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In recent years it has become possible to differentiate separable aspects of attention and to characterize the anatomical
structure and dynamic states of their underlying networks. When individual differences in the structure and dynamics
of these networks are used as dependent measures in associations with individual genetic variation, it becomes possible
to assign cellular and molecular changes that occur over the course of normal development to specific aspects of
network structure and function. In this way, a more granular understanding of the physiology of neural networks
can be obtained. Here we review a translational research strategy focused on how genetic variation contributes to
the normal development of attentional function. We seek to use genetic information to help construct a multinode,
multinetwork model that can explain, in part, individual differences in the development of attention over the course

of development.
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Introduction

Arole for genetics in mental function has been noted
since the earliest days of the modern synthesis of
Mendelian and population genetics.! The remark-
able patterns of behavior observed in identical twins
who may have been separated at birth as well as
the alterations of behavioral development associ-
ated chromosomal anomalies show that the genetic
material, in addition to environmental forces, is im-
portant in shaping mental function. In more recent
years, the advancement of gene mapping method-
ologies has led to the identification of specific genes
that account for risk for a variety of forms of men-
tal disability that are both contiguous with healthy
mental function such as addiction,”* ADHD,* and
anxiety” as well as disabilities that fall outside the
normal distribution such as autism,® schizophre-
nia,” and Williams syndrome?® to cite but a few.
The now widespread joint application of genetic
and neuroimaging methods has provided a deeper
understanding of how genetic risk influences the
structure and function of certain neural networks.
For example, a recent imaging-genetic study on a

T-to-C nucleotide base change in the schizophre-
nia risk-factor neuregulin 1 gene, found that indi-
viduals who carry the TT genotype, when asked
to perform a working memory task, showed less
brain activity in the frontal cortex than individu-
als with the CC genotype.” This study is notable
for providing a translational bridge that connects
the genetic risk for schizophrenia with activation of
an anatomical network that is known to function
abnormally in patients. The findings also reinforce
the notion that normal executive control and com-
plex psychopathology can have deep developmental
roots. This is because neuregulin has many func-
tions in the developing CNS, which may be related
to early prodromal markers of schizophrenia, partic-
ularly in executive control.!” Other similar transla-
tional research studies for disorders such as autism,®
addiction!! that use such a cognitive-neuro-genetic
and imaging-genetic approach are now increasingly
common in the literature. These efforts also reveal
a rather productive co-application of two histori-
cally separate research traditions in psychiatry—a
molecular genetic approach that seeks to ascertain
the genetic origins of mental illness and a cognitive
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neuroscience approach that seeks to understand hu-
man behavior in terms of specific neural systems and
component neural mechanisms. Because both re-
search methods seek to dissociate and dissect mental
function along the lines of naturally occurring bio-
logical processes (i.e., to “cut nature at its joints”)
there has been remarkable synergy in the joint ap-
plication of both cognitive and genetic methods in
the area of psychopathology.

As such joint findings continue to emerge along
the lines of the major psychopathologies, it becomes
increasingly possible to ask what role do genes (that
carry risk for mental illness) play in healthy cog-
nitive function. Indeed, this question may be of
some relevance, especially in research seeking to
ameliorate and/or remediate cognitive disability in
patient populations. To this end, there may be some
value in understanding how genetics can be used to
gain insight into the development of healthy mental
function. From the perspective of cognitive science,
much is already known about neural systems and
neural mechanisms that carry out healthy cogni-
tive function in adults. What can the introduction
of genetic methods offer to this already robust re-
search approach? In this review, we suggest that the
inherently biological nature of genetic information
is useful to further the longstanding aims of cog-
nitive neuroscience—that is, to explain human be-
havior in terms of neural systems and component
neural mechanisms. In particular, we emphasize the
value of imaging-genetic approaches that synthesize
anatomical, physiological, and molecular informa-
tion within the constraints of mechanistic models
of neural network dynamics. Our focus has been
on a single area of cognition—attention—and we
have sought to apply a genetic approach to an ex-
isting and longstanding program of research in the
area of attention led by Michael I. Posner, who has
been our mentor and collaborator for more than a
decade.

Genetic dissection of attention networks
in healthy adult populations

The ability to focus and shift one’s attention is an
important aspect of healthy psychological function.
In recent decades, this ability has begun to be un-
derstood in terms of anatomical and physiological
changes in specific neural networks that mature over
the course of human development. One method
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that has been critical to this endeavor has been neu-
roimaging, which has allowed many mental opera-
tions to be analyzed in terms of the brain areas they
activate. Studies of attention have been among the
most commonly examined by neuroimaging and
such research has supported the presence of three
networks related to different aspects of attention.
These networks carry out the functions of alert-
ing, orienting and executive control.'>"'* In brief,
alerting is defined as achieving and maintaining a
state of high sensitivity to incoming stimuli; ori-
enting is the selection of information from sensory
input; and executive control, a widely used term
with many definitions, involves mechanisms for re-
solving conflict among thoughts, feelings, and re-
sponses. Some of the underlying circuitry in the case
of alerting are networks that contain frontal, parietal
and thalamic regions whose function can be probed
by the use warning of signals prior to targets in
an functional magnetic resonance imaging (fMRI)
setting.!®> The influence of warning signals on the
level of alertness is also thought to be due to mod-
ulation of neural activity by the norepinepherine
system. !4

The orienting of attention involves aligning at-
tention with a source of sensory signals. This may
be overt as in eye movements or may occur covertly
without any movement. The orienting system for vi-
sual events has been associated with posterior brain
areas including the superior parietal lobe and tem-
poral parietal junction and, in addition, the frontal
eye fields. Orienting can be manipulated by present-
ing a cue indicating where in space a person should
attend, thereby directing attention to the cued lo-
cation.!® Event related fMRI studies have suggested
that the superior parietal lobe is associated with ori-
enting following the presentation of a cue.!>!” The
superior parietal lobe in humans is closely related
to the lateral intraparietal area (LIP) in monkeys,
which is known to produce eye movements.'® When
a target occurs at an uncued location and attention
has to be disengaged and moved to a new location,
there is activity in the temporal parietal junction.!”
Lesions of the parietal lobe and superior temporal
lobe have been consistently related to difficulties in
orienting."

Executive control of attention is often studied by
tasks that involve stimulus-response conflict, such
as in various versions of the Stroop task.?’ In the
Stroop task subjects must respond to the color of
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ink (e.g., red) whereas ignoring the color word name
(e.g., b-1-u-e). Resolving conflict in the Stroop task
activates midline frontal areas such as the anterior
cingulate cortex (ACC) and lateral prefrontal cor-
tex.1:22 There is evidence for the activation of this
network in tasks involving conflict between central
targets and surrounding flankers that may be con-
gruent or incongruent with the target. Experimen-
tal tasks may provide a means of fractionating the
functional contributions of different areas within
the executive attention network.??

Reliability and heritability of measures

of attention

As mental operations, such as alerting, orienting
and executive processes are dissociated using be-
havioral and neuroimaging measures, there may
arise some interest in other methods to facilitate
finer-grained explorations into the nature of the
structure and physiology associated with these pro-
cesses. One such tool can be found in the human
genome and its now-complete catalog of individ-
ual variation spanning some 20,500 genes. The so-
called genetic approach has been used in many
other areas of medicine, ecology, and natural his-
tory to assign specific molecular factors that are en-
coded by specific genes to individual differences in
many types of structure, function and/or behavior.
Certainly, there are many types of individual dif-
ferences in cognitive performance, brain structure
and brain activation—which makes the so-called
cognitive- and imaging-genetic methods timely
endeavors.

To begin to study such individual differences in
attention networks we have developed an attention
network test (ANT) that examines the efficiency of
the three brain networks we have discussed above.?*
Differences in reaction times (RT) derived from the
task provide three numbers that represent the skill
of each individual in the alerting, orienting, and
executive networks. In a sample of 40 normal vol-
unteers we found these numbers to be reliable over
two successive presentations. The correlations be-
tween two test sessions were 0.52, 0.61, and 0.77
for alerting, orienting, and conflict, respectively.
In addition, we found no significant correlation
among the three network numbers in this sam-
ple, indicating these three attentional networks are
separable.
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Although it is most often the case that genet-
ics and the environment play somewhat equal and
interacting roles in the expression of individual dif-
ferences, it can be informative to compare the cor-
relation of performance among monzygotic twins,
having identical genomes, with a correlation of per-
formance among dizygotic twins who share only
as much genetic similarity as siblings do. A heri-
tability index can be computed from the differences
between these two correlations. Such measures of
genetic influences on cognitive performance have
been explored in this manner several times in ways
that relate to attention. For example, studies us-
ing the Continuous Performance Task (CPT) have
shown that the d’ signal detection component of
CPT performance has a heritability among normal
subjects of 0.49.2° The Span of Apprehension task
(SPAN), a visual search task, has been shown to have
an heritability among normal subjects of 0.65* and
the P/N ratio of the Spontaneous Selective Atten-
tion Task (SSAT) was shown to have an heritability
among normal subjects of 0.41.%” Twin studies us-
ing normal control twins show that spatial working
memory, divided attention, choice RT and selec-
tive attention,”® attentional set-shifting,?® sensori-
motor gating,’® smooth pursuit eye tracking®' are
heritable. The heritability observed at the behav-
ioral level is supported by evidence that brain struc-
tures associated with attention can show genetic
bases. Anatomical studies in rodents, nonhuman
primates, and humans have established that genes
are major determinants of overall brain size*>* for
structural aspects of the frontal cortex®* and corpus
callosum.”

Using the ANT in the context of a twin study,
we reported some evidence of heritability for the
executive attention component.’* Twenty-six pairs
of adult monozygotic twins showed strong corre-
lations for both the alerting (r = 0.46) and execu-
tive (r = 0.73) networks. For another group of 26
dizygotic same sex adult twins, we found a simi-
lar although somewhat smaller correlation for the
alerting network (r = 0.38), but smaller correlation
(0.28) for the executive network. The executive con-
trol network yielded a high heritability score of 0.89.
Although the sample size is small and the estimates
of heritability are not very precise, these data pro-
vided preliminary support for a genetic account-
ing of variation in the efficiency of the executive
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attention network. It should be noted as well that
the data on the orienting response did not show
strong reliability or heritability.

Selection of candidate genes for
population-based association studies

With an anatomically characterized," reliable,**
and heritable®® assay in hand, our strategy pro-
gressed to an exploration of individual genetic fac-
tors that might account for individual differences
in performance. Given the vast size of the human
genome, a great many design and implementation
issues abound. In practice, two main phenomena
have tended to limit the success of so-called “can-
didate gene” explorations. First, the effects of a sin-
gle genetic variant have been found to be vanish-
ingly small, historically accounting for less than 2%
of variance. Genetic modeling studies suggest that
when many genes underlie a complex trait, such
as attention, or a complex disorder (e.g., ADHD),
great difficulty is expected in detecting significant
associations of single candidate genes.*”

The second limitation relates to wide disparities
in the frequency of genetic variants across ethnic
groups. In the course of human evolution, errors
in the replication of chromosomal DNA are rare,
occurring at a rate®® of 2.5 x 107% but they do
occur often enough in our genome of 3 billion nu-
cleotides, such that dozens of base-pair changes can
accumulate per generation per genome.* Although
many of these minor base pair changes have been
lost over time—perhaps due to a normal loss of
isolated mating enclaves—some changes have per-
sisted, and even, perhaps due to natural selection,
increased in frequency. Since their arrival, such an-
cestral errors in DNA replication—now referred
to as polymorphisms—have since been distributed
across the globe in an uneven and fragmented way
by varied migratory patterns of human populations
as far back as 10,000 and even 60,000 years ago. In
the course of our own genetic studies, we have rec-
ognized that the complexities of genetic structure
within human populations are especially trouble-
some for experimental designs in mixed populations
of volunteers. This is especially true in North Amer-
ica and Europe where extensive ethnic admixture
has occurred over the past 200 years. In an effort
to minimize the limitations introduced by popula-
tions with a mixture of ethnicities, we have favored
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the choosing of candidate genetic variants that are
common and found at high frequency across many
different ethnic groups.

With these limitations in mind, we then at-
tempted to select several promising candidate genes
by considering existing knowledge of neural net-
works, pharmacology, gene expression patterns, an-
imal models, and human genetic anomalies. Once
candidates were proposed, individuals with specific
alleles could be tested with the appropriate mea-
sures to determine whether certain alleles are cor-
related with performance. Critical overviews of this
approach are discussed in great detail elsewhere.*
One of the most widely cited examples of such a
candidate gene selection rationale is that of Egan
and colleagues in the study of working and episodic
memory.*! Based on a dopaminergic hypothesis
of schizophrenia, Egan and colleagues examined
genes related to schizophrenia that might involve
the dopamine pathway. Because schizophrenia is
highly heritable, studies of families of patients had
led to genetic linkage to several chromosomal ar-
eas. One of these areas is on chromosome 22, in the
22ql1 region that contains the catechol-O-methyl
transferase (COMT) gene that produces an enzyme
important in the metabolism of dopamine. Egan
and colleagues reported that a variant of the COMT
gene was related to performance in cognitive tasks
involving working memory. This gene accounted
for about 4% of the variance in perseveration errors
during the Wisconsin card-sorting task. Thus, vari-
ation in the COMT gene was expected to mediate
several aspects of individual differences in executive
function.

We have pursued this same rationale to evalu-
ate candidate genes for attention. Specifically, we
have focused on dopaminergic genes and their
role in executive attention. Neural networks that
contain the frontal cortex have been shown to
be important for executive function and also are
known to be particularly rich in dopamine inner-
vation*? implicating dopamine as a dominant neu-
romodulator for the executive network. Some data
suggest that dopamine concentrations are higher
in the dorsolateral frontal cortex (DLPFC) than
in other cortical regions.*> Depleting DLPFC of
dopamine produces deficits in performance on ex-
ecutive function tasks such as on the delayed re-
sponse task. These deficits can be as severe as
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DLPEC lesions.** Destruction of the dopaminergic
neurons in the ventral tegmental area (VTA) that
project to PFC also impairs performance on exec-
utive function tasks.*® Local injection of selective
DA (D1) antagonists into DLPFC impairs perfor-
mance on the delayed response task,*®*” whereas
leaving performance on sensory guided control
tasks unimpaired.*® Disruption of the prefrontal—
striatal-dopamine system by injections of 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) also
impairs performance on the delayed response task*’
and halting L-dopa treatment to Parkinson’s pa-
tients produces deficits on frontal cortex dependent
cognitive tasks.”® Finally, Watanabe and colleagues
found that the concentration of extracellular DA
in DL-PFC increased significantly whereas mon-
keys were performing the delayed alternation task
(another classic measure of PFC function) but not
during a sensory-guided control task, nor in other
frontal regions (Area 8 [arcuate] or orbitofrontal)
during the delayed alternation task.>!

To begin to test these predictions in a human
gene-association design, we carried out a pilot study
using a population of 200 adult subjects who per-
formed the ANT on a laboratory computer.>? Al-
though this strategy lacked the needed statistical
power to meet the standards set for the report-
ing of true associations,’” no associations or sta-
tistical trends were observed for global measures
of performance such as overall RT. This may sug-
gest some specificity in the role of genetic factors in
contributing to separable neural functions. Cheek
swabs were obtained from each volunteer and ge-
nomic DNA was extracted and used for genotyping.
An analysis of genotype vs. performance was con-
ducted for several dopaminergic genes including the
dopamine d4 receptor (DRDA4), monoamine oxidase a
(MAOA), dopamine transporter (DAT), and COMT
genes. The DRD4 and MAOA genes revealed mod-
est associations with behavior. For the DRD4 exon
III VNTR polymorphism, a comparison of 4-repeat
versus non-4-repeat carriers showed some relation
to executive attention, but not to orienting, alert-
ing or overall RT. The promoter repeat polymor-
phism in MAOA,> an enzyme that is responsible
for both dopamine and serotonin breakdown, also
showed associations with executive attention. This
polymorphism has also been identified as a genetic
risk factor in studies of aggression in boys where the
3-repeat allele (which is associated with less efficient
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conflict resolution in our adult studies) was found
to confer some additional risk of aggression in boys
who experienced some degree of maltreatment dur-
ing childhood.>*

Other cognitive studies using somewhat differ-
ent tasks have also reinforced our initial findings
on genetics and aspects of attentional function. In
two studies involving tasks that require executive
attentional control, alleles of the COMT gene were
related to the ability to resolve conflict.>>>® The
COMT gene has also been shown to be related to
a measure of the ability to solve novel problems
(fluid intelligence).”” In addition, the orienting net-
work, which has been shown to be influenced by
cholinergic drugs in monkeys® was associated with
a cholinergic genetic polymorphism. Different al-
leles of a cholinergic gene, the alpha 4 subunit of
the neural nicotinic cholinergic receptor (CHRNA4),
was related to performance differences in the abil-
ity to orient attention during tasks involving visual
search,” confirming a link between orienting and
the cholinergic system.

Imaging-genetic analyses on selected
dopaminergic candidate genes

In advancing our strategic plan beyond the genetic
and behavioral levels of analysis, others and we have
begun to explore whether fMRI can be used to con-
firm and extend the association between genes and
particular underlying networks. As was noted ear-
lier, Egan and colleagues showed that subjects with
the Valine allele at the Met158Val polymorphism
in COMT showed worse performance and higher
levels of brain activation in the prefrontal cortex.!
In our studies of the attentional networks, subjects
who performed the ANT in the scanner showed
that the DRD4 and MAOA alleles that were associ-
ated with more efficient handling of conflict in the
earlier behavioral studies also differed in amount
of activation in the anterior cingulate while per-
forming the ANT.®® Because we ran 16 genotypi-
cally unselected subjects we did not have sufficient
data to equally subdivide groups based on geno-
type at the several genes we found to be related
to conflict in our behavioral study. However, we
did find significant differences in activation for al-
leles that, as argued, have considerable influence on
dopamine activity within the network being stud-
ied. Moreover, our scanning data showed signifi-
cant differences with about eight subjects per cell,
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whereas the same alleles only approach significance
in a behavioral study with nearly 100 subjects in
each cell. These data support the speculation first
proffered by Egan and colleagues that a combina-
tion of behavioral and fMRI work can provide sta-
tistical confirmation even though the influence of
any individual gene is rather small. Recent work has
now replicated the MAOA finding where the low ex-
pression (3-repeat) allele was found to be associated
with changes in orbitofrontal volume, amygdala and
hippocampus hyperreactivity during aversive recall,
and impaired cingulate activation during cognitive
inhibition.®! Further structural MRI investigations
showed that the DRD4 gene was associated with cor-
tical structure while the DAT1 gene influenced sub-
cortical structure.* This result seems in harmony
with the known cortical expression of the DRD4
gene and high subcortical expression of the DAT1
gene.%2%% A recent report shows that when execu-
tive tasks are conducted in the presence of emo-
tional distraction COMT is associated with activity
in neural structures associated with cognitive con-
trol and task-related processing.® Finally, imaging-
genetic (but not behavioral-genetic) studies on the
ANT showed that carriers of the Al allele of the
TagIA polymorphism (dbSNP rs1800497) located
inside an haplotype block containing the DRD2 and
ANKKI1 gene have gene-associated functional acti-
vation in an anatomically specific, dopamine-rich
region of the brain comprising the anterior cingu-
late gyrus.®

From nodes to networks: preliminary
explorations of genetic variation and its
relation to neural network dynamics

As the imaging-genetic literature expands, it is in-
creasingly clear that single genetic polymorphisms
can be statistically related to individual differences
in the activation of specific brain structures. Find-
ings such as the seminal work of Hariri and col-
leagues®® on the 5SHTT-LPR, and its many replica-
tions since, show that such individual differences
in brain activation provide a means to understand
how genetic variability can underlie complex emo-
tions and behavior. Subsequent work from the same
group, however, extended the finding from a single
structure (amygdala) to the interaction of the amyg-
dala and structures in the frontal cortex such as the
cingulate cortex.®” This initial finding, and others
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like it% provide glimpses of how genes might serve
to influence, not only the physiological properties
of individual structures, but also the dynamic inter-
actions among structures or nodes in more widely
distributed neural networks. Our approach has been
greatly influenced by these findings and so we have
also sought to integrate various MRI-based connec-
tivity measures as well as EEG measures into our
studies going forward.

To this end, we have begun to consider methods
that can supplement fMRI, which is heavily relied
upon because of its noninvasiveness and high spatial
resolution, and is used mainly to detect changes in
neuronal activity that correlate with metabolic de-
mand, and not wider changes in information rep-
resentation within the brain. Methods that detect
oscillatory signals at the surface of the scalp pro-
vide one such supplementary method. For exam-
ple, changes in local coherence in neuronal firing
in absence of net increases in average population
firing rate would go undetected by fMRI but not
by MEG or EEG.® Beyond being complementary to
fMRI, the signals measured using the latter two tech-
niques may also be more tightly coupled to changes
in information representation within the neocor-
tex; whereas one can argue that the signal measured
by fMRI is epiphenomenal, low-frequency oscilla-
tions measured using EEG or MEG have been shown
to entrain local population firing and to mediate
long distance synchronization of activity.”*”! It is
therefore important to employ these techniques in
addition to fMRI to gain a more complete under-
standing of the neuronal processes underlying cog-
nition. We have begun to examine local and long-
distance dynamics of cortical oscillations in order
to develop a more mechanistic view of cortical con-
trol of information processing, and have found that
this approach lends itself to testing a unique set
of predictions regarding the role of genetic fac-
tors in development and function of neocortical
networks.

The following sections will be mainly theoreti-
cal in scope. First, we present a brief review of the
sources of cortical oscillations and the relationship
between these and behavior, then discuss the role
of gap junction proteins in mediating these oscilla-
tions, and finally propose a conceptual framework
for interpreting genetic data in the context of oscil-
lation data. We suggest a mechanism by which the
brain might use genes that encode neuromodulatory
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systems to dynamically adjust information process-
ing efficiency via modulation of oscillatory coher-
ence. We close the section by suggesting a method
by which the imaging genetics approach could be
used to study the contribution of oscillations within
specific frequency bands to behavior.

The relationship between oscillations

and behavior

The cortical oscillations examined using MEG or
EEG arise from the summed postsynaptic poten-
tials neocortical pyramidal cells, and are imposed
by synchronized, rhythmic inhibition via networks
of electrically coupled interneurons.”>”” Oscilla-
tions of various frequency bands have been asso-
ciated with various cognitive and behavioral func-
tions. For example, the power of gamma oscillations
(typically defined as 30-100 Hz) correlates with
attentional processes,’®”? working memory,® and
language skills;®! beta frequency oscillations (14—
30 Hz) have been associated with sensorimotor inte-
gration®? and visual object recognition;** alpha (8-
14) with rest/arousal® and perceptual processes®;
and theta (4-8 Hz in humans, and typically 4-12 Hz
in rat hippocampus) with attention’® and locomo-
tion/exploration in rats.®® Theta also plays an im-
portant role in many other cognitive functions via
long distance coordination of activity’® or entrain-
ment of gamma band activity.”! Given the impor-
tance of internuronal networks in imposing these
rhythms, it is reasonable to conjecture that variation
in genes whose products differentially affect syn-
chronicity of inhibition should have consequences
in terms of individual differences in oscillations of
various frequencies and, in turn, behavior. One class
of candidates includes the gap junction proteins.

A candidate genetic pathway involving gap
junctions in oscillatory activity

Gap junctions are composed of two apposed
heximeric connexin protein hemichannels, one in-
serted in each cell membrane, that together form
physical conduits allowing for direct metabolic and
electrical coupling of cells.®”8 Given a half-life of
just a few hours, connexins are continually synthe-
sized, trafficked to the membrane, internalized, and
degraded,®® which allows for tight regulation of cell-
cell coupling. One connexin isoform that may play
an important role in cortical oscillations and be-
havior is connexin 36 (CX36). CX36 is expressed
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throughout the CNS: in the retina, inferior oli-
vary complex, cerebellum, hippocampus, thalamus,
striatum, and in the neocortex, particularly in layers
IV and VI.*%> CX36 within the CNS is primarily
neuronal®®® and appears to be most prevalent in
interneruons,”” although it has also been identified
in mouse and human microglia.”®

Coupling between internurons of individual
classes”? allows for the control of neuronal oscil-
lations across a wide range of frequencies, and CX36
appears to be important for this. For example, theta
synchrony among multipolar bursting neurons is
deficient in CX36 knockout mice” as is the gamma
synchrony imposed by low threshold spiking cells.””
There does not appear to be compensation for CX36
knockout by insertion of other connexin proteins,
at least in the inferior olive,'® and lentiviral ex-
pression of a CX36 dominant negative in this same
structure demonstrates that decreased gap-junction
conductance, and not just secondary developmental
consequences of the knockout, negatively impacts
synchrony.'?! Therefore, it is likely that the finding
of behavioral deficits associated with CX36 knock-
out in mice in terms of motor learning and spatial
navigation are due at least in part to a decrease in
oscillatory synchrony.!?2

Given the high rate of connexin turnover, one
would predict that functional polymorphisms neg-
atively impacting translation of CX36 should be
associated with decreased local and long-distance
coupling of neuronal oscillations in the neocortex,
which should translate into deficits in performance.
Fortunately, a relatively common SNP of the CX36
gene has been identified that may permit for exam-
ination of the role of this protein in higher-order
cognition in humans. Belluardo and colleagues®
first cloned and sequenced the human CX36 gene
and mapped it to chromosomal band 15q14, which
was previously identified as a susceptibility locus
for juvenile myoclonic epilepsy (JME).!®® Two in-
dependent genetic association studies subsequently
found statistically significant associations between
JME and a synonymous coding SNP (rs3743123) of
the gene.!%1% Although it is not yet known whether
this or another gene in linkage disequilibrium is
responsible for conferring risk, there is reason to
believe that CX36 does play a role. First, the lo-
cus of this SNP lies in an evolutionarily conserved
site, suggesting that it may be of some functional
importance. Second, modeling of the expected
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folding pattern of the mRNA encoded by the mu-
tated gene reveals clear deviations from normal pat-
terns, and a database search revealed that disrup-
tion of this site may disrupt binding of two exonic
splicing enhancers, resulting in decreased levels of
expression.!® Assuming that there is a decrease in
expression, compensation by another connexin iso-
form seems unlikely because this is not observed
in knockout animals'® and CX36 does not form
heterotypic channels.!%

In order to determine whether or not this SNP
has functional consequences in terms of cognition
and behavior, we have performed pilot behavioral
testing using the ANT on a group of healthy adults.
Preliminary data on a small pilot sample of adults
show that the T-allele of rs3743123 is associated with
impaired behavioral performance in terms of overall
RT relative to the ancestral C-allele, and that the T-
allele likely also has consequences for higher-order
cognition in terms of executive control of atten-
tion (unpublished data). We are currently following
up on this preliminary finding with a controlled
study of the effects of this T-to-C polymorphism on
behavior, cortical oscillations, and functional brain
activation. In terms of oscillations we expect to see
a decrease in prefrontal gamma power and long-
distance theta coherence associated with the mu-
tated allele. If the predicted findings are borne out,
then future efforts may focus on signaling path-
ways affecting conductance of these channels and
potential relationships between these and various
psychopathologies.

Stochastic resonance, CX36,

and neuromodulators

Stochastic resonance refers to a property of nonlin-
ear systems such that there is a roughly quadratic
relationship between the level of noise in the sys-
tem and its efficiency of function; that is, optimal
efficiency is achieved with a moderate, rather than
very low or very high, signal-to-noise ratio. This
idea was initially conceived of to explain periodic
occurrence of ice ages,'”” but has because found
theoretical usage elsewhere, including the neuro-
sciences.!%1% Tn many cases, stochastic resonance
is discussed in terms of improved efficiency of a sys-
tem in signal detection upon adding moderate levels
of noise to a weak periodic driving input. However,
the noise can be supplied by the system itself, and
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may vary as a function of, for example, coupling of
neuronal oscillations. As noted above, the continu-
ous turnover of connexin proteins leaves opportu-
nity for tight regulation of coupling, and factors that
modulate cell-cell coupling could allow for online
optimization of the efficiency of network function
in a context-dependent manner. Another mecha-
nism may be via direct modulation of excitability of
the network to increase its sensitivity to input.

The CX36 protein contains a number of regula-
tory sites subject to phosphorylation by CaMKII
and PKA,!'%!! and may also be regulated by
Ca**/calmoulin.''? It has been demonstrated in
amacrine cells of the retina that both CX36 and
Cx 35 (the perch ortholog of CX36), are phos-
phorylated in response to dopamine (DA) signal-
ing, and that this decreases gap junctional con-
ductance.''"!!? In developing rat prefrontal cortex,
dye coupling among pyramidal cells is decreased
by stimulation of D1 and D2 receptors, likely via
the cAMP/PKA pathway,'!* and stimulation of D1,
but not D2 receptors, increases the excitability of
pyramidal cells in the primate prefrontal cortex.''
The excitability of rat prefrontal fast spiking (FS)
interneurons is also increased by D1, but not D2,
stimulation.!'® The only study to date that exam-
ined DAergic modulation of electrical coupling in
cortical FS interneurons examined those of the mo-
tor cortex and focused on D1-like mediated signal-
ing, and found no effect on electrical coupling.''”
It is possible that a modulation effect may be found
in the prefrontal cortex, or that stimulation of D2-
like or both D1- and D2-like receptors is required
to produce such an effect. For example, stimula-
tion of D2 receptors modulates electrical coupling
in the retina!!'® and D1/D2 heterodimer receptors
have been shown to activate a signaling cascade not
initiated by stimulation of either receptor alone,'"”
which, in the nucleus accumbens, results in an in-
crease in CaMKIIa.'?® To date, these possibilities
remain unexplored in the literature.

The above findings are of interest because they
suggest that DAergic signaling may be used to mod-
ulate the processing efficiency of neuronal ensem-
bles via at least two mechanisms. First, it appears
that D1-like mediated signaling increases the ex-
citability of neuronal ensembles, which would per-
mit for propagation of information carried by rel-
atively weak inputs. Second, if DAergic modulation
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of electrical coupling/oscillatory coherence can be
demonstrated in the prefrontal cortex, this would
suggest a mechanism by which signal to noise can
be optimized in a task dependent manner.”! If this
is true then studying polymorphisms that affect
DA signaling pathways that modulate gap junction
conductance/oscillatory coherence may advance
our understanding of certain psychopathologies by
helping us to understand the sources of emergent
deficits in the efficiency of prefrontal network-level
processing.!21:122

Gap junction proteins and factors that modu-
late gap junction conductance appear to be impor-
tant for regulating synchrony of oscillations in gen-
eral. Another application of the imaging genetics
approach would be to understand the contribution
of oscillations in specific frequency bands to local
and long distance coordination of function, and, in
turn, their contribution to behavioral performance.
As noted earlier, theta oscillations appear to be im-
portant for mediating long distance coordination of
processing,’®’! and it has been hypothesized that
networks of multipolar bursting neurons generate
theta rhythm in the cortex in response to cholin-
ergic input.””> Application of acetylcholine to rabbit
cortex increases the power of theta band activity'?
and there is increased phase-locking of frontal theta
oscillations in Alzheimer’s patients under treatment
with cholinesterase inhibitors relative to untreated
patients.!?* A synonymous mutation (rs1044396) of
the gene encoding the a4 subunit in the nicotinic
acetylcholine a4p2 receptor (CHRNA4) has been
shown to have consequences in terms of attentional
functions,”® 127127 as well as functional activation
of the brain during an attention task.'”® Although
the consequences of this SNP in terms of expres-
sion are currently unknown, this may be a good
starting point in imaging genetics work aimed at
better understanding the contribution of these os-
cillations to efficiency of network function and, in
turn, behavior.

Considering the where and when of
candidate genes in studies of individual
differences in network structure

and dynamics

As described at the outset, we seek, ultimately, to un-
derstand how individual differences in attentional
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function, vis-a-vis neural network structure and
dyamics, can be explained, in part, by individual dif-
ferences in genetic background. Certainly, the mul-
tiple neuroimaging methods (such as the MRI and
EEG-based methods described above) that are in-
creasingly used to measure neural network structure
and dynamics present an attractive context for the
application of genetic data. To this end, we further
consider this possibility. When neural networks are
widely distributed and show many dynamic states,
is it possible to use genetic data to dissociate specific
states or anatomical regions of interest using ge-
netic data? To begin to explore this question, we ask
if anatomical nodes can be differentiated by patterns
of gene expression. If so, there may be an opportu-
nity to exploit such gene-expression differences to
test for separable roles of nodes within larger net-
works. For example, Vogt and colleagues examined
the expression a wide array of neurotransmitter re-
ceptors (protein expression rather than of mRNA
expression) and found that the expression patterns
of the receptors was able to differentiate among
4 subregions of the cingulate cortex.'?’ This pat-
tern of gene expression was consistent with prior
converging evidence from lesions, evoked activity
and architectonics that suggest the cingulate cor-
tex contains 4 functionally separable regions. In the
case of this study, the ACC region showed high-
est AMPA receptor expression and lowest GABA-
A receptor expression whereas the MCC region
had the lowest AMPA receptor expression and
the PCC had the highest cholinergic M1 receptor
expression.

Relationships between where a gene is expressed
and where it exerts an effect during an imaging-
genetic study may not be easily intuited, however,
because many of the genes used in imaging-genetic
studies are widely expressed. For example, a query
of gene expression data for COMT in UniGene, a
public access repository of genomic data (NCBI-
UniGene, 2005) shows a broad pattern of expres-
sion (bladder, bone, cervix, heart, kidney, liver,
lung, ovary, prostate, skin, stomach, and other ar-
eas) and cortical and subcortical neurons in the hu-
man brain. Imaging genetic studies, however, have
shown that despite the high levels of expression of
COMT in the striatum, gene-associated brain acti-
vation is mainly found in the DLPFC.*' However,
this finding is consistent with data showing that
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COMT activity accounts for less-than 15% of to-
tal dopamine turnover in the striatum, but greater-
than 60% in the PFC.!*® Hence, complexities can
arise when trying to reconcile gene-associated brain
activity with gene expression.

Shifting to a developmental perspective

In addition to the consideration of where a gene
is expressed vs. the location of its gene-associated
structure/function, there may be some additional
insight into the dynamics of cognitive function
gained from a consideration of when a gene is ex-
pressed and the period(s) of development when it
exerts its gene-associated structure/function. Cog-
nitive and imaging research on many well-studied
developmental disabilities that arise from mutations
in single genes or multiple genes within a contin-
uous interval, show that the effects of single genes
can exert dramatic effects on early and late phases of
cognitive development. Research on developmental
disorders, such as Williams Syndrome and fragile-X
mental retardation that arise from minute chromo-
somal lesions shows that even when the genetic le-
sion is well defined, the developmental outcome can
affect many neural systems and show variation in
severity."”! Simple genotype-phenotype mappings
do not sufficiently explain this variability and em-
phasis should be placed not on these mappings,
but rather, on the role of genes in developmental
processes.!?? For example, a VNTR polymorphism
in exon III of the dopamine d4 receptor (DRD4),
a gene that is reliably associated with risk for the
developmental disability ADHD, shows a correla-
tion with cortical thinning in young children'* and
interacts with parenting style to influence tempera-
ment!? suggesting a biological link between cortical
development and cognitive development. Other de-
velopmental disabilities such as phenylketoneuria,
Angelman syndrome and fragile-X mental retarda-
tion reveal the profound way in which single genes
alter the normal trajectory of brain and cognitive
development.!3?

Some genes may even function very early in em-
bryogenesis, but only cause noticeable disruptions
rather late in behavior. The forkhead box a2 (FOXA2)
gene, for example, regulates the earliest stages of
the birth of dopamine neurons but contributes to
a Parkinsonian form of neural degeneration when
the organism reaches late adulthood.!* Finally, we
know that genes act under the influence of the envi-
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ronment during development, as evidenced by the
interaction of early childhood stress with the MAOA
and S5HTT genes increasing the risk of aggressive
behavior and depression later in life.>*13® Further-
more, early maternal stress can lead to epigenetic
modification of the fetal genome, as seen in pro-
moter of the glucocorticoid receptor gene.'*” Hence,
it is of interest to specify the role of genetic variation
in terms of its influence on structural and cognitive
change during development.

Among the most widely explored pathways in
cognitive development, and thus well-suited for ge-
netic studies, is the dopamine system. In the seminal
work of Diamond, infants show marked improve-
ment in tasks that require them to both inhibit a
prepotent response, and also hold-in-mind the lo-
cation of a target'*® and performance on these mea-
sures was shown to be dependent on the frontal
cortex in monkeys.'* Animal models of phenylke-
toneuria show that cognitive disruptions associated
with PKU were dependent on reductions of DA in
the prefrontal cortex,'? which is consistent with
Goldman-Rakic and colleagues who, using a pri-
mate model, found that the reduction of DA was
equally as effective in diminishing executive func-
tion as were lesions to the frontal cortex.* In pri-
mate models, age-related improvement on execu-
tive control tasks is paralleled by postnatal increase
in DA levels'*! and an increase in DA receptor gene
expression.'*> Within the developing brain, DA par-
ticipates in cellular changes such as myelination,
synaptogenesis and pruning!**~%> but may mainly
subserve executive function as a modulator of ex-
citability of recurrent synaptic inputs.'*® The time
course of these processes may be quite variable and
beyond the range of our current work on 5-13 year
olds however, because synaptogenesis and myelina-
tion in the ACC may peak before age 5, although
pruning may continue well after age 13.'*7 Thus,
as described above, we have made use of this con-
verging evidence in our studies on adults and are
presently using this evidence to craft suitable hy-
potheses for child studies.

For one of our primary candidate genes, COMT,
the evidence suggests that it performs an ongoing
physiological function, and that variation in the
structure of the enzyme leads to individual differ-
ences that can be measured, and that arise from,
the real-time function of the enzyme. Alternately,
current differences observed in brain activity for
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separate genetic groups may be consequences of a
genetic polymorphism that acted early in the devel-
opment of a specific brain structure or altered the
function of an early developmental process upon
which other more mature processes depend. For
example, COMT, along with several other genes,
are deleted in a disorder called 22q11 deletion syn-
drome. These children have only a single function-
ing copy of the chromosomal region containing
COMT and show a number of signs of mental retar-
dation as well as physical abnormalities and are also
at greatly increased risk of developing schizophre-
nia.'*® Two experiments have examined a version of
the ANT task suitable for children and both found
greatly reduced ability to resolve conflict.!*-!* One
of these efforts related deficits in prepulse inhibition
to performance on the ANT and the results suggest
that striatal-cingulate pathways may underlie com-
bined deficits in executive attention and prepulse
inhibition.!>!

To begin to assess the possible developmental
roles of other candidate genes associated with exec-
utive attention, we have sought to use tasks that can
measure the efficiency of the attention system at dif-
ferent age ranges and have employed a child-friendly
version of the ANT as just one example of a suitable
task. In choosing this strategy, we acknowledge a
few of the many complexities in choosing suitable
behavioral assessments for child populations. Prac-
tically speaking, it is important to consider tasks
that can be adapted to a neuroimaging environment
and to consider tasks where performance can be
compared across a wide range of ages by parametri-
cally manipulating task difficulty. More importantly
though, the behavioral assessments should be con-
sistent with an established psychological model or
framework (in our case, attention). Substantial evi-
dence points to a unified conceptual framework for
the development of executive control where cen-
tral attentional mechanisms are involved!>*~'>* as
well as dissociable processes such as inhibition and
working memory.'>> Therefore, we expect attention,
and moreover, genes that contribute to the devel-
opment of the attention system to play a central,
but limited, role in the development of executive
function.

A number of studies have already adapted the
central construct of attention, upon which the ANT
is built, to studies of attentional function in in-
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fants, toddlers and young children. Infants show
a propensity to gaze longer during incorrect trials
and show increased negative activity on measure-
ments of event related potentials'>® while 2-3 year
olds demonstrate correlation in their ability to re-
solve stimulus—response conflict and anticipatory
eye movements.””” A few behavioral performance
measures have been found to relate to aspects of
temperament using scales that are appropriate for
infants and children. In infants, the orienting of
attention was found to relate to positive affect and
function asa means to distract children from distress
and reduce negative affect.!”® In young children, ef-
fortful control was related to executive attention as
measured by the child-friendly ANT."*® By age 7,
executive attention as measured by performance on
the ANT appears stable.!®® However, performance
on many traditional executive function tasks involv-
ing component functions such as working memory
and inhibition (e.g., the Wisconsin Card Sorting,
Tower of Hanoi and N-back) continues to improve
in adolescence and into early adulthood.

Our use of the child version of the ANT is based
on this earlier work of Rueda and colleagues'®! as
well as the work of Konrad and colleagues who have
reported functional activations in children who per-
formed the ANT in the MRI scanner.'®? Each trial
begins with a cue (or a blank interval, as in the no-
cue condition) that informs the child either that a
target will appear soon, and/or where it will appear
on the screen. The target always occurs either above
or below fixation, and consists of a central arrow (in
the shape of a smiling fish), surrounded by flanking
arrows (smiling fish). The flankers point either in
the same direction as the target arrow (congruent)
or in the opposite direction (incongruent) and a
subtraction of RTs of congruent from incongruent
target trials provides a measure of conflict resolution
that assesses the efficiency of the executive attention
network. Our current data were obtained froma col-
lection of 110 healthy children somewhat evenly dis-
tributed in gender and ages 5-13 years old who per-
formed the task while under adult supervision.!®> A
view of both the distribution of raw and of normal-
ized (conflict RT/overall RT) shows that children ex-
perience a RT cost of about 90 ms related to the res-
olution of stimulus—response conflict and that there
is little change in the efficiency of conflict resolu-
tion as children mature beyond this age range. This
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is largely in agreement with previous reports'®* and
suggest that genetic correlates of performance on the
child-friendly ANT may relate to developmental
processes that occur before the age of 5.

Genetic tools tailored for studies
of the anterior cingulate cortex and its
role in attention

With some experience gained from the preliminary
work described above, and an increased awareness
of several inherent constraints, our strategy is now
poised to for use — in our case — on gene associ-
ated activity in the ACC. This brain region, situ-
ated bilaterally on the medial surface of the frontal
lobes around the rostrum of the corpus callosum
and bounded by the callosal sulcus and the cin-
gulate sulcus, has numerous projections into the
motor cortex and thus advantageously sits where it
may have a significant contribution in the control of
sensory, cognitive, and emotionally guided actions.
Indeed, it may not be surprising to repeatedly find
dopaminergic-gene-associated brain activity in the
ACC, because it receives afferents from more thala-
mic nuclei than any other cortical region and also
receives diffuse monoaminergic innervation from
all major neuromodulatory nuclei.?!:163

Several lines of converging evidence suggest that
variation in the structure and function of the ACC
may be a suitable region for intense genetic study.
First, several tasks that activate the ACC such as
spatial working memory, divided attention and at-
tentional set shifting have been examined in iden-
tical and fraternal twin populations and found to
have high heritabilities.”®!® The structure of the
ACC was recently examined in healthy relatives
of schizophrenic patients. These healthy relatives,
who, presumably carry some of the genetic risk
for schizophrenia showed 11.4% less right cingu-
late gray matter volume, 8% reduction in surface
area and bilateral reductions in thickness of up to
2.5%.'%7 Twin studies reveal that about 60% of the
variance in N2 and P3 amplitudes can be attributed
to genetic factors.!®® Prior investigations on these
ERP components have implicated the ACC as the
most likely neural generator of the N2 potential.'®®
Pezawas and colleagues showed that carriers of the
short allele showed volume reductions of 25% in
greymatter in the perigenual ACC and that this same
short allele genetic group also showed decreased
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positive feedback between the rostral ACC and the
amygdala as well as decreased negative coupling be-
tween caudal regions of the ACC and amygdala.®’

Within the scope of our interest in the develop-
ment of executive attention, the robust and reliable
brain activity observed in the cingulate cortex of
healthy children suggests that the ACC may be a
feasible region of interest for developmental stud-
ies./”? For example, event related potential record-
ings in infants as young as 6-9 months of age show
increased negativity in response to conflict that is
spectrally very similar to the error-related negativ-
ity seen in adults, a neural process that has been
localized to the ACC.!* In a population of children
ages 7—11, Casey and colleagues, reported that the
blood-oxygen-level-dependent (BOLD) response in
the ACC varied as a function of increased number
of errors on a go no-go task and demonstrated that
activity in ventral prefrontal regions was correlated
with accuracy.!”! This type of error-related activ-
ity in the ACC is suggested to inhibit dopaminer-
gic function via projections to the striatum, which,
in-turn, supports learning of the no-go response.'”2
Like the prefrontal cortex, the cingulate cortex shows
evidence for a somewhat prolonged time-course of
development.!47:173:174 A recent functional connec-
tivity study in children showed that correlated ac-
tivity among voxels across the ACC was found to be
weaker than in other areas of the brain.'”® In hu-
man children, a recent report shows that a VNTR
polymorphism in exon III of the DRD4 gene shows
a strong correlation with cortical thinning in young
children but demonstrates a decreasing correlation
as children grow.!** Along these lines, a behavioral
study of 2-year-old children showed that in the pres-
ence of a DRD4 7-repeat allele in children with rela-
tively poor parenting showed higher levels of impul-
sivity whereas those with high quality parenting did
not.!”® These various developmental findings pre-
sumably relate in some way to our adult imaging-
genetic finding of DRD4-dependent individual dif-
ferences in ACC activation.®

With these limitations and the existing litera-
ture in mind, we have started to formulate provi-
sional imaging-genetic hypotheses for understand-
ing how genetic factors might modulate attentional
efficiency via the ACC. First, we seek to shape our
hypotheses within the context of a particular task
where the role of the ACC is well characterized.
In our recent work using the ANT, the effective
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connectivity among regions within the ACC shows
that interactions between the anterior rostral cin-
gulate zone (RCZa) and the caudal cingulate zone
(CCZ) of the ACC is modulated by the context of
conflict.”® Also, high-density scalp electrical record-
ings during the executive attention component of
the ANT reveal an early (<400 ms) increase in
gamma-band activity, a later (=400 ms) decrease in
beta- and low gamma-band activity after the tar-
get onset, and a decrease of all frequency bands
before response followed by an increase after the
response.'”” Our usage of several MRI- and non-
MRI-based imaging modalities permits us to exam-
ine the validity and robustness of individual imaging
genetic findings across imaging modalities. Second,
to the extent that these different imaging modalities
(EEG vs. structural MRI vs. functional MRI vs. dif-
fusion tensor imaging, etc.) are sensitive to different
aspects of cellular and neural network physiology,
we can, with caution, begin to specify the associa-
tion of a genetic variant with a certain physiological
process.

Candidate pathways for development

of frontal midline structures

To begin to better assess the role of genes in the
development of the ACC, we focus on candidate
genetic pathways that act to establish and shape
structures in the frontal midline. The developing
ACC is positioned dorsally, at the midline, where
the cerebral hemispheres meet. Detailed anatomical
studies have been conducted on populations with
holoprosencephaly, a genetic disorder where the em-
bryonic forebrain does not sufficiently divide into
the double lobes of the cerebral hemispheres, and
instead, are conjoined across the midline, resulting
in a single-lobed brain structure and lethal skull
and facial defects. In less severe cases, near-normal
brain development and facial deformities that may
affect the eyes, nose, and upper lip appear. Kins-
man'”® reported abnormalities in the corpus cal-
losum, corticospinal tract, medial lemniscus, and
cerebellar peduncles in less severe cases of holopros-
encephaly. Takahashi'”® used MRI to describe a se-
ries of seven human brains with the less severe semi-
lobular form and provide details of general patterns
of malformation across different levels of severity.
These findings reveal that without proper function-
ing of the Hedgehog genetic pathway, a normally
formed ACC fails to develop. Mutations in sonic
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hedgehog (SHH) and several downstream factors
including 7-dehydrocholesterol reductase (DHCR?7),
patched (PTCH), zic family member 2 (ZIC2), Krup-
pel family member gli2 (GLI2) give rise to holo-
prosencephaly (reviewed!®?). Cognitive deficits in
humans have been reported in association with
DHCR7'8! and ZIC2 hemizygous mice show deficits
in sensorimotor gating.'8? We proposed!®’ that sub-
tle hypomorphic or hypermorphic alleles of genes
in the hedgehog and BMP pathways could affect the
volume of the cingulate cortex as well as the ab-
solute number of neurons contained in the ACC.
These types of changes might cause relatively mi-
nor biochemical changes but would be measur-
able using neuroimaging, and could influence hu-
man brain function in clinically meaningful ways.
Further behavioral and imaging genetic studies on
common polymorphisms in these genes may reveal
links between basic developmental processes and
structure/function variation in the frontal midline.
Presently, however, we cannot report any significant
associations for common SNPs within the SHH gene
in our child population, despite having explored this
possibility.

Looking deeper into the development of the ACC,
Sugino and colleagues'®* compared gene expression
profiles for 3 types of interneurons and two types of
projection neurons (layer 5 and layer 6) in the ACC
as well as a number of other cortical and subcortical
regions. Some of the genes reported include secreted
frizzled-related protein 2 (SFRP2) natriuretic peptide
precursor C (NPPC), endothelin converting enzyme-
like 1 (ECEL1), tachykinin, precursor 1 (TAC1), and
neurexophilin 3(NXPH3). In a mouse model of neu-
ronal migration in the frontal midline, the presence
of SFRP2 protein impaired the anterior turning of
commissural axons after midline crossing.'8> ECEL1
is a member of the M13 family of zinc-containing
endopeptidases known to be important regulators
of neuropeptide and peptide hormone activity. The
TACI gene encodes the neuropeptides substance P
and neurokinin A. Mice without TACI function
showed decreased depression- and anxiety-related
behaviors.'®® TAC1 also emerged as a top candi-
date gene for depressive illness in a unique multi-
stage analysis of animal model gene expression and
human genetic linkage.'®” Finally, neurexophilin 3
(NXPH3) is a tightly bound extracellular ligand of
a-neurexins, a family of presynaptic a-latrotoxin
receptors. NXPH3 expression is restricted mostly to
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layer 6b of the cerebral cortex, where it occurs in
subplate-derived excitatory neurons as well as gran-
ule cells in the vestibulocerebellum and knockout
mice display impaired sensory information process-
ing and motor coordination.!8

Finally, several candidate pathways for ACC de-
velopment emerge from developmental studies of
the rostral forebrain. Drastic midline deficits in
animal models and humans have been linked to
the hedgehog signaling pathway. In addition, bone
morphogenetic proteins (BMPs) are expressed at
the dorsal apex (apices in cortices) in the em-
bryonic central nervous system. In the absence of
BMP signaling, the dorsal cortex does not prop-
erly develop,'®1%° whereas constitutive activation
of BMP signaling causes dorsalization of the cor-
tex.!! Frontal identity has also been shown to be
imparted by fibroblast growth factor-8 (FGF8), which
is expressed by the anterior neural ridge (ANR)
within the fetal forebrain.!”* FGF8 gene expression
is regulated by the homeobox transcription factor,
EMX2, and FGF8 protein forms a rostrocaudal gra-
dient that induces anterior cell types at the expense
of posterior cell types.'”> FGF proteins signal pri-
marily through MAP-kinase and PI-3-kinase path-
ways and mutations in the PI-3-kinase pathway are
associated with autism!'®*!%> and schizophrenia.!®
Also, mice with a conditional inactivation of FGF2
as well as a null CNP1 background display no obvi-
ous anatomical abnormalities, but display hyper-
activity that can be suppressed by dopaminergic
antagonists.””” FGF14 gene targeted mouse mod-
els of spinocerebellar ataxia exhibit impaired spa-
tial learning and defective theta burst induced LTP
in hippocampal slices.'”® Finally, the growth factor
FGF20, which promotes dopaminergic cell survival
has been implicated in psychiatric illness.!”® Like
hedgehog and BMP signaling, the FGF pathway is a
promising source of converging evidence.

Plasticity within the ACC

Because the use of functional and structural imag-
ing in conjunction with genetic data permits not
only an analysis of structural variation in the ACC,
but also functional variation, we have constructed
provisional hypotheses about neural plasticity in
the ACC. These provisional hypotheses are rooted
largely on the extensive findings of Zhuo and col-
leagues who have characterized a form of long-term
potentiation (LTP) in the mouse and rat cingu-
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late cortex.?%%-2%2 In their experimental system, sev-
eral different forms of stimulation such as spike-
EPSP-pairing and theta-burst stimulation are used
to mimic endogenous activity of ACC neurons and
are able to induce a form of potentiation that can
last from 40 to 120 min.?® Not surprisingly, these
forms of potentiation are dependent, to different
extents, on presynaptic and postsynaptic enhance-
ment mechanisms as well as structural changes at
the synaptic cleft. Presynaptic mechanisms are sup-
ported by increased input—output curves and de-
creased paired pulse facilitation in ACC slice record-
ings from animals suffering from chronic pain.*”
Pharmacological manipulations reveal that GluR1,
but not GIuR2 subunits of AMPA receptors mod-
ulate an early induction phase while both NR2A
and NR2B subunits are necessary for the mainte-
nance of LTP.?** Characterization of plasticity using
various gene-targeted mouse models reveals specific
roles for NMDA receptors, adenylyl cyclase subunits
(AC1 and AC8), and calcium calmodulin dependent
kinase type-IV (CaMKIV) in long-lasting plasticity
in the ACC. For example, in mice lacking either
the GluR5 or GluR6 subunit, kainate EPSP’s were
reduced in single knockout and absent entirely in
double 5/6 targeted animals.’®> Gene deletion of
adenylate cyclase subunits AC8 and AC1 reduced
forskolin-induced plasticity and abolished LTP in
the ACC using both theta-burst and EPSP-paring,.20®
Activation of CREB was not observed in CaMKIV
knock-out mice using theta-burst stimulation.?07:208
Finally, it has been observed that LTP in the ACC is
absent in mice lacking the FMRP synaptic protein®®
and the transcription factor EGR1.%!° Explorations
of genetic polymorphisms in the human GRIN2B
glutamate subunit gene have not yet revealed asso-
ciations with executive attention in our population
of healthy 5- to 13-year-old children.

To explore a more natural form of plasticity in the
ACC, thatis, without the use of artificial stimulation,
Zhuo and colleagues have developed paradigms in-
volving peripheral hindlimb injury. Following am-
putation of a central digit of the hindpaw, rapid
and longlasting enhancements of sensory responses
are observed to peripheral stimulation.?!! Intracel-
lular recordings showed rapid MK-801 (an NMDA
antagonist) sensitive depolarization in response to
injury followed by a prolonged state of depolar-
ization.?!? This extended period of depolarization
was accompanied by a well-known set of immediate
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early genes such as C-FOS, EGR1, and CREB, which,
via transcriptional activation, may help sustain pe-
riods of potentiation lasting for several days. Thus,
the core model suggests that LTP in the ACC occurs
after peripheral injury and may mediate persistent
pain. Again, NR2B as well as AC1 and AC8 were
implicated in this in-vivo form of plasticity using
gene targeted mouse models.?””-213 Mice that over-
express the NR2B subunit, for example, demon-
strate increased sensitivity to peripheral injury?!
and these behavioral responses were reversed by ad-
ministration of selective NR2B antagonists.?!* Sim-
ilarly, mice lacking AC1 and/or AC8 show reduction
of persistent pain which can be reversed via injection
of AC activators such as forskolin.?” Potentiation
in response to injury may occur because of a loss
of an autoregulatory form of long-term depression
that helps to normally quiet neuronal activity in the
ACC, because, induction of LTD was only partially
successful in injured animals and loss-of LTD was
site-specific.?!®

Concluding remarks on the inextricable
role of the environment

As explored above, there is a great deal of informa-
tion to consider when designing cognitive-neuro-
genetic and imaging-genetic studies. When seeking,
as we have been, to identify separable components
of neural network structure and dynamics related to
attention and to understand the basis of individual
differences in attentional function, it is useful to
understand the many biochemical pathways that
lead to the development of candidate structures and
also to be aware of the anatomical limits of gene ex-
pression and the timing of gene expression. Perhaps
more importantly, however, it is of the utmost im-
portance to understand that the environment is an
especially potent driver of gene expression through-
out brain development. For example, anoxia,?'® ma-
ternal separation,?!” amyloid protein expression,'3
and drug abuse,?! all induce hypometabolism, glio-
sis, and programmed cell death in the ACC, a central
node in the executive attention network. Exposure
to environmental and social stress can induce the
expression of glucocorticoid receptor (GR), a tran-
scription factor which mediates the cellular response
to stress and influences functional coupling in the
amygdala.’”® Our group has reported that other
genes as well can be influenced by environmental

Fossella et al.

forces. We found that the expression of TGF-alpha,
a factor in the postnatal maturation of dopamine
neurons, was found to be downregulated by neona-
tal separation stress in male pups.??! Additional
evidence that stress may influence dopaminergic
function can be found in the work of Benes and col-
leagues, who show that dopaminergic innervation
of interneurons in layers Il and V of the ACC are ele-
vated in postmortem analyses of schizophrenia. The
hyperinnervation of interneuronal DRD2 contacts
is suspected to disable local inhibition of pyramidal
cells and lead to excess glutamatergic signaling
and waves of excitotoxicity in downstream brain
areas.”?

Current genetic and imaging genetic work has be-
gun to explore the way that the genome and the en-
vironment may interact to influence cognition. Epi-
demiological findings by Caspi and colleagues show
that interactions of genotype together with certain
aspects of stress or neglect can influence the onset
of depression and aggression.>*!*® Imaging genetic
studies on the genetic loci involved in these gene-
x-environment phenomena reveal gene-associated
brain activity in regions of affective and cognitive
control, in particular, the ACC.%® Such environmen-
tal interactions pose an experimental challenge to
imaging-genetic research because it is often diffi-
cult to ascertain an experimental volunteer’s past
experience with stress and or neglect. Similarly, it is
difficult to determine the current state of stress for a
subject who may or may-not experience anxiety in
the local laboratory or scanner environment. Canli
and colleagues have evaluated this issue in more de-
tail via the introduction of baseline brain activity
conditions to begin to explore 5SHTT-LPR-related
individual differences in the response of subjects to
the scanner environment.’

Thus, we acknowledge that the genetic material
is not determinative, but rather exerts limited ef-
fects on the development of neural networks via
complex interactions with the environment. Fur-
ther work in the genetics area will likely seek to
capture early and concomitant environmental fac-
tors as a means to better account for such inter-
actions. Finally, we wish to acknowledge that our
work, like all cognitive-genetic work, has an ethical
dimension that bears on the current rise of medical-
and consumer-based genetic testing, especially re-
garding children. Although we do not address these
issues here, we wish to recognize the importance of
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