UCLA

UCLA Electronic Theses and Dissertations

Title
Spatial Working Memory in Twins Discordant for Schizophrenia and Bipolar Disorder

Permalink
https://escholarship.org/uc/item/3xb4m2m4

Author
Higier, Rachel Gloria

Publication Date
2014

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/3xb4m2m4
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA

Los Angeles

Spatial Working Memory in Twins Discordant for Sobphrenia and Bipolar Disorder

A dissertation submitted in partial satisfactiortloé
requirements for the degree Doctor of Philosophy

in Psychology

by

Rachel Gloria Higier

2014






ABSTRACT OF THE DISSERTATION

Spatial Working Memory in Twins Discordant for Sobphrenia and Bipolar Disorder

by

Rachel Gloria Higier
Doctor of Philosophy in Psychology
University of California, Los Angeles, 2014

Professors Tyrone D. Cannon and Jesse A. Rissna@h@irs

Emerging evidence indicates substantial genetidaydetween schizophrenia and bipolar
disorder, but the neurobiological mechanisms updeglthese shared susceptibility factors
remain unclear. Examining the specific neural gginns associated with susceptibility to these
illnesses, and clarifying the nature of overlapa®sn them, is critical to understanding the
etiological bases of these disorders. In view ajreports supporting working memory
dysfunction as a candidate endophenotype of schizofa and bipolar disorder, we examined
the neural mechanisms subserving working memorgtiom in individuals carrying liability for
both syndromes. To our knowledge, no prior neurgimgstudy has simultaneously examined
twin pairs discordant for schizophrenia and bipdiaorder to determine whether liability-
related disruptions of working memory in the disasdoverlap. We employed a trial-based
spatial working memory task paradigm designed passe activation in encoding and retrieval

phases. As predicted, schizophrenia and bipoldrgmds as well as their non-affected co-twins



exhibited hypoactivation as well as hypoconnegtiintfronto-parietal working memory

circuitry compared with controls, indicating sigoént endophenotypic overlap in aberrant task-
related functional and network activation. Theseical alterations were significantly more
pronounced during encoding phases of working meroomypared with retrieval phases.
Additionally, both proband groups showed hyperatton in key nodes of the default network
during retrieval phases of working memory, suggestihat failure to disengage this network
during memory-guided response may represent archf@@notypic overlap. These findings are
consistent with previous evidence indicating oygplag functional alterations in schizophrenia
and bipolar disorder and may inform models of ma®ras underpinning the apparent
biological overlap between disorders, particulamlyegards to encoding processes. Findings
from this study help to characterize the naturevarlap and are consistent with a model of

shared inheritance of working memory dysfunctioschizophrenia and bipolar disorder.
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Spatial Working Memory in Twins Discordant for Sobphrenia and Bipolar Disorder

Beginning with Emil Kraepelin’s (1919) proposahtidementia praecox (schizophrenia)
be differentiated from manic depression (bipolaodier), this nosological dichotomy has
greatly influenced the diagnosis, treatment, asdaech of these two disorders. However, this
concept has recently been challenged by rapidlyigig evidence showing biological overlap
between schizophrenia (SZ) and bipolar disordel (BR)., Berrettini, 2004; Lichtenstein et al.,
2009; Purcell et al., 2009), thus leading reseasctequestion the validity of the Kraepelinian
dichotomy at the etiological level and to searahclmmmon biological determinants. Towards
this end, the current study aimed first to investegwhether SZ and BP share a common
pathophysiology in terms of brain physiology meaduwith functional magnetic resonance
imaging (fMRI); secondly, this study sought to exaewhether genetic liability to SZ and
genetic liability to BP are associated with shgvathophysiological alterations.
Evidence Supporting a Shared Etiology

SZ and BP show complex patterns of inheritarmoeglving hundreds to thousands of
small effect genetic variants (Purcell et al., 208&d a non-trivial environmental component
(Kendler & Diehl, 1993; Cannon et al., 1998a), whtritability estimated at about 80% for both
disorders (Sullivan, Kendler, & Neale, 2003; McGu#t al., 2003). There are striking
similarities in prevalence rates and risk fact@sideen SZ and BP. Lifetime prevalence rates are
similar (~ 1%) across disorders and stable acrasstaes and cultures; male-to-female ratios of
affected patients are comparable; and age at omgsdls a broad overlap in the range of 18-30
years (Maier et al., 2005). However, there is alsdence for differences in risk factors (see
Mortensen et al., 2003). For example, lower premdol® score appears to be a risk factor for

SZ but not for BP (Zammit et al., 2004).



Evidence for a shared liability between SZ and BRes from phenomenological (Lin &
Mitchell, 2008), epidemiological (Berretini, 2004d clinical genetic studies (Lichtenstein et
al., 2009; Purcell et al., 2009). From a phenomagio&l viewpoint, perhaps the most distinctive
clinical feature shared by patients with SZ andi8psychosis. Previous studies have estimated
that at least 50% of BP individuals have experidratdeast one psychotic episode during their
lifetime (Coryell et al., 2001; Keck et al., 200B)kewise, while the distinctive element of BP is
manic episodes, SZ patients may also exhibit affectisturbances. One study estimated that the
lifetime prevalence for depressed mood (lastingast two weeks) at first admission for SZ is
83%; additionally, during the first psychotic epdgo/1% of SZ patients presented with clinically
relevant depression (Hafner et al., 2005). Thatymadividuals with severe psychiatric illness
have both psychotic and prominent mood symptonsesaie possibility that there may not be a
clear biological distinction between these clinigh&notypes.

In addition, evidence for the co-aggregation of&d BP in families has been reported.
An early hallmark study by Tsuang and colleagu@8Q). reported increased base rates of BP in
families of SZ probands, a finding that has beghcated in more recent reports showing a
marked overrepresentation of bipolar disorderamilies of SZ patients and vice versa
(Gershon et al., 1998; Valles et al., 2000; Matealg 2002). Specifically, Valles and colleagues
(2000) determined that first-degree relatives ofd@aRents had a four-fold higher risk of SZ
compared with relatives of healthy individuals. &lay, the results of these studies have been
guestioned due to their employment of hospitalstegr diagnoses, which may have introduced
the possibility of misdiagnoses given the clinidemblances of these two syndromes and
thereby inflated results. However, equivalent firgli were obtained using well-validated

diagnostic measures, such as structured clinitahirews (Maier et al., 2002). Moreover, a



psychotic dimension (delusional proneness) wasddaraggregate in families of both BP and
SZ probands (Schurhoff et al., 2003), suggestiagttiere may be an inherited predisposition to
both disorders.

A limitation of this approach is that family studido not permit specific conclusions to
be drawn about the putative roles of genetic amit@mmental factors, as relatives who share
genes are also more likely to share environmerslafactors. Twin studies represent a special
type of family analysis that can be used to diffiigte genetic and environmental contributions
by comparing disease prevalence in monozygotic (M) siblings of affected probands to
disease prevalence in dizygotic (DZ) twin siblimjsffected probands (assuming that
environmental risk factors are shared equally amdAgand DZ twin pair types). Cardno and
colleagues (2002) examined genetic correlatiorsame-sex twin pairs of SZ, schizoaffective
disorder, and BP probands using non-hierarchi@grdistic criteria and found that the overlap
of familial vulnerabilities is due to genetic facdshared between SZ and BP. More specifically,
the authors demonstrated both common and disopdifsc genetic contributions to the
variance in liability to SZ and BP, whereas theajenliability to schizoaffective disorder was
entirely shared in common with the other two digosd

Perhaps the most compelling support for a commological pathogenesis shared by SZ
and BP is provided by genetic studies indicatirag #ome of the same genes influence risk for
both disorders. In a recent population-based geegidemiological study of 2 million nuclear
families in Sweden, about one-half of the genatimponent of SZ was found to overlap with
BP, and about two-thirds of the genetic componéBtFfowas found to overlap with SZ
(Lichtenstein et al., 2009). Moreover, linkage asdociation studies demonstrate shared genetic

susceptibility in SZ and BP. This has been showouiph systematic whole-genome linkage



analyses that have identified linkage to at le@stéommon chromosomal regions (Bramon &
Sham, 2001; Berrettini, 2004) as well as candidate association studies whose variants were
shown to be associated with both SZ and BP (Crdddo®onovan, & Owen, 2006; Owen,
Craddock, & Jablensky, 2007; O’Donovan et al., 200&cell et al., 2009; Williams et al.,

2011). In fact, six out of the eight genome-widgngicant susceptibility loci for SZ and BP
reported to date span traditional diagnostic botiedand show evidence for trans-disorder
effects in independent datasets (Williams et @11). For example, the gene demonstrating the
strongest association with SZ in genome-wide aasioai studiesANF804A) shows

strengthened association when the diagnosis pheaadyoroadened to include BP (O’'Donovan
et al., 2008; Williams et al., 2011). Taken togetineolecular genetic evidence seems to support
a model in which a psychosis-bipolar spectrum wiichl phenotypes is modulated by clusters of
susceptibility genes that likely overlap with eather (see Craddock & Owen, 2005).

While evidence indicates substantial genetic opeoetween SZ and BP, the downstream
neurobiological mechanisms of shared genetic détamts remain unclear. Given the clinical
heterogeneity of these disorders and the appargmrecision of the categorical distinctions
between them, it may be worthwhile to examine ptaéneurocognitive markers shared
between SZ and BP. In particular, working memoryM#&wh) deficits are a core feature of SZ
(Cannon et al., 2000; Green, 2006) and persistiffirout the course of illness (Manoach, 2003).
Likewise, emerging evidence documents deficits di&kh in BP patients that appear to persist
during euthymic periods when affective symptomsrexepresent (Bearden et al., 2001; Green,
2006; Robinson et al., 2006). However, despite mas®ns of WMem deficits in patients with
both SZ and BP, it remains unclear whether impaitsigvolve similar or disorder-specific

pathophysiological processes.



Working Memory asa Neural Phenotype

WMem is a highly complex cognitive process knowmdly on the coordination of
multiple brain regions (Baddeley, 2003). BrieflyM&m can be described as the ability to store
and maintain mental representations of stimulefghort period of time, in the absence of the
original stimuli. The system of WMem enables usatd information in an active state and to
work with stored information in order to perfornsks. In this way, WMem supports thought
processes and may be a key component of a numbeghar-order cognitive functions,
including planning, problem-solving, reasoning, &tjuage, such that disturbance of WMem
may have severe consequences for more generativegubilities.

It has been proposed that WMem is not a unitarggs® but instead is composed of three
independent components that operate dynamicaléyBseldeley, 2003). According to this
model, WMem comprises a visuospatial sketchpadpaiotiological loop that store and
manipulate visuospatial and verbal informationpeesively, together with a central executive
that regulates attentional processes and contrelfidw of information. While the precise
neurobiological substrates of WMem have not yehldably elucidated, results of neuroimaging
studies lend tentative support for this three-congmd model with the implication of such
regions as the prefrontal cortex (D’Esposito etk99), parietal cortex (Jonides et al., 1998),
and anterior cingulate (Carter, Botvinick, & Coh&899). However, to accurately elucidate the
brain regions involved in WMem task performancés necessary to disentangle the
contributions of various WMem subcomponents, swcareeoding, maintenance, and retrieval
processes; such differentiation is needed becaddedd these may preferentially engage

separate brain regions and networks.



Basic research examining the subprocesses of WMeditates possible regional
specialization, bearing in mind the dynamic intaysl between neural systems involved in
WMem. For example, the prefrontal cortex (PFChmught to play a preferential role in higher-
order cognitive functions (Rypma & D’Esposito, 198@trides, 2000; Glahn et al., 2002),
whereas posterior parietal regions appear to balved in storage processes (Curtis &
D’Esposito, 2006). Within the lateral PFC, evidesaggests a relative distinction between
dorsal and ventral regions, whereby ventral regroag mediate simpler maintenance processes,
and dorsal regions more complex tasks requiringtiaddl processing demands, such as
manipulation or monitoring (Petrides, 2000), althlowalternative theories suggest that ventral
and dorsal PFC might be differentially specialif@dmaintaining object and spatial information,
respectively (Goldman-Rakic, 1995; Courtney et98; see Ranganath & D’Esposito, 2005
for a synthesis of these views). Rypma and D’Edp¢4099) showed that, while both dorsal
and ventral PFC were involved in the encoding, memiance, and retrieval of verbal information
in WMem, dorsal PFC played a greater role in th@odmg of information with high memory
loads, consistent with other reports (e.g., Catral.e 2004). Further, Manoach and colleagues
(2003b) demonstrated that encoding, maintenanceredneval functions of WMem were
associated with distinct but overlapping patteriiegional activation in a Sternberg item-
recognition task. In particular, engagement ofdbesolateral PFC, thalamus, and basal ganglia
were associated with probe conditions, thus sugggstat fronto-striatal circuitry may play a
unique role in retrieval processes. Taken togethese results highlight the importance of
parsing the cognitive subcomponents of WMem in otddetter characterize WMem

dysfunction in patients with SZ and BP.



Additionally, neurophysiological studies of monkdgsy., Chafee & Goldman-Rakic,
1998; Takeda & Funahashi, 2002) and event-rel&l Studies of humans (Cohen et al., 1997;
Courtney et al., 1997; Postle et al., 2000; C&t3'Esposito, 2003; Curtis & D’Esposito, 2006;
Srimal & Curtis, 2008) have recorded persistenvagtduring delay periods in frontal and
parietal regions, activity which is thought to e#fl the stored representation of the remembered
stimuli. Experimental lesions in the dorsolater&CPappear to cause delay-dependent
impairments in monkeys, such that performance @senot only when a delay is imposed but
also as the delay period increases (FunahashieB&Goldman-Rakic, 1993), thus suggesting
that this region plays a key role in the abilitydr@aw on information stored in spatial WMem.
Additionally, in a visuospatial delayed-responsalomotor task, Curtis and D’Esposito (2006)
found persistent activity throughout a memory dedasiod in the frontal eye fields (FEF) but
not in the intraparietal sulcus (IPS), despite silactivation in both of these regions during
response selection (i.e., retrieval). These resulggiest that the FEF and IPS make distinct
contributions to spatial WMem, whereby the FEF sufspthe selection and prospective coding
of spatial cues used to guide a response, andP®Bisupports the retrospective storage of spatial
representations. Consistent with this report, Rame colleagues (2000) showed that activation
of the dorsal PFC (Brodmann'’s area 46) was assutiwaith the selection of an item from spatial
WMem, whereas the FEF and intraparietal cortex wss®eciated with the maintenance of an
item within WMem. Although the exact mechanismswdtained regional activation are unclear
(e.g., the rehearsal of encoding strategies vehguselection of attention towards goal-directed
behavior), the evidence suggests that prefronggns play a role in preparing a response based
on information stored in WMem, whereas parietalarg function to store spatial cues of

retrospective stimuli.



Working Memory Dysfunction in Schizophrenia

Several lines of evidence suggest WMem and paatilyulhe dorsolateral prefrontal
cortex (DLPFC) as a potential locus of dysfunciiothe pathophysiology of SZ (Callicott et al.,
2003a; Cannon et al., 2005; reviewed in Reichen&drgrvey, 2007). SZ patients appear to
have a basic deficit in WMem (Lee & Park, 2005)jekhcould be conceived as, for example,
inadequate filtering of irrelevant information affdulties in the maintenance of goal-directed
thought process. In neuropsychological studieslengatients with SZ have been found to show
performance deficits on nearly all measures of gdognfunctioning, WMem appears to be more
severely affected against the background of a meneralized deficit (Saykin et al., 1991;
Saykin et al., 1994). In fact, covarying performan WMem tasks tends to eliminate patient-
control differences on other neurocognitive measuwach as abstraction, attention, and
language (Condray et al., 1996; Gold et al., 18d@ne et al., 1998; Silver et al., 2003), thus
suggesting that WMem deficits might underlie parfance decrements in other domains. In
addition, deficits in WMem might account for a statpdial proportion of the symptomatology
associated with SZ, such as delusions, disorganizand thought disorder (Goldman-Rakic,
1994; Perlstein et al., 2001) and appear to reptéase impediments to functional outcome in
schizophrenic patients (Green, Kern, Braff, & Mir2900).

Impairments on spatial WMem tasks in particularthoeight to be a marker of cognitive
dysfunction in SZ (Park et al., 1995; Cannon €t28100). A number of studies have shown that
patients perform worse than healthy control subjectspatial WMem tasks (Park & Holzman,
1992; Park & Holzman, 1993; Fleming et al., 199@égke et al., 1995; Keefe, Lees-Roitman, &
Dupre, 1997; Cannon et al., 2000; Gooding & Tall@e01; McGrath, Chapple, & Wright,

2001; Glahn et al., 2003; Kim et al., 2004; Canabal., 2005; Karlsgodt et al., 2007), deficits



that are independent of exposure to antipsychotigsd(Carter et al., 1996). Moreover, Park and
Holzman (1992) found that SZ patients manifestdéfeit in spatial WMem but were intact or
less severely compromised on simple tests of vétidem (e.g., digit span). Within the spatial
domain, patients are deficient in identifying sphkbcations held in WMem after a very brief (1
second) or no delay and are marginally to signifilyamore vulnerable to disruption compared
with controls after a longer delay (5 to 30 seconuislicating deficits in encoding as well as
maintenance processes (Park & Holzman, 1992; Patfblman, 1993; Carter et al., 1996;
Fleming et al., 1997). Additionally, Hartman andleagues (2003) showed that increasing the
duration of the stimulus presentation improved @enfince on a visuospatial WMem task in
patients with SZ, suggesting that inefficient ennggrocesses in patients with SZ may be
amenable to ameliorative interventions.

More direct evidence of involvement of the prefadrortex in the pathophysiology of
SZ comes from structural and functional neuroimggitudies. Evidence from human in-vivo
and post-mortem studies converge on findings ofopathological abnormalities in frontal lobe
structure (Benes et al., 1991, Daviss & Lewis, 13&emon et al., 1995; Goldman-Rakic &
Selemon, 1997; Selemon et al., 1998; Cannon €@02) and function (Andreasen et al., 1997,
Ragland et al., 1998; Cannon et al., 2005; Karlsgbdl., 2007) in patients with SZ. A voxel-
based analysis revealed significant gray mattesitgereductions in schizophrenic patients
compared with controls in the DLPFC and superioigpal lobule (Cannon et al., 2002), two
regions that have been consistently implicatedhénnhediation of WMem functions. Further,
global and DLPFC volumetric deficits in schizophogpatients have been found to correlate
with performance deficits on tests sensitive to WiMarocesses (i.e., executive-attention

measures) (Seidman et al., 1994; Maher et al.,)1995



Several functional neuroimaging studies have detnatesi anomalous activation of the
dorsal PFC during WMem challenge in SZ patientspganm®d with control subjects (Ragland et
al., 1998; Manoach et al., 1999; Callicott et2000; Manoach et al., 2000; Perlstein et al.,
2001; Barch et al., 2003; Cannon et al., 2005; $¢ardit et al., 2007; Driesen et al., 2008;
Scheuerecker et al., 2008; Karlsgodt et al., 26@@kin et al., 2009), although the regional
specificity, magnitude, and direction of activatimppears to depend on task demands and
performance levels (Callicott et al., 2003b; Marg&003a; Karlsgodt et al., 2007; Karlsgodt et
al., 2009). Although studies more typically repoypoactivation of prefrontal regions in patients
with SZ compared with controls (Ragland et al.,&%arch et al., 2003; Cannon et al., 2005;
Driesen et al., 2008; Scheuerecker et al., 20@@etactivation has also been reported (Manoach
et al., 1999; Callicott et al., 2000; Manoach et2000). Of note, a model has been proposed
suggesting that DLPFC activation relates to WMemigomance in an inverted-U shaped curve,
with hypoactivation occurring when WMem load haseed capacity (Callicott et al., 1999;
Karlsgodt et al., 2007). While most studies to dai@nned medicated patients, observations of
dorsal prefrontal hypoactivation in medication-fsahizophrenic patients (Scheuerecker et al.,
2008) suggest that these differences are not lighputable to the use of antipsychotics. Of
particular interest, one study to date attemptembtdrast DLPFC activation during encoding
versus retrieval phases of WMem in patients withc8&@pared with controls using a Sternberg
item recognition paradigm and found that patiemtad differences were observed in retrieval
but not encoding phases of WMem (Potkin et al. 9200

Moreover, there is evidence that fronto-parietglars show synchronized neural
activity and are functioning as an integrated ¢tr@@hafee & Goldman-Rakic, 1998; Smith et

al., 1998), making not only the cortical regionerttselves but also the interactions of these
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regions of interest. In a meta-analysis of brativation studies using the n-back task, Glahn and
colleagues (2005) found support for hypoactivatrothe DLPFC in patients with SZ as well as
increased activation in the anterior cingulate lafidfrontal pole relative to control subjects.
These findings could suggest that dorsolateralithsinces may not represent focal abnormalities
but instead probably demonstrate an impairmerterability to engage functional networks
(Barch, 2005), an interpretation that is consistéttt studies showing pronounced disruptions of
distributed WMem networks in patients with SZ comggbwith controls (Meyer-Lindenberg et
al., 2001; Peled et al., 2001; Schlosser et ab32Bornito et al., 2011).
Working Memory Dysfunction in Bipolar Disorder

The neuropsychology of BP is a relatively receataf study, perhaps in part because
patients with BP were historically thought to retto normative levels of functioning between
affective episodes (Kraepelin, 1919). In the lastadle, however, a number of studies have
reported neuropsychological impairments in BP (Ma#-Aran et al., 2000; Bearden, Hoffman,
& Cannon, 2001; Zubieta et al., 2001; Quraishi &rkgou, 2002; Altshuler et al., 2004; Green,
2006; Mur et al., 2007), although it is unclear tiee these deficits are related to medication
status (Goswami et al., 2009; Jamrozinski et 8092. Moreover, such deficits appear to endure
during euthymic phases of iliness in the absenadimtally significant mood symptoms
(Martinez-Aran et al., 2000; Bearden, Hoffman, &@an, 2001; Zubieta et al., 2001; Quraishi
& Frangou, 2002; Altshuler et al., 2004; Green,@0@ur et al., 2007), thus raising the
possibility that neurocognitive impairments repredeait rather than state deficits of BP. Five
meta-analytic reports have reported cognitive daerds in euthymic BP patients compared
with control subjects (Krabbendam et al., 2005; iRedn et al., 2006; Torres, Boudreau, &

Yatham, 2007; Arts et al., 2008; Bora, Yucel, & s, 2009), with moderate to large effect
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sizes for deficits in executive function, verbalmmuey, and sustained attention. Moreover,
cognitive impairments have also been associatddduiinished functional outcomes in patients
with BP (Green, 2006; Gruber, Rosso, & Yurgelun-d,a2D08; Altshuler et al., 2008; Bearden,
Woogen, & Glahn, 2010; Torres et al., 2011), tmesaating that patients might benefit
substantially from ameliorative interventions.

Given that executive dysfunction is thought to esient a core deficit in BP (Mur et al.,
2007), deficits in visuospatial WMem warrant furtivevestigation. Impairments in spatial
WMem have been demonstrated in both the manic (Ssye&miec, & Kupner, 2000; McGrath
et al., 2001) and remitted phases of illness in(Ader et al., 2004; Barrett et al., 2008; Pan,
Hsieh, & Liu, 2011). Three studies show significampairments on measures of visuospatial
WMem in symptomatic manic BP patients compared Wwealthy controls (Sweeney, Kmiec, &
Kupfer, 2000; McGrath et al., 2001; Badcock, MighHeck, 2005), but results from studies
investigating spatial WMem function in euthymicipats with BP have been inconsistent. Using
a visuospatial n-back task paradigm, Pan and gpliesa(2011) found increasingly pronounced
performance decrements across WMem loads in euthBfipatients compared with healthy
controls, deficits which appear to be independégeaeral cognitive functions or clinical
symptoms, consistent with some reports (Adler e28l04; Kieseppa et al., 2005; Barrett et al.,
2008) but not others (Park & Holzman, 1992; Parkddzman, 1993; Gooding & Tallent, 2001;
Clark, Iversen, Goodwin, 2002; Pirkola et al., 200%1e discrepancies in results might be due to
differences in methods used to assess WMem funathidnn sample characteristics.

Evidence from neuroimaging studies supports tssipility that abnormalities in frontal
structure and function might be implicated in tla¢hophysiology of BP. While neuroanatomical

findings in patients with BP appear to be relagnMeks consistent than those reported in patients
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with SZ (Baumann & Bogerts, 1999), there is an gingrconsensus regarding the key nodes of
disrupted neural circuitry in BP, which appear t¢east partially involve dysfunction within
prefrontal-subcortical networks (Bearden, Hoffm&rGCannon, 2001; Strakowski, Delbello, &
Adler, 2005; Adler, DelBello, & Strakowski, 200geveral studies have identified
neuroanatomical abnormalities including volumeteiductions in the prefrontal cortex of
patients with BP (Drevets et al., 1997; Hirayasalgt1999; Brambilla et al., 2001; Lopez-
Larson et al., 2002; reviewed in Strakowski, Del8gf Adler, 2005). A recent meta-analysis of
voxel-based morphometry studies comparing bipoldividuals with control subjects identified
gray matter reductions in a single cluster encosipgghe right ventral prefrontal cortex, insula,
temporal cortex, and claustrum (Selvaraj et alL,2}0consistent with hypotheses of impaired
prefrontal modulation of anterior limbic systemwetks in mood regulation in BP. Further, a
study by Sax and colleagues (1999) found decreas#idal volumes in BP patients compared
with healthy controls, and, in the patients, prefab cortical volume inversely correlated with
performance on a measure of attention (Continueu®fnance Test). In addition, post-mortem
studies have shown decreased neuron density ioldtesal prefrontal cortical regions
(Rajkowska, 2000; Cotter, Pariate, & Everall, 200ken together, these studies suggest the
presence of neuropathological deficits in regiamtscal to WMem function in patients with BP.
Only a handful of functional neuroimaging studrave examined WMem function in BP.
The findings from these studies have varied, likedged on differences in experimental
paradigms, sample characteristics, and individifidrénces in task performance; however,
altered physiological activations in the frontatlgrarietal cortices appear to be consistently
implicated in BP (Adler et al., 2004; Monks et @004; Lagopoulos et al., 2007; Frangou et al.,

2008; Robinson et al., 2009; Thermenos et al., 20b@nsend et al., 2010). While
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hypoactivation of the dorsolateral prefrontal ceiiemore commonly reported in euthymic BP
patients compared with control subjects (Monkd.e2804; Lagopoulos et al., 2007; Townsend
et al., 2010), hyperactivation has also been regpgarticularly in the frontopolar cortex (Adler
et al., 2004; Robinson et al., 2010; Jogia e8l1,1). One study of particular interest examined
activation during an n-back task in samples of masiithymic, and depressed bipolar subjects
compared with controls (Townsend et al., 2010).uResevealed significantly attenuated
activation in the DLPFC (BA9/46) and posterior pé&al cortex (BA40) in BP patients compared
with controls, independent of mood state, thus joliag evidence that reductions of WMem
network activation may represent a trait- rathantbtate-related deficit.

Similar to SZ, it has been proposed that patierntis BP demonstrate a pattern of
frontopolar cortical inefficiency that may underpMem dysfunction (Jogia et al., 2011), and
several studies have shown distributed regioneaeased activation in patients with BP
compared with controls (Monks et al., 2004; Robmebal., 2009; Townsend et al., 2010),
possibly indicating compensatory mechanisms to supfyMem function. For example, Monks
and colleagues (2004) found that euthymic BP pttishowed an overall reduction in activation
in bilateral frontal, temporal, and parietal reg@aturing a 2-back task but also some regions of
increased activation compared with control subjelite authors interpreted these results as the
recruitment of intact compensatory system resoucespport WMem performance due to a
failure to engage normal frontal-executive functiompatients with BP. Further, Frangou and
colleagues (2008) found increased activation irpmetal cortices related to increasing memory
load but no other differences in a small samplesofitted BP patients without cognitive deficits
compared with controls, suggesting a pattern ofaral inefficiency within the WMem network.

Additionally, increases in activity within subcadil regions associated with emotion processing
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rather than cognitive processing have also beerodstrated in euthymic individuals with BP
compared with controls during various WMem taskagdagms (Adler et al., 2004; Gruber et al.,
2010; Jogia et al., 2011). Of note, each of thdistudescribed thus far suffered from small
sample sizes, with no BP samples exceeding twerljgsts. One larger study of 36 euthymic
BP patients compared with 37 healthy control subjmund that patients with BP showed
inefficient engagement within the ventral frontagoprefrontal cortex as well as overactivation
in regions involved in emotional arousal (e.g.eaior cingulate cortex and insula) during both
the lowa Gambling Task and the n-back WMem tasgi&Jet al., 2011). Taken together, these
neuroimaging studies implicate increased activityeigions mediating emotion processing but
predominantly decreased DLPFC activity during WMassks in remitted individuals with BP.
Most of the studies described thus far have exglgv&em function in patients with BP
using traditional n-back memory tasks; however gexpents using block-design paradigms do
not allow for the consideration of WMem subproceshsn entire blocks are averaged. To date,
one fMRI study attempted to partition WMem subpssss using an event-related verbal
delayed-response Sternberg memory paradigm in tiénhpawith BP compared to 10 healthy
controls (Lagopoulos et al., 2007). Findings inteddat BP patients exhibited attenuated
activity compared to controls across each WMem aorept in several brain regions, including
the DLPFC and regions of the parietal cortex. Idiéah, the authors identified differential
results related to components of WMem, such thia¢miz with BP showed decreases in the
right inferior frontal gyrus during encoding condits, increases in the right and medial frontal
cortex but decreases in the middle and inferiantibcortices during delay conditions, and

decreases in superior frontal and anterior cingutattices during response conditions,
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compared with control subjects. These results fgghthe potential importance of partitioning
cognitive subcomponents in order to better charaet&/Mem dysfunction in BP.
Comparisons of Neurocognitive Dysfunctions across Disorders

Most of the studies to date have examined neurategmlysfunction in patients with SZ
and BP separately, thus making it difficult to drdinect comparisons across the two disorders;
however, a few neuropsychological studies havectlyeompared the two disorders. Although
an early report on inpatient samples showed thgté@iénts did not differ significantly from BP
patients in their manic phase on neuropsychologests (Hoff et al., 1990), it is generally
thought that euthymic BP patients show attenuageslapsychological deficits compared to
patients with SZ (Seidman et al., 2002). Seveabms have consistently demonstrated that
patients with BP exhibit cognitive deficits relaito healthy controls that are milder but
qualitatively similar to those of SZ patients (Altger et al., 2004; Krabbendam et al., 2005;
Daban et al., 2006; Glahn et al., 2006b; Green6280hretlen et al., 2007; Barrett et al., 2009;
Reichenberg et al., 2009), with two reports shovaqgivalent impairments across groups
(Smith, Barch, & Csernansky, 2009; Ivleva et &1 2), thus supporting the notion that SZ and
BP share some phenotypic similarity in the natdrheir neuropsychological deficits. Meta-
analysis revealed worse performance for schizopgatients compared with bipolar patients
in 9 of 11 neurocognitive domains, even when grou@se matched for clinical and
demographic characteristics (Krabbendam et al.5RMowever, a subsample of BP patients
with psychotic features appears to display a naydological profile more similar to the
profile of SZ patients (Seidman et al., 2002; Aliieh et al., 2004; Badcock, Michie, Rock, 2005;
Glahn et al., 2006b; Glahn et al., 2007). Of paticnote, Glahn and colleagues (2006b) found

that bipolar | patients with a history of psychosi®wed differential impairments in spatial
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WMem — on a version of the task employed in theesurstudy — when compared to non-
psychotic bipolar samples.

Inferences regarding selective dysfunction of thgnitive subcomponents of memory in
SZ and BP in large part come from neuropsycholdgittaelies comparing patterns of behavioral
performance on various types of memory tasks. kamgle, one study of particular relevance
used different versions of a novel visual delayed-match to sample (DNMS) task in order to
examine possible dissociable mechanisms underiyigimory impairments in patients with SZ
and BP (Glahn et al., 2006a). The authors foundesde for disturbances in partially
overlapping memory systems in SZ and BP, with supfpo commonalities in limited encoding
abilities. Specifically, BP patients showed evidentimpairment when performance required
the organization of memory representations or tiolgocessing, whereas SZ patients were
impaired when performance required the organizasfasontextual information but did not show
differential holistic processing impairments congzhwith controls, perhaps due to core deficits
in the ability to encode memory representation®sgeffindings are consistent with other reports
of impaired encoding of verbal information in BRipats (Bearden et al., 2006) and encoding-
related pathophysiological abnormalities as meakhyeelectrophysiological recordings in SZ
patients (Bachman et al., 2009). Taken togethaédeece suggests that deficits in encoding
processes contribute substantially to WMem dysfonct

Most of the functional neuroimaging studies to deee examined WMem dysfunction
in SZ and BP separately, thereby precluding diceatparisons between the groups. This is
particularly problematic given that it is unknowhether the deficits observed in these disorders
involve impairments in similar or disparate compatseof WMem function. A review of the

literature revealed only two functional magnetisagance imaging (fMRI) studies that directly
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compared SZ and BP patients during WMem challelMgéntosh and colleagues (2008) showed
that reduced activation of the dorsal prefrontateooduring a sentence completion test clearly
differentiated patients with SZ from those with BIRys suggesting that circuits involving the
DLPFC are implicated in the pathophysiology of Si less clearly in BP. Consistent with these
results, Hamilton and colleagues (2009) demonstriduat, although BP patients exhibited
intermediate hypoactivation in the DLPFC with regpge SZ patients and controls, effects were
significant only between schizophrenic patients emtrols despite similar WMem task
performance. Together, these findings suggeshlyraactivation in prefrontal cortices in
patients with BP may be less pronounced than iepigtwith SZ.

The Search for Common Biological Deter minants

The search for common biological determinants neafabilitated by the examination of
the neural mechanisms by which genetic variaticneiases risk for SZ and BP. While it is
known that common genetic factors influence susio#ipt to SZ and BP (Lichtenstein et al.,
2009; Purcell et al., 2009), the search for spec#isual variants has remained largely elusive
despite considerable enthusiasm. For example, nyroases, findings from genetic association
studies have failed to be replicated in subsequegdrts (e.g., Munafo et al., 2005), and risk
alleles demonstrating significant associationdltess show small effect sizes and account for a
relatively small proportion of the genetic variancehese psychiatric disorders.

The complexity of psychiatric disorders such asaBd BP poses considerable challenges
to the search for susceptibility genes in sevemjsibriefly described here (see Bearden, Reus,
& Freimer, 2004 for a detailed account). Firstbilidy to these syndromes is thought to arise
from numerous genes of small effect and/or de moutations and their interactions with the

environment (Cannon & Keller, 2006). This complexdearlying architecture of multiple and
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interacting causative factors likely contributebstantial heterogeneity to the diagnostic
categories described in the current nosologicdkgys (Tsuang, Stone, & Faraone, 2000).
Second, dichotomous traits do not accurately reflagation in liability to the disorders given
that liability functions on a continuum of severitgnging from non-affected individuals to those
with extreme forms of the disorder, rather tharuéytdichotomous distribution (Cannon &
Keller, 2006). Consequently, the use of diagnasdtegories as phenotypes may represent not
only inaccurate models of liability but also a lied statistical approach due to restricted
variance caused by binary independent variableseltly requiring very large sample sizes in
order to obtain adequate statistical power (whiely farther exasperate issues of heterogeneity).
Third, the success of gene-mapping studies depmmtize delineation of genetically-
homogenous phenotypes, yet the question of thimgtoal boundaries of diagnostic categories
remains controversial. For these reasons amongsotine specific putative risk genes and their
mechanisms of action remain in large part unknoivine identification of susceptibility genes
for complexly inherited disorders such as SZ andviBght be facilitated by the use of
endophenotypes.
The Endophenotype Concept: A Tool for Uncovering Biological Bases

The endophenotype concept represents a strateghdoacterizing the neural systems
affected by genetic liability to illness in orderelucidate mechanistic aspects of brain function
implicated in psychiatric disease. Endophenotypegraits intermediate between the
mechanisms of gene action and overt expressiotigeafisorder (Cannon et al., 2001,
Gottesman & Gould, 2003). Such endophenotypicstaié expected to vary quantitatively
among individuals at genetic risk for the disordegardless of whether the illness is expressed

phenotypically (Cannon & Keller, 2006). That isngurocognitive deficits are related to genetic
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risk for SZ and BP, then impairments would alsmbserved in non-affected relatives who carry
liability factors without overt expression of tHimess.

The endophenotype concept has received consideatibtgion in psychiatric genetics
over the past decade, conferring several advant&gsg the employment of a quantitative trait
that varies according to degree of genetic liabdmables the use of relatively powerful
statistical methods known as quantitative trait (CTLs; Abecasis, Cardon, & Cookson, 2000)
in clinical genetic studies. Second, this appraaotumvents issues of clinical and genetic
heterogeneity by allowing for the examination aits more proximal to causative genes with a
putatively simpler genetic structure, making it mamenable to genetic study than downstream
diseases. Third, the examination of neural endaptiypes may help to characterize the
mechanisms by which putative risk genes exert #féacts. Fourth, this approach is not
constrained by a diagnostic hierarchy, thereby kemathe simultaneous investigation of
phenotypes in SZ and BP populations, which may redplve questions about etiological
models from the bottom-up perspective of clinicahetic research.

Gottesman and Gould (2003) proposed specific @aifer the identification of
endophenotypic markers in psychiatric geneticsgifipally, endophenotypes should be (1)
substantially heritable, (2) associated with three#s in the population, (3) primarily state-
independent, (4) co-segregate with the illness,(8hdccur at higher rates in unaffected
relatives compared with the general population.rNeagnitive impairments are thought to
represent candidate endophenotypes for SZ andt adleelesser extent, BP (Burdick et al.,
2006). The current study specifically aims to irtigege components of WMem dysfunction as

potential candidate endophenotypes for BP and SZ.
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WMem dysfunction in particular might be a promiscandidate endophenotype for SZ
and BP, meeting the four conditions outlined byt€ohan and Gould (2003). Briefly, (1)
behavioral WMem performance and the functional geggent and structural integrity of neural
correlates subserving WMem function are heritablthé healthy population (ranging frdt=
0.54 to 0.73; Tuulio-Henriksson et al., 2002; Bhotd et al., 2008; Karlsgodt et al., 2010) and
share common genetic factors (Karlsgodt et al.02q2) impairments in WMem have been
observed in patients with SZ (Lee & Park, 2005) mnplatients with BP (Arts et al., 2008)
relative to healthy controls; (3) these deficitp@gr to persist at least to some extent across
varying phases of illness in both SZ (Rund et241Q7) and BP (Burdick et al., 2006; Arts et al.,
2008); and (4) first-degree non-affected relatiwkeprobands show behavioral deficits of
executive functions intermediate between patientscntrols (Glahn et al., 2003; Arts et al.,
2008).
Working Memory Dysfunction as an Endophenotype for Schizophrenia

Many of the neuropsychological deficits shown by@fients have also been observed,
to varying degrees, in their clinically unaffectedhatives. In particular, impairments in WMem
function appear to be a promising candidate endugiigpic marker of SZ (Cannon et al., 2000;
Snitz, MacDonald, & Carter, 2006; Gur et al., 2Q@0ssibly over and above dysfunction in
other neurocognitive domains (Cannon et al., 200@jopoulou et al., 2005). Toulopoulou and
colleagues (2005) demonstrated that the genehtitiato SZ was overlapping to a large extent
with the genetic contribution to performance on\ttilem factor of the Wechsler Intelligence
Scale but did not overlap with the other threedex{processing speed, perceptual organization,

and verbal comprehension). In addition, WMem dtfiappear to uniquely contribute to the
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prediction of the degree of genetic loading fori®Znaffected co-twins of patients over and
above other neurocognitive domains (Cannon e2@00).

A number of previous studies have demonstratedimmeats in spatial WMem in
unaffected relatives of SZ probands (Park, Holtzn8aGoldman-Rakic, 1995; Cannon et al.,
2000; Keri et al., 2001; Glahn et al., 2003; TwHienricksson et al., 2003; Toulopoulou et al.,
2005). The severity of these WMem impairments lsteel to genetic loading for SZ among
singleton versus multiplex families (Tuulio-Henrsdon et al., 2002; Tuulio-Henriksson et al.,
2003) and in discordant dizygotic versus monozygitin pairs (Cannon et al., 2000; Glahn et
al., 2003; Toulopoulou et al., 2005). Specificathgse studies demonstrate that performance
deficits in spatial WMem scale linearly with geratelatedness; for example, MZ non-affected
co-twin siblings are significantly more impairec&thDZ non-affected co-twin siblings, who in
turn are significantly more impaired than healtytrol twin siblings (Cannon et al., 2000;
Glahn et al., 2003). Further, previous schizopladwin studies from our laboratory have
demonstrated that spatial working memory deficiés-assessed by a version of the spatial
WMem paradigm employed in the current study — mapéritable (Glahn et al., 2003), thus
indicating that this task may be sensitive to gereading for SZ. Taken together, these studies
suggest that the ability to maintain spatial repnégtions online decreases in a dose-dependent
fashion with increasing genetic liability to SZ.

Neuroimaging studies appear to converge on predfoagions and functions as areas of
relatively greater deficit in non-affected relasvef SZ patients compared with healthy controls.
At the structural-anatomical level, two early seglidentified reductions in cortical tissue
volumes in non-affected relatives of schizophrgmabands compared with healthy controls,

deficits most pronounced in frontal as well as terapregions (Cannon et al., 1993; Cannon et
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al., 1998b). Further, our laboratory previously @estrated that the volume of the dorsolateral
prefrontal cortex correlates in a dose-dependeshida with the degree of genetic loading for SZ
in samples of twins (MZ co-twins > DZ co-twins >ntml twins) (Cannon et al., 2002; Cannon
et al., 2006). Moreover, Karlsgodt and colleag@€d Q) showed that the structural integrity of
the superior longitudinal fasciculus — a primanfio-parietal connection — and performance on
a spatial delayed response task share common géamettors. Taken together, these studies
suggest substantial genetic influence on cortiegians and tracts critical to WMem function.

Functional neuroimaging studies examining WMem dysfion have also identified
anomalous prefrontal cortical activation in unaféecrelatives of SZ probands compared with
control subjects (Callicott et al., 2003a; Karlsgedal., 2007; Whitfield-Gabrieli et al., 2009. |
these fMRI studies, unaffected relatives show amabphysiological response in the DLPFC
while performing WMem tasks, although evidence Iwesn mixed in regards to the direction of
the response, similar to findings in SZ patients. (hypoactivation versus hyperactivation). In an
attempt to resolve these differences, Karlsgodtamtidagues (2007) showed that the
relationship between behavioral performance on aéMMask and brain physiology may be
heritable in twins discordant for SZ, such that lpgvformance is associated with lower
activation and high performance is associated tigher activation in SZ patients compared
with controls, with unaffected relatives being mbediate between the groups.
Working Memory Dysfunction as an Endophenotype for Bipolar Disorder

Compared to SZ, investigations of potential BP @hdmotypes have been relatively
understudied, despite substantial interest in itl@émg endophenotypes for BP (Merikangas et
al., 2002; Hasler et al., 2006; Phillips & Viet®®). As studies have begun to investigate

cognitive functioning in unaffected relatives oflividuals with BP (Kremen et al., 1998;
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Gourovitch et al., 1999; Gilvarry et al., 2001ahv@rry et al., 2001b; Keri et al., 2001; Ferrier et
al., 2004; Kieseppa et al., 2005; Zalla et al.,2200@0eva et al., 2012), neurocognitive
dysfunction has emerged as a potential endopheadtyBP (Glahn et al., 2004; Savitz et al.,
2005; Green, 2006). For example, one study by Mabgh-Ryan and colleagues (2002) found
that children at genetic risk for BP showed geneedlimpairments on academic achievement
tests, thus suggesting that individuals who caatyility to BP may experience some level of
cognitive dysfunction in the absence of clinicaiggomatology.

There is some evidence for neurocognitive impaimsiennon-affected relatives of BP
patients, although overall study findings have beered. Two recent meta-analyses of
neuropsychological functioning in euthymic BP patgeand their first-degree relatives found
support for executive function, verbal memory, andtained attention as candidate
endophenotypes of BP (Arts et al., 2008; Bora, Yu®antelis, 2009). Several studies have
specifically observed WMem disturbances in unaédatlatives of BP probands compared with
control subjects (Gourovitch et al., 1999; Feraeal., 2004; Balanza-Matrtinez et al., 2008). For
example, Ferrier and colleagues (2004) reporteztBeé impairments in non-affected first-
degree relatives of BP patients on visual and Vesjan tasks, two putative assessments of
WMem function, but not on a range of other neurapsyogical tests, although results from
other studies have been inconsistent (Kremen,e1298; Kieseppa et al., 2005). Similar to the
patterns observed in comparisons of SZ and BPmiatievidence from early family studies
comparing the relatives of SZ and BP patients etgie more pronounced deficits in unaffected
relatives of SZ patients than in relatives of BRegyds (Kremen et al., 1998; Keri et al., 2001;
Pirkola et al., 2005). For example, Pirkola andeamjues (2005) assessed spatial WMem in a

discordant twin study and found support for a patté genetic liability to SZ but less clearly to
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BP. Additional studies have demonstrated increak®gness on the Stroop Word Color Test
(Zalla et al., 2007) as well as other tasks of rrmrefrontal function (Frangou et al., 2007) as
potential neurocognitive markers for familial vulability to BP, although other reports
implicate tasks mediated by dorsal prefrontal regi(Clark et al., 2005).

Of note, most of these studies included small sarsjgles, and it may be necessary to
obtain additional power in order to detect sub#anacognitive differences in the relatives of BP
probands compared with control subjects. Two restrties have examined larger samples of
non-affected relatives of individuals with BP. Tirst study of more than 700 individuals from
extended pedigrees found support for WMem as aidaredendophenotype for BP (Glahn et al.,
2010). Specifically, behavioral performance on bject delayed response task was heritable,
impaired in individuals with BP and their non-afted relatives, and genetically correlated with
affection status, suggesting that WMem performanag indeed represent a promising
candidate endophenotype of BP. Of particular istetbe second report found that unaffected
relatives of bipolar patients did not differ froelatives of schizophrenia patients on four
neurocognitive domains, including WMem (Ivleva ket 2012). Although it is worth noting that
this study lacked a healthy comparison group, tfiegéngs nonetheless lend tentative support
for WMem dysfunction as a shared neurocognitiveopheénotype of SZ and BP. Together,
these studies highlight the importance of examinirgneural correlates of WMem deficits in
order to explore potential overlapping areas ofwaystion.

There is a limited literature on brain structure &mction in relatives of BP probands
(Noga et al., 2001; Kieseppa et al., 2003; McDomaldl., 2004; Drapier et al., 2008). A recent
meta-analysis of fMRI studies identified increasetlvations in the left superior frontal gyrus,

medial frontal gyrus, and left insula in unaffectedividuals at genetic risk for BP compared
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with controls, regardless of the cognitive tasks@uPoli et al., 2012), indicating possible
neurobiological trait abnormalities associated Widbility to BP. Moreover, in a study of

Finnish twins discordant for BP, Kieseppa and aglees (2003) observed familial aggregation
for BP of decreased gray matter in the medial pre&l cortex and decreased white matter in the
left hemisphere. Consistent with this report, McBldrand colleagues (2004) found evidence in
white matter volume reductions in left frontal aedporoparietal regions as common
susceptibility markers for SZ and BP as well as#mesusceptibility for SZ in distributed gray
matter volumetric deficits and for BP in gray matleficits exclusively in the right anterior
cingulate gyrus and ventral striatum. Each of thregéons showing neuroanatomical alterations
has been implicated in WMem function, whether tigfoengagement of the WMem network
(e.g., frontal and temporoparietal regions; Oweal e2005) or through the attenuation of the
default mode network (e.g., medial prefrontal regidRaichle et al., 2001; Greicus et al., 2003).
While several studies show dysregulation of WMem default-mode networks in SZ (Pomarol-
Clotet et al., 2008; Kim et al., 2009; Whitfield-eeli et al., 2009), no studies to date have
explicitly examined the interactions of these netsan BP.

A review of the literature revealed only three fM&lidies that have examined WMem
function in unaffected relatives of BP. Drapier aaleagues (2008) demonstrated hyperactivity
in the left frontal polar cortex and ventrolateggitus in unaffected BP relatives compared with
healthy controls during 2-back performance, thiggssting that anomalous activation in the left
prefrontal cortex might be associated with genlality to BP. Consistent with these results,
another study demonstrated a failure to suppresston in the left anterior insula cortex and
hyperactivation in the superior parietal corteximaffected BP relatives compared with controls

during 2-back performance (Thermenos et al., 20@rmenos and colleagues (2011)
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compared activation during the 2-back task andnduai 0-back control task and found that
relatives of BP probands showed poor task-dependedtilation activity in the cerebellum and
insula as well as hyperactivation in the frontopalartex. These results might argue that
hyperactivation during WMem challenge could be elniby failure to modulate activity in the
low-level baseline task, which could be conceive@ dorm of the default-mode network.
The Current Study

Most of the studies to date have operationalizedaM\as a unitary construct, thereby
preventing inferences about its cognitive subcorepts It may be useful to parse the cognitive
processes necessary for WMem function into disbteicomponents in order to better
characterize processes that contribute to impaitsn@sserved in SZ and BP (Lee & Park, 2005;
Reichenberg & Harvey, 2007). While both patientsw8Z and BP appear to exhibit deficits in
WMem, such deficits may occur via overlapping dfedlent disease-specific pathophysiological
processes. For example, findings from one elecyrsiplogical study indicate that
neurophysiological disturbances of WMem in SZ pratsaand their non-affected co-twins were
specifically related to encoding aspects of WMencfion (Bachman et al., 2009). Studies
examining WMem function as a unitary process areqguipped to detect such subtle differences.
Given that block designs cannot isolate brain a@gtassociated with component WMem
subprocesses, in this study we temporally jitteéheddelay period in a single-trial design in order
to isolate differential regional brain activatioaroshg encoding and retrieval phases of WMem.
The consideration of these cognitive subcomporsspiarately may reveal promising targets for
cognitive rehabilitation of cognitive deficits irz&nd BP (Barch & Smith, 2008).

The current study investigated WMem dysfunctioma @etential endophenotypic marker

of SZ and BP, with the general aim of determinirigetiner there is genetic-etiological overlap

27



between SZ and BP in terms of spatial WMem measairéte behavioral and physiological
levels. We first sought to determine whether WMempairments in SZ and BP are the result of
similar neurophysiological processes, perhaps mibne pronounced disturbances in SZ, or
whether different components of WMem are affecte84 compared with BP. Towards this end,
we assessed cortical function across WMem taskephgsobands and controls in order to test
(1) whether SZ and BP probands show phenotypidfsgpgcof activation in regions and
networks subserving WMem function, and (2) whetharoding-phase deficits are critical to the
WMem deficits observed in these populations. Caestsvith a model of biological overlap
between these syndromes, we expected both groujieinfrom controls but not each other on
behavioral performance and corresponding physio&gictivity, thereby implicating WMem
dysfunction as a phenotypic dimension that spanar8ZBP. Specifically, based on prior
research (e.g., Cannon et al., 2005; Glahn e2@0D6; Hamilton et al., 2009), we hypothesized
that both SZ and BP patients would show hypofragtahd hypoconnectivity relative to
controls, with quantitative differences in the degof dysfunction. Moreover, although no prior
study has probed WMem circuitry separately by fa@skse in a direct comparison of SZ and BP,
patterns of behavioral and neurophysiological déifees between each patient group and
controls (e.g., Glahn et al., 2006a; Bearden ¢R80D6; Bachman et al., 2009) suggest that
cortical alternations will be relatively more pramzed in encoding than in retrieval phases.
Additionally, we sought to clarify whether spati@Mem dysfunction represents a
specific endophenotypic marker of liability to Si,whether such deficits might also mark
liability to BP by simultaneously comparing twinnsples discordant for SZ and BP and
demographically similar control twins. The discarttwin pair design serves to separate the

neural features of these syndromes into theirdi@atand non-heritable subcomponents by way
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of comparing affected probands not only to unreldtealthy controls but also to their own non-
affected twin sibling. In this way, WMem functioartcbe evaluated for dose-dependency with
genetic risk for SZ and BP by comparing the nore@#d MZ co-twins of probands, the non-
affected DZ co-twins of patients, and healthy colntwins. On average, non-affected family
members carry higher degrees of liability (inclugthe influences of predisposing genes and
environmental risk exposures) to illness compargd wwdividuals from the general population.
However, because non-affected family members ddaet the iliness themselves, the
measurement of liability-related traits is not amided by secondary phenomena such as the
effects of disease chronicity and exposure to pstiyopic medications. Despite their value, twin
studies that incorporate neuroimaging measurequate rare and typically involve relatively
small sample sizes.

To our knowledge, no prior study has examined theaal correlates of spatial WMem in
a direct comparison of twin pairs discordant for&wl BP. We assessed regional and network
activation across the genetic liability spectrum$@ and BP (MZ > DZ > control). If WMem
dysfunction represents an endophenotypic dimertb@nspans SZ and BP, then individuals
carrying liability to both syndromes would differofn controls but not each other. Based on the
model in which WMem deficits represent an areaasfagic overlap between SZ and BP, we
expected non-affected individuals at genetic rakSZ and BP to exhibit common physiological
markers of WMem dysfunction in fronto-parietal ciitcy. That is, we hypothesized that non-
affected co-twins would show attenuated corticedrations intermediate between probands and
controls, according to their degree of geneticteglaess to probands. Like their proband
counterparts, such deficits were expected to laively more pronounced during encoding than

retrieval phases of WMem.
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Methods

This work is based on a larger twin study condiietiethe Karolinska Institutet in
Stockholm, Sweden in collaboration with the Univtgref California, Los Angeles. The study
protocol was reviewed and approved by the instihi review board (IRB) of the University of
California, Los Angeles, and the ethical reviewooat the Karolinska Institute in Stockholm,
Sweden. All participants signed IRB-approved infeditonsent forms prior to participation.

Participants. To identify a participant subject pool from whichdraw eligible subjects,
the Swedish Twin Registry was linked to the Swedshional Patient Registry to yield twin
pairs containing at least one member with a hispsgpchiatric diagnosis as well as healthy
control subjects. The register is based on a usadrealthcare system involving nation-wide
coverage of all inpatient and psychiatric and saaitpatient treatment facilities and includes
full admission histories and discharge diagnosesntore details concerning ascertainment of
the sample, see (Lichtenstein et al., 2009 and igsdon et al., 2011).

Briefly, we recruited same-sex twin pairs betwedsndges of 25 and 65 born in Sweden
during 1940-1985 (inclusive). This cohort was soegkto identify twin pairs containing at least
one member with a hospital discharge diagnosislukzephrenia or schizoaffective disorder or
bipolar | disorder, yielding 562 potential proban#s7 male and 305 female, ranging in age
from 25 to 65. The age range was selected to aanpling pairs in which a non-affected co-
twin might develop BP or SZ after the completiortlad study. Discordant monozygotic (MZ)
and dizygotic (DZ) pairs were recruited randombnfrthis population, along with
demographically balanced samples of control pdieaoh zygosity. The control twins were
matched to the index twins in terms of age, sed,zamgosity. Twin pairs recruited as discordant

in which the co-twin was determined to have anilgliegpsychiatric diagnosis on direct clinical
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interview, and control pairs in which either co4twras found to meet diagnostic criteria for an
eligible psychiatric diagnosis, remained eligibhelavere reclassified accordingly.

While larger samples were studied overall, thel fsample of individuals with useable
fMRI data consisted of 30 SZ probands, 40 SZ codw81 BP probands, 35 BP co-twins, and
44 healthy controls for a total of 180 subjectsimiographic and clinical characteristics of the
sample are shown in Table 1. Participants did iftardsignificantly in terms of age, sex,
handedness, or years of education. There wereatiststally significant differences in lifetime
medication status between co-twins and controls, @& 0.07, p = 0.80). As expected,
significant group differences were observed omgatiof mania, such that BP probands showed
elevated scores relative to co-twins and contkelg) did not differ. However, BP probands’
ratings of mania were below a clinically signifi¢ahreshold, indicating that individuals with BP
were euthymic at the time of evaluation. Additidpalhere were significant group differences
on ratings of depression, whereby probands denairdtelevated scores relative to co-twins
and controls, who did not differ. Similarly, sigicént group differences were observed on
ratings of positive and negative psychotic symptasnsh that SZ probands showed elevated
scores relative to co-twins and controls, who diddiffer. Finally, SZ and BP probands
indicated lower role functioning compared to cohsiabjects, who did not differ from co-twins.
Procedures

Clinical evaluation. Diagnostic status was determined using directadininterview in
addition to register data based on diagnostic histating back to 1973. Each participant was
interviewed by a clinical psychiatrist using theustured Clinical Interview for DSM-IV Axis |
Disorders (SCID-I; First et al., 2002) and the Stuwed Clinical Interview for DSM-IV Axis |l

Personality Disorders (SCID-II; First et al., 199&) subjects were also rated using the
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Hamilton Depression Rating Scale (HAM-D; Hamiltd®60), Young Mania Rating Scale
(YMRS; Young et al., 1978), Scale for the AssesgmoéRositive Symptoms (SAPS; Andreasen,
1984), Scale for the Assessment of Negative Symp{&ANS; Andreasen, 1983), and the
NAPLS Social and Role Functioning Scales (Cornlgatl., 2005). For each subject, a detailed
case report summarizing clinical, social, occupati@nd medical history was generated, and a
consensus diagnostic status was reached afteivrdyi¢he clinical evaluation team at the
Karolinska Institute. For BP probands, the deteatiam of a lifetime history of psychotic
features was based on information gathered fronhfdtene psychosis modules of the SCID.
Psychosis was defined as the occurrence of hadltioims and/or delusions during at least one
affective episode.

Participation criteria. Eligibility for inclusion as a proband was a conrsendiagnosis
of schizophrenia/schizoaffective disorder or bipdldisorder. Exclusion criteria for all
participants were the presence of a neurologicarder, history of significant head injury with
loss of consciousness, mental retardation, hisibsybstance use disorder within 6 months of
the screening interview, inability to read or coefpend spoken and written Swedish, and not
between the ages of 25 and 65 years at the tiraeabfiation. In addition, all proband
participants were clinically stable, receiving nedion and/or in a period of remission. No
modifications to existing medication regimes wer@dmin relation to participation in the study.
Finally, healthy control twin pairs were screene@xclude individuals with a personal or family
history of schizophrenia or bipolar disorder.

Subjects were also excluded for poor or missirftabi®ral data, scanner artifacts,

excessive motion, or co-morbid medical diagnosisigiint to affect measurement of blood-
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oxygen-level-dependent (BOLD) response (e.g., ngbabinfarction, hypertension, insulin-
dependent diabetes).

Zygosity. For all pairs, zygosity was initially determined $sif-report regarding
physical similarity ratings and family testimonyl$equently, DNA analysis was conducted to
confirm zygosity following the procedure describl®dHannelius et al. (2007) using a highly
multiplexed 47 single nucleotide polymorphism (SBhel, including a sex specific marker, to
calculate percent of allele sharing between twing iwin pair. Likelihood of zygosity for the
genotyped twin samples was then calculated assuanidg prior genotyping error rate, which is
expected to result in a false positive rate of thas .01.

Single-trial spatial capacity (stSCAP) task paradigm. A previously validated delayed
response spatial working memory task (Glahn e2@D3; Cannon et al., 2005; Glahn et al.,
2006b) was adapted to a single-trial format in otdgorobe neural activation during different
phases of working memory, specifically parsing eleg and retrieval components (see Figure
1). Participants were first asked to study an aofathree yellow target circles, arranged in a
pseudorandom pattern around a central fixationtmirthe screen, for about 2.5 seconds. After
a jittered delay period (varying about three tosagonds), a single green probe circle appeared
on the screen, either in the location of a cortaget or in the location of an incorrect foil, and
participants were asked to press the responseokiegitate whether the green probe circle was
in the same position as one of the three yellogetacircles within a two second response
window. The task was comprised of 26 trials; hafevtrue positive (correct answer ‘yes’) trials
and the other half were true negative (correct ansno’) trials.

In order to maximize the number of trials for aysé8 and minimize the task duration, we

decided to test only at a working memory load oééh Previous research from our laboratory
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indicates that patients with SZ and BP are abfgetéorm the task well above chance at this load
(Glahn et al., 2003; Pirkola et al., 2005). Thismoey set size was selected not only to expose
performance differences between groups but alswetximize the number of correct trials per
subject in order to analyze between-group diffeesnn physiological activation during the task.
Other changes in the task design from that of Camt@l. (2005) were that the delay period is
slightly longer, as is the inter-trial interval.tAbugh the delay period is, on average, slightly
longer than in previous versions of the task, there evidence that this will attenuate
performance differences between SZ patients anithiyezontrols (Lee & Park, 2005). An
additional result of the jittering technique istthi@e delay period and inter-trial intervals have
variable lengths, allowing the dissociation of etiog and retrieval phases. Additionally, we
inserted a beep before the start of each triahsoee that the participant knows the fixation is
over and the task will begin again.

Prior to scanning, participants completed a kreghing session via E-prime on a
computer outside the scanner. First, instructionshe task were displayed and participants
were allowed to ask clarifying questions until #eministrator was confident the subject fully
understood the task. Then, practice trials werepteted with performance feedback provided
(“correct,” “incorrect,” or “no response detectedi)the subject did not get any of the practice
trials correct, or if he/she did not respond to nodghe trials, the training session was repeated
as necessary.

Neuroimaging Parameters

A 7.5 second fixation cross was presented abdéggnning of each scan to account for

the first three scans discarded by the scanndlow &r saturation of the T1 effects before the

start of data collection. Subjects’ responses weterded through a hand-held fiber optic

34



response box connected to a computer, allowingution box responses and reaction time to be
recorded. Subjects were asked to respond as quaoklyaccurately as possible. The total scan
time for the stSCAP task was 7.83 minutes.

Scanning parameters. Data were acquired on a 1.5 Tesla GE (Milwauke@, 3t4nner
equipped with a fast gradient system for echo-planaging with a standard radiofrequency
(RF) head coil. For each subject, a high resolustomctural T2-weighted image was acquired
for anatomical registration [spin echo; AC-PC adignrepetition time (TR) = 4000 ms; echo
time (TE) = 82 ms; 25 axial slices; 4 mm thicknesafrix size = 128 x 128] as well as a
Gradient Echo Planar Imaging (EPI) sequence (TBGO2ns; TE = 40 ms; flip angle =9@®5
interleaved slices; 3.5 mm thickness; voxel sie44 x 3.44 x 4.5; matrix = 64 x 64). A total of
188 volumes were collected during the stSCAP fometi scan. Prior to imaging, three dummy
scans were acquired to reach equilibrium magnétizat

I mage processing. Data were analyzed using FSL (FMRIB’s Software aigrv4.1;
Analysis Group, Oxford, UK). During preprocessiimgages were skull stripped and corrected
for major motion artifacts (6 DoF). Individual sebj analyses were performed using FEAT
(FMRI Expert Analysis Tool). Data were spatially@sthed (8 mm FWHM Gaussian Kernel),
high pass filtered, and referenced to individuaimages. At the individual subject level, the
data for correct trials only were modeled with fexplanatory variables (EVs: target, delay,
probe, and incorrect), each convolved with a catadriiemodynamic response function. The
estimates of the subjects’ movement during the seae also entered as confounding covariates
in order to minimize the possibility of motion daitts. Contrasts were constructed to examine all
four trial types versus baseline and pair-wise camnspns between trial types. For each contrast

of interest, one contrast image per subject waaredtinto a second-level random effects
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analysis to examine areas of activation within eaidie groups and differences in activation
between the groups using analysis of variance.akgksex were entered into the model as
covariates.

Given that the brains of patients may be morphoblily different from those of control
participants and subjects comprising standard siggoplates, a group-averaged template brain
was created exclusively based on subjects includédte analyses, rather than using a pre-
existing standard space template for group-levgibteation. This study-specific standard brain
was created to minimize the distortion of the fimeal data during spatial normalization and
avoid creating spurious group differences due latively greater distortion in patients relative
to control subjects (see Karlsgodt et al., 200%)s Template was accomplished via an iterative
averaging process using FLIRT (FMRIB’s Linear Im&ggistration Tool) and the fsimaths tool.

Regions of interest. Regions-of-interest (ROIs) were defined functiop&lbm the all
subjects, all trial types contrasts to allow eaatug to contribute to the definition of the ROI.
Thet-statistic map for this contrast was thresholdetl.at 1.96 (2-tailedp < .05). From this
thresholded map, the peak activation voxel wastifiet for each ROI using Brodmann’s and
anatomical landmarks, and a 6mm sphere was appieed.ROIs were selected to characterize
the working memory network: (1) right DLPFC (BAMNI Coordinates: [42, 34, 24]), (2) left
DLPFC (BA 9, MNI Coordinates: [-34, 48, 22]), (3yMt inferior parietal lobule (BA 40, MNI
Coordinates: [40, -42, 42]), and (4) left infermarietal lobule (BA 40, MNI Coordinates: [-38, -
48, 44]). Two additional ROIs were selected to ahtarize the default-mode network given the
observed patterns of activation during retrievialsr (1) medial prefrontal cortex (BA 10, MNI
Coordinates: [8, 62, 8]), and (2) precuneus/pasteingulate cortex (BA 31, MNI Coordinates:

[-8, -52, 24]). ROls are displayed in Figure 2. 3&&OIs were implemented as seed regions in
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PPI analysis and were used to explore differentastivation across co-twins split by zygosity
and group differences in the relationship betwestivation and performance.
Statistical Analysisof Behavioral Data

Performance below chance level (50%) could bepné¢ed as reflecting problematic
inattention, insufficient motivation, or lack of g@gement with the task while in the scanner.
Fifteen subjects were excluded from analyses dbeltmv chance level performance (5 SZ
probands, 5 BP probands, and 5 non-affected sslpject

Mixed model analyses of variance with repeated oreaswere conducted to compare
stSCAP task performance of each group across gelayds. For completeness, simple effect
analyses were performed in the absence of a gralgtay interaction to examine whether
overall performance varied by group. Separate aealyere conducted for accuracy (% correct),
omissions (% omitted), and reaction time for cartgals (milliseconds). Age and sex were
entered into the models as covariates. Interatgions for age and sex were not significant and
therefore dropped from the model unless otherwated) and data were collapsed across
zygosity for primary analyses. To account for thestered nature of the twin data and
correlation among repeated effects, subjects weated as individuals nested within pairs, and
the data were modeled with an unstructured vari@ogariance matrix form, allowing for
unique variance within each group and covariandkimeach twin pair.

Data were analyzed using PROC mixed SAS versioff&AS Institute Inc., Cary, NC).
Significant group effects were evaluated with postt-tests. All analyses measured

significance at the .05 level (two-tailed) unlefiseowise noted.
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fMRI Data Analysis

Whole-brain analysis. Statistical analyses were performed using the géheear
model as implemented in FSL version 4.1.9 (FMRI8&étware Library v4.1; Analysis Group,
Oxford, UK). Primary hypotheses tested whole bldood-oxygen-level-dependent (BOLD)
signal analysis using cluster-thresholding to aarfor multiple comparisons in contrasts
comparing diagnostic groups. All analyses meassigficance aZ > 2.3,p < .05, cluster
corrected, unless otherwise noted. Tests of litreads on genetic loading for SZ and BP were
conducted contrasting probands, co-twins, and obsitibjects. Since encoding trials appeared to
distinctly activate the canonical WMem network, amte prior research has demonstrated
deficits specific to encoding-related aspects of #iMin both proband groups (Bearden et al.,
2006; Glahn et al., 2006a; Bachman et al., 200@))gy tests of hypotheses examined between-
group differences in activation during encodingli All coordinates are reported according to
the standard Montreal Neurological Institute (MNigin template.

Discriminant function analysis on region-of-inter est activation. Percent signal change
in a priori regions of interest (ROIs) were exteattor analysis using Featquery. BOLD signal in
these ROIs were then entered into a discriminamttfon analysis in order to assess whether
differences in regional activation separated grouipis potentially clinically useful precision.

Functional connectivity analysis. Functional connectivity in putative fronto-parietal
WMem networks was examined using psycho-physioldgnteraction (PPI1) analysis (Friston et
al., 1997). A PPI analysis was conducted to examimether task-dependent fronto-parietal
connectivity differed between groups. That is, Bt analysis tested whether probands, non-

affected co-twins, and control subjects differedlomextent to which a selected seed region
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covaried with other brain regions within the WMesgtwiork during the task. Seed regions for
PPI analysis were based on the four functional R¥@lescted to characterize the WMem network.

The GLM analysis was performed in FSL with regress$or task, seed region timeseries,
and the interaction of task and timeseries. Thelpspgical (task condition) regressor was
collapsed across trial type (encoding, delay, a&tdewval) in order to increase power given the
limited power of single-trial task designs in PR&absis. The physiological (seed region
timeseries) regressor comprised the timeseriethéseed region of interest. A third regressor
modeled the interaction of the psychological regpeand the physiological regressor, such that
it identified regions that covaried in a task-degemt manner with the seed ROI (i.e., regions
that significantly correlated more with the seedl/Qring the task).

As in the prior analyses of functional activatiarfjrst level analysis was conducted for
each individual participant to identify regionstsagnificantly covaried with the seed ROl in a
task-dependent manner. A second level analysigifdenbetween-group differences in terms of
regions that significantly covaried with the seedIRluring the task. Group analysis was carried
out using FLAME, and resultingystatistic images were thresholded using clustetsrthined by
Z > 2.3 and a corrected-cluster significance thresbdp = .05 to control for multiple
comparisons.

Conjunction analysis. Conjunction analysis was conducted by multiplyiapvant
groupz-statistic maps (e.g., Control > SZ Liability x Goot > BP Liability) in order to examine
overlapping regions of aberrant activation and fiamal connectivity associated with liability to
SZ and liability to BP. Conjunction analysis wasfpaned on cluster-correcteekstatistic maps

in order to control for multiple comparisons.
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In order to compare the regional and network atibwgpatterns associated with liability
to both syndromes, the Dice Similarity Measure (DE&Me, 1945) was calculated. The DSM is
a symmetric measure of the resemblance of two pinaages and has been employed in
previous work to measure the number of activateathothat are shared between two fMRI
images (Salimi-Khorshidi et al., 2009). The DSM fticeent ranges from O (indicating no
overlap) to 1 (perfect overlap). The DSM coeffigiaras calculated for both activation and
functional connectivity maps with the following exjion:

DSM = (2 x |AN BJ) 7 (A] + [B])
where A represents the z-statistic activation nmamfthe first contrast (e.g., Control > SZ
Liability) and B represents the z-statistic activatmap from the second contrast (e.g., Control >
BP Liability).

Functional activation-performance analysis. To assess the relationship of performance
and fMRI signal between subjects, a linear regoessias performed predicting fMRI signal in
select ROIs with performance as a factor using 8&Sion 9.2. Primary functional-performance
analyses were conducted on signal in the right BL.Biven hypothesized activation-
performance relationships in this region (Callicgtal., 2003; Karlsgodt et al., 2009). Group
differences were examined using the interactiowéen the slopes of the relationship between
performance and BOLD signal and tested for sigaifce. To account for relatedness between
co-twins, twin pairs were clustered to adjust seadcerrors for intragroup correlations of twin

pairs.
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Results

Tests of Sample Representativeness

The studied probands were comparable to the refeaof the twin proband population
in terms of sexX?(1) = 0.87p = .35), age at first hospital admissi®L68) = -0.78p = .44),
and total number of hospital admissiot{(470) = -1.25p = .21). However, there was a marginal
age effect in our samplg187) = 1.89p = .06), such that studied probands were on average
three years younger than the remainder of the pnoband population (Proband Participants’
Mean=+ SD: 49.34t 11.55; Proband Non-Participants: 524570.15). To control for this
potential bias, we included age as a covariatensaithed groups on age.
Behavioral Data

Descriptive statistics for stSCAP performance ¢athrs for each group are displayed in
Table 2. There were no group differences in théyara by delay period (Accurady(20,859) =
1.18,p = .27; RT-CorrectF(20,859) = 1.05p = .40; Omissiong=(20,859) = 0.78p = .74),
indicating that the performance of all groups weduced in association with increased delays to
similar degrees. When performance data was colibpsess delay, a pattern in which probands
showed performance decrements compared with centraé observed. Mixed model tests of
simple effects revealed significant group differenon accuracy-(4,859) = 4.13p = .020) and
reaction timefg(4,859) = 3.93p = .010) as well as trend-level differences on siniss
(F(4,859) = 2.17p = .085). Post-hottests revealed significant differences on acculetyeen
controls and SZ probandg £ .049, one-tailed) and marginal differences betwsantrols and
BP probandsp(= .060, one-tailed). Control subjects did not diffem SZ or BP co-twins. This

general pattern was consistent for reaction tinteamissions.
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stSCAP Task-Related Activation

As shown in Figure 3, subjects collapsed acrosspg showed overall significantly more
activation of the canonical WMem network during @tiog compared with retrieval phases of
the stSCAP task, involving increased activatiobilateral occipital cortex (Peak MNI
Coordinates: [34, -54, -18]), right dorsolaterafpontal cortex (Peak MNI Coordinates: [46, 34,
16]), bilateral precentral gyrus (Peak MNI Coordesa [28, 0, 50]), and bilateral parietal cortex
(Peak MNI Coordinates: [50, -38, 42]) including twgramarginal gyrus, angular gyrus, and
superior parietal lobule(< .05 cluster-corrected). Subjects showed ovenateased activation
during retrieval compared with encoding phasesi@medial frontal cortex (Peak MNI
Coordinates: [4, 46, -12]) and posterior cingulate¢uneus (Peak MNI Coordinates: [-6, -56,
16]; p < .05 cluster-corrected), regions typically asseclavith default mode activity. When the
statistical map of the retrieval phase was examasgxrately, activation was observed in the
medial motor cortex (Peak MNI Coordinates: [0, @}; 4 < .05 cluster-corrected).

Results from within-group analyses conducted onthele-brain level comparing
encoding and retrieval trials are reported in Tabl€ontrol subjects exhibited widespread task-
related activation in regions typically associameth WMem, including bilateral occipital cortex,
right DLPFC, bilateral precentral gyrus, and bitatgarietal cortex during encoding phases
relative to retrieval phasep € .05, cluster-corrected). SZ and BP probands atetil/similar
regions p < .05, cluster-corrected) but to a lesser spatitdre, particularly in frontal regions.

SZ and BP co-twins also exhibited activation ininregions p < .05, cluster-corrected).

During retrieval phases compared with encoding @haSZ and BP probands showed
pronounced activation in the medial prefrontal eornd posterior cingulate € .05, cluster-

corrected), suggesting failure to suppress thegens of the default mode during task
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engagement. Control subjects activated similaoregp < .05, cluster-corrected) but to a lesser
spatial extent, particularly in the posterior citeda cortex. While BP co-twins showed a similar
pattern of default-related activitp € .05, cluster-corrected), although to a lessetiapaxtent
than their proband counterparts, SZ co-twins didshow any significant regions of activation
during retrieval trials compared with encodingligp < .05, cluster-corrected).
Whole-Brain Between-Group Activation during Encoding

Given distinct task-related networks associateti wéch WMem task phase, between-
group activation was examined separately for tlooeimg and retrieval phases in order to
maximize the number of activated voxels when exargibetween-group differences. Controls
exhibited significantly greater activation duringcsessful encoding of information in WMem
relative to both proband groupgs< .05, cluster-corrected) in bilateral prefrontaitex (Right
Peak MNI Coordinates: [24, 8, 46], BABmax = 3.72p-corrected = .042, cluster size = 362;
Left Peak MNI Coordinates: [-8, 42, 26], BABmax = 4,16p-corrected < .001, cluster size =
1029), bilateral angular gyrus (Right Peak MNI Gboates: [44, -52, 14], BA 3Z-max = 4.14,
p-corrected < .001, cluster size = 1013; Left Pea¥l KZoordinates: [-52, -64, 30], BA 3%;
max = 4.31p-corrected = .002, cluster size = 605), and preasiffeak MNI Coordinates: [-4, -
52, 40], BA 7,Z-max = 4.18p-corrected < .001, cluster size = 1064), with B&jands showing
intermediate activation between SZ probands antta@asubjects in these regions (see Figure 4).
There were no significant differences between SZBi probandspy(< .05, cluster-corrected).

Liability to illness. Control subjects showed greater activation relaveon-affected
co-twins during accurate encoding of informatipr<(.05, cluster-corrected) in the anterior
cingulate (Peak MNI Coordinates: [0, 48, 24], BAZ9nax = 3.73p-corrected = .018, cluster

size = 427), left DLPFC (Peak MNI Coordinaes: [-22, 26], BA 9.Z-max = 3.22p-corrected
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=.023, cluster size = 343), and the left angulaiug (Peak MNI Coordinates: [-38, -58, 34], BA
39,Z-max = 3.65p-corrected = .030, cluster size = 387). There wereegions where co-twins
showed significantly greater activation during esiog relative to controls.

Schizophrenia liability. Whole-brain analysis conducted using a lineatresh revealed
significantly greater task-related activation dgrencoding in the right DLPFC (Peak MNI
Coordinates: [46, 30, 24], BA 9;:max = 3.57p-corrected < .001, cluster size = 687), anterior
cingulate (Peak MNI Coordinates: [-8, 42, 26], BAZ9max = 4.56p-corrected < .001, cluster
size = 939), precuneus (MNI Peak Coordinates:-p2, 40], BA 7,Z-max = 2.12p-corrected
=.008, cluster size = 496) and bilateral parietatex (Left MNI Peak Coordinates: [-52, -64,
30], BA 39,Z-max = 4.11p-corrected = .013, cluster size = 452; Right Pe&K Koordinates:
[50, -62, 36], BA 39Z-max = 3.69p-corrected < .001, cluster size = 745) in contrelative to
SZ co-twins relative to SZ probangs< .05, cluster-corrected). Tlzestatistic activation map
illustrating areas where Controls > SZ Co-TwinsZisdisplayed in Figure 5A.

Bipolar disorder liability. Whole-brain analysis conducted using a lineatresh
revealed significantly greater task-related aciratluring encoding in the left DLPFC (Peak
MNI Coordinates: [-26, 40, 24], BA Z-max = 3.55p-corrected = .007, cluster size = 181),
anterior cingulate (Peak MNI Coordinates: [-2, 24}, BA 9,Z-max = 4.35p-corrected = .037,
cluster size = 372), and left lateral parietal eptihcluding regions in the angular gyrus and
supramarginal gyrus (Peak MNI Coordinates: [-42, 35], BA 39,Z-max = 3.41p-corrected
=.009, cluster size = 484) in controls relativd3#® co-twins relative to BP probangs< .05,

cluster-corrected, see Figure 5B).
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Whole-Brain Between-Group Activation during Retrieval

Both proband groups exhibited greater activationng) retrieval relative to control
subjects |p < .05, cluster-corrected) in the posterior cingellertex (Peak MNI Coordinates: [-8,
-52, 24], BA 31Z-max = 3.84p-corrected = .002, cluster size = 594), with BPbartds
showing activation in this region intermediate betw SZ probands and controls, indicating
significantly reduced task-related suppressiornefdefault-mode during retrieval in probands
relative to control subjects. There were no statfly significant regions showing greater
activation in control subjects compared with prabgroups.

Schizophrenia liability. Whole-brain analysis conducted using a lineatresh revealed
significantly greater regional activation duringrreval in the posterior cingulate cortex (Peak
MNI Coordinates: [-8, -52, 24], BA 3Z-max = 4.22p-corrected < .001, cluster size = 787) in
SZ probands relative to SZ co-twins relative totomrsubjects, suggesting that failure to
suppress this region of the default network durgtgeval of information from WMem may be
associated with liability to SZ. There were noistatally significant regions in the whole-brain
analysis where control subjects activated more 8ago-twins.

Bipolar disorder liability. Whole-brain analysis conducted using a lineatresh
revealed significantly greater activation duringiezal in the thalamus (Peak MNI Coordinates:
[-18, -32, 14],Z-max = 3.31p-corrected = .005, cluster size = 343) and theslgfterior parietal
lobule (Peak MNI Coordinates: [-28, -48, 3B}jmax = 3.17p-corrected = .018, cluster size =
101) in controls relative to BP co-twins to BP paiolds. There were no statistically significant

regions in the whole-brain analysis where BP cay$vactivated more than control subjects.
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Discriminant Function Analysis on Regions of I nterest

A discriminant function analysis was performed $sess prediction of group
membership (SZ, SZ co-twin, BP, BP co-twin, contfmm regional activation during encoding
trials in four ROIs selected to characterize the &vhetwork. One significant discriminant
function was calculated and accounted for 80% efastween-group variability. The
discriminant function maximally separated SZ and@ébands and non-affected co-twins from
control subjects. The loading matrix of correlaideee Table 4) between predictor ROIs and the
discriminant function suggested that activatiothi& right DLPFC and right superior parietal
lobule best distinguishes between individuals ¢agiability for illness (probands and co-
twins) and controls.
Functional Connectivity Analysis

Functional connectivity within WM em circuitry. Functional connectivity during the
WMem task was examined collapsing across encodidgetrieval trials in order to maximize
power within a single-trial design. PPI analysiamned covariation between activation in four
seed regions selected to characterize the WMemnmonletfnight DLPFC, right parietal, left
DLPFC, left parietal) and every voxel in the brafeak MNI coordinates of clusters and local
maxima from between-group whole-brain functionalrectivity analysesZ(> 2.3,p < .05,
cluster-corrected) are reported in Table 5. Nced#fhces were observed on functional
connectivity measures between probands and canthpécts in predicted fronto-parietal
circuitry. However, given the possibility that medliion status in probands may correct for
altered connectivity patterns, we explored diffeesbetween co-twins and controls.

Non-affected co-twins showed a pattern of reducexitd-parietal connectivity compared

with control subjects (see Figure 7). SpecificaBy, co-twins exhibited weaker task-dependent
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covariation between the right DLPFC and lateralgtal cortex and precuneus (Peak MNI
Coordinates: [-24, -78, 36], BA Zymax = 3.78p-corrected = .031, cluster size = 384)
compared with control subjects in whole-brain as@lySZ co-twins also showed reduced
functional connectivity relative to controls betwede left DLPFC and bilateral parietal cortices
and precuneus (Peak MNI Coordinates: [46, -50, BA]40, Z-max = 4.45p-corrected = .009,
cluster size = 485). BP co-twins exhibited a simplattern of reduced connectivity relative to
control subjects between the left DLPFC and latecalpital cortex (Peak MNI Coordinates: [54,
-72, -2], BA 37,Z-max = 3.57p-corrected = .029, cluster size = 390) and thedatsrietal
cortex and precuneus (Peak MNI Coordinates: [-1@, 40], BA 7,Z-max = 3.92p-corrected
=.009, cluster size = 483). There were no sigaiftaifferences between SZ co-twins and BP
co-twins in terms of functional connectivity in wkebrain analysis.

Functional connectivity with limbic-related circuitry. Individuals carrying liability for
BP showed a pattern of increased task-dependeatiation with limbic-related regions. BP
probands showed increased functional connectiatwben the left DLPFC and the posterior
cingulate cortex/precuneus (Peak MNI Coordinatdst,[-58, 12], BA 30Z-max = 3.52p-
corrected = .009, cluster size = 479) compared wotitrols. Moreover, whole-brain analysis
conducted using a linear contrast revealed sigmfly greater task-dependent covariation
between the left DLPFC and bilateral insular coder superior and middle temporal gyrus
(Right Peak MNI Coordinates: [44, -4, -4], BA B3max = 3.91p-corrected = .006, cluster size
= 520; Left Peak MNI Coordinates: [-58, -16, -6 ARB1, Z-max = 3.58p-corrected = .039,
cluster size = 368) in BP probands relative to BRwans relative to control subjects. A similar
pattern of increased functional connectivity betawtee left parietal cortex and insular cortex

(Peak MNI Coordinates: [-32, 20, @;max = 3.70p-corrected = .032, cluster size = 382) was
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observed in BP probands relative to BP co-twinatinet to controls. Further, BP probands
showed increased task-dependent covariation betthedeft parietal cortex and a cluster
involving bilateral insular cortex, medial prefrahtortex, and frontal pole (Peak MNI
Coordinates: [-12, 52], -Z-max = 4.59p-corrected < .001, cluster size = 1769), compariia w
SZ probands, suggesting the pattern of functiooapling with emotion-related regions is
specific to liability for BP.
Conjunction Analysis

A conjunction map was created by multiplying thester-correctea-statistic activation
maps thresholded &t> 2.3,p-corrected < .05 for controls > SZ liability andntls > BP
liability during accurate encoding of informatianworking memory in order to examine
overlapping areas of aberrant regional brain atitmaassociated with liability to illness. As
displayed in Figure 8, individuals carrying liabjlfor illness showed common reductions of
encoding-related activation in the bilateral angghgus/supramarginal gyrus (Left Peak MNI
Coordinates: [-52, -62, 30]; Right Peak MNI Cooat#s: [58, -40, 36]) and paracingulate
gyrus/anterior cingulate cortex (Peak MNI Coordasaf-4, 42, 26]) compared with control
subjects. The Dice Similarity Measure was useduemtjfy voxelwise overlap between the
thresholded images produced by the two contrastssi€tent with the significant
correspondence in the spatial localization of atidn in each map (see Figure 8), the DSM
coefficient revealed a substantial degree of opdoetween the non-zero voxels in the two maps
(DSM = 0.406).

Conjunction analysis was also applied to the elusbrrected functional connectivity
maps for Controls > SZ Co-Twins and Controls > BRTvins thresholded a > 1.96,p-

corrected < .05 in order to examine common altenatiof fronto-parietal circuitry associated
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with liability to illness. As displayed in Figure individuals carrying liability for illness
exhibited overlapping reductions in task-depengeatrontal-parietal covariation relative to
controls. The DSM coefficient revealed moderaterlaype(DSM = 0.227) of covariation with the
right DLPFC between co-twin groups relative to cohsubjects, particularly in the bilateral
occipital cortices (Left Peak MNI Coordinates: [;228, 0]; Right Peak MNI Coordinates: [16, -
88, 0]). Additionally, common reductions in taskpdadent covariation with the left DLPFC
were observed between co-twin groups relative tdarots in bilateral parietal cortices (Left
Peak MNI Coordinates: [-16, -68, 38]; Right Peak MMordinates: [46, -52, 38]). Consistent
with the significant correspondence in the spatiehlization of task-dependent covariation in
each map (see Figure 7), the DSM coefficient reagealsubstantial degree of overlap between
the non-zero voxels in the two functional connattimaps (DSM = 0.424).

Supplemental Analyses

Effects of lifetime history of psychosis. To test whether the observed behavioral and
physiological WMem disturbances associated withility to BP were attributable to a positive
history of psychosis, we compared BP probands avitfetime history of psychosis to BP
probands without a history of psychosis. Paralbshparisons were made between co-twins of
BP probands with a positive lifetime history of pegsis and co-twins of BP probands without
such a history.

Analysis of behavioral data revealed no significdifferences on stSCAP task accuracy
between BP probands with a lifetime history of pea&is and BP probands without a history of
psychosis. However, trend-level performance difiees were observed between respective co-
twin groups {(29) = 1.81p = .08, two-tailed), such that co-twins of BP protl&mwith a positive

lifetime history of psychosis performed worse tlcartwins of BP probands without a lifetime

49



history of psychosis (Positive Psychosis History®RTwins’ Meant SD: 70.6t 9.0; Negative
Psychosis History BP Co-Twins: 76t47.4).

Whole-brain fMRI analysis during encoding tria¢vealed no significant differences on
regional activation between BP probands with difife history of psychosis and BP probands
without a psychosis historp K .05, cluster-corrected). Likewise, no differeneese observed
between co-twins of BP probands with a positivechsgis history and co-twins of BP probands
without a psychosis history & .05, cluster-corrected). However, linear trendlgsis
contrasting Controls > Co-Twins of BP Proband withBsychosis History > Co-Twins of BP
Proband with Psychosis History revealed significagions of increased activation in a cluster
encompassing the right DLPFC (Peak MNI Coordingt: 46, 26], BA 9Z-max = 3.23p-
corrected = .003, cluster size = 575) and medigrpntal cortex (Peak MNI Coordinates: [0, 48,
24], BA 9/10,Z-max = 3.76) as well as bilateral parietal corteight Peak MNI Coordinates:
[60, -42, 36], BA 40Z-max = 4.20p-corrected = .041, cluster size = 364; Left PeakiMN
Coordinates: [-52, -64, 32], BA 3%;max = 3.93p-corrected = .005, cluster size = 528), thus
suggesting the BP co-twin effects may be drivepart by liability to psychosis. Moreover,
controls showed increased activation compared @attwins of BP probands with a positive
psychosis history in the left parietal cortex (P&dkl Coordinates: [-52, -64, 32], BA 392;max
= 3.80,p-corrected = .043, cluster size = 360). Howeventrab subjects did not statistically
differ from co-twins of BP probands without a histef psychosis in whole-brain analysis,
further suggesting that BP co-twin — control difleces may be driven by liability to psychosis
in BP.

Whole-brain analysis during retrieval trials reeghho significant differences on

regional activation between BP probands with ditife history and BP probands without a
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history of psychosis. There were also no differerawgring retrieval between co-twins of BP
probands with a positive lifetime history of psystsand co-twins of BP probands without a
history of psychosis. However, whole-brain analygsistrasting increasing liability to BP with
psychosis (Controls > Co-twins of BP Proband witH@sychosis History > Co-Twins of BP
Proband with Psychosis History > BP Probands witliRaychosis History > BP Probands with
Psychosis History) revealed significant alterationghe bilateral prefrontal cortex (Right Peak
MNI Coordinates: [16, 50, 22], BA Z-max = 3.91p-corrected < .001, cluster size = 1207; Left
Peak MNI Coordinates: [-28, 20, 24], BABmax = 3.58) and left parietal cortex (Peak MNI
Coordinates: [-38, -32, 42], BA 48;max = 3.40p-corrected = .049, cluster size = 343),
suggesting that liability to psychosis in BP isaasated with increasing alterations in WMem
circuitry. Of note, the above analyses were undegped due to the small sample of co-twins of
BP probands with a lifetime history of psychosieeTnajority of BP probands with a history of
psychosis were concordant twin pairs, leaving amg-third of non-affected co-twins of BP
probands with such a history (N=8).

Functional activation-performance analysis. In the ROI regression analysis, the slope
of the relationship between fMRI signal during etiog trials and average performance (percent
correct) differed significantly between groupshie right DLPFC E(4,36) = 3.15p = .02; see
Figure 6) and left DLPFCH(4,35) = 3.91p < .01), with trends in the bilateral parietal coes
(Right: F(4,36) = 2.45p = .06; Left:F(4,36) = 1.67p = 0.17). In the prefrontal regions,
probands and non-affected co-twins differed sigarfitly from controlsi{s < .0125;corrected
for multiple comparisons, .05/4 = .0125), with @idevel significance for pairwise comparisons

in the parietal region®(s < .06). There were no significant differencesAmen the slopes of SZ
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probands and BP probands and between the slof@ af-twins and BP co-twins in any region
examined. Results were equivalent when age andisexincluded in the model as covariates.

Given the pattern of default-mode activity obserdedng retrieval trials, we examined
the relationship between activation and performahuoeng retrieval trials in the medial
prefrontal cortex and precuneus/posterior cingutatéex. The slopes of the relationship
between fMRI signal and behavior did not differrsfigantly between groups in either of these
regions.

Evaluation of dose-dependency. Linear trend analyses comparing controls to DZ and
MZ co-twins were conducted on fMRI activation dgri@ncoding trials in four ROIls selected to
characterize the WMem network (right DLPFC, IeftBRC, right parietal, left parietal). There
were no significant linear effects for SZ liabilibyy any task-related region examingtd ¢
0.05). MZ and DZ SZ co-twins did not differ fromokaother on any region. Similarly, there
were no significant linear effects for BP liabilibyn any task-related region examingt ¢
0.05). MZ and DZ BP co-twins did not differ fromakeother. Of note, these analyses likely
suffered from a lack of power due to the small s&és of co-twins split by zygosity.

In addition, parallel linear trend analyses weyeducted on fMRI activation during
retrieval in the medial prefrontal cortex and presus/posterior cingulate cortex. There were no
significant linear effects on either ROI for SZdikty, and MZ and DZ SZ co-twins showed
equivalent activation in these regions. Additiopaihere were no significant linear effects on
either ROI for BP liability. MZ and DZ BP co-twirthd not differ from each other on activation

in these regions.
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Discussion

In view of emerging evidence demonstrating sulistbgenetic overlap between SZ and
BP, we examined whether WMem dysfunction at thealdavel represents shared genetic
liability to these syndromes. To test a model @frstd inheritance of WMem dysfunction, we
assessed SZ and BP probands as well as their fexteaf co-twins who carry susceptibility
factors without overt expression of the illnessacspatial WMem paradigm. Lending support for
a model of biological overlap, we observed sigaifithypoactivation in overlapping regions of
the prefrontal and parietal cortex, along with ¢seping reductions of functional connectivity in
fronto-parietal circuitry, in affected and non-aftied individuals with liability for SZ and BP
compared with controls. Such neurophysiologicarations appear to be most pronounced
during encoding phases of WMem compared with nedtiphases. To our knowledge, this is the
first neuroimaging study to simultaneously examwim pairs discordant for SZ and BP and
thus provide direct evidence for endophenotypialaypeof shared WMem dysfunction.
Endophenotypic Overlap of Working Memory Dysfunction

Findings from this report support the hypothesgt thortical disruptions in spatial
WMem reflect an expression of familial liability &7 and BP. We observed substantial overlap
in anomalous regional and network activation agdediwith liability to SZ and BP. As
predicted, non-affected co-twins of both probamaligs showed hypoactivation in prefrontal and
parietal regions compared with control subjectgdrticular, reduced regional activation in
bilateral parietal cortex during accurate encodifhgpformation in WMem appears to represent
an area of shared liability-related dysfunctionlestn SZ and BP. A conjunction analysis
revealed significantly decreased BOLD responsevarlapping regions of the bilateral parietal

cortex during encoding phases of WMem in individuzdrrying liability factors for SZ and BP
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compared with controls. Observations of commonraitens relative to control subjects suggest
that physiological abnormalities in this region ns&yve as a shared endophenotypic marker for
SZ and BP. Moreover, a discriminant function analg$fectively distinguished individuals
carrying liability to both SZ and BP (probands awdtwins) but failed to predict SZ and BP
status separately on the basis of regional aabinatithin the WMem network, particularly in

the right DLPFC and parietal cortex. Findings oéd&pping anomalous regional and network
activation during WMem performance may represemircgiream effects of shared genetic
liability to SZ and BP, possibly reflecting commgenetic etiologies. These results indicate that
cortical disruptions of WMem circuitry might mar&rhilial susceptibility to both SZ and BP,
thus contributing to emerging support of a trangdastic framework at the etiological level
(Berrettini, 2004, Lichtenstein et al., 2009; Plire¢al., 2009).

The pattern of results in terms of functional ztion for SZ co-twins was intermediate
between SZ probands and controls, showing attetitasi-related regional abnormalities in the
right DLPFC, anterior cingulate, and bilateral p#al cortex. Such findings are consistent with
previous research showing intermediate disruptadmmitative nodes of the WMem network in
non-affected relatives of SZ patients (Callicotaket 2003; Cannon et al., 2005; Glahn et al.,
2006; Karlsgodt et al., 2007), thereby corroboagristing evidence of WMem dysfunction as
a robust endophenotypic marker of SZ. That isptears that neural alterations in fronto-parietal
circuitry may be related to genetic rather thamrase-specific factors in SZ. Of note, the current
findings suggest that liability-related alteratiaf3NMem circuitry are specific to encoding
phases, indicating that prior observations of WMBsnuptions may have hinged on encoding-

related deficiencies. The finding that effectsa@e significant on the right than the left
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supports the idea that the right hemisphere is siwongly associated with spatial processing
and thus with performance on the visuospatial WMask.

Similar to the pattern observed in SZ, we found Bfa co-twins showed hypoactivation
intermediate between BP probands and controls gl@mcoding phases of WMem in regions of
the frontal and parietal cortex, specifically ir fleft DLPFC and left parietal cortex. Likewise,
disruptions in fronto-parietal connectivity in BB-twins were lateralized to the left hemisphere.
The finding that BP effects were more significanttbe left than on the right might mark a
potential distinctive feature of liability to BPhe left lateralization may be related to linguistic
rather than image-based encoding of the spatrabditor may reflect an attempt to utilize
compensatory verbal strategies in order to compéetie demands. Such an interpretation might
be supported by (1) the finding of increased fuorai coupling with language processing
regions (e.g., middle temporal gyrus) in BP co-smtompared with controls and (2) evidence
from another study examining overlapping twin sasghat demonstrated enhanced verbal
facilities in individuals carrying liability to BifHigier et al., submitted). Of note, structural
(Kieseppa et al., 2003; McDonald et al., 2004) famdttional (Drapier et al., 2008; Fusar-Poli et
al., 2012) abnormalities previously reported fortBRd to be lateralized to the left hemisphere.
Further, that disturbances of WMem circuitry webserved in euthymic BP probands as well as
their non-affected co-twins suggests that WMemulystion might represent a trait marker of
BP, seemingly related to liability features of theess.

Additionally, we observed shared disruptions ohfmparietal neural circuitry as
assessed by functional connectivity analysis inviddals carrying liability for SZ and BP. A
conjunction analysis revealed significant overlaperms of reduced task-dependent functional

coupling in fronto-parietal circuitry between noffieated co-twins of SZ and non-affected co-
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twins of BP compared with controls. Such networkaiptions appear to occur in overlapping
regions within the fronto-parietal network, theremmplicating not only regional alterations but
also disruptions in the overall coordination of Wleircuitry as shared endophenotypic
markers. While prior research has demonstratedptions of distributed WMem networks in
SZ probands and their non-affected relatives (Méyedenberg et al., 2001; Peled et al., 2001,
Schlgsser et al., 2003; Fornito et al., 2011),uokmowledge, this was the first study to evaluate
functional connectivity patterns during WMem perfi@nce in BP probands and their co-twins.
We found evidence for significant disruptions iarfto-parietal circuitry associated with liability
to BP, although perhaps to a lesser degree thasigsbennectivity observed in SZ (Karlsgodt et
al., 2008). Common disruptions of fronto-parietataitry in both co-twin groups further
implicate at least partially overlapping genetiolegies.

Notably, despite significant overlap of WMem dysttian, we found functional
alterations to be relatively less pronounced incBRpared with SZ. The finding that BP
probands exhibited attenuated disruptions reldtov®Z probands is consistent with prior
neuropsychological studies showing performanceeaieents to a lesser degree in BP (Seidman
et al., 2002; Altshuler et al., 2004; Pirkola et 2005; Krabbendam et al., 2005; Daban et al.,
2006; Glahn et al., 2006b; Green, 2006; Schretlexh €2007; Barrett et al., 2009; Reichenberg
et al., 2009) and fMRI studies demonstrating cattadterations (e.g., DLPFC hypoactivation) in
BP intermediate between SZ and control subjectsnjifan et al., 2009). Taken together, these
results suggest significant phenotypic overlap dfi&kh dysfunction between SZ and BP with
relatively less pronounced cortical alteration8fthan in SZ. However, we found some
evidence that liability to psychosis in BP is asatad with increasing alterations of WMem

circuitry, consistent with prior reports indicatingpre pronounced neurocognitive impairments
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in BP patients with psychotic features (Seidmaal.e2002; Altshuler et al., 2004; Badcock et
al., 2005; Glahn et al., 2006b; Glahn et al., 200#g finding that co-twins of BP probands with
a history of psychosis showed more pronounced betad\and cortical disruptions of WMem
function suggests that liability to psychotic faaiin BP might contribute to the pattern of
shared inheritance observed between SZ and BPbNpthfferential performance decrements
in spatial WMem have been reported in bipolar lgds with a history of psychosis when
compared to non-psychotic BP samples (Glahn e2@D6b; Glahn et al., 2007). These findings
provide converging evidence in support of recegtpmtric genetic studies suggesting that
psychotic BP may delineate an informative subtypebfological investigations (Potash et al.,
2003; Park et al., 2004; Maziade et al., 2005; Goald & Owen, 2005; Schulze et al., 2006;
Craddock & Sklar, 2009).

In contrast, failure to suppress the default magkind task engagement appears to be
related to disease-related factors common acros82BP rather than overlapping liability-
related factors. The finding that both proband geoshowed increased retrieval-related activity
in regions typically associated with the defaultdametwork, such as the precuneus/posterior
cingulate cortex, indicates phenotypic overlapaofuced task-related suppression of default
mode regions during retrieval phases of WMem. Prev/studies have demonstrated poor task-
dependent modulation of the default network ingras with SZ (Pomarol-Clotet et al., 2008;
Kim et al., 2009; Whitfield-Gabrieli et al., 2008hd BP (Drapier et al., 2008; Thermenos et al.,
2010; Thermenos et al., 2011), with consistentifigsl of hyperactivation in medial prefrontal
and posterior cingulate/precuneus cortex. Thisyssugjgests that such anomalous activation
patterns within the default network might be reddtie retrieval-related disturbances, whereby

SZ and BP patients may show difficulty inhibitirggions mediating the default mode in order to
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provide a memory-guided response. Notably, dysfanaif the default network is thought to be
related to cognitive deficits, with greater suppres and connectivity associated with better
performance on attention-demanding tasks in healtiwects (Weissman et al., 2006;
Sambataro et al., 2010). This report suggestarnbhegased engagement of the default mode
during task performance may represent an areaafqiiipic overlap between SZ and BP. Such
findings highlight the importance of examining ddfanode activity in addition to task-related
activity in order to optimally characterize thelpagphysiological disturbances related to illness
factors.
Distinctions between Schizophrenia and Bipolar Disorder

While we found significant areas of overlap in teraf physiological dysfunction
associated with liability to SZ and BP, some dgfezes between these syndromes were observed.
First, liability to BP appears to be distinctly assmted with anomalous thalamic retrieval-related
activity, consistent with prior structural and ftieoal neuroimaging studies implicating fronto-
striatal disturbances in BP (Bearden et al., 200dDonald et al., 2004; Adler et al., 2006;
Selvaraj et al., 2012). Second, we observed ledtdéization of DLPFC dysfunction in
individuals carrying liability to BP, consistenttwiprior reports (Drapier et al., 2008; Hamilton
et al., 2009; Fusar-Poli et al., 2012) and perlagisating symbolic or linguistic rather than
image-based encoding of stimuli (Ungerleider etl#198). Third, failure to suppress the
precuneus/posterior cingulate cortex during retighases followed a pattern of inheritance for
SZ, such that SZ probands showed less task-ratabeldlation of this region than SZ co-twins,
who in turn showed less modulation than controjesttb. This finding is consistent with
evidence showing hyperactivity as well as hypereatinity of the default network in SZ

probands, and, to a lesser degree, their firstedeglatives compared with controls (Whitfield-
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Gabrieli et al., 2009). While both proband groupkikited hyperactivity in the
precuneus/posterior cingulate relative to contradsivity in this region was not correlated with
liability to BP.

Additionally, individuals carrying liability to BRppear to show increased functional
connectivity with limbic-related regions. In addii to the disrupted network connectivity
observed in fronto-parietal circuitry, we foundiieased functional connectivity with regions
mediating emotion processing (e.g., insula, froatapcortex) in BP co-twins compared with
controls. No other groups showed connectivity Esthregions. The finding that BP co-twins
exhibited task-related connectivity patterns withlic-related regions corroborates other reports
of hyperactivity during cognitive (WMem) challengreregions thought to be involved in
emotional processing, such as the ventral frontopmiefrontal cortex, anterior cingulate, and
insula (Adler et al., 2004; Drapier et al., 2008uleer et al., 2010; Thermenos et al., 2010;
Thermenos et al., 2011; Jogia et al., 2011; FusarePal., 2012), thus implicating functional
alterations of anterior limbic networks in liabylito BP. Moreover, neuroanatomical
disturbances of these regions in BP have beentegppreviously (McDonald et al., 2004;
Strakowski et al., 2005; Selvaraj et al., 2012kératogether, these findings are largely
consistent with hypotheses of impaired prefrontatiolation of anterior limbic system networks
in BP (Adler et al., 2006).
| solation to Encoding-Related Processes

A strength of the current study was that the shtigéé WMem task allowed for the
examination of encoding and retrieval aspects of &Mseparately, thereby permitting
inferences as to whether the observed differencB&OILD response were more pronounced

during encoding aspects of WMem function. Functiorearoimaging studies have consistently
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identified a circuitry for WMem function comprised dorsolateral, middle, and inferior frontal
gyri, anterior cingulate and medial premotor coytaxd posterior parietal cortex (Jonides et al.,
1998; D’Esposito et al., 1999; Carter et al., 199%en et al., 2005), consistent with our
encoding-related activation findings. Findings asrall groups suggest that the neural WMem
network, including the right DLPFC and parietalicgs, is engaged to a greater extent during
encoding compared with retrieval phases. In coptvas observed increased recruitment of
medial prefrontal and precuneus/posterior cingutatéex, regions typically associated with the
default mode network, during retrieval comparechveibhcoding phases of WMem.

In accordance with our hypothesis, we found ewgefor endophenotypic overlap
between SZ and BP in aberrant task-related aativaturing encoding but not retrieval trials of
WMem processing. The finding that liability-relatedrtical disruptions of WMem circuitry
were specific to the encoding phase is consistéhtprior work showing pronounced encoding-
related deficits in SZ and BP probands at behalvard neural levels of analysis (Bearden et al.,
2006; Glahn et al., 2006a; Bachman et al., 2008)eh together, these findings suggest that
disturbances of WMem in affected probands and tiamiraffected relatives may be related to
encoding aspects of WMem function. Further, it @t noting that encoding trials activated the
canonical WMem network, involving prefrontal andiptal regions known to show
neuropathological abnormalities in SZ (Goldman-R&iSelemon, 1997; Cannon et al., 2002;
Cannon et al., 2005) and possibly in BP (Strakowslal., 2005) based on evidence from
neuroimaging and post-mortem studies. In this wag,perhaps unsurprising that the pattern of
endophenotypic overlap between SZ and BP emergéagdencoding phases of WMem

processing.
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That fronto-parietal WMem dysfunction appears tspecific to the encoding phase of
WMem has important implications for cognitive rehigdtion interventions. The present study
findings suggest that intervention efforts focusacenhancing and teaching encoding strategies
may prove to be maximally effective at reducing amments of WMem in SZ and BP patients.
Further, that WMem dysfunction was observed in [#fhand BP suggests that cognitive
interventions may be applicable across disordarsh $hterventions stand to not only ameliorate
cognitive deficits but also improve functional cantees in SZ and BP patients in light of
evidence linking cognitive deficits with substahtrapediments to role functioning in patient
populations (Green, 1996; Green et al., 2000; Gréem, & Heaton, 2004; Green, 2006;
Bearden et al., 2010; Torres et al., 2011), thdsemg the public health burden associated with
these illnesses. There is some evidence suggdékhVMem training increases overall
cognitive abilities and improves functional outcame healthy (Jaeggi et al., 2008) and patient
populations (McGurk et al., 2009; Kern et al., 20B8ck et al., 2010), with effects persisting
over time (Hogarty et al. 2006). The finding thamm dysfunction may at least in part reside
in encoding-related deficiencies could inform tleeelopment and refinement of these
intervention efforts (see Barch & Smith, 2008).

Behavioral Performance

As expected, both proband groups exhibited behahMimpairments of WMem
performance compared with controls, thereby inthggphenotypic overlap in WMem
dysfunction at the behavioral level of analysiswidger, somewhat surprisingly, attenuated
impairments were not observed in non-affected aagwr he current task paradigm was
designed not only to expose behavioral differefsts/een groups but also to maximize the

number of correct trials in order to analyze betwgeoup differences in physiological activation
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during task performance. Previous work from ouotabory using a similar task found
significant performance decrements in probandseasélected memory set size (load of 3) and
marginal differences in non-affected co-twins coregawith controls (Glahn et al., 2003;
Pirkola et al., 2005; Cannon et al., 2005). Oneartgnt change in the task design in this study
was that the delay periods and inter-trial inteswaére slightly longer than previous versions,
possibly diminishing behavioral deficits in co-twgnoups. The jittered delay period was inserted
in order to vary the relationship between encodind retrieval trials in order to assess BOLD
response separately by task phase. While prioeeeel demonstrates proband-control
performance differences at longer delay periode &éark, 2005), it is possible that the
additional time to maintain information in WMem daemed any observed differences between
non-affected co-twin siblings and controls.

Consistent with the current findings, most priorRMstudies have observed DLPFC
hypoactivation in probands relative to controls:(B&gland et al., 1998; Barch et al., 2003;
Cannon et al., 2005; Driesen et al., 2008; Schelerest al., 2008; BP: Monks et al., 2004;
Lagopoulos et al., 2007; Hamilton et al., 2009; fieend et al., 2010), although hyperactivation
has also been reported (SZ: Manoach et al., 198icatt et al., 2000; Manoach et al., 2000;
BP: Adler et al., 2004; Robinson et al., 2010; dagial., 2011). To reconcile these differences,
it has been suggested that activation in the DLRff&les to WMem performance in an inverted-
U shaped curve, with hypoactivation occurring wkiéklem load has exceed capacity (Callicott
et al., 1999; Callicott et al., 2003b; Manoach, 28 arlsgodt et al., 2007; Karlsgodt et al.,
2009). To test this model, we assessed the refdtiprioetween functional activation in the right
DLPFC during encoding trials and behavioral perfance between-subjects. Findings suggest

that the relationship between functional activa@owl performance follow a pattern of
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inheritance in SZ and BP, such that decreasedagictivin probands relative to controls is
associated with lower performance and increaseadagion with higher performance. A similar
pattern was observed previously for liability to &Arlsgodt et al., 2007), with the current
findings suggesting this pattern of inheritance ralsp apply to BP. Moreover, despite
comparable performance between co-twins and cantsanificant alterations in BOLD
response and network connectivity were observed carrect-trials only were analyzed in
whole-brain analysis, thus suggesting that corticsiuptions may be heritable even in the
absence of performance differences.
Study Limitations and Future Directions

This study also has a number of limitations. Fafthough our sample sizes were larger
than those typically included in other psychiaftinctional imaging studies (Adler et al., 2004,
Lagopoulos et al., 2007; Hamilton et al., 2009)narry tests of hypotheses collapsed across
zygosity. It is possible that analyses splittingugrs by zygosity may have been underpowered to
detect subtle differences between MZ and DZ twliugh co-twin groups showed
hypoactivation and hypoconnectivity during WMemktaerformance relative to control subjects,
there were no significant differences between Md BZ co-twins. Thus, we cannot definitely
conclude a pattern of genetic inheritance, althaeghlts clearly indicate that non-affected co-
twins show physiological dysfunction in corticagjiens and networks subserving WMem
function. Larger samples of co-twins discordantSdrand BP are needed in order to parse the
genetic and environmental contributions to theseugitions.

Second, interpretations regarding activation inaeg of the default mode are limited in
that our study did not include explicitly probe aelt mode activity using resting state data. The

default network is thought to mediate task-indegendbrain function, comprising regions more
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active during rest than during a wide range of a@ngntasks (Raichle et al., 2001; Greicus et al.,
2003). Future studies should include rest trialaddition to task-related trials in order to
adequately assess possible anti-correlations battask-related and default-mode activity. As
such, the findings of group differences in defamtide activity during retrieval phases should be
interpreted with caution. Future studies with mggttonditions would allow for the direct
comparison of task-related and default-mode actimanaps.

Third, the task design employed in the currentystlid not parametrically vary WMem
load, thereby precluding direct assessments ofinviind between-group differences on the
relationship between WMem capacity and BOLD ackoratAnalyzing individual loads (within-
subject) would allow for a more thorough assessmokfinctional-behavioral relationships and
comparisons of between- and within-group effects.éxample, some evidence suggests that
WMem impairments in euthymic BP patients are insiregly pronounced across load (Pan et al.,
2011), suggesting that effects may have been stramigh larger memory set sizes. Given that
we only examined a memory set size of three, itmeagossible to assess individual differences
in capacity with the current experimental paradigunture studies should consider task designs
that parametrically vary load in order to assessaiNfiMtapacity at the individual subject level,
probe group differences in the relationship betwagivation and performance more directly,
and further explore the extent of WMem dysfunct@ssociated with liability to illness across
varying loads.

Additionally, our samples of SZ and BP probands &aelatively long duration of iliness
and a long history of medication use. It is unkn@tpresent how medication history impacts
BOLD response and connectivity of neural circuitifhile there were no differences between

non-affected co-twins and control subjects onihfietmedication history in the current samples,
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as expected, SZ and BP probands showed elevaesdafdifetime medication use. It is difficult
to explicitly assess the impact of medication onLBQesponse in the current study given that
medication status is almost perfectly confoundetth wiagnostic group. However, previous
findings of DLPFC hypoactivation in medication-fneatients (Manoach, 2003; Scheuerecker et
al., 2008; Phillips et al., 2008) suggest thatdhserved differences are likely not attributable to
antipsychotics, although less is known about thaaich of mood stabilizers on BOLD response.
The findings of attenuated cortical alteration8m co-twins compared with controls in the
absence of medication differences suggests thdy $tudings are likely unrelated to medication
status. Nonetheless, the question of whether teerebd findings are also present in the early
stages of illness and whether observed functioealadions are related to medication history can
be addressed by conducting similar studies in temeset or unmedicated samples.

Finally, the delay trials of the sStSCAP task ie turrent study were jittered and likely
confounded with encoding and retrieval trials, gagsnfluencing BOLD response during these
task phases. To explore the impact of the delapg@n encoding and retrieval activation maps,
we conducted a subanalysis in control subjects vergdhe delay regressor from the model.
When delay trials were removed from the model cdn@onical WMem network is activated by
both encoding and retrieval trials, including tlght DLPFC, bilateral precentral gyrus, and
bilateral parietal cortex. This is in contrastlte tetrieval map when the delay trials are modeled
separately, which activates medial motor regiortsthr precuneus/posterior cingulate cortex.
The encoding maps were equivalent in both modatslifrgs from this subanalysis indicate
regions associated with encoding and retrieval ghase largely overlapping, with substantial
overlap in the right DLPFC, bilateral precentraftiggnd bilateral parietal cortices. Encoding

trials appeared to show increased activation irotiegpital cortex compared with retrieval trials,
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which is consistent with increased visual stimuégented during this task phase. No regions
showed distinctive activation during retrieval isial his analysis was conducted in control
subjects only in order to evaluate the impact déygléials on encoding and retrieval maps,
thereby preventing between-group comparisons aepteFuture analyses will employ these
models to estimate retrieval-related activity asgess between-group differences, with the
caveat that leaving the delay period unmodeledn¢isdlg integrates maintenance-related
activity with implicit baseline.

It appears that the delay period jitter in the eatitask paradigm may be insufficient to
accurately model retrieval-related activation. Tisatlue to their temporal adjacency to the
retrieval regressors, the delay regressors appeatténd temporally into the probe period,
possibly leaving retrieval estimates with only Iptebe-related activity plus the hemodynamic
undershoot. This may explain the observed pattefrdsfault mode activity during retrieval
phases. As such, interpretations regarding retri@ated activation should be taken with
caution. Given this limitation, and in view of eeitce supporting proband deficits specific to
encoding aspects of WMem function (Glahn et alQ6&) Bearden et al., 2006; Bachman et al.,
2009), primary comparisons in this study focuse@eoding phases of WMem. Future studies
should extend the delay period jitter in order torenaccurately estimate retrieval-related activity.
Conclusion

In this study, we found evidence supporting endaphgoic overlap of physiological
dysfunction as measured by functional activatioth @nnectivity during WMem performance.
As such, functional alterations during encodinggasaof WMem appear to represent a shared
feature of liability to SZ and BP. Specifically, waentified overlapping regions of

hypoactivation and hypoconnectivity within frontafgetal circuitry in probands and non-
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affected co-twins compared with controls, a pattbat appears to be related to a common
pathogenesis shared by SZ and BP. Additionallyphbserved hyperactivation of the default
mode network in both proband groups compared vattirols, suggesting that failure to
effectively modulate this network during retriepdlases of WMem may be related to disease-
related factors shared across disorders. Thesad@mdre consistent with previous evidence
indicating overlapping functional alterations in &#d BP (e.g., Hamilton et al., 2009) and may
inform models of neurobiological mechanisms underipig the apparent biological overlap
between SZ and BP, particularly in regards to eimgpdrocesses. In summary, this study
provides evidence for WMem dysfunction as a kew afeoverlap between SZ and BP both at
the endophenotypic level in terms of cortical @tems within fronto-parietal circuitry and at the
phenotypic level in terms of poor task-related mation of the default network. The elucidation
of endophenotypic markers spanning diagnostic bauesl may inform genetic investigations,

perhaps hastening the search for shared susceptijahes.
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Table 1.Sociodemographic Characteristics by Group

Characteristic SZ Probands SZ Co-Twins BP Probands BP Co-Twins Controls
(N=30) (N=40) (N=35) (N=31) (N=44)
~ Mewm SO Mewm SO Mewm S Mem S Mem &
Age (years) 48.3 115 497 11.2 49.4 104  49.9 1046.5 8.8
Education (years) 13.2 3.0 14.4 3.5 12.9 2.7 13.4.8 2134 3.2
YMRS 1.7 27 07 14 28 38 16 21 18 25
HAM-D 822 60 27 27 4 73 28 46 19 27
SAPS 184 200 08 18 26 59 08 23 06 21
SANS 3668 246 58 112 84 135 28 60 19 39
GRF-Current 47 14 7.6 1.6 6.3 15 7.8 15 7.9 14
N ® N % N % N % N %
Female 10 33.3 17 42.5 21 60.0 19 61.3
Right-Handedness 24 80.0 35 87.5 32 91.4 30 96.8 400.9
Medication Status
Anti-Psychotic 19 63.3 1 2.5 10 28.6 1 3.2
Mood Stabilizer 1 3.3 0 0.0 8 22.9 0 0.0
Anti-Depressant 0 0.0 4 10.0 5 14.3 5 16.1
Other or None 10 33.3 35 87.5 12 34.3 25 80.6 4400.0

Statistic

F=1.35
F=1.00
F=3.01
F=9.60
F=25.02
F=37.37
F=27.06

F=1.04
F=754

df p-Value

4,40
4,33
4,41
4,41
4,41
4,39
4,41

5 F=0.70 441

4,41
3,38

0.27
0.38
0.03
<.01
<.01
<.01
<.01

0.60
0.40
< .01

Note. Statistical tests are based on mixed effacidels including twin pair as a random effect aladjdostic group as a fixed effect.
Means with different superscripts differ signifitigmat ata < .05 by the Bonferroni multiple comparisons (eag> b > c). Medication

status was coded in a hierarchical manner accotdisgverity (anti-psychotics > mood stabilizerari-depressants > other or none).

Abbreviations: YMRS=Young Mania Ratings Scale; HAMHamilton Rating Scale for Depression; SAPS=Stai¢he Assessment
of Positive Symptoms; SANS=Scale for the AssessmENEegative Symptoms; GRF=Global Role Functioning.
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Table 2.9ngle-Trial Spatial Capacity Working Memory Task Performance by Group

SZ Probands SZ Co-Twins BPProbands BP Co-Twins Controls F-Value df

p-Value
(N=30) (N=40) (N=35) (N=31) (N=44)
% Correct 70.6 9.1 76.4 114 701 9.8 74.9 8.1 74.20.4 413 4,859 <0.01

% Omissions  10.1 7.7 6.4 7.9 9.1 7.9 6.7 6.6 72 9 ¢ 217 4,859 0.07

RT-Correct 1208.5 150.0 1154.7 187.8 1197.0 180.3 1149.1 0196143.8 147.8 3.93 4,859 0.01

Note. Means are based on raw scores. Statist&tal dee based on mixed effects repeated measurkdsmacluding twin pair as a

random effect, age and sex as covariates, andaitigmgroup and delay period as fixed effelitsteraction term for sex by group was
included in the model. RT-Correct=Reaction TimeGarrect Trials.
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Table 3.Task-Specific Within-Group Activation Coordinate Locations of Clusters and Local Z-Maxima

Encoding > Retrieval  SZ Probands 34 -58 -18 1509 34807 4.60
50 -38 42 1486 9.54E-07 5.27
-32 -64 -14 1020 5.30E-05 4.42
-50 -34 40 879 1.99E-04 4.56
SZ Co-Twins 34 -54 -18 21707 1.40E-45 6.66
54 10 26 1176 1.32E-05 4.82
BP Probands 32 -70 36 21084 9.81E-45 6.41
-56 2 22 550 5.98E-03 4.39
BP Co-Twins 28 -66 50 15991 5.07E-37 6.43
54 6 24 477 1.38E-02 4.60
Controls 32 -68 26 21589 1.40E-45 6.99
50 8 28 2560 3.75E-10 5.88
4 14 50 1731 1.19E-07 4,90
Retrieval > Encoding  SZ Probands 4 -60 30 2591 B.0a3 5.80
6 58 -4 1864 5.96E-08 4.37
SZ Co-Twins - - - - - -
BP Probands -6 -56 16 820 3.54E-04 4.99
-6 56 -8 814 3.75E-04 4.01
BP Co-Twins 8 56 14 698 1.21E-03 3.69
0 -44 32 406 3.23E-02 3.52
Controls -2 48 -10 948 1.03E-04 5.50
0 -48 30 458 1.73E-02 3.60
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Table 4.Results of Discriminant Function Analysis

R_OI _en?ered in : _qurglation With_ F (df)
discriminant analysis discriminant function
rPAR 0.801 4.34* (4,175)
rDLPFC 0.749 3.78* (4,175)
IPAR 0.299 2.27 (4,175)
IDLPFC 0.169 1.86 (4,175)

Canonical R 0.265

Eigenvalue 0.076

v 18.717* (df = 16)

% variance 79.7

Note. *p < .05. Abbreviations: ROI=region-of-interest; rPAfyht parietal
cortex; rDLPFC=right dorsolateral prefrontal cortéXxAR=left parietal

cortex; IDLPFC=left dorsolateral prefrontal cortex.
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Table 5.Peak Coordinates of Clusters and Local Maxima from Whole-Brain Functional Connectivity Analyses with Four Seed Regions

SZ > Control - - - - - - - - - - - - - - - - - - - -
Control > SZ -54 -16 -142.60E-02 4.24 - - - - - - - - - - - - - - -
SZ Co-Twin > Control - - - - - - - - - - - - - - - - - - - -
Control > SZ Co-Twin -24 -78 36 3.10E-02 3.78 - - - - - 4 -64 48 1.79E-07 4.25 - - - - -
46 -50 36 8.81E-03 4.45
BP > Control - - - - - 58 4 16 4.55E-02 3.92 -14 8-512 9.49E-03 3.52 - - - - -
Control > BP - - - - - - - - - - - - - - - - - - - -
BP Co-Twin > Control - - - - - - - - - - - - - - - - - - - -
Control > BP Co-Twin - - - - - - - - - - -12 -70  409.03E-03 3.92 - - - - -
54 -72 -2 294E-02 3.57
SZ>BP - - - - - - - - - - - - - - - - - - - -
BP > SZ - - - - - - - - - - - - - - - -12 52 -4 BB-08 4.59

SZ Co-Twin > BP Co-Twin - - - - - - - - - - - - - - - - -

BP Co-Twin > SZ Co-Twin - - - - - - - - - - - - - - - - - - - -
Note. Seed regions selected to characterize thkeimgomemory network. Coordinates displayed wergssieally significantat Z> 2.3, p
< .05, cluster-corrected. Abbreviations: rPAR=rightietal cortex; rDLPFC=right dorsolateral pretarcortex; IPAR=left parietal
cortex; IDLPFC=left dorsolateral prefrontal cortex.
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Encoding Maintenance Retrieval

Delay Memory Inter-Trial
stimulus probe Interval

stimulus

Jittered Jittered
(3-653) (3-25.5s)

Figure 1. Single-Trial Spatial Capacity Working Memory Task Paradigm. Participants were
shown three yellow target circles positioned psetatmlomly around a central fixation. After a
jittered delay period, participants were shownngle green probe circle and were asked to

determine if the green probe circle was in the spasition as one of the yellow target circles.
The task was comprised of 26 trials; half were frasitive (correct answer ‘yes’) trials and the

other half were true negative (correct answer ‘mag)s.
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Figure 2. Functional Regions-of-Interest. Derived from the all subjects, all trial typesitrasts
to allow each group to contribute to the definitafrthe region-of-interest (ROI). Thestatistic
map for this contrast was thresholded at> 1.96 (2-tailedp < .05). From this thresholded map,
the peak activation voxels were identified usingdnann’s and anatomical landmarks, and a
6mm sphere was applied. Four ROIs were selectedaracterize the working memory network
(bilateral dorsolateral prefrontal cortex in yellawd bilateral parietal cortex in blue) and two to
characterize the default-mode network (medial prefl cortex and precuneus/posterior

cingulate cortex in red). L=left; R=right; A=anterj P=posterior.
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Figure 3. Working Memory Task Phase Effects. Regions showing significant activation in
encoding relative to retrieval trials are showmad. Regions showing significant activation in
retrieval relative to encoding trials are showiblne. Statistical maps derived across all groups

and thresholded &> 2.3,p > 0.05, cluster corrected.
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Figure 4. Regional Activation of Controls> Bipolar Probands> Schizophrenia Probands

during Encoding Trials. Statistical map derived from a linear contrast displayed aZ > 2.3,

p > 0.05, cluster corrected. Color bar indicafestatistic values. L=left; R=right.
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CONTROL > SZ CO-TWIN > SZ

CONTROL > BP CO-TWIN > BP

Figure 5. Regional activation associated with liability to illness during encoding trials. Panel

A shows Controls > Schizophrenia Co-twins > Schimepia Probands. Panel B shows Controls
> Bipolar Co-twins > Bipolar Probands. Statisticeps derived from linear contrasts and
thresholded aZ > 2.3,p > 0.05, cluster corrected. Color bar indicafetatistic values. L=left;

R=right.
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Figure 6. Relationship between Behavioral Performance and Activation in the Right

Dorsolateral Prefrontal Cortex during Encoding Trials. Regression analysis predicti

percent signal change ihd rDLPFC (BA 9, MNI Coordinates: [42, 34, 248uringsuccessful

encoding trials with behastal rerformance. Group differences were examined usie

interaction between the slopes of the relationshiperformance and BOLD sign
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Right DLPFC Connectivity

CONTROL > CONTROL >
LEFT BP CO-TWIN SZ CO-TWIN

Left DLPFC Connectivity

Figure 7. Reduced Fronto-Parietal Connectivity among Non-Affected Co-Twins Relativeto
Control Subjects. Overlayed functional connectivity maps for Cofgr Schizophrenia Co-
Twins (shown in blue) and Controls > Bipolar Co-h&ishown in red). Top row shows
functional connectivity with the right dorsolatepakfrontal cortex (DLPFC). Bottom row shows
functional connectivity with the left DLPFC. Stdical maps are thresholdedzat 1.96,p-

corrected < .05 for visualization.
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Dice Similarity
Measure = 0.40

CONTROL CONTROL
> BP >S5Z
LIABILITY LIABILITY

Figure 8. Overlapping Encoding-Based Deviations from Control Subjects among
Individuals Carrying Liability for Schizophrenia and Bipolar Disorder. Overlayed encoding
maps for Controls > Schizophrenia Liability (shoinrblue) and Controls > Bipolar Liability

(shown in red). Statistical maps are thresholdeti>a2.3,p > 0.05, cluster corrected.
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