. If the target object was found, a newempty frame (with no grid or pre-marked dots present).
target object was displayed on the bottom of the screen andere, the absolute deviation in millimeters was computed
the box containing the previous target was closed again. Alfor a stimulus display as a whole (the total differences
previously found target objects within a trial remained hid-between the objects’ original and relocated positions).
den inside their box; the participant had to remember whicHrinally, the presentation phase of the coordinate positional
boxes had already been searched, as well as which boxégoordinate—PO¥condition was the same as the categorical—
already contained target objects. Thus, all the boxes on thBOS condition, but no grid was present in the relocation
screen were subsequently filled with target objects. Herephase. Thus, the exact locations had to be relocated as accu-
after, the next trial started using a new spatial layout (ongately as possible in an empty frame. Since only positions
trial consisted of multiple searches in the same spatial laywere presented without object information, it is difficult to
out). The number of boxes increased after two differentdetermine which relocated position belongs to which orig-
trials with the same number of boxes (resulting in set size#hal position in order to calculate the absolute deviation
of 4, 6, or 8 boxes). The task begun with two practice trialsin mm. Theoretically, it would be possible to assign each
containing only three boxes. Two types of errors were postelocated object to the original position that is nearest, but
sible (see also Feigenbaum et al., 1996). Firsjithin-  the results of this calculation cannot be easily interpreted.
search erroroccurred if the subject returned within one Therefore, the best fit score was computed: all possible
search to a previously opened box which did not contain theonfigurations between original and relocated positions are
target object. This measure reflects the ability to activelyjcomputed, and the fit that has the smallest error rate is
keep spatial information on-line during a search. Second, &onsidered to be the best fit configuration (Kessels et al.,
between-search errasccurred if the subject returned to a 1999). This best-fit score reflects positional reconstruction,
box which contains a target item from a previous searchtaking into account possible rotations and shifts. Each task
This measure assesses the ability to maintain spatial infosondition consisted of two trials using different spatial lay-
mation over longer time periods within working memory outs and different objects, and was preceded by a practice

Box task

(possibly linked to storage into long-term memory). trial using only four objects and locations. The order of the
task was fixed to minimize possible order effects (Kessels

Object relocation etal., 2002b).

To assess memory for the locations of objects, the Obje ESULTS

Relocation program was used (Kessels et al., 1999) to presen

stimulus displays containing ten everyday objects (sizé-igure 1 shows the results for the Box Task. Within-search
approximately 2X 1 cm) at different spatial locations within errors were analyzed using a repeated-measures General
a 19x 19 cm frame (also on the 1%ouch-sensitive LCD Linear Model (GLM) with set size (4, 6, or 8 boxes) as
computer screen). Each stimulus display was presented favithin-subjects factor and group (left-sided surgery, right-
30 s, after which the frame was emptied and the objectsided surgery and control) as between-subject factor. Over-
were made visible on top of the frame. The participant wasll, a main effect of set size was preser{(2,47)= 9.0,
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600 ___ patient group worse than the control group on the coordinate—OLB con-
[ ---- Control group Between- dition (p < .008), whereas the right-sided amgygdalohip-
50t search errors pocampectomy group performed worse than the controls
[ r . .. .
s 0 on the coordinate—POS conditiop & .031) selectively.
s *Y[
s r
S 5ol DISCUSSION
c Ur
c L
g r The purpose of the present study was to investigate the
201 contribution of the right and left hippocampus to various
[ forms of memory for the location of objects. Clearly, the
Lo Within-search findings demonstrate selective and lateralized impairments
¥ errors in various spatial memory components. First, no impair-
0.0 —& ! . .
4 6 8 ments were found on the spatial search task; neither in
et the ability to actively manipulate information online (as
et size

measured by the within-search score) nor in the ability to
Fig. 1. Mean (+ SEM) number of within-search and between- maintain information over longer time periods (the between-
search errors for the amgygdalohippocampectomy and the contrgearch performance). Although some studies have identi-
group on the Box Task for the three set sizes (4, 6, and 8 boxesfied hippocampal involvement in spatial search tasks (e.g.,
Feigenbaum et al., 1996), the current finding is in agree-
ment with the notion that other cortical areas than the
p < .0005], indicating a significant (but small) increase in hippocampal formation are specialized in spatial search pro-
within-search errors if more boxes had to be searched. Noesses, for example the prefrontal cortex (Fletcher & Hen-
group effect or Groupx Set Size interactions were present son, 2001).
(Fs < 1.23). For the between-search errors, a GLM was Second, the left amgygdalohippocampectomy group
performed using the same factors. Again, a set size effe@howed an impaired performance on the condition that
was found F(2,47) = 22.9,p < .0005] showing an in- assesses the ability to bind together coordinate location infor-
crease in errors if more boxes had to be searched. No ovemation and object—identity information within memory. This
all group effect or Groupx Set Size interaction was found supports the hypothesis of the left hippocampus being a
(Fs< 1.5). “binding device,” which has been proposed by several
Figure 2 shows the results for the object relocation conauthors, based on either animal experiments (Eichenbaum
ditions. A GLM revealed group effects on the coordinate—& Bunsey, 1995) or on studies in amnesic patients (Chal-
POS conditionF(2,49)= 3.5,p < .04] and the coordinate— fonte et al., 1996). With respect to possible lateralization
OLB condition [F(2,49) = 4.3, p < .02], but not on the effects of hippocampal involvement in binding, a recent
categorical-POSH(2,49) = 1.0] and categorical-OLB fMRI study demonstrated that specifically the left anterior
[F(2,49)= 2.1, p = .13] conditions.Post-hocDunnettt  hippocampal area was activated during a task condition
tests with the control group as reference showed that theequiring the binding of objects to locations, but not during
left-sided amgygdalohippocampectomy group performedrials in which only object information or only spatial infor-

100 ¢ M Left-AH 600 ¢
90 ¢ [ Right-AH .
: [[]Control 500
E i
i} E 400 |
E
§ 300 |
= r
= _
& 200
o :
100 |
L / ) 0
OLB POS oLB
Categorical Coordinate

Fig. 2. Mean (+ SEM) percentage incorrectly placed objects for the categorical positional (POS) and the categorical
object-location binding (OLB) condition, and mean S§EM) deviation in millimeters for the coordinate POS and the
coordinate OLB conditions for the left and right amgygdalohippocampectomy (AH) patients and the control group.
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mation had to be remembered (Mitchell et al., 2000). Thispositions. Originally, it was hypothesized that remember-
is in line with the current finding that left amgygdalohip- ing the locations of objects requires an integration process
pocampectomy patients show a selective problem in bindef both positional memory and the binding of object infor-
ing objects to coordinate locations. mation to given locations. Hence, an impaired performance
Third, the right amgygdalohippocampectomy group per-on positional memory would automatically result in impaired
formed worse than the controls on the condition whichcoordinate object—location binding. However, no empirical
involves coordinate positional processing. This is in agreeevidence for such an integration process has been found
ment with O’'Keefe and Nadel's (1978) influential theory either in group studies (Kessels et al., 2002b) or in individ-
originating from studies in rats, suggesting that the rightual cases (Kessels et al., 2002a). Finally, it should be noted
hippocampus stores this type of spatial information in thethat the lesions in the current patient group were not limited
form of an allocentric cognitive map. This hypothesis wasto the hippocampus, but also included the amygdala. How-
recently studied in patients with hippocampal lesions (Hold-ever, as a result of the proximity of the hippocampus
stock et al., 1999), providing further evidence for a hippo-and the amygdala in the brain, it is difficult to separately
campal contribution to allocentric spatial memory. Theexamine possible differential effects of lesions in these
present results do not show hippocampal involvement irspecific areas using neurosurgical patients or neuroimaging
the processing of categorical spatial relations. It might beechniques.
argued that tasks assessing categorical processing (i.e., ain sum, the present results show that, in line with the
mental representation that consists of categories rather thawognitive map theory, the right hippocampus is involved in
a continuous positional map) are merely less sensitive thacoordinate spatial memory processing, and that the left hip-
coordinate tasks. However, selective effects on categoricgdlocampus acts as a binding device. No evidence was found
spatial memory conditions have been found in previous studef hippocampal involvement in categorical spatial memory
ies (Alexander et al., 2002; Kessels et al., 2002b). Thus, thprocesses. The current findings also emphasizes the impor-
current findings suggest that categorical spatial-memory protance of detailed clinical assessment of spatial memory
cessing is primarily subserved by nonhippocampal brairfunction in MTL epilepsy patients as part of a pre- and
areas (cf. Kosslyn, 1994). postoperative neuropsychological assessment, which is cur-
Only a few studies have used spatial memory tasks thatently rarely performed. Moreover, the application of these
rely only on metric processing, that is, without any seman-experimental tasks in combination with other ecologically
tic content. More studies have examined spatial memoryalid spatial memory tests may lead to a better understand-
for a combination of positional information and object iden-ing of the subjective memory problems many of these
tities. For example, various authors have investigated theatients experience in daily life.
relocation of toy objects on a table top in patients with
hippocampal lesions, commonly demonstrating a right-
hippocampal involvement (Nunn et al., 1999; Smith & Mil- ACKNOWLEDGMENTS
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