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Abstract

INFLUENCE OF A SEROTONIN TRANSPORTER PROMOTER POLYMORPHISM
ON CORTICOLIMBIC ABNORMALITIES IN BIPOLAR DISORDER

Maulik P. Shah, and Hilary P. Blumberg. Department of Psychiatry, Yale University
School of Medicine, New Haven, CT.

Bipolar disorder (BD) is associated with abnormalities of the subgenual anterior cingulate
cortex (SJACC) and the amygdala, components of a corticolimbic neural system that subserves
emotional regulation. The short s allele—as opposed to the long I allele—of a serotonin
transporter promoter (5-HTTLPR) polymorphism is associated with more severe course features
of BD and impaired functional connectivity between the sgACC and amygdala in healthy control
(HC) individuals. This study tests the hypothesis that the s allele influences the dysfunction in
the sgACC-amygdala neural system in BD. Twenty-six euthymic BD participants (17 s carriers,
9 1) and 43 HC participants (31 s, 12 Il) completed an event-related functional magnetic
resonance imaging scan while processing fearful, happy, or neutral faces. During fear and happy
face processing, sgACC activation was significantly lower (p < 0.05) in the BD versus the HC
group, and in HC and BD s carriers compared to HC and BD Il individuals respectively. In the
SgACC region where BD activation was less than HC, response to emotional faces was lowest in
the BD s group, suggesting that the s allele may contribute to more severe sgACC dysfunction in
a subset of individuals that represent a distinct genetically-derived subtype within the
heterogeneous BD clinical phenotype. Thus, sgACC dysfunction may be an endophenotype of
BD, and the s allele appears to influence this dysfunction in a subset of BD individuals. Future
treatment may be optimized for this subset, by targeting treatments to affect this system, and by

further study of treatment response amongst those who carry the s allele.
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Introduction

|. Bipolar Disorder

The lifetime prevalence of bipolar disorder is estimated to be around 1.4%, with a
mean and median onset of 18 years of age (1). There is an exceptionally high rate (10 —
15%) of completed suicide amongst this population (1), a rate that is the highest among
individuals with any psychiatric illness. In addition, bipolar disorder is the sixth leading
cause of disability worldwide (2), with an estimated economic burden of greater than $20
billion in the United States per year, in terms of both the direct costs of treatment and
indirect costs of lost wages and productivity (3). Clearly, there is a large societal burden
associated with bipolar disorder, a reflection of its profound effect on not only the
individual but also his or her family and surrounding community.

The hallmark of bipolar disorder is severe emotional dysregulation, and the
disorder is defined, in the Diagnostic and Statistical Manual of Mental Disorders (4), by a
clinical course of at least one manic, hypomanic, or mixed episode, often with
intermittent major depressive episodes. Mania, seen in bipolar disorder type I, is
characterized by at least one week (or any time course if hospitalization is required) of
extreme mood elevation, exhibited as euphoria or irritability, and symptoms including
grandiosity, decreased need for sleep, pressured speech, racing thoughts, distractibility,
psychomotor agitation, impulsivity, increased goal-directed activity, and excessive
involvement in pleasurable activities. Hypomania, seen in bipolar disorder type Il, has
similar symptoms, but of lesser duration and/or severity relative to mania. A mixed
episode is one in which the individual experiences both manic and depressive symptoms

every day for at least one week. To meet diagnostic criteria, episodes cannot be the direct



result of a general medical condition or exposure to substances of abuse or medications
(4). Within the spectrum of the disorder, there are also subsets associated with distinct
clinical features; these include individuals with pediatric-onset bipolar disorder, those
who experience psychotic symptoms as part of the disorder, and those with rapid-
cycling—having four or more distinct mood episodes in one year (4).

Unfortunately, despite potentially devastating consequences, there is usually a
delay in diagnosing and treating individuals with bipolar disorder (5-6) and often
treatment and medication strategies are changed due to side effects, ineffectiveness, and
compliance difficulties. Thus, there is a vital and increasing interest in studying the
pathophysiology of bipolar disorder with the hopes that research may better elucidate the
molecular and cellular mechanisms that underlie the disorder, and therefore guide future
treatment and management modalities. The goal of this work is to better understand how
genetic variation may influence the development of neurobiological abnormalities in
bipolar disorder and may contribute to and underlie the clinical variation within the
spectrum of the illness.

11. Neuroimaging in Bipolar Disorder

Recent advances in the sophistication and availability of neuroimaging
technology has dramatically improved the manner in which researchers study the
structure and function of the human brain. Psychiatry in particular has benefited from the
advent of these tools, as they have permitted non-invasive examination of neurobiological
abnormalities amongst individuals with psychiatric illness (and comparison with healthy
volunteers), thus increasing understanding and acceptance of the idea that neural circuitry

dysfunction underlies the development of these illnesses (7).



Prior to current methodologies, studies of neural function were limited to ablation
and electrical stimulation strategies in animal models, or evaluation of patients with
discrete neurological deficits and attempts to correlate these with structural changes;
innovations in technology, including functional magnetic resonance imaging (fMRI) as
well as electroencephalography, magnetic resonance spectroscopy (which allows relative
quantification of neuronal biochemicals), cerebral perfusion imaging, and nuclear
medicine imaging modalities, dramatically changed the field by offering a window into
the dynamic functioning of neural circuits. In particular, fMRI provides spatial and
temporal resolution of brain structure and function, and, as a non-invasive instrument that
does not involve administration of any dyes or radioactive tracers, allows for repeated
longitudinal scanning without long-term risks to the participant (8).

Functional Magnetic Resonance Imaging

The current work employs fMRI to examine neural function in individuals with
bipolar disorder and healthy comparison participants. FMRI is able to reveal changes in
regional brain activity by highlighting differences in blood oxygenation with a temporal
resolution on the order of seconds. During response to an fMRI task, neurons, and in turn
local neural networks, expend energy in order to fire action potentials and signal other
cells via neurotransmission across synapses. Thus, an increase in neural activity—in a
region that is particularly relevant to the task—over time creates a local energy demand,
and this is met by recruiting additional oxygen and glucose in the form of increased blood
flow (9). This is known as the hemodynamic response. This relationship was first noted
visually after scientists noted a “flush of red blood’ following exogenous electrical

stimulation of an exposed area of a cat’s brain in the late 19" century (10). The differing



magnetic signal properties between oxygenated and deoxygenated blood enable fMRI to
non-invasively highlight changes in blood flow. This produces the blood oxygen level
dependent (BOLD) contrast, and serves as a surrogate measure of neural activation (8).

BOLD contrast maps are derived from subtracting the response to a ‘baseline’
component of a task (e.g. presentation of a fixation cross-hair) from the experimental
condition (e.g. presentation of an emotionally-salient stimulus), such that the resulting
difference in activation can be attributed to the specific component of interest (i.e.
processing of the emotional stimulus). An ‘event-related’ design is often used to present
the stimuli to the participant in the scanner, with the condition(s) of interest presented
repeatedly and as isolated events between varying periods of the baseline condition. This
protocol decreases the likelihood of habituation from responding to a stimulus that
appears at set-intervals, and allows modeling of the hemodynamic BOLD response over
several data points (8).

In sum, fMRI is an important instrument in determining the neurobiological
abnormalities associated with psychiatric illness, and, by keeping the above principles in
mind, tasks can be designed to reliably identify areas in which the BOLD response varies
in association with the stimulus of interest. Below, we review the insights fMRI and
other imaging tools have revealed about neural processing in bipolar disorder, with
particular focus on two key structures that are involved in the processing of emotions: the
anterior cingulate cortex (ACC) and the amygdala.

Anterior Cingulate Cortex
The cingulate cortex is a structure that is located in the midline of the brain,

superior to and surrounding the corpus callosum and extending anteriorly and wrapping



around the genu of the corpus callosum. It has long been considered part of the classic
limbic system (11) and the historic Papez circuit (12) that anatomically defined the brain
structures—and the relationships between the structures—in a neural circuit involved in
emotion regulation. Ablative lesions of the cingulate lead to a variety of symptoms
including emotional instability, dramatic mood and personality changes, and
distractibility (13-14). Similarly, phenomenological descriptions of patients with known
cingulate cortex epileptic seizure foci include alterations in mood state ictally and
impulsive behaviors interictally (15).

Based on structural cytoarchitectural and functional distinctions, the cingulate
cortex has been divided into the anterior cingulate cortex (ACC) that is involved with
‘executive’ functions and a posterior part that is ‘evaluative.” The ACC consists of
Brodmann areas 24, 25, 32, and 33 (16). The ACC has been further divided into a
supragenual cognitive division that is situated superior to the anterior genu of the corpus
callosum and is involved in allocating attention, executive functioning, and monitoring
task completion; and the subgenual ACC (sgACC), an affective division that abuts the
genu and extends ventrally and is involved in “assessing the salience of emotional and
motivational information and the regulation of emotional responses” (17). The affective
division is connected to several subcortical structures, including the amygdala, and an
important function of the sgACC is the regulation of these subcortical structures.

These divisions of the ACC can also be distinguished by fMRI: within a sample
of healthy volunteers, a cognitive version of a scanner task elicited activation in only the
cognitive portion of the ACC (18) while an emotionally-valenced version of the same

task led to increased activation in the affective division alone (19). In addition, tasks



designed to simulate emotional conflict, via presentation of emotionally-incongruent
stimuli, have demonstrated the role of the sgJACC in recognizing and then suppressing
amygdala hyperactivation during emotional conflict (20). Thus, researchers have come to
appreciate the central role of the sgACC in emotional regulation and processing, and have
also designed fMRI probes that effectively interrogate this structure.

Given the profound emotional dysregulation that defines bipolar disorder, it
follows that sgACC dysfunction has been associated with the illness. Multiple structural
imaging studies of adults with bipolar disorder have demonstrated overall gray matter
ACC volume reductions in comparison to healthy volunteers (21-22) and specifically
within the sgACC (23). Interestingly, volumetric studies of the ACC in pediatric bipolar
samples have yielded inconsistent results, with some groups reporting decreases (24-26)
and others no difference (27-28), suggesting that structural changes in the ACC develop
as a consequence of aberrant neurodevelopment during adolescence (29) or earlier (30).

FMRI and metabolic studies of individuals with bipolar disorder have been
consistent with these structural studies, and have afforded the ability to assess differences
across mood state. Decreased activation in the dorsal ACC during a cognitively-
demanding fMRI task (31) and the sgACC in response to faces exhibiting emotional
expressions (32) have been described in individuals with bipolar disorder. Blood flow
and metabolism in the sgACC also appears to be abnormal in the depressive state (23).

In addition, proton magnetic resonance spectroscopy of the ACC in participants with
bipolar disorder revealed abnormal levels of choline-containing compounds thought be
involved in neuronal signaling mechanisms, the levels of which correlated with

depression severity at the time of scan (33); and myo-inositol—a compound that is part of



a biochemical pathway that may be targeted by lithium treatment— abnormalities in
juveniles with pediatric-onset bipolar disorder (34).

In sum, sgACC abnormalities have been consistently reported in bipolar disorder
across several neuroimaging modalities, and given its role in emotional processing, is
likely associated with the profound mood dysregulation that defines the disorder.
Amygdala

The amygdala is a subcortical and evolutionarily important structure with
significant reciprocal connections to the sgACC that is essential in processing emotional
stimuli. The almond-shaped structure is located bilaterally in the anteromedial temporal
lobe, anterior to the hippocampus (35). Amygdala pathology has been described in
patients with elevated mood, grandiosity, distractibility, and psychosis as part of an
epileptic syndrome (36-37). Similarly, animal models have revealed the importance of
the amygdala in emotional memory and learning (38) and ablative lesions of the
amygdala are associated with impulsivity, fearlessness, aggression, excessive
involvement in pleasurable activities, and an inability to recognize familiar objects (39).

The role of the amygdala in emotional processing can be successfully interrogated
by fMRI tasks; specifically, the amygdala is activated when presented with either positive
or negative emotionally-valenced stimuli (40), with greatest activation seen in response to
negative stimuli such as fearful or angry faces (40). Highlighting its role in social
cognition, there is greater activation to pictures of human faces depicting negative
emotions relative to non-face negatively-valenced images (41). The amygdala is also
hyperactivated by subliminal presentation of negatively valenced stimuli (42), perhaps

indicative of its evolutionarily important task of initiating rapid response to a possible



threat. Of note, patients with bilateral amygdala lesions lose the capacity to recognize the
emotional valence of faces (43) and the amygdala also displays adaptive capacity: it
exhibits response habituation and decreased responsivity when stimuli are presented
repeatedly (44) without the development of an actual threat.

Given that there is evidence of impaired processing of emotional faces (45) and
affective cues in bipolar disorder, especially during mania (46), it is not surprising that
imaging research has found consistent evidence of amygdala abnormalities amongst this
psychiatric population.

Structural imaging has shown reduced amygdala volumes in adolescents with bipolar
disorder (26, 47-49), and this abnormality appears to remain stable throughout this
neurodevelopmental epoch (50), until adulthood. Studies of amygdala size in adults with
bipolar disorder have yielded highly variable results including decreased (47, 51),
increased (52-54), and no difference (55) in comparison to matched healthy adults. The
reason for this variability is unclear but may suggest that amygdalar reductions are
specific to pediatric populations or subsets of the broader bipolar spectrum, and/or that
the accumulation of neurotoxic exposures and medication effects may lead to changes in
amygdala structure over time. Alternatively, the variability may reflect the heterogeneity
of the adult population and MRI methodologies in general (56). Of note, this is the
opposite of the ACC findings, where there was greater consistency in the adult
populations compared to the pediatric populations, suggesting differential effects of
neurodevelopment on these structures.

Functional imaging differs from structural results in that amygdala dysfunction

has been described across bipolar populations and subsets. Specifically, adolescents (57-



58) and adults with bipolar disorder exhibited a heightened amygdala response to
positively- and negatively-valenced emotional faces, and this was seen in manic, mixed,
depressed, and euthymic participants (32, 59-62). Metabolic function and cerebral blood
flow is also consistently elevated in the amygdala of individuals with bipolar disorder
(63-64). In addition, medication appears to blunt and ‘normalize’ this hyperactivation in
individuals with bipolar disorder (32). Lastly, preliminary results also reveal functional
connectivity deficits between the amygdala and the ACC specifically, suggesting that
communication between the two structures may be impaired in bipolar disorder (65).

In sum, there is a wealth of evidence suggesting that amygdala abnormalities are
consistent across groups of individuals with bipolar disorder and neuroimaging
modalities, and that this is likely associated with specific deficits in emotional processing,
particularly the processing of facial expressions. The amygdala and sgACC form a
connected circuit that appears to be functionally and structurally abnormal in the
disorder. In addition, the findings of sgJACC structural changes consistently seen in
adults and not in pediatric samples, suggest that bipolar disorder is a neurodevelopmental
disorder (56), whereas consistent amygdala volume changes and dysfunction in pediatric
populations suggests that subcortical dysfunction may predate cortical abnormalities (66).
These studies also highlight the potential role of functional assessment tools in the
detection of early markers of bipolar disorder.

Other Cortico-Limbic Regions
Neurobiological dysfunction in bipolar disorder is not limited to the amygdala and

ACC.
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Functional and metabolic imaging has implicated abnormalities in subcortical structures
such as the ventral striatum and thalamus (61, 67) as well as higher-order cortical
structures such as the ventral prefrontal cortex (68-69). Thus, it is clear that aberrancy is
present in several nodes of a network involved in emotion processing, of which the
amygdala and ACC circuit appears to be particularly salient and the most relevant to
bipolar disorder, and is the focus of this work.

111. Genetics and Bipolar Disorder

While neuroimaging has afforded ‘visualization’ of neural activity in individuals
with bipolar disorder, the integration of genetics with neuroimaging has allowed insight
into the molecular and cellular pathways that underlie these neural circuitry
abnormalities. Bipolar disorder is highly heritable with estimates of heritability of 80%
(70). There is an increased risk of development of disease in the relatives of affected
probands (71), and greater concordance in monozygotic versus dizygotic twin pairs (70,
72). While several genetic loci have been linked to bipolar disorder, many results have
failed replication attempts, and there has not been as much success as there has been in
schizophrenia (73). A potential reason for this is that the variability within the spectrum
of bipolar disorder (i.e. bipolar I vs. I, pediatric vs. adult-onset, cycling differences,
presence of psychosis) suggests overlapping but possibly differentiable entities, and that
different sets of genes may predispose to a particular phenotype within the spectrum (74).

To deal with this issue of phenotypic heterogeneity amidst a polygenic
background, there has been a paradigm shift in the field, with a new focus on identifying
and investigating endophenotypes within bipolar disorder. Endophenotypes are

considered intermediate, internal phenotypes that are associated with the illness,
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heritable, increased in frequency amongst relatives of probands, and state-independent.
The genes that influence the heritability of these endophenotypes are assumed to be fewer
in number than for the overall illness itself, and the endophenotype is meant to serve as a
mechanistic bridge between the biochemical and cellular consequence of genes and the
features of the clinical phenotype. Endophenotypes that have been evaluated in
psychiatric illness including bipolar disorder include behavior traits, response to
psychotropic medications and neurotransmitter depletion, and neurobiological
abnormalities (75).

Initial studies associating a functional polymorphism within the promoter region
of a serotonin transporter gene (SLC6A4) with anxiety-related personality traits (76-77)
was of immediate interest to research in psychiatry as a potential substrate for an
endophenotype model. The transporter protein regulates reuptake and transmission of
serotonin in the synapse (78). The polymorphism (5-HTTLPR) consists of two common
alleles that differ in length by 44 base pairs, with the dominant shorter s allele having
decreased in vitro transcriptional activity compared to longer | allele, and this difference
was seen in those with one or two copies of the s allele, suggesting that the s allele acts
dominantly (76-77). The lack of a consistent in vivo demonstration of differential
serotonin transporter binding and concentration in adults as a function of variation at the
locus, however, suggests that the polymorphism may exert its effects on
neurodevelopment early in life rather than directly altering binding (79). In addition, the
phenotypic expression of the gene may also be related to specific environmental
exposures, as carrying one or two copies s allele has been associated with increased

incidence of depression and suicidality in relation to life stress (80-81).
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The findings of decreased levels of serotonin metabolites and impaired turnover
in individuals with bipolar disorder (82), plus the fact that the serotonin system is the
target of many pharmacological therapeutics in bipolar disorder, suggests that influence
and variation of the 5-HTTLPR polymorphism may explain some of the variation in the
phenotypic expression of the disorder. Although genetic linkage studies have not
definitively related this 5-HTTLPR polymorphism with bipolar disorder (83) nor found a
susceptibility locus near the serotonin transporter gene (84), there is some evidence for an
association of the s allele with younger age of bipolar onset (85), and differences in
mood-state cycling (86), suggesting that it may be related to specific genetic subsets
within the disorder spectrum.

In sum, while no specific genes have been definitively linked to bipolar disorder
despite its high heritability, there is a growing interest for endophenotypes within the
spectrum that may be more readily associated to a subset of genes, of which the 5-
HTTLPR is a strong candidate.

1V. Imaging Genomics: Focus on the 5-HTTLPR Polymorphism

Given the associations of the 5-HTTLPR polymorphism with specific
psychological traits and risk for development of psychiatric symptoms, the concept of
imaging genomics was developed to attempt to bridge the mechanistic gap between genes
and behavior by revealing the effect of genetic variation on neurobiological functioning.
Building on the concept of endophenotypes, imaging genomics posits that
neurobiological function is a more proximal consequence of genetic variation than
behavior, and provides a quantifiable effect of this variation. Similarly, dysfunction in

neural circuits may then be linked to behavior and clinical differences in participants. In
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addition, while gene-behavior associations often require evaluation of thousands of
subjects, the proximity of neurobiological function to gene effects implies that fewer
subjects are required to achieve statistical power (87-88).

Using functional imaging to evaluate neural function, a seminal work by Hariri
and colleagues found that healthy volunteers carrying the s allele had greater activation in
the amygdala in response to fearful faces in comparison to Il homozygous individuals,
suggesting that the s allele may mediate amygdala hyperreactivity which in turn
contributes to the anxiety-related traits that have been linked to the locus (89). This
intriguing result has been replicated in other healthy volunteer samples (90-92) and has
been reported amongst participants with depression (93), social phobia (94), and as a
trend in panic disorder (95)—individuals for whom amygdala hyperreactivity may indeed
contribute to the development of psychopathology. Further, it follows that amygdala
hyperreactivity is a plausible endophenotype—perhaps not specific to a single psychiatric
illness, but associated with specific genes and clinical symptoms.

Of particular relevance to the current work, the s allele has also been associated
with reductions in the gray matter volume of both the amygdala and the ACC in healthy
volunteers (96). In addition, the s allele was associated with impaired structural and
functional connectivity between the amygdala and the sgACC. There is evidence of
coupling between the amygdala and the sgACC, suggesting a circuit whereby amygdala
activation is transmitted to the sgACC, whose reciprocal connections in turn respond and
suppress the amygdala (96). Given that the ACC contains the richest concentration of
serotoninergic neurons of any cortical structure (97), it is not surprising that this structure

is particularly influenced by variation in the serotonin transporter gene.
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In sum, the field of imaging genomics has allowed identification of neural
circuitry dysfunction as the results of variation at specific gene loci. In particular, the 5-
HTTLPR polymorphism appears to influence the structure, function, and inter-structure
connectivity of the ACC and the amygdala, and may be associated with distinct genetic

subsets within the overall bipolar disorder phenotype.
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Statement of Purpose and Hypothesis

Previous studies implicate aberrancy in both the (sgACC) and the amygdala in
bipolar disorder, structures that share reciprocal connections and are prominently
involved in affective processing. Furthermore, there is convergent evidence that the s
allele of the 5-HTTLPR polymorphism is associated with abnormalities in these same
regions. Thus, the aim of this project is to investigate whether variation in the 5-
HTTLPR polymorphism influences dysfunction in the sgJACC and the amygdala in
bipolar disorder.

To achieve this end, healthy control participants (HC) and individuals with
bipolar disorder (BD) were recruited to participate in fMRI scanning during processing of
emotionally salient stimuli, namely a series of emotional faces exhibiting fearful, happy,
and neutral expressions. Genotyping for the 5-HTTLPR polymorphism of the SLC6A4
gene allowed for comparison of BOLD fMRI signal within the sACC and amygdala
between diagnostic and genotypic groups.

It was specifically hypothesized that in the sgJACC, response to fearful faces in
particular would be 1) decreased in BD participants compared to HC individuals, and 2)
decreased amongst s allele carriers compared to Il homozygotes within each diagnostic
group, such that 3) within the area of decreased BD activation, the BD s carriers would
have the greatest magnitude of dysfunction. Similar differences were predicted in
response to happy faces, but of lesser magnitude, and no difference is predicted for
neutral faces.

In addition, it is hypothesized that activation in response to fearful faces in the

amygdala will be increased in 1) BD participants relative to the HC group and 2) in both
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BD and HC carrying the s allele compared to Il homozygous individuals, such that 3) BD
s carriers will exhibit the greatest magnitude of amygdala response. Similar relationships
were expected for happy faces but of lesser magnitude; no difference was predicted for
neutral faces.

Secondary analyses explored the potential influence of demographic (age and
gender) and clinical factors on dysfunction in these regions. Clinical factors included
presence of rapid cycling, history of psychosis, age of bipolar disorder diagnosis (all of
which have been associated with 5-HTTLPR), as well as history of alcohol or substance

abuse/dependence, and medication status and medication subclass.
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Methods
Participants

The HC group included 43 participants, 60% of whom were female, with mean
age and standard deviation of 28.8 £ 10.8 years (range 19 — 54), while the BD group
included 26 participants, 65% female, age of 31.7 + 13.2 yrs (range 18 — 60). Fifty-six
percent of the HC group were Caucasian, 23% were African American, 9% were Asian
American, and 12% were of other ethnicity, while 69% of the BD group were Caucasian,
26% were African American, and one individual (6%) was of other ethnicity, but not
Asian American (see Table 1 for further details). Participants were recruited from the
Yale School of Medicine Medical Center in New Haven, CT, the Veteran Affairs
Connecticut Healthcare System in West Haven, CT, and their surrounding communities.
Common exclusion criteria for both groups included: any history of neurological disease,
loss of consciousness for greater than or equal to five minutes, any medical condition that
may potentially affect neurovascular function including hypertension, or current alcohol
or substance abuse or dependence. Presence or absence of psychiatric illness was
assessed by trained evaluators using the Structured Clinical Interview for DSM-IV Axis |
Disorders (SCID) Version 2.0 (98). Exclusion criteria for the HC group included any
personal history of DSM-1V Axis | diagnosis or known first-degree family member
history of such illnesses. Written informed consent was obtained prior to participation in
accordance and with approval of the human investigation committees of the Yale School
of Medicine and the Veteran Affairs Connecticut Healthcare System.

BD diagnosis was confirmed via the SCID, which also allowed collection of

relevant clinical history. Only euthymic BD participants were included to remove the
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potential confound of state-related effects; mood state at the time of scanning was
assessed via the SCID as well. Forty-six percent (12 of 26) of the BD participants met
criteria for rapid-cycling and 27% (7) had a history of psychosis, but none were psychotic
at time of scan. Twelve percent (3) were off medications at time of scan, all for greater
than one year prior to scan, with the remaining participants taking psychotropic
medications at time of scan, including lithium (27%, 7 of 26), anticonvulsants (62%, 16),
atypical antipsychotics (38%, 10), antidepressants (38%, 10) and benzodiazepines (12%,
3). There were seven (27%) BD participants with a history of alcohol abuse or
dependence and eight (31%) with history of substance abuse or dependence; in all
instances, individuals had been in remission for greater than six months at time of scan.
The average age at diagnosis for the BD group was 23.2 £ 9.7 yrs.
Genotyping

Ten milliliter blood samples were drawn from participants to allow genotyping at
the SLC6A4 locus. PCR amplification was completed using an MJR tetrad cycler.
Amplification was done using PCR primers previously designed by Gelernter and
colleagues (78) based on reported sequences of the two polymorphisms (76): specifically,
a 419 base pair product corresponding to | allele and a 375 base pair product
corresponding to the s allele. PCR was done with KlenTaq polymerase with standard
buffer PC2 and the addition of 5% glycerol. Cycling temperatures for 30 cycles and 30
seconds at each point were 98/66/72°C. Since the s allele has been found to be dominant
in transcriptional activity versus the Il genotype (76), genotyping led to the creation of
two genotype comparison groups, Il individuals and s carriers (Is or ss).

MRI Data Acquisition and Emotional Face Paradigm
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Participants were scanned using a 3-Tesla Siemens Trio MR scanner (Siemens,
Erlangen, Germany) at the Yale Magnetic Resonance Research Center in New Haven,
CT. FMRI data were acquired with a single-shot echo planar imaging (EPI) sequence in
alignment with the anterior commissure-posterior commissure (AC-PC) plane to create
32 three-mm thick slices without gap with the following parameters: TR = 2000 ms, TE =
25 ms, matrix = 64 x 64, FOV = 240 x 240 mm?, and flip angle = 80°.

During the functional runs, an event-related emotional face task was completed by
each participant. Faces from the Ekman series (99) depicting expressions of fear,
happiness, or neutrality were shown to the participants via the PsyScope software
package (100) on a computer attached to a projector. Participants were asked to make a
male-female discrimination via a two-response button box that they were oriented to prior
to scanning. This task was chosen to induce implicit rather than explicit processing of the
emotional face as the former has been found to activate the emotional processing neural
circuit more readily (42). Each face was presented for two seconds and separated by
four, eight, or twelve second intervals during which time a cross-hair fixation point was
displayed. Face stimuli included images of ten actors (five of each gender), with each
individual exhibiting all three of the expressions for a total of 30 faces per run. Ordering
of face stimuli was varied systematically to control for sequential dependencies and
counterbalanced for facial expression, sex, the identity of the face, and the length of the
interval between stimuli. Each run lasted 4 minutes and 50 seconds and data was
compiled and averaged over four runs.

fMRI Data Processing
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Raw data pre-processing was completed using Statistical Parametric Mapping
(SPM99) software (101). Two images at the beginning of each fMRI run were discarded
to account for the approach of the hemodynamic response to steady-state. The functional
scans were realigned to the first volume to correct for inter-scan movements. After
motion correction, the functional data were spatially normalized to a standard EPI
template from the Montreal Neurological Institute (MNI). FMRI data was resampled to 4
mm?® voxels during normalization. Lastly, they were spatially smoothed with a 12 mm
FWHM Gaussian kernel.

SPM99 was also used for the model specification and estimation. At the
individual subject level, event-related response amplitudes were estimated using the
general linear model for each of the three event types: fearful, happy, and neutral
expression. This created statistical images of the BOLD contrast response of each face
type versus the baseline fixation cross-hair control for each individual subject.
Anatomical Structures of Interest Definition

Anatomy-based masks were created to limit voxel-by-voxel comparison to the
hypothesized structures of interest. Bilateral amygdala regions were defined by the WFU
toolbox (102), each 1920 mm? in volume (30 voxels). Similarly, the sgACC region was
defined by dividing the WFU-defined anterior cingulate cortex region at the axial plane
of z = 0, creating a ventral region that was 5560 mm? (87 voxels) in volume with center
at MNI coordinates of x =0 mm, y =38 mm, z = -4 mm. This division approximates the
SgACC, the region of the ACC most associated with emotional regulation (17) and with
strong reciprocal connections with the amygdala whose disruption is associated with the s

allele (96). See Figure 1 for visualization of these regions.
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SPM Group Level Analysis

Individual BOLD contrast maps of response to fear faces were computed in
SPM99 for each subject to use in comparisons between diagnostic groups (HC versus
BD). Groups were compared with t-tests at each voxel within the sgACC and amygdala
with significance considered at a p-value < 0.05 and a cluster extent threshold of five
voxels. This combined application of a statistical threshold and cluster size filter has
been shown to reduce the identification of false-positive activation clusters (103). Using
the MarsBar toolbox for SPM (104), clusters of significance were used to create binary
images of regions with differential activity due to the effect of diagnosis. Next,
comparisons were done in an identical manner comparing genotype within a diagnostic
category, namely HC Il vs HC s carriers, and BD Il vs BD s carriers. Significant clusters
were similarly used to create binary images of regions with differential activity due the
effect of genotype. These between-diagnosis and between-genotype clusters were then
compared visually in SPM99 to assess degree of overlap, and their binary images
combined by a function in MarsBar producing an output image containing only the
voxels common to the input images. These same analyses were then completed for
happy and neutral face contrasts. Thus, these analyses allowed assessment of response to
a positive stimulus (happy faces), a negative stimulus (fear faces), and a non-emotional
face stimulus.

Mean BOLD signal change values for each subject were then extracted from these
clusters of differential activity to allow for analysis of the effects of demographic factors
including age and gender on the above comparisons. Exploratory analyses were

performed on these single subject values as well to assess for potential effects of clinical
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variables among BD participants, including presence of rapid cycling, medication
subclass (lithium, anticonvulsants, atypical antipsychotics, and antidepressants), history
of psychosis, history of substance or alcohol abuse/dependence, and age at time of
bipolar diagnosis.

Description of Student’s Role in Project

I helped in the interview for assessment of diagnosis and symptoms of
participants under the supervision of faculty and fellows in the Mood Disorders Research
Program Laboratory at Yale, and helped to organize the clinical and demographic data
that was gathered during these interviews. | was involved in the development and
programming of the emotional face task and its timing parameters, and was involved in
supervising and attending the scans of participants in the study. In addition, I supervised
and assisted in the acquisition of images from the fMRI scanner, and in the completion
and review of all imaging data preprocessing and contrast map formation, and then
completed the group level analysis using the software tools described above. | consulted
with statisticians to help organize and complete the post-hoc analyses of the individual
subject mean signal values, and was able to build off of my years of fMRI experience to
interpret the results of these analyses and evaluate their potential clinical implications.
Also, while I helped in coordinating the transport of blood samples and organizing the
genetic data in relation to this study, all genotyping was done in the laboratory of Dr. Joel
Gelernter as described above, under the supervision of Dr. Gelernter and Ms. Ann Marie

Lacobelle, MS.
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Results
Participants

The HC and BD groups did not differ significantly in age (T =0.99, p=0.33) or
gender distribution (Z = 0.40, p = 0.69). Genotyping at the SLC6A4 locus led to the
formation of four diagnosis-genotype groups: 12 HC Il participants, 31 HC s carriers (26
Isand 55ss), 9 BD Il, and 17 BD s carriers (15 Is and 2 ss). The frequency of the | allele
in this sample was 60.1%, and the frequency of the s allele was 39.9%. Clinical
characteristics for these groups are summarized in Table 1. There was no difference in
age between HC and BD, and no statistically significant difference in age between HC Il
and HC s carriers, as well as BD Il and BD s carriers. There was not a statistically
different distribution of Caucasians and African Americans between HC and BD groups
(p = 0.91); there were too few non-Caucasian, non-African American participants in the
study for statistically meaningful analysis of distribution of all ethnicities. There was a
trend for a difference in the percentage of participants with substance abuse history, with
BD Il having a greater percentage than BD s carriers (p = 0.051).

In the scanner, the groups did not have significantly different physical head
motion in terms of translational (with HC Il having 0.61 £ 0.29 mm, HC s car having 0.56
+ 0.27 mm, BD Il having 0.69 + 0.28 mm, and BD s car having 0.68 + 0.27; F = 0.88, p =
0.45; values given as mean * standard deviation) and rotational movement (with HC Il
having 0.49 £ 0.36 degrees, HC s car having 0.46 + 0.27 degrees, BD Il having 0.53 +
0.22 degrees, and BD s car having 0.57 + 0.50 degrees; F = 0.35, p = 0.79). Of note, the
magnitude of movement overall was well below standards in the literature (105).

Fear Faces

The BD group had significantly decreased BOLD activation compared to the HC group
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Table 1. Clinical Features of the Bipolar Disorder and Healthy Control Groups

HCII HC s car BD Il BD s car Test for
n=12 n=31 n=9 n=17 Significance
Gender

Female 6 (50) 20 (65) 5 (55) 12 (71) p =0.69

Male 6 (50) 11 (35) 4 (45) 5(29)

Age, inyrs 245+64 304+117 381+16.1 28.2%10.3 HC, p=0.11
Ethnicity

Caucasian 5(42) 19 (61) 5 (55) 13 (76)

African American 5(42) 5 (16) 4 (45) 3(18)

Asian American 1(8) 3 (10) 0 0

Other 1(8) 4 (13) 0 1(6)

Presence of Rapid _
Cycling - - 3(33) 9 (53) p=0.35
Hx of Psychosis in Past - - 1(11) 6 (35) p=0.20
On Medication at Scan -
Time - - 9 (90) 15 (88) p = 0.96

Lithium at Scan Time - - 1(11) 6 (35) p=0.20

Anticonvulsant at -

Scan Time - - 6 (67) 10 (59) p=0.70

Atyp. Antipsychaotic at i i _

Scan Time 2 (22) 8 (47) p=0.23

Antidepressant at Scan _

Time - - 3(33) 7(41) p=0.70

Benzodiazepine at _

Scan Time - - 2 (22) 1(6) p=0.22
History of Alcohol _
Abuse/Dependence i i 4(44) 3(18) p=0.15
History of Substance —
Abuse/Dependence ) ) 5(55) 3(18) p=0.051
Age at Diagnosis of i i 268+121 211+78  p=017°
BD, in yrs

BD, Bipolar Disorder; HC, Healthy Control; CARS-M = Clinician-Administered Rating Scale for Mania

Values as whole number and (percentage), except in case of continuous variable, given as mean + standard deviation
Statistical tests: continuous variable: Student’s t-test, categorical variable: nonparametric test, Mann-Whitney

& Age: compared across genotype within diagnostic category: HC Il vs HC s car: p = 0.11; BD Il vs BD s car: p = 0.07
® Age of BD onset not available for one subject, n = 25 of 26

in response to fear faces in a SJACC cluster of 38 voxels (T = 2.21, puncorr = 0.015,

nearest MNI maxima at X = 8 mm, y = 36 mm, z = -4 mm) that includes part of

Brodmann Area 24 and crosses the midline. In the between genotype comparisons, the
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HC s carriers had significantly decreased activation compared to the HC Il individuals in
a SJACC cluster of 84 voxels that extended bilaterally (T = 2.81, puncorr = 0.003, with
MNI maximum at x =8 mm, y = 36 mm, z = -4 mm) and the BD s carriers had
significantly decreased activation in a cluster of 73 voxels that also extended bilaterally,
including parts of BA 32 (T = 2.81, pyncorr = 0.003,with MNI maximum at x =-12 mm, y
=36 mm, z = -8 mm). By visualization, the cluster of difference between-diagnostic
groups was almost entirely within the larger between-genotype clusters, and this was
confirmed by the MarsBar function that created a 35 voxel (2240 mm®) region
representing the area in which all three clusters shared the same voxel. Using the
extracted mean signal change values, it was found that there was no effect of age or
gender in any of the comparisons.
See Figure 2 for visualization of these regions.

There were no significant differences detected between HC and BD or between
genotype in either the left or right amygdala in response to fear faces.
Happy Faces

The BD group had significantly decreased BOLD activation compared to the HC
group in response to happy faces in a sgACC cluster of 7 voxels that was primarily in the
left hemisphere near BA 32 (T = 1.88, puncorr = 0.032, MNI maxima at X = -4 mm, y = 32
mm, z = -8 mm). The HC s carriers had significantly decreased activation compared to
the HC Il individuals in a sgACC cluster of 73 voxels that extended bilaterally (T = 3.02,
Puncorr = 0.002, MNI maxima at X = -4 mm, y = 28 mm, z = -4 mm), while the BD s
carriers had significantly decreased activation compared to BD Il individuals in

essentially the same region (73 voxels, T = 3.02, puncorr = 0.002, MNI maxima at x = -8
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mm, y = 28 mm, z = -4 mm). The seven voxel cluster of difference between diagnostic
groups was entirely within the between genotype clusters by visualization and this was
confirmed by the creation of a 7 voxel (440 mm®) region that represented the overlapping
voxels. There was no effect of age or gender on these differences based on the extracted
mean values. See Figure 3 for visualization of these regions.

Similar to the fear faces, there were no significant differences detected in any of
the comparisons within the right or left amygdala in response to happy faces.
Neutral Faces

There was not a significant difference between HC and BD groups in BOLD
response to neutral faces. There was an 8 voxel cluster extending bilaterally in the
SgACC representing decreased activation in the HC s carriers versus the HC Il group (T =
2.05, puncorr = 0.022, MNI maxima at x = -4 mm, y = 24 mm, z = -8 ), and an 86 voxel
cluster extending bilaterally in which BD s carriers had decreased activation in BD Il (T =
2.98, p = 0.002, nearest gray matter maximum at x = -4,y =40, z = 0). See Figure 4 for
visualization of these regions; the graph displays the mean BOLD signal change from an
eight voxel region presenting the overlap of these two regions. There was a significant
effect of age on these between-genotype comparisons, with BOLD activation in the both
between-genotype clusters being negatively correlated with age (r = -0.34, p = 0.004).
There was no effect of gender.

There were no significant differences in any comparison within the left and right
amygdala in response to neutral faces.

Clinical Factors
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Amongst BD participants, no significant effects on response in the sgACC and
amygdala to any of the face types were detected for presence of rapid cycling, history of
psychosis, or history of alcohol abuse/dependence. A history of substance
abuse/dependence did affect the neutral face response, with BD individuals who did have
such history having increased activation compared to those who did not (T = 3.50, p =
0.002); it did not affect response to fear or happy faces. There were not enough
unmedicated participants (n = 3) to allow for statistically meaningful comparisons
between medicated and unmedicated participants. Amongst those who were on
medication there was no effect of medication subclass for the BD comparisons. Age at
diagnosis of bipolar disorder did not significantly correlate with activation in any of the

clusters.
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Discussion

In this study, fMRI analyses demonstrated decreased response in the sJACC
amongst BD participants compared to the HC group in response to fearful faces, and, to a
lesser extent but still statistically significant, to happy faces. In addition, for both fear
and happy faces, sgJACC activation was decreased amongst carriers of the s allele of the
5-HTTLPR polymorphism in both the HC and BD groups compared to the Il individuals
within the respective diagnostic group. Furthermore, via an overlay method revealing
common voxels, it was shown that the aberrant functioning in the BD group compared to
a group of healthy volunteers was influenced by variation in the 5-HTTLPR
polymorphism, such that BD participants carrying the s allele had the greatest magnitude
of dysfunction in the region.

The results of this study showed that in response to emotionally valenced stimuli
(but not to neutral faces) there was a reduction in response of the sgACC amongst
participants with BD. This is consistent with previous reports of sgACC functional and
metabolic abnormalities in BD (23, 32-34), and may suggest, given that this sample
included only euthymic participants, that this sJACC dysfunction is a trait-feature of BD.
That is, there is evidence that sgACC dysfunction is a key component to the
neurobiological pathophysiology of the disorder, and that it exists during euthymia with
possible exaggerations during alterations of mood state (23). This dysfunction may
develop during adolescent neural maturation, as previous work has shown structural
changes in amongst adults with BD (21-23) but not consistently in pediatric BD

populations (25-29).
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Differences in sgACC activation were also seen amongst HC s carriers versus HC
Il individuals; in fact, the HC s carriers decrease was highly significant and involved a
majority of the sgACC total voxels (as per our anatomical definition). While previous
studies in healthy volunteers reported an association of the s allele with dysfunction of
the amygdala and disruption of functional connectivity between it and the sgACC (96),
the current study suggests functional abnormality in the sgACC itself. Thus, the s allele
may be associated not only with aberrancy in the reciprocal connections specific to the
amygdala, but also impaired processing ability in the sgACC overall. In addition, it is
important to note that the HC group was screened for potential psychiatric disease and
were also excluded for any such familial history. This suggests that the influence of the 5-
HTTLPR polymorphism on emotional processing neural circuitry does not necessarily
lead to the development of psychiatric illness. It is part of a balance of genes and
environmental exposures whose combined influences and interactions may contribute to
the expression of clinical pathology.

The finding of a difference within the sgACC between BD s carriers and BD |l
individuals in response to both fearful and happy faces helps to link the results of the two
comparisons already discussed. While function in the sgACC was found to be impaired
in BD participants as a group overall, those carrying one or two copies of the s alleles
exhibited the greatest magnitude of impairment in this region. This suggests that the BD
s carriers may represent a biologically salient subtype within the spectrum that is distinct
in its degree of sgACC-amygdala circuitry dysfunction, with similarly distinct clinical
features that future work with larger samples and statistical power may be able to

elucidate and define. In addition, the BD s carriers may be the subset of individuals with
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BD that most benefit from treatments targeting serotoninergic transmission or treatments
that target the sgACC. This finding also adds to the argument that there are genetically-
derived subsets within the disorder, each linked to a different set of genes (74), with the
5-HTTLPR polymorphism being one such genetic locus.

The mean BOLD signal change values that were extracted from the clusters of
differential activity in the sJACC included group means that were negative, especially for
BD subgroups carrying the s allele (see Figures 2-4). These negative values were derived
from the subtraction of the baseline from the face conditions. Thus, it is possible that the
value indicates a failure of recruitment of the sJACC during face processing due to
abnormalities in the region. It is also possible that additional structures are recruited
during the task, leading to an inhibition of sgACC (106). Alternatively, the decreases may
represent a suppression of high tonic activation in these regions in resting conditions
(106). Metabolic studies in healthy volunteers have reported heightened resting-state
activity in ventral and medial prefrontal cortices (107-108), and ‘deactivations’ during
task performance in proportion to task difficulty (109). Thus, while exact interpretation
of negative values is not possible, there is evidence that it may represent a suppression of
increased tonic resting activity during emotional face processing, especially in BD s
carriers.

In the amygdala comparisons, there were no significant differences seen across
diagnosis or across genotype. This was not expected, as it was predicted that the BD
group would have increased amygdala reactivity compared to the HC group for both the
fearful and happy faces (32, 59-62) and that the s carriers would have increased activity

compared to Il individuals in response to fearful faces in particular (89-92). Mean signal
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change values were extracted for individual subjects to assess the level of BOLD
response, and it was found that the mean BOLD signal change + standard error for left
amygdala activation was 0.37 £ 0.04 and for right amygdala was 0.31 + 0.03. These
values suggest that the task was successful in activating the amygdala, but that there were
no significant detected differences across groups.

One possible reason for this result is the fact that a majority of the BD group
(88%) were on psychotropic medication at the time of scan, and prior work has shown
that individuals on medication do not exhibit the degree of amygdalar hyperreactivity that
is typically seen in unmedicated individuals or even those in a manic or depressive mood
state (32). Thus, there may have been sufficient ‘normalization’ of amygdala response
due to medication in the BD group so as to preclude detection of a difference with the HC
group and even between the BD Il and BD s carrier groups.

However, medication status does not explain the lack of difference between the
HC Il and s carrier groups. One possibility for this result may be related to aspects of the
fMRI analyses used in the current study, namely the use of the crosshair fixation point as
the subtraction baseline from the response to the emotional faces to form the contrast
maps for each individual subject. Canli and colleagues have reported that increased
amygdala activation in healthy volunteers carrying the s allele carriers may be driven by
relative deactivation when viewing neutral faces (91) compared to hyperactivation in the
amygdala at rest—that is, when not focusing on a task-relevant stimuli (110). Thus,
subtraction of the response to a non-face, non-active baseline, during which time there
may be resting amygdala hyperactivation, from the response to an emotional face may

lead to a perceived blunting of response to the emotional stimuli of interest. Indeed,
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some studies have used a non-emotional version of the task (e.g. activation response
during a matching task of non-face stimuli subtracted from activation response during a
matching task of emotional face stimuli) as the baseline subtraction condition (89). To
this end, a secondary analysis in SPM99 was done using response to neutral faces as the
subtracted baseline from the fear and happy conditions to look for potential differences in
the amgydala across genotype. There was a trend for increase in the HC s carriers greater
than HC Il carriers in the happy — neutral contrast in the amygdala bilaterally and in the
right amygdala for the fear — neutral contrast (see Figure 5).

In relation to the overall aims of the current study, however, it was decided that
while subtracting neutral from the other emotion types may be an appropriate contrast for
a HC group, this would be problematic in BD. Specifically, there are studies showing
impairments in BD in emotional affect recognition (45), as well as limbic hyperactivation
in pediatric BD populations responding to neutral faces (58), thus calling to question the
validity of a “neutral’ face when perceived by a BD individual, as they may attribute an
emotional valence to an ambiguous expression. Thus, the subtraction of the response to
neutral faces from the fear and happy face conditions would make meaningful
interpretation of results extremely challenging, and so the cross-hair fixation point
baseline was used in the analyses of this study.

Another pertinent consideration in this study was the relative ethnic heterogeneity
within the overall participant sample. While the overall measured 5-HTTLPR allele
frequency in our sample overall was 60.1% for the | allele and 39.9% for the s allele—
which is nearly identical to frequencies reported for European American populations—

looking specifically at the African Americans in the sample revealed a frequency of
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76.5% for the | allele and 23.5% for the s allele within this subgroup. This difference
highlights the variability in the frequency of these alleles across ethnic populations (78),
and in fact the measured African American frequencies in this sample are quite similar to
reports of frequencies in African American populations (111). This is important to note
because any imbalance in distribution of ethnicities across genotype groups may make it
difficult to disentangle the effect of a specific allele versus the effect of ethnicity.
Unfortunately, while secondary analyses involving only the Caucasians (the largest
represented group in this sample) in the study may have adjusted and accounted for this
potential contributing factor, this left too few subjects for statistically meaningful
between genotype comparisons; however, this will be a focus of future work, and the
accumulation of a larger samples will allow for validation of results within a more
ethnically homogeneous subset of participants.

Recently, there has been a new triallelic classification of the 5-HTTLPR
polymorphism, with description of two | allele variants, L and Lg, with the latter having
in vitro transcriptional functioning more similar to the s allele (112). This has led some
to suggest a reclassification of the allelic system, with Lg aligned with the s allele to form
a ‘risk’ allele subset; in addition, some studies have suggested that African Americans are
more likely to carry the L variant of the | allele (113) and thus a lower proportion of
both risk alleles. Studies using this triallelic classification system have found differences
in metabolic function after tryptophan depletion in the amygdala and sgACC in
individuals with remitted major depressive disorder (114), suggesting that there may be a
gradient of effects on function across the three genotype groups. However, although

triallelic characterization was available for many of the participants in the current sample,
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it was found that reclassification would yield a LaLa group with sample size too small for
statistically powered group comparisons, and, so the original classification scheme was
used in this work. It is hoped that these relationships can be further explored in future
studies, in which larger sample sizes will allow for comparison across groups with
sufficient statistical power to detect differences.

Associations between features of BD such as age of bipolar diagnosis onset,
presence of rapid cycling, and history of psychosis, with the s allele were not seen.
Similarly, there was no effect of these clinical features with BOLD response in the
SsgACC or amygdala, perhaps due to insufficient power. Thus, future studies will
continue to assess possible associations with the s allele in BD participants with specific
clinical features that may only be appreciated with the accumulation of large samples.
This will allow characterization of a ‘gene expression’ to ‘neural circuit dysfunction’ to
‘clinical phenotype’ mechanistic bridge, and further characterize the BD s carrier
subgroup.

In comparison to previous work showing medication subclass effects on
activation and neurochemical metabolism (32, 34) within the sgACC and amygdala, this
study did not reveal any medication subclass effects on the comparisons within BD.
However, medication may, as discussed above, have blunted some of the response in
these structures, and the continued scanning of unmedicated individuals with BD in the
future will also help clarify these potential effects in relation to the s allele. Similarly, in
the future, adding participants who are in an active mood state would allow assessment of
how the 5-HTTLPR may influence state-related activation changes associated with either

depression or mania.
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Future directions also include completing functional connectivity analyses to
assess for an effect of the s allele on possible sgACC-amygdala communication
impairment in BD. In addition, studies of adolescents with BD would allow examination
of a group less likely to be affected by medications and perhaps more phenotypically (and
thus genetically) homogenous. Similarly, longitudinal studies of both HC and BD
participants may reveal how the 5-HTTLPR influences neurodevelopmental changes over
time. Also, results from microarray and genome-wide studies of BD may serve as the
next set of candidate genes to investigate within the imaging genomics field, allowing
assessment of how these genes may affect neural function and contribute to the BD
phenotype. Lastly, studies examining the additive or synergistic effects of two or more
genes will allow insight as to how a subset of genes may define a larger phenotypic

subset in BD.

In conclusion, the present work provides evidence for an association of the s allele
of the 5-HTTLPR with dysfunction in the sJACC—a key structure in processing and
regulation of emotion—in comparison to the Il genotype. This difference was also seen
in a sample of euthymic individuals with BD, an illness that is characterized by profound
emotional dysregulation, with dysfunction greatest in those in the BD group carrying the
s allele. In combination, these findings suggest that the s allele is associated with
abnormal functioning of the sgACC, and that this dysfunction may be a trait-related,
heritable neurobiological endophenotype, that underlies a distinct subtype within the
more heterogeneous clinical phenotype. Clinically, knowledge of this molecular

mechanism may in fact guide therapeutic treatment strategies for the individual patient,
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as there is evidence of influence of this polymorphism on response to medications (115),
and allow for individualized assessment and selection of treatment options. In addition, it
may guide selection of therapeutic targets, such as the growing interest in deep brain
stimulation modulation of the ACC (116), and may in the future also allow clinicians to
distinguish, based on genetic profile, which patients may or may benefit from these more
invasive treatments. The combination of multimodal neuroimaging research and the
exponentially increasing wealth of genetic information will continue to yield greater
insights into the pathophysiology of BD—and provide hope to those who live with it

every day.
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Appendix

Figure 1.
a

Anatomical Structures of Interests, Defined for Between Group Analyses
Images depicting the masks used to limit analyses to voxels within our hypothesized
regions
a. Image shows WFU definition of total ACC (both blue structures); dark blue region represents
our division of structure to create subgenual ACC at z = 0; created based on functional
subdivision with sgACC representing affective division
b. WFU definition of and right amygdala regions of interest

L = left, ACC = anterior cingulate cortex, SJACC = subgenual ACC
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Figure 2.

HCII>HC s

BDII>BD s

d

Fear: Mean Signal Change in sgACC Cluster

0.3

Fear Faces: Between group Comparisons of BOLD Response within sgACC

a. Sagittal image at x = 4 displaying the sgACC subregion where activation to fear faces was

significantly greater in the HC compared to the BD group (38 voxel cluster, puncorr = 0.015)

b. Image at x = 0 displaying the sgACC subregion where activation was significantly greater in

the HC Il homozygotes compared to the HC s carriers (84 voxel cluster, pyncorr = 0.003)

c. Image at x = 0 displaying the sgACC subregion where activation was significantly greater in

the BD Il compared to the BD s carriers (73 voxel cluster, pyncorr = 0.003)

d. Image at x = 0 displaying region of common voxels from clusters seen in a through ¢ with

graph depicting mean signal change + standard error of BOLD response to Fear faces in this

region; HC Il > HC s carriers; BD Il > BD s carriers; HC > BD; greatest decrease in BD s carriers
SgACC = subgenual anterior cingulate cortex
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Figure 3.

Happy: MeanSignal Change in sgACC Cluster
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Happy Faces: Between Group Comparisons of BOLD Response within sgACC

a. Sagittal image at x = -4 displaying the sgACC subregion where activation to happy faces was

significantly greater in the HC compared to the BD group (6 voxel cluster, pyncorr = 0.032)

b. Image at x = 0 displaying the sgACC subregion where activation was significantly greater in

the HC Il homozygotes compared to the HC s carriers (73 voxel cluster, pyncorr = 0.003)

c. Image at x = -8 displaying the sgACC subregion where activation was significantly greater in

the BD Il compared to the BD s carriers (73 voxel cluster, pyncorr = 0.003)

d. Image at x = -4 displaying region of common voxels from clusters seen in a through ¢ with

graph depicting mean signal change + standard error of BOLD response to Happy faces in this

region; HC Il > HC s carriers; BD Il > BD s carriers; HC > BD; greatest decrease in BD s carriers
SgACC = subgenual anterior cingulate cortex



40

BDI>BDs

HCII>HC s
C
01
3 005 T
£ I
=2
[¥]
8] ]
o 1]
o
4 -
=
= -0.05 T mHCH
]
E = HCs car
0.1 —
[¥]
= mBD Il
& -
= 015 BD s car
: J
m
]
? 0.2
™
[
el
z
= -0.25 J.
03

Neutral Faces: Between Group Comparisons of BOLD Response within sgACC
There were no significant differences between HC and BD in response to neutral faces
a. Sagittal image at x = 4 displaying the sgACC subregion where activation to neutral faces was
significantly greater in the HC Il group compared to the HC s carriers (8 voxel cluster, Puncorr =
0.022)
b. Image at x = -2 displaying the sgACC subregion where activation was significantly greater in
the BD Il compared to the BD s carriers activation (86 voxel cluster, pyncorr = 0.002)
c. Graph depicting mean signal change + standard error response to Neutral faces; values derived
from a region of shared voxels from a and b; HC Il > HC s carriers; BD Il > BD s carriers

SgACC = subgenual anterior cingulate cortex
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Figure 5.
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Amygdala Differences: HC Genotype Differences using Neutral Face Reponse as
Baseline
These images depict clusters in the amygdala where activation was greater in HC s carriers
compared to HC Il individuals
a. Fear — Neutral contrast; coronal image aty =0

-R Amygdala: 1 voxel, puncorr = 0.093; MNI at x =24 mm, y =4 mm, z = -20 mm
b. Happy — Neutral; coronal image aty =0

-R amygdala: 3 voxels, puncorr = 0.071, MNI maximum at X =24 mm, y =0 mm, z = -24 mm

-L amygdala: 4 voxels, puncorr = 0.080, MNI maximum at x =-20,y =0, z=-16

In images, Left is Left



42

References

1. Weissman, M.M., Bland, R.C., Canino, G.J., Faravelli, C., Greenwald, S. et al. (1996) Cross-
national epidemiology of major depression and bipolar disorder. JAMA, 276, 293-299.

2. Woods, S.W. (2000) The economic burden of bipolar disease. Journal of Clinical Psychiatry,
61, 38-41.

3. Stimmel, G.L. (2004) Economic grand rounds: The economic burden of bipolar disorder.
Psychiatr Serv, 55, 117-118.

4. Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition, Text Revision,
Washington, DC, American Psychiatric Association, 2000.

5. Sachs, G.S., Printz, D.J., Kahn, D.A., Carpenter, D., Docherty, J.P. (2000) The Expert
Consensus Guidelines series: medication treatment of bipolar disorder. Postgraduate Medicine,
108, 1-104.

6. Ghaemi, S.N., Sachs, G.S., Chiou, A.M., Pandurangi, A.K., Goodwin, F.K. (1999) Is bipolar
disorder still underdiagnosed? Are antidepressants overutilized? Journal of Affective Disorders,
52, 135-144.

7. Drevets, W.C. (2000) Neuroimaging studies of mood disorders. Biol Psychiatry, 48, 813-829.

8. Parry, A., Matthews, P.M. (2002) Functional magnetic resonance imaging: A “window” into
the brain. Centre for Functional Magnetic Resonance Imaging of the Brain. University of Oxford.
p. 1-42.

9. Shulman, R.G. (2001) Functional Imaging Studies: Linking Mind and Basic Neuroscience. Am
J Psychiatry, 158, 11-20.

10. Roy, C.S., Sherrington, C.S. (1890) On the Regulation of the Blood-supply of the Brain. J
Physiol, 11, 85-158.

11. Broca, P. (1878). Anatomie comparée des circonvolutions cérébrales: le grand lobe limbique.
Rev. Anthropol, 1, 385-498.

12. Papez, J.W. (1995) A proposed mechanism of emotion. 1937. J Neuropsychiatry Clin
Neurosci, 7, 103-112.

13. Tow, P.M., Whitty, C.W. (1953) Personality changes after operations on the cingulate gyrus
in man. J Neurol Neurosurg Psychiatry, 16, 186-193.

14. Corkin, S. Twitchell, T.E., Sullivan, E.V. (1979) Safety and efficacy of cingulotomy for pain
and psychiatric disorder. In Modern Concepts in Psychiatric Surgery (Hitchcock, E.R. et al., eds)
p. 253-272.

15. Devinsky, O., Morrell, M.J., Vogt, B.A. (1995) Contributions of anterior cingulate cortex to
behavior. Brain, 118, 279-306.



43

16. Vogt, B.A., Finch, D.M, Olson, C.R. (1992) Functional Heterogeneity in Cingulate Cortex:
The Anterior Executive and Posterior Evaluative Regions. Celebral Cortex, 2, 435-443.

17. Bush, G., Luu, P., Posner, M.I. (2000) Cognitive and emotional influences in anterior
cingulate cortex. Trends Cogn Sci, 4, 215-222.

18. Bush, G. Whalen, P.J., Rosen, B.R. Jenike, M.A., Mclnerey, S.C. et al. (1998) The counting
stroop: An interference task specialized for functional neuroimaging — validation studiy with
functional MRI. Human Brain Mapp, 6, 270-282.

19. Whalen, P.J., Bush, G., McNally, R.J., Wilhelm, S., Mclnerey, S.C. et al. (1998) The
emotional counting stroop paradigm: a functional magnetic resonance imaging probe of the
anterior cingulate affective division. Biol Psychiatry, 44, 1219-1228.

20. Etkin, A., Egner, T., Peraza, D.M. (2006) Resolving Emotional Conflict: A Role for the
Rostral Anterior Cingulate Cortex in Modulating Activity in the Amygdala. Neuron, 6, 871-882.

21. Lyoo, I.K., Kim, M.J,, Stoll, A.J., Demopulos, C.M., Parow, A.M. et al. (2004) Frontal lobe
gray matter density decreases in bipolar | disorder. Biol Psychiatry, 55, 648-651.

22. Sassi, R.B., Brambilla, P., Hatch, J.P., Nicoletti, M.A., Mallinger, A.G. et al. (2004) Reduced
left anterior cingulate volumes in untreated bipolar patients. Biol Psychiatry, 56, 467-475.

23. Drevets, W. C., Price, J. L., Simpson, J. R., Todd, R.D., Reich, T. et al. (1997) Subgenual
prefrontal cortex abnormalities in mood disorders. Nature, 386, 824-827.

24. Blumberg, H.P., Krystal, J.H., Bansal, R., Martin, A., Dziura, J. et al. (2006) Age, Rapid-
Cycling, and Pharmacotherapy Effects on Ventral Prefrontal Cortex in Bipolar Disorder: A
Cross-Sectional Study. Biol Psychiatry, 59, 611-618.

25. Kaur, S., Sassi, R. B., Axelson, D., Nicoletti, M., Brambilla, P. et al. (2005) Cingulate cortex
anatomical abnormalities in children and adolescents with bipolar disorder. Am J Psychiatry, 162,
1637-1643.

26. Wilke, M., Kowatch, R. A., Delbello, M.P., Mills, N.P., Holland, S.K. (2004) Voxel-based
morphometry in adolescents with bipolar disorder: first results. Psychiatry Res, 131, 57-69.

27. Chang, K., Barnea-Goraly, N., Karchemskiy, A., Simeonova, D.l., Barnes, P. et al. (2005)
Cortical magnetic resonance imaging findings in familial pediatric bipolar disorder. Biol
Psychiatry, 58, 197-203.

28. Sanches, M., Sassi, R. B., Axelson, D., Nicoletti, M., Brambilla, P. et al. (2005) Subgenual
prefrontal cortex of child and adolescent bipolar patients: a morphometric magnetic resonance
imaging study. Psychiatry Res, 138, 43-49.

29. Blumberg, H.P. (2007) Dimensions in the Development of Bipolar Disorder. Biol Psychiatry,
62, 104-106.

30. Fornito, A., Malhi, G.S., Lagopoulos, J., Ivanovski, B., Wood, S.J. et al. (2007) In vivo
evidence for early neurodevelopment anomaly of the anterior cingulate cortex in bipolar disorder.
Acta Psychiatrica Scandinavica, 116, 467-472.



44

31. Gruber, S.A., Rogowska, J., Yurgelun-Todd, D.A. (2004) Decreased activation of the anterior
cingulate in bipolar patients: an fMRI study. J Affective Disord, 82, 191-201.

32. Blumberg, H.P., Donegan, N.H., Sanislow, C.A., Collins, S., Lacadie, C. et al. (2005)
Preliminary evidence for medication effects on functional abnormalities in the amygdala and
anterior cingulate in bipolar disorder. Psychopharmacology, 183, 308-313.

33. Moore, C.M., Breeze, J.L., Gruber, S.A., Babb, S.M., Frederick, B.B. et al. (2000) Choline,
myo-inositol and mood in bipolar disorder: a proton magnetic resonance spectroscopic imaging
study of the anterior cingulate cortex. Bipolar Disord, 2, 207-216.

34. Davanzo, P., Thomas, M., Yue, K., Oshiro, T., Belin, T. et al. (2001) Decreased anterior
cingulate myo-inositol/creatine spectroscopy resonance with lithium treatment in children with
bipolar disorder. Neuropsychopharmacology, 24, 359-369.

35. Blumenfeld, H. (2002) The Amygdala: Emotions, Drives, and Other Functions. In
Neuroanatomy through Clinical Cases. p. 787-789.

36. Shukla, S., Cook, B.L., Mukherjee, S., Godwin, C., Miller, M.G. (1987) Mania following
head trauma. Am J Psychiatry, 144, 93-96.

37. Tebartz Van Elst, L., Baeumer, D., Lemieux, L., Woermann, F.G., Koepp, M. et al. (2002)
Amygdala pathology in psychosis in epilepsy: A magnetic resonance imaging study in patients
with temporal lobe epilepsy. Brain, 125, 140-149.

38. Ferry, B., Roozendaal, B., McGaugh, J. (1999) Role of norepinephrine in mediating stress
hormone regulation of long-term memory storage: a critical involvement of the amygdala. Biol
Psychiatry, 46, 1140-1452.

39. Kluver, H., Bucy, P. (1939) Preliminary analysis of function of the temporal lobe in monkeys.
Archives of Neurology, 42, 979-1000.

40. Davis, M., Whalen, P.J. (2001) The amygdala: Vigilance and emotion. Mol Psychiatry, 6, 13-
34.

41. Hariri, A.R., Tessitore, A., Mattay, V.S., Fera, F., Weinberger, D.R. (2002) The Amygdala
Response to Emotional Stimuli: A Comparison of Faces and Scenes. Neurolmage, 17, 317-323.

42. Whalen, P.J., Rauch, S.L., Etcoff, N.L., Mclnerney, S.C, Lee, M.B. et al. (1998) Masked
presentations of emotional face expressions modulate amygdala activity without explicit
knowledge. J Neurosci, 18, 411-418.

43. Adolphs, R., Tranel, D., Damasio, H., Damasio, A. (1994) Impaired recognition of emotion in
facial expressions following bilateral damage to the human amygdala. Nature, 372, 669-672.

44, Breiter, H.C., Etcoff, N.L., Whalen, P.J., Kennedy, W.A., Rauch, S.L. et al. (1996) Response
and habituation of the human amygdala during visual processing of facial expression. Neuron, 17,
875- 87.



45

45. Getz, G.E., Shear, P.K., Strakowski, S.M. (2003) Facial affect recognition deficits in bipolar
disorder. Journal of the International Neuropsychological Society, 9, 623-632.

46. Lembke, A., Ketter, T. A. (2002) Impaired recognition of facial emotion in mania. Am J
Psychiatry, 159, 302-304.

47. Blumberg, H. P., Kaufman, J., Martin, A., Whiteman, R., Zhang, J.H. et al. (2003) Amygdala
and hippocampal volumes in adolescents and adults with bipolar disorder. Arch Gen Psychiatry,
60, 1201-1208.

48. Chen, B.K., Sassi, R., Axelson, D., Hatch, J.P., Sanches, M. et al. (2004) Cross-sectional
study of abnormal amygdala development in adolescents and young adults with bipolar disorder.
Biol Psychiatry, 56, 399-405.

49. Dickstein, D.P., Milham, M.P., Nugent, A.C., Drevets, W.C., Charney, D.S. et al. (2005)
Frontotemporal alterations in pediatric bipolar disorder. Biol Psychiatry, 55, 32-39.

50. Blumberg, H. P., Fredericks, C., Wang, F., Kalmar, J.H., Spencer, L. et al. (2005) Preliminary
evidence for persistent abnormalities in amygdala volumes in adolescents and young adults with
bipolar disorder. Bipolar Disord, 7, 570-576.

51. Pearlson, G.D., Barta, P.E., Powers, R.E., Menon, R.R., Richards, S.S. et al. (1997) Medial
and superior temporal gyral volumes and cerebral asymmetry in schizophrenia versus bipolar
disorder. Biol Psychiatry, 41, 1-14.

52. Altshuler, L. L., Bartzokis, G., Grieder, Curran, J., Mintz, J. (1998) Amygdala enlargement in
bipolar disorder and hippocampal reduction in schizophrenia: an MRI study demonstrating
neuroanatomic specificity. Arch Gen Psychiatry, 55, 663-664.

53. Brambilla, P., Harenski, K., Nicoletti, M., Sassi, R.B., Mallinger, A.G. et al. (2003) MRI
investigation of temporal lobe structures in bipolar patients. J Psychiatr Res, 37, 287-295.

54. Strakowski, S.M., DelBello, M.P., Sax, K.W., Zimmerman, M.E., Shear, P.K. et al. (1999)
Brain magnetic resonance imaging of structural abnormalities in bipolar disorder. Arch Gen
Psychiatry, 56, 254-260.

55. Swayze, V.W., Andreasen, N.C., Alliger, R.J., Yuh, W.T., Ehrhardt, J.C. (1992) Subcortical
and temporal structures in affective disorder and schizophrenia: a magnetic resonance imaging
study. Biol Psychiatry, 31, 221-40.

56. Kalmar, J.H., Shah, M.P., Blumberg, H.P. (in press) Cortico-limbic brain circuitry
development in bipolar disorder: A neuroimaging view. In Neuroimaging in Developmental
Clinical Neuroscience. (Rumsey, J., Ernst, M., eds.)

57. Pavuluri, M.N., O’Connor, M.M., Harrael, E., Sweeney, J.A. (2007) Affective Neural
Circuitry During Facial Emotion Processing in Pediatric Bipolar Disorder. Biol Psychiatry, 62,
158-167.

58. Rich, B.A., Vinton, D.T., Roberson-Nay, R., Hommer, R.E., Berghorst, L.H. et al. (2006)
Limbic hyperactivation during processing of neutral facial expressions in children with bipolar
disorder. Proc Natl Acad Sci U S A, 103, 8900-8905.



46

59. Altshuler, L., Bookheimer, S., Proenza, M.A., Townsend, J., Sabb, F. et al. (2005) Increased
amygdala activation during mania: a functional magnetic resonance imaging study. Am J
Psychiatry, 162, 1211-3.

60. Chen, C.H., Lennox, B., Jacob, R., Calder, A., Lupson, V. et al. (2006) Explicit and implicit
facial affect recognition in manic and depressed states of bipolar disorder: a functional magnetic
resonance imaging study. Biol Psychiatry, 59, 31-39.

61. Lawrence, N.S., Williams, A.M., Surguladze, S., Giampietro, V., Brammer, M.J. et al. (2004)
Subcortical and ventral prefrontal cortical neural responses to facial expressions distinguish
patients with bipolar disorder and major depression. Biol Psychiatry, 55, 578-587.

62. Yurgelun-Todd, D. A., Gruber, S. A., Kanayama, G., Killgore, W.D., Baird, A.A. et al.
(2000) fMRI during affect discrimination in bipolar affective disorder. Bipolar Disord, 2, 237-
248.

63. Drevets, W.C., Price, J.L., Bardgett, M.E., Reich, T., Todd, R.D. et al. (2002) Glucose
metabolism in the amygdala in depression: relationship to diagnostic subtype and plasma cortisol
levels. Pharmacol Biochem Behav, 71, 431-447.

64. Ketter, T.A., Kimbrell, T.A., George, M.S., Dunn, R.T., Speer, A.M. et al. (2001) Effects of
mood and subtype on cerebral glucose metabolism in treatment-resistant bipolar disorder. Biol
Psych, 49, 97-109.

65. Wang, F., Yong, H., Jackowski, M., Kalmar, J.H., Chepenik, L.G. et al. (in review)
Perigenual Anterior Cingulate Structural and Functional Connectivity in Bipolar Disorder.

66. Strakowski, S.M., DelBello, M.P., Adler, C.M. (2005) The functional neuroanatomy of
bipolar disorder: a review of neuroimaging findings. Molecular Psychiatry, 10, 105-116.

67. Caligiuri, M.P., Brown, G.G., Meloy, M.J., Eberson, S.C., Kindermann, S.S. et al. (2003) An
fMRI study of affective state and medication on cortical and subcortical brain regions during
motor performance in bipolar disorder. Psychiatry Res, 123, 171-182.

68. Blumberg, H.P., Leung, H-C., Skudlarski, P., Lacadie, C., Fredericks, C.A. et al. (2003) A
functional magnetic resonance imaging study of bipolar disorder: state- and trait-related
dysfunction in ventral prefrontal cortices. Arch Gen Psychiatry, 60, 601-609.

69. Blumberg, H.P., Stern, E., Ricketts, S., Martinez, D., de Asis, J. et al. (1999) Rostral and
orbital prefrontal cortex dysfunction in the manic state of bipolar disorder. Am J Psychiatry, 12,
1986-1988.

70. McGuffin, P., Rijsdijk, F., Andrew, M., Sham, P., Katz, R. et al. (2003) The Heritability of
Bipolar Affective Disorder and the Genetic Relationship to Unipolar Depression. Arch Gen
Psychiatry, 60, 497-502.

71. Smoller, J.W., Finn, C.T. (2003) Family, Twin, and Adoption Studies of Bipolar Disorder.
Am Journal Medical Genetics (Semin Med Genet), 123C, 48-58.



47

72. Bertelsen, A., Harvald, B., Hauge, M. (1977) A Danish twin study of manic-depressive
disorders. Br J Psychiatry, 130, 330-351.

73. DePaulo, J.R. (2004) Genetics of Bipolar Disorder: Where Do We Stand? Am J Psychiatry,
161, 595-597.

74. Kelsoe, J.R. (2003) Arguments for the genetic basis of the bipolar spectrum. J Affective
Disorders, 73, 183-197.

75. Hasler, G., Drevets, W.C., Gould, T.D., Gottesman, I.1., Manji, H.K. (2006) Toward
Constructing an Endophenotype Strategy for Bipolar Disorders. Biol Psychiatry, 60, 93-105.

76. Heils, A., Teufel, A., Petri, S., Stober, G., Riederer, P. et al. (1996) Allelic variation of human
serotonin transporter gene expression. J Neurochem, 66, 2621-2624.

77. Lesch, K-P., Bengel, D., Heils, A., Sabol, S.Z., Greenberg, B.D. et al. (1996) Association of
anxiety-related traits with a polymorphism in the serotonin transporter gene regulatory region.
Science, 274, 1527-1531.

78. Gelernter J, Kranzler H, Cubells JF. (1997) Serotonin transporter protein (SLC6A4) allele and
haplotype frequencies and linkage disequilibria in African- and European-American and Japanese
populations and in alcohol-dependent subjects. Human Genetics, 101, 243-246

79. Parsey, R.V., Hastings, R.S., Oquendo, M.A., Hu, X., Goldman, D. et al. (2006) Effect of a
Triallelic Functional Polymorphism of the Serotonin-Transporter-Linked Promoter Region on
Expression of Serotonin Transporter in the Human Brain. Am J Psychiatry, 163, 48-51.

80. Caspi, A., Sugden, K., Moffitt, T.E., Taylor, A., Craig, I.W. et al. (2003) Influence of Life
Stress on Depression: Moderation by a Polymorphism in the 5-HTT Gene. Science, 301, 386-389.

81. Zalsman, G., Huang, Y., Oquendo, M.A., Burke, A.K., Hu, X. et al. (2006) Association of a
Triallelic Serotonin Transporter Gene Promoter Region (5-HTTLPR) Polymorphism With
Stressful Life Events and Severity of Depression. Am J Psychiatry, 163, 1588-1593.

82. Young, L.T., Warsh, J.J., Kish, S.J., Shannak, K., Hornykeiwicz, O. (1994) Reduced brain 5-
HT and elevated NE turnover and metabolites in bipolar affective disorder. Biol Psychiatry, 35,
121-127.

83. Kunugi, H., Hattori, M., Kato, T., Tatsumi, M., Sakai, T. et al. (1997) Serotonin transporter
gene polymorphisms: ethnic differences and possible association with bipolar affective disorder.
Mol Psychiatry, 2, 457-462.

84. Kelsoe, J.R., Remick, R.A., Sadovnick, A.D., Kristbjarnarson, H., Flodman, P. et al. (1996)
Genetic linkage study of bipolar disorder and the serotonin transporter. Am J Med Genet, 67, 215-
217.

85. Belliver, F., Leroux, M., Henry, C., Rayah, F., Rouillon, F. et al. (2002) Serotonin transporter
gene polymorphism influences age at onset in patients with bipolar affective disorder.
Neuroscience Letters, 334, 17-20.



48

86. Cusin, C., Serretti, A., Lattuada, E., Lilli, R., Lorenzi, C. et al. (2001) Influence of 5-HTTLPR
and TPH variants on illness time course in mood disorders. J Psychiatric Res, 35, 217-223.

87. Kempf, L., Meyer-Lindenberg, A. (2006) Imaging Genetics and Psychiatry. Focus, 4, 327-
338.

88. Hariri, A.R., Drabant, E.M., Weinberger, D.A. (2006) Imaging Genetics: Perspectives from
Studies of Genetically Driven Variation in Serotonin Function and Corticolimbic Affective
Processing. Biol Psychiatry, 59, 888-897.

89. Hariri, A.R., Mattay, V.S., Tessitore, A., Kolachana, B., Fera, F. et al. (2002) Serotonin
Transporter Genetic Variation and the Response of the Human Amygdala. Science, 297, 400-403.

90. Bertolino, A., Arciero, G., Rubino, V., Latorre, V., De Candia, M. et al. (2005) Variation of
human amygdala response during threatening stimuli as a function of 5-HTTLPR genotype and
personality style. Biol Psychiatry, 57, 1517-1525.

91. Canli, T., Omura, K., Haas, B.W., Fallgatter, A., Constable, R.T. et al. (2005) Beyond affect:
A role for genetic variation of the serotonin transporter in neural activation during a cognitive
attention risk. Proc Natl Acad Sci, 102, 12224-12229.

92. Heinz, A., Braus, D.F., Smolka, M.N., Wrase, J., Puls, I. et al. (2005) Amygdala-prefrontal
coupling depends on a genetic variation of the serotonin transporter. Nat Neurosci, 8, 20-21.

93. Dannlowski, U., Ohrmann, P., Bauer, J., Kugel, H., Baune, B.T. et al. (2007) Serotonergic
genes modulate amygdala activity in major depression. Genes, Brain, and Behavior, 6, 672-676.

94. Furmark, T., Tillfors, M., Garpenstrand, H., Marteinsdottir, I., Langstrom, B. et al. (2004)
Serotonin transporter polymorphism related to amygdala excitability and symptom severity in
patients with social phobia. Neuroscience Letters, 362, 189-192.

95. Domschke, K., Braun, M., Ohrmann, P., Suslow, T., Kugel, H. et al. (2005) Association of
the functional-1019C/G 5-HT1A polymorphism with prefrontal cortex and amygdala activation
measured with 3 T fMRI in panic disorder. International Journal of Neuropsychopharmacology,
9,1-7.

96. Pezawas, L., Meyer-Lindenberg, A., Drabant, E.M., Verchinski, B.A., Munoz, K.E. et al.
(2005) 5-HTTLPR polymorphism impacts human cingulate-amygdala interaction: a genetic
susceptibility mechanism for depression. Nature Neuroscience, 8, 828-834.

97. Varnas K, Halldin C, Hall H. (2004) Autoradiographic distribution of serotonin transporters
and receptor subtypes in human brain. Hum Brain Mapp, 22, 246-260.

98. First, M. B., Spitzer, R. L., Gibbon, M., Williams, J. B. W. (1995) Structured Clinical
Interview for DSM-1V Axis | & Il Disorders (Version 2.0) (New York State Psychiatric Institute,
New York)

99. Ekman, P., Friesen, W.V. (1979) Pictures of facial affect. Consulting Psychologists, Palo
Alto, CA.



49

100. Cohen, J., MacWhinney, B., Flatt, M., Provost, J. (1993) PsyScope: An Interactive
Graphical System for Designing and Controlling Experiments in the Psychology Laboratory
Using Macintosh Computers. Behavior Methods, Research, Instruments, and Computers, 25,
257-271.

101. Statistical Parametric Mapping. http://www.fil.ion.ucl.ac.uk/spm

102. Wake Forest University PickAtlas Region of Interest toolbox, plug-in for SPM.
http://www.fmri.wfubmc.edu/download.htm

103. Forman, S.D., Cohen, J.D., Fitzgerald, M., Eddy, W.F., Mintun, M.A. et al. (1995) Improved
assessment of significant activation in functional magnetic resonance imaging (fMRI): use of
cluster-size threshold. Magn Reson Med, 33, 636-647.

104. MarsBar Region of Interest toolbox. http://marsbar.sourceforge.net

105. Caparelli, E.C., Tomasi, D., Arnold, S., Chang, L., Ernst, T. (2003) k-Space based summary
motion detection for functional magnetic resonance imaging. Neurolmage, 20, 1411-1418.

106. Kronhaus, D.M., Lawrence, N.S., Williams, A.M., Frangou, S., Brammer, M.J. et al. (2006)
Stroop performance in bipolar disorder: further evidence for abnormalities in the ventral
prefrontal cortex.

107. Gusnard, D.A., Raichle, M.E. (2001) Searching for a baseline: functional imaging and the
resting human brain. Nat Rev Neurosci, 2, 685-694.

108. Raichle, M.E., MacLeod, A.M., Snyder, A.Z., Powers, W.J., Gusnard, D.A. et al. (2001) A
default mode of brain function. Proc Natl Acad Sci U S A, 98, 676-682.

109. McKiernan, K.A., Kaufman, J.N., Kucera-Thompson, J., Binder, J.R. (2003) A parametric
manipulation of factors affecting task-induced deactivation in functional neuroimaging. J Cogn
Neurosci, 15, 394-408.

110. Canli, T., Qiu, M., Omura, K., Congdon, E., Haas, B.W. et al. (2006) Neural correlates of
epigenesis. Proc Natl Acad Sci, 103, 16033-16038.

111. Lotrich, F.E., Pollock, B.G., Ferrell, R.E. (2003) Serotonin Transporter Promoter
Polymorphism in African Americans: Allele Frequencies and Implications for Treatment. Am J
PharmacoGenomics, 3, 145-147.

112. Hu, X., Zhu, G, Lipsky, R., Goldman, D. (2004) HTTLPR allele expression is codominant,
correlating with gene effects on fMRI and SPECT imaging intermediate phenotypes, and
behavior (abstract). Biol Psychiatry, 55, 191S.

113. Kilpatrick, D.G, Koenen, K.C., Ruggiero, K.J., Acierno, R., Galea, S. et al. (2007) The
Serotonin Transporter Genotype and Social Support and Moderation of Posttraumatic Stress
Disorder and Depression in Hurricane-Exposed Adults. Am J Psychiatry, 164, 1693-1699.

114. Neumeister, A., Hu, X-Z., Luckenbaugh, D.A., Schwarz, M., Nugent, A.C. et al. (2006)
Differential Effects of 5-HTTLPR Genotypes on the Behavioral and Neural Responses to



50

Tryptophan Depletion in Patients with Major Depression and Controls. Arch Gen Psychiatry, 63,
978-986.

115. Smits, K.M., Smits, L.J.M., Schouten, J.S.A.G., Stelma, F.F., Nelemans, P. et al. (2004)
Influence of SERTPR and STin2 in the serotonin transporter gene on the effect of SSRIs in
depression: a systematic review. Molecular Psychiatry, 9, 433-441.

116. Mayberg, H.S., Lozano, A.M., Voon, V., McNeely, H., Seminowicz, D. et al. (2005) Deep
Brain Stimulation for Treatment-Resistant Depression. Neuron, 45, 651-660.



	Yale University
	EliScholar – A Digital Platform for Scholarly Publishing at Yale
	6-3-2009

	Influence of a Serotonin Transporter Promoter Polymorphism (5-HTTLPR) on Corticolimbic Abnormalities in Bipolar Disorder An Integrated Genetics and Functional MRI Study
	Maulik Shah
	Recommended Citation


	Microsoft Word - Maulik Shah Thesis Serotonin Bipolar Disorder Final.doc

