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ABSTRACT

GENETIC ASSOCIATION STUDY OF SPATIAL WORKING MEMORY
Mingkuan Lin, Ph.D.
George Mason University, 2009

Dissertation Director: Dr. Karl J. Fryxell

Working memory (WM) is a collection of cognitiveqmesses that include short
term storage of task related information and mdatmn of this information to facilitate
the transformation of memory to action immediatege-related declines in WM
performance have been attributed to dysfunction dopamine and cholinergic
neurotransmission. In this study, we applied a ie@proach to investigate how normal
variation in genes controlling monoamine expressiorPFC is linked to age-related
decline in working memory.

One well-studied source of genetic variation in @ome neurotransmission
occurs in the gene controlling the enzyme CateChdlethyltransferase (COMT). A
well-studied 158 G/A polymorphism in the COMT gdmr&4680) is non-synonymous and
results in a valine-to-methionine substitution. Thethionine variant is associated with a
3-4 fold lower level of enzyme activity, comparedits valine counterpart. We analyzed

two measures of performance (accuracy and reatitno@ measures) in terms of the



influence of two biological parameters (age and CO§&notype) and two spatial WM
parameters (distance between the target and thee pdot, and memory load). For
accuracy measures, a significant interaction of orgntoad x COMT x age in the
“Match” task conditions was observed. For accunm®asures, we showed a significant
memory load x COMT x age interaction in “match”kasonditions and the age effect
was most prominent in “non-match” short distancek taonditions. For reaction time
measures, the older val/val homozygotes showecdelorgaction times than the met/met
and val/met subjects. Taken together, our resultpat the idea that different levels of
COMT enzyme activity may be optimal for differemtsks and heritability of COMT
becomes increasingly important in cognitive perfanece with advancing age.

The muscarinic cholinergic M2 receptor (CHRM2) Imgls to the superfamily of
G- protein coupled receptors, whose roles includdutation of cholinergic transmission,
neuronal excitability, synaptic plasticity and feadk regulation of acetylcholine release.
The CHRM2 A1890T polymorphism (rs8191992) whichdisa in the 3’ untranslated
region has been repeatedly reported to be cordetatentelligence quotient (1Q). In this
study, we also analyzed two measures of performgaceuracy and reaction time
measures) in terms of the influence of two biolagiparameters (age and CHRM2
genotype) and two spatial WM parameters (distaeteden the target and the probe dot,
and memory load). For the accuracy measures, weesha significant memory load x
CHRMZ2 x age interaction in the match task condgiorhis interaction showed improved
accuracies for CHRM2 AT heterozygotes in high memlwmads. For reaction time

measures, a significant CHRM2 x age interaction @aia® observed. This interaction



showed that the young AA homozygotes used shogtetion times than the young AT
heterozygotes and the TT homozygotes, while therof/dA homozygotes used longer
reaction times than the older AT heterozygotes twedTT homozygotes. The CHRM2
A1890T polymorphism also showed increased effattaan-match task conditions for
older adults. Taken together, our results suppoet idea that the CHRM2 A1890T
polymorphism associated with the performance otiapaorking memory at different

ages. The increased genetic effects were obsemvader adults.

In this study, we showed the influence of normahegeariability on working
memory. We also showed the increased gene effecisler adults. However, the cellular
mechanism of how did these polymorphisms effectnigronal activity is still not clear.
Muscarinic neurotransmission has been implicateplag an important role in learning,
attention and in Alzheimer’s disease. Thus, furthesearch is needed in this area.
Cellular and molecular studies of rs8191992 mayp htel elucidate the molecular

mechanism of this SNP.



Chapter 1

I ntroduction

With the sequencing of Human Genome Project, wipabvided a draft of 3
billion letters of DNA in human genome, individudifferences in DNA sequences have
created novel approaches to investigate the asmwciaf genes and human behaviors.
Single nucleotide polymorphisms (SNPs) were comsitléo account for the majority of
human genetic variation among individuals (Bentl@g)00) and are presumably
responsible for the widespread heritability of heba disorders (Goldberg and
Weinberger, 2004). The significant genetic comporaérheritability of many cognitive
disorders (such as bipolar disorder and schizojdireémply that many SNPs influence
cognitive behaviors (Greenwood and Parasuramarg; Z8uchard, 2004; Goldberg and
Weinberger, 2004). For many complex cognitive béray quantitative traits (e.g.,
cognitive test scores) contain more informationnthithe information provided by
dichotomous traits (e.g., normal or abnormal). Ehgsiantitative traits can provide
effective descriptions of cognitive behaviors tk#ter between normal people. In the
present study, we analyzed a behavior test on wgrknemory. We focused on the
genetic association approach to study the influein¢e&SNPs on working memory (WM)

performance as well as the relationship with noragghg.
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The dopaminergic neurotransmission in prefrontatesco(PFC) is considered to
be related to working memory performance (Braved Barch, 2002; Backman et al.,
2006). Working memory is a collection of cognitigeocesses that included short term
storage of task related information and maniputabd this information to facilitate the
immediate transformation of memory to action (Bddgeand Della Sala, 1996). This
information manipulation process is also labeledeascutive control and is highly
related to cognitive processes mediated by PRE well known that WM performance is
related to catecholamine signaling, neuronal eliitga and synaptic plasticity in PFC
(Seamans and Yang, 2004; Arnsten and Li, 2005)uéatiWM ability is thought to be a
principal contributor to age-related cognitive deel (Dobbs and Rule, 1989). As
dopamine inputs to PFC play an important role in \(@ai-Dargham, 2004), the decline
of WM in normal aging may in turn reflect dysfurmt in dopaminergic
neurotransmission in PFC (Braver and Barch, 20gkBan et al., 2006). Previous
studies have shown that working memory decayed adiranced age. Normal aging was
correlated with slower information processing speedl a decline in memory and
attention abilities (Woodruff, 1997). Furthermomsgatial working memory has been
shown to have greater age decrements in perform@mgerson et al., 1999) as well as
slower reaction time (Hale et al., 1996; Lawrenteale, 1998) than verbal working
memory.

One important enzyme that controls catecholaminglyding dopamine,
norepinephrine and epinephrine) methylation in #aptic cleft is Catechol-O-

Methyltransferase (COMT). The COMT vall58met (r9d6§olymorphism, which
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resulted in 3-4 fold differences in enzyme activitgs been suggested to be correlated to
working memory performance (Egan et al., 2001; Batt al., 2003; Nolan et al., 2004).
Therefore, we will focus on the association betwd#éd performance, COMT rs4680
and aging in chapter 2.

The muscarinic acetylcholine M2 receptor (CHRM2)aiso considered to be
correlated to the working memory performance. Ievgus studies, several SNPs in
CHRM2 gene has been implicated in human cognitiuactions, especially the
intelligence quotient (IQ) (Comings et al., 2003¢let al., 2006; Gosso et al., 2006;
Gosso et al., 2007). Importantly, the CHRM2 A183®lymorphism (rs8191992) which
is located in the 3’-untranslated region (3’-UTRgshbeen consistently reported to be
correlated to 1Q, as measured by the Wechsler Adtdiligence Scale-revised (WAIS-R)
(Comings et al., 2003; Dick et al., 2006). This QWRA1890T polymorphism explained
1% of the variance of Full scale IQ (measured byI8VR) in parents of twins from
Minnesota Twins and Family study (Comings et @003). The AA homozygotes of the
CHRM2 A1890T polymorphism were reported to haverapinately 5 performance 1Q
points higher than the TT homozygotes measured BJSYR (Dick et al., 2006). The
performance 1Q in WAIS-R test is primarily a measwoif fluid intelligence which was
considered to be highly correlated to working memg@<€yllonen and Christal, 1990;
Kane and Engle, 2002; Conway et al., 2003). Animatlels of the M2 receptor-deficient
(M2-/-) mice also showed significant behaviorakitelity deficits in the Barnes circular
maze as well as significant working memory defiaitshe T-maze delayed alternation

tests (Seeger et al., 2004). In addition, the MBiee showed profound changes in
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neuronal plasticity studied at hippocampal synagSegger et al., 2004). These results
suggested that the JMeceptor-mediated modulation lmppocampal neuronal activities
may be correlated to working memory performancevels. Thus, we will focus on the
associations between working memory, CHRM2 rs812¥3% aging in chapter 3.

In preliminary analyses, we applied factor analylsiBowed by multivariate
ANOVA to assess the between subject effects ofetteasl other SNPs (within subject
differences were analyzed later). The results sstggethat (1) COMT vall58met had
substantial relation with age when the target aok probe dot were in the same location,
(2) BDNF (brain-derived neurotrophic factor) valé&mand DBH (dopamine beta
hydroxylase) C-1021T may interact with age in thestrdifficult task conditions, and (3)
COMT vall158met may interact with CHRM2 A1890T inns® task conditions. In the
following chapters, we applied repeated measure ¥A@ facilitate the analysis of
within-subject effects. Since the BDNF met/met haggotes are rare in European
American populations, we chose to focus our angalywn COMT and CHRM2
polymorphisms and their interactions with age is thssertation.

Based on the results of chapter 2 and chapter 3were able to perform a
preliminary analysis of the interaction of COMT 680 and CHRM2 rs8191992 on
working memory performance under the influenceg#.arhis is presented in chapter 4.
Chapter 5 is the conclusion and a general discassidhe problems we encountered in

this analysis.



Chapter 2
The Effect of COMT on Working Memory Depends on Age,

Task Difficulty and Memory L oad

2.1 Introduction

Many cognitive functions, including decision makingroblem solving, and
reasoning, require active short-term storage (remarice) and manipulation of
information over time in order to be carried ouficgéntly. This ability -- termed
working memory (WM) (Baddeley, 1992) -- is well kmo to undergo age-related decline
(Salthouse et al., 1989; Park, 2000). Reduced WMtyalhas been claimed to be a
principal contributor to age-related cognitive deel(Dobbs and Rule, 1989). Braver and
Barch have argued that this decline is due to dwgion within the dopaminergic
neurotransmission system in prefrontal cortex (P@taver and Barch, 2002; Backman
et al.,, 2006). As dopamine (DA) inputs to PFC play important role in WM
(Abi-Dargham, 2004), the decline of WM in normaliragmay be attributable to such
dysfunction. However, the cholinergic system hdso abeen claimed to underlie
cognitive aging (Bartus et al., 1982). To dateprdf to understand the underpinnings of
cognitive aging have primarily used pharmacologiocanipulations to examine, for

example, how age-related loss of function in dopemgic systems might mediate



age-related decline in WM. An alternative approashto investigate how normal
variation in genes controlling monoamine expressiorPFC is linked to age-related
decline in WM.

One rationale for investigating the role of gengadability in age-related decline
in DA-mediated functions is that the heritability general cognitive ability is known to
increase with age - from about 20% in young childie 62% in very old age (McGue et
al., 1993; McClearn et al., 1997; Ando et al., 200doreover, the heritability of WM
appears to be substantial (Ando et al., 2001 yfextension, the effect of genetics on
WM increases with age, then what is the mechaniNorghal variation is known to occur
in genes controlling neurotransmission, and thenitv@ consequences of that variation
have been increasingly shown in recent years tec@afihformation processing tasks,
including WM and attention (Greenwood and Parasargn2003; Greenwood et al.,
2005; Parasuraman et al.,, 2005). Lower efficientyDIA neurotransmission due to
normal genetic variation may be more consequeirtialder persons due to age-related
declines in dopaminergic functionality (Nagel et 2D08).

One well-studied source of genetic variation in Béurotransmission occurs in
the gene controlling the enzyme Catechol-O-Methgkferase (COMT). The COMT
enzyme breaks down catecholamines in the synaletic c The COMT gene has been
studied in relation to PFC-dependent functionsabigtWM (Egan et al., 2001; Goldberg
et al., 2003; Meyer-Lindenberg et al., 2005). Alvedlidied 158 G/A polymorphism in
the COMT gene (rs4680) is non-synonymous and iedunlta valine-to-methionine

substitution. The methionine variant is associaté@ti a 3-4 fold lower level of enzyme
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activity, compared to its valine counterpart (Lagmet al., 1996). The reduced enzyme
activity is most likely due to the reduced protelrermostability of the met allele
(Méannistd and Kaakkola, 1999).

This variation in activity of the COMT enzyme due Yariation in the gene
appears to have consequences for cognition. A nurobestudies have examined
associations between the COMT vall58met polymorplasd individual differences in
DA-mediated cognitive functions associated with PR&8einberger and colleagues
examined associations between COMT genotype andpétibrmance by the Wisconsin
Card Sorting Test (WCST) (a test of integrated dognfunctions associated with the
frontal lobe, including attention, WM and visualopessing). The subjects with the
Val/Val genotype performed worse (higher perseweaerrors) than those with the
Val/Met and Met/Met genotypes (Egan et al., 20@ther studies using WCST have also
found that the met allele was associated with b&ithsl performance (Malhotra et al.,
2002; Goldberg et al., 2003; Diamond et al., 20D#&z-Asper et al., 2008). However,
some studies that also used WCST reported onlynsigiificant trend toward better
performance for met/met homozygotes (Bilder et 2002; Joober et al., 2002), or no
relationship between COMT genotype and WCST perdmce (Tsai et al.,, 2003).
Nevertheless, pharmacological and genetic studiesats and mice have shown that
COMT plays a significant role in the metabolismreteased dopamine in PFC, but has a
smaller role in other brain areas and with othéed#olamines (Tunbridge et al., 2004;
Yavich et al., 2007). Thus, it is possible thated&tble effects of COMT on cognition are

seen primarily when tasks involving dynamic change®A signaling in the PFC are
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required. This is consistent with our observatidnaa association between another
polymorphism (in dopamine beta-hydroxylase, an sreythat converts DA to
norepinephrine in adrenergic vesicles) and perfaoaan a spatial WM task involving
retention of 1-3 dots over a 3 sec period (Greemwamd Parasuraman, 2003;
Parasuraman et al., 2005).

Another possible contributor to the complex COM3uiés in the literature is the
inverted U-shaped curve which has been claimedeszribe the relation between PFC
function and increasing dopamine signaling (GoldiRakic et al., 2000). The inverted
U-shaped curve hypothesis argues that cognitivegsses mediated by the PFC are
optimized within a range of dopamine activity. lhist view, cognitive functions
dependent on PFC may be disrupted when dopamimésiav PFC are either higher or
lower than this optimal range. Floresco and Phitgssted this hypothesis in rats using
local injection of dopamine D1 receptor agonist® iRFC at differing times following
task acquisition (Floresco and Phillips, 2001). Tesults showed that the D1 receptor
agonists disrupted the performance of the spatialshift test at times when the
performance was optimal, but the same D1 recejgimniats improved performance 12 hr
later, when dopamine levels were inferred to beelowhese results are consistent with
the inverted U-shaped curve of WM performance wilpect to DA signaling. In
addition, evidence from a positron emission tompgya(PET) ligand study in normal
people revealed that COMT val/val homozygotes (prebly with lower PFC dopamine
levels) had higher D1 receptor availability (andighpresumably lower D1 receptor

activation) in PFC than subjects with the met alleghost likely due to differences in
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dopamine binding (Slifstein et al., 2008). Howevtrere was no difference in D1
receptor binding in striatum between the val/vanbaygotes and subjects with the met
allele. Thus, COMT is primarily involved in regulag DA neurotransmission in PFC but
not in striatum. Based on (a) the inverted U-shapedie of PFC performance and
dopamine signaling and (b) the role of COMT in fdagjng dopamine neurotransmission
in PFC, the variation of enzyme activity in COMTIA@8met polymorphism may help to
assess the role of PFC dopamine neurotransmissiorgulating cognitive functions
associated with PFC.

The inverted U-shaped curve hypothesis and COMT5&thet polymorphism
has also been applied to variations of cognitivéites in young and older people.
Lindenberger et al. reported that older COMT vdlh@nozygotes had more preservative
errors in WCST than individuals with met/met or/uadt genotypes (Nagel et al., 2008).
They also showed that older COMT val/val used lomgaction times than the val/met or
met/met individuals, provided that they also carithe BDNF (Brain-derived
neurotrophic factor) met allele. In another studyphetamine (a drug that generally
increases extracellular dopamine) was used in tHback test in adults (mean age
approximately 33.0 years old) to show that amphgtarta) improved the performance
of val/val homozygotes on both 2-back and 3-badste(b) did not improve the
performance of met/met homozygotes on the 2-back, tend (c) actually made
performance of met/met homozygotes worse on thacB-test (Mattay et al., 2003). The
authors’ interpretation of these results was thapathine signaling in val/val

homozygotes was suboptimal (on the upward slogbefnverted U-shaped curve) and
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was improved by amphetamine treatment. On the dthed, dopamine signaling in
met/met homozygotes was inferred to be near optimar the peak of the inverted
U-shaped curve), and was made worse by amphetatm@ament. The authors thus
suggested that dopamine receptor activation migptave PFC functioning, but only if
the individuals’ baseline dopamine signaling wasmadly suboptimal for that particular
task. For older adults, Deary and colleagues reddttat older val/met heterozygotes (all
79 years old) performed better than either homoteygooup on the Wechsler Memory
Scale Logical Memory subtest (Harris et al.,, 200B)ey interpreted their results as
indicating that older val/met individuals were nehe peak of the inverted U-shaped
curve — in other words, they speculated that ther@b level of dopamine signaling is
lower in older people, perhaps due to age-relaeirtes in PFC dopamine receptors
(Harris et al., 2005; Backman et al., 2006). Howe®erecent study also found better
WM performance for COMT val/met heterozygotes trether homozygotes in the
combined cohort of children (mean age 12.4 yeans) their parents (mean age 36.2
years) (Gosso et al., 2008). The authors also sthamteractions between dopamine D2
receptor and COMT on working memory performanceusltithe optimum dopamine
signaling of WM performance may be not only a fimetof genotype and age, but also a
function of behavior tasks and interactions of geaewell.

Among studies associated with COMT, relatively fewevious studies have
focused specifically on the effects of variationthe COMT vall58met on cognitive
aging (De Frias et al., 2004; De Frias et al., 20@&ris et al., 2005; Starr et al., 2007;

Nagel et al., 2008). Moreover, those studies usktively complex tasks which require
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multiple cognitive functions such as hypothesisegation, conceptualization, and error
correction. Such tasks may not be able to idemtdfjcits in specific cognitive abilities.
Therefore, we chose to assess the effects of COidtion on cognitive aging by using
an information-processing cognitive task aimed sgteasing specific aspects of spatial
WM performance. We have previously observed thek ta be sensitive to the G444A
polymorphism of dopamine beta-hydroxylase and thmlipoprotein E4 allele
(Greenwood and Parasuraman, 2003; Greenwood eR@)5). Based on the above
evidence of (a) the importance of PFC dopamine adiigm for WM performance
(Goldman-Rakic et al., 2000; Egan et al., 2001; tMatt al., 2003), (b) age-related
declines in dopamine signaling (Volkow et al., 2083&ckman et al., 2006) and WM
(Salthouse et al., 1989; Park, 2000), and (c) tkeesased heritability of cognitive ability
with age (Plomin, 1986; McGue et al., 1993; McCteat al., 1997; Ando et al., 2001),
we hypothesized that differential WM performancase by genetic variation of COMT
would have greater effects on cognition in oldemtlin young people. We analyzed two
measures of performance (accuracy and reactionrtigasures) in terms of the influence
of two biological parameters (age and COMT genotygral two spatial WM parameters
(distance between the target and the probe dot,amelmad). Our results showed a trend
towards greater COMT effects on WM performance ldeo compared to young
individuals, as well as statistically significanteractions between memory load, COMT

genotype, and age group.

2.2 Methods and materials
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2.2.1 Participants

Six hundred and thirty individuals screened for moaldand psychiatric health
volunteered to participate. The data reported e collected in the context of a large
study of the effect of normal genetic variation oognitive aging. Individuals were
grouped based on their age. Young adults rangedjenfrom 18-25 years old and older
adults ranged from 64-89 years old. Each individuas genotyped for the vall158met
SNP in the COMT gene. A few individuals (18/630)revexcluded because of missing
data (reaction time and/or working memory accuradyle remaining 612 individuals
were used in all analyses reported. For the youhdt group, val/val/ = 88 subjects,
val/met = 230 subjects and met/met = 111 subjedtsr older adults, val/val/ = 45
subjects, val/met = 98 subjects and met/met = #{ests. The observed COMT genotype
distribution was consistent with that expected untkrdy Weinberg equilibrium.

The self-reported racial and ethnic identities he# subjects were indicated on a
guestionnaire. Racial and/or ethnic identities waassified according to the NIH policy
on reporting race and ethnicity (http://grants gitv/grants/guide/notice~files/NOT-OD-
01-053.html). Ethnic identities were reported abofvs: 17 subjects in “Hispanic or
Latino” group, and 595 subjects in “Not Hispaniclatino” group. Racial identities
were reported as follows: White (450 subjects)cBlar African American (54 subjects),
Asian (47 subjects), Native American (10 subjedigtive Hawaiian or other Pacific
Islander (1 subject). The remaining 33 subjects mit fall into any of the racial
categories recognized by the NIH -- 27 subjects raitl answer the question of racial

identity, and 6 subjects reported multiple racetlegories (4 White + Asian and 2 Pacific
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Islander + Asian).

Omnibus ANOVA analysis of the entire data set (Results) gave essentially the
same results as an omnibus ANOVA analysis thatrestsicted to White group only (not
shown). Therefore, population stratification betwe@acial groups did not affect any

conclusions within the scope of the present study.

2.2.2 Task

A working memory task assessed accuracy of menmryotation over a 3 sec
delay. The task design included systematic vanadiospatial distance and memory load.
Participants were seated so their eyes were 60ram the computer screen. Each trial
began with a fixation cross in the center of theplily for 1 sec. One, two or three black
target dots (0.67° in size) were displayed at ramdacations for 0.5 sec. Immediately
following the disappearance of the black targetsddite centered fixation cross was
displayed again for 3 sec — the WM maintenancevateAt the end of the delay, a single
red probe dot (0.67°) appeared alone, either irsime location as a previous target dot
or in a different location. Participants indicatbeir judgment of whether the probe was
in the same location as one of the targets (or bptpressing one specific button (or
another). The measured response period began héthpgpearance of the red probe dot
and lasted for 2 sec, after which responses wetenger recorded. Trials in which target
and probe were at the same location were termedciMaTrials in which target and
probe were at different locations were termed “Ndaich”. The distances between the

probe dot and the target dot were either 0° (MatahR°, 4° and 8° of visual angle
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(spatial distance on Non-Match). There were alseetldifferent levels of memory load
(number of dot locations) at each distance. Comisigdoth spatial distance and memory
load, there were a total of twelve different taskditions. Thus, for example, the 1 dot
VA2 task condition means memory load was 1 targst Idcation and the distance
between this target dot and the probe dot was Vangle 2°.

A total of thirty Match trials (zero degree visuaigle) and fifty-four non-Match
(non-zero degree visual angle trials, 18 for eadual angle) were presented. The

accuracy and reaction time of responses were redord

2.3 Molecular genetics

The COMT vall58met single nucleotide polymorphiss®#680) was assayed by
a combination of nested PCR and melting-curve amalyith T,-shift primers (Wang et
al., 2005). A 290 bp DNA fragment was preampliffeaim genomic DNA and used as a
template for second round (allele-specific) PCRaoBio-Rad MyiQ thermal cycler,
which allows automated melting temperature analydisthe PCR products. One
allele-specific primer was designed with a 5' G tasulting in an easily detectable
increase in the melting temperature of the PCR ymbdThe forward and reverse
primers used in the first PCR were 5 ATCCAAGTTCCBT TCTC 3 and 5
CTTTTTCCAGGTCTGACAAC 3'. In the second round PCRe fprimer specific to the
‘G’ allele was 5° CGCCGCCGCCGACCGACCGCACACCTTGTCCIAT 3, the
primer specific to the ‘A" allele was 5 CGCACACCGITCCTTGAT 3’ and the

common primer was 5’ CGCCTGCTGTCACCA 3..
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2.2.4 Statistical analysis
2.2.4.1 Omnibus analyses

Accuracy and reaction time measures of WM perfogeawere analyzed. In

order to analyze WM performance as functions ajdgprobe distance (TPD), memory
load, COMT genotype and age, two separate omnibhal/ses were conducted: (a) a
factor analysis and (b) a mixed repeated measux&E3\A.

To investigate the possible causes of variatiomadouracy and reaction time in
different task conditions, we carried out a faaoalyses using principle axis factoring
with varimax rotation (Meyers et al., 2006). Factmmalysis is a correlation-based
approach that seeks to explore the inter-correlaimong the variables. The goal was to
allow factor analysis to look for structures in ttata. In other words, if the same
individuals performed well (or badly) on a cert&@inster of test conditions, then those
test conditions were likely to require similar cdye functions. If so, then analysis
focused on that specific cluster of related testdaitons (a “factor”) may have greater
resolving power to distinguish age and genotypectdf vs. an omnibus analysis of a
heterogeneous collection of test conditions thqtire multiple cognitive functions (see
section 2.4.2)

Principle axis factoring utilizes shared varianeween variables to assess the
structures of the data. Varimax rotation is anagthnal rotation that makes each factor as
independent as possible. The number of reportadriagvas determined by the Kaiser

rule (which retains only factors with eigenvalued.9) and parallel analysis with data
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permutation (which selects the factors whose eiglueg are greater than those obtained
with comparable, but randomly permuted data) (O@on2000; Lance et al., 2006).

More conventional mixed model ANOVAs were also emrout to assess the
overall within-subject and between-subject effeEwur levels of distance (0°, 2°, 4° or
8° of visual angle) and three levels of memory |¢hd2 or 3 target dots) were used as
within-subject variables. The two categorical viales, COMT genotype and age group,
were used as between-subject variables. The méentefof TPD and memory load as

well as their interactions with COMT and age on \igétformance were investigated.

2.4.2 Mixed repeated measure ANOVAs in each factor

Follow up mixed model ANOVAs was conducted in edabtor based on the
results of factor analyses. The task condition$ Wexre clustered within a factor were
used in the ANOVA for that factor, with minor ex¢ems (see results).

The Huynh-Feldt correction was used in the mixeddeh ANOVA when
Mauchly's test of sphericity was significant (Meyest al., 2006). This was used to
correct the estimated number of degrees of freef/dayers et al., 2006). Effect sizes
were expressed as eta squared from mixed model AN@X alpha value of 0.05 was
used to indicate statistical significance. Theistiadl analyses were performed within the

Statistical Package for the Social Sciences, vers®0 (SPSS Inc., Chicago, IL).

2.2.4.3 Speed-Accuracy trade-off

The speed of information processing (reaction }ilves been reported to effect the
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results of behavior tasks (Salthouse, 1996). We alidegression analysis of mean
accuracy vs. mean reaction time (across memory) loagach factor to assess their
relationship. The task conditions that were clesteo a factor were used to obtain mean
accuracy and mean reaction time. For example, that ¥A2, 2 dot VA2 and 3 dot VA2

task conditions that were clustered into short-Twde used to get mean accuracy and

mean reaction time of an individual in short TPD.

2.2.4.4 Dispersion analysis of genetic effects

The heritability of WM has been claimed to be ¢gean older than in young adults
(McClearn et al., 1997; Ando et al., 2001). We assd this heritability at the single-gene
level by assessing the deviation of mean performdmeluding accuracy and reaction

time) of a COMT genotype from the mean performam®ss genotypes in the following

X ijk_xik

steps: (1) calculatg;, =———
xik

, Where x;, = the mean performance (i.e., accuracy or

reaction time) of each COMT genotypes in an agememd memory load € 1, 2 or 3
dot locationsj = met/met, val/met or val/vak = old or young), X, = overall mean

performance of all COMT genotypes in this age graipeach memory load (i.e.

D X

X, = ;) There were a total of D, values in each age group, 3 for each level of

load and 3 for each genotype within load. (2) Fatest was applied to compare the

variance of Dy between young and older adults, using full data®egn, student'stest
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was applied to compare the mean Bf, between young vs. older adults (with correction

for unequal variance, if needed) using full data €& Apply bootstrap simulation to
create 1000 different random samples of the yoweaple which were matched in size to
the sample of the older people for each COMT gepetyror example, assume we have
100 young COMT met/met, 120 young COMT val/met, $&0ng COMT val/val and 25
old COMT met/met, 35 old COMT val/met, 30 old COMal/val. At each iteration of
bootstrap, we randomly selected 25 young COMT net/from 100 young COMT
met/met, 35 young COMT val/met from 120 young CONl/met and 30 young COMT
val/val from 110 young COMT val/val. Thus in eatération, we obtain young and old
groups, with equal sample size. After 1000 itersjove had tested 1000 of these cases.

(4) for each bootstrap iteration, we followed s{&p to calculate D, . After we get 9
D, values in each age group, we first applietest to verify the equity of variance

between young and older people. Then, studémt€st was applied to compare the mean

of D, between young vs. older adults (with correctionsuizequal variance, if needed).

(5) among those statistically significant bootstiegses inF-test, we calculate thé

statistic F = var(olderadult ), we concluded that the magnified COMT effect was
var(youngadulty

observed in older adults F > 1. For statistically significant studentdest cases, we
concluded that the magnified COMT effect was obseérwn older adults if the mean of

Dy in older adults is larger than the mean bf, in young adults.
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2.3 Reaults
2.3.1 Analysis of accuracy measures
2.3.1.1 Factor analysis

Factor analysis based on principle axis factorimg) @arimax rotation was applied
on WM accuracy measures. Three factors were egttdobm the accuracy data (Tables
1-2, see also Methods and Materials). After varimatation, the first factor accounted
for 34% of the variance, the second factor accaurite 19%, and the third factor
accounted for 13% (Table 2.1). The factor loadifuyseach task condition are shown in
Table 2.2. The factor loadings indicated the catrehs between each task condition and
the factor. Communality represents the total foactof the variance (for each task
condition) that was explained by the extracteddiect

The first factor was correlated primarily with theasier Non-Match task
conditions in which target-probe distance was largeaking the discrimination easier
(long TPD, visual angle 4° and 8°). The secondoiacbrrelated primarily with the Match
task conditions that had zero target-probe disténes TPD, visual angle 0°). The third
factor correlated primarily with the more difficuNon-Match task conditions that had
relatively short distances between target and p¢ebert TPD, visual angle 2°). In some
task conditions, we did observe that a single tasidition had factor loadings > 0.4 on
two factors. This means that both factors wereetated to some extent with those
particular task conditions [e.g. both zero-TPD (&fgtand short-TPD (Non-Match,

difficult) were correlated with 1 dot VA2 task cahdn] (Table 2.2).
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2.3.1.20mnibus mixed model repeated measure ANOVA

A 4 (target-probe distance, including 0°) x 3 (lsvef memory load) x 3 (COMT
genotypes) x 2 (age groups) mixed model ANOVA warisdcicted on accuracy measures
(Table 2.4). Figure 2.1 A-C illustrates the sigraft distance x memory load x COMT
interactions, while D-F illustrates the significadistance x memory load x age
interactions. Within short TPD, the val/val homoates had lowest mean accuracy at all
levels of memory load (Figure 2.1 A-C). With regdacdage effects, the young adults
were more accurate than older adults at all leeelmemory load, but only in short TPD

task conditions (Figure 2.1 D-F).

2.3.1.3 Follow-up ANOVAs

Based on the results of the factor analysis on racgyu task conditions were
organized into three clusters, corresponding rouglith target-probe distance. For each
cluster, a follow-up 3 (levels of memory load) XGOMT genotypes) x 2 (age groups)
mixed model ANOVA was conducted to assess the enite of memory load and its
interactions with COMT and age on accuracy meas(fable 2.5). The three task
conditions (i.e., 1 dot VAO, 2 dot VAO and 3 dot ®Awithin the zero TPD cluster were
used as repeated measures in ANOVAs for the zebb Clister. Likewise, the three task
conditions with short TPD (i.e., 1 dot VA2, 2 doA% and 3 dot VA2) were analyzed in
repeated measure ANOVAs for the short TPD clu3iee six task conditions with visual
angle large than 4° were analyzed in repeated me#guOVAs for the long TPD cluster

(see Table 2.2). Figure 2.2 illustrates the intwacof memory load x COMT x age in

20



each cluster of task conditions. Different patteshenteractions were observed between

the three clusters.

2.3.1.3.1 Zero-TPD (Match) cluster

Overall, mean accuracy decreased as memory loadased, but the effect was
modulated by both COMT genotype and age (Table Rifure 2.2A). A significant
memory load x age x COMT interaction was obsernvredhis cluster § < 0.05). The
interaction suggested that the patterns of memmay X age interaction were different
across COMT genotypes. Further 3 (levels of memoag) x 2 (age groups) mixed
model ANOVA for each COMT genotype in Zero TPD sleoMthat significant memory
load x age interactions were observed only in mettinomozygotesp(< 0.001), in other
words not in subjects with val/mep = 0.21) or val/val § = 0.14) genotypes. As
illustrated in Figure 2.2A, the young met/met shdweduced accuracy from medium
memory load (2 dot locations) to high memory lo&d dot locations), while older

met/met did not show this decline.

2.3.1.3.2 Short-TPD cluster

Overall, young adults showed higher mean accuraegsores than older adults.
In this cluster of task conditions, mean accura@s wnodulated by memory load and
COMT genotype (Table 2.5). On average, this clushewed the lowest mean accuracy
measures among the three clusters of task conslitidaserved in the factor analysis

(Table 2.2). The 2 dot task condition showed tlghé&st mean accuracy, while the 1 dot

21



and 3 dot task conditions showed lower levels (fag212B). Differential age effects on
mean accuracy were prominent in this clusfex(0.001), in which the young adults

generally showed higher accuracies than the oldigisa(Figure 2.2B).

2.3.1.3.3 Long-TPD cluster

In this cluster of task conditions, mean accura@negally decreased with
increasing memory load, regardless of COMT genoty@ignificant interactions of
memory load x COMT( < 0.001) was observed (Table 2.5). The val/val bmygotes
showed higher mean accuracy than subjects withnrmeétand val/met genotypes, but

only when memory load was high (3 target dot lanad) (Figure 2.2C).

2.3.2 Analysis of reaction time
2.3.2.1 Factor analysis

Factor analysis based on principle axis factorimg) \earimax rotation was applied
on WM reaction time measures. One factor was etedaby factor analysis from the
reaction time measures (Table 2.3, see also Metlaoak Materials). This factor
accounted for approximately 81% of the total vaz@af(irable 2.1). The factor loadings of
each task condition showed high correlations betvikes factor and all task conditions.
Moreover, communality showed that this factor ekmd at least 75% of variance in

each task condition. Therefore, we labeled thisofateaction time factor” (RTF).

2.3.2.2 Omnibus mixed model repeated measure ANOVA
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We followed the same procedure in performing aBB3) x 3 (levels of memory
load) x 3 (COMT genotype) x 2 (age group) mixed elo8NOVA on reaction time
measures to assess the possible interactions betthese variables (Table 2.6). In
general, older adults used longer reaction timas ttoung adultgx< 0.001).

Figure 2.3A and Figure 2.3B illustrated the sigrafit interaction of distance x
COMT x age. Figure 2.3C and Figure 2.3D Iillustrated significant interaction of
memory load x COMT x age. The results showed thanyg participants with the val/met
genotype consistently showed longer reaction titteg participants with val/val or
met/met genotypes at all levels of TPD (Figure 2.8Ad at all levels of memory load
(Figure 2.3C), though the differences were smallonrsely, older val/met
heterozygotes showed the shortest reaction timepared to the other genotypes, at all
levels of TPD (Figure 2.3B) and at all levels ofmwey load (Figure 2.3D). In addition,
older val/val showed a slight but consistent trefidonger reaction times than subjects
with met/met or val/met genotypes at all levelsT®D and memory load (Figure 2.3B,

Figure 2.3D).

2.3.3 Characterization of speed-accuracy tradeoffs

Many cognitive tasks show speed-accuracy trad€Stithouse, 1996; Salthouse
et al.,, 2003; Ivanoff et al., 2008; James et aD0&. The general concept of
speed-accuracy tradeoff is that the less time Yot @n a task, the more errors you will
get, or vice versa, the more time you allot to sktdhe better you will do at that task.

However, in our tasks, we found that most agesgamibtypes of participants exhibited a

23



negative tradeoff between processing speed (reatitite) vs accuracy (Figure 2.4). In
other words, scatter plots of WM accurawy reaction time gave negative best-fit slopes
that were significantly less than zero. This negatradeoff was observed in both young
and older adults. Older adults showed significamtigre negative slopes than young
adults in short TPD and long TPD. For zero TPD dions, older adults also showed
significantly larger intercepts than young aduRgy(ire 2.4). Longer reaction times were
associated with lower accuracies. This pattern estggthat some individuals may have
used longer times to respond if they were uncervdithe answer, but did not benefit
from the additional time. Although we did not empiza the processing speed in task
instruction, we did limit the reaction time to tweconds (after which the next trial was
presented). Therefore, the two second limit mayehaNluenced both the young and

older adult answering patterns.

2.3.4 Dispersion analysis of genetic effects
In our data set, the number of young adults wascxppately 2.3 fold higher

than the number of older adults because older sdudtre more difficult to recruit. In
Figure 2.2 A-C, the variations of mean accuracywben COMT genotypes in older
adults were more pronounced than in young aduit®rdler to test whether this was an
artifact of sample size, we followed the procedutetailed in section 2.4.4 to compare
the dispersion of mean accuracy and mean reagtienkietween young vs. older adults.
The results are shown in Table 2.7. For accuracgsones, we first used the full dataset

in the F-test to see whether the variance between youngldst adults were statistically
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equal or unequal. Then thdest was performed to compare the mean value (dee
section 2.4.4). Both thetest andF-test in short TPD using the full data set differed
significantly between young vs. older adults ane& thider adults showed higher
dispersion than the young adults.

In order to verify if the dispersion was influendegl smaller sample size in older
adults, we did 1000 bootstrap simulations in yoadglt pool to randomly select equal
numbers of young adults as in older adults, witach COMT genotype. By reducing
the sample size, we also reduced the statistioaepadl herefore, we obtained only 19%
of bootstrap iterations with a significantest and 15% with a significaft-test, among
the 1000 bootstrap cases in short TPD. Howevehinvigignificant bootstrap iterations,
100% had greater dispersion in older adults thagouwng adults. We concluded that
COMT did have greater genetic effects on older tatperformance in short TPD task
conditions, than on young adults in the same tasklitions.

We thought that it could be of interest to alsorexe the dispersion of COMT in
young vs. older adults’ reaction times in thesee#imee clusters of task conditions. For
reaction time measures, both thHest and--test of dispersion in zero TPD and long TPD
using the full data set were significantly differeAfter bootstrap simulation, over 81%
of bootstrap iterations that showed significatésts and/oF-tests had greater genetic

dispersion in older adults.

2.4. Discussion

Based on evidence of increased heritability of dogn performance with age

25



(Ando et al., 2001) and age-related declines inaigg in dopamine neuronal pathways
(reviewed in (Backman et al., 2006)), we hypothedizhat genetic variability in the

dopamine biodegradation pathway, specifically imrad COMT, would exert a stronger

effect on the cognitive performance of healthy oldawividuals compared to younger
individuals. Similar results were recently reportatihough limited to preservative errors
and reaction time (Nagel et al., 2008). Consisteith our predictions, we observed a
significant memory load x COMT x age interactionthre zero TPD cluster of task
conditions. The interaction was specific to met/meividuals, and indicated that older
met/met individuals had higher WM accuracy undeghhimnemory load conditions (in

comparison to younger met/met on the same taskyeMenerally, our results with

accuracy measures showed that higher memory load® ghe most prominent

differences and gene effects were more prominealder adults.

Interestingly, reaction time measures gave us angibint of view. At all levels
of TPD and memory load, young val/met individuadesistently showed longer reaction
times than individuals with val/val or met/met ggmes. Conversely, older val/met used
shortest reaction times (when compared to met/metval/val). In addition, older val/val
generally used longer reaction times than oldeimetl and met/met at all levels of TPD
and memory load. These results are consistent wiglan reaction times in correct

responses reported by Lindenberger and colleadisese( et al., 2008).

2.4.1 Tonic and phasic hypothesis and its relatm@OMT

It has been suggested that the varied relatioadtepveen COMT genotype and
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cognition may be due to differences among the d¢gniasks that depend primarily on
PFC dopamine signaling (Bilder et al.,, 2004). Corimal tests of WM, along with
blood oxygen level-dependent (BOLD) functional metgm resonance imaging (fMRI)
have shown that human subjects carrying the higkifscCOMT val allele show a larger
area that is specifically activated during WM tagkseater engagement of cortical
resources), along with generally lower behaviork tgserformance. Conversely,
individuals homozygous for the COMT met allele shewaller areas of specific
activation during WM tasks (the most focused cattengagement) and somewhat better
behavioral task performance (Egan et al., 2001 ta\eadt al., 2003; Bertolino et al., 2004;
Blasi et al., 2005). The tonic/phasic dopamine hiypsis suggests that these differing
patterns of cortical activation correspond to eitgeeater sensitivity to sudden-onset
dopamine signaling (less accumulation of extrataildopamine) by the high-activity val
allele, or more sustained dopamine signaling (greaccumulation of extracellular
dopamine) by the low-activity met allele, respeelyv If so, then the val allele may be
better adapted to cognitive flexibility (better fmemance in task switching and updating
working memory traces), but less well adapted tdihg information (Bilder et al., 2004;
Nolan et al., 2004). Moreover, some studies hawggested the optimal dopamine
signaling may be related not only to dopamine lewit also the sensitivity of dopamine
receptors in PFC, which may change with age (Backetal., 2006; Gosso et al., 2008).
In real life situations, the interaction of mulgpklements such as the specific
tasks involved (Nolan et al., 2004), emotions (Bjslet al., 2006), stress (Stefanis et al.,

2007), and genetic polymorphisms in additional geme the dopamine pathway
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(Bertolino et al., 2006) may modulate the perforoeaf the individual. This implies that
the function of different COMT polymorphisms is rmatomplex than simply one allele
being good or bad, but also depends on the demaintlssk conditions. Moreover,
under certain task conditions, heterozygotes mag haunique phenotype — for example,
male mice heterozygous for a COMT mutation (knotkel) show unusually high
aggression, even though this aggression is absemt both +/+ and -/- homozygotes

(Gogos et al., 1998).

2.4.2 The relation of genetic effects, memory lcads TPD in older adults

In our data set, we found that our ranking of tleefg@rmance of the various
COMT genotypes tended to be more consistent (betvages) at higher memory loads
(Figure 2.2 A-C). Moreover, the difference betwettre best-performing and the
worst-performing genotypes at the highest memaag$o(3 dot locations) were greater in
every case in older adults than in young adults.diaer people in the high memory load
(3 dots locations) task conditions of short-TPD,e thlifference between the
highest-performing genotype (val/met) and the ldvpesforming genotype (val/val) was
statistically significanttftest,p < 0.02). The corresponding difference was notiSaant
in young adults, in spite of their larger sampleesiln general, the rank order of
performance (WM accuracy) between genotypes wase nconsistent under higher
memory loads (than under lower memory loads) ardgiter ages (elderly people) than
in young adults.

In the previous literature, positron emission tonapfpy (PET)scans of the
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activation of brain areas during a spatial WM fesind that young adults showed right
lateralization in their PFC, but older adults shdveetivation in both left and right PFC,

as if they were using cortical-cortical connecti@@ascompensate in ways that were not
necessary in younger adults (Reuter-Lorenz et2800). The activation of a greater

cortical area in older adults might also imply answhat greater sensitivity to the

tendency of tonic/phasic dopamine signaling tohertfocus or expand these areas of
cortical activation.

A global COMT allele frequency survey (Palmatierakt 1999) showed that the
allele frequencies of the val allele were highdyo{@ 76%) in Africa and eastern Asia,
and somewhat lower (about 50%) in Europe. The stdbjesed in our study were
primarily European-Americans, so it is not surprgsthat our data showed a val allele
frequency of 48.5%, which is comparable to the joney published data (Palmatier et al.,
1999). Our results showed that individuals with @nenore met alleles tended to have
higher accuracy (than val/val homozygotes) on theortsTPD cluster, which
corresponded to our most difficult task conditiohs.evolutionary terms, our closest
relatives (nonhuman primates) all have valine &t plosition of the COMT protein, and
so the val allele is believed to be ancestral tiheowords the met allele apparently arose
relatively recently in the human lineage (Palmatedr al., 1999). The fact that
individuals with one or more met alleles performttée on the most difficult task
conditions suggests the intriguing possibility ttia human-specific met allele might be
(at least partially) favored by natural selectiar tertain cognitive abilities. More

specifically, heterozygotes (val/met) were consigyethe best in the short-TPD cluster,
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in both young adults and older adults, but were atmsistently the worst, in both young
adults and older adults, in the somewhat easier ZBD and easiest long TPD clusters
(compared to short TPD). The zero TPD and long HMD showed virtually identical
patterns of significant interactions in our ANOVAaysis (except a significant
interaction of memory load x COMT x age in zero TBOt not in long TPD). This
pattern was quite distinct from the pattern obsgwethe short TPD cluster (Table 2.5),

perhaps because short TPD tasks were the mosiudliffiowest percent correct).

2.4.3 Dispersion analysis of COMT effect

Using combined criteria of (i) statistical signdizce of the original data set in
both t-test andF-tests AND (ii) greater dispersion of COMT in oldadults from the
majority of significant bootstrap resampling expeents with equalized sample sizes in
BOTH t-test andF-test, we concluded that the genetic effects wedeed significantly
greater in older adults for short-TPD accuracy mess as well as zero TPD and long
TPD test conditions for reaction time measures |@f&b/) (although we had to reduce
the statistical power in our simulations, and tlhenber of significant simulations was
reduced accordingly). We have not attempted to aule the possibility that random
variation in cognitive performance observed amoridero people (i.e., individual
differences due to other causes) may contributeéhto separation between COMT
genotypes shown here. However, in our view, a sngiplanation of separation of
genetic means is that the COMT polymorphism haatgreeffects on cognition in older

people.
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2.4.4 Reaction time

Slowing in the speed of information processing b@sn hypothesized as a major
mediator of age-related differences in working mgmefficiency and other cognitive
functions (Kail and Salthouse, 1994; Salthouse, 619%ur results are generally
consistent with this hypothesis, as older aduld ganerally longer reaction times and
lower accuracies than young adults, particularlythe more difficult task conditions
(Figure 2.1 D-F). However, there were also allgieesfic effects. Among young adults,
our data showed that val/met heterozygotes useghtlsli (but consistently) longer
reaction times than either homozygote at all distarand memory loads. Conversely, for
older adults, the val/val homozygotes used longaction times, met/met homozygotes
used intermediate reaction times, and the val/m#&trbzygotes had the fastest reaction
times. This is comparable to the results of a ltuagnal aging study, which showed that
the most significant impairment associated witheobdal/val individuals was on the digit
symbol coding task, a measure of processing sp8tr (et al., 2007). If the most
impaired individuals had both the longest reactiomes and the lowest accuracies, this
would explain the apparent “negative speed-accutracieoff” that we observed in older
val/val individuals (see Results).

We also found that val/met had the highest accuirashort TPD cluster (a group
of difficult task conditions) at higher memory I@ador older adults. More generally,
when comparing genotypes of older individuals, visesved an apparently negative
correlation between accuracy and reaction timehat genotypes with higher accuracy

tended to have shorter reaction times and viceay@aticularly under the most difficult

31



task conditions (short-TPD with three dot locatioRgure 2.3 C-D)Given that val/val
individuals are expected to have the lowest legéksxtracellular dopamine (Lachman et
al., 1996), and all individuals undergo age-relatktlines in dopamine signaling
(Backman et al., 2006), it is tempting to specuthte dopamine signaling may decline in
older val/val individuals to a point where workingemory performance is compromised.
A possible connection between speed of informatmocessing and quality of
performance is that the information processed endarly stages may be lost before the
later processes are completed (Salthouse, 19960, lthen attempts to recreate this
information, and/or search for the connection(sjwken intermediate results, might
explain the greater areas of brain activation §#esfficiency”) seen in functional MRI

studies of val/val individuals performing a WM ta&gan et al., 2001).

2.4.5 Conclusions

Our findings confirm and extend previous findingsttthe COMT vall58met
polymorphism influences spatial WM performance)udaag WM accuracy and reaction
time. We have conducted a detailed analysis ofeffexts of memory load and spatial
distance on performance, and their interactions ®®MT genotype and age. In terms
of accuracy measures, we found highly significaméractions of COMT with memory
load, as well as one significant interaction of Mgmload x COMT x age in zero TPD.
We used dispersion analysis to confirm the increpsognitive effects of COMT with
increasing age, particularly in the discriminat@frsmall spatial distances. We also show

highly significant effects of COMT on the voluntamgaction time of individuals during
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WM tasks. Age had significant effects on reactionet measures as well as significant
interactions with task difficulty and COMT genotype

Taken together, our results support the idea tifferent levels of COMT enzyme
activity may be optimal for different tasks. Thas®iations in the COMT gene become
increasing important in cognitive performance vattvancing age, and may contribute to

the increasing heritability of cognitive performanaith age.
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Table 2.1 Eigenvalue and percent of variance exgthin each factor

Accuracy
Initial after rotation
Factor Eigenvalues % of Variance Eigenvalues % of Variance

1 6.8 56.5 4.1 34.0

2 14 11.2 2.3 195

3 0.9 7.7 1.6 13.5
Reaction Time

Initial

Factor Eigenvalues % of Variance

1 9.9 80.9
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Table 2.2 Factor loadings of WM accuracy measure

Cluster name of

Task conditions Factor 1 Factor2 Factor3 Commtynal task conditions
1-dot, VA8 0.82 # # 0.85 Long TPD
2-dot, VA8 0.80 # # 0.82 Long TPD
2-dot, VA4 0.79 # # 0.81 Long TPD
3-dot, VA8 0.75 0.42 # 080 Long TPD
1-dot, VA4 0.72 # # 0.77 Long TPD
3-dot, VA4 0.40 0.56 # 0.54 Long TPD
3-dot, VAO # 0.91 # 0.93 Zero TPD
2-dot, VAO 0.41 0.52 # 0.54 Zero TPD
1-dot, VAO 0.61 0.44 # 0.63 Zero TPD
3-dot, VA2 # # 0.72 0.60 Short TPD
2-dot, VA2 0.42 # 0.63 0.64 Short TPD
1-dot, VA2 # 0.50 0.47 0.44 Short TPD

Task conditions are described by memory load angetarobe distance (TPD). For
example, 1-dot VA2 is the task condition that meynoad is 1 dot location and TPD is
represented by visual angle (VA) 2°. Values in Badt, Factor 2 and Factor 3 columns
represented factor loading, i.e. the weighted doumion of each factor to that task
condition. Communality represents the decimal foscof variance that was explained by
the extracted factors jointly.

L« indicates factor loadings less than 0.4.
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Table 2.3 Factor loadings of WM reaction time measu

Task conditions RTF Communality
2-dot, VA4 0.95 0.89
2-dot, VA8 0.92 0.85
2-dot, VA2 0.92 0.85
1-dot, VA4 0.91 0.83
3-dot, VA8 0.91 0.83
1-dot, VA8 0.91 0.82
2-dot, VAO 0.91 0.81
3-dot, VA4 0.90 0.86
3-dot, VAO 0.89 0.79
1-dot, VA2 0.87 0.76
3-dot, VA2 0.87 0.75
1-dot, VAO 0.86 0.75

Task conditions are described by memory load angetgrobe distance (TPD). For
example, 1-dot VA2 is the task condition that meyrload is 1 dot location and TPD is
represented by visual angle (VA) 2°. Values in Badt, Factor 2 and Factor 3 columns
represented factor loading, i.e. the weighted dmumtion of each factor to that task
condition. Communality represents the decimal foscof variance that was explained by

the extracted factors jointly.
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Table 2.4 Mixed model ANOVA (WM Accuracy measures)

Within-subject effect

Effect Sizé (n®)  DF' F! PL

Distance 0.50 2 751.54 ok
Distance x COMT 0.08 4 5.87 Hokk
Distance x Age 0.02 2 33.66 *xx
Distance x COMT x Age <0.01 4 1.16 0.33
Memory load 0.36 2 366.77 Aok
Memory load x COMT 0.01 4 5.50 ok
Memory load x Age <0.01 2 2.09 0.13
Memory load x COMT x Age <0.01 4 2.07 0.08
Distance x Memory load 0.16 4 117.67 ok
Distance x Memory load x COMT 0.01 7 5.05 kk
Distance x Memory load x Age 0.01 4 5.54 ok
Distance x Memory load x COMT x Age <0.01 7 0.93 A48
Between-subject effect

COMT <0.01 2 0.17 0.84
Age <0.01 1 3.40 0.07
COMT x Age <0.01 2 0.19 0.83

* representp < 0.05, ** representp < 0.01, *** representp < 0.001
'DF = Degrees of freedorft, = F statisticsP = P value
Eta squared was calculated with respect to thd twithin subjects sum of squares

(within-subject effect) or the total between sulbgesum of squares (between-subject

effect).
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Table 2.5 Mixed model ANOVA results for each clusiétask conditions

Zero-TPD
Within-subject Effect Effect Sizé (n?) DF* F P
Memory load 0.37 2 368.41 hx
Memory load x COMT 0.02 4 9.75 *kk
Memory load x Age 0.01 2 7.5 **
Memory load x COMT x Age 0.006 4 2.49 *
Between-Subject Effect
COMT <0.01 2 0.47 0.62
Age <0.01 1 0.52 0.47
COMT x Age <0.01 2 0.10 0.91
Short-TPD

Within-subject Effect

Memory load 0.11 2 81.39 rx
Memory load x COMT 0.01 4 2.86 *
Memory load x Age <0.01 2 1.23 0.29
Memory load x COMT x Age <0.01 4 0.47 0.74

Between-subject Effect

COMT 0.01 2 3.88 *

Age 0.06 1 40.42 ok

COMT x Age <0.01 2 0.93 0.40
Long-TPD

Within-subject Effect
Memory load 0.22 2 205.10 rkk

38



Memory load x COMT 0.01 3 7.24 ok

Memory load x Age <0.01 2 4.55 *
Memory load x COMT x Age <0.01 3 1.09 0.36
Between-subject Effect

COMT <0.01 2 1.04 0.35
Age <0.01 1 0.04 0.84
COMT x Age <0.01 2 0.23 0.80

* representp < 0.05, ** representp < 0.01, *** representp < 0.001

'DF = Degrees of freedorft, = F statisticsP = P value

“Eta squared was calculated with respect to thd teithin subjects sum of squares
(within-subject effect) or the total between subgesum of squares (between-subject

effect).
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Table 2.6 Mixed model ANOVA (WM reaction time meess)

Within-subject effect

Effect Sizé (n?) DF" F p!

Distance 0.25 2 221.08 *
Distance x COMT <0.01 5 155 0.18
Distance x Age 0.04 2 38.46  ***
Distance x COMT x Age 0.01 5 3.73 *x
Memory load 0.53 2 772.08 ***
Memory load x COMT <0.01 4 2.52 *
Memory load x Age 0.02 2 32.15 =
Memory load x COMT x Age <0.01 4 2.77 *
Distance x Memory load 0.15 5 108.01 ***
Distance x Memory load x COMT <0.01 10 2.10 *
Distance x Memory load x Age 0.01 5 10.97  ***
Distance x Memory load x COMT x Age <0.01 10 150 0.13

Between-subject effect

COMT <0.01 2 091 041
Age 0.27 1 233.07 **
COMT x Age <0.01 2 204 013

* representd < 0.05, ** representp < 0.01, *** representp < 0.001

'DF = Degrees of freedorft, = F statisticsP = P value

“Eta squared was calculated with respect to thd teithin subjects sum of squares
(within-subject effect) or the total between sublgesum of squares (between-subject

effect).
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Table 2.7 Summary of bootstrap resampling

Greater % of % of areater
Statistical ~ Significant?  dispersion in significant _ootgre
clusters dispersion in older
test (full dataset) older adults? cases adultS
(full datasety  (bootstrap)

Accuracy
zero-TPD t- test N N 1% 75%
zero-TPD F-test Y Y 20% 46%
short-TPD  t- test Y Y 19% 100%
short-TPD F-test Y Y 15% 100%
long-TPD t- test Y Y 18% 90%
long-TPD F-test N N 5% 43%
Reaction time
zero-TPD t- test Y Y 33% 99%
zero-TPD F-test Y Y 37% 100%
short-TPD  t- test Y Y 10% 91%
short-TPD F-test N N 0.6% 97%
long-TPD t- test Y Y 28% 81%
long-TPD F-test Y Y 11% 82%

! Based on the full data settitest andF-test. Y=yes, N=no.
% The percentage of cases that achieved statistgrificances among all bootstrap cases.

3For simulations that achieved statistical significas inF-test, in what percentage of simulations

var(olderadults S
var(youngadulty

wereF =

1. For simulations that achieved statistical sigaifices in

student'st-test, in what percentage of simulation has Mganduis™ Mean,oung aduits
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Figure 2.1 Working memory accuracy as a functioragé, COMT genotype, distance
(visual angle) and memory load (number of dd®shel (A-C) show the mean accuracy
(for all ages) as a function of distance (visuaglepand COMT genotype at various
levels of memory loadPand (D-F) show the mean accuracy (for all COMT genotypes)
as a function of distance (visual angle) and ageadbus levels of memory load. The

error bars represent the standard error of the nf¥aunng adults” were 18-25 years old.
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“Older adults” were 64-89 years old.
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(A) Zero TPD

1 COMT = met/met 1. COMT = val/met 1c COMT = val/val
- Young adults -= Young adults -= Young adults
-+- Older adults -+- Older adults -*- Older adults
5 5 5
2 0.8 2 0.8 2 0.8
= 5 2
3 5 51
3 =1 3
<< - -
0.64 0.6 0.64
1 2 3 1 2 3 1 2 3
Memory load (No. of dots) Memory load (No. of dots) Memory load (No. of dots)
(B) Short TPD
1. COMT = met/met 1 COMT = val/met 1 COMT = val'val
ad
3 =Y 3
S 0.84 S 0.84 S 0.8
= = =
1 S 1
51 51 3
- = -
0.64 0.6 0.64
1 2 3 1 2 3 1 2 3
Memory load (No. of dots) Memory load (No. of dots) Memory load (No. of dots)
(C) Long TPD
COMT — met/met COMT — val/met COMT — val/val
1.C 1.0 1.C
% 5 5
S 0.8 S 0.84 S 0.8
= = =
3 5 51
=1 3 3
- < -
0.64 = Young adults 0.64 - Young adults 0.64 - Young adults
-*- older adults -x- older adults -x- older adults
1 2 3 1 2 3 1 2 3
Memory load (No. of dots) Memory load (No. of dots) Memory load (No. of dots)

Figure 2.2 Working memory accuracy as a functioagd, COMT genotype and memory
load (number of dots) in each factor. The task d¢ants were grouped into three clusters
(“factors”) of related task conditions (see Tables). Pane (A) showsthe mean
accuracy as a function of memory load (number d§)dand age groups for the three
COMT genotypes in zero TPD task conditioRanel (B) showsthe mean accuracy as a
function of memory load (number of dots) and agmugs for the three COMT genotypes
in short TPD task condition®?anel (C) showsthe mean accuracy as a function of
memory load (humber of dots) and age groups forthihee COMT genotypes in long
TPD task conditions. The error bars represent tardard error of the mean. “Young

adults” were 18-25 years old. “Older adults” we#e8® years old.
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Figure 2.3 Reaction time as a function of age, COdéhotype, distance (visual angle)
and memory load (number of dotBand (A-B) show the mean reaction times (across all
levels of memory load) as a function of distandsual angle) and COMT genotype for
young adults and older adultBanel (C-D) showsthe mean reaction times (across all
levels of distance) as a function of memory loaginfber of dots) and COMT genotype
for young adults and older adults. The error bameasent the standard error of the mean.

“Young adults” were 18-25 years old. “Older adulgire 64-89 years old.
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Figure 2.4 Regression analysis of accuracy vs.timmatime measures in each cluster.
The Y axis is the mean accuracy measures of arvithdil in that cluster of task
conditions. The X axis is the mean reaction timasaees of an individual in that cluster

of task conditions.
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Chapter 3
The effect of CHRM 2 on working memory and itsrelationship

with age and task difficulty

3.1 Introduction

It is well known that the cholinergic muscarinicsgsm plays an important role in
memory processing and attention (Levin et al., 2006is has been investigated using
pharmacological methods and genetic mutant mice-$ébtective muscarinic antagonists
such as scopolamine have been used to impair thesit@n of new information and to
disrupt the processing of memory consolidationammal human individuals (Drachman
and Leavitt, 1974; Petersen, 1977; Jones et ar9;1Bartus et al., 1982; Broks et al.,
1988), as well as to impair performance in thestestattention (Wesnes and Warburton,
1984; Broks et al., 1988). However, the non-selectctivation or blockade of all or
multiple muscarinic receptor subtypes also causdd effects which may limit the
usefulness of these muscarinic drugs. In additibese non-selective muscarinic drugs
are unable to identify which specific muscarinicaptor subtypes are involved in
mediating the various muscarinic action of acetylcte (ACh). To overcome these
obstacles, several groups have used gene knockm&t deficient in one or more

muscarinic receptor subtypes to study the physicédgole of the individual muscarinic
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receptor subtypes, especially when the muscaratiorss of ACh is concerned (Hamilton
et al., 1997; Duttaroy et al., 2002; Matsui et 2002; Struckmann et al., 2003). Animal
studies carried out with the M2 receptor-deficiéMi2”) mice suggested that the M2
receptor is the key presynaptic muscarinic autqiecemediating the inhibition of
hippocampal and cortical ACh release (Zhang et28lQ2; Tzavara et al., 2003). The
M2 mice also exhibited significant deficits in worgimemory in the T-maze delayed
alternation tests, as well as profound changeseuranal plasticity studied at sliced
hippocampal synapses (in vitro) (Seeger et al.4200

As an alternative to the gene knockout mice moelediogenous effects related to
normal variation in genes controlling muscarinicegptors can be used to study ACh
mediated action during cognitive tasks. Severalegjenstudies has reported that the
cholinergic muscarinic 2 receptor (CHRM2) played, keles in facilitating cognitive
functions (Jones et al., 2004; Gosso et al., 2@sso et al., 2007; Ragozzino et al.,
2009). Furthermore, several single nucleotide polyhisms (SNPs) in the CHRM2
gene have been implicated in human cognitive fonstiComings et al., 2003; Dick et
al., 2006; Gosso et al.,, 2006; Gosso et al.,, 208Mong these SNPs, the CHRM2
A1890T polymorphism (rs8191992), which located e 3’ untranslated region, has
been repeatedly reported to be correlated to igégite quotient (IQ) (Comings et al.,
2003; Dick et al., 2006). Comings et al. showedr88191992 polymorphism explained
1% variance in Full scale 1Q (FSIQ) of the Wechdult Intelligence Scale-revised
(WAIS-R) test (Comings et al.,, 2003). Dick et akported that the rs8191992

polymorphism showed the highest influence on paréorce 1Q (PIQ) than other SNPs
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(Dick et al., 2006). The AA homozygotes of the 188392 polymorphism showed

approximately 5 points of PIQ scores higher tham TT homozygotes, and the AT
heterozygotes showed approximately 1 points of RBKres higher than the TT
homozygotes. The PIQ in WAIS-R test is primarilgnaasure of fluid intelligence which

refers to the ability to reason abstractly and satovel problems (Cattell, 1987). In
several studies, fluid intelligence was considetedbe highly correlated to working

memory, though they are not identical (Kyllonen dBlaristal, 1990; Kane and Engle,
2002; Conway et al., 2003). Salthouse and Pink §@06und a correlation between
working memory performance and fluid intelligendeapproximately 0.7 after correction
for age, although the correlation did not seemedased on working memory capacity
per se (Salthouse and Pink, 2008). But they do suggest slome sort of close

relationship between fluid intelligence and workimgemory seems to exist. This
evidence implicated a possible correlation betwten rs8191992 polymorphism and
working memory performance.

Working memory is a collection of cognitive prooesghat include short term
storage of task relevant information and manipaftadf this information to facilitate the
immediate transformation of memory to action (Bddgeand Della Sala, 1996). This
information manipulation process is also labeledeascutive control and is highly
related to cognitive processes mediated by PFCeallsas striatum (Ungerleider et al.,
1998; Seamans and Yang, 2004; Landau et al., 2009).

The high heritability of working memory has beenl@pendently confirmed by

different groups (Johansson et al., 1999; Andol.et2801; Blokland et al., 2008). In
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addition, the heritability of general cognitive lalgiis known to increase with age - from
about 20% in young children to 62% in very old @gemin, 1986; McGue et al., 1993;
McClearn et al.,, 1997). Thus if this rs8191992 pabyphism can influence the
performance of fluid intelligence, then it is pdssithat this SNP may influence the
individual differences in working memory performanas well, and this influence may
vary with age.

In this study, we used the same spatial working orgntask as described in
chapter 2 and focused on the influence of taskicdity, CHRM2 rs8191992
polymorphism and age on working memory performamased on previous evidence
that: (1) the CHRM2 rs8191992 polymorphism has twuligml influences on fluid
intelligence (Comings et al.,, 2003; Dick et al., 080 (2) there was a substantial
relationship between fluid intelligence and workimgmory (Engle et al., 1999; Kane
and Engle, 2002; Colom et al., 2004), and (3) teaegic effect on intelligence was
higher in older adults (Plomin, 1986; McGue et 4B93; McClearn et al., 1997), we
hypothesized that the interactions between taskculy and CHRM2 rs8191992
polymorphism would be reflected in spatial workimgmory performance and might be

more prominent in older adults.

3.2. Materialsand Methods
3.2.1 Participants
The present data was collected in the context large study of the effect of

normal genetic variation on cognitive aging. Indivals were divided into two groups
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based on their age. Young adults ranged in age &85 years old and older adults
ranged from 64-89 years old. Each individual wasoggped for the A1890T
polymorphism in the CHRM2 gene.

For working memory accuracy measures, five hundesdl seventy-five
individuals screened for medical and psychiatrialtevolunteered to participate. For
young adults, the CHRM2 genotypes were AA = 118esttb, AT = 207 subjects and TT
= 86 subjects. For older adults, the CHRM2 gendaypere AA = 41 subjects, AT = 83
subjects and TT = 40 subjects. This dataset wdssd7than we had for COMT in chapter
2 because fewer participants were genotyped for @RIR

The self-reported racial and ethnic identities lid subjects were indicated on a
guestionnaire. Racial and/or ethnic identities waassified according to the NIH policy
on reporting race and ethnicity (http://grants.gdv/grants/guide/notice~files/NOT-OD-
01-053.html). Ethnic identities were reported abBofes: 16 subjects in “Hispanic or
Latino” group, and 559 subjects in “Not HispanicLatino” group. Racial identities were
reported as follows: White (419 subjects), Blackérican American (53 subjects), Asian
(42 subjects), Native American (6 subjects), Natiavaiian or other Pacific Islander (2
subjects). The remaining 37 subjects did not fatbiany of the racial categories
recognized by the NIH -- 27 subjects did not answerquestion of racial identity, and 10
subjects reported multiple racial categories (4 t&/hi Asian, 5 Pacific Islander + Asian
and 1 White + African American).

Omnibus ANOVA analysis of the White group on accyraneasures showed

similar results as omnibus ANOVA analysis of theirendataset, with an exception that
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the White group showed a significant CHRM2 x Ageraction (not shown) that was not
observed when using entire dataset. This may lageceto the main effect of age, which
was highly significant for White individuals (124der adults in White group, mean age
72.5+5.6), but was not significant for Asian (6 eddadults in Asian group, mean age
68.0+3.4) or African Americans (20 older adultsAfrican American group, mean age
68.0£6.3). We attribute the more significant mdfe@ of age among the White group to

the larger sample size and older average agesmgtbup.

3.2.2 Task

The working memory task was the same as descnbelapter 2.

3.2.3 Molecular genetics

The CHRM2 A1890T single nucleotide polymorphisnB{r81992) was assayed
by a combination of nested PCR and melting-cunadyais with T,-shift primers (Wang
et al., 2005). A 300 bp DNA fragment was pream@tifirom genomic DNA and used as
a template for second round (allele-specific) PGRaoBio-Rad MyiQ thermal cycler,
which allows automated melting temperature analysisthe PCR products. One
allele-specific primer was designed with a 5' G, t@sulting in an easily detectable
increase in the melting temperature of the PCRymbd he forward and reverse primers

used in the first PCR were 5' CAG TAT TAG GAG CAGGAGA 3 and 5 CTT CTT

TGA TTT TCT TTT TT 3. In the second round PCRetprimer specific to the ‘A

allele was 5 CGC TGT ACG CAA GGG CTT CTC AA 3',dlprimer specific to the ‘T’
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allele was 5" TGA AAT AGG GCT TCT CAT 3’ and the mmnon primer was 5 GTA

ACAAAAAAG GAACAAGG 3.

3.2.4 Statistical analysis

Accuracy and reaction time were used as measurdéd\vbperformance. In order
to assess the WM performance as functions of tamgete distance (TPD), memory load,
CHRM2 genotype and age, two separate omnibus asalyere conducted: (a) factor
analysis (b) omnibus mixed repeated measures ANQAMMer omnibus analyses, a
follow up repeated measures ANOVA was conductedamh extracted factor.

The purpose of factor analysis was to examine venetthe observed variables
(e.g. WM task conditions) could be explained layget entirely by smaller number of
variables called “factors”. The method applied hes&s principle axis factoring (i.e.,
common factor analysis) in which extracted faciwese based on the correlation matrix
of the observed variables. Therefore, the extrafstetbrs were based on the correlations
between observed variables. After principle axistdang, an orthogonal varimax
rotation was applied to make each factor as ind#genas possible. Each factor
represented one of the patterns among the patémnetationships of observed variables.
In order to know how many factors were needed fgax the pattern of relationships
among the observed variables, both the Kaiser (wlach retains only factors with
eigenvalues > 1.0) and parallel analysis with geianutation (which selects the factors
whose eignevalues are greater than those obtain#d comparable, but randomly

permuted data) (O'Connor, 2000; Lance et al., 200&e used. The extracted factors
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may be seen as clusters of correlated task conditthat measure mostly similar
cognitive functions.

In addition to factor analysis, a conventional obusi mixed model repeated
measure ANOVA was also conducted. The purposep#ated measure ANOVA was to
assess WM accuracy and reaction time measuresnasofus of target-probe distance
(TPD), memory load, CHRM2 genotype and age groopr Fevels of distance (0°, 2°, 4°
or 8° of visual angle) and three levels of memaoad (1, 2 or 3 target dot locations) were
used as within-subject variables. The two categbmnariables, CHRM2 genotype and
age group, were used as between-subject variables.

In order to understand the nature of each factfwllew up mixed model ANOVA
was conducted on each factor. The tasks that wghdyhcorrelated to each factor were
used in the ANOVA for that factor, with minor ext¢ems (see Table 3.2). After omnibus
analyses, we found that TPD was the major varidid¢ determined the way in which
accuracy measures were divided into three facidrerefore, the analysis in each TPD
treated WM accuracy as a function of memory loddR®12 genotype and age. Memory
load was used as within-subject variable, while G42Rgenotype and age group were
treated as between-subject variables.

Mauchly’'s test was applied in mixed model ANOVAsassess the sphericity of
the observed variables (Meyers et al., 2006). WMaunchly’s test was significant (which
indicated that the homogeneity of data did not oMk used a correction of degrees of
freedom to provide more conservatiffestatistics. Based on the epsilon value of the

Huynh-Feldt and the Greenhouse-Geisser adjustnoerdeigrees of freedom, when the
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epsilon value was larger than 0.75, the Huynh-Feddtection was applied. Otherwise,
the Greenhouse-Geisser correction was applied/@oagmore conservative adjustment of
degrees of freedom. An alpha value of 0.05 was tséadicate statistical significance.

The statistical analyses were performed within 8tatistical Package for the Social

Sciences, version 15.0 (SPSS Inc., Chicago, IL).

3.2.5Dispersion analysis of genetic effect
We followed similar procedures as in section 2.&glacing COMT genotypes with

CHRM2 genotypes. The detailed concept and steps adtressed in section 2.2.4.

3.3 Reaults
3.3.1 WM accuracy measures
3.3.1.1 Factor analysis

The results of factor analysis were similar to what observed in chapter 2,
although the data set used here had 37 fewer thdhls than we used in chapter 2. Three
factors were extracted from the accuracy measurasl€ 3.1). After varimax rotation,
the first factor accounted for 34% of the variante, second factor accounted for 20%,
and the third factor accounted for 14% (Table 3Taple 3.2 displays the factor loadings
of each task conditions, with loadings less tha#0Oomitted for clarity. The task
conditions were divided into 3 clusters as in cha@ (zero TPD, short TPD and long

TPD).
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3.3.1.2 Omnibus mixed model ANOVAs

A 4 (distances) x 3 (levels of memory loads) x HEM2 genotypes) x 2 (age
groups) mixed model ANOVA was conducted on workingmory accuracy measures
(Table 3.4). A significant age effeq € 0.05) was observed. The young adults in general
showed higher accuracies than the older adultsicpkarly in the visual angle 2° task
conditions. The mixed model ANOVA also showed digant distance x memory load x
age x CHRM2 § < 0.05) interactions and were illustrated in Feg@rl. This significant
4-way interaction showed that the pattern of irdeoas between distance and age for
different memory load is not the same across CHRjEl2otypes. Further 4 (distances) x
3 (levels of memory load) x 2 (age groups) mixeddelcANOVA for each CHRM2
genotype were conducted to assess the differenatistdince x memory load x age
patterns between CHRM2 genotypes. The AA homozggatel the AT heterozygotes
showed significant distance x memory load x ageradtions f§ < 0.01), but the TT
homozygotes did not (Figure 3.1). Thus, from Fig8rg&, the patterns of interactions
between distances and age were different acrossogdoads for the AA homozygotes
and the AT heterozygotes, but not for the TT hongotgs. The AA homozygotes also
showed a significant age effeq € 0.05) on accuracy, which means that the young AA
homozygotes generally showed higher accuraciestiiealder AA homozygotes (Figure
3.1A). This age effect was not observed in the Alelozygotes or TT homozygotes.

The panels of Figure 3.1 may also be regarded dEalecolumns of panels, in
order to compare the effects of memory loads asthdces. Each panel in Figure 3.1 can

be divided into two parts: (left half) visual andléto visual angle 4°; (right half) visual
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angle 4° to visual angle 8°. In the left half oftkgpanel, the U curves observed from
visual angle 0° to visual angle 4° in low memoryado(1 dot location) were not
consistently observed in medium (2 dot locations) high memory load (3 dot
locations)(Figure 3.1). In the right half of eachnpl, the trend from visual angle 4° to
visual angle 8° was nearly parallel in low (1 dotdtion) and medium (2 dot locations)

memory loads, but tended upward in high memorydd&diot locations)(Figure 3.1).

3.3.1.3 Follow up mixed repeated measures ANO\&aah factor

Based on the results of the factor analysis on racgyu task conditions were
organized into three clusters, corresponding rouglith target-probe distance. For each
cluster, a follow-up mixed model ANOVA [3 (leveld smemory load) x 3 (CHRM2
genotype) x 2 (age group)] was conducted to askessfluence of memory load and its
interactions with CHRM2 and age on accuracy meas(fable 3.5). The three task
conditions (i.e., 1 dot VAO, 2 dot VAO and 3 dot ®Awithin zero TPD cluster were used
as repeated measures in ANOVAs for the zero TPBtaluLikewise, the three task
conditions with short TPD (i.e., 1 dot VA2, 2 doA% and 3 dot VA2) were analyzed in
repeated measure ANOVAs for the short TPD clustet the six task conditions with
visual angle large than 4° were analyzed in regeateasure ANOVAs for the long TPD

cluster (see Table 3.2).

3.3.1.3.1 Zero TPD (Match) cluster

A 3 (levels of memory load) x 3 (CHRM2 genotyp€el xage group) mixed model
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ANOVA was conducted to assess the influence of mmgriead and its interactions with
CHRM2 and age on accuracy measures in the Zero TRRBter. We observed a
significant memory load x age x CHRM2 interactionthe Zero TPD cluster of task
conditions (Table 3.5, Figure 3.2A). This interanotmeans that the patterns of interaction
between memory load and age were not the samesaCtdRM2 genotypes. Further 3
(levels of memory load) x 2 (age groups) mixed nho&iSOVA showed significant
memory load x age interactions for the AT heteratgg p < 0.001), but not for the AA
and the TT homozygotes. This means that the inflesesf memory loads on accuracy
was age dependent, but only for the AT heterozygyddased on Figure 3.2A, older AT
heterozygotes showed improved mean accuracy intgmory loads (3 dot locations),
but improved mean accuracy in high memory load was observed in young AT

heterozygotes.

3.3.1.3.2 Short-TPD

The 3 (levels of memory load) x 3 (CHRM2 genotyge? (age group) mixed
model ANOVA in the short TPD cluster of task coralis did not show significant
memory load x age x CHRM2 interaction, which metra the patterns of interactions
between memory load and age were the same ac®$3HRM2 genotypes. The mixed
model ANOVA showed a significant age effegt € 0.001) (Figure 3.2B). The young

adults generally showed higher mean accuracy thaolter adults.

3.3.1.3.3 Long-TPD
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The 3 (levels of memory load) x 3 (CHRM2 genotyge? (age group) mixed
model ANOVA in the long TPD cluster of task condiis did not show significant
memory load x age x CHRM2 interactions (Table 3'B)e patterns of interactions

between memory load and age were the same aceSHRM?2 genotypes.

3.3.2 WM reaction time measures
3.3.2.1 Factor analysis

One factor was extracted by factor analysis froertaction time measure (Table
3.1). This factor accounted for approximately 8284he total variance (Table 3.1). The
factor loadings of each task condition showed tagirelations between this factor and
reaction time in all task conditions (Table 3.2)ofdover, communality showed that this
factor explained at least 75% of variance in ewask condition. Therefore, we labeled

this factor “reaction time factor” (RTF).

3.3.2.2 Omnibus mixed model ANOVA

We followed a procedure similar to section 3.1.2u0 a 4 (levels of distances) x
3 (levels of memory loads) x 3 (CHRM2 genotypes? Xage groups) mixed model
ANOVA on reaction time measures (Table 3.6). Inegah older adults used longer
reaction times than young adults in all task coodg (age effectp < 0.001). An
interesting CHRM2 x age interaction was observed (0.05)(Figure 3.3). The older
adults showeddecreasingreaction times with arnncreasing number of T alleles.

Conversely, young adults showed somewhateasingreaction times with aimcreasing
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number of T alleles (Figure 3.3). Regression amaly@s applied to compare the slopes
of the two lines in Figure 3.3, based on scattetspbf individual reaction times vs.
genotypes (not shown). The results showed thaslibyges were significantly different

between the young and the older adylts 0.01).

3.3.3Dispersion analysis of genetic effect

We followed similar procedures as in section 2td.dssess the genetic dispersion
between young vs. older adults, under the influesfceHRM2 A1890T genotypes. For
accuracy measuresitests andF-tests using the full data set in short and lon@TP
showed that the dispersion of accuracies caus€dHiYM2 genotypes was significantly
greater in older adults than in young adults. Alieotstrap resampling of WM accuracy
data (to test various combinations of equal numbey®ung and older adults), we found
that over 88% of the cases that were significant-iasts andF-tests had higher
dispersion for older adults (than young adultspath short and long TPD (Table 3.7).
For reaction time measures, higher dispersion ss @bserved in older adults (than
young adults) in both short and long TPD (Tablg.3&sed on the combined criteria of
(i) statistical significance of original data set both t-test andF-test and (ii) greater
dispersion of older adults in the majority of sifggant bootstrap resampling experiments
with equalized sample sizes (between young vsr@dalts) in BOTHt-test andF-test,
we concluded that higher dispersion of older addttan young adults, under the
influence of CHRM2 A1890T polymorphism, was moggngiicant in the non-match

difficult task conditions (short TPD) as well astime non-match easy task conditions
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(long TPD).

3.4 Discussion

In the present work, we investigated spatial wagkmemory performance as
functions of TPD, memory load, CHRM2 genotypes agé groups. We found that (i)
older adults with AA genotypes generally showeddowccuracies than young adults
with AA genotypesy < 0.05)(Figure 3.1). (ii) The older AA homozygosds®owed a trend
of using longer reaction times than the older Timbaygotes. Conversely, the young AA
homozygotes showed a trend of using shorter readiimes than the young TT
homozygotes (Figure 3.3). (iii) in zero TPD taskdiions, the older AT heterozygotes
showed improved accuracy in high memory loads (3atmtions), but not observed for
young AT heterozygotes. (iv) greater dispersiormafuracy and reaction time measures
in older adults than young adults, under the infbieeof CHRM2 A1890T polymorphism,
was observed in this spatial working memory tagdpéeially in short TPD and long

TPD).

3.4.1 Translational and post-transcriptional conta$ the 3'UTR

Our results suggested that AA homozygotes were malreerable to age effects
than AT or the TT individuals (Figure 3.1). The exenechanism of how A and T allele
affect WM performance is not clear as yet. We aanthat A is the ancestral base at this
location (according to dbSNP). Because this polyhmm is located in the AU-rich

region (approximately 64% AU) of 3'UTR, one posBipiis that this polymorphism is
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related to translational or post-transcriptionaitcol.

Previous studies had indicated that 3'UTR may Hated to the stability and
localization of mMRNA translation (Jansen, 2001;d%éll and Tollervey, 2001; Mazumder
et al.,, 2003). In terms of stability, an exampleygast may help to understand how
3'UTR affect translational control. In yeast, bieohical data showed that the proteins
bound to the mRNA cap (elF-4F) and poly(A) tail lfRp) are physically associated with
each other in yeast extracts. In addition, thispaly(A) tail complex also interacts with
the cap binding protein elF-4E, resulted in an tmdnd mMRNA-protein complex (Tarun
and Sachsl, 1996; Mitchell and Tollervey, 2001)isThRNA secondary structure may
cause early termination of protein synthesis, &igy rapid mRNA degradation and
reduced synthesis of the target protein. SNPsen3tHJTR of neurotransmitter related
genes also have been reported to change the mRNesston. For example,
polymorphisms in the 3'UTR of serotonin transporgene caused differential mRNA
levels through the modulation of mMRNA stability (ader et al., 2008).

In terms of localization, the 3'UTR may containrss that regulate subcellular
localization of mMRNA. The transport of mMRNA to deitek is well accepted (Martin and
Zukin, 2006). For example, long-term potential () TRat related to memory storage are
believed to require the local synthesis of prot@hgostsynaptic sites (Schuman, 1997,
Schuman, 1999; Martin and Zukin, 2006). Furthermtire rate of protein synthesis may
also be regulated by the neuronal activity at stioagte, which in term related to the
synaptic plasticity (Link et al., 1995; Lyford etl,al1995; Knowles and Kosik, 1997;

Muslimov et al., 1998). Several studies have suggeshat mRNA localization in
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dendrites or synaptic sites is not limited to a lsgra@up of proteins but covers hundreds
of proteins including integral membrane proteingi@mndritic layers of the hippocampus

and at postsynaptic densities of hippocampal neufDavis et al., 1987; Tian et al., 1999;
Moccia et al., 2003; Sung et al., 2004). If onetleg CHRM2 A1890T alleles caused

reduced expression of the M2 receptor, it may caedeced signal strength and/or signal
transduction speed.

In our results, the older AA homozygotes not ortigwed lower accuracies than
the young AA homozygotes, but also showed longactren times than the young AA
homozygotes in this spatial working memory taske AT heterozygotes and the TT
homozygotes did not have significant age effectosrtarget-probe distances and
memory loads (see results 3.1.2). This implies tifatormal aging processes influences
the ability of AA individuals to respond to the kastimulation more than AT or TT
individuals.

With the high resolution positron emission tomod¢nap(PET), older adults
showed a greater rate of decline of muscarinicpteecs in brain regions that have a
relatively high number of muscarinic receptors ([@gwet al., 1990). In those high
decline rate areas, older adults (82 years oldyvedoapproximately 50% reduction of
M2 receptor binding compared to young adults (1&y®ld) (Dewey et al., 1990). It is
not yet known how this rs8191992 SNP influencesettigression of M2 receptor in older
adults. However, our data suggested that age hgeeater effect on the older AA

homozygotes than the older AT or TT individuals.
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3.4.2 Future perspectives

In our results, the AA homozygotes showed both loaecuracy and longer
reaction times than the AT or the TT homozygoteslder adults. Dick et al. reported that
the AA homozygotes had approximately 5 points o Ricores higher than the TT
homozygotes (Dick et al., 2006), while the age aftipipants was not reported.
Nevertheless, our results showed that the effe€t€lRM2 on working memory
increased in older adults, but the AA homozygotasagoxically did not show better
performance in older adults. Therefore, it wouldifieresting to do a WAIS-R test on
young and older adults to see if the IQ differen€ehe AA homozygotes and the TT
homozygotes differ in the expected direction.

There were many reports of cognitive tests of SMRBHRM2 gene (Comings et
al., 2003; Dick et al., 2006; Gosso et al., 2006s$® et al., 2007). However, the cellular
mechanism of how these polymorphisms effect nedracéivity is still not clear.
Muscarinic neurotransmission has been implicateplag an important role in learning,
attention and in Alzheimer’s disease (Bartus ¢tl#82; Levey et al., 1995; Levey, 1996).
Thus, further research is needed in this areaulaeldand molecular studies of rs8191992

may help to elucidate the molecular mechanismnfy) ®f this SNP.
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Table 3.1 Eigenvalue and percent of variance exgthin each factor

Accuracy

Initial

after rotation

Factor Eigenvalues % of Variance Eigenvalues

1 6.8 56.6 4.0
2 1.4 11.2 2.4
3 0.9 7.7 1.7

% of Variance

33.7

19.9

13.8

Reaction Time

Initial

Factor Eigenvalues % of Variance

1 9.8 82.0
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Table 3.2Factor loadings of WM accuracy measure

Factor1 Factor2 Factor3 Communality Cluster@aifitask conditions

1-dot, VA8 0.79 # # 0.81 Long TPD

2-dot, VA4 0.79 # # 0.78 Long TPD
2-dot, VA8 0.79 # # 0.80 Long TPD
3-dot, VA8 0.79 # # 077 Long TPD
1-dot, VA4 0.75 # # 0.75 Long TPD
3-dot, VA4 0.44 0.50 # 0.49 Long TPD
1-dot, VAO 0.57 0.49 # 0.64 Zero TPD
2-dot, VAO # 0.91 # 0.52 Zero TPD
3-dot, VAO # 0.57 # 0.94 Zero TPD
1-dot, VA2 # 0.42 0.41 0.40 Short TPD
3-dot, VA2 # # 0.75 0.94 Short TPD
2-dot, VA2 0.42 # 0.63 0.52 Short TPD

Task conditions are described by memory load angetgrobe distance (TPD). For
example, 1-dot VA2 is the task condition that meyroad is 1 dot location and TPD is
represented by visual angle (VA) 2°. Values in Badt, Factor 2 and Factor 3 columns
represented factor loading, i.e. the weighted doumion of each factor to that task
condition. Communality represents the decimal foscof variance that was explained by
the extracted factors jointly.

L« indicates factor loadings less than 0.4.
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Table 3.3 Factor loadings of WM reaction time measu

RTF Communality

2-dot, VA4 0.95 0.89
2-dot, VA8 0.92 0.85
2-dot, VA2 0.92 0.84
1-dot, VA4 0.91 0.83
3-dot, VA8 0.91 0.83
1-dot, VA8 0.90 0.81
2-dot, VAO 0.89 0.80
3-dot, VA4 0.89 0.79
3-dot, VAO 0.88 0.77
3-dot, VA2 0.87 0.76
1-dot, VA2 0.87 0.76
1-dot, VAO 0.85 0.73

Task conditions are described by memory load angetgrobe distance (TPD). For
example, 1-dot VA2 is the task condition that meyroad is 1 dot location and TPD is
represented by visual angle (VA) 2°. Values in Badt, Factor 2 and Factor 3 columns
represented factor loading, i.e. the weighted doumion of each factor to that task
condition. Communality represents the decimal foscof variance that was explained by

the extracted factors jointly.
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Table 3.4 Mixed model ANOVA (WM Accuracy measures)

Within-subject effect

Effect Sizé ()  DF! F P!
Distance 0.54 2 697.41  ***
Distance x CHRM2 <0.01 4 1.05 0.38
Distance x Age 0.02 2 27.61  ***
Distance x Age x CHRM2 <0.01 4 0.40 0.40
Memory load 0.41 2 39240
Memory load x CHRM2 <0.01 4 041 0.79
Memory load x Age <0.01 2 246 0.09
Memory load x Age x CHRM2 <0.01 4 1.03 0.39
Distance x Memory load 0.18 4 126.31  ***
Distance x Memory load x CHRM2 <0.01 1.76  0.09
Distance x Memory load x Age 0.01 6.51 *hk
Distance x Memory load x Age x CHRM2 0.01 2.20 *
Between-subject effect
CHRM2 <0.01 2 0.63 0.53
Age 0.01 1 5.02 *
CHRM2 x Age <0.01 2 1.33 0.27

'DF = Degrees of freedorfr, = F statisticsP = P value of theF test

* representp < 0.05, ** representp < 0.01, *** representp < 0.001
Eta squared was calculated with respect to thd twithin subjects sum of squares
(within-subject effect) or the total between sulbgesum of squares (between-subject

effect).
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Table 3.5 Mixed model ANOVA results for each clusiétask conditions

Zero-TPD
Within-subject Effect Effect Siz€ (n)  DF"' F! P!
Memory load 0.40 2 391.39 rx
Memory load x CHRM2 <0.01 4 0.92 0.92
Memory load x Age 0.01 2 3.13 *
Memory load x Age x CHRM2 0.01 4 3.08 *
Between-subject Effect
CHRM2 <0.01 2 0.30 0.74
Age <0.01 1 0.01 0.97
CHRM2 x Age <0.01 2 1.05 0.35
Short-TPD
Within-subject Effect
Memory load 0.13 2 74.89 *kk
Memory load x CHRM2 <0.01 4 2.05 0.09
Memory load x Age <0.01 2 3.03 *
Memory load x Age x CHRM2 <0.01 4 1.66 0.16
Between-subject Effect
CHRM2 <0.01 2 1.61 0.20
Age 0.07 1 39.95 Hkk
CHRM2 x Age <0.01 2 0.83 0.44
Long-TPD
Within-subject Effect
Memory load 0.30 2 246.43 rx
Memory load x CHRM2 <0.01 3 1.15 0.33
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Memory load x Age 0.01 2 8.23 **

Memory load x Age x CHRM2 <0.01 3 2.27 0.07

Between-subject Effect

CHRM2 <0.01 2 049 061
Age <0.01 1 035 0.6
CHRM2 x Age <0.01 2 131  0.27

'DF = Degrees of freedorft, = F statisticsP = P value of theF test

* representp < 0.05, ** representp < 0.01, *** representp < 0.001

Eta squared was calculated with respect to thd twithin subjects sum of squares
(within-subject effect) or the total between subgesum of squares (between-subject

effect).
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Table 3.6 Mixed model ANOVA (WM reaction time meeasu

Within-subject effect

Effect Sizé(n? DF' F! P!
Distance 0.25 2 178.13 ¥
Distance x CHRM2 <0.01 5 1.72 0.13
Distance x Age 0.04 2 25.01 ¥
Distance x CHRM2 x Age 0.01 5 1.38 0.23
Memory load 0.53 2 676.97 *x*
Memory load x CHRM2 <0.01 4 2.35 0.06
Memory load x Age 0.02 2 37.60  ***
Memory load x CHRM2 x Age <0.01 4 1.54 0.19
Distance x Memory load 0.15 5 105.05  ***
Distance x Memory load x CHRM2 <0.01 10 0.75 0.68
Distance x Memory load x Age 0.01 5 11.82
Distance x Memory load x CHRM2 x Age <0.01 10 1.13 0.33
Between-subject effect
CHRM2 <0.01 2 1.09 0.44
Age 0.27 1 233.07  **
CHRM2 x Age 0.01 2 4.23 *

'DF = Degrees of freedorfr, = F statisticsP = P value of theF test

* representp < 0.05, ** representp < 0.01, *** representp < 0.001

Eta squared was calculated with respect to thd twithin subjects sum of squares
(within-subject effect) or the total between sulbgesum of squares (between-subject

effect).
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Table 3.7Summary of bootstrap resampling

Greater % of % of areater
Statistical ~ Significant? dispersion in significant o ot greate
Task dispersion in
test (Full dataset)  older adults? cases older adultd
(full dataset) (bootstrap)
Accuracy
zero-TPD t- test N N 4% 12%
zero-TPD F-test Y Y 10% 99%
short-TPD t- test Y Y 23% 100%
short-TPD F-test Y Y 12% 99%
long-TPD t- test Y Y 17% 88%
long-TPD F-test Y Y 20% 99%
Reaction time
zero-TPD t- test N N 29% 39%
zero-TPD F-test N N 14% 25%
short-TPD t- test Y Y 29% 90%
short-TPD F-test Y Y 15% 95%
long-TPD t- test Y Y 55% 96%
long-TPD F-test Y Y 21% 99%

! Based on the full data settitest and--test. Y=yes, N=no.
2 The percentage of cases that achieved statistigrficances among all bootstrap cases.

® For simulations that achieved statistical sigaifices irF-test, in what percentage of

var(olderadulty
var(youngadults)

simulations weré& = >1. For simulations that achieved statistical

significances in studentistest, in what percentage of simulation has Mganuis™ Meanoung

adults
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Figure 3.1 Working memory accuracy as a functionagé, distance (visual angle),
memory load (number of dots) and CHRM2 genotyf#e). the mean accuracy as a
function of distance (visual angle) and age groupaaious levels of memory load for
CHRM2 AA homozygotegB) the mean accuracy as a function of distance (vasugle)
and age group at various levels of memory loadClRM2 AT heterozygotegC) the
mean accuracy as a function of distance (visuakear@nd age group at various levels of
memory load for CHRM2 TT homozygotes. The erroslb@present the standard error of

the mean. “Young adults” were 18-25 years old. ‘@lddults” were 64-89 years old.
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(A) Zero TPD
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Figure 3.2 Working memory accuracy as a functionma&mory load (number of dot
locations), age and CHRM2 genotypes. The task tiondi were grouped into three
clusters (“factors”) of related task conditionsgSe@bles 1-3). Panéh) showsthe mean

accuracy as a function of memory load and age Herthree CHRM2 genotypes in
zero-TPD cluster. Pan@B) mean accuracy as a function of memory load andaghe

three CHRM2 genotypes in short TPD cluster. P@@imean accuracy as a function of
memory load and age for the three CHRM2 genotypésng TPD cluster. The error bars
represent the standard error of the mean. “Youndtsidwere 18-25 years old. “Older

adults” were 64-89 years old.
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Figure 3.3 Reaction time as a function of age aRdRM2. The error bars represent the
standard error of the mean. “Young adults” were2B8years old. “Older adults” were

64-89 years old.
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Chapter 4
Theinteractionsof CHRM2 A1890T, COMT val158met, age

and task difficulty on working memory

4.1 Introduction

The dopamine (DA) system is known to playrole in cognitive processes,
including working memory (Braver and Barch, 2002; Abi-Dargham, 2004).
Pharmacological studies also have shown that argjio system played a important role
in memory processing (Drachman and Leavitt, 19&teiBen, 1977; Jones et al., 1979;
Bartus et al., 1982; Broks et al., 1988), atten{Mfesnes and Warburton, 1984; Broks et
al., 1988), as well as working memory (Seeger e2804). In chapter 2, effects related
to normal variation in the COMT gene have shown itheortance of dopaminergic
system on the performance of spatial working memdrge COMT vall58met
polymorphism interacted with target-probe distancesmory loads and age to influence
the spatial working memory performance. Moreovegater effects of COMT genotypes
in older compared to younger adults were observatth for accuracy measures and
reaction time measures. In chapter 3, we obsetvatdniormal variation in a muscarinic
receptor gene also interacted with working memarfgymance. Thus, it is of interest to

use the COMT vall58Met polymorphism and the CHRMESB0T polymorphism to
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investigate the interaction of the dopaminergicteays and the cholinergic system in
working memory performance.

From the study of Dick et al., the AA homozygotdsttee CHRM2 rs8191992
polymorphism showed approximately 5 points of PI@res higher than the TT
homozygotes, and the AT heterozygotes showed appately 1 points of PIQ scores
higher than the TT homozygotes (Dick et al., 2006).chapter 3, the CHRM2 AA
homozygotes were more vulnerable to age effectefolesl in reaction time measures)
than individuals with AT or TT genotypes. Becaulse AT and the TT genotypes have
shown similar 1Q scores which was distinct from #& genotype in previous study
(Dick et al., 2006), and shown distinct reactiands from the AA genotype in our study,
it is possible that the AT and TT genotypes prowmheilar influences to task performance.
Thus, in this chapter we assessed the interachietvgeen age, COMT (met/met, val/met
and val/val genotypes) and CHRM2 (divided into tgroups, TT or AT individuals vs.
AA homozygotes) and their influence on working meynaccuracy and reaction time
measures. The grouping of CHRM2 genotypes williseussed in more detail below. We
hypothesized that the interactions between targaiepdistances, memory loads, COMT
genotypes and age will be different under the dbffiéal influences of the two CHRM2

groups.

4.2 Methods and materials
4.2.1 Participants

After excluded the data with missing values, thenher of participants in each
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category was as follows: (1) for young adults watHeast one CHRM2 T allele, COMT
met/met = 81, val/met = 151 and val/val = 57 p@#tats; (2) for young adults with
CHRM2 AA genotype, COMT met/met = 26, val/met =&8&] val/val = 23 participants;
(3) for older adults with at least one CHRM2 T |eCOMT met/met = 31, val/met = 70
and val/val = 22 participants; (4) for older adutgh CHRM2 AA genotype, COMT
met/met = 8, val/met = 22 and val/val = 11 partifs. The total number of participants

was 570. Young adults were 18-25 years old. Oldaltsswere 64-89 years old.

4.2.2 Statistical analysis

We focused on using mixed model repeated mea8N@VA to analyze the
accuracy and reaction time measures in this sec8orce the data we used is quite
similar to what we used in chapter 3, the resuitactor analysis did not change and is
not shown here. An omnibus 4 (levels of target-prdistances) x 3 (levels of memory
load) x 3 (COMT genotypes) x 2 (2 CHRM2 genotypesor TT vs. AA) x 2 (age group,
young vs. old) mixed model ANOVA was conducted arcuaacy and reaction time
measures. The target-probe distances and memodg lvare used as within-subject
variables. The grouping of CHRM2 genotypes is dised below under results. COMT,
CHRM2 and age were used as between-subject vasiaBldollow up mixed model
ANOVA was conducted in each cluster as in chaptdfd each cluster, a 3 (levels of
memory load) x 3 (COMT genotype) x 2 (2 CHRM2 gempets, AT or TT vs. AA) x 2
(age group, young vs. old) mixed model ANOVA wasadacted. Memory load was used

as within-subject variables and COMT, CHRM2 and agee used as between-subject
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variables.

4.3 Results
4.3.1 Preliminary test of grouping CHRM2 genotypes

Because the AT and TT genotypes showed similard@yes in previous study
(Dick et al., 2006) and reaction times in our resut is possible that these two genotypes
may show similar interactions with COMT. Before amsding the CHRM2 into two
groups (AAvs. AT + TT), we conducted a 4 (leveldarget-probe distances) x 3 (levels
of memory loads) x 3 (COMT genotypes) x 3 (CHRMaZggpes) x 2 (age groups)
mixed model ANOVA to assess the influence of COMId aCHRM2 on working
memory performance. The results did not show amyifstant COMT x CHRM2
interactions among all possible combinations betwdistances, memory loads, COMT,
CHRM2 and age.

We also tried to separate CHRM2 into two groupseaweral other ways (AA vs.
TT, or AA+AT vs. TT), and conducted a 4 (levelstafget-probe distances) x 3 (levels of
memory loads) x 3 (COMT genotypes) x 2 (CHRM2 ggpes, AA vs. TT) x 2 (age
groups) mixed model ANOVA on working memory perf@mae. The results also did not
show significant COMT x CHRMZ2 interaction. When aggregated the CHRM2 AT and
TT individuals together, many significant interacts of COMT x CHRM2 were
observed. We concluded that AT and TT individuatsaddition to having similar 1Q
scores (Dick et al., 2006) and reaction times (tra@), may also have similar

interactions with COMT. In any case, that assummptivas used for the remaining
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analysis in chapter 4.

4.3.1 Omnibus mixed model ANOVA for accuracy measur

A 4 (levels of target-probe distances) x 3 (lexadlsnemory loads) x 3 (COMT
genotypes) x 2 (CHRM2 genotypes, AA vs. AT+TT) x(@&e groups) mixed model
ANOVA was conducted on working memory accuracy raeas The results of this
omnibus ANOVA is illustrated in Table 4.1. AmongetBignificant interactions in Table
4.1, a significant distance x memory load x CHRMZOMT x age interaction was
observed § < 0.05). This complex interaction is illustrated Figure 4.1A and Figure
4.1B. The patterns of interaction between the d#ta, memory loads, COMT and age

were not the same across the two CHRM2 groups.

4.3.2 Mixed model ANOVA for accuracy measures @h etuster

For each cluster of task conditions, a follow-ugled/els of memory load) x 3
(COMT genotypes) x 2 (CHRM2 groups, AA vs. AT+TTRxage groups) mixed model
ANOVA was conducted to assess the influence of mmgriead and its interactions with
COMT, CHRM2 and age on accuracy measures. TablesHo®ved the interactions in
each cluster. The ANOVAs showed a series of sigaifi interactions in short TPD. The
short TPD represented the most difficult clustetask conditions.

Figure 4.2 illustrated the 4 way interactions ofrmaey load x COMT x CHRM2
x age p < 0.05). In general, the COMT AT heterozygotesvgtub higher accuracies than

the AA or the TT homozygotes in this cluster ofkta®nditions, regardless of CHRM2
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genotypes. One exception was the older CHRM2 AAGMT val/val individuals, who

showed a trend of increased mean accuracies asmyéyad increased.

4.3.3 Mixed model ANOVA for reaction time measures

A 4 (levels of target-probe distances) x 3 (levelsmemory loads) x 3 (COMT
genotypes) x 2 (CHRM2 genotypes, AA vs. AT+TT) x(@&e groups) mixed model
ANOVA was conducted on working memory reaction timeasures. The results of
mixed ANOVAs for reaction time measures are shownTable 4.3. The ANOVAs
showed a series of significant interactions. Figufeillustrates the 5 way interactions of
distance x memory load x COMT x CHRM2 x age<(0.01).

From Figure 4.3A, the older CHRM2 AA + COMT val/metividuals and the
older CHRM2 AA + COMT val/val individuals showedhsiar trends of variations across
all levels of TPD in each level of memory load. Foe trend of variations in the older
CHRM2 AA, COMT met/met individuals were differembm the trends of variations of
the COMT val/met and the COMT val/val, across alldls of TPD in each level of
memory load. Young adults did not show differenbesween COMT genotypes for
CHRM2 AA individuals.

Interesting interactions were also observed in f@gu3B. For older individuals
with CHRM2 AT or TT genotype, the older COMT metimand COMT val/met
individuals showed similar trends of variationst the older COMT val/val homozygotes

were different from COMT met/met and COMT val/miétgure 4.3B).
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4.4 Discussion

In this study, we observed the interactions of CHRadd COMT polymorphisms
in a spatial working memory task. For accuracy nagssin the short TPD cluster of task
conditions, the older CHRM2 AA + COMT val/val indiwals showed a trend of
increased mean accuracies as memory load incre@kedsignificance of this result is
unclear. The sample size was relatively small ¢gider adults with CHRM2 AA genotype,
COMT met/met = 8, val/met = 22 and val/val = 11tggrants), but the profile was
strikingly different from all other groups (Figude2A).

For reaction time measures, under the influend8HiRM2 AA, the older COMT
met/met homozygotes showed different trends ofawians from the older COMT val/val
and COMT val/met individuals (Figure 4.3A). Furthmare, under the influence of the
CHRM2 AT or TT genotypes, the older COMT val/valogled different trends of
variations from the older COMT met/met and CHRM2 AT TT + COMT val/met

individuals (Figure 4.3B).

4.4.1 Future directions

Given the evidence that COMT is abundant in preafionortex (Mannisté and
Kaakkola, 1999; Tunbridge et al., 2006) and M2 péaeis abundant in hippocampus
(presynaptic and postsynaptic) (Levey, 1993; Lesesl., 1995; Rouse et al., 1997), the
interactions we observed may reflect the hippocanimu PFC pathway in working
memory. Previous studies showed that the hippocBR#pE@ connection is involved in a

spatial delayed non-matching to position task ie thdial-arm maze (Floresco et al.,
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1997; Burette et al., 2000). Their findings indemhtthat synaptic depression of
hippocampal-PFC pathway occurs during the decapafial working memory. It is also
well accepted that the sustained firing of corticalirons during the delay period is an
essential mechanism for holding information on lioethe time necessary to respond to
task stimulation (Fuster, 1984; Goldman-Rakic, 19Buster, 1993). The tonic-phasic
dopamine hypothesis (Bilder et al., 2004) has pated that the met allele has a better
ability to maintain the current working memory repentation, while the val allele was
postulated to have better ability to facilitate teeitching or updating of working
memory traces in an ongoing behavior program. THegmtheses were related to
met/met has lower enzyme activity (higher PFC ddpantevel) and val/val has higher
enzyme activity (lower PFC dopamine level) whichynieelp to sustain cortical firing.
Because the M2 autoreceptor helps regulate thaselef acetylcholine, variations in the
CHRM2 gene may increase or decrease the releasacetylcholine. Perhaps
acetylcholine release is also involved in sustainaduronal firing in the

hippocampal-PFC circuit.
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Table 4.1 Mixed model ANOVA (WM Accuracy measures)

Within-subject effect

Effect Sizé () DF" F P!

Distance 0.46 2 515.76 ***
Distance x CHRM2 <0.01 2 0.09 0.93
Distance x COMT 0.005 5 3.00 *
Distance x Age 0.02 2 20.25 ¥
Distance x CHRM2 x COMT <0.01 5 1.00 0.41
Distance x CHRM2 x Age <0.01 2 0.62 0.56
Distance x COMT x age <0.01 5 0.68 0.63
Distance x CHRM2 x COMT x age <0.01 1.12 0.35
Memory load 0.31 2 259.43 ***
Memory load x CHRM2 <0.01 2 0.06 0.93
Memory load x COMT 0.01 4 5.68  ***
Memory load x Age <0.01 2 0.01 0.28
Memory load x CHRM2 x COMT <0.01 4 148 0.21
Memory load x CHRM2 x Age <0.01 2 0.56 0.57
Memory load x COMT x Age <0.01 4 1.70 0.15
Memory load x CHRM2 x COMT x age <0.01 4 1.78 0.13
Distance x Memory load 0.13 4 84.44  ***
Distance x Memory load x CHRM2 <0.01 4 1.18 0.32
Distance x Memory load x COMT 0.01 7 447  *x*
Distance x Memory load x Age 0.01 4 3.59 **
Distance x Memory load x CHRM2 x COMT <0.01 7 1.720.10



Distance x Memory load x CHRM2 x Age 0.01 4 2.52 *

Distance x Memory load x COMT x Age <0.01 7 1.10 .38
Distance x Memory load x CHRM2 x COMT x Age 0.005 7 1.96 *
Between-subject effect

CHRM2 <0.01 1 1.16 0.28
COMT <0.01 2 0.51 0.60
Age 0.01 1 6.99 *x
CHRM2 x COMT <0.01 2 161 0.20
CHRM2 x age <0.01 1 1.84 0.18
COMT x age <0.01 2 0.60 0.55
CHRM2 x COMT x Age <0.01 2 0.21 0.81

! DF = Degrees of freedorf, = F statisticsP = P value

* representp < 0.05, ** representp < 0.01, *** representp < 0.001

Eta squared was calculated with respect to thd twithin subjects sum of squares
(within-subject effect) or the total between subgesum of squares (between-subject

effect).
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Table 4.2 Mixed model ANOVASs in each factor

Zero-TPD

Within-subj ect effect Effect Sizé (n2) DF' F' P!
Memory load 0.32 2 271.42 ***
Memory load * CHRM2 <0.01 2 0.17 0.83
Memory load * COMT 0.02 4 7.22 *x
Memory load * Age <0.01 2 2.43 0.09
Memory load * CHRM2 * COMT <0.01 4 1.28 0.27
Memory load * CHRM2 * Age <0.01 2 2.34 0.09
Memory load * COMT * Age <0.01 4 2.02 0.09
Memory load * CHRM2 * COMT * Age <0.01 4 0.84 0.49
Between-subject effect

CHRM2 <0.01 1 0.97 0.33
COMT <0.01 2 0.25 0.78
Age <0.01 1 035 0.55
CHRM2 * COMT <0.01 2 247 0.09
CHRM2 * Age <0.01 1 241 0.12
COMT * Age <0.01 2 0.33 0.72
CHRM2 * COMT * Age <0.01 2 0.33 0.72
Short-TPD

Within-subject effect

Memory load 0.08 2 51.48  ***
Memory load * CHRM2 <0.01 2 1.18 0.31
Memory load * COMT 0.01 4 3.69 *x
Memory load * Age <0.01 2 1.15 0.32
Memory load * CHRM2 * COMT 0.01 4 2.64 *
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Memory load * CHRM2 * Age <0.01 212 0.12
Memory load * COMT * Age <0.01 0.85 0.49
Memory load * CHRM2 * COMT * Age 0.01 3.20 *
Between-subject effect

CHRM2 <0.01 1.09 0.30
COMT 0.01 3.92 *
Age 0.06 36.32  **
CHRM2 * COMT <0.01 0.28 0.75
CHRM2 * Age <0.01 0.24 0.62
COMT * Age <0.01 1.28 0.28
CHRM2 * COMT * Age <0.01 0.39 0.68
Long-TPD

Within-subject effect

Memory load 0.21 154.34 ***
Memory load * CHRM2 <0.01 1.10 0.33
Memory load * COMT 0.02 6.42  ***
Memory load * Age 0.01 5.84 *x
Memory load * CHRM2 * COMT <0.01 .54 0.68
Memory load * CHRM2 * Age <0.01 2.78 0.07
Memory load * COMT * Age <0.01 1.27 0.28
Memory load * CHRM2 * COMT * Age <0.01 1.10 0.35
Between-subject effect

CHRM2 <0.01 0.72 0.40
COMT <0.01 0.02 0.98
Age <0.01 136 0.24
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CHRM2 * COMT <0.01 2 149 0.23

CHRM2 * Age <0.01 1 1.83 0.18
COMT * Age <0.01 2 031 0.74
CHRM2 * COMT * Age <0.01 2 0.51 0.60

! DF = Degrees of freedorf, = F statisticsP = P value

* representp < 0.05, ** representp < 0.01, *** representp < 0.001

Eta squared was calculated with respect to thd twithin subjects sum of squares
(within-subject effect) or the total between sulbgesum of squares (between-subject

effect).
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Table 4.3 Mixed model ANOVA on WM reaction time nsages

Within-subject effect

Effe((;]tz)Sizé DE  El pt
Distance 0.18 2 130.4 ***
Distance * CHRM2 <0.01 2 1.65 0.19
Distance * COMT 0.01 5 3.20 **
Distance * Age 0.03 2 19.02 ***
Distance * CHRM2 * COMT <0.01 5 1.85 0.10
Distance * CHRM2 * Age <0.01 2 1.28 0.28
Distance * COMT * Age 0.02 5 578 ¥
Distance * CHRM2 * COMT * Age 0.01 5 3.62 **
Memory load 0.46 2 4975
Memory load * CHRM2 <0.01 2 0.25 0.77
Memory load * COMT <0.01 4 141 0.23
Memory load * Age 0.02 2 26.70 ***
Memory load * CHRM2 * COMT <0.01 4 .36 0.83
Memory load * CHRM2 * Age <0.01 2 1.19 0.30
Memory load * COMT * Age <0.01 4 1.97 0.10
Memory load * CHRM2 * COMT * Age <0.01 4 1.34 0.25
Distance * Memory load 0.10 5 66.10 ***
Distance * Memory load * CHRM2 <0.01 5 1.06 0.39
Distance * Memory load * COMT 0.01 11 256 **
Distance * Memory load * Age 0.01 5 5.97 ¥
Distance * Memory load * CHRM2 * COMT 0.01 11 229 =
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Distance * Memory load * CHRM2 * Age <0.01 5 1.02 041
Distance * Memory load * COMT * Age 0.006 11 210 =
Distance * Memory load * CHRM2 * COMT * Age 0.01 11 283 **
Between-subject effect

CHRM2 <0.01 1 2.38 0.12
COMT <0.01 2 294 0.05
Age 0.26 1 197.1 ***
CHRM2 * COMT <0.01 2 1.78 0.17
CHRM2 * Age 0.007 1 558 *
COMT * Age <0.01 2 2.66 0.07
CHRM2 * COMT * Age <0.01 2 0.12 0.88

! DF = Degrees of freedorf, = F statisticsP = P value
* representp < 0.05, ** representp < 0.01, *** representp < 0.001
“Eta squared was calculated with respect to thd teithin subjects sum of squares

(within-subject effect) or the total between sublgesum of squares (between-subject

effect).
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Figure 4.1A

Young adults, Older adults,
Memory load = 1 dot, CHRM2 = AA Memory load = 1 dot, CHRM2 = AA
1.0 1.0
5 0.8- 508y Sl
§ s
5 5
o S
< 0.6 < o6l '
- COMT = met/met ¢ o COMT = met/met
-#- COMT = val/met -*- COMT = val/met
0.41= T ol .COMT.= Val/‘r.al 0.4 i -COMT - ml/\‘-al
0 2 4 6 8 0 2 4 6 8
Distance (visual angle) Distance (visual angle)
Young adults, Older adults,
Memory load =2 dots, CHRM2 = AA Memory load =2 dots, CHRM2 = AA
1.0 1.0
Y 2 0.8
= =
o] =
3 3
151
< < 0.6 ,
o COMT =metmet| |+ ™ } - COMT = met/met
- COMT = val/met -#- COMT = val/met
04l -+ COMT =valival 0.4, =@ Clonn : vethel
0 2 4 6 8 0 2 4 6 8
Distance (visual angle) Distance (visual angle)
Young adults, Older adults,
Memory load = 3 dots, CHRM2 = AA 1}/[8111013/ load = 3 dots, CHRM2 = AA
1.0 .
5 0.8 5 0.84
! <
‘:-.; [
5 5
o o
< 0.6] < 0.64
- COMT =met/met| | ¥77 -0~ COMT = met/met
-#- COMT = val/met -#- COMT = val/met
0.4l . k- (leMT {= \‘al/\"al 0.4l . h- .COMT .: ‘—al/‘—lal
6 2 4 o6 8 0 2 4 6 8
Distance (visual angle) Distance (visual angle)

90



Figure 4.1B
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Figure 4.1 Accuracy as functions of TPD, memondlcaOMT, CHRM2 and agéanel
(1A) shows the interactions of TPD, memory load, COMUO age, when CHRM2
genotype is AAPanel (1B) shows the interactions of TPD, memory load, COMd a
age, when CHRM2 genotype is AT or TT. The numbeparticipants in each category is

listed in section 4.2.1. The error bars repredemtstandard error of the mean.
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Figure 4.2Accuracy as Functions of memory load and &g@el (A) shows the accuracy
measures as functions of memory load, COMT geno&ype age, for individuals with
CHRM2 AA genotypePand (B) shows the accuracy measures as functions of memory
load, COMT genotype and age, for individuals witHRM2 AT or TT genotypes. The
number of individuals with each genotype is lisiedsection 4.2.1. The error bars

represent the standard error of the mean.
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Figure 4.3A
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Figure 4.3B
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Figure 4.3 Reaction time measures as functionsRid, Tnemory load, COMT, CHRM2
and agePan€dl (1A) shows the interactions of TPD, memory load, COMd age, when
CHRM2 genotype is AAPanel (1B) shows the interactions of TPD, memory load,
COMT and age, when CHRM2 genotype is AT or TT. Thenber of participants in each

category is listed in 4.2.1. The error bars reprettee standard error of the mean.
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Chapter 5

General discussion and conclusions

Our results displayed the complex interactions betwtask difficulty, genotype
and age (e.g., the variant performance of indivelwath COMT met/met, val/met and
val/val under different task difficulties). This roplexity reflected the fact that working
memory performance is an integrated phenotype iboéd by many genes and each
gene only contributes a small part to the variasiceerformance (Plomin and Kovas,
2005). Thus, the SNPs we used here are probablyheobnly cause of variation in
spatial working memory performance. In this chapter will focus on why we adopted
factor analysis and repeated measure ANOVAs toyaeathese weak interactions.
Because we observed that aging is a general cdulseger reaction times, regardless of
the genotype, we will also briefly discuss the iat#ions between reaction time measures

and normal aging.

A. The rationale of factor analysis
In this study, we applied two omnibus analyses @ection time and accuracy
measures of working memory performance. One isofaahalysis and the other is

repeated measures ANOVA. One may ask why we ugerfanalyses in addition to the
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more traditional repeated measures ANOVA? Whattlaeebenefits of factor analysis in
this study? We will discuss that point in the fellag sections.

Factor analysis is used to express the observedbles as a linear combination
of a smaller number of unobserved variables céfiectors”. Our factor analysis is based
on principle axis factoring (PAF), which is a meathieased on the correlation matrix of
variables (Meyers et al., 2006). PAF is mathembyicgimilar to principle component
analysis (PCA). The difference between PAF and R&#Abe explained in two respects:
conceptually and mathematically.

Conceptually, PCA derives a principle component tha linear combination of
several observed variables (e.g., accuracy measusgsne task conditions). Therefore,
PCA is simply a dimension reduction method useddnve principle components that
can be used to explain most of the variances iml&te.

Instead, PAF is more like a causal modeling mettmdlerive the underlying
constituents that can be used to explain the vegiamthe observed variables (Meyers et
al., 2006). When we applied PAF, an observed vhrighg., accuracy measures in a task
condition) is considered to be a linear combinabbithe factors plus error terms. In our
case, these factors may reflect unknown cognitivetions.

Mathematically, the difference between PAF and REC#at PAF considers only
the variance shared among a set of observed vesiabhile PCA considers the total
variance of a set of observed variables (Widam883) In other words, PAF postulates
that the variance in a variable can be divided umi@ue variance (belongs the variable

itself) and shared variance (common variance betweeables) while PCA considered
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that total variance is unique to the variable ftealy. In a real world case, if we assume
that the reliability of measured variables is ie tlange of 0.6 to 0.85 and adequate for
research purposes, that would be equivalent tgpéiagethe proportion of error variance
of a measured variable in the range of 0.15 to As4a result of its emphasis on shared
variance, PAF may effectively avoid the measuremenbrs in empirical data.
Conversely, PCA may require more accurate measunteoi@ariables (Widaman, 1993).

In the preliminary test of the accuracy and reactime measures of this working
memory task, the pairwise correlation (Pearsonigsetation coefficient) between each
task condition was moderate to high (0.4 — 0.8adabt shown). Therefore, the
correlation between each task condition was notigibe. We believe PAF is a better
method than PCA in this case.

The major concerns in statistics are (1) differersceh as ANOVA to assess the
difference of means between different groups; @jatation, such as linear regression to
assess the relation between variables. Just as rmgthods in the data mining field are
used to find correlations between different obje@g., pattern recognition), factor
analysis with PAF is used here to find the corretet between observed variables (i.e.,
measures in different task conditions). In otherrdgp we assume there are some
common basic factor shared between participants dhased their performance to be
similar under certain task conditions. Clusterihgse task conditions is similar to the
concept of clustering in microarray analyses, tlotlie methods used were different

(Lee and Williams, 2008).
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B. Aging, working memory and reaction time

Older adults may use different brain areas to aehemparable performance as
young adults. At the cognitive level, our underdiag of aging related memory
processing indicates that working memory does satstantial association with normal
aging (Cabeza and Nyberg, 1997). For example, npposimission tomography (PET)
scans of the activation of brain areas during diapaorking memory test found that
young adults showed right lateralization in thei@? but older adults showed activation
in both left and right PFC, as if they were usingrtical-cortical connections to
compensate in ways that were not necessary in yuadults (Reuter-Lorenz et al.,
2000). In addition, during verbal working memorgks, young adults showed left PFC
lateralization while older adults showing bilaterattivation (as in spatial working
memory task)(Reuter-Lorenz et al., 2000). Therefthese observations suggest (1)
lateral dissociation of verbal and spatial workimgmory in young adults; (2) older
adults may need to use more brain areas than yadunfs to achieve comparable
performance (Cabeza et al., 1997). These resuwtgdad some evidence of aging after
completion of brain development.

Before the completion of brain development, theugiscomponents and spatial
components of working memory mature at differentets (Logie and Pearson, 1997;
Logie, 2003; Pagulayan et al., 2006). With regardchild development of working
memory, Pagulayan and colleagues conducted a studpatial working memory on a
group of 7-14 year old children and young adultegmage = 21 years old) (Pagulayan et

al., 2006). They observed that spatial working m®moapacities increases with
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maturation throughout childhood and the upper dgwekent plateau of working memory
capacities was reached in early adolescence. Lagtk Pearson studied a group of
children age ranged from 5-12 years old on the Idpweental speed of visual and spatial
components of working memory. They observed thantlaturation of temporary storage
capacity of visual information occurs before matioraof spatial information (Logie and
Pearson, 1997; Logie, 2003). The same patternsofteewas also observed by Pickering
and colleagues (Pickering et al., 2001). Theselteesuggested that visual working
memory matured before spatial working memory arghhen early childhood.

One of the important measurements of working menparjormance is reaction
time. Salthouse had proposed two reaction time tgses to explain the possible
mechanisms of performance reduction in general ibognduring aging (Salthouse,
1996). The first is the limited time hypothesis.eThasic idea underlying the limited time
hypothesis is that early steps in cognition usatirely larger amounts of time in older
adults, and so the later processes were unable fowdzessed before time was up. This
hypothesis is primarily applicable when the restdcexternal time is available or when
concurrent demands on processing were needed.hér atords, the slower speed on
execution caused fewer processes to be completea limited time. The second
mechanism is the simultaneity hypothesis. This bygsis is based on the idea that the
product of early processes was lost when the lptecesses is needed. The lost of
relevant information may be caused by many readers decay, displacement, or
frustration caused by wrong answer).

In our working memory task, the decision time was seconds. If we adopted
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the limited time hypothesis in this case, that wlomean that two seconds was too short
for all processes to be completed, in which casesnmild see a positive trade off for
accuracy vs. reaction time. In other words, peogie used longer reaction times should
have better accuracy. However, in our regressi@lyars of accuracy vs. reaction time
measures, a negative tradeoff was consistentlyrodde

The main postulate of the simultaneity hypothesisthat the availability of
information is subject to decay, displacement demral interferences. Thus, based on the
simultaneity hypothesis, longer reaction times ache sub-process could reduce the
availability of previous information. If so, theariger reaction times should be correlated
with lower accuracies. Therefore, the simultanbigpotheses could explain the negative
trade-off between accuracy and reaction time trebbserved in spatial WM tasks.

Another alternative explanation of the negativeleraff (between accuracy and
reaction time) could be based on differences inrdéibe of memory decay itself. Memory
decay could lead to additional memory retrievalcpsses, in attempt(s) to recover the
necessary information or integrate several piedesesidual memory together. An
increased number of memory retrieval processes imagase the reaction time, and
would also be correlated with lower accuracy if #uelitional rounds of memory retrieval
were unsuccessful. Strictly speaking, the “simwtgnhypothesis” is distinct from this
“memory decay” hypothesis because the latter doégnecessarily) require differences
in processing speed. However, these two hypotregesot mutually exclusive, and both
may contribute to cogn