
NeuroImage 273 (2023) 120099 

Contents lists available at ScienceDirect 

NeuroImage 

journal homepage: www.elsevier.com/locate/neuroimage 

Dopamine differentially modulates medial temporal lobe activity and 

behavior during spatial navigation in young and older adults 

Christian Baeuchl a , 1 , ∗ , Franka Glöckner a , 1 , Christoph Koch 

b , e , f , Johannes Petzold 

c , 

Nicolas W. Schuck 

b , f , g , Michael N. Smolka 

c , Shu-Chen Li a , d 

a Faculty of Psychology, Technische Universität Dresden, Dresden, Germany 
b Max Planck Research Group NeuroCode, Max Planck Institute for Human Development, Berlin, Germany 
c Department of Psychiatry, Technische Universität Dresden, Dresden, Germany 
d Centre for Tactile Internet with Human-in-the-Loop, Technische Universität Dresden, Dresden, Germany 
e International Max Planck Research School on the Life Course (LIFE), Max Planck Institute for Human Development, Berlin, Germany 
f Max Planck UCL Centre for Computational Psychiatry and Aging Research, Berlin, Germany 
g Institute of Psychology, Universität Hamburg, Hamburg, German 

a r t i c l e i n f o 

Keywords: 

Spatial navigation 

Aging 

Dopamine 

fMRI 

Hippocampus 

Memory 

a b s t r a c t 

Aging is associated with changes in spatial navigation behavior. In addition to an overall performance decline, 

older adults tend to rely more on proximal location cue information than on environmental boundary informa- 

tion during spatial navigation compared to young adults. The fact that older adults are more susceptible to errors 

during spatial navigation might be partly attributed to deficient dopaminergic modulation of hippocampal and 

striatal functioning. Hence, elevating dopamine levels might differentially modulate spatial navigation and mem- 

ory performance in young and older adults. In this work, we administered levodopa (L-DOPA) in a double-blind 

within-subject, placebo-controlled design and recorded functional neuroimaging while young and older adults 

performed a 3D spatial navigation task in which boundary geometry or the position of a location cue were sys- 

tematically manipulated. An age by intervention interaction on the neural level revealed an upregulation of brain 

responses in older adults and a downregulation of responses in young adults within the medial temporal lobe 

(including hippocampus and parahippocampus) and brainstem, during memory retrieval. Behaviorally, L-DOPA 

had no effect on older adults’ overall memory performance; however, older adults whose spatial memory im- 

proved under L-DOPA also showed a shift towards more boundary processing under L-DOPA. In young adults, 

L-DOPA induced a decline in spatial memory performance in task-naïve participants. These results are consistent 

with the inverted-U-shaped hypothesis of dopamine signaling and cognitive function and suggest that increasing 

dopamine availability improves hippocampus-dependent place learning in some older adults. 
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. Introduction 

Being able to spatially orient oneself, to flexibly navigate and to re-

ember the locations of places, route intersections or other landmarks

n complex environments is essential for maintaining an independent

ifestyle throughout old age. Successful spatial navigation requires a

omplex integration of egocentric cues, specifically external sensory in-

ormation and internal self-motion-related signals, into reliable allocen-

ric representations of space. Thus, spatial learning and memory are

ubserved by multiple brain systems, particularly the hippocampus and

arahippocampus, the entorhinal cortex, the (dorsal) striatum, the ret-

osplenial complex and the posterior parietal cortex (cf. Baumann and

attingley, 2021 ; Burgess, 2008 ; Chersi and Burgess, 2015 ). Further-
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ore, prefrontal contributions seem of specific relevance for prospec-

ive hippocampal place cell coding of locations and goals during spatial

avigation ( Ito, 2018 ; Martinet et al., 2011 ) and for flexibly switching

etween different navigation strategies or types of spatial learning (e.g.

alagon-Vina et al., 2018 ; Ragozzino et al., 1999a , 1999b ). 

A large body of empirical evidence based on animal work and hu-

an neuroimaging studies underscores parallel hippocampal and stri-

tal contributions during spatial navigation. Whereas the striatum ex-

racts information about spatial locations from intramaze cues (also

ermed landmarks) and movement sequences (e.g. Doeller et al., 2008 ;

artley et al., 2003 ), the hippocampus relies on spatial information from

oundaries and extramaze cues to compute complex allocentric repre-

entations of spatial environments (also referred to as cognitive maps,
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ee O’Keefe and Nadel, 1978 ). Both systems support different types of

patial learning, namely, striatum-dependent stimulus-response (cue-

ocation) learning and hippocampus-dependent place learning, with the

atter being more flexible but also more resource-demanding (see e.g.

hersi and Burgess, 2015 , for a review). In addition, with its projec-

ion to the hippocampus via the entorhinal cortex, the parahippocam-

us supports hippocampus-dependent spatial navigation by providing

mportant information about visuo-spatial features of scenes, including

gocentric boundary information (cf. Baumann and Mattingley, 2021 ). 

Aging has global as well as region-specific detrimental effects on

tructure, function and neurotransmission in several brain regions impli-

ated in spatial learning and memory, resulting in various deficits dur-

ng spatial navigation (see Lester et al., 2017 for a review). Older adults’

eficits in inferring spatial orientation and location seem to be strongly

ssociated with aging-related alterations of the hippocampus, parahip-

ocampus, and other medial temporal lobe structures ( Lester et al.,

017 ). With increasing adult age, the specificity of hippocampal place

ell firing decreases, whereas firing latency increases ( Barnes et al.,

983 ; Hok et al., 2012 ; Rosenzweig and Barnes, 2003 ). Factors con-

ributing to negative effects of aging on hippocampal learning and

emory further include, among others, loss of functional synapses

nd plasticity, reduced neuromodulatory input from dopaminergic and

ther neurotransmitter systems and increasing imbalance between ex-

itatory and inhibitory inputs (cf. Leal and Yassa, 2015 ; Lester et al.,

017 ). In line with these findings, we have previously shown that

lder adults shift towards relying more on intramaze cue-dependent

ompared to boundary-dependent spatial learning ( Glöckner et al.,

021 ; Schuck et al., 2013 ) and recruit more striatal compared to hip-

ocampal resources. In contrast, young adults’ spatial learning shows

tronger hippocampal than striatal involvement ( Schuck et al., 2015 ).

imilarly, others have reported that older compared to young adults

re less capable of computing and utilizing spatial relations during

avigation (e.g. Iaria et al., 2009 ; Moffat et al., 2006 ; Moffat and

esnick, 2002 ), show a preference for (egocentric) navigation strategies

hat are mainly subserved by extrahippocampal structures ( Moffat et al.,

007 ; Wiener et al., 2013 ) and have deficits particularly in switching

rom egocentric to allocentric navigation strategies (see Colombo et al.,

017 for a review; Harris and Wolbers, 2012 , 2014 ). Moreover, normal

ging-related NMDA receptor loss in medial prefrontal regions might

ompromise the process of maintaining spatial locations in working

emory ( McQuail et al., 2016 ), and aggravate performance deficits dur-

ng spatial learning and memory (see Colombo et al., 2017 ; Lester et al.,

017 for reviews). In addition, aging-related deficits in spatial naviga-

ion can also be linked to a suboptimal weighting of external sensory

ompared to internal self-motion cues during multisensory integration,

ossibly leading to noisier spatial representations in older age ( Bates and

olbers, 2014 ). One mechanism that links decreased cognitive perfor-

ance to increased neural noise in older age is dopaminergic modula-

ion ( Li et al., 2001 ). 

Among its other functions, the dopamine system also implicates

patial learning and memory. The hippocampus receives dopaminer-

ic projections from the ventral tegmental area via the mesolimbic

athway. Recent evidence shows that dopamine is also released into

he hippocampus via a second pathway, namely by noradrenergic neu-

ons originating in the locus coeruleus ( McNamara and Dupret, 2017 ).

n contrast, the dorsal striatum is mainly innervated by nigrostriatal

opaminergic neurons originating in the substantia nigra pars com-

acta ( Bjorklund and Dunnett, 2007 ). Mesolimbic dopaminergic neu-

ons seem to be involved in creating and storing spatial representa-

ions of an environment (e.g. McNamara et al., 2014 ). More specifically,

opamine plays an important role in regulating long-term potentiation

see e.g. Lisman and Grace, 2005 for a review) and in stabilizing spa-

ial representations such as new goal locations during hippocampus-

ependent learning (e.g. Bethus et al., 2010 ). Moreover, elevating

opamine availability in the rodent hippocampus or striatum by inject-

ng dopamine agonists into either brain region facilitates hippocampus-
2 
r striatum-dependent spatial learning, respectively ( Packard et al.,

994 ; Packard and Teather, 1998 ; Packard and White, 1991 ). Taken

ogether, the evidence indicates that the dopamine system modulates

oth types of spatial learning subserved by the hippocampus and the

triatum. 

Based on cross-sectional estimates, starting from early adulthood we

ose approximately ten percent of our dopamine (e.g. D2) receptor den-

ity per decade, and the related decline in dopaminergic modulation of

ognitive functions is assumed to be even accelerated in very old age (see

.g. Bäckman et al., 2010 , 2006 for reviews), although there is evidence

hat age-related receptor density decline does not occur at an equal rate

hroughout the brain ( Rieckmann et al., 2011 ; Seaman et al., 2019 ). Cu-

ulative evidence indicates that deficient dopamine modulation might

onstrain performance in various cognitive domains, including working

emory and episodic memory (see Li and Rieckmann, 2014 for a re-

iew; Nordin et al., 2021 ; Nyberg et al., 2016 ; Papenberg et al., 2014 ).

n line with empirical (e.g. Vijayraghavan et al., 2007 ) and computa-

ional evidence ( Li and Sikstrom, 2002 ) that relates dopamine level

o memory performance, an inverted-U-shaped relationship between

opamine signaling and cognitive functioning has been hypothesized

see e.g. Bäckman et al., 2010 , 2006 ; Cools and D’Esposito, 2011 ; Li and

ieckmann, 2014 ; Lindenberger et al., 2008 for reviews). Thus, older

dults’ cognitive performance deficits may be reduced by pharmacolog-

cally increasing their dopamine levels, whereas raising dopamine levels

n younger adults might have negative consequences depending on task

emands. For example, in a previous study we showed that older adults

ith Parkinson’s disease are able to shift towards more boundary-related

nd presumably more hippocampus-dependent spatial navigation in a

amiliar task when receiving dopamine-enhancing drugs ( Thurm et al.,

016 ). However, results of pharmacological studies investigating the ef-

ects of transient dopamine augmentation on cognitive functions sub-

erved by striatal and hippocampal circuitries in healthy older age are

ixed. For example, in older adults, dopamine precursor levodopa (L-

OPA) improved reward-based learning only in a subgroup of partici-

ants. Specifically, an L-DOPA-induced modulation of the reward pre-

iction error signal in the ventral striatum (nucleus accumbens) was

nly observed in older adults with substantial L-DOPA-induced improve-

ents in choice behavior, indicating considerable interindividual dif-

erences in dopamine effects on performance ( Chowdhury et al., 2013 ).

howdhury et al. (2012) also investigated whether L-DOPA might facili-

ate hippocampus-dependent episodic memory in older adults and found

hat dopamine enhancement at a medium dosage modulates later post-

ncoding processes that are relevant for stabilizing hippocampal mem-

ry representations. Regarding young adults, there is tentative evidence

or a beneficial effect of the L-DOPA on striatum-dependent reward-

ased learning and decision-making in young adults ( Pessiglione et al.,

006 ; Wunderlich et al., 2012 ). However, pharmacological effects on

opamine-relevant functions are less straightforward to predict, since

t the peak of the inverted-U function other factors, such as task de-

ands and cognitive loads, relative drug dose and individual differences

n dopamine availability ( Kroemer et al., 2019 ; Lee et al., 2019 ) may

ome more into play (cf. Cools and D’Esposition, 2011 ). 

Taken together, the interplay between aging, dopamine modulation

nd cognitive function in general is complex. Regarding spatial naviga-

ion, in previous work we have separately shown that age ( Schuck et al.,

015 ) and dopamine dysregulation in Parkinson’s disease ( Thurm et al.,

016 ) affect hippocampus- and striatum-dependent spatial learning and

emory. In this functional brain imaging study, we therefore aimed at

nvestigating potential effects of a within-subject, placebo-controlled L-

OPA intervention on spatial learning and memory in healthy young

nd older adults at the behavioral and brain level by using a comput-

rized spatial navigation task ( Doeller et al., 2008 ; Schuck et al., 2015 ;

hurm et al., 2016 ). Following the assumption of an inverted-U-shaped

elation between dopamine signaling and cognition, we primarily hy-

othesized that behaviorally, L-DOPA will shift spatial learning perfor-

ance of older adults more toward the performance of young adults
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nder placebo. In addition, with respect to performance indicators re-

ecting hippocampus- (boundary-) dependent versus striatum- (intra-

aze cue-) dependent spatial navigation derived from relevant transfer

ask conditions, we expected older adults to show improved processing

f hippocampus- (relative to striatum-) dependent information during

patial learning when under L-DOPA compared to placebo. In terms of

rain functions, we aimed to replicate the age group differences in brain

ctivity during spatial navigation reported by Schuck et al. (2015) , with

n underrecruitment of hippocampal activity in older adults, relative

o younger adults, during spatial memory retrieval. Relative to younger

dults, we also hypothesized that older adults may rely more on stria-

um during spatial navigation. Further, we hypothesized that a potential

ntervention-induced increase in older adults’ spatial learning perfor-

ance and boundary sensitivity would be associated with increased me-

ial temporal lobe activity under L-DOPA compared to placebo. Regard-

ng young adults, studies so far mostly focused on prefrontal or fronto-

triatal function with some identifying positive effects ( Pessiglione et al.,

006 ; Wunderlich et al., 2012 ) and other detrimental effects ( Vo et al.,

016 ) of L-DOPA on cognitive performance. Thus, L-DOPA could either

ncrease or decrease learning and memory during spatial navigation in

he young. Finally, given high interindividual differences, we also ex-

lored the relations between potential L-DOPA-induced changes in spa-

ial learning during the learning phase (i.e. in the standard environ-

ent) and in the individual’s relative reliance on hippocampus- versus

triatum-dependent navigation during the transfer phase (i.e. after ei-

her manipulating the geometry of either the boundary or the location

ue). 

. Methods 

.1. Participants 

Altogether 672 out of 5927 young (YA; 25–35 years) and older

dults (OA; 65–75 years), who were recruited from a population-based

atabase provided by the city registry of Dresden, Germany (between

pril 2017 and September 2020) completed the study telephone screen-

ng, out of which 485 were screening failures (194 YA and 291 OA) and

87 were included into the study. Participants were eligible to partake

n the study if they (1) spoke German fluently (written and spoken), (2)

ad no diagnosed mental disorders within the past 12 months, (3) had

o neurological disorders and never experienced a seizure in their life-

ime, (4) did not take antidepressants or neuroleptics within the past 12

onths, anxiolytics or hypnotics within the past two weeks or any other

rug potentially affecting brain dopamine levels within three days prior

o each study sessions, (5) had normal or corrected-to-normal vision, (6)

ere neither pregnant nor currently breastfeeding and (7) had no mag-

etic resonance imaging (MRI) or levodopa (L-DOPA) contraindications.

lder adults received additional dementia screening via the Montreal

ognitive Assessment (MoCA; Nasreddine et al., 2005 ), with a cut-off

core of 23 or higher as an inclusion criterion in order to reduce the

oCA false-positive rate ( Carson et al., 2018 ). A flow of participants

gure (Fig. S1) and additional information regarding sample recruit-

ent can be found in the Supplementary Material. Written informed

onsent was obtained from eligible young and older adults before study

articipation. Participants received 100 Euro plus earnings based on per-

ormance in additional tasks also included in the test battery, resulting

n a total payout ranging from ∼ 118 – 196 Euro. The study was ap-

roved by the ethics committee of the Technische Universität Dresden

number: EK440202012) and was conducted in adherence to the revised

eclaration of Helsinki. 

After study inclusion, participants were randomized to receive

-DOPA either in the first or in the second fMRI session (i.e. L-

OPA/placebo or placebo/L-DOPA intervention order). The study thus

sed a within-subject, placebo-controlled double-blind crossover fMRI

esign. Randomization was stratified by age group and sex such that

ntervention order was counterbalanced within each of the resulting
3 
our subgroups. In addition, one fifth of the participants were random-

zed to a control group who received a placebo in both fMRI sessions

placebo/placebo group). Only participants who completed the spatial

avigation task and followed the pharmacological intervention protocol

n both fMRI sessions were included for data analyses. Altogether, 130

articipants completed all study sessions. Of these, 18 participants were

xcluded from further analyses due to incomplete execution or omission

f the spatial navigation fMRI task, technical fMRI scanning-related is-

ues and/or prolonged nausea during and after the fMRI scanning pro-

edures. Ten further participants were excluded based on their spatial

avigation task performance ( > 25% of probes in the learning and trans-

er phase were timeouts, or > 60% of the responses overlapped with

ue presentation). The application of all inclusion and exclusion crite-

ia resulted in a final sample of 82 participants who received L-DOPA

ither in the first or in the second fMRI session (L-DOPA/placebo or

lacebo/L-DOPA). Among these 45 were young adults (YA; mean age:

1.13 ± 3.03 years, range: 26–35, 29 male) and 37 were older adults

OA; mean age: 68.24 ± 2.65 years, range: 65–75, 31 male). The remain-

ng 14 YA (mean age: 31.93 ± 3.22 years, range: 26–35, 9 male) and 6

A (mean age: 69 ± 1.79 years, range: 67–72, 3 male participants) were

n the placebo-placebo control group. Due to the small size of the final

lacebo/placebo group, data analysis focused on the intervention group

hat received L-DOPA on either of the two fMRI sessions. Information

n the placebo/placebo group can be found in Supplementary Table S1.

Sex distribution and years of education did not differ between age

roups. Baseline cognitive performance was assessed during the first

ehavioral session using three computerized tasks. The Spot-a-Word

SAW) task tests verbal knowledge and is a reliable correlate of crys-

allized intelligence, whereas the Identical-Pictures (IDP) task assesses

erceptual speed as a brief but reliable indicator of fluid functions

 Lindenberger and Baltes, 1997 ; Lindenberger et al., 1993 ). In addi-

ion, the Spatial Working Memory (SWM) task ( Klingberg et al., 2002 ;

agel et al., 2008 ) measures working memory of spatial location and

erial order for low and high working memory load conditions. Older

dults outperformed young adults in the SAW verbal knowledge task

 p < 0.001) and showed age-appropriate decline compared to young

dults with regard to perceptual speed of processing (IDP; p < 0.001)

nd working memory for spatial locations (SWM; p < 0.001), which is

n line with previous age-comparative work (e.g. Glöckner et al., 2021 ;

i et al., 2004 ; Nagel et al., 2008 ; please refer to these references for

ore details on these tasks). Further study sample characteristics of the

ntervention group are summarized in Table 1 and (in more detail) in

able S2 (including the age group by intervention order interactions) in

he Supplementary Material. 

.2. Study procedure and pharmacological intervention 

Participants attended three (one behavioral and two pharmaco-

MRI) sessions, which took place on separate days. On all sessions,

articipants underwent an illicit drug screening (urine-based test;

ombi/DOA10-Schnelltest, MAHSAN Diagnostika, Reinbek, Germany)

nd two breath tests that monitored recent alcohol consumption (Al-

otest 6510, Dräger, Lübeck, Germany) and carbon monoxide (CO) lev-

ls (Mikro 4 Smokerlyzer, Rochester, England) that indicate recent to-

acco smoking. Participants were excluded from further study participa-

ion in case of a positive alcohol or drug screening. Heavy smokers who

ere not able to comply with the study protocol due to high pressure to

moke during a session were also excluded from further participation.

articipants within both age groups did not differ between fMRI sessions

egarding their CO levels (rank sign tests, p-values > 0.7). On session

ne, participants answered questionnaires about their health status and

ducation and completed computerized behavioral tasks, including the

pot-a-Word (SAW), Identical-Pictures (IDP) and Spatial Working Mem-

ry (SWM) task as well as other tasks and further questionnaires that

re not part of this work. 
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Table 1 

Study sample characteristics, intervention order assignment and cognitive covariates of young and older adults in the intervention 

group. 

YA OA Test statistic p -value 

n 45 37 

Age (years) 31.13 ± 3.03 68.24 ± 2.65 

MoCA 26.68 ± 2.12 

Sex (female/male) 16/29 6/31 OR = 2.81 0.08 

BMI (kg/m 

2 ) 24.86 ± 3.83 27.11 ± 3.33 W = 519.5 < 0.05 

Education (years) 1 16.94 ± 3.23 15.24 ± 3.81 W = 869.5 0.07 

CO Breath , session two (ppm) 1, IQR = 2 0, IQR = 1 W = 984 0.13 

CO Breath , session three (ppm) 1, IQR = 2.75 0, IQR = 1 W = 1038 < 0.05 

Intervention order 

L-DOPA starters 22 17 OR = 1.12 0.83 

Placebo starters 23 20 

Baseline cognitive covariates: 

Spot-a-Word (correct responses) 2 21.88 ± 3.96 26.06 ± 3.39 W = 321.5 < 0.001 

Identical-Pictures (correct responses) 2 29.34 ± 5.66 21.31 ± 3.91 W = 1434.5 < 0.001 

Spatial-Working-Memory (accuracy) 3,4 

Low load condition 96.79 ± 3.70 89.99 ± 8.36 W = 1232.5 < 0.001 

High load condition 89.01 ± 7.23 74.82 ± 11.98 W = 1327.0 < 0.001 

MoCA = Montreal Cognitive Assessment, BMI = body mass index, OR = odds ratio, CO Breath = breath carbon monoxide level, 

ppm = parts per million, IQR = interquartile range, W = Wilcoxon rank sum statistic. Average values are expressed as the arith- 

metic mean ± standard deviation, except CO Breath values, which are expressed as the median. Missing data sets: 1 n = 4 YA, n = 3 
OA; 2 n = 1 OA; 3 n = 2 OA. Note: 4 The serial order memory subtest of the task is not reported due to ≥ 50% missing responses of 

n = 7 OA in the low working memory load condition and n = 15 OA in the high load condition. 
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Pharmacological intervention combined with task-fMRI was carried

ut on sessions two and three. To achieve sufficient L-DOPA absorp-

ion rates ( Crevoisier et al., 2003 ; Tsui et al., 1989 ), we asked partic-

pants to abstain from eating protein-rich foods within twelve hours,

nd not to eat anything within eight hours prior to the beginning of

hese sessions, which took place in the morning. In order to reduce

ide effects of L-DOPA intake, participants received four butter biscuits

 ∼ 120 kcal) upon arrival and three glucose tablets ( ∼ 26 kcal) ten min-

tes prior to the drug intervention. To get familiar with the structure

f the spatial navigation task, participants received a detailed explana-

ion of the task procedure, followed by a training on a short version of

he spatial navigation task that included all task phases, but featured

 different environment with different objects compared to the scan-

er version. Participants took either 150 mg L-DOPA + 37.5 mg benser-

zide (Madopar, Roche, Grenzach-Wyhlen, Germany) or a placebo tablet

5 min before MR imaging. After participants completed structural and

esting state scans and a task that is not part of the present work, they re-

eived a booster dose (either 75 mg L-DOPA + 18.75 mg benserazide or a

lacebo), 110 min after intake of the first tablet. Benserazide inhibits the

onversion of L-DOPA to dopamine in the periphery thereby facilitating

he dopamine increase in the brain, which in addition reduces potential

ide effects of Madopar. The spatial navigation task started 25 min af-

er the booster dosage. The time gap between the two MRI sessions was

t least 13 days and at most 45 days in the intervention group, while

ost participants ( > 91%; mean = 17.18 ± 5.70 days) fell within a 14

o 28 days’ range regarding their between-sessions gap. Ten minutes af-

er booster administration, participants entered the MR scanner room

here they were familiarized with navigating a virtual environment in

 lying position, having a joystick placed upon their abdomen. To this

nd, participants completed another brief joystick training task in the

ying position and the experimenter repeated the main task instructions

o them. After participants felt sufficiently confident with the joystick

etup in the scanner, the spatial navigation task was started (approxi-

ately 20 min after intake of the booster dose). 

.3. Spatial navigation task 

We employed a modified version of a computerized spatial nav-

gation task ( Doeller et al., 2008 ; Schuck et al., 2013 ) that probes

bject location memory and assessed participants’ reliance on in-
4 
ramaze cue- or boundary information for spatial memory by sys-

ematically manipulating the location of the intramaze cue or the

idth of the boundary ( Glöckner et al., 2021 ; Schuck et al., 2015 ;

hurm et al., 2016 ). The task was created with UnrealEngine2 (Epic

ames; https://docs.unrealengine.com/udk/Two/ ). The 3D spatial en-

ironment of the task consisted of a grass plane enclosed by a circu-

ar stone wall that functioned as a spatial boundary. The height of the

tone wall allowed the view of mountains, clouds and the sun beyond

ts perimeter, which served as distal background orientation cues. How-

ver, these distal cues were projected at infinity, precluding the possi-

ility of applying the principle of parallax for estimating distance and

elative locations of objects within the circular arena. Participants nav-

gated through this spatial environment in a first-person view, using a

ustom-made MR-compatible joystick while their positions (x, y coor-

inates) were sampled every 100 ms. While lying in the scanner, par-

icipants viewed the spatial environment via a set of mirrors mounted

n top of the MR head coil, projecting images from a screen on the rear

all of the room. Distances within the arena were defined in virtual me-

ers (one vm = 62.5 UnrealEngine2 units; diameter of boundary = 180

m) and the only permanent object within the virtual environment was

 traffic cone with a fixed location during spatial encoding and learning,

hat served as an intramaze location cue. The exact location of the intra-

aze cue and objects differed between sessions. The task involved three

onsecutive phases: an encoding phase, a learning phase and a transfer

hase (see Fig. 1 ). In the initial encoding phase, participants were posi-

ioned close to the center of the circular arena and had to move towards

he object location to pick it up by walking over it, thus completing an

ncoding run. We used two sets of five distinct objects (e.g. an alarm

lock, a briefcase, a rubber duck etc.) that were counter-balanced be-

ween participants and MRI sessions. During the encoding phase, only

ne of the five objects was present in each run and after picking up the

bject, the participants started the next run with a different object, again

t a location near the center of the arena, but with a random heading

ector. In the subsequent learning phase, participants were instructed

o consecutively return to the locations of each of the five objects seen

uring the initial encoding phase over six repetitions, resulting in a total

f 30 runs in the learning phase. The order of the objects was pseudoran-

omized, such that within a sequence of five consecutive runs (constitut-

ng a trial), each object was presented exactly once. Each learning phase

un started with the presentation of a 2D image (cue) of a given object

https://docs.unrealengine.com/udk/Two/


C. Baeuchl, F. Glöckner, C. Koch et al. NeuroImage 273 (2023) 120099 

Fig. 1. Outline of the learning and transfer 

phase of the computerized spatial navigation 

task. (A) After an initial encoding phase in 

which participants were familiarized with the 

locations of five everyday objects in the circu- 

lar arena, the learning phase began. A learning 

phase trial of five objects started with a gray 

screen, followed by the presentation of an ob- 

ject cue for the duration of 4 s. Participants 

were required to walk from their starting po- 

sition (o) to the remembered position of the 

cued object ( + ) and “drop ” it there via but- 

ton press. After the object was dropped, feed- 

back about its actual location was given and 

participants picked up the object. The learn- 

ing phase included six trials and within a given 

trial, all five objects were presented once. (B) 

In the transfer phase, participants performed 

the same task as in the learning phase (without 

feedback) and additionally faced either one of 

two conditions: expansion of the stone wall 

boundary or shift of the location cue (partic- 

ipants were unaware of these manipulations). 

ITI = inter-trial interval. 
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isplayed on a gray background in the upper half of participants’ field of

iew for four seconds. Then, participants navigated towards the remem-

ered location of the cued object and indicated its position via button

ress (object “drop ”). Upon button press, the respective object appeared

n its exact spatial location as presented in the initial encoding phase as

 feedback. Participants could then use the discrepancy between the

emembered and actual object position to update their object location

emory. A learning phase run was completed after participants picked

p the object again in its displayed, actual location, which initiated the

ext run starting from the position of the previously recalled (picked-

p) object. When the participant’s remembered object location was suf-

ciently accurate (i.e. within a 5 vm radius of the actual object position)

he feedback “Perfect ” was displayed in the center of participants’ field

f view for three seconds, directly followed by the next run. Within

earning runs, the time from cue onset until object drop constitutes the

replace period ”, while the time from drop until pickup of the object at

ts correct location denotes the “feedback period ”. The transfer phase is

he third and the last phase of the task, which included two independent

onditions: boundary expansion and intramaze location cue shift. In the

oundary expansion condition, the stonewall boundary was enlarged by

0%, resulting in a radius increase from 80 to 96 vm while the intra-

aze cue (a traffic cone) kept its position relative to the center of the

rena. In the location cue shift condition, the traffic cone was shifted by

0 vm relative to its original position while the boundary size remained

nchanged. Each experimental manipulation occurred ten times with

wo or three runs belonging to one condition appearing in a row, and

very object appeared twice in each condition (overall sequence of ob-

ects was pseudorandom), resulting in 20 transfer phase runs in total (10

er condition). Participants were naïve to the boundary and location cue

anipulations and were instructed to navigate to the remembered loca-
5 
ions of cued objects, akin to the learning phase, but without receiving

eedback about the actual object locations. During the learning and the

ransfer phase, participants navigated continuously from one run to the

ext. More specifically, the participants starting location and heading

ector of each run within a trial equaled the end location and heading

ector of the previous run. Apart from the five initial encoding runs, all

uns had a timeout criterion of 70 s in the replace period. The duration

f the replace period could vary between persons but was comparable

etween age groups (YA: mean = 26.16 ± 6.31 min, range = 13.65 –

8.32 min; OA: mean = 28.08 ± 6.51 min, range = 15.28 – 43.57 min).

.4. MRI data acquisition 

We recorded all MRI data using a 3 Tesla MAGNETOM Trio Tim

hole body scanner (Siemens, Erlangen, Germany) at the Neuroimag-

ng Center of the Technische Universität Dresden. Prior to echo planar

maging (EPI) acquisition, a gradient echo sequence was recorded to

btain a field map, which was used to correct for geometric distortions

aused by static field inhomogeneities (TR: 532 ms, TE 1: 5.32 ms, TE

: 7.78 ms, FOV: 192 × 192 mm, acquisition matrix: 64 × 64, num-

er of slices: 48, voxel dimensions: 3 × 3 × 2.5 mm). Functional data

ere acquired using a T2 ∗ -weighted EPI sequence in a descending ac-

uisition order (TR: 2360 ms, TE: 25 ms, FA: 80°, FOV: 192 × 192 mm,

cquisition matrix: 64 × 64, number of slices: 48, voxel dimensions:

 × 3 × 3 mm). For EPI acquisition, slices were tilted by − 25° rela-

ive to the anterior-posterior commissure line. The same field map and

PI sequences were used in both MRI sessions. During the first MRI

ession, we additionally obtained a structural high-resolution 3D T1-

eighted magnetization-prepared rapid gradient-echo (MPRAGE) im-

ge (TR: 2400 ms, TE: 2.19 ms, FA: 8°, FOV: 272 × 272 mm, acqui-
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(  
ition matrix: 320 × 320, number of slices: 192, voxel dimensions:

.85 × 0.85 × 0.85 mm) for normalization to template space. 

.5. Behavioral analyses of spatial learning and memory performance 

Object location memory was assessed by calculating the Euclidean

istance between actual and remembered object locations (termed “dis-

ance error ”) during the learning phase of the spatial navigation task;

ence larger distances (in vm) signify worse memory performance.

hese “distance to location ” data were analyzed using mixed-effects

NOVA models with the between-subject factors Age Group (YA or

A) and Intervention Order (L-DOPA Starters or Placebo Starters) and

ithin-subject factors Intervention (L-DOPA or Placebo) and Learning

rial (1 to 6). We included the between-subject factor Intervention Or-

er to account for the possibility that the mere order of drug applica-

ion (participants received either L-DOPA in the first and placebo in the

econd session, or vice versa) might cause differences in behavioral out-

ome (cf. Garrett et al., 2015 ). 

.6. Boundary and location cue model of spatial navigation 

In addition to assessing object location memory performance in the

earning phase, we also applied two models to the data obtained from

he two transfer conditions (i.e. boundary expansion and location cue

hift) to analyze hippocampus- (boundary-) and striatum- (location cue-

 dependent spatial learning ( Schuck et al., 2015 ). In a nutshell, the

oundary model assumes that enlarging the size of the boundary will

lter object location memory to the degree that participants rely on

oundary information (shifting the remembered object position radially

utwards), while shifting the location cue (traffic cone) is assumed to

hange participants’ memory according to their reliance on intramaze

ue information in the location cue model (shifting the remembered ob-

ect location in accordance with the location cue shift). 

Specifically, the boundary model transforms each object position p

defined by x, y coordinates) to a predicted memorized position ̃𝐩 m 

with

espect to the change in the radius ( ∆r ) of the spatial environment: 

̃
 𝑚 = 

(
1 ± 

Δr 
𝑟 2 

|𝐩 |)𝐩 (1)

The location cue model instead predicts a change in the object lo-

ation memory along the same direction that the intramaze cue was

hifted, meaning that the shift of the cue by the translation vector v LC 

hifts the predicted remembered locations by that same vector. Hence,

oth models make assumptions about changes in remembered object lo-

ations either as a function of boundary expansion or intramaze location

ue shift, respectively. These predictions were then compared to partic-

pants’ behavior to assess individual and age-related differences in the

eliance on boundary and location cue information. First, we calculated

he angle that connects a participant’s remembered location of a given

bject in the last learning phase trial p to the model’s assumptions in the

ransfer phase �̃� m 

. Then, we calculated the angle between the remem-

ered location p in the learning phase to the remembered (observed)

ocations for the same objects in the transfer phase, �̃� o. The vertex of

ach angle was the center of the circular arena. Finally, to compare the

redicted direction changes (first angle, 𝛾m 

) to the observed direction

hanges (second angle, 𝛾o ) we took the difference between the angles of

he vectors ( p - �̃� m 

) and ( p - �̃� o ): 

𝑚 − 𝛾𝑜 = tan −1 
(
𝐩 − ̃p 𝑚 

)
− tan −1 

(
𝐩 − ̃p 𝑜 

)
(2) 

The resulting values indicate a mismatch between individual behav-

or and the respective boundary and location cue model predictions,

anging from 0 to 180° Thus, a higher mismatch indicates lower sensitiv-

ty to boundary or location cue processing during spatial navigation. The

ame procedure was performed for each object. Every object occurred

wice in each condition within the transfer phase. Therefore, we aver-

ged angle-mismatch values across all five objects and their two occur-

ences within each condition. We analyzed these data in a mixed-effects
6 
NOVA with the between-subject factors Age Group (YA or OA) and

ntervention Order (L-DOPA Starters or Placebo Starters) and within-

ubject factor Condition (Boundary or Location Cue). 

All analyses of behavior, including model-derived data from the

patial navigation task, were carried out using the R software envi-

onment ( https://R-Project.org/ ). Linear models were calculated us-

ng the R package ‘afex’ ( https://CRAN.R-project.org/package = afex ).

auchly tests of sphericity were calculated and Greenhouse-Geisser cor-

ections of significance values were applied where appropriate. To es-

imate effect sizes we opted for generalized eta squared ( 𝜂G 
2 ), since

t allows to compare effects of within- and between-subject designs

 Bakeman, 2005 ). 

.7. Functional MRI preprocessing and statistical analyses 

Spatial preprocessing of imaging data was conducted with SPM 12

Statistical Parametric Mapping; www.fil.ion.ucl.ac.uk/spm ). First, we

alculated voxel-displacement maps (VDM) from individual and session-

pecific field maps to correct for geometric distortions in EPI images.

hen, functional images of both sessions were spatially realigned to the

rst image of the first session to correct for head motion and unwarped

sing the VDMs calculated in the previous step. Functional data were

lice time corrected via SPM’s Fourier phase shifting interpolation, using

he middle slice as a reference. The individual structural T1-weighted

mage was co-registered to the mean EPI image of both sessions and then

egmented into gray and white matter. These segmented images were

sed to normalize EPI images of both sessions to the standard space

f the Montreal Neurological Institute (ICBM 152 MNI template) us-

ng SPM’s DARTEL algorithm. We created age group-specific DARTEL

emplates to account for age-related differences in brain morphology.

inally, functional images of both sessions were resampled to their orig-

nal acquisition resolution of 3 mm 

3 voxels and spatially smoothed with

n isotropic 8 mm full width at half maximum (FHWM) Gaussian kernel.

We carried out single-subject (first-level) blood-oxygen-level-depend

BOLD) analyses of the task’s learning phase using SPM 12. To this end,

e convolved fMRI time series’ with the canonical hemodynamic re-

ponse function (HRF) to include the following (unmodulated) regres-

ors of interest in the design matrix: Cue, modeled as an event of the

bject-cue onset, Replace, modeled as a block that spans the duration

etween cue display and object drop, Feedback, modeled as a block for

he period between object drop and collection of an object shown in

ts correct location, and ITI, model as an event for the display of a gray

creen between blocks of objects. In addition, we created two further re-

ressors for model-based analyses by parametrically modulating the Re-

lace regressor with values indicating the mismatch between behavior

nd the boundary model (Replace (boundary) ) and the Feedback regressor

ith values indicating the mismatch between behavior and the location

ue model (Feedback (location cue) ) as in Schuck et al. (2015) . Since pre-

ious work by Doeller et al. (2008) has linked location cue learning to

einforcement processes, location cue model predictions were used to

odulate the feedback phase, while the replace phase, which demands

emory retrieval processes, was modulated by the predictions of the

oundary model. To mitigate the effects of in-scanner head-movement

e applied the following measures: inclusion of a Volterra expansion

f the six motion parameters ( Lund et al., 2005 ) and the censoring of

cans affected by high levels of motion by including scan nulling regres-

ors ( Power et al., 2012 ; Siegel et al., 2014 ) as covariates of no inter-

st in the design matrix. The Volterra expansion comprises linear and

uadratic effects of the estimated motion parameters (from the spatial

ealignment step) and linear and quadratic effects of the first deriva-

ive of said parameters. Together this results in 24 covariates which

re able to capture higher-order effects of motion, like spin-history ef-

ects ( Friston et al., 1996 ). For motion censoring, we first calculated the

ramewise displacement (FD) of every volume of each individual’s fMRI

imeseries, which is a scalar value representing scan-to-scan deviations

i.e. sum of absolute translations and rotations). Then, we set the crite-

https://R-Project.org/
https://CRAN.R-project.org/package=afex
http://www.fil.ion.ucl.ac.uk/spm
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ion for excessive head motion to FD > 0.9 (cf. Siegel et al., 2014 ) and

reated scan nulling regressors that flagged affected scans, thereby ex-

luding them from general linear model (GLM) estimation. Comparisons

etween L-DOPA and placebo trials showed no differences in FD head

ovement, neither for YA ( V = 519.5, p > 0.9) nor for OA ( V = 342; p >

.8). As a final step for GLM estimation, functional data were high-pass

ltered with a cut-off of 128 s and corrected for temporal autocorrela-

ion using the AR(1) model. 

Statistical contrasts on the first-level represented the main effects

f the following regressors: Replace, Replace (Boundary) , Feedback and

eedback (location cue) . The contrast images of first-level analyses were

ubmitted to second-level mixed design models with Intervention as

 within-subject factor, and Age and Intervention Order as between-

ubject factors. In order to yield robust estimations of the repeated-

easures factor, we opted for the Sandwich Estimator Toolbox (SwE;

uillaume et al., 2014 ; Guillaume and Nichols, 2015 ). SwE uses a non-

terative Ordinary Least Squares (OLS) model approach followed by

he application of the so-called Sandwich Estimator, which accounts

or within-subject correlations in repeated-measures data. For model

stimation, we chose the modified SwE procedure with small sample

ize correction (type C2) and used the non-parametric Wild Bootstrap

WB) procedure with 999 iterations for cluster-level inference (t-scores).

e calculated all main effects and interactions of the three above-

entioned factors. Results were examined at the cluster-level signifi-

ance of p < 0.05 (family-wise error (FWE) corrected after applying a

luster-forming threshold of p = 0.001 at the WB step). Second-level

esults of unmodulated first-level effects (Replace and Feedback) were

xamined at the whole-brain level, whereas group results from model-

ased analyses were restricted to anatomical regions of interest (ROIs)

f the hippocampus/parahippocampus for the Replace (Boundary) and cau-

ate nucleus for the Feedback (location cue) model (cf. Schuck et al., 2015 ).

natomical ROIs were taken from the AAL3 toolbox ( Rolls et al., 2020 ).

.8. Associations between L-DOPA-induced changes in the outcome 

easures of the learning and transfer phase 

Although all participants received the same L-DOPA intervention, in-

erindividual differences in drug response are to be expected within age

roups, partly due to genetic predispositions ( Evans and Johnson, 2001 )

hat may potentially further interact with between age group differences

n levodopa/benserazide pharmacokinetics ( Contin et al., 1991 ). In ad-

ition, L-DOPA might affect individual spatial learning capacities in the

nitial phase of the task (i.e. in the original task environment where

bject locations are learned), which may in turn influence task behav-

or in the subsequent transfer phase (i.e. when the task environment is

hanged by either shifting the intra-maze location cue or expanding the

oundary). This raises the question whether participants who show L-

OPA-related improvements in the behavioral outcome of the learning

hase also improve with respect to the outcome measures of the transfer

hase. Therefore, we explored the relationship between drug-induced

odulations of object location learning and drug-related differences in

oundary or location cue sensitivity in both age groups. To this end,

or data from the learning phase, we first subtracted the distance error

in vm) of the last trial from the first trial (since higher values indi-

ate worse performance and, hence, values should decrease over time)

nd divided the difference by the performance on the first trial (i.e. (T1

T6)/T1) for each participant. These values were then z-standardized

cross participants of both age groups and transformed into T-scores (T-

core = 10 × z - score + 50). Then, the values from the placebo session

ere subtracted from values from the L-DOPA session to derive an L-

OPA-induced learning effect for each participant. As for the L-DOPA

nduced effect on boundary- or location cue processing, assessed in the

ransfer phase, we subtracted the averaged mismatch values (between

ehavior and boundary or location cue model) in the L-DOPA session

rom those in the placebo session. These computations were done to

ave the scales of all three measures of L-DOPA-induced effects (i.e. spa-
7 
ial learning, boundary sensitivity and location cue sensitivity) in the

ame direction (i.e. higher values reflected L-DOPA-induced improve-

ent). To test if the influence of L-DOPA on object location learning is

oncomitant with the drugs’ influence on boundary or location cue sensi-

ivity, we calculated Kendall’s tau rank correlations between these mea-

ures separately for YA and OA. We chose to perform non-parametric

endall’s tau correlations because data on L-DOPA-induced changes in

oundary sensitivity were not normally distributed in YA. Correlation

oefficients were false discovery rate (FDR) corrected ( Benjamini and

ochberg, 1995 ) where appropriate. 

. Results 

.1. Effects of age and L-DOPA on spatial learning and memory 

erformance 

Object location memory (distance error between remembered and

orrect object locations) was analyzed using a mixed-effects ANOVA

ith the between-subject factors Age Group (YA or OA) and Intervention

rder (Placebo Starters or L-DOPA Starters) and the within-subject fac-

ors Intervention (Placebo or L-DOPA) and Learning Trial (1 to 6). Mean

istance (in vm) to correct object location is shown in Fig. 2 A. A main

ffect of Age Group (F (1,78) = 233.04, p < 0.001, 𝜂G 
2 = 0.59) revealed

verall better performance of young compared to older adults. We also

bserved a main effect of Trial (F (5 , 390) = 24.53, p < 0.001, 𝜂G 
2 = 0.02),

hich showed memory improvement (reduced distance error) over the

ourse of the learning phase. The significant Age Group × Trial interac-

ion (F (5 , 390) = 6.00, p < 0.001, 𝜂G 
2 = 0.005) indicated a steeper reduc-

ion of distance error in young relative to older adults. Moreover, the sig-

ificant Intervention × Intervention Order interaction (F (1,78) = 15.51,

 < 0.001, 𝜂G 
2 = 0.012) constituted a cross-session learning effect with

verall better memory performance in session two compared to ses-

ion one (mean (S1) = 33.80 vm, mean (S2) = 29.47 vm, t (78) = 3.94,

 < 0.001). Finally, the analysis also yielded a significant but small

ge Group × Trial × Intervention Order interaction (F (5 , 390) = 2.86,

 = 0.02, 𝜂G 
2 = 0.002). There were no further significant main effects

r interactions, including no main effect of Intervention. To resolve the

hree-way interaction, we ran separate ANOVA models for YA and OA

ith Trial as within-subject factor and Intervention Order as between-

ubject factor. The results showed significant main effects of Trial in

oth age groups (YA: F (5 , 215) = 27.80, p = < 0.001, 𝜂G 
2 = 0.10; OA:

 (5 , 175) = 7.87, p < 0.001, 𝜂G 
2 = 0.079) as well as a Trial × Intervention

rder interaction only in the young adults, indicating steeper learning

n the Placebo compared to the L-DOPA Starter group (F (5 , 215) = 3.73,

 = 0.003, 𝜂G 
2 = 0.015). There were no further significant main effects

r interactions in both ANOVAs. 

Acknowledging the lack of statistical power for detecting a 4-way

nteraction, these results still tentatively hint towards an age group de-

endent influence of intervention order on L-DOPA-induced changes in

avigation behavior. In a previous study, we were able to show that in

onditions of dysfunctional dopamine modulation such as Parkinson’s

isease, the order of being ON versus OFF medication affects bound-

ry sensitivity while performing a similar version of this navigation

ask ( Thurm et al., 2016 ). Furthermore, a dopamine challenge seems to

ifferentially affect working memory performance in young and older

dults ( Garrett et al., 2015 ). We therefore also further explored the full

odel – first separately for both age groups and in the second step sep-

rately for both starter groups. For the young adults, in addition to the

bove reported main effect of Trial and Trial × Intervention Order inter-

ction, the full model also revealed a Intervention × Intervention Order

nteraction (F (1,43) = 20.22, p < 0.001, 𝜂G 
2 = 0.05), whereas in older

dults only the above reported main effect of Trial was shown. These

esults revealed that the cross-session learning effect (i.e. the Interven-

ion × Intervention Order interaction) in the full model seems specific to

he YA group (mean (S1) = 20.72 vm, mean (S2) = 15.45 vm, t (43) = 4.50,

 < 0.001) and that in OA only a within-session learning improvement
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Fig. 2. Results of behavior and model-behavior mismatch (compared to chance-level performance, see Supplementary Material). (A) Mean distance between correct 

and remembered locations (i.e. object location memory performance) across six trials (with all five objects being presented in every trial) stratified by age group, 

intervention and intervention order. (B) Mean mismatch between the predictions of the boundary and location cue model with participants’ behavior (i.e. angle 

deviations) separated by age group, intervention and condition. (C) The L-DOPA-related change in model-behavior mismatch revealed an increase in location cue 

processing which differs significantly from the decrease in boundary processing under L-DOPA across both age groups. Error bars indicate one standard error of the 

mean. YA = young adults, OA = older adults, vm = virtual meters, LC = location cue, B = boundary. 
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ffect remained. In the next step, the models were further split for starter

roups, however only for the young adults, given the lack of a significant

ain effect of or interaction with Intervention Order in older adults.

n the group of young Placebo Starters, only the main effect of Trial

F (5 , 110) = 19.17, p < 0.001, 𝜂G 
2 = 0.11) remained significant, while

oung L-DOPA Starters showed significant main effects of Intervention

F (1,21) = 18.51, p < 0.001, 𝜂G 
2 = 0.10) and Trial (F (5 , 105) = 11.62, p <

.001, 𝜂G 
2 = 0.07). These differences in Placebo and L-DOPA Starters ap-

ear to tentatively indicate intervention order dependent effects, with

 main effect of Intervention, reflecting worse spatial learning perfor-

ance under L-DOPA compared to placebo in young adults, but only in

hose who received L-DOPA in the first session. Thus, in this young adult

roup, L-DOPA seems to impair spatial learning in the first session. This
8 
mpairment seems to be offset by cross-session learning improvements,

hich eventually causes both starter groups to perform equally well on

he second session of the task (cf. Fig. 2 A). Results of object location

emory analyses for the placebo/placebo group can be found in the

upplementary Material. 

.2. Age effects on travelled path length and navigation duration during 

patial learning 

Since age and the drug intervention might also influence the

ath length or duration of runs in the learning phase, we exam-

ned both variables in additional analyses. During the replace pe-

iod of the learning phase the average path length of individual runs
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id not differ between drug conditions, but was longer in YA com-

ared to OA (YA (Placebo) : mean = 101.04 ± 15.94 vm, YA (L-DOPA) :

ean = 101.19 ± 20.87 vm, OA (Placebo) : mean = 81.92 ± 29.01 vm,

A (L-DOPA) : mean = 82.30 ± 30.95 vm). A mixed-effects ANOVA for

ath length with the between-subject factors Age Group and Interven-

ion Order and the within-subject factor Intervention found a main ef-

ect of Age Group (F (1,78) = 16.13, p < 0.001, 𝜂G 
2 = 0.13) as well as

n Intervention × Intervention Order interaction (F (1,78) = 15.52, p <

.001, 𝜂G 
2 = 0.039). The latter represents a session effect, revealing

verall longer path lengths in session two compared to session one

mean (S1) = 87.66 vm, mean (S2) = 97.41 vm, t (78) = − 3.94, p < 0.001).

o address the question whether average replace path length is related

o the precision of recalling object locations, we carried out a non-

arametric Kendall’s tau correlations between the distance to object

ocation and path length, separately for both age groups. The results

e obtained showed that longer path lengths are related to smaller lo-

ation memory errors in YA ( 𝜏 = − 0.202, p < 0.005), while in OA this

ffect was non-significant ( 𝜏 = − 0.155, p < 0.051). To establish whether

hese within-group correlations significantly differ between age groups

e converted Kendall’s 𝜏 into Pearson’s r coefficients ( Walker, 2003 )

nd subjected said r coefficients to Fisher’s z transformation using the R

ackage ‘cocor’ ( Diedenhofen and Musch, 2015 ). This analysis revealed

hat YA do not differ significantly from OA regarding the relationship be-

ween path length and precision of object location memory ( z = − 0.332,

 > 0.7). The absence of an effect of the drug intervention on path length

lone might not exclude the possibility that the intervention leads to in-

reased exploration of the environment. Therefore, we also examined

he excess path length, which is defined as the difference between the

ath length taken and the Euclidean distance between starting point

nd drop position in every run. We performed another mixed-effects

NOVA with the same within- and between-subject factors as above

nd excess path length as the dependent variable. The only significant

ffect from this analysis was an Intervention × Intervention Order in-

eraction (F (1,78) = 11.04, p < 0.001, 𝜂G 
2 = 0.032) indicating a higher

ropensity to explore the environment in session two relative to session

ne (mean (S1) = 34.35 vm, mean (S2) = 42.41 vm, t (78) = − 3.32, p <

.002). Finally, we also carried out a mixed-effects ANOVA with aver-

ge replace duration as the dependent variable and the same factors as

efore. This analysis yielded no significant main effects or interactions

all p’s > 0.6). The fact that replace duration does not differ between

ge groups although YA exhibit longer path lengths than OA is likely

ue to OA having a slower walking pace and more frequent periods of

mmobility in which they contemplated the virtual environment instead

f approaching the target location. 

.3. Effects of age andL-DOPA on boundary and location cue sensitivity 

We characterized individual and age-related differences in the sen-

itivity to boundary and location cue information during spatial navi-

ation by comparing observed memory performance during the transfer

hase with the assumptions made by the boundary or location cue mod-

ls (see details in Section 2.6 above). Differences between model predic-

ions and observed behavior result in model-behavior mismatch values,

here higher magnitudes of such mismatches reflect lower sensitivity

o boundary or location cue information ( Schuck et al., 2015 ). We an-

lyzed the data using a mixed-effects ANOVA with the between-subject

actors Age Group (YA or OA) and Intervention Order (Placebo Starters

r L-DOPA Starters) and the within-subject factors Condition (Boundary

r Location Cue) and Intervention (Placebo or L-DOPA). The results re-

ealed a main effect of Age Group (F (1,78) = 67.05, p < 0.001, 𝜂G 
2 = 0.21)

nd Condition (F (1,78 = 68.74, p < 0.001, 𝜂G 
2 = 0.12) as well as an Age

roup × Condition interaction (F (1,78) = 79.36, p < 0.001, 𝜂G 
2 = 0.16).

s can be seen in Fig. 2 B, and in line with previous work ( Glöckner et al.,

021 ; Schuck et al., 2015 ), these effects show that while young adults

ave comparable levels of location cue and boundary processing, older
9 
dults demonstrate much lower boundary sensitivity, compared to their

ensitivity to the location cue during spatial navigation. 

Furthermore, a Condition × Intervention interaction (F (1,78) = 5.33,

 < 0.024, 𝜂G 
2 = 0.007) revealed that L-DOPA had a differential effect

n location cue and boundary processing. To identify the direction of

his effect, we calculated the L-DOPA-related gain (subtracting model-

ehavior mismatches in the L-DOPA from the placebo session) sepa-

ately for location cue and boundary processing sensitivity and com-

ared both conditions via a paired t -test. This comparison revealed an

-DOPA induced increase in location cue sensitivity relative to a de-

rease in boundary sensitivity (t (81) = 2.45, p < 0.0164; see Fig. 2 C).

astly, an Intervention × Intervention Order interaction (F (1,78) = 15.72,

 < 0.001, 𝜂G 
2 = 0.024) again represented a cross-session learning effect

ith overall better model-behavior mismatch values i.e. improved sen-

itivity to both environment features in session two compared to session

ne (mean (S1) = 83.22, mean (S2) = 73.47, t (78) = 3.96, p = 0.002). There

ere no further main effects or interactions. 

.4. Correlations between L-DOPA induced changes in the learning and 

ransfer phase 

The fact that there were no consistent main effects of L-DOPA in-

ervention might stem from substantial within-age group differences

n individual responsiveness to the intervention. Visual inspection of

-DOPA-induced effects on the outcome measures of the learning and

ransfer phase appears to corroborate this notion (see Fig. 3 A). To ex-

lore whether L-DOPA-related changes in object location learning co-

ary with L-DOPA-related changes in location cue or boundary sen-

itivity, we calculated non-parametric Kendall’s tau correlation coef-

cients between standardized trial-difference values and location cue

r boundary sensitivity, separately for young and older adults. In both

easures, higher values represent an increase in learning magnitude

nd location cue or boundary sensitivity associated with the L-DOPA

ntervention. The results revealed a significant correlation between the

-DOPA-induced learning improvements and the L-DOPA-induced in-

rease in boundary sensitivity in older adults ( 𝜏 = 0.285, p (FDR) = 0.025),

ut neither a significant correlation of these variables in young adults

 𝜏 = − 0.067, p (FDR) = 0.869) nor significant correlations between learn-

ng magnitude and location cue sensitivity in both age groups (YA:

= 0.018, p (FDR) = 0.869; OA: 𝜏 = 0.063, p (FDR) = 0.594; see Fig. 3 B).

e further converted Kendall’s 𝜏 coefficients into Pearson’s r coeffi-

ients and subjected said r coefficients to Fisher’s z transformation to

irectly compare observed coefficients in the young and older adult

roup. The result showed that the correlation between the L-DOPA-

elated increase in learning magnitude and the L-DOPA-related increase

n boundary processing in older adults indeed differs significantly from

he (non-significant) correlation between both variables in young adults

 z = − 2.466, p = 0.014). 

As an additional control analysis, we also investigated whether spa-

ial working memory performance might be implicated in the observed

esults. Spatial working memory performance (in the low working mem-

ry condition, in the high working memory condition and averaged

cross both conditions (cf. Glöckner et al., 2021 ; Nagel et al., 2008 )

howed no significant rank correlation with L-DOPA induced gains in

bject location memory, location cue or boundary sensitivity neither in

he young nor in the older adults (all p -values > 0.16). 

.5. Functional MRI results 

Our analyses of task-related BOLD responses were concentrated on

he two stages of the learning phase trials: (1) the replace phase, cov-

ring the time between object-cue onset until replacement (drop) of

he object and (2) the feedback phase, spanning the duration between

eedback display (i.e. object is shown in correct position) until the ob-

ect was picked up again at its correct location. For both stages of the
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Fig. 3. Individual behavioral responses under L-DOPA intervention. (A) Differences in learning magnitude, defined as the normed difference between the first and 

the last trial of the learning phase (top) and differences in model-behavior-mismatch (bottom) under l L-DOPA and placebo respectively, displayed for young and 

older adults. Individual responses during L-DOPA and placebo intervention are connected by either a green line (if L-DOPA improved performance/processing), or 

a violet line (if L-DOPA impaired performance/processing). (B) Shown are correlations between L-DOPA-related improvements in learning magnitude and L-DOPA- 

related improvements in boundary processing in young (top) and older adults (bottom). The only significant correlation was between improvements in learning and 

boundary sensitivity in old participants as indicated by the black regression line. YA = young adults, OA = older adults, PL = placebo, LD = L-DOPA, B = boundary. 
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earning phase, we calculated separate mixed design models with In-

ervention as a within-subject factor, and Age and Intervention Order

s between-subject factors and investigated all main effects and posi-

ive interactions. All results were FWE-corrected ( p = 0.05) on the clus-

er level. Analyses of the replace phase revealed stronger activations

n young compared to older adults (YA > OA) in right frontal regions,

ncluding the middle and inferior frontal gyrus, but no significant ef-

ects for the opposite contrast (OA > YA). Crucially, we also observed

n Age Group × Intervention interaction of the following pattern in

he right medial temporal lobe (including hippocampus and parahip-
10 
ocampus) and brainstem: an increase of activity in older adults un-

er L-DOPA relative to placebo but a decrease of activity in young

dults under L-DOPA relative to placebo. Analyses of the feedback phase

lso revealed stronger activations in young compared to older adults

and no effect for the opposite comparison) in bilateral frontal, parietal

nd occipital regions. Finally, an interaction between Intervention and

ntervention Order during the feedback phase, which reflected an in-

rease in brain activity in the second imaging session compared to the

rst one, was observed in the left frontal pole, middle frontal and pre-

entral gyrus. Additional model-based analyses using Replace (boundary) 
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Table 2 

Anatomical labels for fMRI peaks in group-level mixed design models of whole- 

brain analyses. 

MNI coordinates Z (peak) 

X Y Z 

Replace Phase: YA > OA (bootstrap: k Z > 105 voxel) 

Middle Frontal Gyrus 27 3 45 5.18 

Precentral Gyrus 59 9 24 4.41 

Middle Frontal Gyrus 57 12 27 4.35 

Postcentral Gyrus 66 − 18 36 3.67 

Superior Frontal Gyrus 21 − 12 51 3.31 

Replace Phase: Age Group x Intervention (bootstrap: k Z > 91 voxel) 

Amygdala 30 0 − 27 4.01 

Hippocampus 9 − 12 − 21 3.73 

Parahippocampal Gyrus 24 − 6 − 33 3.38 

Brainstem 3 − 24 − 33 3.26 

Feedback Phase: YA > OA (bootstrap: k Z > 100 voxel) 

Middle Frontal Gyrus 33 3 57 6.21 

Precuneus − 3 − 54 54 5.28 

Angular Gyrus 42 − 63 21 5.50 

Superior Frontal Gyrus − 12 − 3 63 4.42 

Lateral Occipital Cortex − 33 − 84 15 4.74 

Occipital Fusiform Gyrus 24 − 69 − 9 5.71 

Superior Temporal Gyrus 63 − 21 0 4.10 

Feedback Phase: Intervention x Intervention Order (bootstrap: k Z > 86 voxel) 

Precentral Gyrus − 57 0 18 4.38 

Inferior Frontal Gyrus − 39 6 21 4.28 

Frontal Pole − 30 51 15 4.26 

Middle Frontal Gyrus − 36 30 24 3.66 

Postcentral Gyrus − 66 − 12 24 3.35 

Results are cluster corrected ( p = 0.05, FWE). YA = young adults, OA = older 

adults, MNI = Montreal Neurological Institute, k Z = cluster-size threshold for 

obtaining significant results in the respective statistical contrast. 
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f  
nd Feedback (location cue) as parametric regressors using a hippocam-

al/parahippocampal and a caudate nucleus ROI as previously imple-

ented by Schuck et al. (2015) , respectively, did not yield any signifi-

ant effects. Brain regions involved in the task are depicted in Fig. 4 and

ummarized in Table 2 . 

. Discussion 

Aging is accompanied by a gradual decline of cognitive function, in-

luding episodic memory ( Leal and Yassa, 2015 ) and spatial navigation

bilities ( Lester et al., 2017 ), even in the absence of disease-related neu-

odegenerative processes. There is considerable agreement that these

wo functions are closely related ( Bellmund et al., 2018 ; Burgess et al.,

002 ; Buzsaki and Moser, 2013 ; Solomon et al., 2019 ) and that they are

menable to dopamine neuromodulation (e.g. Chowdhury et al., 2012 ;

ackard and Teather, 1998 ). In this study, we investigated the interac-

ions between aging and L-DOPA intervention during a computerized

patial navigation task in a placebo-controlled double-blind crossover

esign. We found age group differences with regard to object location

emory and boundary versus location cue sensitivity during spatial nav-

gation at the behavioral level. At the brain level, we also observed a

lear age-related under-recruitment of several brain regions. As for L-

OPA-induced effects at the brain activation and behavioral level, the

atterns of results are more complex and are influenced by large in-

erindividual differences in L-DOPA responses. More specifically, in the

nalyses of the fMRI data, an interaction between age and interven-

ion revealed an upregulation of brain responses in older adults and a

ownregulation of brain responses in young adults under L-DOPA com-

ared to placebo in a cluster extending from the medial temporal lobe

MTL), including hippocampus and parahippocampus, to the brainstem.

uring spatial learning, L-DOPA did not lead to the expected overall

erformance improvement in older adults. However, L-DOPA deceler-

ted spatial learning in the young when they received the drug in the

rst session, without negatively affecting cross-session learning capac-
11 
ty. Furthermore, both age groups relied slightly more on location cue

elative to boundary information when under L-DOPA. Lastly, we found

hat only in older adults were L-DOPA-induced improvements in bound-

ry processing associated with L-DOPA-induced improvements in object

ocation learning. In the following, these results are discussed in more

etail. 

Our behavioral results replicate previously observed age effects in

tudies that used slightly modified versions of the task employed here

 Glöckner et al., 2021 ; Schuck et al., 2015 , 2013 ; Thurm et al., 2016 ).

pecifically, our findings corroborate previous reports of superior ob-

ect location memory and a steeper within-session learning of locations

n young compared to older adults. Similarly, our results also replicated

 previously observed deficiency of boundary processing in older com-

ared to young adults, while location cue processing was comparable in

oth age groups. In the current study, we extend these results by adding

he factor of dopamine neuromodulation. Notably, although there was

o overall effect of drug intervention on object location memory, split-

ing up the analysis by age group and intervention order tentatively

howed that taking L-DOPA on the first session (while being task-naïve)

mpairs memory in young but not in older adults. However, cross-session

earning effects appear to offset this impairment in the young, which

ventually causes Placebo- and L-DOPA Starters to perform equally well

t the end of the learning phase during the second session. A previous

tudy by Vo et al. (2016) found the very same pattern of effects in young

dults undergoing an L-DOPA intervention while performing a proba-

ilistic reversal learning task. The authors observed detrimental effects

f L-DOPA on young males’ task performance, especially when L-DOPA

as administered in the first session of their within-subject crossover de-

ign. They concluded that this treatment order effect could be explained

y a combined effect of L-DOPA-induced impairment of performance

n session one and a practice-induced augmentation of performance

n session two. These findings and the findings from our own study

re compatible with the hypothesis of an inverted-U-shaped relation-

hip between dopamine levels and cognitive functioning (see Cools and

’Esposito, 2011 ; for a review). Accordingly, dopamine levels in young

dults, which are believed to reside at, or close to, the plateau of the

nverted-U curve ( Li and Sikstrom, 2002 ), might have been elevated be-

ond the optimum, causing spatial learning performance to decline in

ur young adult group. 

It is important to note that young adults walked longer distances

uring the object-replacement period than older adults, and this might

e related to overall age group differences in object location memory.

his may have allowed younger adults to encode spatial information at

 greater depth. Indeed, in the young adult group and as a trend also in

he older adult group, individuals who travelled longer distances also

ecalled object locations more precisely. Together these findings are in

ine with the depth of processing concept of memory in aging, suggesting

hat older adults tend to engage shallower processing during encoding

e.g. Craik and Rose, 2012 ). Interestingly, this fact was independent of

he drug intervention or the drug intervention order in our given sample,

hich means that despite the increased path lengths in young adults in

eneral, receiving L-DOPA in the first session still decreased their object

ocation memory. The observed differences of the L-DOPA intervention

etween the two age groups might therefore underestimate the L-DOPA

ffect in spatial navigation tasks with a more limited event duration. 

With respect to location cue and boundary processing, our analy-

es again did not show a general effect of drug intervention. Rather,

e found an L-DOPA-induced increase in location cue processing rela-

ive to an L-DOPA-induced decrease in boundary processing across age

roups. In a study by Wiener et al. (2013) the authors demonstrated

ge-specific biases in spatial navigation strategies, in the absence of a

opamine intervention, with young adults tending to apply a place strat-

gy (corresponding to boundary processing) and older adults more rely-

ng on beacon and associative-cue strategies (corresponding to location

ue processing), even in situations where the application of the pre-

erred strategy is disadvantageous. This might suggest that in our study,
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Fig. 4. Brain responses from cluster-corrected ( p = 0.05, FWE) whole-brain analyses during (A) the replace phase and (B) the feedback phase of the learning phase. 

Bar plots display the mean parameter estimates (beta values) for the Age Group × Intervention interaction (A) and the Intervention × Intervention Order interaction 

(B). Error bars indicate one standard error of the mean. A list of brain regions with coordinates of their peak activations can be found in Table 2 . YA = young adults, 

OA = older adults, PLS = Placebo Starters, LDS = L-DOPA Starters, S1 = session one, S2 = session two. 
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i  
he L-DOPA boost slightly biased young adults towards adopting a more

ge-atypical or “older ” spatial processing mode, whereas in older adults,

-DOPA slightly increased the spatial processing mode that is typically

ssociated with that age group. Overall, these differential modulations

f location cue and boundary sensitivity did not manifest themselves as

hanges in object location memory at the group average level. 

Our analyses of neural activity showed that, in general across both

rug interventions, young adults recruited more brain areas than older

dults during retrieval and during re-encoding of the object locations.

pecifically, age comparisons revealed greater activity in frontal regions

uring retrieval and greater activity in bilateral frontal, parietal (i.e.

recuneus and angular gyrus) and occipital regions during re-encoding

n young compared to older adults. According to the frontal aging hy-

otheses, aging disproportionally affects the frontal lobes ( DeCarli et al.,

005 ; Pfefferbaum et al., 2005 ) which may underlie the underrecruit-

ent of frontal areas in older relative to young adults in our study in

eneral. The surplus activity in right middle frontal gyrus (MFG) dur-

ng spatial memory retrieval in young adults is specifically interesting,

s a previous study found that only in young adults was the volume of

ight MFG associated with better retrieval of item and context mem-

ry ( Rajah et al., 2011 ). Regarding the memory re-encoding period, our

esults are consistent with studies reporting more activation in young

ompared to older adults in the occipital cortex ( Antonova et al., 2009 ;

occia et al., 2014 ), as well as in the precuneus and the angular gyrus

 Boccia et al., 2014 ) during allocentric spatial navigation. 

Most significantly, our analyses of brain responses during object

emory retrieval revealed an upregulation of activity in older adults

nder L-DOPA relative to placebo and a downregulation of activity in

oung adults under L-DOPA relative to placebo, in a cluster that includes

ippocampus, parahippocampal gyrus, amygdala and brainstem. This is

nteresting, since, as noted above, overall brain activity across sessions

as more pronounced in young compared to older adults in our study,

oth during object memory retrieval and during re-encoding of the ob-

ect (i.e. during feedback and object re-collection). The hippocampus

nd the parahippocampal gyrus are regarded as primary brain areas un-

erlying spatial navigation and episodic memory ( Baumann and Mattin-

ley, 2021 ; Chersi and Burgess, 2015 ), and hippocampus functioning is

nown to crucially depend on tonic dopamine signaling ( Shohamy and

dcock, 2010 ). Therefore, the L-DOPA-induced decrease in brain activ-

ty and behavioral performance observed in young adults are in line with

he inverted-U-shaped hypothesis of a dopamine overshoot in that age

roup ( Cools and D’Esposito, 2011 ). Somewhat surprisingly, the drug-

elated increase in brain responses in older adults did not directly trans-

ate into improvements in spatial learning and memory performance in

hat age group overall. However, we obtained evidence that L-DOPA

id improve spatial learning in some older adults, namely in those

ho also showed a drug related enhancement of boundary processing,

hich relies on hippocampus and parahippocampal gyrus ( Doeller et al.,

008 ; Schuck et al., 2015 ; Wiener et al., 2013 ). This relationship be-

ween L-DOPA induced increase in learning and boundary sensitivity

as only present in older adults and did not exist between learning

nd location cue sensitivity. That only a subgroup of older adults would

enefit from an L-DOPA intervention was also observed in a study by

howdhury et al. (2013) which investigated reward processing using a

imilar age-comparative placebo-controlled design. In their study, older

dults who displayed improved task performance and increased learn-

ng rates under L-DOPA also expressed complete neural reward predic-

ion errors (RPE), whereas RPEs were incomplete in older adults under

lacebo and in older adults who did not benefit from L-DOPA. It is possi-

le that the upregulation of brain activity in older adults under L-DOPA

n our study was more strongly driven by those individuals whose be-

avioral performance was augmented by the intervention. 

Finally, given the wide distribution of dopamine receptors in the

rain ( Beaulieu and Gainetdinov, 2011 ) our drug intervention might

ave acted upon all regions in the activated cluster. Alternatively, amyg-

ala and brainstem might also have been involved as a direct conse-
13 
uence of the dopaminergic innervation of hippocampus and parahip-

ocampal gyrus. In older adults, the hippocampus might be particularly

ell suited to utilize an additional dopamine boost, since the structure

xperiences one of the lowest aging-related decline in dopamine D2-

ike receptors and might therefore be more susceptible to interventions

t lower, non-clinical doses ( Seaman et al., 2019 ). 

. Limitations and conclusions 

Although we could replicate behavioral effects found in earlier stud-

es, we were unable to detect significant brain responses in the model-

ased fMRI analyses (cf. Schuck et al., 2015 ). We also did not find sig-

ificant activity in the striatum, which was previously observed. A po-

ential source of the discrepancy between our and the results reported in

chuck et al. (2015) could be that the latter study sample was male-only

nd with a wider age range of 56 – 74 years in the older adults group

lso covering middle age adulthood, while our own older adults sam-

le was comprised of males and females between 65 – 75 years. Males

requently outperform females in spatial navigation tasks, with effect

izes ranging from small to medium (see Nazareth et al., 2019 for a re-

iew). The difficulties in comparing our results to those of male-only

tudies are further compounded by the fact that the sex composition in

ur sample was unequal in both age groups and the female-to-male ratio

n older adults was also slightly lower than in young adults, which ren-

ers a reliable estimate of sex effects on our data infeasible. In addition,

he current version of the task comprised two modifications: First, the

anipulation of the spatial boundary only involved an increase in diam-

ter, whereas in Schuck et al. (2015) boundary increase and shrinkage

n diameter were applied independently. Second, the number of trans-

er trials was increased by the factor two in our task design. Regarding

triatal effects specifically, age group differences in the striatum in the

tudy by Schuck et al. (2015) were only detected using a more lenient

hreshold, whereas we only reported family-wise error-corrected imag-

ng results in this work. Notably, behavioral age differences concern-

ng location cue processing, which presumably involves the striatum,

ere absent in our own study and in the study of Schuck et al. (2015) ,

hile both studies equally demonstrated distinct differences in bound-

ry processing (which involves the hippocampus / parahippocampus).

t is therefore possible that any age group or drug intervention re-

ated differences in striatal responses in our study were subtle and did

ot result in detectable group differences that would survive correc-

ion for multiple comparisons. Furthermore, hippocampal-striatal inter-

ctions during spatial navigation are complex and context-dependent

 Goodroe et al., 2018 ). The established distinction of hippocampal re-

ions supporting the “navigation-to-place ” behavior, whereas the dorsal

triatum supports a response-learning strategy, was originally based on

nimal studies ( Packard and McGaugh, 1996 ) and later human studies

 Bohbot et al., 2012 ) that involved either cross-maze or other forms of

ulti-armed mazes for which response strategies at different decision

oints are particularly relevant and associated with explicit rewards. In

ontrast, the spatial navigation task we utilized did not require the par-

icipants to make any specific response decisions other than recalling

bject locations. The memory recall was also not explicitly rewarded.

hese features of our task may also have contributed to the results of

ot observing activity in the striatum. 

In this study, we also gathered data from a group that received

 placebo on both imaging sessions. In addition to age group differ-

nces, the placebo/placebo group results also suggest a between-session

ncrease in boundary processing in the young adults in contrast to a

etween-session increase in location cue processing in the older adults.

specially in the young adult group, this might imply that L-DOPA may

ave counteracted the relative bias towards hippocampus-dependent

patial processing which is usually observed over time in young adults

cf. Wiener et al., 2013 ). However, the obtained sample size of that

roup was rather small which does not allow us to relate it to our drug

ntervention group in a meaningful way. In the interpretation of some
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D  
f our behavioral and neural findings, we resorted to the hypothesis

f an inverted-U-shaped relationship between dopamine signaling and

ognitive function. However, the applicability of this hypothesis seems

o depend on various factors including cognitive domain, type and diffi-

ulty level of the experimental task, and baseline cognitive performance

see Cools, 2006 ; Cools and D’Esposito, 2011 ; Floresco, 2013 for re-

iews; Marino and Levy, 2019 ). In the context of a pharmacological

opamine challenge, factors such as type and dosage of the adminis-

ered drug, targeted dopamine receptor type (D1-like, D2-like) and tar-

eted dopamine activity state (tonic, phasic), baseline dopamine lev-

ls, as well as dopamine availability relative to dopamine receptor den-

ity ( Papenberg et al., 2020 ) might further complicate the interpreta-

ion of observed dopamine effects on cognition. Therefore, all these fac-

ors need to be weighed in when interpreting findings obtained from

opamine intervention studies such as the one reported in this work. 

In conclusion, our results showed that although L-DOPA had no over-

ll effect on behavior, it hampered spatial memory in young adults

ho received the drug in their first, task-naïve session. In addition,

n the group average level, L-DOPA modulated location cue processing

n both age groups, making young adults appear older regarding their

ypical spatial navigation behavior and affirming older adults’ bias to-

ards less resource-demanding strategies. More importantly, we found

hat L-DOPA interacted with age on a neural level, boosting activity

n older and decreasing activity in young adults within the MTL and

rainstem. These findings speak for an inverted-U-shaped relationship

etween dopamine signaling and cognitive function. Moreover, older

dults whose spatial learning improved under L-DOPA also displayed a

rug-induced increase in boundary processing, which suggests that in-

reasing dopamine availability facilitates allocentric place learning in

ome older adults. 

ata and code availability 

The code underlying our data analyses will be made openly available

t https://www.osf.io/yp5qt/ . The data supporting the findings of this

tudy will be shared in preprocessed form that ensures full anonymity

f subjects, in line with funding and ethical regulations. 

eclaration of Competing Interest 

The authors declare no conflict of interest. 

redit authorship contribution statement 

Christian Baeuchl: Software, Formal analysis, Investigation, Data

uration, Writing – original draft, Writing – review & editing, Visual-

zation, Project administration. Franka Glöckner: Conceptualization,

oftware, Formal analysis, Investigation, Data curation, Writing – origi-

al draft, Writing – review & editing, Visualization, Supervision, Project

dministration, Funding acquisition. Christoph Koch: Data curation,

riting – review & editing. Johannes Petzold: Resources, Writing – re-

iew & editing. Nicolas W. Schuck: Methodology, Software, Writing –

eview & editing. Michael N. Smolka: Supervision, Writing – review &

diting, Funding acquisition. Shu-Chen Li: Conceptualization, Method-

logy, Writing – review & editing, Supervision, Funding acquisition. 

cknowledgments 

This work was funded by the project (B3) awarded to Li, Glöckner

nd Smolka in the SFB 940 (Volition and Cognitive Control) funded

y the Deutsche Forschungsgemeinschaft (German Research Founda-

ion; DFG project number 178833530. Shu-Chen Li is also supported by

he Excellence Strategy of the German Research Foundation (DFG EXE

050/1–Project ID 390696704). Michael Smolka also received another

FG grant (project number (402170461 [TRR 265]). NWS was funded

y an Independent Max Planck Research Group grant awarded by the
14 
ax Planck Society (M.TN.A.BILD0004, http://www.mpg.de ) and a

tarting Grant from the European Union (ERC-StG-REPLAY-852669,

ttp://www.erc.europa.eu/ ). In addition and irrespective of this study,

WS received funding by the Excellence Strategy of the Federal Gov-

rnment and the Länder. 

upplementary materials 

Supplementary material associated with this article can be found, in

he online version, at doi:10.1016/j.neuroimage.2023.120099 . 

eferences 

ntonova, E., Parslow, D., Brammer, M., Dawson, G.R., Jackson, S.H., Morris, R.G., 2009.

Age-related neural activity during allocentric spatial memory. Memory 17, 125–143 .

äckman, L., Lindenberger, U., Li, S.C., Nyberg, L., 2010. Linking cognitive aging to al-

terations in dopamine neurotransmitter functioning: recent data and future avenues.

Neurosci. Biobehav. Rev. 34, 670–677 . 

äckman, L., Nyberg, L., Lindenberger, U., Li, S.C., Farde, L., 2006. The correlative triad

among aging, dopamine, and cognition: current status and future prospects. Neurosci.

Biobehav. Rev. 30, 791–807 . 

akeman, R., 2005. Recommended effect size statistics for repeated measures designs.

Behav. Res. Methods 37, 379–384 . 

arnes, C.A., McNaughton, B.L., O’Keefe, J., 1983. Loss of place specificity in hippocampal

complex spike cells of senescent rat. Neurobiol. Aging 4, 113–119 . 

ates, S.L., Wolbers, T., 2014. How cognitive aging affects multisensory integration of

navigational cues. Neurobiol. Aging 35, 2761–2769 . 

aumann, O., Mattingley, J.B., 2021. Extrahippocampal contributions to spatial naviga-

tion in humans: a review of the neuroimaging evidence. Hippocampus 31, 640–657 . 

eaulieu, J.M., Gainetdinov, R.R., 2011. The physiology, signaling, and pharmacology of

dopamine receptors. Pharmacol. Rev. 63, 182–217 . 

ellmund, J.L.S., Gardenfors, P., Moser, E.I., Doeller, C.F., 2018. Navigating cognition:

spatial codes for human thinking. Science 362 . 

enjamini, Y., Hochberg, Y., 1995. Controlling the false discovery rate: a practical

and powerful approach to multiple testing. J. R. Stat. Soc. B (Methodological) 57,

289–300 . 

ethus, I., Tse, D., Morris, R.G., 2010. Dopamine and memory: modulation of the persis-

tence of memory for novel hippocampal NMDA receptor-dependent paired associates.

J. Neurosci. 30, 1610–1618 . 

jorklund, A., Dunnett, S.B., 2007. Dopamine neuron systems in the brain: an update.

Trends Neurosci. 30, 194–202 . 

occia, M., Nemmi, F., Guariglia, C., 2014. Neuropsychology of environmental naviga-

tion in humans: review and meta-analysis of FMRI studies in healthy participants.

Neuropsychol. Rev. 24, 236–251 . 

ohbot, V.D., McKenzie, S., Konishi, K., Fouquet, C., Kurdi, V., Schachar, R., Boivin, M.,

Robaey, P., 2012. Virtual navigation strategies from childhood to senescence: evi-

dence for changes across the life span. Front. Aging Neurosci. 4, 28 . 

urgess, N., 2008. Spatial cognition and the brain. Ann. N. Y. Acad. Sci. 1124, 77–97 . 

urgess, N., Maguire, E.A., O’Keefe, J., 2002. The human hippocampus and spatial and

episodic memory. Neuron 35, 625–641 . 

uzsaki, G., Moser, E.I., 2013. Memory, navigation and theta rhythm in the hippocam-

pal-entorhinal system. Nat. Neurosci. 16, 130–138 . 

arson, N., Leach, L., Murphy, K.J., 2018. A re-examination of montreal cognitive assess-

ment (MoCA) cutoff scores. Int. J. Geriatr. Psychiatry 33, 379–388 . 

hersi, F., Burgess, N., 2015. The cognitive architecture of spatial navigation: hippocampal

and striatal contributions. Neuron 88, 64–77 . 

howdhury, R., Guitart-Masip, M., Bunzeck, N., Dolan, R.J., Duzel, E., 2012. Dopamine

modulates episodic memory persistence in old age. J. Neurosci. 32, 14193–14204 . 

howdhury, R., Guitart-Masip, M., Lambert, C., Dayan, P., Huys, Q., Duzel, E., Dolan, R.J.,

2013. Dopamine restores reward prediction errors in old age. Nat. Neurosci. 16,

648–653 . 

olombo, D., Serino, S., Tuena, C., Pedroli, E., Dakanalis, A., Cipresso, P., Riva, G., 2017.

Egocentric and allocentric spatial reference frames in aging: a systematic review. Neu-

rosci. Biobehav. Rev. 80, 605–621 . 

ontin, M., Riva, R., Martinelli, P., Albani, F., Baruzzi, A., 1991. Effect of age on the

pharmacokinetics of oral levodopa in patients with Parkinson’s disease. Eur. J. Clin.

Pharmacol. 41, 463–466 . 

ools, R., 2006. Dopaminergic modulation of cognitive function-implications for L-DOPA

treatment in Parkinson’s disease. Neurosci. Biobehav. Rev. 30, 1–23 . 

ools, R., D’Esposito, M., 2011. Inverted-U-shaped dopamine actions on human working

memory and cognitive control. Biol. Psychiatry 69, e113–e125 . 

raik, F.I., Rose, N.S., 2012. Memory encoding and aging: a neurocognitive perspective.

Neurosci. Biobehav. Rev. 36, 1729–1739 . 

revoisier, C., Zerr, P., Calvi-Gries, F., Nilsen, T., 2003. Effects of food on the pharma-

cokinetics of levodopa in a dual-release formulation. Eur. J. Pharm. Biopharm. 55,

71–76 . 

eCarli, C., Massaro, J., Harvey, D., Hald, J., Tullberg, M., Au, R., Beiser, A.,

D’Agostino, R., Wolf, P.A., 2005. Measures of brain morphology and infarction in the

framingham heart study: establishing what is normal. Neurobiol. Aging 26, 491–510 .

iedenhofen, B., Musch, J., 2015. cocor: a comprehensive solution for the statistical com-

parison of correlations. PLoS One 10, e0121945 . 

https://www.osf.io/yp5qt/
http://www.mpg.de
http://www.erc.europa.eu/
https://doi.org/10.1016/j.neuroimage.2023.120099
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0001
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0002
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0003
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0004
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0005
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0006
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0007
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0008
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0009
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0010
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0011
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0012
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0013
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0014
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0015
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0016
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0017
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0018
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0019
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0020
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0021
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0022
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0023
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0024
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0025
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0026
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0027
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0028
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0029


C. Baeuchl, F. Glöckner, C. Koch et al. NeuroImage 273 (2023) 120099 

D  

 

E  

F  

F  

G  

 

 

 

G  

 

G  

G  

 

G  

 

H  

H  

H  

 

H  

I  

I  

K  

 

K  

 

L  

L  

 

L  

L  

 

L  

L  

L  

L

L  

L  

 

L  

L  

 

M  

 

M  

 

M  

 

M  

M  

 

M  

 

 

M  

M  

M  

N  

 

N  

 

 

N  

N  

 

 

N  

 

 

 

O  

P  

 

P  

 

P  

P  

 

P  

 

 

P  

 

 

P  

 

P  

 

P  

 

R  

 

R  

R  

 

R  

 

 

R  

R  

S  

 

S  

 

S  

 

 

S  

S  

 

 

S  

 

oeller, C.F., King, J.A., Burgess, N., 2008. Parallel striatal and hippocampal systems for

landmarks and boundaries in spatial memory. Proc. Natl. Acad. Sci. U. S. A. 105,

5915–5920 . 

vans, W.E., Johnson, J.A., 2001. Pharmacogenomics: the inherited basis for interindivid-

ual differences in drug response. Annu. Rev. Genomics Hum. Genet. 2, 9–39 . 

loresco, S.B., 2013. Prefrontal dopamine and behavioral flexibility: shifting from an "in-

verted-U" toward a family of functions. Front. Neurosci. 7, 62 . 

riston, K.J., Williams, S., Howard, R., Frackowiak, R.S., Turner, R., 1996. Movement-re-

lated effects in fMRI time-series. Magn. Reson. Med. 35, 346–355 . 

arrett, D.D., Nagel, I.E., Preuschhof, C., Burzynska, A.Z., Marchner, J., Wiegert, S., Junge-

hulsing, G.J., Nyberg, L., Villringer, A., Li, S.C., Heekeren, H.R., Backman, L., Lin-

denberger, U., 2015. Amphetamine modulates brain signal variability and working

memory in younger and older adults. Proc. Natl. Acad. Sci. U. S. A. 112, 7593–7598 .

löckner, F., Schuck, N.W., Li, S.C., 2021. Differential prioritization of intramaze cue and

boundary information during spatial navigation across the human lifespan. Sci. Rep.

11, 15257 . 

oodroe, S.C., Starnes, J., Brown, T.I., 2018. The complex nature of hippocampal-striatal

interactions in spatial navigation. Front. Hum. Neurosci. 12, 250 . 

uillaume, B., Hua, X., Thompson, P.M., Waldorp, L., Nichols, T.E.Alzheimer’s Disease

Neuroimaging, I., 2014. Fast and accurate modelling of longitudinal and repeated

measures neuroimaging data. Neuroimage 94, 287–302 . 

uillaume B., Nichols T.E., 2015. Non-parametric inference for longitudinal and repeated-

measures neuroimaging data with the wild bootstrap. Poster presented at the Organi-

zation for Human Brain Mapping (OHBM) in Hawaii. 

arris, M.A., Wolbers, T., 2012. Ageing effects on path integration and landmark naviga-

tion. Hippocampus 22, 1770–1780 . 

arris, M.A., Wolbers, T., 2014. How age-related strategy switching deficits affect

wayfinding in complex environments. Neurobiol. Aging 35, 1095–1102 . 

artley, T., Maguire, E.A., Spiers, H.J., Burgess, N., 2003. The well-worn route and the

path less traveled: distinct neural bases of route following and wayfinding in humans.

Neuron 37, 877–888 . 

ok, V., Chah, E., Reilly, R.B., O’Mara, S.M., 2012. Hippocampal dynamics predict in-

terindividual cognitive differences in rats. J. Neurosci. 32, 3540–3551 . 

aria, G., Palermo, L., Committeri, G., Barton, J.J., 2009. Age differences in the formation

and use of cognitive maps. Behav. Brain Res. 196, 187–191 . 

to, H.T., 2018. Prefrontal-hippocampal interactions for spatial navigation. Neurosci. Res.

129, 2–7 . 

lingberg, T., Forssberg, H., Westerberg, H., 2002. Increased brain activity in frontal and

parietal cortex underlies the development of visuospatial working memory capacity

during childhood. J. Cogn. Neurosci. 14, 1–10 . 

roemer, N.B., Lee, Y., Pooseh, S., Eppinger, B., Goschke, T., Smolka, M.N., 2019. L-DOPA

reduces model-free control of behavior by attenuating the transfer of value to action.

Neuroimage 186, 113–125 . 

eal, S.L., Yassa, M.A., 2015. Neurocognitive aging and the hippocampus across species.

Trends Neurosci. 38, 800–812 . 

ee Y., Deserno L., Kroemer N.B., Pooseh S., Oehme L., Müller D.K., Goschke T., Huys

Q.J.M., Smolka M.N., 2019. Individual differences in dopamine function underlying

the balance between model-based and model-free control. bioRxiv, 860361. 

ester, A.W., Moffat, S.D., Wiener, J.M., Barnes, C.A., Wolbers, T., 2017. The aging navi-

gational system. Neuron 95, 1019–1035 . 

i, S.C., Lindenberger, U., Hommel, B., Aschersleben, G., Prinz, W., Baltes, P.B., 2004.

Transformations in the couplings among intellectual abilities and constituent cogni-

tive processes across the life span. Psychol. Sci. 15, 155–163 . 

i, S.C., Lindenberger, U., Sikstrom, S., 2001. Aging cognition: from neuromodulation to

representation. Trends Cogn. Sci. 5, 479–486 . 

i, S.C., Rieckmann, A., 2014. Neuromodulation and aging: implications of aging neuronal

gain control on cognition. Curr. Opin. Neurobiol. 29, 148–158 . 

i, S.C., Sikstrom, S., 2002. Integrative neurocomputational perspectives on cognitive ag-

ing, neuromodulation, and representation. Neurosci. Biobehav. Rev. 26, 795–808 . 

indenberger, U., Baltes, P.B., 1997. Intellectual functioning in old and very old age: cross–

sectional results from the berlin aging study. Psychol. Aging 12, 410–432 . 

indenberger, U., Mayr, U., Kliegl, R., 1993. Speed and intelligence in old age. Psychol.

Aging 8, 207–220 . 

indenberger, U., Nagel, I.E., Chicherio, C., Li, S.C., Heekeren, H.R., Backman, L., 2008.

Age-related decline in brain resources modulates genetic effects on cognitive func-

tioning. Front. Neurosci. 2, 234–244 . 

isman, J.E., Grace, A.A., 2005. The hippocampal-VTA loop: controlling the entry of in-

formation into long-term memory. Neuron 46, 703–713 . 

und, T.E., Norgaard, M.D., Rostrup, E., Rowe, J.B., Paulson, O.B., 2005. Motion or activ-

ity: their role in intra- and inter-subject variation in fMRI. Neuroimage 26, 960–964 .

alagon-Vina, H., Ciocchi, S., Passecker, J., Dorffner, G., Klausberger, T., 2018. Fluid

network dynamics in the prefrontal cortex during multiple strategy switching. Nat.

Commun. 9, 309 . 

arino, R.A., Levy, R., 2019. Differential effects of D1 and D2 dopamine agonists on mem-

ory, motivation, learning and response time in non-human primates. Eur. J. Neurosci.

49, 199–214 . 

artinet, L.E., Sheynikhovich, D., Benchenane, K., Arleo, A., 2011. Spatial learning and ac-

tion planning in a prefrontal cortical network model. PLoS Comput. Biol. 7, e1002045 .

cNamara, C.G., Dupret, D., 2017. Two sources of dopamine for the hippocampus. Trends

Neurosci. 40, 383–384 . 

cNamara, C.G., Tejero-Cantero, A., Trouche, S., Campo-Urriza, N., Dupret, D., 2014.

Dopaminergic neurons promote hippocampal reactivation and spatial memory persis-

tence. Nat. Neurosci. 17, 1658–1660 . 

cQuail, J.A., Beas, B.S., Kelly, K.B., Simpson, K.L., Frazier, C.J., Setlow, B., Bizon, J.L.,

2016. NR2A-containing NMDARs in the prefrontal cortex are required for work-

ing memory and associated with age-related cognitive decline. J. Neurosci. 36,

12537–12548 . 
15 
offat, S.D., Elkins, W., Resnick, S.M., 2006. Age differences in the neural systems sup-

porting human allocentric spatial navigation. Neurobiol. Aging 27, 965–972 . 

offat, S.D., Kennedy, K.M., Rodrigue, K.M., Raz, N., 2007. Extrahippocampal contribu-

tions to age differences in human spatial navigation. Cereb. Cortex 17, 1274–1282 . 

offat, S.D., Resnick, S.M., 2002. Effects of age on virtual environment place navigation

and allocentric cognitive mapping. Behav. Neurosci. 116, 851–859 . 

agel, I.E., Chicherio, C., Li, S.C., von Oertzen, T., Sander, T., Villringer, A., Heek-

eren, H.R., Backman, L., Lindenberger, U., 2008. Human aging magnifies genetic ef-

fects on executive functioning and working memory. Front. Hum. Neurosci. 2, 1 . 

asreddine, Z.S., Phillips, N.A., Bedirian, V., Charbonneau, S., Whitehead, V., Collin, I.,

Cummings, J.L., Chertkow, H., 2005. The montreal cognitive assessment, MoCA: a

brief screening tool for mild cognitive impairment. J. Am. Geriatr. Soc. 53, 695–699 .

azareth, A., Huang, X., Voyer, D., Newcombe, N., 2019. A meta-analysis of sex differences

in human navigation skills. Psychon. Bull. Rev. 26, 1503–1528 . 

ordin, K., Nyberg, L., Andersson, M., Karalija, N., Riklund, K., Backman, L., Salami, A.,

2021. Distinct and common large-scale networks of the hippocampal long axis in older

age: links to episodic memory and dopamine D2 receptor availability. Cereb. Cortex

31, 3435–3450 . 

yberg, L., Karalija, N., Salami, A., Andersson, M., Wahlin, A., Kaboovand, N.,

Kohncke, Y., Axelsson, J., Rieckmann, A., Papenberg, G., Garrett, D.D., Riklund, K.,

Lovden, M., Lindenberger, U., Backman, L., 2016. Dopamine D2 receptor availability

is linked to hippocampal-caudate functional connectivity and episodic memory. Proc.

Natl. Acad. Sci. U. S. A. 113, 7918–7923 . 

’Keefe, J., Nadel, L., 1978. The Hippocampus As a Cognitive Map. Oxford university

press . 

ackard, M.G., Cahill, L., McGaugh, J.L., 1994. Amygdala modulation of hippocampal-de-

pendent and caudate nucleus-dependent memory processes. Proc. Natl. Acad. Sci. U.

S. A. 91, 8477–8481 . 

ackard, M.G., McGaugh, J.L., 1996. Inactivation of hippocampus or caudate nucleus with

lidocaine differentially affects expression of place and response learning. Neurobiol.

Learn. Mem. 65, 65–72 . 

ackard, M.G., Teather, L.A., 1998. Amygdala modulation of multiple memory systems:

hippocampus and caudate-putamen. Neurobiol. Learn. Mem. 69, 163–203 . 

ackard, M.G., White, N.M., 1991. Dissociation of hippocampus and caudate nucleus mem-

ory systems by posttraining intracerebral injection of dopamine agonists. Behav. Neu-

rosci. 105, 295–306 . 

apenberg, G., Karalija, N., Salami, A., Rieckmann, A., Andersson, M., Axelsson, J., Rik-

lund, K., Lindenberger, U., Lovden, M., Nyberg, L., Backman, L., 2020. Balance be-

tween transmitter availability and dopamine d2 receptors in prefrontal cortex influ-

ences memory functioning. Cereb. Cortex 30, 989–1000 . 

apenberg, G., Li, S.C., Nagel, I.E., Nietfeld, W., Schjeide, B.M., Schroder, J., Bertram, L.,

Heekeren, H.R., Lindenberger, U., Backman, L., 2014. Dopamine and glutamate re-

ceptor genes interactively influence episodic memory in old age. Neurobiol. Aging 35,

e1213–e1218 1213 . 

essiglione, M., Seymour, B., Flandin, G., Dolan, R.J., Frith, C.D., 2006. Dopamine-depen-

dent prediction errors underpin reward-seeking behaviour in humans. Nature 442,

1042–1045 . 

fefferbaum, A., Adalsteinsson, E., Sullivan, E.V., 2005. Frontal circuitry degradation

marks healthy adult aging: evidence from diffusion tensor imaging. Neuroimage 26,

891–899 . 

ower, J.D., Barnes, K.A., Snyder, A.Z., Schlaggar, B.L., Petersen, S.E., 2012. Spurious but

systematic correlations in functional connectivity MRI networks arise from subject

motion. Neuroimage 59, 2142–2154 . 

agozzino, M.E., Detrick, S., Kesner, R.P., 1999a. Involvement of the prelimbic-infralimbic

areas of the rodent prefrontal cortex in behavioral flexibility for place and response

learning. J. Neurosci. 19, 4585–4594 . 

agozzino, M.E., Wilcox, C., Raso, M., Kesner, R.P., 1999b. Involvement of rodent pre-

frontal cortex subregions in strategy switching. Behav. Neurosci. 113, 32–41 . 

ajah, M.N., Languay, R., Grady, C.L., 2011. Age-related changes in right middle frontal

gyrus volume correlate with altered episodic retrieval activity. J. Neurosci. 31,

17941–17954 . 

ieckmann, A., Karlsson, S., Karlsson, P., Brehmer, Y., Fischer, H., Farde, L., Nyberg, L.,

Backman, L., 2011. Dopamine D1 receptor associations within and between dopamin-

ergic pathways in younger and elderly adults: links to cognitive performance. Cereb.

Cortex 21, 2023–2032 . 

olls, E.T., Huang, C.C., Lin, C.P., Feng, J., Joliot, M., 2020. Automated anatomical la-

belling atlas 3. Neuroimage 206, 116189 . 

osenzweig, E.S., Barnes, C.A., 2003. Impact of aging on hippocampal function: plasticity,

network dynamics, and cognition. Prog. Neurobiol. 69, 143–179 . 

chuck, N.W., Doeller, C.F., Polk, T.A., Lindenberger, U., Li, S.C., 2015. Human aging

alters the neural computation and representation of space. Neuroimage 117, 141–150 .

chuck, N.W., Doeller, C.F., Schjeide, B.M., Schroder, J., Frensch, P.A., Bertram, L., Li, S.C.,

2013. Aging and KIBRA/WWC1 genotype affect spatial memory processes in a virtual

navigation task. Hippocampus 23, 919–930 . 

eaman, K.L., Smith, C.T., Juarez, E.J., Dang, L.C., Castrellon, J.J., Burgess, L.L., San

Juan, M.D., Kundzicz, P.M., Cowan, R.L., Zald, D.H., Samanez-Larkin, G.R., 2019.

Differential regional decline in dopamine receptor availability across adulthood: lin-

ear and nonlinear effects of age. Hum. Brain Mapp. 40, 3125–3138 . 

hohamy, D., Adcock, R.A., 2010. Dopamine and adaptive memory. Trends Cogn. Sci. 14,

464–472 . 

iegel, J.S., Power, J.D., Dubis, J.W., Vogel, A.C., Church, J.A., Schlaggar, B.L., Pe-

tersen, S.E., 2014. Statistical improvements in functional magnetic resonance imag-

ing analyses produced by censoring high-motion data points. Hum. Brain Mapp. 35,

1981–1996 . 

olomon, E.A., Lega, B.C., Sperling, M.R., Kahana, M.J., 2019. Hippocampal theta codes

for distances in semantic and temporal spaces. Proc. Natl. Acad. Sci. U. S. A. 116,

24343–24352 . 

http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0030
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0031
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0032
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0033
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0034
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0035
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0036
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0037
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0039
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0040
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0041
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0042
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0043
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0044
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0045
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0046
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0047
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0049
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0050
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0051
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0052
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0053
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0054
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0055
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0056
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0057
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0058
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0059
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0060
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0061
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0062
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0063
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0064
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0065
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0066
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0067
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0068
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0069
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0070
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0071
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0072
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0073
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0074
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0075
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0076
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0077
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0078
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0079
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0080
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0081
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0082
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0083
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0084
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0085
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0086
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0087
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0088
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0089
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0090
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0091
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0092
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0093
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0094


C. Baeuchl, F. Glöckner, C. Koch et al. NeuroImage 273 (2023) 120099 

T  

 

T  

 

V  

 

V  

 

W  

W  

 

W  
hurm, F., Schuck, N.W., Fauser, M., Doeller, C.F., Stankevich, Y., Evens, R., Riedel, O.,

Storch, A., Lueken, U., Li, S.C., 2016. Dopamine modulation of spatial navigation

memory in Parkinson’s disease. Neurobiol. Aging 38, 93–103 . 

sui, J.K., Ross, S., Poulin, K., Douglas, J., Postnikoff, D., Calne, S., Woodward, W.,

Calne, D.B., 1989. The effect of dietary protein on the efficacy of L-dopa: a dou-

ble-blind study. Neurology 39, 549–552 . 

ijayraghavan, S., Wang, M., Birnbaum, S.G., Williams, G.V., Arnsten, A.F., 2007. In-

verted-U dopamine D1 receptor actions on prefrontal neurons engaged in working

memory. Nat. Neurosci. 10, 376–384 . 
16 
o, A., Seergobin, K.N., Morrow, S.A., MacDonald, P.A., 2016. Levodopa impairs

probabilistic reversal learning in healthy young adults. Psychopharmacology 233,

2753–2763 (Berl.) . 

alker, D.A., 2003. JMASM9: converting Kendall’s tau for correlational or meta-analytic

analyses. J. Mod. Appl. Stat. Methods 2, 26 . 

iener, J.M., de Condappa, O., Harris, M.A., Wolbers, T., 2013. Maladaptive bias for

extrahippocampal navigation strategies in aging humans. J. Neurosci. 33, 6012–6017 .

underlich, K., Smittenaar, P., Dolan, R.J., 2012. Dopamine enhances model-based over

model-free choice behavior. Neuron 75, 418–424 . 

http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0095
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0096
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0097
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0098
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0099
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0100
http://refhub.elsevier.com/S1053-8119(23)00245-8/sbref0101

	Dopamine differentially modulates medial temporal lobe activity and behavior during spatial navigation in young and older adults
	1 Introduction
	2 Methods
	2.1 Participants
	2.2 Study procedure and pharmacological intervention
	2.3 Spatial navigation task
	2.4 MRI data acquisition
	2.5 Behavioral analyses of spatial learning and memory performance
	2.6 Boundary and location cue model of spatial navigation
	2.7 Functional MRI preprocessing and statistical analyses
	2.8 Associations between L-DOPA-induced changes in the outcome measures of the learning and transfer phase

	3 Results
	3.1 Effects of age and L-DOPA on spatial learning and memory performance
	3.2 Age effects on travelled path length and navigation duration during spatial learning
	3.3 Effects of age andL-DOPA on boundary and location cue sensitivity
	3.4 Correlations between L-DOPA induced changes in the learning and transfer phase
	3.5 Functional MRI results

	4 Discussion
	5 Limitations and conclusions
	Data and code availability
	Declaration of Competing Interest
	Credit authorship contribution statement
	Acknowledgments
	Supplementary materials
	References


