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Abstract
Genetic studies are rapidly identifying variants that shape risk for disorders of human cognition,
but the question of how such variants predispose to neuropsychiatric disease remains. Noninvasive
human brain imaging allows assessment of the brain in vivo, and the combination of genetics and
imaging phenotypes remains one of the only ways to explore functional genotype-phenotype
associations in human brain. Common variants in contactin-associated protein-like 2 (CNTNAP2),
a neurexin superfamily member, have been associated with several allied neurodevelopmental
disorders, including autism and specific language impairment, and CNTNAP2 is highly expressed
in frontal lobe circuits in the developing human brain. Using functional neuroimaging, we have
demonstrated a relationship between frontal lobar connectivity and common genetic variants in
CNTNAP2. These data provide a mechanistic link between specific genetic risk for
neurodevelopmental disorders and empirical data implicating dysfunction of long-range
connections within the frontal lobe in autism. The convergence between genetic findings and
cognitive-behavioral models of autism provides evidence that genetic variation at CNTNAP2
predisposes to diseases such asautism in part through modulation of frontal lobe connectivity.

INTRODUCTION
The mechanisms by which common genetic variation can predispose individuals to
neuropsychiatric disorders are largely unknown. Recent work suggests a relationship
between common genetic variation in contactin-associated protein-like 2 (CNTNAP2) and
language ability across a range of developmental neuropsychiatric disorders, including
autism (1). Mutations in CNTNAP2 were first identified in a family with Tourette syndrome
and obsessive compulsive disorder (2)and in Old Order Amish children with cortical
dysplasia, epilepsy, and microcephaly, 70% of whom also had an autism spectrum disorder
(3). Furthermore, a highly circumscribed region of ~10 kb within this 2.3 Mb gene has
previously shown replicated association with quantitative language endophenotypes in
autism [rs2710102; P = 0.0006 (4,5)] and specific language impairment (SLI) [P = 0.002 to
5 × 10−5 (6)].

CNTNAP2 messenger RNA (mRNA) is significantly enriched in the developing human
brain in the frontal and temporal lobes, as well as in striatal circuits and in the frontal cortex
of adult brain, but shows no such anterior cortical enrichment in rodents (7). In humans,
these regions are posited to support speech and language learning (8), as well as other forms
of implicit learning (9,10), further supporting a role for CNTNAP2 in neural circuits
underlying language and cognition. CNTNAP2 clusters voltage-gated channels (Kv1.1) at
the nodes of Ranvier (11) and is likely also involved in interactions between neuronal axons
and glia (12). During development, Caspr2, the protein encoded by CNTNAP2, is thought to
assist in interactions important for cellular migration and subsequent laminar organization
(3), indicating a role for CNTNAP2 in the construction of neural circuits. Additionally, a
recent structural imaging investigation identified reduced frontal gray matter and abnormal
white matter connectivity in carriers of an alternative autism risk allele of CNTNAP2 (13).

The frontal lobe is responsible for a number of higher-order cognitive functions, including
planning, decision making, and abstraction, and thusisaprimarycandidate fordysfunction in
many neurodevelopmental and neuropsychiatric disorders. One function of the frontal lobe
is cognitive control, or the coordination of goal-directed thoughts and actions. Recently, a
rostro-caudal, or anterior-posterior, information-processing gradient has been proposed to
underlie frontal lobe organization (14). In this model, the anterior prefrontal cortex (PFC)
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directs information processing by posterior regions during the execution of abstract goals.
There is growing evidence for at least two rostro-caudal gradients in the frontal lobe:
dorsolateral and ventro-lateral. It has been hypothesized that the dorsal path could be more
directly involved in the planning and execution of goal-directed motor actions, whereas the
ventral path is involved in contextual processing. Human neuroimaging studies provide
support for these anterior-to-posterior gradients (15), and structural equation models
provided the first preliminary evidence in support of anterior influence on posterior regions
(16). The frontal lobe is also important for a number of social and communication functions.
Specifically, the inferior frontal gyrus (IFG) is a major player in speech and language and is
involved in both semantic and syntactic processing of linguistic inputs as well as the motor
production of speech (17). The IFG is also implicated in the mirror neuron system, a
mechanism by which primates are able to understand the actions of others through the firing
of mirror neurons when an action is observed as well as when it is executed (18). There is
evidence for both language [see (19) for review] and mirror neuron system dysfunction
(20-23) in autism. The focal expression pattern of CNTNAP2 in anterior frontal circuits in
humans, together with a growing body of evidence implicating disruption of frontal cortical
circuit connectivity in disorders such as autism (24,25), attention deficit–hyperactivity
disorder (ADHD) (26), and schizophrenia (27), prompted us to test the hypothesis that
variation at the CNTNAP2 risk locus might predispose to cognitive dysfunction in humans
through modulation of neural activity in the frontal lobe and its functional connectivity.

RESULTS
We first scanned 32 children (16 typically developing and 16 with autism) (table S1) using
functional magnetic resonance imaging (fMRI) during a variation of a reward-guided
implicit learning task known to engage frontostriatal circuits (28), regions that overlap areas
of CNTNAP2 gene expression during development (7). Genotype frequency was similar
between the typically developing and the autism groups, and data were collapsed across
groups to investigate the specific effects of the risk variant on brain function. Comparisons
between risk allele carriers (n = 9) and nonrisk allele carriers (n = 23) showed significantly
reduced activity in the medial PFC (mPFC) during reward feedback processing in the
nonrisk group (P =0.001) (Fig. 1). This finding was robust when examined within diagnostic
groups (fig. S1), supporting a dominant effect of the rs2710102 risk allele on brain function.
This finding is consistent with previous studies that have demonstrated a dominant effect of
the autism and SLI CNTNAP2 risk allele on language endophenotypes, such that
heterozygous individuals perform similarly to homozygous risk carriers (1,6). The mPFC is
part of the default mode network (29), which is typically more active during resting baseline
than during externally directed attention. Thus, the risk group shows less of the normally
observed decrease in medial prefrontal activity than does the nonrisk group during a task
requiring externally directed attention (fig. S2).

On the basis of the known expression patterns for CNTNAP2 in the frontal cortex and its
role in synaptic transmission, we hypothesized that frontal functional connectivity may serve
as a biologically relevant intermediate phenotype for an association study with CNTNAP2.
Recently, it has been established that functional connectivity within the default mode is
under genetic control, with a family-based estimated heritability of 0.42 (30). Abnormal
patterns of functional connectivity have also been observed in a number of
neurodevelopmental disorders with large genetic determinants, including both autism and
schizophrenia [see (31) for review]. Therefore, we tested functional connectivity networks
for association with our risk allele. To investigate whether this genetic risk allele modulates
functional interactions between frontal systems and more posterior cortical regions,
irrespective of the functional demands of the task, we performed functional connectivity
analysis on residual time series after accounting for the task effects (functional connectivity
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MRI; see Supplementary Material). This analysis revealed a left-lateralized network
composed of the left IFG, insula, anterior temporal pole, superior temporal gyrus, and
angular gyrus in the nonrisk group (Fig. 2A, first row, and table S2). Conversely, the risk
carriers had more widespread and bilateral connectivity throughout the frontal cortex and
anterior temporal poles (Fig. 2A, second row, and table S2). Both groups show some
evidence of connectivity with medial posterior regions such as the posterior cingulate. In
contrast to the diffuse bilateral network in the risk carriers, the discrete left-lateralized
frontotemporal network in the nonrisk group overlaps with regions known to be important in
language processing, such as the IFG and superior temporal gyrus, and is particularly
interesting given the previous association of CNTNAP2 with language abilities and the
expression pattern of CNTNAP2 mRNA.

To confirm the diagnosis-independent relationship between CNTNAP2 genotype and
functional connectivity, we examined this genotype-phenotype relationship in a separate
cohort restricted to 39 typically developing children (16 female/23 male; 10 nonrisk/29 risk)
scanned during a different language-learning paradigm (see Supplementary Material for
details). Supporting a role for CNTNAP2 in structuring frontal connectivity, the same
networks were observed (Fig. 2A, third and fourth rows; see rows 5 and 6 for combined
analyses), replicating findings obtained in our discovery cohort. In both the discovery and
the replication samples, the differences in connectivity patterns between risk and nonrisk
allele carriers were statistically significant, such that nonrisk showed stronger long-range
anterior-posterior connectivity between the mPFC and the medial occipital and ventral
temporal cortices (Pdiscovery = 2.44 × 10−6; Preplication = 5.47 × 10−9; Fig. 2B, left), whereas
the risk carriers had stronger local connectivity between the mPFC and the right frontal
cortex (Pdiscovery = 4.21 × 10−4; Preplication = 1.01 × 10−4; Fig. 2B, right). These results were
consistent when examined in males only, indicating that the results were not confounded by
gender (table S4). Both risk and nonrisk subjects from the discovery and replication samples
demonstrated similar negative correlations with mPFC activity in ventral visual cortices,
superior parietal lobe, and cerebellum (table S5). To confirm replication in the exact regions
identified as significantly different between risk and nonrisk carriers in the discovery
sample, we next conducted a region-of-interest (ROI) analysis based on these clusters. We
were able to replicate the CNTNAP2 risk allele effects in both the right middle frontal gyrus
for risk > nonrisk (P = 0.0081) and the left intracalcarine cortex for the contrasting nonrisk >
risk (P = 0.0003) (table S6).

To verify that our replication and discovery samples were not significantly different, we ran
between-group comparisons, restricting our investigation to all significant voxels identified
in the analysis of the discovery sample. We found no significant differences between the
discovery and the replication samples for risk carriers. In the nonrisk carriers, we detected a
small cluster in the right orbitofrontal cortex (3 voxels; x, y, z = 28, 28, −16; Z =4.94, P <
0.05 corrected) as significantly different between discovery > replication samples and a
small cluster in the left paracingulate cortex (23 voxels; x, y, z = −8, 54, 12; Z = 5.84, P
<0.05 corrected) for the contrast replication > discovery. These clusters did not overlap with
regions of significantly different functional connectivity observed in between-group
comparisons for risk and nonrisk carriers in either discovery or replication samples. Thus,
these minor differences did not influence our main results of increased local frontal
connectivity and reduced long-range connectivity in risk allele carriers.

DISCUSSION
Here, we demonstrated a significant and replicated association between variation in
CNTNAP2 and a functional connectivity phenotype in the human brain. The general
paradigm used here—in which functional neuroanatomy, supported by gene expression data,
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is used to explore the functional consequences of a known disease-associated variant in a
highly focused manner—is likely to be of widespread utility in the elucidation of
mechanisms underlying disorders of human cognition. Furthermore, we replicated the initial
finding in an independent cohort of healthy adolescents. We found that functional
connectivity with the mPFC, a region showing differential activity as a function of genotype,
identified a network that overlaps with regions of known expression of CNTNAP2 during
development. Specifically, we found that the nonrisk groups showed a circumscribed pattern
of left lateralized mPFC connectivity, restricted to the inferior frontal cortices and anterior
and superior temporal cortices, whereas risk carriers demonstrated a more diffuse pattern of
dorsal and ventral frontal lobe connectivity. This abnormal, less lateralized pattern in the
risk allele carriers is interesting in light of both the association between CNTNAP2 and
language ability (6) and the evidence of aberrant cortical asymmetry in autism and SLI (32).
Comparisons between risk allele carriers and nonrisk individuals revealed a pattern of
greater long-range anterior-posterior connectivity in the nonrisk individuals and increased
local frontal connectivity in the risk allele carriers. Recent work has demonstrated that brain
maturation is reflected in a weakening of short-range and a strengthening of long-range
cortical-cortical connectivity (33). From this perspective, risk variant carriers' brains
connectivity may reflect a more immature connectivity pattern. Thus, we provide the first
link between development of normal functional brain connectivity and a specific genetic
factor. That the association is independent of disease status indicates that this variant
mediates risk by modulating the continuum of normal brain function, as would be expected
for intermediate phenotypes related to cognition or behavior (34).

Our demonstration of an association between a CNTNAP2 risk allele and increased local and
reduced long-range frontal connectivity is also consistent with the abnormalities observed in
both autism and SLI. Converging cognitive-behavioral and neurological evidence supports
an overabundance of local connections, particularly within the frontal lobe, and deficient
long-range connections along the anterior-posterior aspect as a possible unifying mechanism
underlying core cognitive and behavioral deficits in autism [see (35) for review]. This
“developmental disconnection” model (25) posits that key disconnections between multiple
frontal and temporal lobe association cortices disrupt experience-dependent processes during
development that are important for creating and maintaining neural connections. These early
disconnections hinder the development of appropriate behaviors (for example, joint attention
and language skills) that have consequences for both later development and experience-
dependent neuroplasticity. Moreover, the anterior-posterior functional connectivity pattern is
consistent with patterns of reduced gray and white matter volume in healthy carriers of a
distinct autism-related CNTNAP2 allele (36), separated by over 1 Mb and showing no
linkage disequilibrium with the variant studied here. Specifically, Tan and colleagues (13)
found that healthy homozygous carriers of the CNTNAP2 autism risk allele showed reduced
volumes in the right frontal cortex, ventral temporal cortex, and occipital pole-regions
consistent with our functional connectivity measures. These data further implicate
CNTNAP2 in modulation of frontal and temporal lobe development and function and
suggest a mechanism whereby CNTNAP2 is involved in maturation of cortical networks
from local to long-range networks (37).

Here, we leveraged gene expression patterns and neurocognitive hypotheses to identify a
strong neuroimaging-based intermediate phenotype to test for association with an a priori
candidate gene. The utility of functional brain imaging to reveal stable endophenotypes for
genetic association studies is in the early days of exploration. A true endophenotype should
be state-independent, associated with the disease, and present in nonaffected family
members at a higher rate than in the general population (38), and thus, it will be important to
validate putative functional endophenotypes in longitudinal and family-based studies. By
limiting our analysis to a known genetic association and a carefully focused biological
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hypothesis, we mitigate power problems associated with multiple testing and small sample
sizes used in functional neuroimaging studies. Our findings are consistent with the
hypothesis that genetic variation within CNTNAP2 predisposes to language and cognitive
difficulties through functional reorganization of frontal circuits during development (24).
CNTNAP2 has been associated with risk for neuropsychiatric disorders other than autism
and SLI, including ADHD (39), Tourette syndrome (2), and schizophrenia (40). Therefore,
these findings are likely to have broad relevance.

MATERIALS AND METHODS
Participants

Participants for the discovery sample were recruited through referrals from the University of
California, Los Angeles (UCLA) Autism Evaluation Clinic and through flyers posted around
the UCLA campus and the greater Los Angeles area. Participants for the replication sample
were recruited from the greater Los Angeles area via summer camps, posted flyers, and
mass mailings. Written informed child assent and parental consent were obtained from all
children and their parents, respectively, according to the guidelines set forth by the UCLA
Institutional Review Board.

Scan acquisition
Scans were acquired on a Siemens Allegra 3 Tesla head-only MRI scanner at the
Ahmanson-Lovelace Brain Mapping Center at UCLA. For each participant, a high-
resolution structural T2-weighted echo-planar imaging (EPI) volume [spin-echo, repetition
time (TR) = 5000 ms, echo time (TE) = 33 ms, matrix size = 128 by 128, field of view
(FOV) = 20 cm, 36 slices, 1.56-mm in-plane resolution, 3 mm thick] was acquired coplanar
with the functional scans to allow for spatial registration of each participant's data into a
standard coordinate system. For the reward-learning run, 180 functional images were
acquired with an EPI gradient-echo acquisition covering the whole cerebral volume (TR =
2000 ms, TE = 30 ms, flip angle = 90°, matrix size = 64 by 64, FOV = 20 cm, 33 slices,
3.125-mm in-plane resolution, 4 mm thick). For the language-learning run, 174 images were
acquired with a similar EPI acquisition (TR = 3000 ms, TE = 25 ms, flip angle = 90°, matrix
size = 64 by 64, FOV = 20 cm, 36 slices, 3.125-mm in-plane resolution, 4 mm thick). Two
volumes at the beginning of each functional run were used to allow equilibration to steady
state and were subsequently excluded from the analysis.

Statistical analysis
fMRI analysis was carried out with FEAT (FMRI Expert Analysis Tool) version 5.63, part
of FSL (FMRIB Software Library) versions 3.3 and 4.0. Time-series statistical analysis was
carried out with FILM with local autocorrelation correction. Regressors of interest were
created by convolving a delta function representing trial onset times with an optimal set of
four basis functions generated with FMRIB's Linear Optimal Basis Sets (FLOBS), along
with their temporal derivative. Motion parameters for each subject were entered as
covariates of no interest. Functional images were aligned with FMRIB's Linear Image
Registration Tool (FLIRT) to high-resolution coplanar images via an affine transformation
with six degrees of freedom. The high-resolution coplanar images were then aligned to the
standard Montreal Neurological Institute (MNI) average of 152 brains by using an affine
transformation with 12 degrees of freedom. Functional connectivity analyses, controlling for
task-related activity, were conducted within and between genotype groups. Within the
replication cohort analysis, the seed ROI was a 6-mm sphere centered at the peak voxel
coordinate in the mPFC cluster used as the seed region for the discovery cohort (MNIx,y,z =
12, 26, 14). First, a nuisance model including pre-whitening with task as an explanatory
variable, and white matter average time series, cerebrospinal fluid average time series, and
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motion included as covariates, was run and residuals were computed. The average time
series from the seed ROI was extracted from the residual image. Both the extracted time
series and the residual image were then normalized. Next, subject-wise correlations were
computed between the normalized time series and the residual image. Contrast images from
single subjects were transformed with Fisher's Z transformation [1/2 log (1 + r)/(1 − r)]
before being entered into higher-level ordinary least-squares analyses to create more
normally distributed values and decrease bias in reverse transformation of second-level
correlations. Group contrasts were cluster corrected at i > 2.3 (P < 0.05). To confirm the
qualitative replication of the between-group comparisons observed in the replication sample,
we ran a secondary ROI analysis based on significant voxels from the between-group
comparisons in the discovery cohort. We used a mask of voxels surviving correction for
multiple comparisons from the risk > nonrisk and nonrisk > risk discovery sample
comparisons to prethreshold our between-group comparisons in the replication sample,
restricting our search to a priori voxels of interest. On the basis of the results from the
discovery sample, we were able to estimate the direction of the effect and used a one-tailed
P < 0.01.
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Fig. 1.
Comparison between risk and nonrisk carriers of the autism-associated CNTNAP2 allele
(rs2710102) during reward processing. (Top) Significantly reduced activation in mPFC in
the nonrisk individuals compared to risk carriers (Z > 2.3, P < 0.05, after correction for
multiple comparisons). The location of the seed region for subsequent analysis in the
replication cohort is circled in green.
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Fig. 2.
Functional connectivity with the mPFC is associated with CNTNAP2. (A) Yellow circles
highlight the discrete left-lateralized mPFC functional connectivity network observed in the
nonrisk group, in contrast to the more distributed, bilateral network observed in the risk
group. Lateral (columns 1 and 2) and medial (columns 3 and 4) views are displayed with left
(L) and right (R) hemispheres indicated. Maps are corrected for multiple comparisons at the
cluster level (Z >2.3, P <0.05).(B) A direct contrast between risk and nonrisk groups shows
relatively greater long-range anterior-posterior connectivity in nonrisk versus risk carriers
(blue arrow) and relatively greater right frontal connectivity in risk carriers compared to the
nonrisk group (pink arrow). Discovery (row 1), replication (row 2), and combined cohort
(row 3) analyses are illustrated separately. Maps are corrected for multiple comparisons at
the cluster level (Z > 2.3, P <0.05).
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