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Abstract We have previously described (see companion
paper, this issue) the utility of using perceptual signatures
for defining and dissociating condition-specific neural
functioning underlying early visual processes in autism and
FXS. These perceptually-driven hypotheses are based on
differential performance evidenced only at the earliest
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stages of visual information processing, mediated by local
neural network functioning. In this paper, we first review
how most large-scale neural models are unable to address
atypical low-level perceptual functioning in autism, and
then suggest how condition-specific, local neural endo-
phenotypes (described in our companion paper) can be
incorporated into causal models to infer target candidate
gene or gene clusters that are implicated in autism’s
pathogenesis. The usefulness of such a translational
research approach is discussed.

Keywords Autism - Fragile X syndrome - Vision -
Neural networks - Causal model - Genetics

Autism and fragile X syndrome (FXS) are neurodevelop-
mental conditions that sometimes manifest shared neuro-
cognitive and behavioral phenotypes (Clifford et al. 2007,
Rogers et al. 2001). Conceptually, one condition is defined
by the presence of a specific constellation of clinical
symptoms (in the absence of a genetic diagnosis) and the
second condition is defined by a distinct genetic mecha-
nism that is “turned off” yet sometimes produces a similar
behavioral phenotype to that of autism. The extent to which
FXS can serve as a platform to understand one of possibly
several mechanisms that leads to an autism diagnosis
makes this a worthwhile comparison. However, we must
also be cautious about assuming that so-called “common-
alities” in phenotypic end-states actually reflect identical
cognitive mechanisms or aetiology (Cornish et al. 2007).
Motivated by the suggestion that these genetically-
defined conditions may be dissociated at a neural level
(Belmonte and Bourgeron 2006), we have presented
arguments suggesting that autism and FXS can be differ-
entiated by neural alterations at a local network level only,
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reflected by condition-specific perceptual signatures char-
acterised by intact/enhanced static information processing
in autism compared to decreased sensitivity to dynamic
information in FXS (see companion paper, this issue).
Based on these signatures, we have proposed biologically-
plausible and testable working hypotheses proposing that
spatial information processing in autism is best character-
ised by functional but altered lateral connectivity within
primary visual areas. In addition, we argue that the per-
ceptual consequence of altered integrative neural networks
mediating more complex, texture-defined information
processing are shared (or non-specific) between autism and
FXS, demonstrated by decreased sensitivity to texture-
defined information, whether static or dynamic, in both
conditions. Although this hypothesis is based on decreased
sensitivity to texture-defined stimuli, the same argument
can be applied to other complex visual stimuli, most
notably, global motion stimuli (Bertone and Faubert 2006).

In recent years, interest in information processing
capabilities in autism and other neurodevelopmental con-
ditions has increased, reflected by the number of recent
review articles dedicated to this topic (i.e., Dakin and Frith
2005; Behrmann et al. 2006; Bertone and Faubert 2006;
Mottron et al. 2006; Kaiser and Shiffrar 2009; Simmons
et al. 2009).

The importance of early perceptual processing in aut-
ism’s cognitive and behavioral phenotype has been previ-
ously outlined by others proposing that “perceptual
features at low levels of processing are closer to autism’s
core than previously believed”, suggesting that atypical
information processing may be one of autism’s core defi-
cits (Belmonte et al. 2004, p. 1224). Nevertheless, lower-
level perceptual processing in autism has until recently
been overlooked as an important factor in higher-level
cognitive impairments and behavioral manifestations rela-
tive to other neurodevelopmental conditions (i.e., devel-
opmental dyslexia). This is probably not surprising given
the diagnostic and social relevance of autism’s behavioral
manifestations. Consequently, most research investigating
visuo-perceptual processing in autism has for the most part
been symptom-driven, predominantly concerned with
functioning underlying atypical cognitive and/or social
aspects (i.e., Courchesne and Pierce 2005; Schultz 2005;
Mundy et al. 2009). Findings from these studies have been
used to champion neurocognitive theories suggesting
decreased integrative connectivity either within higher-
level, specialized brain areas responsible for specific types
of processing (i.e., fusiform face area, amygdala, etc.), or
between functionally specialized networks comprising
large-scale neural systems in autism (i.e., social brain
network, mirror neuron system, executive function system,
etc.; i.e., Castelli et al. 2002; Just et al. 2004; Rippon et al.
2007).
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Large-Scale Neural Models

Such large-scale hypotheses are congruous with neuro-
cognitive theories explaining atypical perceptual func-
tioning in autism by an impairment in global information
processing, as exemplified by the Weak Central Coherence
hypothesis (Frith and Happé 1994; Happé 1999; Happé and
Booth 2008; Happé and Frith 2006). Most current theories
based on impaired global processing suggest either atypical
or reduced connectivity between functionally specialized
neural networks, ultimately affecting either coherence,
binding or integration throughout the brain. Specific neural
mechanisms underlying such large-scale alterations in
autism include reduced neural synchrony (temporal binding
deficit hypothesis; Brock et al. 2002; Rippon et al. 2007),
decreased functional connectivity between cortical regions
during cognitive tasks (underconnectivity hypothesis; i.e.,
Just et al. 2004; Castelli et al. 2002), increased ratio of
neural excitation/inhibition (noisy brain hypothesis;
Rubenstien and Merzenich 2003), and abnormal binding-
related y oscillations (Grice et al. 2001; Wilson et al. 2007).
These models possess powerful explicatory power since
many findings regarding atypical visual processing in
autism, whether defined by atypical social (i.e., face per-
ception) or non-social (i.e., global motion) complex infor-
mation processing, are congruous with generalized neuro-
integrative dysfunction. In addition, large-scale models are
of interest in that they often implicate mechanisms closely
related to autism’s social phenotype, such as those involved
in the social brain network.

Although the aforementioned theories have been
influential for the advancement of behavior-contingent
hypotheses, they do not provide plausible neural expla-
nations concerning growing evidence of atypical low-
level information processing in autism. Firstly, abnormal
large-scale neural connectivity is not specific to autism.
For example “underconnectivity” and atypical binding-
related gamma-band oscillations have been evidenced in
other conditions (i.e., Horwitz et al. 1998; Quaglino
et al. 2008; Stanberry et al. 2006; Grice et al. 2001;
Spencer 2008; Symond et al. 2005; see Phillips and
Silverstein 2003 for review). In theory, comprehensive
models of integrative dysfunction can also be applied
and used to predict complex information processing (i.e.,
global motion) impairments in other conditions where
pervasive neural alteration is suspected, including neu-
rodevelopmental, neurodegenerative, affective and
acquired conditions (Bertone and Faubert 2006). In
addition, the majority of comprehensive models of aut-
ism are based on the premise that local neural networks,
such as those underlying early information processing,
are either intact or over-functioning (Belmonte et al.
2004; Brock et al. 2002; Frith 2003; Just et al. 2004,
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Minshew et al. 1997). This notion can be challenged by
recent behavioural and physiological findings that dem-
onstrate that low-level perceptual anomalies in autism
are the consequence of altered connectivity within early,
local neural networks (i.e., Rubenstien and Merzenich
2003; Belmonte et al. 2004; Casanova et al. 2002;
Bertone et al. 2003; 2005; Vandenbroucke et al. 2008;
2009; Milne et al. 2009; Tommerdahl et al. 2008).

Therefore, although the proposed causal origins may
result in condition-specific perceptual signatures at one
level of processing (i.e., mediated by local neural net-
works), they result in the same/shared perceptual con-
sequence for information processing at a higher-level
(mediated by larger-scale neural networks). It can
therefore be suggested that a complexity-specific signa-
ture is most often expected, a priori, for any condition
where neural dysfunction is suspected, regardless of the
nature of neural alteration. This unidirectional prediction
makes it difficult to advance a syndrome-specific neural
etiology based on the complexity-specific perceptual
signatures, given that it is presented not only in both
autism and FXS, but in several other conditions where
neural alteration is suspected (Bertone and Faubert
2006).

In the following section, we present a theoretical
framework that demonstrates how distinct features of
autism and FXS can be associated with local neural
network alterations. Specifically, within the context of
low-level information processing, we argue that it is only
possible to dissociate etiologically distinct disorders at a
local network level. Although neural connectivity alter-
ations probably exists at both local and global levels in
these and other neurodevelopment disorders, they should
not be considered to be mutually exclusive (Geschwind
2008). Therefore, comprehensive models predicting
atypical performance on tasks implicating higher-level,
socially-driven information must also consider the
implication of atypically functioning local, lower level
networks. It is therefore imperative that the neural sub-
strate of such local networks is well elucidated, and
considered as a potentially contributing factor underlying
larger-scale neural alterations since local changes may
have significant effects on larger-scale network devel-
opment. For example, an alteration in the architecture
and functional connectivity of local circuits during
infancy, such as those mediating the extraction of early
sensory information, would over time alter the experi-
ence-dependent development and organization of long-
range neural networks that mediate visually-related
cognition and behavior in autism, such as those impli-
cated in social brain network functioning.

An Adapted and Extended Causal Model Based
on Perceptual Phenotypes

Associations between genetic, neurocognitive and behav-
ioral levels have in the past been outlined in causal models
of autism (also applicable to other developmental disor-
ders), which propose a framework within which the con-
sequences of biological origins of autism can be defined at
different levels of analysis or discourse (Morton and Frith
1995). For example, in a model such as that proposed by
Morton and Frith’s (1995), multiple genetic perturbations
(O,) result in abnormal brain conditions (Br), defined as
non-specific or general brain anomalies that can affect a
specific brain system (br). It is this specific brain system
that is argued to mediate an identifiable and specific
function, which if abnormal, will result in one or more
characteristic autistic behaviors. Central to the authors’
causal chain is the inclusion of an intervening cognitive
level, linking the biological and behavioral levels of anal-
ysis in their framework. The inclusion of this level ulti-
mately allows for the proposition that autism can be
defined as a condition where particular aspects of cognitive
functioning are absent, resulting from biological origins
(Morton and Frith 1995).

Within the context of such a causal framework, we
argue that it is advantageous to assess the neuromodulatory
effects of biological alterations, whether mono- or poly-
genetic in nature (O,), on local network functioning of a
specific brain system (such as those mediating low-level
information processing), rather than looking at how an
abnormal brain condition (Br) impacts the neural func-
tioning of specific brain systems (br). There are several
compelling reasons for such an approach. First, opera-
tionally defining and dissociating biologically plausible
neural networks underlying specific local, low-level
information processing is easier to accomplish as compared
to higher-level networks whose functioning is contingent
on multiple origins (i.e., complex or multimodal informa-
tion processing, social brain network functioning, etc.). It is
more plausible to associate specific genetic perturbation
with a local neural alterations (br) which are more proximal
to the ultimate genetic cause using paradigms that target
specific, well-defined visual information processing
mechanisms (such as stimulus-driven mechanisms under-
lying visual orientation), rather than to the more distal
global or non-specific network (abnormal brain condition
or Br) involved in various types of processes (e.g., frontal
lobe functioning). Second, an alteration in local connec-
tivity specific to an information processing property (i.e.,
non-functioning brain systems (br)) would affect the
functioning of larger neural networks they feed into (Br),
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rather than vice-versa (Br — br) (i.e., Dakin and Frith
2005; Courchesne and Pierce 2005). Implementation of
these requirements result in a genetically influenced, sys-
tems-driven type model (Herbert 2005), where emphasis is
placed on associating genetic perturbation with altered
local neural connectivity, rather than a specific region of
brain dysfunction (or region of dysfunction model). For
this reason, it is suggested that local neural alterations in
autism (and other neurodevelopmental disorders) should be
considered as a potential contributing cause, rather than
collateral consequence, of large-scale neural dysfunction
(see Bertone et al. 2003; Bertone et al. 2005; Rubenstien
and Merzenich 2003; Belmonte et al. 2004; Herbert 2005;
Tommerdahl et al. 2008).

These tenets provide the theoretical context for an
adapted and extended causal model (see Fig. 1) within
which previously described condition-specific perceptual
signatures will be used to argue either a disorder-specific
(or divergent) or shared (or convergent) neural etiology
based on neural alterations underlying low-level informa-
tion processing in autism and FXS. In addition, arguments
regarding how such alterations may be associated to causal
poly- (autism) or monogenetic (FXS) origins will also be
presented. We further argue that the perceptual signatures
approach may provide a very useful tool for defining the
relationship between genotype and atypical neural net-
works mediating low-level information processing across
neurodevelopmental disorders where emphasis is placed on
perceptual, rather than cognitive endophenotypes (see
Gerrard and Rugg 2009).

In the case of FXS, it is suggested that the defining
monogenetic mutation selectively affects the functioning of

Fig. 1 As shown in the
proposed adapted and extended
model, defining local and
larger-scale neural alterations (monogenetic) O,
via perceptual signatures o
enables propositions to be
advanced regarding how genetic

factors (level O) may *

differentially impact local bry br,
neural connectivity defined by :
information processing
capabilities (levels br & Br) in
FXS and autism

FXS
FMR1

(magnocellular
dysfunction)

Br

I
.....

local neural mechanisms involved in dynamic information
processing (i.e., magnocellular dysfunction). Specifically,
selective M-layer morphology changes in the thalamus and
reduced sensitivity to low-spatial/high-temporal magno-
cellular-associated flicker stimuli results (Kogan et al.
2004b), accompanied with a reduction in sensitivity to both
simple and complex motion information (Kogan et al.
2004a; Farzin et al. 2008) support this association at dif-
ferent levels of assessment or discourse. Although the
genetic origins of autism are not defined (but are probably
polygenetic, see Pinto et al. 2010), we argue that it is useful
to use information regarding atypical local connectivity
that (1) is possibly specific to autism (i.e., atypical lateral
connectivity as discussed in companion paper) and (2) can
be used to target candidate gene or gene clusters that are
implicated in autism’s genotype, as represented by the
double-ended arrow between genetic and local neural net-
work levels in the model.

As presented in their review, Persico and Bourgeron
(2006) suggest three plausible neural consequences of
various causal genetic alterations involved in the patho-
genesis of autism; reduced cell migration, excitatory-
inhibitory imbalance and abnormal synaptogenesis. Of
these three possible neural endophenotypes, we propose
that candidate genetic alterations leading to an imbalance
of excitation/inhibition mediated by glutamate and GABA
receptors respectively are most consistent with the afore-
mentioned hypotheses of functionally altered local lateral
connectivity in autism (Bertone et al. 2005; Van-
denbroucke et al. 2008; Vandenbroucke et al. 2009;
Tommerdahl et al. 2008; Keita et al. in press; see
Rubenstien and Merzenich 2003; Vattikuti and Chow 2010).
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Genomic linkage, association, and mutation studies have
identified a number of putative and known genes involved
in the pathogenesis of autism that are also implicated in
excitatory and inhibitory neural transmission (see Persico
and Bourgeron 2006; Abrahams and Geschwind 2008 for
reviews). For example, GABA has been linked to chro-
mosome 15, a chromosome implicated in autism (Bundey
et al. 1994; Schroer et al. 1998; Wolpert et al. 2000; Muhle
et al. 2004; Veenstra-Vanderweele et al. 2004). This
inhibitory neurotransmitter is involved in early brain
development; disruption to this cluster is likely to impact
on the maturation of local circuits involved in information
processing, but also on complex cognitive behaviour.
Findings both from linkage and association studies strongly
implicate this region as housing one or more autism risk
alleles (i.e., DeLorey et al. 2008; McCauley et al. 2004).
Glutamate receptors on chromosome 6 have also been
found to be in disequilibrium in patients with autism
(Jamain et al. 2002). In addition, recent studies by Fatemi
et al. (2009, 2010) have found atypical GABAergic sig-
naling in different brain regions of persons with autism,
suggesting that this dysfunction is widespread in their
brains and may be implicated in the cognitive deficits
present in this condition. Within the context of local syn-
aptic connectivity consequent to an altered inhibitory-
excitatory signaling disequilibrium, autism-associated
mutations of neuroligins (NLGN3, NLGN4) cell-adhesion
molecules are also proposed as candidate genes implicated
in neural alteration affecting information processing in
autism. Although these genes have been associated to a
small fraction of autism cases within the context of path-
ogenesis or susceptibility to autism (Jamain et al. 2003;
Laumonnier et al. 2004; Yan et al. 2005; but see Gauthier
et al. 2005), we argue that they represent plausible origins
of neural alteration underlying the aforementioned infor-
mation processing characteristics in autism given their
synaptogenetic involvement in GABAergic and glutama-
tergic transmission (i.e., Graf et al. 2004; Chih et al. 2005;
Huang and Scheiffele 2008; see Gutierrez et al. 2009).
Finally, the implication of the NLGN autism pathway
(Persico and Bourgeron 2006) as the causal origin of
AUTISM-specific altered neural connectivity is further
supported by demonstrations of SHANK3 gene mutations
(Durand et al. 2007; Moessner et al. 2007; Gauthier et al.
2009), a binding partner for NLGNs (Meyer et al. 2004).
Based on the perceptual signatures of autism and FXS,
neural networks mediating low-level information process-
ing are only dissociable, or syndrome-specific, at a local
neural network level (simple information processed dif-
ferently); the perceptual consequence of altered global or
long-range neural networks (Br) mediating complex, tex-
ture-defined information are shared, defined by a com-
plexity-specific dysfunction. In essence, we propose that if

one is to infer on how genetic alteration differentially
affects neural processes between two or more neurode-
velopmental conditions, it is advantageous to assess func-
tioning at local, in addition to long-range networks. This
approach is most congruous with models such as the
Enhanced Perceptual Functioning (EPF) model (Mottron
et al. 2006), whose tenets are based on atypical perceptual
functions mediated by local mechanisms operating within
primary perceptual cortices in autism. Although the EPF
model was originally presented as a descriptive model,
recent empirical evidence supports the notion that atypical
spatial information processing in autism, and possibly the
autistic perceptual endophenotype in general, my originate
from atypical lateral connectivity within early cortical
areas (see companion paper, this issue). The idea that local
neural perturbations should be considered as a contributing
cause of autistic behaviour has also been advanced in a
recent computational model suggesting a link between
local neural alterations originating from excitatory/inhibi-
tory synaptic imbalances and abnormal oculomotor
behaviours in autism (Vattikuti and Chow 2010). Finally,
another advantage of associating excitatory/inhibitory
synaptic connectivity to local rather than large-scale neural
networks is that the functional integrity of well-defined
circuitry defining low-level feature extraction mechanisms
(such as spatial filters in the primary visual cortex) has
been demonstrated to be contingent on excitatory/inhibi-
tory signaling (see Ferster and Miller 2000). The associa-
tion between signaling and the efficacy of locally-mediated
feature extraction has been recently demonstrated by Ed-
den et al. (2009), who found that the ability of observers to
discriminate orientation (oblique) was correlated with the
resting GABA concentration in their primary visual cortex.

Although beyond the scope of the present paper, we also
assert that defining and contrasting autism and FXS at a
neural level may have important theoretical implications on
a cognitive/behavioral level of analysis. As mentioned,
FXS is manifested behaviorally with (shared phenotypes)
and without autistic features (Clifford et al. 2007; Rogers
et al. 2001). It is therefore plausible that genetically-related
neural alterations specific to FXS (manifesting neurally by
magnocellular dysfunction) may have important down-
stream implications regarding whether or not an autistic
phenotype is manifested, possibly the result of an interac-
tion with other neural alterations resulting from other
genetic or environmental causes (as represented by the
thick dotted arrow). In contrast, as represented by the thin
dotted arrow, the opposite is less probable; atypical lateral
connectivity may be less involved in FXS etiology, at both
perceptual and behavioral levels. We are presently
attempting to dissociate the underlying pathophysiology of
the behavioral phenotypes in FXS using perceptual signa-
tures. Specifically, we are examining whether perceptual
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signatures of FXS affected children with a dual diagnosis
of autism is more consistent with that of FXS or autism
alone during development. If the perceptual signatures can
be associated with the presence of autistic symptomology
at a behavioral level, this approach may potentially play an
important role in understanding how the FXS (neural and
cognitive) may be implicated in autism. We expect that this
information will help in appropriate remediation (clinical
and academic) that targets an affected child’s specific
strengths and challenges.

From a clinical and educational perspective, we suggest
that the presented and similar approaches be used to guide
accurate diagnosis and interventions throughout develop-
ment by providing a clearer understanding of perceptual
profiles that are more reflective of underlying behavioral
phenotypes. It is therefore important that future perceptual
phenotypes be assessed within a developmental frame-
work. In this manner, interventions need not be oriented
around the behavioral end-state, but rather, such interven-
tions can incorporate and optimize intact information
processing abilities at different levels of analysis, specific
to each condition and stage of development. To achieve
this goal, perceptual phenotyping should beginning in
infancy when the developing cortex is most susceptible to
altered sensory input. It is also critical that educators and
clinicians are made aware of the importance of targeting
interventions as early as possible in development.

Conclusion

Recent advances in the emerging field of developmental
cognitive neuroscience have prompted researchers to try
and understand neurodevelopmental disorders at varying
levels of analysis: genetic, brain, cognitive and behavior.
However, it has become increasingly apparent that attempts
to articulate simple causal relationships, for example
between the deletion of a single gene (as in FXS) and a
specific behavioral outcome have been misguided. The
shared phenotypic characteristics among diverse neurode-
velopmental conditions with disparate genetic etiologies
warrant a more appropriate level of analysis that does not
underestimate the complexity of the relationship between
genetic abnormalities and cognitive outcomes. The present
paper outlines an intermediate level of analysis that can be
used to propose functional links between genetic and
neural alterations that are specific to autism and FXS. As
argued by others, analysis at this level may be advanta-
geous not only for suggesting condition-specific neural
etiology, but also for guiding genetic research by restricting
the search for candidate genetic origins most consistent
with neural alterations underlying perceptual abilities, and
possibly, cognition and behaviour.
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If interpreted within the context of a systemic model
where polygenetic perturbations alter neural connectivity,
defining the neural substrate of condition-specific visual
processes is best accomplished at the local neural network
level. By using such a translational framework, we propose
that attempting to link genotype with neural alterations
using characteristics information processing capabilities is
potentially a very useful systems-level approach for
defining and dissociating mechanisms involved in the eti-
ology of various neurodevelopmental conditions.
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