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Probabilistic category learning involves complex interactions between the hippocampus and striatum
that may depend on whether acquisition occurs via feedback or observation. Little is known about how
healthy aging affects these processes. We tested whether age-related behavioral differences in proba-
bilistic category learning from feedback or observation depend on a genetic factor known to influence
individual differences in hippocampal function, the KIBRA gene (single nucleotide polymorphism
rs17070145). Results showed comparable age-related performance impairments in observational as well

ﬁg;v:rds" as feedback-based learning. Moreover, genetic analyses indicated an age-related interactive effect of

Aci KIBRA on learning: among older adults, the beneficial T-allele was positively associated with learning
ging N . . .

Hippocampus from feedback, but negatively with learning from observation. In younger adults, no effects of KIBRA

Striatum were found. Our results add behavioral genetic evidence to emerging data showing age-related differ-

ences in how neural resources relate to memory functions, namely that hippocampal and striatal con-
tributions to probabilistic category learning may vary with age. Our findings highlight the effects genetic
factors can have on differential age-related decline of different memory functions.

© 2017 Elsevier Inc. All rights reserved.

Probabilistic classification
Weather prediction task

Knowledge about probabilistic relations guides our actions in
many daily tasks. For example, in picking a movie to watch, people
can use the actors to determine the genre; one might guess that a
film starring Arnold Schwarzenegger is an action movie because he
has often (but not only) played roles in movies of this category.
Because knowledge of similar probabilistic relations is required in
tasks ranging from movie selections to financial decisions, the
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ability to acquire such knowledge (i.e., probabilistic classification
learning [PCL]) remains important throughout the lifespan. Here,
we studied how PCL is affected by aging and individual differences
in genetic predispositions.

To examine PCL, we used the well-known weather prediction
task (WPT) in which participants learn to predict the weather (rain
or sunshine) based on combinations of visual cues (Knowlton et al.,
1994, 1996). Traditionally, this task is thought to rely on striatal
learning systems, as indicated by impaired learning in both
Parkinson’s (Jahanshahi et al., 2010; Shohamy et al., 2004; Witt
et al., 2002) and Huntington’s disease patients (Holl et al., 2012).
Hippocampal-based processes, in contrast, were thought to
contribute to learning only during later stages of training
(Knowlton et al., 1994, 1996), and activity in this region was thought
to have a negative relation to PCL (Poldrack et al., 1999, 2001).
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However, more recent evidence from patients with hippocampal
amnesia has revealed impaired PCL (Hopkins et al., 2004), indi-
cating some circumstances where the hippocampus may play a
positive role in PCL (Ashby and O’Brien, 2005; Poldrack and
Packard, 2003; Shohamy et al., 2008). Furthermore, neuroimaging
of healthy populations has shown complicated interactions
between striatal and hippocampal learning systems, whereby each
system contributes depending on the specific task demands or in-
dividual ages (e.g., Dickerson et al., 2011; Foerde et al., 2006; Schuck
et al.,, 2015). For example, differential roles of striatal versus hip-
pocampal resources in PCL have been linked to whether people
learn by feedback (i.e., trial-by-trial feedback based on behavioral
responses) or observation (i.e., viewing stimuli together with cor-
rect outcome without behavioral response or feedback) (Cincotta
and Seger, 2007; Poldrack et al., 2001; Shohamy et al., 2004).

Surprisingly, little is known about how aging affects PCL,
particularly in learning from feedback versus observation. Existing
studies disagree about whether feedback-based PCL in older adults
is impaired (Schmitt-Eliassen et al., 2007) or not (Fera et al., 2005)
and have failed to find age differences in observational PCL
(Schmitt-Eliassen et al., 2007). This apparent sparing of PCL in older
adults is unexpected for 2 reasons. First, a wealth of evidence shows
that healthy aging is associated with structural and functional
impairments in striatal- and hippocampus-dependent learning
processes (Eppinger et al., 2013; Morcom et al., 2003; Raz et al,,
2003, 2004; Schuck et al., 2015; Walhovd et al., 2005), and the ef-
fects of striatal or hippocampal impairments on PCL are well
documented (Holl et al., 2012; Hopkins et al., 2004; Knowlton et al.,
1994; Shohamy et al., 2004). Second, age-related declines in
learning are prevalent in a range of other tasks (e.g., Nyberg et al.,
2012; Shing et al,, 2010). Thus, given such age-related cognitive
and neural declines, the existing inconsistent findings about the
relative impairment (or preservation) of feedback or observational
PCL in aging are puzzling.

One potential reason for these surprising findings could be the
aforementioned interactions between hippocampal and striatal
systems involved in PCL and how it is affected by brain aging. Fera
et al. (2005) reported that age equivalence in PCL was accompanied
by age-related differences in brain activity and suggested that the
employment of different neural resources could be related to pre-
served PCL. A positive correlation between striatal activation and
feedback-based PCL that was stronger in younger versus older
adults led to the conclusion that feedback-driven learning may
become less reliant on striatal resources with age. Moreover, the
view that the hippocampus compensates for aging-related losses in
striatum-dependent PCL is supported by a number of other
neuroimaging studies. For instance, older Parkinson’s disease pa-
tients show preserved PCL by recruiting the hippocampus (Moody
et al., 2004), and increased hippocampal activity in healthy older
adults is associated with improved performance in other tasks that
typically depend on the striatum (Dennis and Cabeza, 2011;
Rieckmann et al., 2010; Schuck et al., 2015; Simon et al., 2012).
Thus, aging may be associated with relatively greater hippocampal
activations across a wide range of tasks, and individual differences
in its relative contribution to PCL may help explain whether or not
age differences are reported in this type of learning.

Such interindividual differences in neural resources related to
PCL can be examined by exploring how genetic polymorphisms
contribute to variability in behavioral learning across the adult
lifespan. Therefore, the present study asked whether a genetic
polymorphism previously shown to influence hippocampal func-
tion modulates age-related impairments in feedback- and
observation-based PCL. We specifically examined the effects of a
single nucleotide polymorphism (SNP) on the gene encoding the
kidney- and brain-expressed protein (KIBRA, locus 5q34—q35.2;

also known as WWC1 gene; Papassotiropoulos et al., 2006).
Previous work showed that KIBRA was associated with hippocam-
pal memory function in young adults, presumably due to its
influence on hippocampal long-term potentiation (Schneider et al.,
2010). T-allele carriers of KIBRA SNP rs17070145 have better
episodic memory than noncarriers (e.g., Kauppi et al, 2011;
Preuschhof et al,, 2010; see Milnik et al. (2012) for a review).
Moreover, older adults carrying the T-allele have been found to
outperform noncarriers in a number of memory tasks (Muse et al.,
2014; Schaper et al., 2008; Witte et al., 2016). Of note, older T-allele
carriers also show better performance than noncarriers in striatum-
dependent memory tasks (Schuck et al., 2013a,b). This effect of a
hippocampus-related SNP on striatum-related memory function
suggests an age-related increase in the recruitment of hippocampal
resources during feedback- (or striatal-) dependent tasks. More
generally, neither cognitive tasks nor genetic factors have pure one-
to-one associations to specific brain circuits, resulting in 1 gene
often being involved in many cognitive functions and 1 cognitive
function being affected by many genes (Green et al., 2008). Effects
of KIBRA on observational and feedback-based PCL may therefore be
different in different age groups, to the extent that younger and
older adults differ in the recruitment of the hippocampus to sup-
port these different forms of learning (see Schuck et al., 2015).

In summary, we tested the effects of the KIRBA polymorphism on
feedback- and observation-based PCL in younger and older adults.
Based on past evidence that older adults recruit hippocampal
resources to support feedback-related learning, we predicted that
the beneficial T-allele would positively affect feedback-based
learning in older adults relative to noncarriers. In contrast,
because the striatum, instead of hippocampus, typically implicate
feedback-related learning in younger adults, we expected that the
T-allele would not be associated, or perhaps would be negatively
associated (Poldrack and Rodriguez, 2004) with feedback learning
in younger adults. We made no specific predictions for the
observational conditions in either age group; this condition was
included as a control task since previous work has suggested that
this type of learning is not, or at least less, dependent on striatal
learning systems (Cincotta and Seger, 2007; Poldrack et al., 2001;
Shohamy et al., 2004).

1. Methods
1.1. Participants

Our sample included 80 younger (20—30 years, mean age:
24.5 years, 39 female) and 65 older (60—71 years, mean age: 65.5
years, 33 female) healthy adults. A prestudy health screening
ensured that none of these participants suffered from neurologic,
psychiatric, and other medical conditions, including severe
hypertension (see Wersching et al., 2011), Parkinson’s disease,
dementia/memory problems, depression, or any other disease
that leads to neuro/psychopharmacological interventions. More-
over, participants with uncommon alleles on the control genes
(DAT1 various number tandem repeats [VNTRs] with 8 or 11 re-
peats; 6 participants total, 3 younger; see the following section
for control analysis details), genotyping failure (2 total; 1
younger), or at-chance performance at the end of feedback or
observational learning (13 total, 2 younger) were excluded from
analyses. The genotype distributions between included and
excluded participants did not differ for any of the 4 genes (%2
tests, p’s > 0.18). The 2 age groups did not differ with respect to
years of education (p = 0.22). Further sample characteristics,
including perceptual speed and verbal fluency, are congruent
with published data (Li et al., 2004) and reported in Table 1.
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Table 1
Participant characteristics

Group n Age Sex (f/m) Education (years) Health® (1-5) Perceptual speed? (IP) Verbal fluency® (SAW)
older 65 65.6 (3.5) 49/51% 13.7 (4.5) 2.1(0.6) 22.8(3.2) 25.0(5.2)
Younger 80 249 (2.9) 51/49% 14.5 (2.7) 1.5 (0.5) 342 (3.8) 202 (7.2)

Standard deviations are reported in parentheses. Health indicates a 5-point subjective global health scale, which has been shown to be a valid and powerful health indicator
above and beyond medical records in several large-scale studies (Idler and Benyamini, 1997).

Key: IP, identical pictures; SAW, spot-a-word.
¢ Denotes significant differences (p < 0.05).

1.2. Genotyping

Procedures were as reported in our previous reports (Preuschhof
etal., 2010; Schuck et al., 2013a,b). In short, DNA was extracted from
saliva samples (Oragene OG-250; DNA Genotek, Ontario, Canada)
using standard methodology. KIBRA SNP (rs17070145; Assay ID:
C__33286269_10) was genotyped with a 384-well microtiter plate
format using “TagMan” 5’-exonuclease allelic discrimination assays.
Allele frequencies are given in Table 2. None of these frequencies
deviated from the Hardy-Weinberg equilibrium. In line with
previous research, KIBRA SNP genotypes were grouped into “any T”
and “C/C” carriers, whereby the “any T” genotype is usually asso-
ciated with beneficial effects on cognition in younger adults. In a
series of control analyses, we investigated 3 additional genes that
were available for this sample: BDNF (rs6265), DARPP-32
(rs907094), or DAT VNTR. Genotyping details for these genes are
reported in Supplemental Material.

1.3. Task

We used the classical WPT (Knowlton et al., 1994) as a measure
of PCL. In the feedback-based condition, participants were asked to
predict the weather based on a combination of cues for 2 blocks of
52 trials each. Sun/rain choices were mapped to left/right keys in a
counterbalanced fashion. Stimuli and outcome probabilities were
as in Shohamy et al. (2004). 300 ms after the choice, the correct
weather, written feedback, and a bar indicating the average percent
of correct choices were displayed for 2 seconds. The response
deadline was 8 seconds, with a warning after 5 seconds of no
choice. The observational condition consisted of a learning phase
and a test phase. In the learning phase, participants observed a
series of cue cards along with the associated weather for 104 trials
(corresponding to the 2 blocks of feedback experience). Trials were
self-paced with a minimum viewing duration of 400 ms and a
maximum of 8 seconds. Following this learning phase, participants
had to make rain/sun choices in a test phase of 52 trials similar to
the feedback condition, but without any feedback on their choices.
Participants were told about the later test phase before the learning
phase began and were asked to remember the cue-weather asso-
ciations, and for the observational condition, performance data only
from this later test phase were evaluated. All participants
completed both conditions. Different conditions were done on
different days, and the feedback condition was always completed

Table 2
Genotype distributions

during the first session. The average time between the feedback and
the observation tasks was 8.7 days (standard deviation: 6.5 days). In
addition, 2 separate sets of cue cards were used for the observation
and feedback tasks, 1 set always colored in blue and 1 set in black,
such that the specific cue-outcome associations were changed
between conditions. Moreover, participants were told at the
beginning of the second session that, although the task in the first
session was similar, “all cards have been reshuffled. You will now
see novel cue cards that have a different predictive relationship to
sun and rain. Anything you learned in the previous session will not
help you in this session. It is therefore best if you do not think about
the relations you learned in the previous session.” Cue card set and
color assignment were counterbalanced between participants.

1.4. Analyses

Data analyses involved mixed-effects linear regression models,
with factors age group (“older” vs. “younger”) and KIBRA (“any T” vs.
“C/C”) as fixed between-subject effects, task condition (“feedback”
vs. “observation”) as a fixed within-subject effect, and subject as a
random effect. Analyses were done in R (R Development Core Team,
2011) using the “nlme” and “lme4” packages. Post hoc tests were
conducted within the specified models using the Tukey method as
implemented in the R package “Ismeans.” Reaction time (RT) ana-
lyses are based on individual medians and excluded error trials.
Error trials included time-out trials (>8000 ms), which were very
rare in both groups (0.7% in younger and 1.9% in older adults).
Decisions that were more likely to be rewarded than not (proba-
bility p > 0.5) were counted as correct. The logistic function,
P(choice = rain) = m, with one slope s and one
intercept parameter b, was used to individually fit choice proba-
bilities P(choice = rain) as a function of the true chance of rain (pain)
using the nonlinear least squares (“nls”) package in R. Mean R%’s of
the fits were 0.40 and 0.25 for younger and older adults, respec-
tively. Supplemental analyses included the effects of polymorphism
on BDNF, DARPP-32, and DAT1 and showed that none of these
factors affected performance or changed the effect of KIBRA on
performance reported in the following section (see Supplemental
Material, Fig. S1). We conducted power analyses, considering the
probability to detect the below mentioned main effects in a 1-way
analysis of variance, using the function “pwr.anova.test” from the R
package “pwr.” Cohen’s d effect sizes for the within age-group
comparison between the genotype groups were 0.51 and 0.46 for

Group KIBRA SNP rs17070145 (CC/CT/TT) BDNF SNP rs6265 (CC/CT/TT) DARPP SNP 5907094 (CC/CT/TT) DAT1 VNTR (10-10/10-9/9-9)
older 54/34/12% 63/34/3% 11/35/54% 49/43/8%
Younger 48/39/14% 65/29/6% 8/35/58% 46/43/11%

Numbers represent percentages of the respective sample and are rounded to nearest integer.

Key: SNP, single nucleotide polymorphism.
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the feedback and observation conditions, respectively, among older
adults. Given the known overestimation of effect sizes in retro-
spective analyses (Thomas, 1997), we based our power analysis on a
conservative power estimate of 0.25 and the sample sizes of our
study. This showed that we had power of 0.84 to detect age
differences and power of 0.50 and 0.59 to detect genotype differ-
ences among older and younger adults, respectively.

2. Results
2.1. Effects of age on feedback and observational WPT

A basic mixed-effects model that included only factors age group
and task condition showed significant effects of age group (younger
adults performed better than older adults, 79.3% vs. 73.4%,
v%(1) = 14.8, p < 0.001) as well as task condition (better perfor-
mance in the observational vs. feedback condition, 79.2% vs. 74.2%,
v%(1) = 9.7, p = 0.002), but no interaction (p = 0.85). Likewise, the
slopes of the fitted logistic function showed that younger adults had
higher sensitivity to the outcome probabilities compared to older
adults, p = 0.04. Moreover, the slopes were generally greater in the
observational than in the feedback condition, p < 0.001, indicating
generally better performance in the observational condition
(see Fig. 1).

2.2. Effects of KIBRA on feedback-based and observational learning
in younger and older adults

We next evaluated if the inclusion of participants’ KIBRA SNP
rs17070145 genotype would explain extra variance in performance
in addition to the age group and task condition factors. This analysis
showed that, in comparison to the base model, a model considering
the KIBRA SNP genotype provided a better fit to the data, log like-
lihood test: %%(4) = 13.3, p = 0.01. The improved fit reflected the
significant 3-way interaction between KIBRA, age group, and task
condition, Xz(l) = 12.0, p < 0.001, as well as the significance of all
other effects involving KIBRA (p’s < 0.05). Specifically, comparing
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between performance in the feedback and observation conditions,
older “any T” carriers performed equally well in both task variants
(p = 0.90, Fig. 2A left), whereas “C/C” individuals performed worse
under feedback conditions (p < 0.001, Fig. 2B, left). The reverse
pattern was found in younger adults, among which “any T” in-
dividuals performed worse in the feedback than in the observation
condition (p < 0.001, Fig. 2A, right), but no such difference was
found for the “C/C” carriers (see Fig. 2B, right). Comparing genotype
groups directly, we found that older carriers of the commonly
beneficial T-allele performed better than C/C homozygotes in the
feedback condition (p = 0.03), but performed worse in the obser-
vation condition (p = 0.03, see Fig. 2C). Among younger adults,
pairwise comparisons were nonsignificant but showed a numeri-
cally reversed pattern: any T carrier tended to perform worse than
C/C homozygotes in the feedback condition (p = 0.054), whereas
there was no difference in the observational condition (p = 0.48,
see Fig. 2C).

Additionally, younger adults were significantly faster than older
adults (1379 ms vs. 1866 ms, p < 0.001), and choices in the
observation condition were generally faster than in the feedback
condition (1502 ms vs. 1693 ms, p < 0.001). Considering the same
mixed-effects model as mentioned previously for RTs, we again
found a 3-way interaction between KIBRA, age group, and task
condition (see Fig. 2D—F). The overall pattern of this interaction was
consistent with the pattern found previously: older “any T” carriers
were equally fast in the feedback and observational conditions
(p = 0.23, Fig. 2D), whereas “C/C” individuals were slower under
feedback conditions (p < 0.001, Fig. 2E). In younger adults, “any T”
individuals were slower in the feedback than in the observation
condition (p < 0.001. Fig. 2D), but no such difference was found for
the “C/C” carriers (p = 0.09, Fig. 2E).

Control analyses considering genotypic variation on BDNF
(rs6265), DARPP-32 (rs907094), or DAT VNTR on percent correct and
RT showed that the inclusions of these factors did not lead to a
larger amount of explained variance regardless of the dependent
variable (all p’s > 0.40, likelihood +? ratio tests, see Supplemental
Information). In addition, we performed all reported statistical
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Fig. 1. Performance in the weather prediction task across age group and task condition. Left panel: average % correct choices separately for older (OA, lighter bars) and younger (YA,
darker bars) adults during the feedback (blue) and observational (green) condition. Error bars: 1 SEM. “Significant differences at p < 0.05. Right panels: percent rain choices as a
function of true probability of rain. Each dot reflects participants’ choices in reaction to one combination of cards. Solid lines reflect fitted sigmoidal function (see text), and different
plots reflect different conditions and age groups (see panel title, same color scheme as on left side). Abbreviation: SEM, standard error of the mean. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Weather prediction task performance as a function of age group, task condition, and KIBRA SNP. (A/D) Percent correct/RT in the feedback (blue) and observation (green) tasks
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present standard error of the mean. “Significant differences (p < 0.05, corrected for multiple comparisons), *p < 0.1, and n.s. = p > 0.10. (For interpretation of the references to color

in this figure legend, the reader is referred to the Web version of this article.)

models with the inclusion of either a global health status covariate
(Idler and Benyamini, 1997), the perceptual speed test, the verbal
fluency test, or the time difference between the feedback and
observational conditions. In all control analyses, the previously
reported effects were unchanged.

Fig. 1 suggests that participants’ choices were affected by the
probability with which a cue combination led to an outcome.
Although in PCL optimal performance can be achieved by always
choosing the option associated with the numerically larger proba-
bility to be correct (i.e., regardless of whether the probability is for
instance 51% or 99%), participants increased their choice tendencies
gradually with increasing outcome probabilities (i.e., they showed
the well-known “probability matching” behavior). Fig. 1 suggests
that this effect could be stronger in the feedback as compared to the
observation condition (more linear slopes in the former). We
therefore explored whether age, condition and KIBRA interacted
with the difficulty (outcome probability) of an item by splitting
participants’ data into performance for items associated with a high
outcome probability (>85%) and items with a lower probability
(<85%, but bigger than 50%). A mixed-effects analysis revealed a
main effect of item difficulty, in addition to the effects of Age and
KIBRA reported above (%%(1) = 16.7, p < 0.001). This effect reflects
better performance on the easier/high probability trials as
compared to the more difficult low probability trials. No other
interactions involving this factor were statistically significant,
although the interaction between condition (feedback vs. obser-
vation) and probability showed a trend (%*(1) = 3.1, p = 0.08).

3. Discussion

The ability to categorize events based on probabilistic informa-
tion in our environment is a crucial skill in our daily lives. How
different facets of this ability, which involve learning through
feedback or observation, decline with aging is not fully understood
however. In a data set of younger and older adults, this study
examined how feedback versus observation PCL is influenced by
adult aging and a genetic polymorphism on KIBRA that is implicated
in hippocampal memory processes.

Our results show clear age impairments in PCL, in line with the
broader field of category learning (Filoteo and Maddox, 2004;
Maddox et al.,, 2010; Wahlheim et al., 2016). Our observed age
differences in the feedback condition are consistent with Schmitt-
Eliassen et al. (2007), as well as unpublished work that reported
age-related deficits in PCL as practice progressed over time (29
younger adults and 16 older adults; Ciomek et al., 2007), but
contrast with the age equivalent PCL reported by Fera et al. (2005).
Of note, however, the neuroimaging design by Fera et al. (e.g., event
timing, scanner noise, and so forth) may have contributed to poorer
behavioral performance in general. Specifically, younger adults
showed relatively low accuracy and small learning effects ( ~65% as
compared to ~72%|~75% reported here and by Schmitt-Eliassen
et al. (2007)), which likely hindered their ability to detect any age
differences in performance. Unlike Schmitt-Eliassen et al. (2007),
we also found age impairments in the observational condition. Our
result is consistent with reports using other types of observational
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and feedback-based category learning tasks that have shown aging
effects (“dot-pattern” learning; Davis et al., 1998; Maddox et al.,
2013) as well as broad age-related impairments reported in
episodic memory and associative learning (for a review, see Shing
et al., 2010).

Most importantly, PCL was also affected by genetic variation in
the hippocampus-related gene KIBRA, especially in older adults.
This result aligns with recent work by Witte et al. (2016), which
showed that older adult KIBRA T-allele carriers have larger hippo-
campal volumes and better microstructural integrity in medial
temporal regions that might reflect improved vasculature and
neurogenesis. Furthermore, in support of previous work, we found
that the cognitive effects of SNP rs17070145 were larger in older as
compared to younger adults (e.g., Almeida et al., 2008; Muse et al.,
2014). On a broader level, although the exact mechanisms under-
lying these changes are largely unknown, our finding extends the
general phenomenon of magnified gene behavior links in older
versus younger adults as described by the resource modulation
hypothesis (Li et al., 2010; Nagel et al., 2008; Papenberg et al., 2015;
Schuck et al., 2013a,b). This view, based on the inverted U-function
relating brain resources and cognitive ability, proposes that
genotypic differences on cognition increase with age due to
evidence of healthy age-related neurochemical and anatomical
losses or developmentally programmed expression changes
(Lindenberger et al., 2008). Accordingly, previous work in rats has
shown that KIBRA is involved in early brain development but has
much lower levels of expression in adulthood (Johannsen et al.,
2008). Such age-related reductions in KIBRA expression in aging
may shift older individuals away from the flat central “peak” of the
curve toward the left-hand slope, magnifying constant genotypic
differences on cognition.

More specifically, we found that when participants learned from
feedback, the beneficial T-allele was positively associated with
learning in older adults (Fig. 2). We also observed a numerically
reversed pattern in the observational condition: older T-allele
carriers performed worse than C/C carriers, whereas younger
T-allele carriers performed marginally better than younger C-allele
homozygotes. This interaction effect is consistent with recent data
concerning the brain-derived neurotrophic factor in the
hippocampus, also known as BDNF, showing that the genotype-
phenotype association reverses with age (Erickson et al., 2012;
Voineskos et al., 2011). Such gene-cognitive functions might differ
in younger and older adulthood because of other brain-related
changes (e.g., failures in DNA repair), age-related diseases, or
environmental factors or insults that moderate the expression of
the genes (Goldberg and Mattay, 2009), including arterial
hypertension (Raz et al., 2009; Wersching et al., 2011). Longitudinal
study is needed to further examine the progression of PCL across
the adult lifespan according to the KIBRA genotype to understand
this potential change in gene-cognition relationships during the
process of aging.

Our findings also reveal that individual differences in hippo-
campal resources may be responsible for compensating for
aging-related losses in striatum-dependent functions, fitting with
the emerging view that striatal tasks become more “hippocampal”
with aging (Howard and Howard, 2014; Rieckmann and Backman,
2009). In the present study, older adult carriers of the T-allele
showed benefit in the feedback condition that typically involves
striatum-dependent processes (as compared to C/C carriers). This
finding builds on previous evidence that linked KIRBA SNP
rs17070145 to striatum-dependent spatial navigation functions in
older adults (Schuck et al., 2013a,b), as well as neuroimaging
studies that showed an increased role of the aged hippocampus on
memory computations that are typically striatum dependent in
younger adults (Dennis and Cabeza, 2011; Rieckmann et al., 2010;

Schuck et al., 2015; Simon et al., 2012). Another possibility is that
our findings reflect enhanced plasticity in the striatum through the
interaction of the KIBRA protein with plasticity-related factors, such
as dendrin or protein kinase C, zeta (Schneider et al., 2010). These
influences may be more pronounced among older adults. Not much
evidence has been accumulated related to the expression of KIBRA
in the striatum- and age-related changes therein, however, and
active research in this regard is still needed.

It is not clear why older C/C carriers outperformed T-allele
during observation, but it may relate to differences in the nature of
striatal and hippocampal interactions during the learning condi-
tions. For example, feedback learning depends more on the head of
the caudate than observation learning does, while hippocampus
involvement occurs in parallel with both systems (Cincotta and
Seger, 2007). Because it remains unclear how interactions
between the learning systems are mediated, future research may
seek to further elucidate the circumstances that predict the extent
of hippocampal contributions to various forms of striatal-based
learning in older adults. In addition to individual differences in
genetic factors, the extent of hippocampal contributions to learning
may depend on the particular strategy used, the degree of neural
dedifferentiation, and/or the integrity of other underlying neural
structures. Nonetheless, our present findings broaden the ways that
neural compensation can be tested from functional magnetic
resonance imaging to genetics and testify to the need of more
comprehensive measurements and theoretical accounts of the
neural correlates of learning and its aging.

Our failure to find significant effects in younger adults may be
explained by generally smaller genetic effect sizes in this age
group (Lindenberger et al., 2008). Among younger adults, the T-
allele carriers showed a numerical but nonsignificant benefit in
the observational condition. Ceiling performance may have
limited our ability to show allelic differences, if they exist. In
contrast, young adult T-allele carriers did more poorly in the
striatal-based feedback learning condition. Previous studies have
shown that less hippocampal activation (Poldrack et al., 2001),
hippocampal lesions (McDonald and White, 1993; Packard et al.,
1989), and inactivations (Schroeder et al., 2002) are associated
with enhancements in memory functions that are believed to be
striatum dependent, supporting the idea of a competition be-
tween hippocampus- and striatum-based processes during
learning (see Lee et al. (2008) for a study in humans; and see
Poldrack and Packard (2003) for a review). Although our results
speak only very indirectly to the possibility of a competition be-
tween memory systems, our results highlight the complexities
that arise from interacting learning systems and the potential
effects age can have on this interaction. That is, our results may
support the possibility of an age- and genotype-dependent
interactive relationship, whereby increases in striatal activity are
linked to decreases in hippocampal activity and vice versa (Lee
et al., 2008). Interestingly, this interpretation is consistent with
an earlier report using a different striatal-based learning task,
which found that those with lower levels of striatal dopamine (as
measured by the gene DAT1) showed numerically better learning
early in training when the hippocampal learning system typically
dominates (Simon et al., 2011).

Still, caution is needed in interpreting the interactions between
a person’s age and his or her genotypic makeup, especially in light
of reported failures to replicate effects of KIBRA (Schroder et al.,
2014) that can be even more problematic in smaller samples.
Given that APOE is of well-known importance to cognition in aging
(e.g., Bookheimer and Burggren, 2009), future work using larger
samples should examine this gene as well as other more direct
measures of brain resources to validate our results. Also, the lack of
effects of DAT1, DARPP-32, or BDNF on learning performance in
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either age group is surprising and should be subject to future
scrutiny. Nonetheless, our findings leave open the possibility that
there is specificity in how genes influence different forms of
learning, depending on where the genes are preferentially
expressed and the protein expression patterns.

In summary, our findings underscore the necessity of including
age to understand genotype-cognitive relationships in PCL, which
has not always been done in past efforts looking at such associa-
tions (Keri et al., 2005) and highlights the complexities that arise
from interactions between KIBRA genotype and age. In this regard, it
is noteworthy that KIBRA genotype affected the size of age-related
differences: we found nearly identical learning among younger
and older T-allele carriers in the feedback condition, whereas age
differences among C/C homozygotes were quite robust. This
suggests that KIBRA may be involved in determining individual
differences in vulnerability to cognitive decline, which may
ultimately create opportunities to develop pharmacological treat-
ments or personalized cognitive training interventions (e.g., Witte
et al, 2010) that can slow declines in cognition based on a
person’s age, genotype, and cognitive phenotype.
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