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Abstract

The role of serotonin in prenatal and postnatal brain development is well documented in the animal literature. In earlier studies using
positron emission tomography (PET) with the tracer alpha[''C]methyl-L-tryptophan (AMT), we reported global and focal abnormalities of
serotonin synthesis in children with autism. In the present study, we measured brain serotonin synthesis in a large group of autistic children (n
= 117) with AMT PET and related these neuroimaging data to handedness and language function. Cortical AMT uptake abnormalities were
objectively derived from small homotopic cortical regions using a predefined cutoff asymmetry threshold (>2 S.D. of normal asymmetry).
Autistic children demonstrated several patterns of abnormal cortical involvement, including right cortical, left cortical, and absence of
abnormal asymmetry. Global brain values for serotonin synthesis capacity (unidirectional uptake rate constant, K-complex) values were
plotted as a function of age. K-complex values of autistic children with asymmetry or no asymmetry in cortical AMT uptake followed different
developmental patterns, compared to that of a control group of non-autistic children. The autism groups, defined by presence or absence and
side of cortical asymmetry, differed on a measure of language as well as handedness. Autistic children with left cortical AMT decreases
showed a higher prevalence of severe language impairment, whereas those with right cortical decreases showed a higher prevalence of left and
mixed handedness. Global as well as focal abnormally asymmetric development in the serotonergic system could lead to miswiring of the
neural circuits specifying hemispheric specialization.
© 2004 ISDN. Published by Elsevier Ltd. All rights reserved.
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Abnormalities of serotonergic function in autism were
first recognized in 1961 when Schain and Freedman reported
hyperserotonemia in autistic and mentally retarded children.

Abbreviations: PET, positron emission tomography; AMT, alpha[''C]- " . .
This result has been replicated by several groups (Hoshino et

methyl-L-tryptophan; MAO-A, monoamine oxidase-A; IQ, intelligence

quotient; ADI-R, Autism Diagnostic Interview-Revised; GARS, Gilliam
Autism Rating Scales; CARS, Childhood Autism Rating Scales; VABS,
Vineland Adaptive Behavior Scales; DSM-IV, Diagnostic and Statistical
Manual of Mental Disorders—Fourth Edition; LV, left ventrical; MRI,
magnetic resonance imaging; SPGR, spoiled gradient; Al, asymmetry index
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al., 1984; Anderson et al., 1987; Cook et al., 1990), and
extended with the recognition that blood serotonin is also
elevated in their first degree relatives (Leventhal et al., 1990;
Piven and Palmer, 1999; Cook et al., 1994; Leboyer et al.,
1999). How the abnormalities of blood serotonin might be
related to brain serotonin, however, has not been well
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understood. Several recent studies report association of
genes that may impact serotonin metabolism in autism. One
such study reports the presence of a susceptibility mutation
in a promoter variant of the tryptophan 2,3 dioxygenase gene
(Nabi et al., 2004). Tryptophan 2,3-dioxygenase is a rate-
limiting enzyme in the metabolism of tryptophan (by the
kynurenine pathway), the precursor of serotonin. A mutation
that results in decreased activity of this enzyme could
decrease the metabolism of tryptophan by this pathway and
increase the level of whole body serotonin content.
Furthermore, tryptophan 2,3-dioxygenase, as well as indo-
leamine 2,3-dioxygenase (which also catalyses tryptophan
metabolism by the kynurenine pathway), are expressed in
the placenta and have a role in the prevention of allogeneic
rejection of the fetus (Munn et al., 1998; Suzuki et al., 2001).
Another recent study investigated the effect of maternal
genotypes for monoamine oxidase-A (MAO-A) on the
susceptibility of autism in their offspring. Jones et al. (2004)
reported that maternal genotypes containing specific
polymorphisms at the MAO-A locus show significant
negative effects on the intelligence quotient (IQ) in children
with autism. These results are consistent with those of a
study which found that a low activity MAO-A allele, due to
an upstream variable-number tandem repeat region, is
associated with both lower IQ and more severe autistic
behavior in children, as compared to the high-activity allele
(Cohen et al., 2003). The serotonin transporter is highly
expressed in the brush border membrane of the human
placenta and may mediate transport of serotonin from the
maternal circulation to the developing fetus (Balkovetz et
al., 1989). Efforts to relate increased blood serotonin to
polymorphisms of the serotonin transporter have been
largely unsuccessful, although a small effect on blood
serotonin has not been ruled out (Persico et al., 2000;
Anderson et al., 2002; Persico et al., 2002; Betancur et al.,
2002). Given that there is expression of the serotonin
transporter in the placenta, a maternal modifier effect of the
serotonin transporter might be a risk factor for autism.

In order to determine whether there are serotonergic
abnormalities in brain in children with autism, we have
evaluated serotonin synthesis capacity in vivo with positron
emission tomography (PET), using the tryptophan analogue
alpha[''C]methyl-L-tryptophan (AMT) as the tracer. Our
previous publications illustrate two fundamentally different
types of serotonergic abnormality in children with autism
(Chugani et al., 1997, 1999). The first is a difference in
whole brain serotonin synthesis capacity in autistic children
compared to age matched nonautistic children. Global brain
values for serotonin synthesis capacity were obtained for 30
healthy, seizure free autistic children, 8 of their healthy non-
autistic siblings, and 16 epileptic children without autism.
For non-autistic children, serotonin synthesis capacity was
>200% of adult values until the age of 5 years and then
declined toward adult values. In autistic children, serotonin
synthesis capacity increased gradually between the ages of 2
years and 15 years to values 1.5 times the adult

normal values. These data suggested that humans undergo
a period of high brain serotonin synthesis capacity
during early childhood, and that this developmental process
is disrupted in autistic children. The second type of
abnormality we have reported relates to focal abnormalities
in brain serotonin synthesis. Asymmetries of AMT uptake in
frontal cortex, thalamus and cerebellum were visualized in a
small sample of children with autism (Chugani et al., 1997).
We have been attempting to understand the significance of
these findings in relation to phenotypic variations in autistic
children.

A large body of literature demonstrates that serotonin is
important for several aspects of prenatal and postnatal brain
development that can be related to autism (for reviews see
Chugani, 2002; Gaspar et al., 2003). A key study published
by Rakic and coworkers (Janusonis et al., 2004) this year
demonstrated that serotonergic fibers innervate Cajal
Retzius cells, which are necessary for cortical column
development. Furthermore, these investigators showed that
treatment with the serotonin agonist 5-methoxytryptamine
during fetal development led to alterations in brain reelin
levels (a glycoprotein produced by Cajal Retzius cells) and
abnormalities of presubicular cortical column development.
This is highly significant since both abnormal levels of reelin
(Fatemi et al., 2001) and abnormalities in cortical columns
(Casanova et al., 2002a,b) have been demonstrated in human
autism autopsy brain tissue. Casanova et al. (2002a,b)
reported that there was an increased number of minicolumns
combined with fewer cells per column or greater cell
dispersion in autism brain samples. Alterations in mini-
column organization in autism may have a profound impact
on hemispheric specialization and functions dependent on
hemispheric specialization, such as language, since there are
significant differences in minicolumn organization between
the left and right sides of the human brain (for review see,
Hutsler and Galuske, 2003). The width of minicolumns and
the distance between the columns is larger on the left than on
the right (Seldon, 1981a,b; 1982; Buxhoeveden et al., 2001).
Seldon (1981a,b; 1982) also showed that pyramidal cells in
the posterior language cortex on the left contacted fewer
columnar units than on the right. In addition, there is
asymmetry in the size of the pyramidal cells constituting the
minicolumns, with a greater number of large pyramidal cells
in the left hemisphere than in the right hemisphere (Hutsler,
2003). The result of these changes is that pyramidal cells in
the left hemisphere contact fewer adjacent minicolumns.
Macrocolumns, on the other hand, appear not be asymmetric
in size, but the distance between the macrocolumns was
reported to be 20% greater in left than on the right in
Brodmann area 22 (Galuske et al., 2000).

We now present AMT PET data for a large group of
children with autism. The focus of this investigation was on
the extent of asymmetry in cortical serotonin synthesis in
this group of children and the relationship between cortical
asymmetry and two measures of hemispheric specialization,
language function and handedness.
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1. Subjects and methods
1.1. Subjects

Children with autism (N = 117; M =88, F = 29: age range
2.0-15.3 years, mean age of 6.5 £ 2.7 years) were recruited
from pediatric neurology clinics at Children’s Hospital of
Michigan, Detroit (this sample includes 30 children
previously described in Chugani et al., 1999). The diagnosis
of autism was assessed using the Autism Diagnostic
Interview-Revised [ADI-R, a parent report measure (Lord
et al., 1994)]; Gilliam Autism Rating Scales [GARS, a
parent report measure]; and Childhood Autism Rating
Scales [CARS, a behavioral observation measure]). Because
of difficulty in diagnosis of children with mental age less
than 24 months (Lord et al., 1994), children were included in
the autistic group only if they met all the following criteria:
(1) Autistic by ADI-R; (2) DSM-IV (Diagnostic and
Statistical Manual of Mental Disorders—Fourth Edition)
criteria for autism based on unstructured interview; (3)
autism quotient greater than 85 on GARS; (4) scores higher
than 30 on CARS; (5) previous diagnosis by treating
neurologist or psychiatrist. The control comparison group
included typically developing siblings of children with
autism (N = 8; M = 6, F = 2; age range of 8.2-14.3 years;
mean age of 9.2 + 3.4 years) and children with epilepsy (N =
16: M =9, F =7; age range 3 months—13.4 years; mean age,
5.73 £ 3.6 years). Data from this control group have been
previously reported (Chugani et al., 1999). Children with
epilepsy were taking one or more medications, which
included phenobarbital, phenytoin, carbamazepine, valpro-
ate, clorazepate, clonazepam, lorazepam, lamotrigine,
gabapentin, and vigabatrin. Autistic subjects and their
siblings were not taking any medication. Details regarding
the subjects are presented in Table 1. All the studies were
performed in compliance with the regulations of Wayne
State University Human Investigation Committee, and
written informed consent of parent or legal guardian was

obtained. In addition, written assent of the children was
obtained when appropriate.

1.2. AMT model for measurement of serotonin synthesis
capacity

AMT, which was developed as a tracer for serotonin
synthesis with PET (Diksic et al., 1991), is an analogue of
tryptophan, the precursor for serotonin synthesis. Following
the intravenous administration, AMT in plasma competes
with tryptophan and other large neutral amino acids for
transport across the blood brain barrier. Partial conversion of
AMT to a-methyl-serotonin (AM-5HT) in brain has been
demonstrated in animals (Missala and Sourkes, 1988; Diksic
et al., 1990; Gharib et al., 1999; Shoaf et al., 1998, 2000).
[H-3]a-methyl-serotonin synthesized in brain was localized
to serotonergic neurons and nerve terminals by combined
autoradiography and tryptophan hydroxylase immunocyto-
chemistry at the electron microscopic level (Cohen et al.,
1995). However, Shoaf et al. (1998, 2000) and Gharib et al.
(1999) argued that AMT cannot be used to measure
serotonin synthesis since only a fraction of the AMT taken
up into the tissue is converted to serotonin. These two groups
of investigators concluded that AMT is primarily a measure
of brain uptake of tryptophan and cannot be related to
serotonin synthesis because the tracee, tryptophan, is a
substrate for both protein and serotonin synthesis. Subse-
quently, Diksik and colleagues showed that pharmacological
inhibition of tryptophan hydroxylase with p-chloropheny-
lalanine decreased the undirectional uptake of AMT,
whereas inhibition of protein synthesis with cyclohexamide
had no effect on the trapping of AMT in brain tissue
(Tohyama et al., 2002). Thus, these data support the
interpretation that the unidirectional uptake constant of
AMT is related to serotonin synthesis and not protein
synthesis. The absolute serotonin synthesis rate, however,
cannot be obtained using AMT as a tracer due to competition
with other large neutral amino acids for transport at the

Table 1
Behavioral assessment of subject groups
Group Age Gender GARS CARS OAB

M F SB Com SI Dev Total
Autism 6.5 (2.7) 88 29 9.9 (2.5) 14.6 (4.2) 9.5 (2.6) 9.1 2.5) 105 (15.6) 40.5 (7.5) 50.6 (14.1)
Asymmetry 6.7 (2.6) 45 15 9.8 (2.6) 14.7 (4.1) 9.6 2.4) 8.9 (2.3) 105 (14.9) 40.7 (7.5) 49.7 (15.1)
Right* 6.9 (2.7) 22 7 94 (2.4) 14.5 (3.7) 9.2 (2.3) 8.9 (2.4) 103 (13.1) 39.2 (7.2) 47.9 (12.6)
Left" 6.4 (2.6) 23 8 10.1 2.7) 15.0 (4.5) 9.9 (2.8) 8.8 (2.2) 106 (16.6) 422 (1.7) 51.3 (17.2)
NA 6.3 (2.9) 39 14 10.3 (2.3) 144 (4.2) 9.7 (2.5) 9.4 (2.8) 106 (15.8) 40.6 (7.6) 522 (13.2)
Epilepsy 5.7 (3.6) 9 7 5.4 (2.6) 10.1 (6.0) 48 (24) 7.1 (6.7) 70 (12.6) ND 63.0 (21.5)
Siblings 9.2 (3.4) 6 2 25222 4.0 (5.3) 23 (1.7) 2.1 (2.6) 52 (12.6) 19.4 (4.4) 114.0 (11.4)°

Demographics and behavioral data for subject groups. GARS: Gilliam Autism Rating Scale; GARS subscales, SB: stereotyped behavior; com: communication;

SI: social interaction; dev: development; total: mean autism quotient (scores: 90—110: average probability of autism; 111-120: above average probability of

autism; 121-130: high probability of autism); CARS: Childhood Autism Rating Scale (scores: 15-29.5: not autistic; 30-36.5: mild to moderate autism; 37-60:

severe autism; OAB: overall adaptive behavior composite from Vineland Adaptive Behavior Scale in age equivalents (months of age); ND: not done; NA: no

asymmetry in the AMT uptake between hemispheres. All the group values are depicted as mean of the group and standard deviation (in the parenthesis).
* Right and left represents group of autistic children with right decrease and left decrease of AMT uptake (>8%) compared to the contralateral hemisphere.
® Mean full-scale intelligent quotient (Wechsler Intelligence Scale for Children, third edition).



174 S.R. Chandana et al./Int. J. Devl Neuroscience 23 (2005) 171-182

blood brain barrier and the presence of a large unmetabo-
lized pool of AMT (Shoaf et al., 1998, 2000; Gharib et al.,
1999; Chugani et al., 1998; Chugani and Muzik, 2000).
Despite this limitation, the unidirectional uptake rate
constant (K-complex) values have been found to be stable
within an individual (Shoaf et al., 1998), and the rank order
of regional brain values for K-complex are consistent with
the rank order for serotonin content in human brain (Chugani
et al., 1998). Furthermore, changes in K-complex with age,
gender and pharmacological interventions are consistent
with previously reported biochemical measurements of
serotonin in brain tissue (for reviews see Chugani and
Muzik, 2000; Diksic and Young, 2001). We have, therefore,
asserted that the K-complex is an index of serotonin
synthesis, which we have termed the ‘“serotonin synthesis
capacity” (Chugani et al., 1998).

In addition to metabolism by protein and serotonin
synthesis, tryptophan is metabolized by tryptophan 2,3-
dioxygenase (Haber et al., 1993) and indoleamine 2,3-
dioxygenase (Yamazaki et al., 1985) via the kynurenine
pathway in the brain. Under normal circumstances, the
metabolites of these pathways are between 100- and 1000-
fold lower than the concentration of tryptophan in the brain
(Saito et al., 1993). In comparison, the sum of the
concentrations of serotonin and its metabolite 5-HIAA is
approximately one-fifth the concentration of tryptophan in
brain (Hery et al., 1977). Therefore, the kynurenine
pathways are not expected to contribute to the accumulation
of AMT in brain under normal circumstances. However,
following ischemic brain injury or immune activation,
induction of indoleamine2,3-dioxygenase can result in a 10-
fold increase in quinolinic acid (a metabolite of the
kynurenine pathway) in brain (Saito et al., 1993), and
therefore, this pathway should be considered in the disease
state. We have preliminary data that AMT is a tracer of the
pathway in patients with tuberous sclerosis complex and
epilepsy (Chugani et al., 1998b; Chugani and Muzik, 2000).
Thus, when increased uptake of AMT is observed, the
kynurenine pathway must be considered.

1.3. PET scanning procedures

AMT was produced as described by Chakraborty et al.
(1995, 1996). Subjects were fasted for 6 h in order to
obtain stable plasma tryptophan and large neutral amino
acid levels (Stout et al., 1998) during the study. Two
venous lines were established: one for tracer injection and
one for collection of timed blood samples (0.5 ml/sample,
collected at 0, 20, 30, 40, 50 and 60 min following tracer
injection). Radioactivity in plasma was measured using a
Cobra II gamma well counter (Packard Instruments,
Meriden, CT), and tryptophan concentration was mea-
sured by HPLC as previously described (Wolf and Kuhn,
1986). Tryptophan values did not change over the time
course of the study and did not differ among groups. Heart
rate, blood pressure, pulse oximetry, and blood gases also

were measured during the study, and the scalp EEG was
monitored continuously in epileptic children. All PET
studies reported here were interictal studies. Children were
sedated with either nembutal (5 mg/kg i.v.) or midazolam
(0.2-0.4 mg/kg i.v.) if necessary. Prior studies performed
in our laboratory on five adults each scanned twice (once
without and once with sedation using midazolam) have
found no significant difference in serotonin synthesis
between the two testing conditions (Chugani et al.,
unpublished data).

PET studies were performed using the Siemens EXACT/
HR whole body positron tomograph (Knoxville, TN). The
PET scan sequence began with a 15 min transmission scan
of the chest. Following completion of the transmission scan,
AMT (0.1 mCi/kg) was injected as a slow bolus over 2 min.
Beginning at the time of injection, a 20 min dynamic PET
scan of the heart was performed (dynamic sequence: 12 X
10s, 3 x 60s, 3 x 300s) in order to obtain the left
ventricular (LV) input function. Beginning at 25 min
following tracer injection, seven 5 min scans of the brain
were performed using 3D acquisition mode. The brain
emission scan was followed by a 15 min transmission scan
of the head. Measured attenuation correction and decay
correction was applied to all images.

In order to obtain the arterial input function for the
whole duration of the study, the LV region time-activity
curve was combined with venous blood sample values for
AMT drawn at 20, 30, 40, 50 and 60 min post-injection. At
these late times, arterial blood and venous blood are in
approximate equilibrium. The LV input function was
derived as previously described from a left ventricular
region-of-interest (Muzik et al., 1994; Suhonen-Polvi et
al., 1995). The so obtained arterial input function was then
used together with the dynamic brain image sequence to
calculate parametric images of the K-complex by applying
the Patlak-plot approach using data from 25 to 60 min
post-injection (Muzik et al., 1997; Chugani et al., 1998).
The graphical approach was described by Patlak et al.
(1983) for the determination of the undirectional uptake
rate constant K, which represents the uptake of AMT from
the plasma to brain tissue followed by physiological
trapping in an irreversible compartment. This approach
assumes that the system to be analyzed consists of a
homogenous tissue region with any number of compart-
ments that communicate reversibly with the blood. In
addition, there must be at least one compartment that the
tracer enters in an irreversible manner. The units of the
K-complex are ml/g/min. Brain regions of interest
were drawn manually on images representing the K-
complex on all supratentorial planes beginning from the
plane containing the centrum semiovale. The average
value of the K-complex was determined for the whole
brain as well as for the left and right hemispheres. Finally,
AMT uptake images were generated by summing brain
image frames between 30 and 55 min following tracer
injection.
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1.4. MRI scanning procedures

MRI (magnetic resonance imaging) studies were
performed on a GE 1.5 Tesla Signa unit (GE Medical
Systems, Milwaukee, Wisconsin). Volumetric imaging in
this study was performed utilizing a spoiled gradient echo
(SPGR) sequence. The 3D SPGR technique generated 124
contiguous 1.5 mm sections of the entire head using a 35/
5 (TR/TE) pulse sequence, flip angle of 35°, matrix size of
256 x 128, and FOV of 240 mm. These images were
performed in the coronal plane, and the imaging time for this
sequence was 9.5 min. Sedation was employed when
necessary as described above. Coregistration of AMT
PET and MRI image volumes was performed using a multi-
purpose three-dimensional registration technique (MPI-
Tool) (Pietrzyk et al., 1990, 1994).

1.5. Determination of cortical PET abnormalities

The extent of regional cortical abnormalities in AMT
PET uptake images was identified using an objective method
based on a semi-automated software package applied to all
supratentorial planes of the PET studies (Muzik et al., 1998,
2000). This procedure allows the definition of abnormal
cortical areas based on asymmetry measures derived from
homotopic cortical areas according to a predefined cutoff
threshold (see Fig. 1A). In order to establish a cutoff
threshold for abnormal asymmetry, we measured the mean
asymmetries (AI) of AMT tracer uptake in the sibling
control subjects. These values ranged between 3.1 and 5.2%,
and the mean Al% + 2 S.D. ranged between 4.1 and 7.6%.
Therefore, an 8% asymmetry threshold was used to identify
cortical regions with abnormally low AMT uptake in the
autistic children. Those cortical areas, which exceeded the
8% asymmetry threshold, were °‘marked’ on the side
showing the decrease. A ‘marked file’ containing the
cortical regions with abnormalities was created for each
AMT PET study and further processed using the 3D-Tool
software package (Von Stockhausen et al., 1998). This
software combines methods for segmentation, visualization
and quantitative analysis of coregistered multimodality
volume data. The brain was automatically segmented from
MRI data and surface views were created. Functional data
obtained from the ‘marked” AMT PET uptake image
volumes were projected onto the MRI brain surface using a
reverse gradient fusion (Stokking et al., 1994)(Fig. 1B-D).

1.6. Language and handedness assessments

The Vineland Adaptive Behavior Scale (VABS, Sparrow
et al.,, 1984) was utilized to assess language in autistic
children. This measure has been shown to be particularly
useful in evaluating such functions in children with
pervasive developmental disorders who often are unable
to complete formal language evaluations (Perry and Factor,
1989). Because many autistic children have severely

Fig. 1. Patterns of cortical serotonergic abnormalities in autism. (1A) This
figure shows the method for objective assessment of AMT concentration
asymmetry in the PET image. Regional cortical AMT uptake asymmetries
were identified and marked using an objective method based on a semi-
automated software package applied to all supratentorial planes of the AMT
uptake image volumes. The arrows show two small homotopic regions on
either side, whose tracer concentration values are compared in order to
determine cortical asymmetry. Regions exceeding a predefined threshold
were marked in red. Co-registered MRI image volumes were skull-stripped,
surface rendered and anatomical and functional data was merged using the
inverse gradient fusion method. This approach allows a full three-dimen-
sional assessment of the location and extent of cortical abnormalities.
Cortical decreases of AMT uptake (red areas) in three autistic children
in (1B) the frontal cortex (left hemisphere), (1C) frontal and temporal
cortices (left hemisphere), and (1D) frontal, parietal and temporal cortices
(right hemisphere) are shown.

impaired or absent expressive language, and since a large
portion of our sample had not yet developed expressive
language function, when examining associations between
language functions and imaging data we included only
children 5 years and above (n = 76). Since our autistic
sampled included low functioning children, we divided them
into several groups based on VABS Communication (VABS-
COM) scores. These groups include children with severe
language impairment (VABS-COM score <35), moderate
language impairment (VABS-COM score between 35 and
50) and mild language impairment (VABS-Com score >50).
We then further divided the moderate language impairment
group based on the presence or absence of phrase speech.
Children, who had not yet developed phrase speech or their
first phrase after 6 years of age, were placed into the severe
language impairment group. Children with phrase speech or
the age of onset of their first phrase below 6 years of age,
were included in the mild language impairment group. For
handedness assessment, parents were asked to indicate the
hand preference of their child for several common daily
activities (for example, eating, playing, drawing). Based on
this parental report, subjects (n = 113) were classified as
right-handed, left-handed or mixed-handed.
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1.7. Statistical analyses

In order to determine whether there are significant
differences among patient groups with regard to global brain
serotonin synthesis capacity with age, we applied a multiple
regression analysis. The multiple regression analysis was
performed hierarchically by first entering the age followed
by the group and finally the (group x age) interaction, both
coded as dummy variables. A similar multiple regression
analysis was performed to determine whether serotonin
synthesis capacity values differ between the two hemi-
spheres in three groups of children: children with left
cortical decreases of AMT uptake, children with right
cortical decreases and children who did not show asymmetry
of AMT uptake. Finally, we followed up the multiple
regression analysis with a simple paired #-test between
hemispheres applied separately for each group. A chi-square
analysis was performed to evaluate differences in language
and handedness between groups of autistic children defined
by the presence or absence and side of cortical asymmetry
(left decrease versus right decrease versus no asymmetry).

2. Results
2.1. Cortical asymmetry assessment

Using the objective measure of cortical asymmetry, 55%
(64/117) of the children with autism showed abnormal
cortical asymmetry. Among the autistic children whose
AMT PET scans showed abnormal asymmetry, left sided
decreases of AMT uptake were seen in 31 subjects, right
sided decreases in 29 and bilateral decreases (non-
homotopic cortical regions) in 4 children. Cortical AMT
uptake decreases were detected in frontal cortex in 90% (58/
64) of asymmetric cases, and included temporal lobe in 47%
(30/64) and parietal lobe in 30% (19/64) of cases.
Representative 3D reconstructed MR image volumes with
‘marked’ regions of abnormal cortical asymmetry are shown
in Fig. 1B-D. Cortical regions showing asymmetry included
inferior prefrontal cortex (BA44, 45, 47), inferior parietal
lobule (BA40), superior temporal gyrus (BA22, 21), and
inferior occipital gyrus (BA1S, 19).

2.2. Developmental trajectory of serotonin synthesis
capacity

Change in whole brain serotonin synthesis capacity (K-
complex) with age was assessed in autistic children grouped
by asymmetry versus no asymmetry for comparison with the
non-autistic control group (the 4 children with bilateral non-
homotopic AMT uptake decreases were excluded in this
analysis). The results of linear fit for the whole-brain and
hemispheric serotonin synthesis capacity as a function of the
age for each group are shown in Fig. 2. Application of the
full multiple regression model revealed a significant (group

0.016 7

—® _Non-Autistic Control Group
_0O_ NA Group
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Fig. 2. Changes in the whole brain serotonin synthesis capacity (K-com-
plex) with age in autistic children. Whole brain K-complex values are
plotted as a function of age for the non-autistic control group (n = 24; closed
circles) and the group of autistic children with (asymmetry group; n = 60;
open triangles) and without abnormal asymmetries between hemispheres
(no asymmetry group; n = 53; open squares).

x age) interaction as well as a significant group effect. The
non-autistic control group differed significantly from the
asymmetry and no asymmetry groups in both the intercept
(P =0.001) and slope (P = 0.009) parameters. Furthermore,
no significant differences were determined between the two
autistic groups (P = 0.258 for intercept and P = 0.581 for
slope). The non-autistic control group showed a significant
negative slope of the linear plot (P = 0.001). In contrast, the
slope parameters derived from both the no asymmetry and
asymmetry groups were not significantly different from zero
(P = 0.20 and 0.85, respectively).

In order to determine whether cortical asymmetries
represent decreases on the side with lower AMT uptake or
increases on the side with higher AMT uptake, hemispheric
values for K-complex for the three groups of autistic
children were compared. Visual inspection of linear fits
depicting the relationship between hemispheric serotonin
synthesis capacity values (K-complex) with age in a group of
children with lower cortical AMT uptake on the left, lower
cortical AMT uptake on the right and a group of children
with no cortical asymmetries, indicated that both hemi-
spheres of the no asymmetry group are higher than both
hemispheres of the two asymmetry groups (Fig. 3).
Comparison of left hemispheric serotonin synthesis capacity
values among the three groups using a multiple regression
analysis showed a significant difference in the intercept
between the no asymmetry group and the group showing
lower AMT uptake in cortex on the left (P = 0.005) but not
with the group showing lower cortical uptake on the right (P
= 0.426). In contrast, no significant differences were
observed when performing a similar comparison with
respect to right hemispheric serotonin synthesis capacity
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Fig. 3. Hemispheric serotonin synthesis capacity (K-complex) as a function
of age in autistic children. Right and left hemispheric K-complex values are
plotted as a function of age for groups of autistic children divided in three
groups based upon pattern of cortical asymmetry: AMT uptake lower on
right side (n = 29; right hemisphere: open triangles, left hemisphere: closed
triangles), AMT uptake lower on left side (n = 31; left hemisphere: open
circles, right hemisphere: closed circles) or no asymmetry (n = 53, left
hemisphere: large squares, right hemisphere: small squares). Linear fits
depicting the relationship between hemispheric serotonin synthesis capacity
values (K-complex) with age show that both hemispheres of the no
asymmetry group are higher than both hemispheres of the two asymmetry
groups, suggesting that the asymmetries in cortical uptake are due to
ipsilateral decreases rather than increases in the contralateral hemisphere.

values in the three groups due to the smaller difference
between hemispheric values in the right decrease group
(Fig. 3). Finally, applying a paired #-test, significant diffe-
rences in serotonin synthesis capacity values were found
between the left and right hemisphere of each individual
patient in the left decrease group (paired ¢ = 6.25, P = 0.001)
as well in the right decrease group (paired ¢ = 2.48, P =
0.019), but not in the no asymmetry group (paired ¢ = 0.67, P
=0.51). Based upon these results, we conclude that the asym-
metries in cortical uptake are due to ipsilateral decreases
rather than to increases in the contralateral hemisphere.

2.3. Relationship of cortical asymmetry to language
function and handedness

In order to determine whether asymmetry of cortical
serotonin synthesis was associated with language, we
explored the incidence of functional language impairment
in this sample by dividing all subjects over the age of 5 years
into three cortical asymmetry groups: a no asymmetry (n =
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Fig. 4. Language abnormalities in autistic children with and without
abnormal asymmetries in AMT uptake. The plot shows the percentage
of autistic children over 5 years of age with mild and severe language
impairment in the groups with right decrease (n = 16), left decrease (n = 22)
and no asymmetry (n = 38, NA group) in AMT uptake. Degree of language
impairment was determined based on Vineland Adaptive Behavior Scale-
Communication Domain and presence or absence of phrase speech. Chi-
square analysis showed significantly higher incidence of severe language
impairment in the left decrease group compared to the right decrease group
(P =0.002).

38), a left decrease (n = 22) and a right decrease (n = 16)
group. An overall group comparison using a chi-square
analysis, revealed a significant group difference in language
impairment among the groups [x* (2) = 10.1, P = 0.006].
Autistic children with left hemispheric decreases showed a
higher incidence of severe language impairment (Fig. 4).
The left decrease group showed a significant group
difference in comparison with the right decrease group
[ X2 (1) = 9.93, P = 0.002], while there was no statistical
significance in the frequency of language of abnormalities
between the left decrease and non-asymmetric groups [ x>
(1) =4.2, P =0.12]. With regard to handedness, the entire
sample of autistic children (n = 113, four children with
bilateral asymmetries were excluded) was dividing into
three cortical asymmetry groups: a non-asymmetric (n = 53),
a left decrease (n = 31) and a right decrease (n = 29) group
(Fig. 5). An overall chi-square analysis revealed no
statistically significant group difference in handedness [x*
(4) = 7.2, P = 0.12]. However, an independent chi-square
analysis, comparing the right decrease versus left decrease
groups, revealed a trend [x2 (2) = 4.88, P = 0.087] in the
direction of the right decrease group having increased
incidence of left and mixed handedness. There was also a
trend for the right decrease group having an increase in left
and mixed handedness compared to the no asymmetry group
[x* (2) = 5.7, P = 0.057].
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Fig. 5. Handedness in autistic children with and without abnormal asym-
metry in AMT uptake. Children with autism were grouped based on right (n
= 29) and left (n = 31) hemispheric decreases of AMT uptake and no
asymmetry (n = 53). The plot shows the percentage of autistic children with
right, left and mixed handedness in each group. Chi-square analysis showed
trends for more left and mixed handedness in the right decrease group
compared to the left decrease group (P = 0.087) and the no asymmetry group
(P =0.057).

3. Discussion

The data presented here and in our previous publications
illustrate two fundamentally different types of serotonergic
abnormality in children with autism (Chugani et al., 1997,
1999). The first is a difference in the change with age in
whole brain serotonin synthesis capacity compared to age
matched nonautistic children. This global abnormality of
serotonin synthesis may be related to altered cortical
minicolumn organization shown in autism autopsy brain
tissue (Casanova et al., 2002a,b), as suggested by Janusonis
et al. (2004). The second type of abnormality involves
cortical asymmetries of serotonin synthesis affecting either
the left or right cortex and affects variable territories
including frontal, temporal, parietal cortices and occipital
cortices. The present study demonstrates several patterns of
cortical serotonergic abnormalities in autistic children,
extending our previous report of decreased serotonin
synthesis in frontal cortex (Chugani et al., 1997). While
90% of those children with cortical asymmetry showed
involvement of the frontal lobe, decreased AMT uptake
extended to the temporal lobe in one-half of the subjects and
included the parietal lobe in one-third. The relatively
decreased cortical serotonin synthesis in cortex was lower on
the left in just over one half of the subjects. Differences in
language function and handedness, which indicate hemi-
spheric specialization, were found among the groups.
Autistic children with decreased left cortical serotonin

synthesis showed an increased incidence of severe language
impairment compared to those with right side abnormalities
and those without cortical asymmetry. Additionally, there
was a trend for higher incidence of left and mixed
handedness in the children with right cortical decreases in
serotonin synthesis. These data suggest that the different
patterns of cortical abnormality in serotonin synthesis are
related to dysfunction in hemispheric specialization in these
autistic children.

We suggest three possible explanations for the asymme-
tries of cortical serotonin synthesis observed in our sample.
The first explanation is that at some point in early
development, cortical asymmetry of serotonin synthesis is
normal and is part of the mechanism responsible for
asymmetry of the cortical microcircuitry: the increased size
and spacing of minicolumns on the left (Seldon, 1981a,b;
1982; Buxhoeveden et al., 2001), the increased size of
pyramidal cells on the left (Hutsler, 2003), the increased
neuropil of the left and the increased spacing between the
functional macrocolumn units (Galuske et al., 2000). The
presence of abnormal cortical asymmetry in serotonin
synthesis observed in approximately one-half of the autistic
children might then represent another manifestation of the
abnormality in the developmental regulation of serotonin
synthesis. Secondly, we propose that early damage to the
dominant left hemisphere leads to compensatory changes in
the right hemisphere to support language based on the
recognition that damage to the dominant left hemisphere
leads to compensatory changes to the right hemisphere to
support language (Rasmussen and Milner, 1977; Muller et
al., 1999; Curtiss and de Bode, 2003). Thus, we propose that
the presence of smaller, more closely spaced minicolumns is
a type of ‘damage’ requiring compensatory changes. This
function might be shifted to the right as would happen with
stroke, trauma, malformation, or hemispherectomy, in which
the right hemisphere is a relatively suitable substrate for
reorganization. Interestingly, Mayberg et al. (1988) showed
that 5-HT?2 receptor binding was higher in patients with right
hemisphere stroke compared to those with left sided stroke,
and suggested an asymmetry in the biochemical response of
the serotonergic system after injury. Evidence for a
compensatory change to facilitate language function on
the right in autism comes from a study using structural
imaging by Herbert et al. (2002), which showed abnormal
structural asymmetry in language association cortex in
autistic boys. They reported that language-related inferior
frontal cortex was 27% larger on the right in the autistic
group compared to 17% larger on the left in control subjects.
On the other hand, if minicolumn spacing is affected to the
same extent in both hemispheres (Casanova et al., 2002
reported a significant effect of hemisphere, but did not
further describe the differences), reorganization might be
more likely to involve the left hemisphere, and the
compensatory changes in microcircuit organization on the
left side might be attempted through modifications of
pyramidal cell size and regulation of dendrite length,
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branching and spine density (Yan et al., 1997). Finally, the
asymmetries in cortical serotonin synthesis shown in our
data may also be related to the innervation of cortical
macrocolumns by thalamocortical afferent projections. The
serotonin transporter is transiently expressed by glutama-
tergic thalamocortical afferents (D’Amato et al., 1987;
Bennett-Clark et al., 1996; Lebrand et al., 1996) during the
first 2 postnatal weeks in rodents. Postnatal serotonin levels
regulate the size of cortical barrel macrocolumns: too little
serotonin leads to smaller barrel macrocolumns and too
much serotonin leads to larger barrels. Depletion of
serotonin during the postnatal period delays the develop-
ment of the barrel fields of the rat somatosensory cortex
(Blue et al., 1991; Osterheld-Haas et al., 1994) and decreases
the size of the barrel fields (Bennett-Clarke et al., 1994). In
contrast, increased serotonin brain levels during this critical
period, as in the MAO-A knock-out mouse or serotonin
transporter knockout mouse (Cases et al., 1995; Salichon et
al., 2001; Persico et al., 2003), results in increased tangential
arborization of these axons resulting in blurring of the
boundaries of the cortical barrels (Cases et al., 1996). If
lower serotonin in cortex leads to smaller cortical barrels,
lower serotonin would lead to innervaton of fewer
minicolumns per barrel in normal cortex. In cortex with
smaller, more tightly packed columns as reported in autism,
decreased serotonin might normalize the number of
minicolumns per macrocolumn defined by thalamocortical
innervation. It must be noted, however, that the micro-
circuitry asymmetries have been measured in discrete
temporal cortical regions and, therefore, these microscopic
cortical asymmetries may not be found throughout the
cortical regions showing asymmetries in serotonin synthesis
measured with AMT PET.

How might global and focal changes in brain serotonin
synthesis be related to hyperserotonemia? An answer to this
question may be attempted by considering the rat
“hyperserotonemic model of autism” proposed by Whi-
taker-Azmitia and co-workers (Whitaker-Azmitia, 2001;
Kahne et al., 2002). These investigators administered the
serotonin agonist 5-methoxytryptamine between prenatal
day 12 and postnatal day 20 (postnatal day 20 is the
approximate age of weaning in the rat). In this model, rat
pups showed altered behavior and loss of serotonergic
terminals throughout the cortex. While loss of cortical
serotonergic fibers is consistent with our human data
showing cortical decreases in AMT uptake, this model,
which includes postnatal treatment with a serotonin agonist,
seems inconsistent with our data showing lower serotonin
synthesis in young autistic children. However, the youngest
autistic child we have studied was 2 years old. In the rat
model, the serotonin agonist is discontinued before the
equivalent age of a 2 year-old human in the rat. Although we
have focused the interpretation of our human data on a lack
of developmental regulation of serotonin synthesis, it is also
possible that there is a shift in the developmental curve, such
that serotonin synthesis levels may have already decreased
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Fig. 6. A hypothetical model for deviation from the normal developmental
trajectory of serotonin synthesis in autism. The solid lines represent the
existing data for autistic (thinner line) and non-autistic (thicker line)
children from our human studies. The interrupted lines indicate the potential
serotonin synthesis changes in the prenatal and immediate postnatal period
in autistic and non-autistic children, suggested based upon the animal model
of hyperserotonemia. Elevated prenatal brain serotonin in autistic children
might also be related to altered maternal serotonin and/or tryptophan
transfer to the fetus.

by age 2 years (Fig. 6). Indeed, such a shift to the left in the
brain growth curve of autistic children has been reported by
Courchesne and coworkers. They reported abnormal
acceleration of brain growth in the first 2 years of life,
followed by slower than normal brain growth thereafter
(Courchesne et al., 2001; Carper et al., 2002; Courchesne et
al., 2003). Finally, high serotonin levels might occur in the
fetus due to genetic factors in the mother or the fetus, since
serotonin is transported across the placenta via serotonin
transporters (Balkovetz et al., 1989).
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