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Abstract. Williams syndrome (WS) is characterized by
a unique pattern of cognitive, behavioral, and neurobio-
logical findings that stem from a microdeletion of genes
on chromosome 7. Visuospatial ability is particularly af-
fected in WS and neurobiological studies of WS dem-
onstrate atypical function and structure in posterior pa-
rietal, thalamic, and cerebellar regions that are important
for performing space-based actions. This review summa-
rizes the neurobiological findings in WS, and, based on
these findings, we suggest that people with WS have a
primary impairment in neural systems that support the

performance of space-based actions. We also examine
the question of whether impaired development of visual
systems could affect the development of atypical social-
emotional and language function in people with WS. Fi-
nally, we propose developmental explanations for the vi-
sual system impairments in WS. While hemizygosity for
the transcription factor II-I gene family probably affects
the development of visual systems, we also suggest that
Lim-kinase 1 hemizygosity exacerbates the impairments
in performing space-based actions.
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Introduction

Hemizygosity for ~28 genes on chromosome 7 (q11.23)
produces broad ranging developmental effects that in-
clude atypical facial features, cardiac and gastrointesti-
nal anomalies, glucose intolerance, hypertension, strabis-
mus, sensorineural hearing loss, visuospatial impairment,
unusual social behavior and increased anxiety [1-5].
Many of these broad ranging effects, such as an impaired
acoustic reflex [6], appear to be direct effects of the ge-
netic deletion. Other problems, such as social-emotional
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or language difficulties could be indirect consequences
of anomalous visual system input into neural systems
that support social-emotional and language function. We
review neurobiological findings that parallel the visual
system problems in people with WS, examine whether
anomalous visual system development could influence
the affected neural systems that support language and so-
cial function, and present testable developmental hypoth-
eses for the neurobiological expression of visuospatial
impairment in WS.

This review does not evaluate the entire literature on so-
cial and language function in people with WS. Instead,
this review examines whether developmental events
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causing the dramatic visuospatial impairments may have
indirect effects on aspects of language and social-emo-
tional function because of the interaction of these systems
with the visual system. Specifically, we examine whether
impaired visual system development could impact the
development of systems important for detecting affect in
faces, and systems for oral language comprehension be-
cause of a failure to integrate visual system information.

The Williams syndrome cognitive
and anatomical profile

Most people with WS have mild to moderate mental re-
tardation, with typically greater deficits in performance
than verbal 1Q [7-9]. Diminished cognitive ability is
consistent with a general decrease in cerebral gray mat-
ter (~11%) and white matter volume (~18%) compared
with healthy, age- and gender-matched controls [10, 11],
although no direct association between variation in WS
IQ and brain volume has been demonstrated. The most
pronounced reductions occur in occipital and parietal
regions relative to frontal regions [10, 12], and may in-
dicate that cortical patterning genes [13] play a role in
the developmental neuropathology of WS. For example,
the deleted transcription factor II-I (TFII-I) genes could
influence cortical patterning in WS because they regulate
goosecoid, a homeobox-containing protein that modu-
lates anatomical patterning in vertebrate embryos [14].
Reduced cerebral volume in people with WS is accompa-
nied by unusual gyral/sulcal patterning. Atypical central
sulcus [15, 16] and Sylvian fissure patterning has been
reported [17]. Increased gyrification also has been ob-
served, particularly in posterior cortical regions [18]. In
addition, there is one case report of a 19-month-old WS
male who exhibited oligogyric microcephaly or micro-
cephaly with a simplified gyral pattern, particularly in the
parietal lobe, where shallow parietal sulci were observed
[19]. This is an atypical WS finding [20], but few studies
have examined WS infant or early childhood brains.

In addition to reduced cerebral volume and anomalous
sulcal patterning, people with WS have unusually shaped
brains [21]. In particular, the corpus callosum appears flat-
tened or less concave in mid-sagittal sections compared
with control participants [22, 23]. The corpus callosum
also is flattened in animals that have not undergone the
dramatic frontal and temporal/parietal growth that occurs
in humans. Enlarged frontal and temporal/parietal growth
could mechanically bend the corpus callosum. Consistent
with this notion is the finding that the corpus callosum
becomes more rounded with increasing corpus callosum
splenium size in both control (7, = —0.39, p < 0.05) and
WS participants (7, =—41, p <0.01) (Eckert, unpub-
lished observation). One important question to address
is whether these findings reflect a specific impairment
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affecting the connectivity of homologous occipital and
parietal regions, or reflects anomalous input into occipital
and parietal regions, from the pulvinar for example.

An anomalous visual system

Visual constructive, visual motor, visuospatial working
memory, selective attention, and saccadic eye movement
abilities are particularly affected in WS [7-9, 24-26].
Surprisingly, the ability to identify objects and faces ap-
pears to be a relative cognitive strength in WS [3, 27].
This relative strength, in the context of severe visuospa-
tial impairment, forms the basis for the hypothesis that
WS visuospatial impairments stem from developmental
problems within the dorsal stream or ‘where’ pathways
[3]. Although there is some evidence for atypical function
and structure of the ventral stream or ‘what’ pathways
[11,28], functional imaging, structural imaging, and post-
mortem studies support the hypothesis for a primary dor-
sal stream impairment. Based on the evidence published
to date and reviewed below, we predict that people with
WS have particular deficits in the visual-motor system
that limits the ability to perform space-based actions.
Functional imaging studies of WS visuospatial processing
show reduced activation in occipital and parietal cortex
when WS participants perform object completion [29],
object height/positional comparison [29], visual working
memory [30], and global attention to shape tasks (Mobbs,
unpublished observation). Reduced activation within the
intraparietal sulcus during visuospatial tasks is consis-
tent with findings of increased parietal lobe gyrification,
voxel- and tensor-based morphometry studies showing
decreased parietal gray matter volume [11, 29, 31] or
density [10], a shallow intraparietal sulcus [32], and de-
creased occipital and parietal lobe volumetric measure-
ments in WS adults compared with control adults [10].
These dependable findings implicate posterior parietal
regions in the WS visuospatial impairments.

There is some evidence to suggest that anomalous pos-
terior cortical development in people with WS is most
pronounced in the superior parietal lobule. Eckert et al.
[33] demonstrated that the superior parietal lobule in WS
is significantly reduced in volume compared with con-
trols, even after controlling for total cerebral volume.
Figure 1 shows a small superior parietal lobule and me-
dially positioned intraparietal sulcus in a representative
WS adult compared with a control adult. Post-mortem
pathology and histology studies of WS brains also have
demonstrated anomalies in the superior parietal lobule or
Brodmann area 7. Holinger et al. [34] reported increased
neuronal size and greater cell packing density in the supe-
rior parietal lobule of five post-mortem WS brains, sug-
gesting the presence of enlarged neuronal bodies and de-
creased neuropil. These findings provide support for the
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Figure 1. Cortical and sulcal renderings demonstrate the left and
right superior parietal lobules (yellow shading) for a control adult
(left) and a WS adult (right). Note the smaller superior parietal lob-
ule in the WS brain and that the intraparietal sulci course (green)
more medially in the WS brain. The post-central (pink) and central
sulci (blue) have been labeled to provide reference landmarks. Ren-
derings created with BrainVISA/Anatomist (www.brainvisa.info).

premise that the visual spatial problems in people with
WS stem from anomalous development of systems that
direct space-based actions.

Nuclei within the posterior thalamus contribute to visual-
motor function, and a posterior thalamus impairment is
another plausible explanation for problems with space-
based actions among people with WS [35]. A voxel-
based morphometry study of 42 typical WS adults and
40 control adults demonstrated gray matter reductions
in the posterior thalamus [11]. The posterior thalamus,
and pulvinar in particular, is critical for visuospatial tasks
[36] and feature binding [37]. Feature binding is repre-
sented by electrophysiological gamma band activity, and,
in the cat, this activity is modulated by pulvinar function
[38, 39]. Grice et al. [40] reported that a group of eight
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WS adults failed to exhibit clear gamma band activity
when viewing faces. The authors suggested that aberrant
gamma bursts may reflect impairments in feature binding
and that these findings reflect atypical neuroanatomical
development. Although speculative, this finding is con-
sistent with anomalous pulvinar development or function
in WS.

Reduced hypothalamus gray matter volume, but not
thalamus gray matter volume, was observed by Meyer-
Lindenberg et al. [29] in high functioning WS adults. We
replicated this hypothalamus finding in a small sample
of WS adults and controls using the Meyer-Lindenberg
methodology [41]. We further determined that this find-
ing was related to gross shape/volumetric differences in
the midbrain between the groups. Figure 2 shows that this
shape/volumetric difference is focused in the thalamus
for the larger sample of 42 WS and 40 controls.

The cerebellar vermis is another component of the visual-
motor system where developmental impairment could re-
sult in difficulty with space-based actions. This region
plays a critical role in saccadic eye movements [42, 43],
which are disturbed in people with WS [26]. Individu-
als with WS also have a disproportionately large cerebel-
lum [44—47], particularly the cerebellar vermis. Schmitt
et al. [46] compared the vermis of 20 WS adults and 20
control adults. Lobules VI-X were significantly larger in
WS adults compared with the controls after adjusting for
global effects of brain volume.

Anomalous functional and structural features throughout
visuospatial, visuoconstructive, and visuomotor systems
have been observed in imaging studies of WS. The supe-
rior parietal lobule, posterior thalamus, and vermis find-
ings suggest a particular impairment in visual systems

|

Figure 2. The left set of three images and right set of three images present voxel-based morphometry results for brain regions where 40
control adults have more gray matter volume than 42 WS adults. The left set of three images includes results before correcting for cerebral
gray matter volume (FWE p < 0.05). The right set of three images includes results after correcting for cerebral gray matter volume (FWE
p <0.05). The color bars indicate the level of significance in t-scores. Note that the gray matter findings are much more widespread before
controlling for cerebral gray matter volume, and that they have a C-shaped appearance in the diencephalon. The most robust differences
are in the posterior thalamus, posterior parietal lobe, and the intersection between the insula and the inferior frontal gyrus. The image pro-
cessing to produce these results was consistent with the Meyer-Lindenberg et al. [29] processing strategy. This approach differs from the
approach used for the Reiss et al. [24] voxel-based morphometry analyses, but yields similar group differences.
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critical for performing space-based actions. We predict
that techniques such as diffusion tensor imaging will
demonstrate dramatic reductions in the number of white
matter fibers connecting the superior parietal lobule and
the posterior thalamus.

One important question to address is whether these find-
ings are a primary cause of visual system problems or
a consequence of anomalous development elsewhere in
the visual system. For example, Galaburda et al. [48]
observed more small and fewer large layer IV neurons
in a post-mortem WS study primary visual cortex. This
finding raises questions about the specificity of the WS
developmental lesion to the dorsal stream.

Cascading developmental effects?

Fundamental developmental questions in the study of
WS include the specificity of linkage between deleted
genes to atypical neural development, and whether atypi-
cal development of one neural system has consequences
to the development of other functionally associated sys-
tems. Behavioral and neurobiological evidence suggest
that some of the social-emotional and language deficits
in people with WS could be attributed to primary visual
system impairments. The next section examines whether
there is validity to the premise that social-emotional and
language deficits reflect a failure of neural systems to
properly integrate visual system information.

Social neuroscience

In view of prominent visual deficits, the relative profi-
ciency of people with WS in face recognition is surpris-
ing [49]. Face processing in people with WS is not nor-
mal, however. An event-related potential (ERP) study by
Mills et al. [50] showed abnormal brain activity during
recognition of upright and inverted faces. Adults with WS
showed (1) an abnormally small N1, a possible sign of
decreased activity in primary visual cortex in WS, and
(2) an abnormally large N200 linked to accuracy, which
could reflect increased attention to faces. Furthermore, in
contrast to controls, who showed marked differences in
the timing, polarity and distribution of a match-mismatch
effect for upright versus inverted faces, adults with WS
showed a similar match-mismatch effect for both upright
and inverted faces.

Face recognition proficiency and ERP anomalies when
viewing faces are consistent findings when considered
in the context of a study by Thomas et al. [51]. This
study showed that face recognition is not impaired in
WS adults when analysis of general face configuration is
required, but is impaired when face processing requires
estimating distances from facial features. Difficulty in-

The neurobiology of Williams syndrome

tegrating the relative position of facial features, because
of eye movement problems, a poor representation of
visual space, and/or feature binding problems, may ex-
plain poor WS performance for a face recognition task
that requires an estimation of distances between facial
features.

Despite a relative strength in facial recognition, detec-
tion of negative facial affect has been reported to be poor
compared with detecting positive affect in people with
WS [52], and compared with typically developing con-
trols [53]. Observing changes in the ‘whites of the eyes’
and the ‘eye brow frown’ are important for detecting fear
[54] and anger [55], respectively. Our ability to more
rapidly detect threatening ‘eye brow frowns’ than non-
threatening eye brow positions is dependent on config-
ural features of the entire face [55], however, and multiple
facial features contribute to detection of face affect [56].
For this reason, difficulty estimating the distance between
facial features that result in impaired detection of face
affect is one example for how visual system impairment
could have downstream effects on the development of
neurobehavioral systems critical for social-emotion and
social-cognition. More specifically, since the pulvinar
has direct input into the amygdala during implicit recog-
nition of negative affect in faces [57], anomalous pulvinar
development could affect the development of implicit de-
tection of emotion by the amygdala.

Alternatively, genes included in the WS deletion could di-
rectly affect amygdala or frontal cortex systems that sup-
port the detection of emotion in faces. Reduced activation
of the amygdala has been reported in people with WS
compared with controls when they view negative affect
faces, and atypical morphology of the amygdala has been
reported in MRI and post-mortem studies [10, 58]. These
behavioral, functional, and anatomical findings could be
explained by reduced syntaxin 1-a (STX1A) expression.
STXI1A, a deleted gene centromeric to the elastin gene
and thought to be involved in pre-synaptic release of neu-
rotransmitter [59], is expressed prenatally in normal hu-
man amygdala tissue [60].

There is one additional explanation for the social-emo-
tional problems observed in people with WS. A recent
study of face approachability surprisingly demonstrated
that people with WS were more likely to give negative
ratings to less approachable faces than control subjects
[61]. The authors suggested that people with WS can
detect negative affect faces but that they cannot inhibit
an approach response. People with WS show a strong
appetitive drive for social interaction as manifested, for
example, by indiscriminately approaching strangers [62].
In addition, people with WS exhibit an aberrant devel-
opmental course of social engagement. Sociability in-
creases for all groups of children until the age of seven,
at which time sociability decreases in the control groups
but remains elevated in children with WS [4]. These ob-
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servations suggest that impaired executive system devel-
opment results in the aberrant social behavior observed
in people with WS.

A study by Meyer-Lindenberg et al. [29] also supports
the notion for impaired executive system development in
people with WS. Meyer-Lindenberg et al. [297] presented
evidence indicating that depressed amygdala activation
to faces was related to reduced orbitofrontal cortex acti-
vation, and suggested there was dysregulation of frontal
systems on the amygdala. While it is plausible that di-
minished parietal input into frontal executive systems dis-
rupts executive system representations, specific effects of
the WS deletion on frontal systems regulating emotion
provides a simpler explanation for the social emotional
problems in people with WS.

Language

The language of people with WS has generated consider-
able interest because of the relative strength of different
language domains, particularly expressive language, in
comparison to people with Down’s syndrome or to their
own visual spatial deficits [8, 63]. WS language devel-
opment provides an interesting window into the conse-
quences of having deficits in frontal executive function
and/or deficits in visual system function.

Emotion appears to play an important role in the rela-
tive language strengths in people with WS. WS speech
is fluent and often contains prosody and words that en-
rich the affective quality of their speech [64]. Pearlman-
Avnion and Eviatar [65] suggested that the relatively
strong WS speech performance is specific to emotion-
related language. While there are no functional imaging
studies examining the interaction of language and emo-
tion in WS, there is human post-mortem histological
evidence for increased limbic input into the auditory
cortex [66].

WS language is far from normal, however. For example,
language deficits have been observed in the domains of
irregular inflection [67] and relative clauses [68]. In ad-
dition, there is evidence for word comprehension defi-
cits when the speech is spatially related [69]. This is an
example of how diminished spatial representations can
have an induced effect on the development and function
of language.

With the exception of one electrophysiological study
[49], there are few electrophysiological or fMRI experi-
ments that have explicitly examined language function
in people with WS. The one electrophysiological study
demonstrated exaggerated left temporal responses to se-
mantic anomalies in WS compared with that in control
participants. In addition, WS participants did not exhibit
response differences to open versus closed class words
that are observed in normal participants [49]. These find-
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ings suggest the presence of anomalous language organi-
zation or impaired interpretation of the language stimuli
in WS.

Three studies have examined the morphology of the pla-
num temporale in WS to determine if altered hemispheric
asymmetry of this region might play a role in anomalous
language organization. A structural MRI study of WS re-
ported that three of four people with WS had prominent
leftward planum temporale asymmetry that was equiv-
alent in degree to musicians with perfect pitch [70]. In
contrast, a post-mortem study reported planum temporale
symmetry in two of four WS brains [58]. This discrep-
ancy could be due to small samples or methodological
differences. A larger study of 42 WS participants and 40
controls showed that a few WS cases had extreme left-
ward asymmetry, but as a group the WS participants ex-
hibited significantly less leftward asymmetry due to large
right plana temporale [17]. In a subset of subjects, the
right planum was enlarged because the Sylvian fissure
remained horizontal and failed to make its normal ver-
tical bend into the right hemisphere parietal lobe. This
observation may relate to auditory and language organi-
zation. We predict this finding reflects anomalous fiber
connectivity of temporal and parietal regions in the right
hemisphere.

Summary

Studies of WS demonstrate striking concordance between
the cognitive and behavioral impairments that define the
disorder and neurobiological anomalies in regions that
normally subserve those functions. These findings are
surprisingly consistent across studies employing differ-
ent methodologies and sample sizes. There is no ques-
tion that people with WS demonstrate anomalous dor-
sal stream morphology and function. Questions remain
about which deleted gene(s) contribute to these findings.
The evidence reviewed above suggests that some of the
language-related behavioral and anatomical findings
might be a consequence of early developmental impair-
ments in dorsal stream systems. The social emotional be-
havior in people with WS largely appears to be of distinct
neurobiological origin, however [41]. The section below
presents testable hypotheses that provide a foundation for
understanding the development of impaired visual-motor
systems.

The developmental neurobiology of dorsal stream
impairment

Genetic studies of WS have identified target genes for the
cognitive and behavioral impairments observed in people
with WS. Deleted genes centromeric to the elastin gene
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(cytoplasmic linker protein 2; Frizzled 9) and telomeric
to the elastin gene (TFII-I genes, GTF2I and GTFIRD1)
probably have direct effects and/or interact with other
genes to have widespread effects on the WS neurobiolog-
ical profile at multiple stages in life. Recent case studies
of people with atypical deletions suggest that the TFII-I
genes have dosage-dependent influences on the develop-
ment of craniofacial and neurological systems [71]. More
specifically, hemizygosity for these genes appears to be
associated with greater cognitive and behavioral impair-
ments [71]. The TFII-I gene family’s regulation of goose-
coid suggests that variation in TFII-I gene family expres-
sion could modulate patterning of posterior cortex. While
we are not aware of evidence that goosecoid expression
is regulated by TFII-I genes specifically in the posterior
cortex, there is human post-mortem evidence for reduced
GTF2I expression in primary visual cortex [72].

Despite the strong evidence for the TFII-I gene family as
having a specific role in the atypical WS cognitive and
behavioral development, there are studies of atypical de-
letions cases indicating that LIM-kinase 1 (LIMK1) hemi-
zygosity contributes to WS visual spatial deficits [73]. In
light of the TFII-I gene family findings, we suggest that
LIMK1 hemizygosity may exacerbate the visual-motor
impairments in WS.

Although preliminary, we present two developmental hy-
potheses for the visual-motor impairments in WS. These
hypotheses focus on LIMK1 because of evidence from
atypical WS deletion cases implicating LIMK1 in cogni-
tive deficits [9], and the well-understood functional roles
for LIMK1 that could affect neuronal migration and syn-
aptogenesis in WS. Both hypotheses include mechanisms
that could have direct effects on the visual-motor system.
These hypotheses can potentially be tested by utilizing
mouse knockout studies and analyzing post-mortem his-
tology from individuals with WS.

We propose that LIMK1 hemizygosity affects the devel-
opment of posterior thalamic regions that project to vi-
sual cortex. This hypothesis is based on the behavioral,
structural, and functional evidence reviewed above that
indicates anomalous visual motor system development in
WS. In addition, some of the social-emotional and lan-
guage problems in WS could relate to atypical pulvinar
development since the pulvinar supports implicit face af-
fect detection [57] and language function [74, 75].
LIMK1 is involved in lamelopodia extension and retrac-
tion in migrating neurons [76], and abnormal LIMKI
expression levels negatively influence neuronal growth
cone extension and retraction [76, 77]. We suggest that
LIMK1 hemizygosity particularly affects posterior thal-
amus neurons because of a potential role in the migra-
tion of neurons to the diencephalon. Impaired posterior
thalamus development could affect function throughout
the visual-motor system and produce the range of visual
system impairments observed in people with WS.

The neurobiology of Williams syndrome

Brain regions such as the posterior thalamus, caudate, and
amygdala receive neurons from a ventral telencephalic
proliferative zone. This proliferative zone is distinct from
the ventricular proliferative zone that contributes most of
the neurons to the cortex. This ventral telencephalic pro-
liferative zone is called the ganglionic eminence. It is a
C-shaped developmental structure adjacent to the caudate
and walls of the lateral ventricle [78, 79]. Based on find-
ings such as the marked loss of gray matter in the poste-
rior thalamus, we hypothesize that LIMK1 hemizygosity
affects the migration of ganglionic eminence neurons to
the posterior thalamus.

The medial, lateral, and caudal ganglionic eminences
populate different regions of the mouse brain with GA-
BAergic interneurons [80]. For example, medial gangli-
onic eminence neurons migrate to the striatum, thalamus,
and cortex [78], while the caudal ganglionic eminence
contributes neurons to the amygdala [81]. Each region of
the ganglionic eminence appears to be genetically distinct
based on studies of knockout of homeobox precursors
(e.g. Nkx2.1) that decrease medial ganglionic eminence
interneurons and increase the size of the lateral gangli-
onic eminence [82].

Medial ganglionic eminence neurons express the erbB4
neuregulin receptor in the mouse [83]. Neuregulin inter-
acts with LIMK1 [84], and may be part of LIMK1-cofilin
signaling pathway that is critical to neuronal migration
[76]. To our knowledge there are no reports directly im-
plicating LIMK1 in the migration of medial ganglionic
eminence neurons. It is intriguing to think, however, that
LIMKI1 is critical to the migration of posterior thalamus
during a second phase of development that is unique to
humans [85, 86]. Figure 2 shows a dramatic decrease in
posterior thalamus gray matter volume, indicating anom-
alous development of the pulvinar in WS.

This LIMK1-pulvinar hypothesis has limitations, how-
ever. Neuronal migration impairments would be ex-
pected to produce ectopic neurons, and no study has
reported ectopic neurons in post-mortem WS brains.
Studies of post-mortem human brain tissue could test
the LIMK 1-pulvinar hypothesis by determining whether
posterior thalamic neurons exhibit disorganized cytoar-
chitecture.

An alternative and simpler explanation for the WS neuro-
biological pattern is that a reduction in dendritic branch-
ing limits the number of posterior parietal targets for oc-
cipital and thalamic projections. LIMK1 also is important
for dendritic morphogenesis [87] and synapse formation
in mice [88], because it contributes to the development
and maintenance of actin cytoskeleton through its asso-
ciation with cofilin, an actin binding protein [8§9]. A re-
duction in parietal dendritic branching also could affect
function throughout the visual-motor system and produce
the range of visual system impairments observed in peo-
ple with WS.
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Reduced dendritic branching is one explanation for the
decreased neuropil and brain volume observed in WS,
particularly in the superior parietal lobule [34]. This idea
is supported by findings of abnormal dendritic spine mor-
phology and synapse formation in hippocampus of LIMK
knockout mice. Behaviorally, these mice exhibit spatial
learning deficits and enhanced freezing in response to a
tone that was conditioned with a foot shock [90]. Phar-
macological treatments that enhance the stability of spine
morphology could be one way to improve the cognitive
and behavioral function of people with WS. This idea is
very preliminary, however, and requires evidence for ab-
normal spine morphology in humans with WS.

Conclusions

The confluence of behavioral and neurobiological find-
ings to date suggests that the visual-motor system is par-
ticularly affected in people with WS. One question we
asked in this review was whether primary visual system
impairment could have downstream consequences on
neural systems that support social-emotional and lan-
guage function. Behaviorally, difficulty with spatial lan-
guage could stem from visual system impairments. Ana-
tomically, atypical Sylvian fissure patterning could reflect
atypical parietal lobe development and fiber projections
from the visual system to social-emotional and language
systems. Many other WS findings, however, appear more
likely to reflect direct or indirect genetic effects of the WS
deletion. We predict that TFII-I (GTF2I and GTF2IRD1)
hemizygosity affect patterning of posterior cortex and
LIMKI1 hemizygosity may affect neuronal migration to
the posterior thalamus and/or dendritic arborization in
WS. Early childhood longitudinal, atypical deletion, hu-
man post-mortem, and mouse knockout studies will be
critical for determining the specific roles of the deleted
genes on WS brain development.
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