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Abstract

In rodent studies, elevated cholinergic neurotransmission in right prefrontal cortex (PFC) is
essential for maintaining attentional performance, especially in challenging conditions. Apparently
paralleling the rises in acetylcholine seen in rodent studies, fMRI studies in humans reveal right
PFC activation at or near Brodmann’s area 9 (BA 9) increases in response to elevated attentional
demand. In the present study, we leveraged human genetic variability in the cholinergic system to
test the hypothesis that the cholinergic system contributes to the BA 9 response to attentional
demand. Specifically, we scanned (BOLD fMRI) participants with a polymorphism of the choline
transporter gene that is thought to limit choline transport capacity (11e89Val variant of the choline
transporter gene S.C5A7, rs1013940) and matched controls while they completed a task
previously used to demonstrate demand-related increases in right PFC cholinergic transmission in
rats and right PFC activation in humans. As hypothesized, we found that although controls showed
the typical pattern of robust BA 9 responses to increased attentional demand, 11e89Val participants
did not. Further, pattern analysis of activation within this region significantly predicted participant
genotype. Additional exploratory pattern classification analyses suggested that I1e89Val
participants differentially recruited orbitofrontal cortex and parahippocampal gyrus to maintain
attentional performance to the level of controls. These results contribute to a growing body of
translational research clarifying the role of cholinergic signaling in human attention and functional
neural measures, and begin to outline the risk and resiliency factors associated with potentially
suboptimal cholinergic function with implications for disorders characterized by cholinergic
dysregulation.
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INTRODUCTION

Cholinergic projections from basal forebrain to prefrontal cortex (PFC) are necessary for
attentional performance (Hasselmo and Sarter, 2011), and abnormalities in the cholinergic
system are implicated in the attentional deficits associated with neurodegenerative and
psychiatric disorders (Counts and Mufson, 2005; Mesulam, 2004; Mufson et al., 2000;
Sarter et al., 2014a; Sarter et al., 2012; Xie and Guo, 2004). However, little is known about
how non-pathologic variation of endogenous cholinergic signaling influences attention and
modulates PFC function in humans. The present study used an imaging genetics approach in
healthy adults to address this gap in our knowledge. Specifically, we examined how cortical
activation is affected by a common coding variant (minor allele frequency = 8-11%) in the
presynaptic choline transporter (SLC5A7), 11e89Val, previously shown to reduce choline
transporter function (Okuda et al., 2002). We demonstrate that compared to controls,
I1e89Val carriers exhibit reduced activation in right PFC in response to attentional demands.

The rodent version of the attention task used in the present study (the Sustained Attention
Task with a distractor condition; Gill et al., 2000; McGaughy and Sarter, 1995) has been
instrumental in documenting the role of cholinergic modulation of the frontoparietal cortex
in attentional performance, especially under challenging conditions (Broussard et al., 2009;
St Peters et al., 2011). Performance in the standard, no-distractor (SAT) condition induces
increases in acetylcholine (ACh) release in right medial PFC relative to no-task baseline,
and ACh release is further increased during the distractor (dSAT) condition, in which signal
detection is made more difficult by a flashing background (St Peters et al., 2011). The
critical contributions of elevated PFC cholinergic activity to performance appear to be
largely right-lateralized (Apparsundaram et al., 2005; Martinez and Sarter, 2004), and the
mechanisms by which cholinergic inputs to right PFC stabilize performance under
challenging conditions are a topic of intense research interest (reviewed in Hasselmo and
Sarter, 2011; Sarter et al., 2014b). Although the cholinergic system has traditionally been
described as a diffuse neuromodulator, more recent work demonstrates that cholinergic
inputs are capable of modulating highly specific cortical circuitry in right PFC to enhance
cue detection mechanisms, facilitate the filtering of distractors, and modify sensitivity and
biases (Hasselmo, 1995; Hasselmo and McGaughy, 2004; Hasselmo and Sarter, 2011; Sarter
and Bruno, 1997; St Peters et al., 2011).

The present study used a parallel version of the dSAT previously developed and validated
for human use (Demeter et al., 2008; see Lustig et al., 2013 for discussion of psychometric
properties and areas of cross-species correspondence and discrepancy in behavioral effects).
(Figure 1). Functional imaging studies of the dSAT show that challenges to attention
increase right-lateralized PFC activation in humans, paralleling the ACh increases seen in
rodents. For example, an arterial spin labeling study employing long task blocks revealed
that relative to fixation baseline, SAT performance increased perfusion at or near right
Brodmann area 9 (BA 9) near middle frontal gyrus, and perfusion in this region was further
increased during the distractor condition (Demeter et al., 2011). A recent BOLD event-
related design study replicated these findings with peak activation found in right inferior
frontal gyrus (IFG) also near BA 9 (Berry et al., in prep.). There is some variation in the
exact location of peak distractor-related activation, as might be expected from the different
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samples, designs, and imaging modalities, but the findings converge to suggest that neural
activity in the right PFC, and specifically right BA 9 in the region along middle and inferior
frontal gyrus, plays an important role in the brain’s response to attentional challenge (see
also Kim et al., 2006 for converging evidence from a different sustained attention task).
(Insert Figure S1 here)

The parallels between the rodent and human findings, as well as homologies between rat and
human PFC (see discussion by Brown and Bowman, 2002) invite the hypothesis that
cholinergic neurotransmission contributes to the increased right PFC activation during
attentional challenges seen in humans measured using fMRI. Here we test this hypothesis by
examining how performance and cortical activation are affected by genetic variation in the
high-affinity choline transporter (CHT, Ile89Val variant (SLC5A7 rs1013940)). CHT
transports choline from the extracellular space into presynaptic terminals, a key rate-limiting
step in the synthesis of ACh (Simon et al., 1976; Yamamura and Snyder, 1972). Expression
of the 11e89Val variant of the CHT gene SLC5AY7 in vitro reduces the rate of choline
transport by approximately 40-60% compared to the major allele (Okuda et al., 2002). The
Ile89Val variant is present in approximately 8% of Caucasians (English et al., 2009), raising
the possibility that this genetic variant may have significant population effects on cortical
function and attentional performance.

Mice with a heterozygous deletion of the CHT gene show normal basal ACh release but a
reduced cholinergic response to both task-induced attentional demands and direct basal
forebrain stimulation (Paolone et al., 2013; Parikh et al., 2013). Somewhat surprisingly in
light of the extensive previous evidence indicating the necessity of basal forebrain
cholinergic modulation of prefrontal circuitry for attentional performance (see discussion
above), CHT +/- animals had relatively preserved SAT performance and were not
differentially impaired by the dSAT (Parikh et al., 2013). In additional analyses, Paolone et
al., (2013) found that these animals had higher cortical density of a 4a 2* nicotinic ACh
receptors (NAChRs) and that their performance was more vulnerable to the detrimental
effects of the nAChR antagonist mecamylamine, suggesting an increase in NACHRs as a
possible compensatory mechanism.

Here we tested the hypothesis that in humans, 1le89Val is accompanied by diminished
enhancement of right BA 9 activation during distractor challenge. To preview our results,
this hypothesis was supported, and additional exploratory analyses suggested an alternative
or compensatory pathway involved in maintaining performance in response to distractor
challenge for the 11e89Val group. These findings represent an important step in establishing
a link between altered endogenous cholinergic capacity and human functional neural
measures associated with cognitive control. The close correspondence between rodent and
human tasks and the coordinated genetic approach allows the results of this research to have
strong translational potential for better understanding the neurobiological mechanisms
underlying attentional control during distractor challenge and the contribution of cholinergic
signaling to PFC activation in BOLD fMRI studies.
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13 lle89Val heterozygotes and 13 controls homozygous for the dominant allele participated
in the fMRI study. Participants were matched for gender, age, years of education, and self-
reported distractibility assessed using the Poor Attentional Control (PAC) scale (Huba et al.,
1982) (see Table 1). Participants were right handed, had normal or corrected to normal
vision, had no history of psychiatric disorders including anxiety, depression or ADHD, and
did not take medications that affect cognition. Participant recruitment and experimental
procedures were in accordance with protocols approved by the University of Michigan’s
Institutional Review Board.

Participants were selected from a sample of 617 individuals recruited from the greater Ann
Arbor community. Participants contributed saliva samples for genotyping as previously
described (Berry et al., 2014). In total, 67 11e89Val heterozygotes were identified from this
sample. Recruitment procedures for initial genotyping did not disqualify participants based
on history of psychiatric disorder or medication use. We took this inclusive recruitment
approach to maximize the rate of identification of 11e89Val heterozygotes because the
frequency of the 11e89Val variant is relatively low (~6% in non-clinical Caucasian subjects;
(English et al., 2009), and has been specifically linked with higher incidence of ADHD and
greater severity of depression (English et al., 2009; Hahn et al., 2008).

For the present fMRI study, we took a more conservative recruitment approach because our
primary question was how genotypic variance in the brain’s cholinergic system impacts
fMRI BOLD activation during attentional challenge. Therefore, we screened for conditions
that could cause uncontrolled effects on BOLD signal. We recruited participants with no
psychiatric diagnosis history, no significant vision problems and no use of psychoactive
medication. Individuals with a history of migraines were also excluded due to the flashing
distractor task stimulus. Based on health information collected at genotyping, 25 11e89Val
heterozygotes were re-contacted. Of these individuals, 13 were interested in participating
and passed further screening for fMRI contraindications. We provide the individual
subjects’ data for critical comparisons for the reader’s inspection.

Behavioral task

Participants performed the Sustained Attention Task (SAT) and its distractor condition
(dSAT) as previously described (Berry et al., in prep.; Demeter et al., 2013; Demeter et al.,
2011; Demeter et al., 2008), implemented using E-prime (Psychological Software Tools,
Pittsburg, PA). SAT and dSAT trials consisted of signal and nonsignal trials (Figure 1). The
signal was a small dark gray square centrally presented for a variable duration (17 — 64 ms).
Trials consisted of a period of monitoring (1000, 2000, or 3000 ms), at the end of which a
signal did (signal event) or did not (nonsignal event) appear. The signal occurred for 50% of
the trials. Participants were cued to respond by a 700 ms low-frequency auditory response
tone. Participants had up to 1000 ms after the tone to make a keypress response indicating
whether or not the signal had been presented on that trial (response-hand mapping was
counterbalanced across subjects). A high-frequency tone lasting 700 ms followed correct
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responses. Responses were classified as hits (correct signal trials), misses (incorrect signal
trials), correct rejections (CR; correct nonsignal trials), false alarms (FA; incorrect nonsignal
trials), and omissions. dSAT trials were identical to SAT trials except the background screen
flashed from gray to black at 10 Hz. Participants were provided monetary incentive. For
each task run, participants were paid 1 cent for each percent correct, but penalized 5 cents
for the percent of missed trials.

Behavioral analysis

Our primary accuracy measure was the SAT score, a measure of performance across both
signal and nonsignal trials. For completeness, Tables S1 and S2 report standard signal-
detection measures of sensitivity (d’) and bias (Swets et al., 1961). SAT score was
calculated for each condition (SAT, dSAT) using the formula SAT score = (hits — FASs)/
[2(hits + FASs) - (hits + FAs)2]. SAT score varies from + 1 to -1 with + 1 indicating all
responses were hits or CRs and —1 indicating all responses were misses or FAS. (Insert
supplementary tables S1 and S2 here.)

Data were analyzed with SPSS, version 21. Group comparisons were made using a mixed-
design ANOVA with the between-subjects factor genotype (11e89Val, control), and within-
subjects factor distraction (SAT, dSAT). Greenhouse-Geisser sphericity correction was
applied as needed for reporting p values, but degrees of freedom are reported as integers in
the text for easier reading. Effect sizes are reported using n?g (Bakeman, 2005), which gives
smaller values than the frequently-used n2p but is preferable as it reduces error when
comparing across studies (Fritz et al., 2012). Post hoc t tests were conducted with effect
sizes computed using Cohen’s d for between-subjects effects and dz for within-subjects
effects.

fMRI data acquisition, preprocessing, and GLM

Data acquisition—Six experimental runs consisted of equal numbers of SAT signal,
dSAT signal, SAT nonsignal, dSAT nonsignal and fixation trials. During fixation periods
(duration 2.2 s — 12.6 s), participants were instructed to relax and focus on a centrally
presented fixation cross. To control for the visual stimulation of the dSAT conditions, the
background screen for fixation trials also flashed from gray to black at 10 Hz. Each
experimental run consisted of 75 trials. Trials were pseudorandomized to ensure that all
possible sequences occurred with equal probability. Prior to scanning, participants
performed in-scanner practice trials to confirm they remembered task instructions and could
easily hear the response and feedback tones.

Imaging data were collected using a 3 T General Electric Signa scanner with a standard
quadrature head coil. Participants used mirrored glasses to view stimuli that were projected
on a screen behind them. Functional images were acquired during task performance using a
spiral-in sequence with 35 slices and voxel size 3.44 x 3.44 x 3mm (TR =2s, TE =30 ms,
flip angle = 90°, FOV = 22 mm?). A T1-weighted anatomical overlay was acquired in the
same functional space (TR =225 ms, TE = 3.8 ms, flip angle = 90°). A 148-slice high-
resolution T1-weighted anatomical image was collected using spoiled-gradient-recalled
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acquisition (SPGR) in steady-state imaging (TR =9 ms, TE = 1.8 ms, flip angle = 15°, FOV
=26 x 20.8 cm, slice thickness = 1 mm).

Preprocessing—During preprocessing, structural images were skull-stripped using the
Brain Extraction Tool in FSL (FMRIB Software Library; www.fmrib.ox.ac.uk/fsl; Smith et
al., 2004) and corrected for signal inhomogeneity. SPGR images were normalized to the
Montreal Neurological Institute (MNI) template using SPM 8 (Wellcome Department of
Cogpnitive Neurology, London). To spatially normalize functional images to the MNI
template, the functional overlay and SPGR were used as intermediates. All functional
images were corrected for differences in slice timing (Oppenheim et al., 1999) and head
movement using the MCFLIRT algorithm (Jenkinson et al., 2002). Functional images were
smoothed with an 8-mm full width/half-maximum isotropic Gaussian kernel and high-pass
filtered (128 s).

General Linear Model—Data were analyzed using a multisession General Linear Model
(GLM) implemented in SPM8. SAT and dSAT hits, CRs, and fixation onsets were modeled
as separate predictors. All omissions, misses, and FAs were modeled together as a single
separate predictor and are not included in the present analysis. Predictors were time-locked
to onset of the signal or nonsignal period and convolved with the canonical hemodynamic
response function. To mitigate the effect of motion artifact, six motion regressors derived
from individual subject realignment were included in the model.

fMRI data analysis methods and rationale

Previous human imaging studies have suggested attentional challenge implemented during
dSAT increases activation in human right BA 9 (Berry et al., in prep.; Demeter et al., 2011)
and increases right medial PFC ACh release in rodents (Arnold et al., 2002; Kozak et al.,
2006; St Peters et al., 2011). As described above, mice with genetically reduced CHT
transporter expression (CHT +/-) release significantly less ACh during attentional
performance than wild-type control mice (Paolone et al., 2013). We therefore hypothesized
that during the more challenging dSAT condition, controls would significantly increase right
BA 9 activation above that measured during standard SAT performance, but that this
increase would be attenuated in 1le89Val participants.

To preview our results, our univariate GLM analyses did indeed find significant group
differences in the degree to which right BA 9 activation increased in response to distractor
challenge. As an additional test, we also used multivoxel pattern analysis (MVPA) to
examine whether patterns of activation within right BA 9 were sufficient to discriminate
Ile89Val participants and controls.

Likewise replicating the rodent study, despite a reduced BA 9 response, 11e89Val
participants did not show a differential performance decrement in response to distraction.
We therefore performed exploratory MVPA to identify the possible regions lle89Val
heterozygotes differentially engaged during attentional challenge relative to controls.
Although they should be treated with appropriate caution given their exploratory nature, the
results of these analyses suggest potential compensatory mechanisms that act to preserve
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performance when activity in prefrontal control regions is insufficient, and represent
important targets for future investigation.

A priori region of interest analyses

Univariate—Our region of interest (ROI) analyses focused on hypothesis-guided
comparisons of right BA 9 activation during distractor challenge for 1le89Val participants
versus controls. Percent signal change values were submitted to mixed-design ANOVA with
the between-subjects factor genotype (11e89Val, control), and within-subjects factors
distraction (SAT, dSAT). Methods for sphericity correction, effect size calculation, and post
hoc testing were consistent with those described for the behavioral data.

Our first a priori functionally-defined ROI was based on the right PFC peak activation for
the dSAT > SAT contrast from an independent dataset of young adults using the identical
task and fMRI parameters (Berry et al., in prep.). The ROI was an 8 mm sphere centered on
peak Montreal Neurological Institute (MNI) coordinates 46, 2, 30 in right IFG,
approximating BA 9. Percent signal-change values for each participant were extracted using
MarsBar software (http://marshar.sourceforge.net; Brett et al., 2002). Because this ROl is
drawn from an independent dataset, it provides the most rigorous test of the hypothesis that
the basic finding of increased activation in this region replicates across studies, and allows
us to examine whether this finding occurs both in 11e89Val participants and controls.

As an additional and more conservative test of group differences in right PFC activation as a
function of distraction, we also performed a peak-voxel analysis. Within the 8 mm sphere
described above, a unique voxel that showed the greatest increase in signal for the contrast
dSAT > SAT was identified for each participant. Note that although this analysis is biased to
find a main-effect difference between the dSAT and SAT conditions, the use of the voxel
with the maximal contrast value for each participant biases this analysis against finding our
hypothesized group difference in the magnitude of that effect. Next, to provide a further test
of the breadth and generalization of our hypothesized results across the right BA 9 region,
we used an anatomically-defined ROI generated using a right BA 9 mask from the WFU
PickAtlas v 3.0 (www.fmri.wfubmc.edu/software/PickAtlas; Lancaster et al., 1997;
Lancaster et al., 2000; Maldjian et al., 2003).

Finally, to test the specificity of the genotype-related activation differences in right PFC and
rule out the possibility of differences in global signal between groups, we analyzed a control
region hypothesized to show activation during the task but to not differ as a function of
group. For this purpose, we used right motor cortex (M1; MNI 37, =25, 62, 8 mm sphere;
Mayka et al., 2006).

Multivariate: multivoxel pattern analysis—MVPA were conducted using the Pattern
Recognition for Neuroimaging Toolbox (PRoNTo) (www.mlnl.cs.ucl.ac.uk/pronto; Schrouff
etal., 2013).

We tested whether the patterns of activation within the right IFG ROI from the independent
dataset and the anatomically defined right BA 9 could significantly discriminate 1le89Val vs
controls. We submitted each participant’s univariate contrast image dSAT > SAT to
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classification using the binary support vector machine (SVM; Burges, 1998 LIBSVM
implementation, http://www.csie.ntu.edu.tw/~cijlin/libsvm/) with a leave one subject out
cross-validation approach. Masks were identical to the ROIs used in the univariate analyses
described above. However, we used 16 mm radius sphere ROIs rather than 8 mm radius
spheres because of special considerations that arise from spatial smoothing (for discussion
of smoothing in MVPA see Kamitani and Sawahata, 2010; Op de Beeck, 2010). We report
classification accuracy and significance levels calculated for 100 permutation tests for each
mask. Additionally, we plot model prediction values for each participant.

Exploratory whole brain analyses

Univariate: voxel-wise analysis—The advantage of a priori ROIs is that they provide
strict tests of targeted hypotheses and (especially for those defined on independent datasets)
help ensure replicability. However, their corresponding disadvantage is that they may miss
important differences elsewhere in the brain. To determine whether there were activation
differences between groups outside our a priori ROls, we performed second-level, flexible
factorial analyses, with genotype and condition as factors. Planned analyses were carried out
to examine main effects of genotype (1le89Val, control) and distraction (SAT, dSAT), and
genotype by distraction interactions. SAT and dSAT trials were contrasted against fixation
baseline for second-level analyses. For significance, a combined peak threshold of p <.001,
uncorrected and extent threshold of 67 voxels was required (AlphaSim cluster-level
threshold, p < .05). AlphaSim was implemented using the REST toolbox v1.8 (Song et al.,
2011).

Multivariate: multivoxel pattern analysis—To complement the exploratory univariate
analysis described above, we used MVPA to determine whether pattern classification could
identify regions possibly engaged more by 1le89Val than controls in response to the
distractor. Differential engagement of such regions could reflect a functional compensatory
mechanism, or application of an alternative task strategy in the face of deficient right BA 9
activation. The MVPA approach has the advantage of detecting information coded across
voxels in a multidimensional manner, and can be more sensitive than univariate measures
(reviewed in Davis and Poldrack, 2013).

We performed binary support vector classification for dSAT vs SAT trials separately for
Ile89Val and controls with a leave one subject out cross-validation approach. To identify the
regions that were most important for classifying dSAT vs SAT performance, we generated
separate weight vector images for 11e89Val and controls. We then contrasted the weight
maps (11e89Val — control) to determine which regions were preferentially weighted in
Ile89Val classification. Because of the multivariate nature of the patterns, spatial inference
on the weights cannot be performed using univariate statistics (The weight maps are
displayed without a threshold or statistical test). Weight images can be used to identify the
most discriminative regions, but should be interpreted with caution.
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[1e89Val participants and controls showed equivalent performance for SAT and dSAT trials.
For both groups, distraction impaired performance, replicating the effects found in our
previous studies (Berry et al., in prep.; Demeter et al., 2013; Demeter et al., 2011; Demeter
et al., 2008). Omissions were generally low (M = 0.05, SD = .06) and did not significantly
differ for controls and 1le89Val participants (t < 1). Similarly, error rates (misses and FAS)
were generally low (M = 0.12, SD = .08). Both misses (F(1,24) = 18.88, p <.001, n%g =
0.17) and FAs (F(1,24) = 9.77, p = .005, n?g = 0.04) increased during distraction, but
neither measure showed a main effect of genotype or genotype X distraction interaction, all
p > .17 (see Tables S1 and S2 for full ANOVAs and means).

Our primary accuracy measure was the SAT score, a measure of performance across both
signal and nonsignal trials. Analyses of d’, bias, misses, and FA as well as response times
are reported in the Tables S1 and S2. (Insert supplementary methods here.) Analysis of SAT
score revealed that the distractor reduced response accuracy for both groups, F(1,24) =
35.75, p < .001, 1%g = 0.17. However, there were no group differences either in overall
performance, F(1,24) = 1.34, p = .26, 12 = 0.05, or the impact of the distractor, F < 1.
Figure 2 shows the plots of individual participant SAT scores. Inspection of individual
participant data revealed one control participant’s performance was rather low, although still
within a 3 SD range of average SAT and dSAT score for controls (i.e., it was not a clear
statistical outlier). Removal of this participant’s data and that of their 11e89Val match did not
change overall statistical significance of our behavioral analyses. As in the full dataset, with
these participants removed neither the genotype nor the genotype x distraction interactions
approached significance, p >.30. Similarly, removal of these two subjects from fMRI
analyses did not change the major conclusions drawn from the current report. Therefore, the
control and 1le89Val match were included in analyses to preserve sample size.

We conducted power analyses using G*Power 3.1.7 (Faul et al., 2009) to determine the
number of subjects that would be necessary to demonstrate a significant difference between
control and 11e89Val average SAT and dSAT score given present effect sizes. These
analyses found that 206 total participants (103 per group) would be necessary to achieve .90
power, and 156 total participants (78 per group) to achieve .80 power. Because of the
limited number of 11e89Val in our total sample (n = 67), we did not pursue additional
behavioral testing.

fMRI a priori region of interest analyses

Our central hypothesis was that increases in right PFC activation in response to the
distractor would be attenuated in I1e89Val participants compared to controls. As seen in
Figure 3 (group means and individual participant data for the independently-defined ROI),
our results were consistent with this hypothesis. We describe the formal statistical analyses
below. To summarize, the critical genotype X distraction interaction indicating that 11e89V
participants did not increase right PFC activation in response to the distractor to the same
degree that controls is robust regardless of which ROI is used. Adding further support, the
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pattern classification analyses indicated that distraction-related changes in activity in this
region reliably discriminated 1le89Val participants from controls.

Univariate—ROI analyses of right PFC activation during SAT and dSAT indicated that
controls more strongly increased activation during distractor challenge than I1e89Val
participants. Importantly, these group differences in activation were specific to the distractor
effect.

Our first a priori functionally-defined ROI was based on the right PFC peak activation for
the dSAT > SAT contrast from an independent dataset of young adults using the identical
task and fMRI parameters (Berry et al., in prep.). For the independently-defined right IFG
ROI (MNI 46, 2, 30; 8 mm sphere) there was no main effect of genotype, F < 1. Percent
signal change was greater during dSAT than SAT, F(1,24) = 22.91, p < .001, g = 0.10.
However, this effect was driven by control participants. The critical genotype X distraction
interaction was significant, F(1,24) = 10.94, p = .003, n2g = 0.05, and post hoc within-
subjects t tests revealed that only controls significantly increased activation in response to
distractor challenge t(12) = 4.72, p <.001, dz = 1.31. This effect was substantially smaller in
the 11e89Val group and did not approach significance, t(12) = 1.44, p = .18, dz = 0.40.

These results held for the single voxel analysis. The method of voxel selection obligated a
main effect of distraction, but there was no main effect of genotype. Critically, the
interaction analysis showed that even in this conservative analysis, the dSAT-related
increase in activation was still greater for controls, F(1,24) = 10.68, p = .003, n2g = 0.05.
Post hoc paired t tests revealed controls strongly increased activation in response to
distractor challenge t(12) = 10.22, p < .001, dz = 2.84, while 1le89Val showed the same
pattern at a smaller effect size t(12) = 7.29, p <.001, dz = 2.02.

Analysis of the anatomically defined right BA 9 ROI generally replicated our functionally
defined ROI results. Although in this case there was a marginal main effect of genotype,
F(1,24) = 3.18, p = .09, n2g = 0.11, inspection of Figure 3b clearly indicates that this was
driven by lower 11e89Val activation exclusive to the dSAT condition. Post hoc t tests
indicated that the two groups did not significantly differ in the SAT condition, t < 1.
Conversely, although the main effect of distraction was not significant for this ROI, F(1,24)
=2.22, p = .15, g = 0.01, it is masked by the significant interaction between genotype and
distraction, F(1,24) = 7.18, p = .01, n2¢ = 0.03. Controls showed strong enhancement during
dSAT, t(12) = 3.17, p = .008, dz = 0.88, while 1le89Val did not, t(12) =0.79, p = .45, dz =
0.22.

To ensure that distractor-related differences in activation in right PFC were not due to
differences in global activation between groups or between task conditions, we evaluated
activation in primary motor cortex (M1; MNI 37, =25, 62, 8 mm sphere; Mayka et al.,
2006). We hypothesized there would be no difference in overall activation between groups,
no difference in motor activation between dSAT and SAT trials, and no interaction. This
was indeed the case. (Figure 3c.) Controls and 11e89Val showed similar levels of motor
activation, F < 1. There was no enhancement of motor activation during distractor challenge,
F(1,24) = 1.00, p = .33, n?g < 0.01, and no interaction, F < 1.
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Multivariate: multivoxel pattern analysis—As an additional test, we also used
multivoxel pattern analysis (MVPA) to examine whether patterns of activation within right
BA 9 were sufficient to discriminate 11e89Val participants and controls. Consistent with our
hypothesis, we found significant classification of participants based on patterns of activation
for the dSAT > SAT contrast using a binary support vector machine. Classification within
the right IFG functionally defined ROI was 76.9%, p = .01. Classification within the right
BA 9 anatomically defined ROl was 84.6%, p = .01. Importantly, patterns of activation
within M1 did not generate significant classification of groups (accuracy 46.2%, p = .49),
indicating that classifier performance within right PFC was not likely driven by global
differences in activation across the groups. Plots of classifier predictions for individual
subjects are displayed in Figure 4.

exploratory analyses

Univariate: voxel-wise analysis—Main effects of distraction were consistent with
previous fMRI studies of SAT and dSAT (Berry et al., in prep.; Demeter et al., 2011).
Activation increases during dSAT were found in right IFG (MNI 48, 0, 30; 80 voxels), in
close proximity to the right IFG peak identified in our previous event-related design study in
healthy young adults, MNI 46, 2, 30 (Berry et al., in prep.). Figure 5 displays significant
right prefrontal activation for the contrast dSAT > SAT when the groups were combined.
There were no significant effects of genotype or genotype by distraction interactions, likely
due to the strict multiple-comparison correction factors in voxelwise analysis.

Multivariate: multivoxel pattern analysis—Replicating the rodent study, despite a
reduced BA 9 response, 11e89Val participants did not show a differential performance
decrement in response to distraction. We therefore performed exploratory MVPA to identify
the possible regions 11e89Val heterozygotes differentially engaged during attentional
challenge relative to controls. Although they should be treated with appropriate caution
given their exploratory nature, the results of these analyses suggest potential compensatory
mechanisms that may preserve performance when activity in prefrontal control regions is
insufficient, and represent important targets for future investigation.

To explore possible alternative neural mechanisms supporting 1le89Val performance during
distractor challenge, we identified regions that more strongly discriminated dSAT vs SAT
trials for 1le89Val participants than controls. Overall discrimination for dSAT vs SAT was
similar across groups, within 4% accuracy (lle89Val = 92.3%; control = 88.5%). By
contrasting the voxel-wise classification weight maps for each group, we identified two
candidate regions differentially recruited by 11e89Val participants during distractor
challenge: orbitofrontal cortex and parahippocampal gyrus (Figure 6). These results should
be interpreted with some caution as they occur in regions that may be susceptible to edge
artifacts. However, the spatial pattern of the effects when examined at a reduced threshold
(Figure S2) was not consistent with an artifactual explanation. (Insert Supplementary Figure
S2 here.)
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DISCUSSION

The present study took the first steps in determining how variation of endogenous
cholinergic signaling modulates PFC function in humans. We found that a functional
polymorphism (11e89Val) in the SLC5A7 gene that encodes the high-affinity choline
transporter was associated with attenuation of BOLD signal increases in a right-lateralized
cognitive control region. Specifically, in 11le89Val heterozygotes, challenges to attention
imposed by a global distractor did not evoke significant increases in activation in right BA
9, whereas robust activation increases were observed in control participants homozygous for
the dominant allele. These results strongly suggest that in humans, as in rats, cholinergic
innervation of right PFC plays an important role in its response to increasing attentional
demands.

One limitation of this study is the relatively small sample size. However, concerns about
reliability may be mitigated by the clear shift in the distributions seen when examining the
individual subject data (i.e., effects are not driven by outliers; see especially Figure 3) and
the consistency of findings across multiple analysis methods, including the use of an a priori
BA 9 ROI drawn from an independent dataset. Furthermore, our primary hypothesis,
Ile89Val hypoactivation of the right BA 9 response to attentional challenge, was grounded
in findings bridging cognitive (Berry et al., 2014; Berry et al., in prep; Demeter et al., 2011;
English et al., 2009; Kim et al., 2006), systems (Gill et al., 2000; Parikh et al., 2013; St
Peters et al., 2011), and molecular (Okuda et al., 2002) neuroscience. Examining how the
BA 9 response to attentional challenge was affected by cholinergic genetic variation was a
logical next step in integrating these multidisciplinary findings, and there were strong a
priori reasons to hypothesize the present results.

To our knowledge, there are only two prior imaging genetics studies probing cholinergic
function, both focused more on emotional processing and autonomic function than on the
cognitive-attention processes emphasized here (Gorka et al., 2014; Neumann et al., 2006).
Neumann and colleagues (2006) investigated a more common polymorphism of the CHT1
gene (G to T nucleotide base pair substitution located in the 3’ untranslated region).
Somewhat in contrast to the present results, they did not report a genotype difference in right
BA 9 activation in a Go/No-Go task thought to measure inhibitory function, although
another index of autonomic cholinergic function (heart rate variability) did have an effect.
Instead, Neumann et al. found that participants homozygous for the G allele linked to
potentially reduced cholinergic signaling had increased corticolimbic reactivity during an
emotional-face processing task, potentially explaining the G allele’s association with
increased vulnerability to depression and other mood disorders. Recently, Gorka et al.
(2014) examined the effects of the 1le89Val polymorphism (the same used in the present
study) on corticolimbic connectivity during a similar face-processing task (see Hahn et al.,
2009 for evidence linking 11e89Val to depression severity). Using psycho-physio-
physiological analyses, they found that the 11e89Val polymorphism was associated with
decreased basal forebrain moderation of amygdala functional connectivity with
hippocampus and medial PFC.
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These previous studies may provide some clues to a puzzling question: Why — despite
extensive previous evidence indicating the critical role of right PFC cholinergic innervation
in maintaining performance during challenges to attention (e.g. Gill et al., 2000;
Himmelheber et al., 2000; St Peters et al., 2011)- do neither CHT +/— mice (Paolone et al.,
2013; Parikh et al., 2013) nor the 1le89Val participants studied here show reliable
performance deficits, especially in response to the distractor? This pattern seems especially
perplexing in light of our previous findings (Berry et al., 2014) that 11e89Val carriers self-
report greater mind-wandering and distractibility in everyday life, and also had greater
performance decrements when faced with a salient, content-rich distractor (a laptop playing
distracting videos) during another demanding sustained-attention task (the Continuous
Temporal Expectancy Test, O'Connell et al., 2009). It is possible that our relatively small
sample size and/or the decision to match the genotyped groups on self-report measures (i.e.,
PAC score) of distractibility and mind-wandering made any such deficits difficult to detect.
However, the distribution of performance scores (Figure 2b) does not show even a trend
towards performance deficits on the part of 1le89Val participants. The replication of
preserved performance across the rodent and human dSAT studies also suggests the pattern
may be real.

Although speculative, these results together with those of Berry et al. (2014) suggest
alterations in the cholinergic system that allow preserved performance during the
perceptually-demanding flashing-screen distractor presented in dSAT but increase
vulnerability to distraction by meaningful external stimuli such as the video distractor used
in our previous study. As described earlier, the results of Paolone et al. (2014) suggest an
increase in post-synaptic a 4a 2* nAChR density as one of what may be multiple molecular
compensations to altered CHT function. The results of Neumann et al. (2006) and Gorka et
al. (2014) suggest another, not mutually-exclusive alteration at the systems level: 11e89Val
participants may have engaged different cognitive-emotional processes and functional
pathways. Specifically, 1le89Val participants may be less reliant on proactive, top-down
cognitive control to maintain performance in the dSAT and be differentially influenced by
more reactive, bottom-up salience and emotional-motivational influences.

This possibility is supported by findings suggesting that rather than directly supporting
detection, right PFC cholinergic activity promotes the engagement of “attentional effort”
and cognitive control (see review by Sarter et al., 2006). In rodent studies, right PFC
cholinergic innervation plays a critical role in interactions between attentional and
motivation systems (St Peters et al., 2011). Cholinergic lesions to right PFC impair
performance, especially in the dSAT condition, but increases in right PFC ACh release
correlate with demands on attention rather than performance per se (Kozak et al., 2006).
Likewise, in humans right BA 9 is at the junction of dorsal attentional systems involved in
top-down control and ventral attentional systems involved in bottom-up salience processing
(Corbetta and Shulman, 2002; Kanwisher and Wojciulik, 2000; Kastner and Ungerleider,
2000). Recent evidence suggests this region may serve to translate anterior cingulate signals
of increased conflict, error, or “opportunity cost” in the dSAT condition to increased
engagement of parietally-mediated attentional processes that amplify the representation of
the signal and/or inhibit noise from the distractor (Berry et al., in prep; see Broussard et al.,
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2009 for evidence of cholinergic modulation of signal to noise ratios in parietal cortex;
Kurzban et al., 2013; Sarter et al., 2014b for discussion of the opportunity cost model of
attentional effort and potential cholinergic involvement).

The results of the present study thus combine with those of Neumann et al. (2006) and
Gorka et al. (2014) to suggest that instead of right-PFC mediated increases in top-down
control, 1le89Val participants’ response to the challenges imposed by the distractor
condition may be more influenced by salience and motivational-emotional processing.
Cholinergic basal forebrain neurons projecting to prefrontal cortex themselves receive inputs
from limbic structures involved in reward processing, and are thought to subsequently
translate this to the facilitation of attention and other cognitive functions (Wilson & Rolls,
1990). In a previous rodent study using the dSAT (St. Peters et al., 2011), we outlined
interactions between nucleus accumbens reward structures and cholinergically-mediated
prefrontal and parietal contributions to attentional performance. Thus, one possibility is that
processing in I1e89Val participants is more heavily influenced by the motivation/reward
components of such a network. The orbitofrontal region observed here (peak MNI
coordinates 0, 52, —20) has also been associated with processing the likelihood and
subjective value of reward (Daw et al., 2006; Valentin et al., 2007); that identified by Gorka
et al. is slightly dorsal (peak MNI coordinates 0, 58, —4) but otherwise quite similar.

Considering the Gorka et al. (2014) results in combination with our own, we suggest that
while control participants engaged right-PFC mediated top-down cognitive control processes
to enhance attention to the signal and suppress the distractor, the performance of 1le89Val
participants (and possibly also CHT +/-mice) may have been differentially influenced by
the bottom-up salience of the sudden-onset signal and its reward value (correct trials were
associated with a small monetary reward, and misses with a penalty). This suggestion is
compatible with the putative role of right PFC in inhibitory processing (e.g., Aron et al.,
2004) and could explain the apparent discrepancy between preserved performance in the
dSAT versus greater self-reports of distractibility in everyday life and greater vulnerability
to a video distractor (Berry et al., 2014). That is, one possibility is that l1le89Val participants
are differentially reactive to bottom-up signal salience and have difficulty regulating their
responses to such signals.

In the SAT/dSAT paradigm used here and with the CHT +/— mice, such increased reactivity
would not be a performance liability: The target is a sudden-onset visual stimulus with
substantial bottom-up salience (Posner, 1978), and the changing background makes its
perception more difficult but does not directly compete for the focus of attention in the way
that, e.g., a nontarget signal presented in the periphery might. In contrast, the self-report
items on the Poor Attentional Control Scale (e.g., “N o matter how hard I try to concentrate,
thoughts unrelated to my work always creep in”; “I find it difficult to concentrate when the
TV or radio is on.”) suggest a difficulty maintaining attention to internal representations and
resisting incoming inputs.

Likewise, in our previous study where we did see an increased vulnerability to distraction
for 1le89Val participants (Berry et al., 2014), the primary task was a duration-discrimination
task in which target identification relied on internal representations of time rather than
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bottom-up salience, whereas the distracting videos presented a salient and information-rich
competitive stimulus. Relevant to the Neumann et al. (2006) and Gorka et al. (2014)
findings, the videos likely contained more affective content than the flashing-background
distractor used here and with the CHT +/- mice. Also suggesting that 11e89Val participants
gave priority to the external information presented by the videos, and potentially consistent
with the suggestion of medial temporal lobe differences in Gorka et al. (2014) and the
present study, 11e89Val participants in Berry et al. (2014) had better memory than controls
for the content of those videos on a surprise quiz. Given the limits of reverse inference from
neuroimaging results to cognitive processes (see Aguirre, 2003; Poldrack, 2006, 2011) and
in particular that MVPA indicates the presence but not direction of differences between
participants and/or individuals, the above statements should be considered prospective
hypotheses guiding further investigation rather than definitive conclusions about the present
results.

What the present study does provide is an imaging-genetics approach to testing hypotheses
strongly grounded in prior systems and cognitive neuroscience findings about the
involvement of cholinergic signaling in the right PFC response to attentional challenge.
These results help elucidate how variation in cholinergic function, independent of pathology,
impacts individual differences in attentional function and fMRI measures of PFC activity.
Additionally, this work may shed light on the risk and resiliency factors associated with
suboptimal cholinergic function, a condition also associated with disorders such as
schizophrenia (Demeter et al., 2013; Luck et al., 2012) and Parkinson’s disease (Kucinski et
al., 2013; Sarter et al., 2014a).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEGEMENTS

This research was supported by PHS grant RO1IMHO086530 (MS, CL). AB was supported by a NSF Graduate
Research Fellowship. We thank Brett English for genotyping analyses and John Jonides for helpful discussion.

REFERENCES

Aguirre, GK. Functional imaging in behavioral neurology and cognitive neuropsychology. In:
Feinberg, TE.; Farah, MJ., editors. Behavioral Neurology and Cognitive Neuropsychology. New
York: McGraw-Hill; 2003. p. 85-96.

Apparsundaram S, Martinez V, Parikh V, Kozak R, Sarter M. Increased capacity and density of
choline transporters situated in synaptic membranes of the right medial prefrontal cortex of
attentional task-performing rats. J Neurosci. 2005; 25:3851-3856. [PubMed: 15829637]

Arnold HM, Burk JA, Hodgson EM, Sarter M, Bruno JP. Differential cortical acetylcholine release in
rats performing a sustained attention task versus behavioral control tasks that do not explicitly tax
attention. Neuroscience. 2002; 114:451-460. [PubMed: 12204214]

Aron AR, Robbins TW, Poldrack RA. Inhibition and the right inferior frontal cortex. Trends Cogn Sci.
2004; 8:170-177. [PubMed: 15050513]

Bakeman R. Recommended effect size statistics for repeated measures designs. Behav Res Methods.
2005; 37:379-384. [PubMed: 16405133]

Neuroimage. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Berry et al.

Page 16

Berry AS, Demeter E, Sabhapathy S, English BA, Blakely RD, Sarter M, Lustig C. Disposed to
distraction: Genetic variation in the cholinergic system influences distractibility but not time-on-
task effects. J Cogn Neurosci. 2014

Brett, M.; Anton, J.; Valabregue, R.; Poline, J. Region of interest analysis using an SPM toolbox
[abstract]. International Conference on Functional Mapping of the Human Brain; Sendai, Japan.
2002.

Broussard JI, Karelina K, Sarter M, Givens B. Cholinergic optimization of cue-evoked parietal activity
during challenged attentional performance. Eur J Neurosci. 2009; 29:1711-1722. [PubMed:
19419433]

Brown VJ, Bowman EM. Rodent models of prefrontal cortical function. Trends Neurosci. 2002;
25:340-343. [PubMed: 12079756]

Burges CJC. A tutorial on support vector machines for pattern recognition. Data Mining and

Knowledge Discovery. 1998; 2:121-167.

Corbetta M, Shulman GL. Control of goal-directed and stimulus-driven attention in the brain. Nat Rev
Neurosci. 2002; 3:201-215. [PubMed: 11994752]

Counts SE, Mufson EJ. The role of nerve growth factor receptors in cholinergic basal forebrain
degeneration in prodromal Alzheimer disease. J Neuropathol Exp Neurol. 2005; 64:263-272.
[PubMed: 15835262]

Davis T, Poldrack RA. Measuring neural representations with fMRI: practices and pitfalls. Annals of
the New York Academy of Sciences. 2013; 1296:108-134. [PubMed: 23738883]

Daw ND, O'Doherty JP, Dayan P, Seymour B, Dolan RJ. Cortical substrates for exploratory decisions
in humans. Nature. 2006; 441:876-879. [PubMed: 16778890]

Demeter E, Guthrie SK, Taylor SF, Sarter M, Lustig C. Increased distractor vulnerability but preserved
vigilance in patients with schizophrenia: evidence from a translational Sustained Attention Task.
Schizophr Res. 2013; 144:136-141. [PubMed: 23374860]

Demeter E, Hernandez-Garcia L, Sarter M, Lustig C. Challenges to attention: a continuous arterial spin
labeling (ASL) study of the effects of distraction on sustained attention. Neuroimage. 2011;
54:1518-1529. [PubMed: 20851189]

Demeter E, Sarter M, Lustig C. Rats and humans paying attention: cross-species task development for
translational research. Neuropsychology. 2008; 22:787-799. [PubMed: 18999353]

English BA, Hahn MK, Gizer IR, Mazei-Robison M, Steele A, Kurnik DM, Stein MA, Waldman 1D,
Blakely RD. Choline transporter gene variation is associated with attention-deficit hyperactivity
disorder. J Neurodev Disord. 2009; 1:252-263. [PubMed: 21547719]

Faul F, Erdfelder E, Buchner A, Lang AG. Statistical power analyses using G*Power 3.1: tests for
correlation and regression analyses. Behav Res Methods. 2009; 41:1149-1160. [PubMed:
19897823]

Fritz CO, Morris PE, Richler JJ. Effect size estimates: Current use, calculations, and interpretation. J
Exp Psychol Gen. 2012; 141:2-18. [PubMed: 21823805]

Gill TM, Sarter M, Givens B. Sustained visual attention performance-associated prefrontal neuronal
activity: evidence for cholinergic modulation. J Neurosci. 2000; 20:4745-4757. [PubMed:
10844044]

Gorka AX, Knodt AR, Hariri AR. Basal forebrain moderates the magnitude of task-dependent
amygdala functional connectivity. Soc Cogn Affect Neurosci. 2014

Hahn MK, Blackford JU, Haman K, Mazei-Robison M, English BA, Prasad HC, Steele A, Hazelwood
L, Fentress HM, Myers R, Blakely RD, Sanders-Bush E, Shelton R. Multivariate permutation
analysis associates multiple polymorphisms with subphenotypes of major depression. Genes Brain
Behav. 2008; 7:487-495. [PubMed: 18081710]

Hasselmo ME. Neuromodulation and Cortical Function - Modeling the Physiological-Basis of
Behavior. Behavioural Brain Research. 1995; 67:1-27. [PubMed: 7748496]

Hasselmo ME, McGaughy J. High acetylcholine levels set circuit dynamics for attention and encoding
and low acetylcholine levels set dynamics for consolidation. Acetylcholine in the Cerebral Cortex.
2004; 145:207-231.

Hasselmo ME, Sarter M. Modes and models of forebrain cholinergic neuromodulation of cognition.
Neuropsychopharmacology. 2011; 36:52—-73. [PubMed: 20668433]

Neuroimage. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Berry et al.

Page 17

Himmelheber AM, Sarter M, Bruno JP. Increases in cortical acetylcholine release during sustained
attention performance in rats. Brain research. Cognitive brain research. 2000; 9:313-325.
[PubMed: 10808142]

Huba, GJ.; Singer, JL.; Aneshensel, CS.; Antrobus, JS. Short Imaginal Processes Inventory. Port
Huron, MI: Research Psychologists Press; 1982.

Jenkinson M, Bannister P, Brady M, Smith S. Improved optimization for the robust and accurate linear
registration and motion correction of brain images. Neuroimage. 2002; 17:825-841. [PubMed:
12377157]

Kamitani Y, Sawahata Y. Spatial smoothing hurts localization but not information: pitfalls for brain
mappers. Neuroimage. 2010; 49:1949-1952. [PubMed: 19559797]

Kanwisher N, Wojciulik E. Visual attention: insights from brain imaging. Nat Rev Neurosci. 2000;
1:91-100. [PubMed: 11252779]

Kastner S, Ungerleider LG. Mechanisms of visual attention in the human cortex. Annu Rev Neurosci.
2000; 23:315-341. [PubMed: 10845067]

Kim J, Whyte J, Wang J, Rao H, Tang KZ, Detre JA. Continuous ASL perfusion fMRI investigation of
higher cognition: quantification of tonic CBF changes during sustained attention and working
memory tasks. Neuroimage. 2006; 31:376-385. [PubMed: 16427324]

Kozak R, Bruno JP, Sarter M. Augmented prefrontal acetylcholine release during challenged
attentional performance. Cereb Cortex. 2006; 16:9-17. [PubMed: 15788700]

Kucinski A, Paolone G, Bradshaw M, Albin RL, Sarter M. Modeling fall propensity in Parkinson's
disease: deficits in the attentional control of complex movements in rats with cortical-cholinergic
and striatal-dopaminergic deafferentation. J Neurosci. 2013; 33:16522-16539. [PubMed:
24133257]

Kurzban R, Duckworth A, Kable JW, Myers J. An opportunity cost model of subjective effort and task
performance. The Behavioral and brain sciences. 2013; 36:661-679. [PubMed: 24304775]

Lancaster JL, Rainey LH, Summerlin JL, Freitas CS, Fox PT, Evans AC, Toga AW, Mazziotta JC.
Automated labeling of the human brain: a preliminary report on the development and evaluation of
a forward-transform method. Hum Brain Mapp. 1997; 5:238-242. [PubMed: 20408222]

Lancaster JL, Woldorff MG, Parsons LM, Liotti M, Freitas CS, Rainey L, Kochunov PV, Nickerson
D, Mikiten SA, Fox PT. Automated Talairach atlas labels for functional brain mapping. Hum
Brain Mapp. 2000; 10:120-131. [PubMed: 10912591]

Luck SJ, Ford JM, Sarter M, Lustig C. CNTRICS final biomarker selection: Control of attention.
Schizophrenia bulletin. 2012; 38:53-61. [PubMed: 21765166]

Lustig C, Kozak R, Sarter M, Young JW, Robbins TW. CNTRICS final animal model task selection:
control of attention. Neuroscience and biobehavioral reviews. 2013; 37:2099-2110. [PubMed:
22683929]

Maldjian JA, Laurienti PJ, Kraft RA, Burdette JH. An automated method for neuroanatomic and
cytoarchitectonic atlas-based interrogation of fMRI data sets. Neuroimage. 2003; 19:1233-1239.
[PubMed: 12880848]

Martinez V, Sarter M. Lateralized attentional functions of cortical cholinergic inputs. Behav Neurosci.
2004; 118:984-991. [PubMed: 15506881]

Mayka MA, Corcos DM, Leurgans SE, Vaillancourt DE. Three-dimensional locations and boundaries
of motor and premotor cortices as defined by functional brain imaging: a meta-analysis.
Neuroimage. 2006; 31:1453-1474. [PubMed: 16571375]

McGaughy J, Sarter M. Behavioral vigilance in rats: task validation and effects of age, amphetamine,
and benzodiazepine receptor ligands. Psychopharmacology (Berl). 1995; 117:340-357. [PubMed:
7770610]

Mesulam M. The cholinergic lesion of Alzheimer's disease: pivotal factor or side show? Learn Mem.
2004; 11:43-49. [PubMed: 14747516]

Mufson EJ, Ma SY, Cochran EJ, Bennett DA, Beckett LA, Jaffar S, Saragovi HU, Kordower JH. Loss
of nucleus basalis neurons containing trkA immunoreactivity in individuals with mild cognitive
impairment and early Alzheimer's disease. J Comp Neurol. 2000; 427:19-30. [PubMed:
11042589]

Neuroimage. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Berry et al.

Page 18

Neumann SA, Brown SM, Ferrell RE, Flory JD, Manuck SB, Hariri AR. Human choline transporter
gene variation is associated with corticolimbic reactivity and autonomic-cholinergic function. Biol
Psychiatry. 2006; 60:1155-1162. [PubMed: 16876130]

O'Connell RG, Dockree PM, Robertson IH, Bellgrove MA, Foxe JJ, Kelly SP. Uncovering the neural
signature of lapsing attention: electrophysiological signals predict errors up to 20 s before they
occur. J Neurosci. 2009; 29:8604-8611. [PubMed: 19571151]

Okuda T, Okamura M, Kaitsuka C, Haga T, Gurwitz D. Single nucleotide polymorphism of the human
high affinity choline transporter alters transport rate. J Biol Chem. 2002; 277:45315-45322.
[PubMed: 12237312]

Op de Beeck HP. Against hyperacuity in brain reading: spatial smoothing does not hurt multivariate
fMRI analyses? Neuroimage. 2010; 49:1943-1948. [PubMed: 19285144]

Oppenheim, AV.; Schafer, RW.; Buck, JR. Discrete-time signal processing. Englewood Cliffs, NJ:
Prentice Hall; 1999.

Paolone G, Mallory CS, Koshy Cherian A, Miller TR, Blakely RD, Sarter M. Monitoring cholinergic
activity during attentional performance in mice heterozygous for the choline transporter: A model
of cholinergic capacity limits. Neuropharmacology. 2013; 75:274-285. [PubMed: 23958450]

Parikh V, St Peters M, Blakely RD, Sarter M. The presynaptic choline transporter imposes limits on
sustained cortical acetylcholine release and attention. J Neurosci. 2013; 33:2326-2337. [PubMed:
23392663]

Poldrack RA. Can cognitive processes be inferred from neuroimaging data? Trends Cogn Sci. 2006;
10:59-63. [PubMed: 16406760]

Poldrack RA. Inferring mental states from neuroimaging data: from reverse inference to large-scale
decoding. Neuron. 2011; 72:692-697. [PubMed: 22153367]

Posner, MI. Attended and unattended processing modes : The role of set for spatial location. In: Pick,
HLaS; 1, editors. Modes of Perceiving and Processing Information. Hillsdale, N.J.: Lawrence
Erlbaum Associates; 1978.

Sarter M, Albin RL, Kucinski A, Lustig C. Where attention falls: Increased risk of falls from the
converging impact of cortical cholinergic and midbrain dopamine loss on striatal function. Exp
Neurol. 2014a; 257C:120-129. [PubMed: 24805070]

Sarter M, Bruno JP. Cognitive functions of cortical acetylcholine: Toward a unifying hypothesis. Brain
Research Reviews. 1997; 23:28-46. [PubMed: 9063585]

Sarter M, Gehring WJ, Kozak R. More attention must be paid: the neurobiology of attentional effort.
Brain Research Reviews. 2006; 51:145-160. [PubMed: 16530842]

Sarter M, Lustig C, Howe WM, Gritton H, Berry AS. Deterministic functions of cortical acetylcholine.
Eur J Neurosci. 2014b; 39:1921-1920. [PubMed: 24460847]

Sarter M, Lustig C, Taylor SF. Cholinergic contributions to the cognitive symptoms of schizophrenia
and the viability of cholinergic treatments. Neuropharmacology. 2012; 62:1544-1553. [PubMed:
21156184]

Schrouff J, Rosa MJ, Rondina JM, Marquand AF, Chu C, Ashburner J, Phillips C, Richiardi J,
Mourao-Miranda J. PRoNTo: pattern recognition for neuroimaging toolbox. Neuroinformatics.
2013; 11:319-337. [PubMed: 23417655]

Simon JR, Atweh S, Kuhar MJ. Sodium-dependent high affinity choline uptake: a regulatory step in
the synthesis of acetylcholine. J Neurochem. 1976; 26:909-922. [PubMed: 1271069]

Smith SM, Jenkinson M, Woolrich MW, Beckmann CF, Behrens TE, Johansen-Berg H, Bannister PR,
De Luca M, Drobnjak I, Flitney DE, Niazy RK, Saunders J, Vickers J, Zhang Y, De Stefano N,
Brady JM, Matthews PM. Advances in functional and structural MR image analysis and
implementation as FSL. Neuroimage. 2004; 23(Suppl 1):S208-S219. [PubMed: 15501092]

Song XW, Dong ZY, Long XY, Li SF, Zuo XN, Zhu CZ, He Y, Yan CG, Zang YF. REST: a toolkit
for resting-state functional magnetic resonance imaging data processing. PloS one. 2011;
6:25031. [PubMed: 21949842]

St Peters M, Demeter E, Lustig C, Bruno JP, Sarter M. Enhanced control of attention by stimulating
mesolimbic-corticopetal cholinergic circuitry. J Neurosci. 2011; 31:9760-9771. [PubMed:
21715641]

Neuroimage. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Berry et al.

Page 19

Swets J, Tanner WP Jr, Birdsall TG. Decision processes in perception. Psychol Rev. 1961; 68:301—
340. [PubMed: 13774292]

Valentin VV, Dickinson A, O'Doherty JP. Determining the neural substrates of goal-directed learning
in the human brain. J Neurosci. 2007; 27:4019-4026. [PubMed: 17428979]

Wilson FA, Rolls ET. Neuronal responses related to reinforment in the primate basal forebrain. Brain
Research. 1990; 509:213-231. [PubMed: 2322819]

Xie J, Guo Q. Par-4 inhibits choline uptake by interacting with CHT1 and reducing its incorporation
on the plasma membrane. J Biol Chem. 2004; 279:28266—28275. [PubMed: 15090548]

Yamamura HI, Snyder SH. Choline: high-affinity uptake by rat brain synaptosomes. Science. 1972;
178:626-628. [PubMed: 5086398]

Neuroimage. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Berry et al. Page 20

SAT
signal or
monitoring time  nonsignal event response cue response feedback
]
P4
’ a s e <
1,20r3s 17-64ms 500 ms 700 ms <1,000ms‘ 700 ms
dSAT
signal or
monitoring time  nonsignal event response cue response feedback
- |
P4
4 —> —> '
- e <
1,20r3s 17 - 64 ms 500 ms 700 ms < 1,000 ms ‘ 700 ms

Figure 1. Sustained Attention Task (SAT)
Each trial consisted of a variable duration monitoring interval followed by the presentation

of a signal or nonsignal event. The signal was a gray square on a silver background and
varied in duration. Signal and nonsignal events were pseudorandomized and occurred with
equal frequency. Participants were cued to respond by a low frequency buzzer. Participants
responded via buttonpress using one index finger for signal trials and the other index finger
for nonsignal trials (left-right key assignment counterbalanced across participants). Correct
responses were followed by a high frequency feedback tone; incorrect responses and
omissions did not result in feedback. The distractor condition, dSAT, increased the
attentional control demands of the task by adding a global, continuous visual distractor.
During dSAT trials, the screen flashed from gray to black at 10 Hz. SAT, dSAT, and
fixation (not pictured) trials were pseudorandomly intermixed.
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Figure 2. Effect of distraction on SAT scores for controls and 11e89Val
Data shown are from 6 experimental runs. Black bars and thick outlined shapes display

performance data for SAT trials without distraction; white bars and thin outlined shapes
display performance data for dSAT trials with distraction (a) The distractor impaired
performance (p <.001), and had an equivalent effect on performance for both groups (p =.
47) There was no difference between groups in overall performance (p = .26). (b) Individual
data are plotted to illustrate the low performance of a control participant (filled circle). This
participant was included in all analyses (performance was within 3 SD of group mean).
Removal of this participant and their 1le89Val match from analyses did not change major
conclusions of the present study.
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Figure 3. Controls, but not 11e89Val increase right BA 9 activation in the presence of distraction
Percent signal change was extracted from regions of interest for controls (gray bars, circles)

and 11e89Val (pattern bars, triangles). Primary motor cortex was used as a control region.
Percent signal change in the bar graphs (left) is reported relative to fixation baseline (M %
SEM). Individual participant data (right) is plotted as percent signal change for the index
dSAT - SAT. (a) A significant group by distraction interaction (p = .003) revealed controls
increased activation during dSAT relative to SAT in the functionally defined right IFG
region of interest (p <.001), but 11e89Val did not (p = .18). (b) Similarly, a significant group
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by distraction interaction (p = .01) revealed controls increased activation in the anatomically
defined right BA 9 region of interest (p = .008), but I1e89Val did not (p = .45). (c) There was
no difference between groups in overall activation in primary motor cortex (p = .57) and no
increase with distraction (p = .33) suggesting global differences in activation between
groups or across distraction condition were not driving group by distraction interactions.
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Figure 4. Patterns of activation in right BA 9 discriminate controls and 1le89Val
A binary support vector machine was used to test classification accuracy for controls
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(circles) vs 1le89Val (triangles) based on individual patterns of activation for the dSAT >
SAT contrast within regions of interest. Scatter plots of group predictions for individual
participants are displayed. (a) Classification accuracy based on the functionally defined
region of interest was 76.9%, p = .01. (b) Classification accuracy based on the anatomically

defined region of interest was 84.6%, p = .01. (c) Classification accuracy based on the

control motor region of interest was at chance, 46.2%, p = .49.
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Figure 5. Activation in right BA 9 increases in the presence of distraction
T-map for the univariate contrast dSAT (hits + CRs) > SAT (hits + CRs) is displayed for

controls and I1e89Val groups combined. The activation in right inferior frontal gyrus (IFG)
approximating BA 9 (MNI 48, 0, 30) replicated our previous results using this task (Berry et
al., in prep.). Activation was also found in visual cortex, which may have been driven by
visual stimulation caused by the flashing visual distractor. Activations are displayed on
CARET slightly inflated surface representation with the t-value scale shown in the lower
right.
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Figure 6. Regions more discriminating of distraction condition for 11e89Val than controls
To investigate whether there were regions differentially involved in dSAT performance for

I1e89Val than controls, we generated weight maps for the classification of dSAT and SAT
trials for controls and I1e89Val using a binary support vector machine. Displayed are regions
showing greater discrimination for dSAT vs SAT for 11e89Val than controls: [11e89Val
dSAT > SAT weight map] — [control dSAT > SAT weight map]. Weight maps are displayed
on the average of each participant’s normalized structural scan, and are displayed in
arbitrary units (A.U., see Methods). See also Figure S2.
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