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ABSTRACT: Spatial navigation relies on multiple mnemonic mecha-
nisms and previous work in younger adults has described two separate
types of spatial memory. One type uses directional as well as boundary-
related information for spatial memory and mainly implicates the hippo-
campal formation. The other type has been linked to directional and
landmark-related information and primarily involves the striatum. Using
a virtual reality navigation paradigm, we studied the impacts of aging
and a single nucleotide polymorphism (SNP rs17070145) of the KIBRA
gene (official name: WWC1) on these memory forms. Our data showed
that older adult’s spatial learning was preferentially related to process-
ing of landmark information, whereas processing of boundary informa-
tion played a more prominent role in younger adults. Moreover, among
older adults T-allele carriers of the examined KIBRA polymorphism
showed better spatial learning compared to C homozygotes. Together
these findings provide the first evidence for an effect of the KIBRA
rs17070145 polymorphism on spatial memory in humans and age differ-
ences in the reliance on landmark and boundary-related spatial informa-
tion. VC 2013 Wiley Periodicals, Inc.
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INTRODUCTION

Spatial navigation is a complex ability that depends on multiple brain
networks. It has been linked to the hippocampal formation, where place
(O’Keefe and Dostrovsky, 1971) and grid cells (Hafting et al., 2005)
provide the neuronal basis of a map-like spatial representation of the

environment as shown by animal research (O’Keefe
and Nadel, 1978). Importantly, the firing of both cell
types is modulated by environmental boundaries
(O’Keefe and Burgess, 1996; Barry et al., 2007). Fur-
thermore, rodent studies showed that the striatum
also plays an important role in spatial navigation, par-
ticularly when the spatial learning involves memory of
relations between visual intra-maze cues and locations
(Packard et al., 1989; Packard and McGaugh, 1992;
McDonald and White, 1994). In line with these find-
ings from animal studies, Doeller et al. (2008) showed
that a similar distinction can be made in humans (see
also Doeller and Burgess, 2008). Specifically Doeller
et al. (2008) used a virtual reality (VR) task where
locations of objects could be determined either based
on (a) extra-maze directional cues together with the
relative distance to an intra-maze landmark or (b)
directional cues plus the relative distance to the envi-
ronment boundary. In line with the operationaliza-
tions of the two memory forms in Doeller et al.’s
(2008) VR navigation environment, here we use the
terms boundary-related and landmark-related to dif-
ferentiate between these two forms of spatial memory
and learning. It should be noted that the use of these
terms does not preclude that other navigationally rele-
vant information also play important roles in deter-
mining object locations in space.

Of particular relevance, using functional magnetic
resonance imaging (fMRI) Doeller et al. (2008)
showed that boundary-related learning correlated with
hippocampal activation, whereas landmark-related
learning correlated with striatal activity. In addition,
other experiments also indicated the behavioral rele-
vance of boundary information in human navigation
(Hartley et al., 2004). Specifically, Hartley et al.
showed that humans in a VR task tended to match
the proximities of locations to the walls of the envi-
ronment (in addition to the use of extra maze visual
information to determine orientation). A real world
implementation of the Doeller et al. (2008) VR task
with children (Bullens et al., 2010) also yielded results
consistent with the original reports.

It is well established that aging affects the hippo-
campus and striatum both structurally (Raz et al.,
2005; Walhovd et al., 2011) and neurochemically
(Kaasinen et al., 2000; B€ackman et al., 2006 for a
review; Li et al., 2001 for a theoretical account).
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However, the interactions between hippocampus and striatum
during memory processes may change with age (et al., Rieck-
mann et al., 2010). Despite the extant literature indicating var-
ious effects of human aging on spatial navigation (e.g., Light
and Zelinski, 1983; Moffat et al., 2001; Moffat and Resnick,
2002; Bohbot et al., 2004; L€ovd�en et al., 2005; Moffat et al.,
2006; Iaria et al., 2009; Jansen et al., 2010; Etchamendy et al.,
2011; Gazova et al., 2012; Harris and Wolbers, 2012; Harris
et al., 2012; Wenger et al., 2012, for reviews, see Driscoll and
Sutherland, 2005; Moffat, 2009), potential age differences in
landmark- and boundary-related memory and learning during
spatial navigation are unknown. In this respect, our approach
differs from previous studies about the aging of spatial mem-
ory, which focused more on older adults’ spatial memory errors
(Moffat et al., 2001) or age differences in allocentric vs. ego-
centric strategies (Rodgers et al., 2012, see also Konishi and
Bohbot, 2013).

The aim of this study was to investigate the impact of
aging and genetic variations on striatal and hippocampal com-
ponents of spatial memory and learning. In light of age-
related impairments in the hippocampal memory system (Nils-
son, 2003; Shing et al., 2011; Yassa et al., 2011), we expected
negative age differences in boundary-related navigation mem-
ory. With respect to differences in boundary- and landmark-
related learning, we take two major findings into account:
First, studies showed that older adults’ caudate nucleus but
not hippocampus volume correlates with spatial memory and
that they rely more on extrahippocampal navigation strategies
(Moffat et al., 2007; Wiener et al., 2013). Second, milder
age-related impairments in striatum-dependent implicit mem-
ory as compared to explicit memory (e.g., Howard and
Howard, 1989) have been reported. Hence, we expected a
greater reliance on landmark cues for spatial learning and less
age-related impairment of landmark-related spatial memory.
To gain further insights into the neurobiology of spatial navi-
gation and its changes during aging, we also investigated the
effects of the “gene encoding the kidney and brain expressed
protein” (KIBRA; locus 5q34–q35.2; official name: WW and
C2 domain containing 1 [WWC1]). KIBRA is mainly
expressed in the hippocampus in humans and rats (Johannsen
et al., 2008) and has been linked to hippocampal long-term
potentiation in animals (LTP; Schneider et al., 2010). A com-
mon SNP (rs17070145) in KIBRA has been reported to be
associated with episodic memory in humans (Papassotiropou-
los et al., 2006; Preuschhof et al., 2010), with T allele carriers
showing better memory performance than C homozygotes (see
Milnik et al., 2012, for a recent review). Given the pivotal
role of the hippocampus in spatial navigation and the role of
the KIBRA protein in hippocampal LTP, we hypothesized an
effect of SNP rs17070145 on hippocampus-dependent spatial
navigation. Furthermore, based on evidence suggesting an age-
related magnification of genetic effects on working memory
(e.g., Nagel et al., 2008) and episodic memory (e.g., Li et al.,
2010, 2012; Papenberg et al., 2013), we expected the possible
effects of rs17070145 on spatial navigation to be stronger in
older adults.

MATERIALS AND METHODS

Participants

One-hundred fifty-five participants of Caucasian origin par-
ticipated in the study. Two participants whose genetic informa-
tion could not be obtained (due to genotyping failure, overall
genotype efficiency of the entire sample is greater than 0.98)
and one younger participant whose performance exceeded 3.3
SDs from the mean of this age group were excluded from anal-
yses. Thus, the effective sample included 77 older (mean age:
65.5 years, range: 60–70, 42 female) and 75 younger (mean
age: 25.0 years, range: 19–30, 38 female) individuals. The local
ethics committee at the Max Planck Institute for Human
Development approved this study. All participants gave written
consent to the experimental procedures and the collection of
saliva samples for genotyping. The participants received 27
Euro as reimbursement for participation.

Before recruitment, participants were screened for neuro-
logic, psychiatric, and other medical conditions via a telephone
screening. Only participants without apparent health issues
were recruited for the study. A demographic questionnaire
assessed years of education and experience with computer
games (i.e., more than 5 h of computer game playing per
week, yes/no). The two age groups did not differ with respect
to years of education (t-test, P 5 0.78) or in the proportion of
participants who played computer games more than 5 h per
week (v2 -test, P 5 0.12). Although both factors did not differ
significantly between the age groups, we nonetheless included
years of education and computer gaming experience as covari-
ates. Table 1 shows statistics of the samples’ demographic char-
acteristics, including two marker tests of fluid (perceptual
speed) and crystallized (verbal fluency) intelligence. In line
with previous data from larger population-based lifespan sam-
ples (Li et al., 2004), younger adults performed better than
older adults in perceptual speed as measured by the identical
pictures test, t(137.89) 5 –18.57, P < 0.0001. In the spot-a-
word test, a measure of crystallized intelligence, older adults
showed superior performance, t(139.95) 5 5.03, P < 0.0001.
In light of potential effects of the brain-derived neurotrophic
factor gene (BDNF, rs6265) on spatial memory (Banner et al.,
2011) and episodic memory in general (Li et al., 2010), BDNF
SNP rs6265 genotype was also used as a covariate in addition
to sex, education, and computer gaming experience for all
analyses.

Genotyping

Saliva samples were collected with Oragene OG-250 collec-
tion kits (DNA Genotek, Ontario, Canada), and DNA was
extracted using standard methodology. Genotyping of the
KIBRA (rs17070145; Assay ID: C__33286269_10) and the
BDNF (rs6265; Assay ID: C__11592758_10) polymorphisms
was carried out in a 384-well microtiter plate format using
“TaqMan” 5’-exonuclease allelic discrimination assays. Sequen-
ces of primers and TaqMan probes for the genotyping were
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designed and synthesized by Applied Biosystems (Foster City,
CA) and experimental conditions followed the manufacturer’s
instructions. In line with previous studies, we grouped partici-
pants into “any T” and “C/C” carriers for the analyses of
KIBRA SNP rs17070145 (Papassotiropoulos et al., 2006;
Preuschhof et al., 2010), and into “any Met” and “Val/Val”
carriers for BDNF SNP rs6265 (Li et al., 2010; Banner et al.,
2011). The frequencies of the KIBRA SNP rs17070145 geno-
types were 49.3% for C/C, 39.0% for C/T, and 11.7% for
T/T in the older group. The corresponding percentages were
49.3%, 38.7%, and 12.0% in the younger group. The frequen-
cies for the BDNF rs6265 genotypes were 64.9% for Val/Val,
32.5% for Val/Met and 2.5% for Met/Met for older partici-
pants. The younger participants’ genotype distribution was
65.3%, 28.0%, and 6.5%, respectively. The observed frequen-
cies of the KIBRA rs17070145 and BDNF rs6265 genotypes
did not deviate from the Hardy–Weinberg equilibrium (all v2

< 1.7; all Ps > 0.05) (Rodriguez et al., 2009).

Spatial Navigation Task

To assess spatial navigation performance, we used a virtual
reality task where object locations can be learned relative to a
single local landmark or to a boundary (Doeller and Burgess,
2008; Doeller et al., 2008). In this task, participants had a
first-person view of a grassy plane surrounded by a circular
boundary (a stone wall), with a diameter of �180 virtual
meters (vm; 1 vm 5 62.5 Unreal Units). Virtual meter (vm) is
a common unit in research using virtual reality tasks. This unit
aims to translate the arbitrary units of the coordinate system
within the virtual environment (Unreal Units) into a unit that
mimics a meter in actual space (e.g., Maguire et al., 1998;
Chai and Jacobs, 2009; for other research that used virtual
meters). A traffic cone was used as an intra-maze landmark and
had a fixed location during the learning trials. Landmark and
boundary were not size-invariant. To provide distal orientation
cues, the circular environment was embedded in a landscape of
two mountains, clouds, and the sun. These distal cues were
projected at infinity, which made it impossible to use these
cues alone to determine a specific location, because their per-
ceived distance was constant. At the same time, both the
boundary and landmark were rotationally symmetric, leaving
the distal cues as the only source of orientation for both
boundary- and landmark-related learning. We acknowledge

that spatial navigation related to processing of landmark or
boundary information does also involve other navigationally
relevant information, e.g. coming from extra-maze directional
cues. The fact that the directional cues were rendered at infin-
ity, however, might potentially limit the generalization of the
present results to scenarios where orientation cues are indeed
very distal (such as using the sun or distant mountains for
directional information). In real life, such navigation based on
distal direction cues probably occurs mostly in open spaces.
The task was programmed using UnrealEngine2 Runtime soft-
ware (Epic Games; http://udn.epicgames.com/). Participants
could navigate through the virtual environment using a joy-
stick. A forward tilt of the joystick resulted in a constant speed
with a short period of acceleration. Given the virtual walking
speed, the entire arena could be traversed in about 15 s. The
height of the virtual player was about 1.92 vm, the height of
the stone wall �1.3 vm. Locations and direction of movement
were recorded every 100 ms continuously throughout a trial.

Stimuli and Procedures

Before performing the task, participants received training
with the joystick and the procedure in a different virtual envi-
ronment. Before the experiment started, different trial types
(see below for details) were explained and practiced.

Each run comprised three distinct trial types: In encoding
trials, participants were instructed to pick up an object within
the environment and remember the location of that object. In
each trial one object was placed within the environment. Pic-
tures of everyday items (e.g., a pear, a hat, etc.) were used as
objects. When participants felt sufficiently confident about
their knowledge of the location, they could complete the trial
and proceed to the next trial by virtually walking over the
object, mimicking the act of picking up (or collecting) the
object. The maximum duration of each trial was two minutes;
however, neither younger nor older adults exceeded this limit
in the majority of trials (meanolder 16.8 s; SD: 7.5 and
meanyounger 11.3 s; SD 3.9). In test trials, participants were
asked to virtually walk to the pick-up location of a cued object
and press a button once they reached the memorized target
location. After the button press, the object appeared in its cor-
rect location (feedback) and participants again picked up the
object by walking over it. In this manner, participants could
further improve their knowledge of each object’s location. The

TABLE 1.

Statistics of Sample of Current Study

Age Group Age Years of Education

KIBRA rs17070145

(nanyT/ nCC) PC Play (%) Spot-a-Word*

Identical

Pictures*

Older adults (n 5 77) 65.4 14.16 39/38 5.3 25.23 (5.4) 22.53 (3.3)

Younger adults (n 5 75) 25.0 14.44 38/37 13.5 20.17 (6.7) 34.07 (4.2)

Numbers in Spot-A-Word and Identical Pictures columns represent mean number of correct answers. Values in parentheses show SDs. Stars indicate a difference
between the two age groups, see text.
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test phase was followed by transfer trials in which the intra-maze
landmark and the boundary were displaced relative to each other.
The movement was 31.7 vm in size (22.4 vm in either direction,
counterbalanced between runs and participants). Participants were
not informed about this change and trials proceeded as before
with the only difference that feedback was omitted.

Each run contained four unique objects. First, each object
was shown once in the four encoding trials. Subsequently, each
of the four objects was tested three times in 12 test trials. The
12 trials were grouped into three mini-blocks with four trials
each. The order of objects was randomized within mini-blocks.
Finally, each object was tested once in four transfer trials. The
full procedure of one run (20 trials; four encoding, twelve test,
and four transfer trials) was repeated three times for each par-
ticipant. Between runs, participants could take a short break.
In each new run, the environment was the same but new
objects with different locations were used and the relative
movement of the landmark and boundary was different.
Between all trials a black fixation cross was displayed on a gray
screen for 2 s. In the test and transfer trials the cue was pre-
sented after the fixation cross for 4 s.

At the start of each trial, participants were positioned close to
the center of the environment. The start position was random
but could not be closer than 29 vm to the current object or
landmark position and was constrained to be within 76 vm of
the center of the environment. Because of the variation in the
start position, memory of a fixed route (Hartley et al., 2003)
could not be used. Figure 1 illustrates the task and design.

Statistical Analyses

All data was analyzed and plotted using R (R Development
Core Team, 2011) and SAS (SAS Institute Inc, Cary, USA). The
data was analyzed with mixed effect ANOVAs using the SAS
PROC MIXED procedure in combination with Kenward-Rodger
estimation for the denominator of degrees of freedom (Kenward
and Roger, 1997). t-tests were run within the same procedure
and Bonferroni adjusted. Exact p-values are reported up to the
level of 4 decimal points. The chosen critical significance level
was a 5 0.05. Sex and BDNF rs6265 were used as a covariates
in the statistical analyses to account for possible superiority of
male subjects in spatial navigation and memory (e.g., L€ovd�en
et al., 2007) and effects of BDNF rs6265 genotype (e.g., Li
et al., 2010; Banner et al., 2011). Furthermore, potential age-
effects in the ability to handle the PC/Joystick were accounted
for by including a measure of regular computer gaming (>5 h
per week) of each participant as a covariate. All reported effects
in the results were also statistically reliable without the covariates.

RESULTS

Age and Genetic Effects on Spatial Learning

For the test and transfer phase, we analyzed the cumulative
distance to the correct target location (adjusted for the

cumulative distance of a straight path at average speed, cf.
Granon and Poucet, 1995). We chose this learning index
because it is particularly suitable for age-related impairments in
spatial memory (Gallagher et al., 1993). This learning index
correlates highly with the distance between the participant’s
response location and the actual target location, r 5 0.73, P <
0.0001 and the pattern of our main results is the same when
the absolute distance is used (see below). For each of the three
object repetitions (henceforth termed trial) within the test
phase, we took the mean across runs for each participant (in
each run a participant had to learn a set of novel object loca-
tions). A mixed effect ANOVA with one within-subject factor
(trials) and two between-subject factors (age group and SNP
17070145 in KIBRA) revealed that older adults performed
worse than younger adults as reflected in a significant main
effect of age group F(1, 88.6) 5 133.84, P 5< 0.0001. Fur-
thermore, a main effect of genotype showed that KIBRA T
allele carriers had better performance, F(1, 75.2) 5 11.18, P
5 0.0013. This effect also interacted with age-group, F(1, 72)
5 9.75, P 5 0.0026. Post-hoc t-tests revealed that among the
older adults the C homozygotes had larger mean distance error
scores (mean: 3856 (cumulated) vm, SD 1561) than carriers of
the beneficial T-allele (mean 5 2995 vm, SD 1442), t(57.9) 5

3.46, P 5 0.003. In contrast, no such genotype effect was
observed in younger adults, t(58.4) 5 0.23, P > 0.9999. No
triple interaction of age group, KIBRA SNP rs17070145 and
trial was found, F(2, 62.9) 5 0.84, P 5 0.4352. Figure 2A
shows the mean learning curves for both age by genotype
groups. A similar pattern as seen in Figure 2A is also evident
when the absolute distances are calculated. Specifically, in trials
1-3 older participants have distances of 33.5/37.9, 33.7/35.6,
and 30.5/33.3 vm, for the carriers of the beneficial/nonbenefi-
cial genotypes, respectively.

Finally, performing a median split based on mean cumula-
tive distance separately for each age group revealed that among
older adults there were significantly more carriers of the
T-allele in the high performance group than in the low per-
formance group, v2 5 10.63, P 5 0.001. This was not the
case for the younger adults, v2 5 0.84, P 5 0.3588. There
was no evidence of effects of BDNF SNP rs6265,F(1, 57.1) 5

0.01, P 5 0.9037, or sex F(1, 73.7) < 0.07, P 5 0.7871. The
binary variable indicating experience of PC gaming yielded an
effect, F(1,70.8) 5 4.17, P 5 0.0448. In all analyses, we con-
trolled for potential effects of computer gaming experience,
sex, and BDNF rs6265. In summary, older adults performed
worse than younger adults in our task. Moreover, older adults’
performance was modulated by KIBRA rs17070145 genotype,
even after controlling for the effects of BDNF rs6265, sex and
game-playing.

Differential Age and Genetic Effects on
Landmark- and Boundary-Related Learning

Next, we analyzed the data from the transfer phase. In line
with earlier work (Doeller and Burgess, 2008; Doeller et al.,
2008), we computed the (cumulative) distance of a response
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location to (a) the location that would be predicted based on
pure boundary learning (the same position relative to the
boundaries) and (b) the location that would be predicted based
on pure landmark learning (the same position relative to the

landmark). In the following analyses, we considered the indi-
vidual mean cumulative distances to the landmark and the
boundary position (see Fig. 3). A corresponding ANOVA
applying memory type (boundary vs. landmark) as a within-

FIGURE 1. Continued
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subject factor and age group and KIBRA SNP rs17070145 as
between subjects factors showed main effects of age group, F(1,
99.7) 5 39.00, P < 0.0001 and memory type, F(1,65.2) 5

39.98, P < 0.0001. These main effects indicate that older
adults in general yielded larger distance errors than younger
adults (meanolder 3462 vm; meanyounger 1879 vm) and that for
all participants, landmark-distance errors were larger than
boundary-distance errors (mean 2928 vm, vs. mean 2414 vm).
The main effect of KIBRA SNP rs17070145 was marginally
significant, F(99.3) 5 3.91, P 5 0.0508. Of specific interest,
the ANOVA revealed an interaction of KIBRA polymorphism
and memory type interaction, F(1, 65.2) 5 5.72, P 5 0.0189,
and a triple interaction of these factors with age group, F(1,
65.2) 5 5.52, P 5 0.0219. Post-hoc analyses showed that the
triple interaction is mainly driven by a significant difference
between landmark- and boundary-related error, which was not
present in any T carriers, t(40) 5 1.56, P 5 0.2548, but

clearly existed among carriers of the C/C allele, t(39) 5 3.37,
P 5 0.0034. In consequence, older any-T carriers and C/C-
allele carriers showed a marginal difference in the landmark
distances, t(76.4) 5 2.28, P 5 0.0510. None of corresponding
differences for the younger adults or the boundary distances
was significant (all Ps > 0.42). No effects of any of the covari-
ates were observed. The same analysis with the absolute, not
the cumulative, distance revealed a similar pattern, revealing
main effects of age group, F(1,166) 5 148.36, P < 0.0001
and memory type, F(1,172) 5 294.95, P < 0.0001 as well as
a significant triple interaction of KIBRA SNP rs17070145 x
age group x memory type, F(1, 151) 5 4.41, P 5 0.0372. Of
specific interest, this analysis also revealed an age group by
memory type interaction, F(1,151) 5 27.30, P < 0.0001, that
indicated that the performance difference between age groups
was smaller for the landmark relative to the boundary memory
(12.0 vm vs 18.0 vm).

FIGURE 1. Virtual environment task. A: First person view of
the environment, including grass plane surrounded by a circular
boundary (stone wall) Picture i) shows a large view of the environ-
ment including the object and the landmark as the participants saw
it. Pictures ii–v show additional views that illustrate how the envi-
ronment was experienced from different positions close to the land-
mark or boundary. B,C: Trial structure for different conditions
illustrated with bird’s eye view of schematic environment and walk-
ing paths. B: Each test trial started with a fixation cross for 2 s,
after which the current object was cued (4 s). After the cue, partici-
pants could walk freely in the environment until they reached the
location where they remembered to have picked up the object in
the encoding trials. Once they indicated their answer by a button
press, the object appeared at its correct location and participants
had to pick it up again. C: Upper panel: In transfer trials the land-
mark and boundary were shifted relative to each other, as indicated

by the arrow. To the participant, neither the old landmark position
nor the shift itself was visible. Middle panel: transfer trials pro-
ceeded as test trials (Fixation, Cue, Replacement of object) but
without feedback. Lower Panel: For transfer trials, we calculated the
distance of a given response to (a) the object location as defined by
the boundaries (“dist B”) as well as to (b) the object location as
defined by the landmark (the location that would result if the same
landmark/boundary movement would be applied to it, “dist LM”).
D: The design of the experiment is illustrated. Each run consisted
of one encoding trial per object, which were followed by 3 test tri-
als per object. At the end of each run, 1 transfer trial was adminis-
tered per object. The entire procedure was repeated three times in
runs 1-3, where the objects and their locations were exchanged
between runs. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

FIGURE 2. Mean cumulative distance to correct location. A:
The figure shows mean cumulative distances (adjusted for covari-
ates) as a function of repetition of the object location (test trials).
Separate lines depict age groups and genotypes; see legend
(“KIBRA” refers to SNP rs17070145). Error bars show standard
errors of the mean. B: Exemplary paths of one older (upper two
circles) and one younger adult (lower two circles) in the first and

last test trial. Each circle shows the path as it would be seen from
a bird’s eye view (different from the participants’ perspective). The
path starts after the participant has seen the current cue at a start
location (a). After the cue the participant walked to the memo-
rized location (b). Once the participant had indicated his/her
answer location, he/she received feedback (the object appeared at
its actual location, c) and had to collect it.
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To further investigate the differential role of landmark and
boundary-related spatial learning in younger and older adults,
we examined the relation between learning success and behav-
ior in the transfer trials. To this end, we calculated a regression
for each age group with the cumulative distance to the target
location at the end of learning as the dependent and the cumu-
lative distance to the landmark and boundary locations as two
independent variables. Among younger adults, the boundary
distance error had a positive relation to the error at the end of
learning, bB 5 0.77, P < 0.0001. This was not the case for
the distance error to the landmark (bLM 5 -0.04, P 5 0.783).
Furthermore, including intercept and interaction terms of
KIBRA SNP rs17017145 genotype did still only indicate
boundary as the sole meaningful independent variable, bB 5

0.72, P < 0.0001. These results indicate that among younger
participants, responses closer to the boundary location in the
transfer trials were associated with better performance during
learning. The same analysis for older adults revealed an associa-
tion of landmark distance error and error in the last test trial,
bLM 5 0.60, P 5 0.0001, but no association to boundary dis-
tance, bB 5 0.16, P 5 0.4373. As for the younger adults, the
inclusion of intercept and interaction terms for KIBRA
rs17017145 polymorphism still indicated landmark distance as
the only significant predictor, bLM 5 0.45, P 5 0.045. Hence,
among older participants transfer responses closer to the land-
mark location were associated with better performance during
learning.

Age and Genetic Effects on Flexible Reactions to
Environmental Change

Finally, we investigated how participants responded to
changes in the environment that occurred with the transition
from the test to the transfer phase (relative movement of

landmark/boundary). This analysis is of interest for two rea-
sons: first, to evaluate the performance during the transfer trials
in light of the performance during test trials; it seems impor-
tant to understand the behavioral consequences of a mismatch
between two navigationally relevant cues in the transfer condi-
tion (as compared with a situation where both cues can be
used, possibly in an integrated manner). Second, previous
research has shown that aging and hippocampal damage results
in specific impairments when an animal faces an environmental
change (Tanila et al., 1997; Milani et al., 1998). Moreover it is
known that neurogenesis decreases during aging (Kuhn et al.,
1996; Leuner et al., 2007) and that decreased hippocampal
neurogenesis results in an decreased ability to integrate novel
information into existing spatial representations (Garthe et al.,
2009, see also Kempermann, 2002, 2008, for a theoretical
account). To characterize participants’ behavior, we analyzed
the time spent in the environment and the path length imme-
diately before and after the landmark was moved. To this end,
we computed the difference between time and path length in
the last trial before and the first trial after the relative landmark
to boundary movement. The difference in navigation time was
submitted to an ANOVA with the same factors as above. In
this analysis, only the main effect of age group and the age
group by run interaction were significant, driven by the fact
that younger adults had a larger increase in navigation time
after environmental change than older adults, with F(1, 142)
5 8.87, P 5 0.0034, and F(2, 112) 5 4.71, P 5 0.0108 for
the age main effect and the interaction, respectively (Fig. 4A).
The same analysis with path length indicated a trend for an
effect of age, F(1, 80.2) 5 3.24, P 5 0.0757. Moreover, we
tested whether the increase in time has a functional implication
by correlating individual mean increase in navigation time with
the individual mean distance to the target during the testing
phase. We took the distance because it is independent of the
time (unlike the cumulative distance). This analysis showed
that the better the older adults performed during the test trials
(less mean distance to target), the more they increased the time
spent after the change in the environment, r 5 -0.23, P 5

0.0402, with younger adults showing a trend in the same
direction, r 5 -0.21, P 5 0.0684 (Fig. 4B).

DISCUSSION

Previous studies on younger adults have shown that spatial
navigation can involve two distinct forms of memory (Doeller
et al., 2008) and that genetic variations relevant for hippocam-
pal functions (e.g., BDNF SNP rs6265) influence spatial (Ban-
ner et al., 2011) and episodic memory (Li et al., 2010).
Moreover, earlier findings also revealed age-related declines in
spatial navigation (cf. Moffat, 2009) and spatial memory
(L€ovd�en et al., 2007, 2005). However, the effects of aging on
different spatial navigation memory forms and its interactions
with relevant genetic variations remain elusive. At the same

FIGURE 3. Mean cumulative distance to landmark and
boundary locations. Only data (adjusted for covariates) from the
transfer trials are shown after the relative movement of the land-
mark/boundary. Error bars show standard errors of the mean.
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time, previous research underlines the necessity of a better
understanding of these effects. For instance, studies in other
memory domains (such as implicit memory) have indicated
that different types of memory may be impaired to different
degrees during aging (e.g., Fleischman et al., 2004; Bennett
et al., 2010) and that aging may magnify genetic effects on
memory (e.g., Li et al., 2010, 2013; Papenberg et al., 2013).
This study investigated these questions in the case of spatial navi-
gation. In particular, we investigated the effect of the KIBRA
SNP rs17070145 in the context of aging and boundary vs.
landmark-related learning during spatial navigation in a VR task.

Our analysis revealed two major results: First, the SNP
rs17070145 of KIBRA was related to spatial navigation per-
formance in older but not younger participants. Second, our
data indicated that among older adults spatial learning relied
more on the processing of single intra-maze cues (a landmark)
whereas in younger adults it was linked primarily to processing
of boundary information. Moreover, younger adults showed
larger behavioral effects when boundary and landmark informa-
tion were put in conflict. Although direct evidence is lacking,
the observed association between individual differences in the
rs17070145 SNP and navigation performance may likely be
enacted via KIBRA’s effect on the protein-kinase Cf (B€uther
et al., 2004; Schneider et al., 2010) which is involved in regu-
lating hippocampal LTP (Serrano et al., 2008). Consistent with
this link, it was previously reported that the KIBRA SNP
rs17070145 is associated with episodic memory performance in
younger (e.g., Papassotiropoulos et al., 2006; Preuschhof et al.,
2010; Kauppi et al., 2011) as well as older (Almeida et al.,
2008; Schaper et al., 2008) adults. Our finding of an effect of
KIBRA SNP rs17070145 only in older adults is also in line
with previous reports of age-magnified genetic effects, particu-
larly of BDNF SNP rs6265 and genetic polymorphisms

relevant for dopamine transmission (Nagel et al., 2008; Li
et al., 2010; 2012; Papenberg et al., 2013; St€ormer et al.,
2012). Furthermore, it has also been shown that the association
of KIBRA SNP rs17070145 with Alzheimer disease might be
age-dependent (Rodr�ıguez-Rodr�ıguez et al., 2009). This study
extends these findings by providing the first evidence of the
same SNP’s effect on spatial navigation in older but not
younger adults. This genotype by age group interaction sup-
ports the conclusion that has been drawn from earlier studies
that reported such an interaction; namely the notion that
reduced brain resources in older adults in combination with a
nonlinear cognition-resources relationship would result in
stronger genotype-cognition associations in older as compared
with younger adults (Lindenberger et al., 2008). Given the
small sample size of our study, however, a replication of these
results in a different study group is necessary. All analyses con-
trolled for the influence of a number of covariates, including
BDNF and sex. While the apparent lack of an effect of sex
might be surprising (L€ovd�en et al., 2007), it is beyond the
scope of the current investigation to evaluate possible explana-
tions. Potential limitations that result from using a VR task
come from the absence of proprioceptive and vestibular feed-
back. Because interactions between sensorimotor and cognitive
functions might have an additional influence on effects of
aging on spatial navigation (L€ovd�en et al., 2005), variants of
the present task that employ real world navigation in older
adults should be subject to further investigation. Despite the
differences between virtual and real spatial navigation, results
from VR experiments are well in line with the aforementioned
previous results from animal studies and computational work
(Packard et al., 1989; Burgess and O’Keefe, 1996; O’Keefe and
Burgess, 1996; Pearce et al., 1998; Horne et al., 2010). Specifi-
cally, the validity of computer-based VR experiments for

FIGURE 4. Change in time spent per trial after environmental change and its relation to
performance. Plots show the last trials before and the first trials after we moved landmark rela-
tive to the boundary (one trial per object). Error bars show standard errors of the mean. A:
Average time spent per trial before and after landmark/boundary movement (adjusted for cova-
riates). B: Correlation between this change in time and the mean distance to target during the
test trials separate for each age group. Each point represents one participant. The line shows
the fitted linear regression.
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studying the neural bases of spatial navigation as also been
shown previously in animals (Dombeck et al., 2010; Chen
et al., 2013; Domnisoru et al., 2013; Schmidt-Hieber and
H€ausser, 2013) and in humans (Moffat and Resnick, 2002;
Doeller et al., 2010; Etchamendy et al., 2011).

Apart from our findings related to spatial learning in a stable
virtual environment (test trials), our results from the transfer
trials offer additional insights and could lead to future research.
First, we found a greater reliance on landmark-related spatial
information in older adults, a finding which was further sup-
ported by less age-related differences in landmark-related error
as compared to boundary-related error. This seems unexpected
in light of equivalent age-related decline of the striatum and
the hippocampus (Raz et al., 2005). At the same time, how-
ever, this is in line with previous investigations that also stud-
ied striatum and hippocampus-dependent memory forms in
different age groups. Specifically, it has been found that among
older adults implicit memory, which relies on the striatum in
younger adults, is relatively more intact as compared with
explicit memory, which relies on the hippocampus in younger
adults (e.g., Fleischman et al., 2004; Bennett et al., 2010).
Moreover, other studies implied potential age differences in the
use of navigation strategies, which might in part also have con-
tributed to our finding. In particular, older adults appear to
prefer a egocentric strategy that depends more on the striatum
(Rodgers et al., 2012). Whether the egocentric strategy would
translate into increased reliance on landmark information, how-
ever, needs to be a subject of future research.

Second, our finding that KIBRA SNP rs17070145 had a spe-
cific effect on landmark-related spatial memory in older adults,
but no effect of boundary-related learning in either age group,
seems to contradict some existing literature. Based on the
known associations of the KIBRA protein with hippocampal
processes and the link of boundary-related spatial navigation to
hippocampal activity, one would expect a link between KIBRA
SNP rs17017145 and boundary-related navigation. Similar to
our argumentation above, however, it is important to take into
account that the known links of spatial navigation processes to
brain activity might be changed in older adults. Specifically,
while the findings by Doeller et al. (2008) suggest that
landmark-related spatial navigation is striatum but not
hippocampus-dependent in younger adults, it does not neces-
sarily imply that this is also the case in older adults. In con-
trast, the literature on implicit and explicit learning we
mentioned above indeed suggests that memory processes that
are striatum-dependent in younger adults (implicit learning)
can involve the hippocampus in older adults (Dennis and
Cabeza, 2011; Rieckmann et al., 2010). Rieckmann et al.
(2010) provide a correlation between hippocampal activation
and performance in the “striatal” implicit learning task, sug-
gesting that hippocampal activation might be linked to the
functional preservation of formerly striatum-dependent mem-
ory tasks. Similarly, it might be the case that landmark-related
processes in older adults are also hippocampus-dependent, or
are supported by a wider network of brain regions (e.g., Bur-
gess, 2008; for all activation related to landmark processing see

Doeller et al., 2008). In addition, Moffat et al. (2007) provide
results that would not support the interpretation we offered
above. The authors reported that volume of the caudate
nucleus correlated with spatial navigation performance in
younger and older adults, but hippocampal volume correlated
only to younger adults performance, hence questioning a
potential role of the hippocampus for spatial navigation in
older adults (see also Moffat et al., 2006, where an increased
activity of the frontal cortex and a reduced activity of the hip-
pocampus is shown in older adults). Taken together, while the
present findings seem contrary to some existing knowledge,
they also seem consistent with previous investigations. These
unresolved issues call for future studies that combine genetic
variables with functional and structural brain measures which
investigate interactions between molecular and brain mecha-
nisms that affect age differences in spatial navigation.

A further behavioral finding was that younger adults reacted
stronger to partial changes in an otherwise familiar environ-
ment. Compared with older participants, younger adults spend
relatively more time in the environment when the landmark
was changed. While the time participants spent is a rather
broad characteristic of navigation behavior, correlations
between changes in this measure and performance during
learning suggested that it reflects something functional. One
potential interpretation is that the increase in time reflects an
integration of both cues in younger adults in the regular envi-
ronment. The correlation between time increase and spatial
learning might also suggest that the time increase observed to a
larger extent in younger as compared to older adults might be
linked to a general ability to flexibly use spatial cues present in
a changed environment. The interpretation would be in line
with a number of animal studies showing an increase in pre-
servative behavior following hippocampal cell loss (Milani
et al., 1998) and changed reactions of hippocampal place cells
to changes in spatial cues in aged rats (Tanila and Shapiro,
1997), which are further characterized by a more rigid coding
(Tanila et al., 1997), reduced selectivity in new environments
(Tanila et al., 1997), increased remapping (Barnes et al.,
1997), and less experience-dependent plasticity (Shen et al.,
1997). In a wider context, our observed age-related difference
in this ability would also be in line with previous research that
has shown that decreased hippocampal neurogenesis resulted in
an decreased ability to integrate novel information into existing
spatial representations (Kempermann, 2002, 2008; Garthe
et al., 2009, for a theoretical account), because neurogenesis is
known to decrease during aging (Kuhn et al., 1996; Leuner
et al., 2007).

In conclusion, this study showed that age-related differences
in spatial navigation performance are modulated by KIBRA
SNP rs17017145 genotype. Specifically, older T-allele carriers
performed overall better than older C/C carriers, whereas we
did not find such a difference among younger adults. Results
from a transfer phase showed that among older adults more
reliance on landmark information was associated with better
performance, whereas among younger adults more reliance on
boundary information was associated with better performance.
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These findings suggest that younger and older adults differ
with respect to the relative importance of the types of spatial
cues that contribute to better spatial navigation performance,
which might reflect age-related changes in spatial navigation
strategies (Harris et al., 2012; Konishi and Bohbot, 2013; Wie-
ner et al., 2013), or impaired hippocampal functioning (Moffat
et al., 2006, 2007). Finally, from a broader perspective, the
reported genotype by age group interactions substantiate the
view that aging-related declines in brain integrity at multiple
levels (neurochemical, structural, and functional) may contrib-
ute to age-related differences in genotype-phenotype relations
(Lindenberger et al., 2008; Li et al., 2010, 2013; Papenberg
et al., 2013).
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