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Deficits in dopamine function cause alterations in episodic memory. Converging evi-
dence implicates dopamine in postencoding hippocampal mechanisms inferred to sup-
port long-term memory, though there is a lack of direct evidence in humans. We address
this gap using pharmacological functional MRI (fMRI) and positron emission tomogra-
phy (PET). Using a motivated reward encoding task on and off oral methylphenidate, we
tested whether individual differences in baseline dopamine ("qy raclopride PET D2/3
receptor density) relate to drug-induced changes in hippocampal postencoding processes.
Our study focused on healthy older adults, who are among those most vulnerable to
memory decline and may benefit from pharmacologically enhancing dopamine. We
found that methylphenidate administration was associated with improved memory per-
formance relative to placebo for both high and low reward conditions. Older adults with
high receptor density showed greater persistence of hippocampal multivoxel patterns
into postencoding rest and stronger hippocampus-midbrain resting-state connectivity
following encoding while on methylphenidate. These findings support the view that
enhanced dopaminergic tone, verified through PET, directly modulates hippocampal
postencoding dynamics in humans. Substantial variation in neurobiological effects was
associated with individual differences in baseline dopamine function as older adults
with high dopamine receptor density profiles showed preferential benefit of drug on
hippocampal function, though these insights are qualified by null associations between
memory performance and postencoding hippocampal activity. Individuals with lower
dopamine receptor profiles showed preferential benefit of reward incentives suggesting
altered sensitivity to extrinsic motivational factors depending on endogenous dopamine
function.

dopamine | simultaneous PET/fMRI | reward memory | aging

There is considerable variation in episodic memory ability across individuals, which can
be linked to neurobiological factors including differences in endogenous dopamine func-
tion. Highly replicated findings indicate the density of dopamine receptors declines in
older age (1, 2), and popular frameworks propose that receptor losses mediate reductions
in memory performance across the lifespan (3). The beneficial impact of reward incentives
on memory performance is maintained in aging (4), which, given dopamine’s role in
reward-motivated cognition, suggests that dopamine circuits can be successfully leveraged
to enhance memory in older adults. Despite detailed mechanistic research on dopaminergic
modulation of memory and neural activity in animal models (5-7), there is a need for
basic research investigating how dopamine shapes memory-related functional brain imag-
ing measures in humans to inform the development of future therapeutic interventions
targeting the dopamine system.

Observations that reward-related memory enhancement is often minimal or absent
immediately following encoding, but requires longer temporal delays (8—10) have
underscored the importance of postencoding consolidation to long-term memory and
suggest dopamine’s involvement in these processes. Supporting this view, dopamin-
ergicdrugsoftenimpactdelayed, but notimmediate measures of hippocampus-dependent
cognition (11-13). Studies of postencoding mechanisms of synaptic plasticity directly
implicate dopamine in the modulation of late long-term potentiation (14).
Postencoding processes are also commonly studied by investigating the reappearance
of encoding-related hippocampal activity patterns during later periods of rest, as
observed in rodents and other nonhuman animals (15, 16). Critically, direct stimu-
lation of dopaminergic inputs to the hippocampus during encoding has been shown
to increase postencoding hippocampal replay and improve memory performance in
rodent models (7).
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There is substantial interest in the
mechanisms by which dopamine
modulates motivated memory
and hippocampal activity, and
particularly in processes that
occur after encoding. Through

a combination of molecular
imaging and pharmacological
manipulation, we provide the
most direct demonstration to
date linking the dopamine system
with postencoding hippocampal
dynamics in humans. Our
findings provide evidence that the
effects of a dopaminergic drug

on hippocampal postencoding
function are related to individual
differences in baseline dopamine.
This initial work suggests that
pharmaceutical interventions are
a viable strategy for modulating
hippocampal processes,
particularly in older adults, who
are among those most vulnerable
to hippocampal functional
changes.
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In human fMRI studies, previous research has leveraged pattern
analyses to demonstrate that encoding activation patterns persist
into postencoding rest (17). Gruber et al. (18) extended this work
to show that persistence of multivoxel patterns can be modulated
by monetary reward incentives and is accompanied by increased
functional connectivity between dopaminergic midbrain nuclei and
hippocampus, providing a link between postencoding fMRI meas-
ures and the dopaminergic reward system (19). In healthy young
populations, pattern similarity between encoding and rest and
increased resting-state functional connectivity (RSFC) are corre-
lated with subsequent memory performance (17, 18, 20), indicat-
ing that the persistence of encoding-related processes into rest holds
behavioral relevance and represents a meaningful measure for
understanding the neural mechanisms supporting memory. There
is currently a lack of direct evidence in humans that dopamine
supports the persistence of task-related multivoxel patterns and
functional connectivity, either by increasing dopamine pharmaco-
logically or measuring endogenous dopamine function in vivo.

Evaluating baseline dopamine function is essential for inter-
preting the effects of dopamine drugs, which can vary widely
depending on individual differences in baseline dopamine
(21, 22). This finding was initially established in nonhuman ani-
mals (23, 24) and corroborated with human research demonstrat-
ing that effects of dopamine drugs on cognition and fMRI
activation depend on genetic polymorphisms corresponding to
individual differences in dopamine function (25). Positron emis-
sion tomography (PET) studies extended this work to show that
baseline levels of dopamine synthesis capacity can predict the
effects of a dopamine agonist on reversal learning (26). This
research highlights the need to account for baseline dopamine
when assessing the impacts of dopamine drugs on cognitive and
neural processes. In particular, aging studies using pharmacological
manipulations are often limited by lack of knowledge about the
integrity of participants’ dopamine systems.

The goal of the current study was to investigate how endogenous
baseline dopamine function relates to drug and reward-induced
changes in memory and postencoding hippocampal processes in
healthy older adults. To test this, we collected fMRI scans on
and off oral methylphenidate (20 mg), which increases synaptic
dopamine by blocking dopamine reuptake (27, 28). During fMRI
scanning, participants completed a reward-motivated encoding task
followed by a resting-state scan to assess persistence of encoding-
related processes into rest (Fig. 14). Postencoding fMRI measures
included 1) persistence of hippocampal activation, operationalized
as the degree of correlation between hippocampal multivoxel pat-
terns evoked during task encoding and those observed during each
resting-state scan (17, 29), and 2) RSFC between the hippocampus
and midbrain. While an extensive body of literature has demon-
strated cortical pattern similarity during retrieval in both young and
older adults (30, 31), spontancous reinstatement of fMRI patterns
during rest has been studied exclusively in young adults. It is
currently unknown whether pattern reinstatement during rest
occurs in older adults [but see (32) and (33) for studies demon-
strating changes in functional connectivity in aginlg]. Critically,
we assessed baseline D2/3 receptor density with [''Clraclopride
PET to investigate how individual differences in dopamine recep-
tor profiles relate to reward and methylphenidate-induced changes
in memory and postencoding dynamics. We hypothesized that
both hippocampus-midbrain RSFC and multivoxel pattern sim-
ilarity between encoding and rest would increase following the
task, reflecting carryover or reactivation of encoding-related pro-
cesses. Further, we predicted that individuals with the most intact
dopamine systems would experience the strongest persistence of
task-related processes.

https://doi.org/10.1073/pnas.2526799123

Results

Memory Is Enhanced on Methylphenidate and for High Reward.
Healthy older adult participants (n = 46) completed a reward-
motivated encoding task during both placebo and drug scanning
sessions (Fig. 1B). To-be-encoded images were shown on either
a high reward background ($5 per remembered item) or a low
reward background ($0.01 per remembered item). Encoding
blocks were cued with a screen showing “High Reward” or “Low
Reward” and reward amounts were overlaid on the background
scenes. Memory was assessed 24 h later for 1) item recognition by
showing participants an image and asking if they had viewed the
image during scanning, and 2) object-context associative memory
in which participants were asked to match images with the correct
background context (high or low reward).

Item recognition results showed expected effects of drug and
reward. Specifically, a Drug*Reward linear mixed effects model
(LME with a random intercept) predicting item memory (hit rate
— false alarm rate) demonstrated methylphenidate enhanced mem-
ory performance relative to placebo (main effect of Drug: t = 2.88,
P=0.005, £ =0.07; Fig. 1Cand Table 1). This finding is consist-
ent with work in young adults demonstrating that methylpheni-
date can improve long-term memory performance (34). Monetary
incentives also enhanced memory such that participants recog-
nized more items viewed within high reward contexts compared
with items viewed within low reward contexts (main effect of
Reward: t = 3.98, P=0.0001, £ = 0.14). This aligns with previous
work demonstrating intact effects of reward on memory in older
adults (35, 36). We did not find evidence that drug altered the
impact of reward on memory (Drug*Reward interaction: t =
-0.47, P = 0.64, f = 0.002).

As a large proportion of participants performed below chance
level for object-context memory for one or more task conditions
(>22% below chance across all drug and reward conditions), we
focused our analyses on item memory. Results for the Drug*Reward
interaction on object-context memory are reported in S Appendix

and presented in S Appendix, Fig. S1.

[11C]raclopride BPyp Decreases on Drug. [”C]raclopride is a
commonly used dopamine PET tracer, particularly in studies
on aging (2, 37, 38), and provides a measure of D2/3 receptor
density. [''Clraclopride binds competitively with dopamine to
D2/3 receptors, and enhancement of synaptic dopamine causes
decreases in [''C] raclopride signal (28, 39). Consistent with work
in young adults (40), we demonstrated a significant decrease
in ["'Clraclopride nondisplaceable binding potential (BPyp,
abbreviated D2DR) from placebo to drug in dorsal caudate
(DCA) in our sample of healthy older adults (t = -4.96, P =
0.0001, £ = 1.54; Fig. 1D). Due to a low number of participants
with both placebo and drug "' raclopride scans (n = 17), we
focus subsequent analyses on the larger sample of participants with
baseline (placebo) [''C) raclopride and fMRI/behavior across both
placebo and drug conditions (n = 31). These displacement findings,
however, provide critical proof of concept that methylphenidate
caused measurable and significant increases in dopamine tone in
our older adult population. We chose to analyze D2DR in DCA
as this region has previously been implicated in hippocampus-
related memory function (37). In older adults, higher D2/3
receptor density was directly related to better episodic memory

and hippocampal RSFC (37).

Multivoxel Hippocampal Patterns Carry Over Into Rest.
Hippocampal activation patterns carry over into rest in young
adults (17), but it is currently unknown whether multivoxel
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Fig. 1. Study design, behavioral results, and effect of drug on [''CJraclopride. (4) Participants completed two fMRI scans, the first on placebo and the second
on methylphenidate. Each scan included a reward task and resting-state fMRI scans immediately before and after the task. [''CJraclopride dopamine PET was
collected during each scanning session. (B) During each scanning session, participants encoded images overlaid on two different backgrounds associated with
high ($5) and low reward ($0.01). Item recognition memory was assessed during a surprise memory test 24 h after scanning. (C) Effects of drug and reward on
item recognition memory (hit rate — false alarm rate). Placebo n = 46, drug n = 35. (D) An example participant's native space [''Clraclopride PET scan (Top Left).
[”C]raclopride was measured in dorsal caudate (DCA), displayed in red (Bottom Left). DCA [”C]raclopride nondisplaceable binding potential (BP,p, abbreviated
as D2DR) decreased on drug (pink) relative to placebo (green). Placebo n =17, drug n = 17. *P <0.01, **P < 0.001.

patterns persist into rest in older adults. To investigate fMRI
pattern similarity between encoding and rest, we used a
previously developed method that involves correlating pairs
of time series for every voxel in the hippocampus to create
multivoxel correlation structure (MVCS) matrices that reflect
voxel coactivation patterns (17). We computed these matrices
separately for high and low reward encoding, pretask rest, and
posttask rest for each participant. A representative participant’s
MVCS matrices are shown in Fig. 24. We then correlated the
encoding MVCS matrices with each rest matrix to obtain pre-
and posttask similarity values (Fisher z-transformed Pearson’s
correlation coeflicient). If task-related activation patterns carry

PNAS 2026 Vol.123 No.6 2526799123

over into rest, similarity between encoding and rest should be
higher for posttask relative to baseline pretask rest, indicating that
patterns of encoding-related activation established during the
task are reinstated following the task. We tested this hypothesis
at the group level using a Drug*Reward*Stage interaction
predicting the Fisher z-transformed correlations between
MVCSs. We found that similarity between encoding and rest
increased posttask relative to pretask (main effect of Stage: t =
3.22, P = 0.001, £ = 0.05; Fig. 2B and Table 24), suggesting
that encoding-related activation patterns persist beyond the
task. Although there was no Stage*Drug interaction (t = -0.46,
P =0.65, f* = 0.001), for completeness, we note that the main

https://doi.org/10.1073/pnas.2526799123 3 of 11
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Table 1. Drug*Reward interaction on item memory using a linear mixed effects (LME) model

Variable Unstandardized Coef. SE t-value P-value 95% ClI (Lower) 95% CI (Upper)
Item memory ~ Drug*Reward + Age + Sex

(Intercept) 0.23 0.31 0.75 0.46 -0.40 0.86
Drug 0.03 0.01 2.88 0.01 0.01 0.06
Reward 0.04 0.01 3.98 <0.01 0.02 0.07

Age 0.00 0.00 0.24 0.81 -0.01 0.01

Sex 0.06 0.04 1.30 0.20 -0.03 0.14
Drug*Reward -0.01 0.01 -0.47 0.64 -0.03 0.02

4 of 11

The dependent variable is adjusted hit rate (hit rate - false alarm rate). Covariates include age and sex.

effect of Stage appears to be driven by the placebo scan for both
high reward (t = 2.53, P = 0.02, £ = 0.18) and low reward (¢ =
2.44,P=0.02, f = 0.16) and was not observed at the group level
on drug for either high reward (t = 0.79, P = 0.44, £ =0.02) or
low reward (¢t = 1.48, P = 0.15, f* = 0.08), which may be due to
greater individual variation in pattern similarity on drug. There

was also no main effect of Reward or interactions with Reward
(P > 0.23), suggesting that reward does not modulate pattern
similarity. Together, these results demonstrate that persistence
of activation patterns into rest can be observed in older adults,
but that modulation of these effects by drug and reward is not
consistent on a group level.
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Fig. 2. Multivoxel pattern reinstatement and resting-state functional connectivity (RSFC). (A) Time series were extracted from each hippocampal voxel and
correlated with the time series for every other voxel in the hippocampus to create multivoxel correlation structures (MVCSs), which are shown for an example
participant for pretask rest, high reward encoding, and posttask rest. Colors in the matrices represent correlation values between pairs of voxel time series. (B)
Group-level reinstatement analyses examining the difference in Fisher z-transformed encoding ~ rest correlations for posttask rest (brown) relative to pretask
rest (pink). Panels split analyses by placebo and drug scanning sessions, with high and low reward on the x-axis. Placebo n = 37, drug n = 29. (C) Schematic
showing hippocampus-SN/VTA RSFC. (D) Group-level hippocampus-SN/VTA RSFC analyses testing for differences between pretask and posttask connectivity,

split by placebo and drug sessions. Placebo n = 40, drug n = 31. *P < 0.05
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Table 2. (A) Drug*Reward*Stage interaction on pattern similarity using a linear mixed effects (LME) model; (B)
Drug*Stage interaction LME model on resting-state functional connectivity (RSFC)

Variable Unstandardized Coef. SE t-value P-value 95% Cl (Lower) 95% Cl (Upper)
(A) Pattern similarity ~ Drug*Reward*Stage + Age + Sex

(Intercept) 0.23 0.15 1.56 0.13 -0.07 0.54
Drug -0.00 0.01 -0.11 0.91 -0.01 0.01
Reward 0.00 0.01 0.01 0.99 -0.01 0.01
Stage 0.01 0.01 3.22 <0.01 0.01 0.02
Age 0.01 0.00 2.93 0.01 0.00 0.01
Sex -0.05 0.02 -2.27 0.03 -0.09 -0.01
Drug*Reward -0.01 0.01 -1.19 0.23 -0.01 0.00
Drug*Stage -0.00 0.01 -0.46 0.65 -0.01 0.01
Reward*Stage -0.00 0.01 -0.45 0.65 -0.01 0.01
Drug*Reward*Stage -0.00 0.01 -0.48 0.63 -0.01 0.01
(B) Resting-state functional connectivity (RSFC) ~ Drug*Stage + Age + Sex

(Intercept) 1.20 0.32 3.71 <0.01 0.54 1.85
Drug 0.02 0.01 1.40 0.16 -0.01 0.04
Stage 0.03 0.01 2.49 0.01 0.01 0.06
Age -0.01 0.01 -2.39 0.02 -0.02 -0.00
Sex -0.03 0.04 -0.58 0.57 -0.12 0.07
Drug*Stage -0.01 0.01 -0.80 0.42 -0.04 0.01

Models adjust for age and sex as covariates

Hippocampus-SN/VTA RSFC Increases After Encoding. Midbrain
dopamine-producing nuclei (substantia nigra and ventral tegmental
area, SN/VTA) have previously been linked with hippocampus-
related reward-motivated memory processes (18, 41). If our
reward-motivated memory task influences hippocampal-SN/
VTA interactions, we would expect RSFC between these regions
to increase following the task relative to baseline rest (Fig. 2C). We
tested this using a Drug*Stage interaction analysis predicting RSFC
(Fisher z-transformed Pearson’s correlation between average time
series for the hippocampus and SN/VTA). Similar to the multivoxel
pattern analysis, RSFC was stronger during posttask rest relative to
pretask rest, in line with proposals that communication between
these regions is enhanced following the task (main effect of Stage:
t=2.49, P=0.01, £ = 0.06; Fig. 2D and Table 2B). There was no
main effect of Drug and no Stage*Drug interaction (2 > 0.16).
However, the difference between pre- and posttask rest was limited
to the placebo scan (t = 3.24, P = 0.002, £ = 0.27) and was not
observed on drug (t = 0.87, P = 0.39, £ = 0.02). These findings
mirror the pattern similarity results and indicate that communication
between the hippocampus and midbrain increases immediately after
encoding.

Drug Effects on Postencoding Neural Dynamics Relate to
Baseline D2DR. A major goal of our study was to investigate

whether endogenous baseline dopamine, measured with [''C
raclopride PET, could predict drug-related changes in hippocampal
postencoding processes. To examine relationships between D2DR
and pattern similarity, we tested a Drug*Reward*D2DR interaction
predicting pattern similarity between encoding and rest (posttask
— pretask; Fig. 34 and Table 34). Higher D2DR related to higher
pattern similarity for both high and low reward on drug but not
placebo (Drug*D2DR interaction: t = 4.80, = 0.00001, £=0.39).
This finding is consistent with studies showing that incorporating
baseline measures of dopamine is necessary for interpreting drug
effects (21). In a separate model, we also tested whether D2DR

PNAS 2026 Vol.123 No.6 2526799123

related to the difference in pattern similarity from placebo to drug
(drug-placebo) but found no significant effect of D2DR (main
effect of D2DR: t = 1.60, P = 0.14, f* = 0.20; Fig. 3B).

We next conducted parallel analyses testing for relationships
between hippocampus—SN/VTA RSFC and D2DR. Consistent with
the pattern similarity analysis, higher D2DR related to stronger
RSFC (post-pre) on drug but not placebo (Drug*D2DR interaction:
t=3.20, P = 0.004, £ = 0.44; Fig. 3C and Table 3B). Additionally,
higher D2DR related to greater difference in RSFC from placebo to
drug (drug-placebo; t = 2.43, P= 0.03, £ =0.67; Fig. 3D).

Reward Improves Memory for Individuals With Low D2DR.
After establishing that D2DR predicts change in hippocampal
postencoding measures, we conducted parallel analyses
investigating whether D2DR also predicts change in memory
performance. We first tested a Drug*Reward*D2DR interaction
predicting item memory (hit rate - false alarm rate). There was
no significant three-way interaction predicting item memory
(t = 0.76, P = 0.45, £ = 0.009). There was a significant main
effect of Reward (t = 2.83, P = 0.006, £ = 0.12), which was
qualified by a significant Reward*D2DR interaction (t = -2.48,
P=0.02, = 0.09; Fig. 4 and Table 3C). There were no other
significant main effects or interactions (P > 0.15). Post hoc
regressions probing the Reward*D2DR interaction revealed
that lower D2DR related to better memory for high reward
collapsing across drug conditions (t = -2.64, P = 0.01, * = 0.28)
whereas there was no relationship between D2DR and low
reward collapsing across drug conditions (t = -0.55, P = 0.59,
£ = 0.02). This finding suggests that individuals with lower

D2/3 receptor density are most sensitive to reward incentives.

Hippocampal Reinstatement and Hippocampus-SN/VTA RSFC
Do Not Relate to Memory Performance. While reinstatement
and hippocampus—SN/VTA connectivity have been linked with
memory performance in young adults (18), we did not find
evidence that either of these fMRI measures relate to memory in

https://doi.org/10.1073/pnas.2526799123 5 of 11
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our sample of older adults. Results for these analyses are reported

in SI Appendix and displayed in S/ Appendix, Fig. S2.

Discussion

This study advances our understanding of the mechanisms under-
lying human episodic memory and hippocampal processes in the
following ways. First, by combining pharmacology and assess-
ment of baseline dopamine function, we directly implicate dopa-
mine in the modulation of postencoding fMRI dynamics.
Second, we demonstrate that baseline dopamine function can be
used to forecast the degree to which an individual may benefit
from reward incentives versus acute pharmacological treatment
(Fig. 5). Relevant to human aging, we replicate past research
demonstrating that monetary reward enhances memory in older
adults. We additionally demonstrate that encoding-related hip-
pocampal pattern activity patterns persist during later periods of
rest in healthy aging. Further, we verify that methylphenidate
increases the availability of synaptic dopamine as measured by
PET and improves episodic memory, which has not, to our
knowledge, been previously established in older adult humans.
Together, these findings support the viability of targets for
enhancing human memory and provide direct mechanistic
insight into how endogenous dopamine function shapes brain
activity and behavior.

https://doi.org/10.1073/pnas.2526799123

We complement and extend a growing body of research on
postencoding dynamics in humans by providing evidence sup-
porting the view that these fMRI signatures are modulated by
dopamine. Specifically, we demonstrate that the pharmacological
responsivity of two established fMRI measures, posttask pattern
similarity and hippocampus—SN/VTA connectivity, is directly
related to individual differences in dopamine function as measured
with PET. We did not find that methylphenidate significantly
increased pattern similarity or connectivity on a group level but
instead found that these fMRI signatures were directly related to
D2/3 receptor density profiles. These findings align with prior
work in young adults demonstrating that baseline dopamine pre-
dicts effects of drugs (26) and suggest that older adults with the
most well-maintained dopamine systems may display the largest
boosts in hippocampal function from pharmaceutical enhance-
ments in dopamine.

In contrast to classic inverted U-shaped effects whereby indi-
viduals with deficient dopamine function benefit most from phar-
macological augmentation (21), we found that drug did not
strengthen postencoding fMRI signatures in those older adults
with lowest D2DR profiles. These findings suggest that sustained
increases in dopamine availability through pharmacological
enhancement overwhelms or “overdoses” the system in individuals
with very low receptor density. Additional research using lower
drug doses would be needed to test this hypothesis for low receptor
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Table 3. (A) Relationship between baseline dorsal caudate (DCA) D2DR and reinstatement (pattern similarity, post-
pre); (B) Relationship between baseline DCA D2DR and RSFC; (C) Relationship between baseline DCA D2DR and item

memory (hit rate - false alarm rate)

Variable Unstandardized Coef. SE t-value P-value 95% Cl (Lower) 95% Cl (Upper)
(A) Pattern similarity (post-pre) ~ D2DR*Drug*Reward + Age + Sex

(Intercept) -0.77 0.26 -2.96 0.01 -1.31 -0.23
Caudate D2DR 0.21 0.06 3.76 <0.01 0.09 0.33
Drug -0.36 0.08 -4.75 <0.01 -0.51 -0.21
Reward 0.03 0.07 0.48 0.63 -0.11 0.18
Age 0.00 0.00 1.51 0.15 -0.00 0.01
Sex 0.02 0.03 0.90 0.38 -0.03 0.08
Caudate D2DR*Drug 0.16 0.03 4.80 <0.01 0.10 0.23
Caudate D2DR*Reward -0.02 0.03 -0.56 0.58 -0.08 0.05
Drug*Reward 0.02 0.07 0.24 0.81 -0.13 0.16
Caudate D2DR*Drug*Reward -0.01 0.03 -0.32 0.75 -0.07 0.06
(B) RSFC (post-pre) ~ D2DR*Drug + Age + Sex

(Intercept) -0.64 0.64 -1.00 0.33 -1.94 0.67
Caudate D2DR 0.28 0.13 213 0.04 0.01 0.56
Drug -0.71 0.23 -3.08 0.01 -1.18 -0.23
Age 0.00 0.01 0.10 0.92 -0.01 0.01
Sex 0.03 0.06 0.53 0.60 -0.10 0.17
Caudate D2DR*Drug 0.33 0.10 3.20 <0.01 0.12 0.54
(C) Item Memory ~ D2DR*Drug*Reward + Age + Sex

(Intercept) 0.87 0.59 1.48 0.15 -0.34 2.07
D2DR -0.19 0.13 -1.50 0.15 -0.45 0.07
Drug -0.06 0.11 -0.56 0.58 -0.27 0.15
Reward 0.28 0.10 2.83 0.01 0.08 0.48
Age -0.00 0.01 -0.12 0.90 -0.01 0.01
Sex 0.02 0.06 0.26 0.80 -0.11 0.14
D2DR*Drug 0.05 0.05 0.97 0.34 -0.05 0.14
D2DR*Reward -0.11 0.04 -2.48 0.02 -0.20 -0.02
Drug*Reward -0.09 0.10 -0.86 0.39 -0.28 0.11
D2DR*Drug*Reward 0.03 0.04 0.76 0.45 -0.06 0.12

Models are LME interaction models adjusting for age and sex.

participants. However, it is important to note that these low recep-
tor individuals showed the greatest impact of reward incentives
on memory performance. These findings are broadly consistent
with previous work in young adults, which established greater
behavioral gains for rewarded Stroop trials in individuals with low
caudate dopamine synthesis capacity rather than high dopamine
synthesis capacity (42). Further, individuals carrying genetic pol-
ymorphisms associated with lower striatal D2 receptor density
have been shown to exhibit greater reward sensitivity (43).
Together these findings speak to the potential of motivation-based
interventions to improve cognitive performance for low-dopamine
individuals. Work using cognitive neurostimulation and instructed
neurofeedback has demonstrated that instructed motivation can
activate the dopamine system and improve long-term memory
performance (44, 45). Though lower pharmacological dosing may
prove effective, strategies to heighten motivation and transiently
engage the dopamine system may be attractive intervention
approaches for older adults with lower dopamine function.

Our study provides evidence of postencoding increases in hip-
pocampal pattern similarity in older adults and extends previous
literature investigating postencoding functional connectivity
increases in aging (32, 33). This initial demonstration that pos-
tencoding effects are observed in aging is noteworthy in light of
a related body of work, which has demonstrated age-related

PNAS 2026 Vol.123 No.6 2526799123

dysregulation of neural representations. Generally, aging is accom-
panied by dedifferentiation of brain networks (46), and relevant
to memory processes, a decline in the quality of perceptual rep-
resentations (47) and reductions in multivoxel similarity between
encoding and retrieval hippocampal fMRI patterns (48). There
are also alterations in the type of information that is successfully
encoded, with age-related shifts toward gist-based (49), or cate-
gorical representations (47). The current study is limited by lack
of a young adult comparison group, and it will be important for
future studies to probe age-group differences in the type of infor-
mation that is carried over from encoding to rest, and whether
item-specific representations or perceptual features can be decoded
in older brains.

While we found evidence that hippocampal patterns persisted
into postencoding rest, this postencoding effect appeared to be
relatively decoupled from later memory performance. Though we
limit our interpretation of null results, it is notable that reward
incentives significantly enhanced memory but did not modify the
degree of hippocampal pattern similarity despite findings demon-
strating reward-related increases in reinstatement in young adults
(18). Future studies may investigate whether and how aging
impacts reward’s modulating effects on multivoxel patterns using
high-resolution fMRI. Such studies would support analyses spe-
cifically targeting the anterior hippocampus, which may be more
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sensitive to reward-motivated memory effects (19). Future work
is also needed to investigate memory tasks without an explicit
reward component to define the extent to which linkages among
endogenous dopamine function, dopamine augmentation, and
hippocampal signatures are observed generally following encoding
or rely on the promise of monetary reward. Independent of
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reward, we did not detect significant associations between memory
performance and either postencoding pattern similarity or func-
tional connectivity increases in our current older adult sample.
Though there is strong evidence that postencoding fMRI signa-
tures are related to better subsequent memory performance (17,
18, 20), other work has found no relationship between pattern
similarity and cognition (50). Other studies suggest that pattern
similarity may relate to information that is forgotten over time
rather than remembered (51) and that pattern similarity prioritizes
weakly encoded information (52). These studies point to a
nuanced role for persistence of activation patterns in memory
processes, which may also interact with age. Memory performance
in our participants may have depended more heavily on later
consolidation processes, such as those that occur during sleep,
which were not examined in this study.

This study is limited by our inability to account for other
age-related factors impacting hippocampal function and episodic
memory, most notably the accumulation of age and Alzheimer’s
disease (AD)-related tau pathology. While there are active lines of
research investigating interactions among tau pathology, sleep,
and episodic memory in aging (53) there is a lack of AD-relevant
research incorporating multivariate fMRI approaches for exam-
ining pathology’s impact on encoding and postencoding dynam-
ics. The current study relied on PET imaging to assess endogenous
dopamine function and was thus limited in sample size. Due to
the small sample size, we were limited in our ability to detect
interaction effects, and further work with larger samples is needed
to replicate our findings. Recent work has explored novel tech-
niques for investigating dopamine function in humans, including
hemodynamic latency in the striatum and neuromelanin-sensitive
structural scanning of the substantia nigra (54, 55). Further devel-
opment of these techniques will provide less invasive and more
accessible alternatives to PET scanning and promise to support
better integration of findings across fields of cognitive and

Hippocampal Post-Encoding Dynamics

Multivoxel
Pattern
Reinstatement

Fig. 5. Graphical summary. Partici-
pants were scanned on and off drug
(methylphenidate) while completing
a reward-motivated encoding task
(Top Left). Postencoding hippocampal
dynamics included multivoxel pattern
similarity between encoding and rest
and RSFC between the hippocampus
and dopaminergic midbrain regions
(Top Right). Individuals with the high-
est caudate D2/3 dopamine receptor
density, measured with [''CJraclopride
PET scanning, exhibited the greatest
postencoding drug-related increas-
es in hippocampal processes, while
individuals with lower D2/3 receptor
density demonstrated the greatest
reward-related increases in memory
performance (Bottom panel).

Drug increases hippocampal
post-encoding processes
in HIGH receptor individuals

Reward increases memory
in LOW receptor
individuals
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systems-level neuroscience. The drug scan was always completed
second due to the amount of time methylphenidate takes to
metabolize. This raises the possibility that the drug effects observed
in this study were confounded by order effects. While we do not
anticipate strong practice effects due to the passive encoding
nature of the task and prior practice before the first scanning
session, previous work has shown that order effects moderate the
impact of dopaminergic drugs (56). This points to the value of
future work using crossover designs.

In summary, this study sheds light on the role of dopamine in
modulating postencoding fMRI dynamics in humans and under-
scores the necessity for understanding individual differences in
endogenous dopamine function for interpreting responses to
reward incentives and pharmacological treatment.

Materials and Methods

Participants. Our sample included 46 healthy older adult participants (60 to
82 y old, mean age = 69.24, 52% female). Details on participant attrition and
exclusions are reported in S/ Appendix under Detailed Methods and are displayed
in SI Appendix, Fig. S3. Participants were recruited from the greater Boston area
as part of the Brandeis Aging Brain Study and underwent neuropsychological
testing to establish that they are cognitively normal. Inclusion criteria are at least
12 years of education, a Mini Mental State Exam (MMSE) score greater than 26,
and a Geriatric Depression Scale (GDS) score less than 13. Participants did not
have a history of neurological, psychological, or systemic medical illness affecting
cognition (such as a brain tumor, late-stage cancer, hepatic failure, chronic severe
pulmonary disease, or large cortical infarcts). Additionally, participants were
not taking stimulant medications and did not have MRI contraindications. The
Brandeis University Human Research Protection Program and the Massachusetts
General Brigham (MGB) Partners Human Research Protection Program approved
this study. Participants provided written informed consent and received monetary
compensation for their participation.

Reward Memory Encoding Task. The reward motivated memory task was
adapted from Gruber et al. (18) and was carried out during both placebo and
drug scanning sessions. Of the 46 participants in our sample, 35 had drug behav-
joral data. During placebo and drug scans, participants completed block-design
fMRI runs in which they were asked to encode the objects that appeared on the
screen. Blocks were 15 s each (3 images/block, 10 blocks/run) and alternated
between "high reward" encoding conditions ($5 for each remembered item) and
"low reward" encoding conditions ($0.01 for each remembered item). Stimuli
appeared in either high reward or low reward "contexts” (background scenes).
Reward blocks were cued with a slide showing the words "High Reward” or
“Low Reward" before the start of each block. Text showing the reward amount
($5 or $0.01) appeared on the screen overlaid on the background images.
Before beginning the scanning sessions, participants were reminded of which
background was associated with which reward condition and were asked to ver-
bally confirm their knowledge of the reward background scenes. Between each
encoding block was an inter-block period in which participants pressed right
or left buttons in response to arrows presented on the screen. This condition
was designed to prevent continued rehearsal/encoding during baseline meas-
urements. Participants completed a short memory test immediately after both
runs of the encoding task, during which they were shown 8 items and asked
to indicate whether they had viewed the items during the encoding task. The
purpose of this immediate memory test was to prevent continued rehearsal
during the posttask resting-state scan, as has been done in past work (19). Data
from this immediate memory test were not analyzed. Twenty-four hours after
the second scanning session, participants were given a surprise memory test
(outside of the scanner) to assess memory for 1) item recognition and 2) item-
context associations. During the surprise memory test, they viewed 60 old items
previously seen in the scanner (30 high reward items and 30 low reward items)
and 60 new items. To assess item memory, they were first shown an image and
asked to rate their confidence in whether the item was old (1 = New, 2 = Likely
New, 3 = Likely OId, 4 = Old). I they selected Old or Likely Old, they were then
asked to match the image with the correct background on which the image had

PNAS 2026 Vol.123 No.6 2526799123

appeared (context memory). For behavioral and fMRI analyses, we collapsed
across item memory confidence ratings such that items rated “3" and "4" were
both considered "Old" and items rated "1" and "2" were both considered “New."
For both item and context memory, the primary measure of interest was adjusted
hit rate (hit rate — false alarm rate), where hit rate was defined as the number
of correctly identified old items divided by the number of total old items, and
false alarm rate was the number of new (lure) items incorrectly identified as old
items divided by the total number of lures. To limit potential practice effects,
participants practiced the task on a computer outside of the scanner before the
first scanning session. Participants viewed different items for placebo and drug
scans, and item order was randomized across participants. Approximately half of
participants viewed a library background scene as high reward and a basketball
court as low reward, while the other half of participants viewed library as low
reward and basketball court as high reward.

Effects of drug and reward on adjusted hit rate were assessed using a LME with
a random intercept and a fixed slope [hit rate — false alarm rate ~ drug*reward
+ age + sex + (1|subject)].

fMRI Data Acquisition and Preprocessing. There were fourblood-oxygen-level-
dependent (BOLD) fMRI scans under placebo conditions, and four BOLD scans
under methylphenidate conditions: a pre-encoding 12-min resting-state scan
followed by two 7-min reward-encoding task runs (block design) and finally
a postencoding 12-min resting-state scan. Forty participants had usable rest-
ing-state placebo fMRI data, and 31 participants had usable resting-state drug
fMRI data. Of these participants, 37 had usable task encoding placebo fMRI data
and 29 had usable task encoding drug fMRI data. During each resting-state scan,
participants were asked to remain still and to look at a white asterisk in the middle
of ablack screen. Data were collected on a custom-built joint PET/MR 3T Siemens
TIM Trio with a BrainPET insert using an 8-channel head coil (57). Functional MRI
(fMRI) scans were collected using a T2*-weighted gradient-echo planar pulse
(EPI) sequence (TR = 2,000 ms; TE = 30 ms; flip angle = 90°; FOV = 200 mm;
37 slices, oriented AC-PC; voxel size = 3.1 x 3.1 x 3.0 mm). A T1-weighted
structural scan was acquired for preprocessing purposes.

Preprocessing was performed in fMRIPrep (v22.0.2), including slice timing
correction, head motion and confound estimation, EPI to T1 registration, and resa-
mpling to MNI152 template space. Details on the fMRIPrep pipeline are reported
in Supplemental Information under the section fMRI Preprocessing with fMRIPrep.
Analysis and Visualization of Functional Neuroimages (AFNI) software (v7.64) was
used to further process the MNI space images. AFNI processing included denois-
ing using aCompCor (first six components from the combined white matter/CSF
mask generated by fMRIPrep) and a high-pass filter of 0.008 Hz (128 s). Data were
smoothed to a 2 mm full width half maximum (FWHM) kernel. Frames containing
motion greater than 0.5 mm were scrubbed and any scans in which more than
20% of frames were scrubbed were excluded from analyses. Motion correction was
performed by regressing out the six head motion parameters (three translations
and three rotations) along with their first-level derivatives from the time series data.
0 to 3rd order polynomial trends were also regressed out to adjust for linear and
polynomial trends. After regressing nuisance variables out of the time series data,
individual voxels in the hippocampus were removed if they showed excessive noise
(SD of all time points >5 SD from the mean temporal SD of all hippocampal voxels)
orif they showed potential signal dropout (mean signal <2 SD below mean signal
of all hippocampal voxels), as done previously (17).

Defining Regions of Interest (ROIs). A bilateral hippocampal ROl was anatom-
ically defined in MNI space using FreeSurfer (v6.0.0). DCA was manually drawn
in ITK SNAP software (v4.0.1) on each participant's native space T1 scan using a
previously developed protocol (58) for use in PET analyses. For participants with
both drug and placeboT1 scans, the T1 scans were first merged using FreeSurfer's
"recon-all -base” command to create an unbiased merged template (59). Before
drawing ROIs, T1 scans were realigned to the anterior-posterior commissure (AC-
PC) line. DCA was drawn anterior to the AC for both left and right hemispheres.
For participants with both placebo and drug scans, DCAwas drawn on the merged
scan and then coregistered to the AC-PC realigned native space placebo and drug
T1 scans. The midbrain ROl combined substantia nigra (SN) and ventral tegmen-
tal area (VTA) and was defined using a probabilistic atlas (60) and thresholded
such that voxels with a 50% or greater probability of being in the SN/VTA were
included in the ROI.
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fMRI Encoding-Rest Pattern Similarity. We tested for reinstatement between
encoding and rest using an analysis adapted from rodent electrophysiology stud-
ies (17). Similar to previous work (17, 29, 50), we calculated MVCSs by correlat-
ing denoised hippocampal time series for each voxel with the time series for
every othervoxel in the hippocampus, which results in an n x n matrix of Fisher
z-transformed Pearson's correlation values, where n is the number of voxels in
the hippocampal ROI. This matrix represents the pattern of coactivation across
different voxels and provides a measure of multivoxel BOLD patterns. We cre-
ated four separate MVCS matrices for each participant: 1) high reward encoding
(concatenating across blocks and runs), 2) low reward encoding (concatenating
across blocks and runs), 3) pretask rest, and 4) posttask rest. As the matrices are
symmetric about the diagonal, only the upper half of each matrix was analyzed.
To measure similarity between multivoxel BOLD patterns during encoding and
rest, we correlated each encoding matrix (high and low reward separately) with
pre-and posttask rest matrices and Fisher z-transformed these correlation values
to be used in group analyses. MVCS pattern similarity measures were calculated
using custom Python (v3.11.11) scripts. Group analyses first used a LME to test
fora Drug*Reward*Stage interaction predicting encoding-rest pattern similarity.
We also used a separate LME to test for relationships between reinstatement (i.e.,
post-and pre-encoding rest pattern similarity) and item memory [hit rate — false
alarm rate ~ reinstatement*reward*drug + age + sex + (1|subject)]. Finally, we
tested for relationships between reinstatementand [”C]raclopride [reinstatement
~ baseline[""Clraclopride*drug*reward + age + sex + (1|subject)] and between
["'Clraclopride and change in reinstatementfrom placebo to drug [reinstatement
(drug-placebo) ~ baseline [''Clraclopride*drug + age + sex + (1|subject)].

RSFC Between the Hippocampus and SN/VTA. To investigate how connectivity
between the hippocampus and SN/VTA changed from pretask to posttask and
from placebo to drug, we used seed-to-seed RSFC. Time series (averaged across
all voxels) were extracted using custom Python scripts for the hippocampus and
SN/VTA ROIs from pretask and posttask preprocessed resting-state scans sepa-
rately for placebo and drug and Fisher z-transformed Pearson correlations were
computed. Drug*Stage LME interaction models tested for changes in RSFC from
pretask to posttask on placebo and drug. Additionally, we tested for relationships
between RSFCand item memory [hit rate — false alarm rate ~ RSFC (post-pre)*re-
ward*drug + age + sex + (1Jsubject)] and between RSFC and [”C]raclopride
[RSFC (post-pre) ~ baseline [ Clraclopride*drug + age + sex + (1|subject)].

[''CIraclopride PET Acquisition and Processing. Thirty-one participants had
baseline (placebo) [''Clraclopride PET scans. Though we aimed to collect [''C]
raclopride PET scans during both placebo and drug sessions, tracer synthesis
issues led to only 17 participants with usable scans for both placebo and drug
sessions. We therefore focused our analyses on the larger sample of participants
with at least a baseline (placebo)[''Clraclopride scan.["'Clraclopride binds D2/3
receptors competitively with endogenous dopamine and provides a measure of
D2/3 receptor density (28, 39). The tracer was synthesized by the Radiochemistry
Lab at the Martinos Center for Biomedical Imaging (Massachusetts General
Hospital). Participants were injected with approximately 10 mCi of ["'CJraclo-
pride as a bolus in an antecubital vein, and dynamic acquisition frames were
obtained over 60 minin 3D mode: 5 x 1,3 x 2,3 x 3,8 x 5(19 frames total),
as previously described (40). Images were corrected for attenuation using an
MR-based statistical parametric mapping (SPM) pseudocomputed tomography
method (61). PET data were further corrected for decay, random coincidences,
detector sensitivity, and dead time (62). Frames were reconstructed using the
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three-dimensional ordinary Poisson ordered-subset expectation maximization
(3D OP-OSEM) algorithm (62). Images were reconstructed in native space with
256 x 256 pixels,and T mm isotropic voxel size in units of becquerel/mL(bgml).

Preprocessing and data analysis were carried out using each participant's
native space['' Clraclopride scan. Standard preprocessing (realignment, coregis-
tration) was performed using FSL. Reversible tracer binding was quantified using
PMOD software (v4.0) to implement a simplified reference tissue model (SRTM)
analysis with an occipital reference region (bilateral lingual and cuneus FreeSurfer
ROIs). SRTM analysis was used to determine nondisplaceable binding potential
(BPyp), which can be defined by the equation BPy, = ky/k, where k; is the rate
constant for the nondisplaceable tracer transfer between compartment and k,
is the rate constant for the specifically bound tracer transfer between compart-
ments (63). BPy, values were extracted from the DCA separately for the left and
right hemispheres using PMOD. A bilateral DCA ROl was created using weighted
averages based on the number of voxels in each hemispheric ROI. We abbreviate
["'Clraclopride BP, as D2DR.

Pharmacological Protocol. Participants received an oral placebo and 20 mg
oral methylphenidate during separate scans and were blind to drug condition.
Safety procedures included a medical history and physical exam with a nurse
practitioner, an electrocardiogram (EKG) performed before drug administration
and before participant release at the end of the visit, and a urine drug screen.
Consistent with previous research (40), the placebo was always administered
for the first scan due to considerations surrounding methylphenidate metabo-
lism. The placebo scan acted as a baseline measure of ["'Clraclopride binding.
Methylphenidate was administered 45 min before the start of the second scan.
Methylphenidate blocks dopamine reuptake into the presynaptic neuron by
binding to dopamine transporters, thus increasing dopamine availability in the
synapse (64).

Statistical Analyses. All statistical analyses were performed using R (v4.3.2). All
interaction models were assessed with LME models with random intercepts and
fixed slopes using the Ime4 package (v1.1-35.5). All models included age and
sex as covariates. Adding years of education and weight as additional covariates
did not change results (S/ Appendix, Tables $1-S3). Due to the limited sample
size, we report only age and sex as covariates in our primary models. Effect sizes
were reported as Cohen’s partial . As we are underpowered to detect three-way
interactions (e.g., Drug*Reward*D2DR predicting pattern similarity and memory),
we conducted parallel two-way Drug*D2DR analyses to confirm that our main
findings do not change when we simplify the models. The results of these two-way
models are reported in S/ Appendix.

Data, Materials, and Software Availability. Human imaging and behavioral
data have been deposited in Open Science Framework (https://doi.org/10.17605/
OSF.I0/FCH8B) (65).
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