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Abstract
Autism spectrum disorder (ASD) represents a major mental health problem with estimates of prevalence ranging from 1/500 to 1/2000.

While generally recognized as developmental in origin, little to nothing is certain about its etiology. Currently, diagnosis is made on the basis

of a variety of early developmental delays and/or regressions in behavior. There are no universally agreed upon changes in brain structure or

cell composition. No biomarkers of any type are available to aid or confirm the clinical diagnosis. In addition, while estimates of the

heritability of the condition range from 60 to 90%, as of this writing no disease gene has been unequivocally identified. The prevalence of

autism is three- to four-fold higher in males than in females, but the reason for this sexual dimorphism is unknown. In light of all of these

ambiguities, a proposal to discuss potential animal models may seem the heart of madness. However, parsing autism into its individual

genetic, behavioral, and neurobiological components has already facilitated a ‘conversation’ between the human disease and the

neuropathology and biochemistry underlying the disorder. Building on these results, it should be possible to not just replicate one aspect

of autism but to connect the developmental abnormalities underlying the ultimate behavioral phenotype. A reciprocal conversation such as

this, wherein the human disease informs on how to make a better animal model and the animal model teaches of the biology causal to autism,

would be highly beneficial.

# 2004 ISDN. Published by Elsevier Ltd. All rights reserved.
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1. The human biology of autistic disorder

In humans, the range of pervasive developmental

disorders (PDDs) covers a broad spectrum; from the

restricted interests and repetitive behaviors of Asperger

syndrome to the complete lack of social interaction found in

patients with classical autism. This spectrum of severity,

although classified as independent disorders, may in fact

represent variation over a continuum rather than a series of

diseases. While there are clinical distinctions among the

PDDs, the accurate diagnosis of an individual child still

represents a clinical challenge.
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1.1. Neuropathology of autistic disorder

In many human neurological disorders, there are

structural changes in the brain that are apparent on

pathological exam. In some instances, such as Alzheimer’s

disease, information on the details of the neuropathology

drives the final diagnosis and serves as the ‘gold standard’ by

which behavioral and clinical interpretations are validated.

The situation for autism is the exact opposite. The

behavioral and neurological symptoms serve as the sole

basis of the diagnosis as there are no disease-related

structural defects for which a consensus exists. Having said

this, however, pathological studies have revealed an

association between autistic symptoms and the appearance

of certain pathological changes in brain structure or

cellularity in a number of different brain regions. The value

of these findings is mitigated somewhat by the fact that in the

entire pathological literature only a few dozen different
.
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Table 1

Neuropathological changes associated with autistic disorder

Measurement Finding References

Total brain weight Increased Bauman and Kemper (1985), Kemper and Bauman (1998), Bailey et al. (1998)

Cerebellum

Purkinje cells Decreased numbers Ritvo et al. (1986), Kemper and Bauman (1993), Bailey et al. (1998)

Deep cerebellar nuclei Cell size decrease Kemper and Bauman (1993)

No change Bailey et al. (1998)

Inferior olive Focal cell loss Bauman and Kemper (1985)

Limbic system

Amygdala (medial nuclei) Cell size decrease Kemper and Bauman (1993)

No change Bailey et al. (1998)

Hippocampal formation Cell size decrease Kemper and Bauman (1993)

Reduced dendrites

Cell density increase Bailey et al. (1998)

Mammillary nuclei Cell size decrease Kemper and Bauman (1993)

Brain stem

Facial nucleus, superior olive Cell loss Rodier et al. (1996)

Inferior olive Cell density increase Kemper and Bauman (1993)

Cortex Enlarged Bailey et al. (1998)

Minicolumns Smaller, more numerous Casanova et al. (2002)
cases have come to autopsy. This is changing rapidly, but

given the heterogeneity that is likely inherent in the disorder,

larger studies are clearly needed. Of the studies to date, there

have been consistent findings in the olivo-cerebellar system,

the limbic system, the brainstem, and the cortex. These are

summarized in Table 1.

In addition to histopathological changes, differences in

brain volume (measured by modern methods of imaging)

have also been noted. These anomalies are summarized in

Table 2; each has been documented in one or more studies.

As autism is likely to be a common outcome initiated by a

number of different insults to different brain areas at

different developmental times (genetic analysis suggests on

the order of a dozen different genes could be involved), even

those changes that are found in only a minority of the cases

of autism might nonetheless hold one or more keys to the
Table 2

Volumetric findings in autism

Measurement Finding References

Total brain volume Increased Piven et al. (19

Courchesne et

Sparks et al. (2

White matter Increased Courchesne et

Limbic system volume Decreased Aylward et al.

Amygdala Decreased Aylward et al.

Increased Howard et al. (

Variable Abell et al. (19

Hippocampus Decreased Aylward et al.

No change Piven et al. (19

Other limbic cortex Decreased Abell et al. (19

Cerebellar cortex Focal decrease Courchesne et

(Lobules VI and VII) Focal increase Saitoh and Cou

No decrease Holttum et al.
biology of the disorder. For an animal model of autism to be

truly useful, however, it will be necessary for it to replicate at

least a subset of the reported pathologies.

1.2. The genetics of autism

While the precise anatomical defects are yet unspecified,

twin and family genetic studies have shown a robust genetic

component for the disorder. The concordance rate for

monozygotic twins varies from 60 to 95%, while that of

dizygotic twins ranges from 0 to 24% (Ritvo et al., 1985;

Steffenburg et al., 1989; Bailey et al., 1995). The

prevalence rate of non-twin siblings of children with

autism varies from 1 to 6% (Hallmayer et al., 2002).

Differences in diagnostic criteria and inclusion of

‘‘spectrum’’ phenotypes lends to the variability in estimates
95), Davidovitch et al. (1996), Piven et al. (1996), Lainhart et al. (1997),

al. (2001), Bailey et al. (1998), Aylward et al. (2002),

002), Herbert et al. (2003)

al. (2001), Herbert et al. (2003)

(1999), Herbert et al. (2003)

(1999), Herbert et al. (2003), Pierce et al. (2001)

2000)

99), Sparks et al. (2002)

(1999), Herbert et al. (2003), Saitoh et al. (2001)

98), Saitoh et al. (1995)

99)

al. (1988)

rchesne (1998)

(1992)
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Fig. 1. Results of mapping studies for autism susceptibility genes. Ideo-

grams of the q arms of chromosomes 7 and 2 are labeled with important

developmental genes as well as the peak (circle) or range (line) of suggestive

linkage from the corresponding mapping studies.
of heritability, prevalence and concordance. In keeping

with the concept of a prominent genetic component, one

study found chromosomal abnormalities in 9% of

individuals with autism who were cytogenetically

analyzed (Wassink et al., 2001). Another study found an

increase in fragile sites among autistic individuals and that

these sites were not randomly distributed (Arrieta et al.,

2002).

The hunt for specific genes involved in the origins of

autism is still a work in progress. One would assume that

given a heritability estimate of greater than 90%, finding

causative mutations in major susceptibility genes would not

be a difficult undertaking (Bailey et al., 1996). However, it

has been estimated that from 2 to more than 15 genes can

contribute to the etiology of autism (Pickles et al., 1995;

Risch et al., 1999). Further complicating matters, the results

of several genome-wide scans completed to date have each

suggested the involvement of a set of overlapping but non-

identical set of genetic loci (reviewed in Nicolson and

Szatmari, 2003). Those most frequently reaching the

threshold of at least suggestive linkage are chromosomes

7q, 2q and 16p (Nicolson and Szatmari, 2003). Even though

the methods of detecting linkage and criteria of diagnosis

differed among the studies, the most frequent candidate

region, chromosome 7q, has been identified in a number of

genome scans (IMGSAC, 1998; Barrett et al., 1999; Philippe

et al., 1999; IMGSAC, 2001). Chromosomal rearrangements

and translocations also support the genetic linkage found on

chromosome 7q (Lopreiato and Wulfsberg, 1992; Vincent et

al., 2000; Warburton et al., 2000; Tentler et al., 2001; Sultana

et al., 2002). Evidence for the involvement of chromosome

2q comes from both mapping studies (Buxbaum et al., 2001;

IMGSAC, 2001) and chromosomal deletions in some

autistic individuals (Smith et al., 2001; Borg et al., 2002;

Gallagher et al., 2003). A schematic of the ranges or peaks of

suggestive linkage from six different mapping studies are

shown in Fig. 1. While not a key player denoted in the

genome scans, structural aberrations of chromosome 15

have been implicated in a number of cases of autism

(Wassink et al., 2001).

1.3. The ‘chemistry’ of autism

There is a small, but significant human literature that

documents a correlation between exposure to teratogens

early in development and the emergence of symptoms of

autism after birth. Exposure to either thalidomide (Strom-

land et al., 1994) or valproate (Christianson et al., 1994;

Williams and Hersh, 1997) during the first weeks of

gestation is associated with autistic like symptoms in the

child. These observations have led Rodier et al. (1996) and

others to hypothesize that the problems in autism are not

only developmental in origin but may arise in the very first

stages of embryonic development.

Alterations in neuropeptides have also been reported in

association with autistic symptoms. BDNF is a neurotrophic
factor that is increasingly recognized as playing a

neuromodulatory role in CNS function (Castren et al.,

1993; Levine et al., 1995; Kang and Schuman, 1995) in

addition to its role in the development and stabilization of

certain classes of neurons during development. In a study of

blood samples taken within a few days of birth as part of a

routine program of neonatal screening, Nelson et al. (2001)

discovered levels of BDNF as well as VIP, CGRP, and NT4/5

were significantly elevated in the children who later

developed autism. The exact meaning of this finding is

not clear. A comparable elevation was also observed in

children who later developed mental retardation not

associated with autism. While few new details have emerged

since the original publication, the correlations nonetheless

represent potentially important clues. Further human and

animal studies will assist in developing this story.

Oxytocin has been implicated as well. Oxytocin and

vasopressin are neurohypophyseal peptides that may

contribute to the phenotypes associated with autism (Insel

et al., 1999). Normally, the posterior pituitary releases these

peptides into the bloodstream, where they function

developmentally in social behavior and cognition through

receptors throughout the forebrain and brainstem. Chromo-

somal abnormalities have been identified in the region of the

oxytocin gene (20p 11.1–11.2) in autistic individuals (Cook

et al., 1998). Additionally, abnormalities in oxytocin or

vasopressin levels have been reported in several autistic

individuals (Modahl et al., 1998; Green et al., 2001; Gale et

al., 2003), and oxytocin infusion has been shown to reduce

repetitive behaviors in humans with autism (Hollander et al.,

2003).
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2. An animal model of autism: theoretical

considerations

2.1. Animal models and complex socio-behavioral

disorders

Although several studies of autism have been carried out

in primates and rodents, no generally accepted model system

has yet been developed. Implicitly, the challenge lies in the

fact that autism is a strictly socio-behavioral disorder, with

clinical hallmarks difficult or impossible to replicate in a

model organism, particularly a rodent. Discussion of the full

range of social behavior in the mouse and its relevance to

human behaviors is beyond the scope of this paper, but those

behaviors that pertain to the clinical manifestations of

autism are reviewed in Table 3. In each section, the human

trait is listed as a main heading while the proposed rodent

behaviors are listed underneath.

Based on Table 3, a mouse displaying autistic-like

symptoms would display impairments in aspects of social

interaction and communication as well as a pattern of

repetitive behaviors. However, an animal model of autism

based solely on behavioral assays would be incomplete. To

be useful, any animal model of autism must accurately

replicate a combination of the behavioral, neuropathologi-

cal, biochemical and genetic basis for autistic disorder. The

greater the number of features that are represented, the

closer the model’s approximation to autism spectrum

disorder (ASD) will be.
3. Current animal models of autism

3.1. Lesion induced behavioral abnormalities

Lesion models suggest that brain damage in specific brain

regions leads to the development of specific or general

behavioral abnormalities that are quite similar to those seen

in autism. These models are thus quite useful even if they do
Table 3

Behavioral measures of an autistic mouse

Social interaction

Huddle, groom, barber

Play behavior (chase, spar, wrestle, pin)

Social investigation (approach, investigate, nose groom)

Aggression (threat, attack, bite, chase, aggressive-groom, full aggressive)

Sexual activity (follow, sniff, attempted mount, mount, genital groom)

Communication

Pup distress call

Mating call

Submissive call

Restricted, repetitive and stereotyped patterns of behavior

Repeated locomotor activity (explore, circle, etc.)

Self-involvement (wash, self-groom, scratch, dig, shake, jump, eat, drink)

Self-injurious behavior (excessive self-grooming)
not reproduce the underlying genetic or developmental

pathways of autistic spectrum disorders. Often surgical in

nature, one of the first attempts purportedly to develop an

autism model was from Bachevalier (1996), who lesioned

the amygdala of rhesus monkeys and recorded the resultant

behavioral abnormalities. Wolterink et al. (2001) repeated

these experiments in rats, finding similar abnormalities.

A more recent lesion study has particular relevance to the

model system proposed below (Bobee et al., 2000). These

authors created midline cerebellar lesions in 10-day-old rats.

The attentional capabilities, spontaneous motor activities,

and anxiety behavior of 15 of these animals was assessed

and compared to 16 controls. The lesioned rats appeared less

anxious as evidenced by behavioral response to an elevated

maze, electrode stimulation, and in response to tonal

stimulation. The spontaneous motor activity of the lesioned

rats was increased even though they showed no changes in

exploratory behavior. Several previous investigators (Leaton

and Supple, 1991; Joyal et al., 1996) had lesioned the

cerebellar midline in adult rats. As has been previously

demonstrated (Auvray et al., 1989; Wolterink et al., 2001;

Daenen et al., 2002), the age at which the lesion is made has

a significant impact on the phenotypic outcome.

The results described above are typical of this category of

model: experimentally induced abnormalities produce beha-

vioral changes reminiscent of those associated with autism.

However, as the injuries producing the abnormal behavior

destroy entire regions (and all the constituent cells) they bear

little relationship to the specific pathologies listed in Table 1.

Consequently, no thorough investigation of genetic or

developmental mechanism can occur in a lesion produced

by a knife or an electrode. Nevertheless, such models are

useful for demonstrating the ability of defects in a particular

region to produce altered behaviors of a specific nature.

Other lesion-induced models use chemical or infectious

agents to produce behavioral changes. Immunological

abnormalities have long been suspected involved in autism

(reviewed recently in Krause et al., 2002 and Torres, 2003),

and studies of the offspring of female mice infected with

Trichinella spiralis during gestation (Rau, 1983) revealed

long ago a potential role for infection in altered CNS

development. More recently, Pletnikov et al. (1999) and

Hornig et al. (1999) independently published on behavioral

abnormalities resulting from neonatal exposure to Borna

virus (reviewed in Pletnikov et al., 2003). Several other

groups have also published on behavioral abnormalities

resulting from immunological abnormalities or challenges

(Patterson, 2002; Shi et al., 2003; Vojdani et al., 2003).

Similarly, Rodier et al. (1997a) and Ingram et al. (2000a)

used chemical perturbations to produce autism-like pheno-

types in animal models. In all of these cases, the

environmental nature of the perturbations potentially

reproduces the conditions experienced by developing

humans. Additionally, the action of these chemical and

infectious agents is usually global in nature, as opposed to

specifically focused on one brain region. This combination
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creates both a more complete model of autism and the need

for a more complex interpretation of the results.

3.2. Genetically induced behavioral abnormalities

Another class of potential rodent models of autistic

spectrum disorders attempts to use genetics to mimic certain

biochemical abnormalities found in autistic individuals. In this

group, a mutation in a gene connected to the biochemical

abnormality is created and the behavior of the animal is

assessed. In some cases, such as those with mutations in the

serotonin and oxytocin–vasopressin systems, autistic-like

behavioral abnormalities are found. The neuropathological

abnormalities summarized in Table 1, however, are either not

present in these animals or not sufficient to explain the

behavior. One such example of behavioral abnormalities

without known structural defects is the Dishevelled-1 (Dvl1)

null mouse. Deficits in social interaction as measured by

whisker trimming, nest-building and huddling behaviors are

found in mice homozygous for a targeted deletion of Dvl1

(Lijam et al., 1997; Long et al., 2004). These mice show no

motor, sensory, spatial learning or social memory deficits, nor

are there overt abnormalities in the brain.

Brattleboro rats have a spontaneous mutation in the

arginine vasopressin (Avp) gene, resulting in an inability to

secrete this neuropeptide (Birkett and Pickering, 1988). Based

on the abnormalities in arginine vasopressin seen in some

human autisitic patients, these rats have been used as an animal

model for autism. Supporting this model, Brattleboro rats

show less social memory than controls (Englemann, 1994).

Other animal studies reveal oxytocin knockout pups emit

fewer separation distress calls (Young et al., 1997) and fail to

develop social memory (Ferguson et al., 2000) as a result of an

oxytocin deficit in the amygdala (Ferguson et al., 2001).

Additionally, these animals exhibit decreased investigative

behaviors and increased aggression (Insel et al., 1999).

Similarly, rodents with serotonin-related deficits (discussed in

Scott and Deneris, this issue) or increases (Kahne et al., 2002)

also display behavioral abnormalities. However, this model

system presents no inherent mechanism through which to

generate the neuropathological abnormalities associated with

autistic disorder.

Perhaps the most realistic autism model in this class is the

guinea pigs of Caston et al. (1998). These animals had

naturally occurring cerebellar defects first described at 3

weeks of age. At this time, the cerebella contained 20–25%

fewer granule and Purkinje cells as compared to controls.

The losses were not uniform, but instead appeared to favor a

reduction in the sizes of lobules VI and VII (Lev-Ram et al.,

1993). Neocortical abnormalities were also described,

including decreases in dendritic arborization and a mild

shrinkage of cell somas. These changes were apparent

within the first 3 weeks of development. By one year of age,

cerebellar lobule VIII was found to be missing while lobules

VI and VII were compressed into one large folium. Due to

the similarity of these neuropathological abnormalities to
those described by Courchesne in autistic children (1988),

this line was assayed for their behavior. Social interactions,

response to familiar and unfamiliar sounds, spatial

exploration tendencies, and their ability to perform a motor

learning task were all abnormal compared to controls

(Caston et al., 1998). Unfortunately, connecting these

malformations to the specific genetic abnormalities thought

to produce them is now impossible; this line has been

reported to have died out (Andres, 2002).

3.3. Pathological models of autism in animals

In all of the examples of animal models cited thus far, the

metric used to determine the fidelity of the model to the

symptoms of autism is behavior. This focus on a behavioral

model is understandable considering the poor consensus on

the neuropathology of autism. Nonetheless, as indicated in

Tables 1 and 2, there are some consistent changes in autistic

individuals. The loss of cerebellar cells, Purkinje cells for

certain, is nearly universal in the published studies of human

autopsy material. There also seems to be some consensus on

the involvement of limbic structures, particularly the

amygdala. While researchers vary on the direction of the

change, there is a reasonable concordance of both

neuropathology and imaging to suggest a place to begin.

Despite the opportunities presented by the areas of

agreement on brain structure changes in autism, there is

probably only one animal model published specifically

linking neuropathology with autism. In 1997, Rodier et al.

reported on a deceased autistic patient whose neuropathol-

ogy included significant loss of brainstem structures such as,

the facial nucleus and the superior olive. The authors

observed that this phenotype is reminiscent of the deficits

seen in the Hoxa1 knockout mouse (Rodier et al., 1997b).

Pursuing this lead, a subsequent study by the same group

found evidence suggesting HOXA1 and HOXB1 (on

chromosomes 7 and 17, respectively) were susceptibility

loci for autism (Ingram et al., 2000b). Additional studies

suggest that this correlation does not hold true for all

populations as no linkage has been found in six more recent

studies (Devlin et al., 2002; Li et al., 2002; Talebizadeh et

al., 2002; Collins et al., 2003; Romano et al., 2003;

Gallagher et al., 2004). Most recently, Conciatori et al.

(2004) linked a specific Hoxa1 variant to cranial morphol-

ogy in autistic individuals.

From this brief review of animal models of autism, it is

apparent that there is a lack of animal models attempting to

model the neuropathology of autism (with or without

linkage to the various behavioral phenotypes). Given the

variability of the neuropathology in human autistic patients

this is hardly unexpected. However, without such models it

will be difficult to validate the significance of any given

treatment or genetic mutation. Models focusing on the

neuropathology of autism will thus help us to bridge the gap

between genetics and behavior even where no behavioral

phenotype results in individual models.
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4. Autistic disorder: a theory of balance

This is an exciting but frustrating time in autism research.

There is rapid progress toward the identification of

susceptibility genes, strong growth in the use of modern

imaging techniques to define the structural correlates of

autism in living individuals, and increasingly refined

diagnostic criteria for identifying the various forms of the

disorder. Yet thus far the emerging picture of autism is more

like a fractured mosaic than a coherent image. The

information presented in Table 2 is but one example: the

same brain structure (e.g., the amygdala) viewed by different

groups at different times appears larger, smaller or

unchanged in individuals with autism. The genetic data

are equally elusive. We have defined large regions of

chromosomes as candidates; however, as we try to narrow in

on specific genes (e.g., Engrailed) they appear as strong

candidates in one study, but are excluded in others. It strikes

us that in light of all of this seemingly conflicting data,

autism is best seen not as a disease of a single CNS structure,

but rather as a failure of the inter-relationships among CNS

structures—a question of balance.

Viewed from many different perspectives, it seems

apparent that the organization of the CNS places a high

premium on a proper balance among its many components.

Consider the precision with which neuron and target

populations achieve numerical balance in the adult CNS.

Through the process of target-related cell death a near linear

relationship is achieved between a neuronal population and

the size of its target (reviewed in Williams and Herrup,

1988). The relationship is maintained over a wide range of

target sizes and functions to adjust neuronal populations

both outside and inside the CNS—local circuit and

projection neurons alike. A second type of balance was

highlighted by Rubenstein and Merzenich (2003). These

authors have presented an elegant case for tracing the origins

of autism to a failure of balance between excitation and

inhibition in the brain. They stress the problem of signal to

noise and the propensity of ‘noisy’ circuits to malfunction in

ways that seem compatible with the observed neurological

features of autism. As only one example, an imbalance

caused by a deficiency in the GABAergic system might be

anticipated to reduce cortical inhibitory circuits and thus

increase the noise. This particular scenario is especially

compelling in light of the converging lines of evidence

implicating a genetic locus containing a cluster of GABA

receptors in the 15q11–13 region—a locus with a long

association with familial autism (see above).

Herbert et al. (2003) highlight yet a third type of balance

in their imaging study of the brains of autistic children. They

propose that the large-scale balance of the various brain

regions is perturbed in autism and lies at the root of the

behavioral symptoms. We concur with this interpretation

and have based much of our modeling on its implications.

Consider the association of autism with very early insults to

the CNS (e.g., thalidomide Stromland et al., 1994; Rodier,
2002) and the suggestive association of chromosome 7q,

which contains pattern formation genes such as, WNT2,

GBX1, RELN, and EN2. We agree with the insight of Herbert

et al. (2003) that a failure to achieve a proper balance among

the major brain vesicles can lead to subtle changes that might

well lead to complex behavioral problems such as those

found in autism. These changes would be difficult to detect

within the bounds of a single cell population or even by a

cursory examination of an entire brain. Even more

challenging would be to detect a transient developmental

imbalance that was corrected by adulthood, but which

forever compromised the ability of the brain to wire

correctly. The temporary overgrowth of the cerebral cortex

reported in some autistic children might be a symptom of

such a developmental problem.

One plausible place to look for defects in the specification

of this regional balance is in the pattern formation genes that

subdivide the early neuroepithelium into a series of regions,

each fated to produce a different structure in the adult. In

approaching the problem in this way, we have been drawn to

the possible participation of the two Engrailed genes (EN1

and EN2) in the generation of the symptoms of autism. The

reproduction of the described neuropathology is particularly

intriguing and we would propose that these mice deserve

significant attention from the community of autism

researchers as a welcome addition to the human/mouse

‘conversation’.
5. The Engrailed genes as candidates for mouse

models of autism

If the balance among brain regions is the culprit in

autism, then the fulcrum for this balance is most likely the

midbrain/hindbrain boundary of the early neural tube. The

existence of cerebellar abnormalities in autistic individuals,

as a number of groups have described, is a direct prediction

of this model and the disruptions of genes that are

responsible for patterning in this region become clear

candidates for the sources of autism.

5.1. A brief history of the origins of the cerebellum

The cerebellum develops from the ordered sequence of

gene expression at the mid/hindbrain junction established by

the apposition of Otx2 and Gbx2 expression domains. From

this isthmic organizer develops a domain of expression of

the major players in early cerebellum development: Wnt1,

Fgf8, Pax2, Pax5 and the two Engrailed genes. By

perturbing this sequence, either in space or in time, changes

occur in the structure and organization of the cerebellum and

the midbrain. Hypomorphic and conditional null alleles of

Fgf8 (Meyers et al., 1998; Chi et al., 2003), targeted

deletions of Wnt1 and En1 (McMahon and Bradley, 1990;

Thomas and Capecchi, 1990; Wurst et al., 1994) and double

mutants of En1/En2 or Pax2/Pax5 (Joyner, 1996; Schwarz et
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al., 1997) result in large deletions of the midbrain and

cerebellum.

More subtle phenotypes are found in Pax5 and En2 single

mutants and En1 mutants on an inbred C57BL/6 back-

ground. Pax5 homozygous null mice have changes in the

foliation pattern of the anterior cerebellum and reduction of

the inferior colliculus (Urbanek et al., 1994). The En2

mutant cerebellum is smaller than normal and has consistent

folial abnormalities of the posterior cerebellum (Joyner et

al., 1991; Millen et al., 1994; Kuemerle et al., 1997;

Bilovocky et al., 2003). Careful analysis has also shown that

while the cells are properly positioned in these mutants,

there is a 30–40% deficit in cells of the olivocerebellar

circuit; including Purkinje, granule, inferior olive and deep

nuclei. At the molecular level, region-specific banded

expression of Zebrin II and Ppath is disrupted in En2

mutants suggesting that the intricacies of fine patterning

have not been preserved (Kuemerle et al., 1997). En1

homozygous null mice on a C57BL/6 background have

relatively normal cerebellar architecture with no cellular

deficits. The only structural change in these mutants is a

fusion of lobules IV and V in the anterior cerebellum

(Bilovocky et al., 2003).

These focal cerebellar patterning abnormalities—the

apparent hypoplasia of the posterior cerebellum of the En2

mutant and the anterior cerebellum of the C57BL/6-En1—

were the features that initially drew us to the possibility that

the Engrailed mutations might serve as pathological mimics

of the autistic brain. The cellular changes in the En2 mutant

further strengthened this view. The losses in the Purkinje,

deep nuclear, and inferior olive populations seem very much

in keeping with the findings from the human autistic brain

(Table 1). The Engrailed-1 mutant is a less perfect

pathological model as there are no significant cell losses

reported. Nonetheless, the strong background dependence of

the phenotype (Bilovocky et al., 2003) seems to us to

describe a developmental process where the expression of a

pattern formation gene is modulated by the state of many

other genes. In the end it is the combined effect of this entire

network of genes that is needed for the full definition of the

mutant phenotype. This situation mirrors that described for

the genetic basis of autism: strong heritability, but no single,

easily identifiable, disease locus.

Further evidence strengthening the candidacy of the

mouse Engrailed genes as models of human autism comes

from the human gene mapping studies. As mentioned

previously, chromosomes 2 and 7 are among the top

candidate regions for autism susceptibility genes. Mapping

adjacent to the region of interest on chromosome 7 is

Engrailed-2 (EN2), located at 7q36 (Logan et al., 1989;

Poole et al., 1989). Based on its location as well as role in

CNS development, EN2 has been investigated for a link to

autism. To date, studies have both supported and refuted the

validity of EN2 as a susceptibility gene for autism (Petit et

al., 1995; Zhong et al., 2003). Most recently, Gharani et al.

(2004) found an association between ASD and two
polymorphisms in intronic regions of EN2. The human

EN1 gene is also located near a region of interest, mapping to

chromosome 2q14 (Matsui et al., 1993). The potential of

Engrailed-1 (EN1) as a candidate gene has yet to be fully

explored; this probably owes to the fact that EN1 does not

map precisely within the region on chromosome 2 with the

strongest linkage from the mapping studies. Interestingly, as

shown in Fig. 1, the region encompassing the evolutionary

duplication of the EN homologues contains other important

developmental genes maintained in proximity to the EN

genes (Gibert, 2002).

With structural changes that show strong analogy to the

human material and promising genetic evidence, the next

test of an autism model is whether or not it captures any

features of the behavioral abnormalities. Gerlai et al. (1996)

assessed several aspects of the behavior of En2 mutant mice.

They found that while En2 mutants performed normally in

several tests of motor function, both hetero- and homo-

zygotes performed below the level of wild type mice on the

rotorod. Rotorod tests on En1 heterozygotes also show

changes in performance from that of wild type (CLM,

unpublished data). Another recent study found that mice

with Otx2 replacing one copy of En1 (En1+/Otx2) are

hyperactive in open field tests (Brodski et al., 2003). While

these tests do not speak to the social interaction phenotype of

autism, they do suggest that subtle changes in cerebellar

architecture can have read outs in behavioral symptoms. It

would certainly be worthwhile to test either of these mutants

for autistic-like behaviors, either without manipulation or in

conjunction with known environmental effectors such as

valproate exposure.
6. Conclusions

The proposal to consider the mutations in the two

Engrailed genes as models of human autism continues the

‘conversation’ between mouse and human begun with the

chemical lesion studies of Rodier, the explorations of the

oxytocin/vasopressin mutations of Englemann, Young,

Ferguson, Insel, and the Pet-1 mutants described by Deneris

elsewhere in this volume. Each of these models brings a

unique contribution to the discussion and each seems to

capture at least one of the pieces of the autism puzzle. None

of these will likely prove to be a perfect mouse model of the

disorder. The next steps should be to make the conversation

more interactive. Each of the rodent models should be

explored more fully in light of both the human data as well as

the other rodent findings. For example, do the Pet-1 or

oxytocin mutants have defects in any part of the limbic or

olivocerebellar systems? Similarly, do the Engrailed

mutants have social interaction deficits? From the standpoint

of the human condition, does the expression of any of these

genes change noticeably in any subset of the individuals

with autism? The ‘conversation’ is just beginning, but a

lively discussion seems easy to predict.
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