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Based on reports of increased platelet serotonin in 30 to
50% of autistic subjects, abnormal serotonergic neurotrans-
mission may be important in the pathogenesis of autism.
However, serotonin metabolite measurements in cerebrospi-
nal fluid of autistic subjects have failed to demonstrate con-
sistent abnormalities. Using a-["'C]methyl-L-tryptophan as
a tracer for serotonin synthesis with positron emission to-
mography, we now report unilateral alterations of serotonin
synthesis in the dentatothalamocortical pathway in autistic
boys. Asymmetries of serotonin synthesis were found in
frontal cortex, thalamus, and dentate nucleus of the cerebel-
lum in all 7 boys, but not in the 1 autistic girl studied.
Decreased serotonin synthesis was found in the left frontal
cortex and thalamus in 5 of the 7 boys and in the right
frontal cortex and thalamus in the 2 remaining autistic boys.
In all 7 cases, elevated serotonin synthesis in the contralat-
eral dentate nucleus was observed. Statistically significant
differences between autistic boys and their nonautistic sib-
lings (n = 5) were obtained when comparing asymmetry
indices for frontal cortex, thalamus, and dentate nucleus
combined as well as individually for frontal cortex and thal-
amus. These serotonergic abnormalities in a brain pathway,
important for language production and sensory integration,
may represent one mechanism underlying the pathophysiol-
ogy of autism.
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Autistic disorder is estimated to occur in 1 of 2,000
live births, and is four times more common in boys
than girls [1]. Autism is characterized by disturbances
of social interaction, language, stereotypic motor be-
haviors, and an unreasonable need for sameness. De-
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spite evidence suggesting that autism is an inherited
disorder (reviewed in Reference 2), the cause of infan-
tile autism has remained elusive. In 1961, Schain and
Freedman [3] reported increased platelet serotonin in
approximately one-third of autistic patients. Although
this finding has been replicated by other investigators
(reviewed in Reference 4), there have been no suitable
noninvasive methods to measure human brain seroto-
nin metabolism in vivo. Measurements of the serotonin
metabolite 5-hydroxyindole acetic acid (5-HIAA) in ce-
rebrospinal fluid (CSF) of autistic individuals have
failed to show consistent abnormalities (for reviews, see
References 4 and 5).

Recently, a-[''Clmethyl-L-tryptophan ([''CJAMT)
has been developed as a tracer for measuring serotonin
synthesis, using positron emission tomography (PET)
in animals [6] and humans [7, 8]. Because PET allows
the measurement of regional changes in brain serotonin
synthesis, [''CJAMT PET is an ideal method to study
alterations of serotonin metabolism in the brains of
autistic subjects. In the present study, we tested the
hypothesis that regional brain serotonin synthesis is
altered in autistic children compared with their non-
autistic siblings.

Subjects and Methods

Eight autistic children (7 boys, 1 girl; ages, 4.1-11.1 years;
mean age, 6.6 years) and 5 of their siblings (4 boys, 1 girl;
ages, 8.2-14.4 years; mean age, 9.9 years) were recruited
from clinics at the Children’s Hospital of Michigan. All chil-
dren were given a battery of neuropsychological tests to assess
the diagnosis of autism and to document behavioral charac-
teristics (Table 1). Studies were performed in compliance
with regulations of Wayne State University Human Investi-
gation and Radiation Drug Research Committees, and in-
formed consent of parent or guardian was obtained before all
studies. In addition, the assent of the siblings was obrained.

Subjects were fasted for 6 hours before the PET proce-
dure, to obtain stable plasma tryptophan levels during the
course of the study. Plasma tryptophan, heart rate, blood
pressure, pulse oximetry, and blood gases were measured pe-
riodically during the study. Children unable to cooperate for
the scan were sedated with Nembutal (5 mg/kg IV) or mi-
dazolam (0.2-0.4 mg/kg IV). All autistic children and 3 of
the 5 siblings required sedation. Prior studies performed in
our laboratory on 5 adults each scanned twice (once without
and once with sedation using midazolam) have found differ-
ences of less than 10% between the two testing conditions
(in preparation); these differences are within the accepted
test/retest range for PET tracers [9].

[""CIAMT was produced by using the method described
by Chakraborty and colleagues [10]. [''CJAMT (0.1 mCi/
kg) was injected intravenously as a slow bolus over 2 min-
utes. Thirty minutes after tracer injection, a static 20-minute
emission scan of the brain was acquired in three-dimensional
mode. PET studies were performed using the Siemens
EXACT/HR whole-body positron tomograph (Knoxville,
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Table 1. Neuropsychological Assessment of Subject Groups

GARS
Subject No. Age (yr) Sex SB Com N Dev TOT CARS OAB/ESIQP
Autistic group
1 35 M 10 11 9 6 93 41.5 19°
2 4.1 M 11 13 12 9 108 41.0 237
3 4.1 F 13 14 13 12 120 39.5 24°
4 5.0 M 14 13 8 10 108 34.5 23"
5 5.1 M 11 16 11 13 117 41.5 247
6 6.8 M 12 12 14 12 113 41.0 21°
7 9.5 M 16 15 13 11 125 ND 29*
8 11.0 M 11 15 12 11 115 39.0 16*
Mean 6.1 112 39.7 222
Sibling group
9 8.2 M 4 1 3 0 47 20.5 109®
10 8.6 M 2 3 2 1 47 16.5 130"
11 8.9 F 1 1 2 1 42 17.0 122
12 9.4 M 5 1 1 1 45 ND ND"
13 14.4 M 1 3 4 2 50 18.5 104°
Mean 9.9 46 18.0 116°

GARS = Gilliam Autism Rarting Scale; GARS subscales: SB = stereotyped behavior; Com = communication; SI = social interaction; Dev =
development; TOT = mean autism quotient (scores of 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 of 15-29.5 = not autistic; 30-36.5 = mild

to moderate autism; 37—60 = severe autism); ND = not done.

*OAB = overall adaptive behavior composite from Vineland Adaptive Behavior Scale in age equivalents (months of age).
bFSIQ = full-scale intelligence quotient (Wechsler Intelligence Scale for Children, third edition).

TN). Measured attenuation and decay correction was applied
to all images.

The standardized uptake value (SUV) method for semi-
quantitative analysis of tracer accumulation was used [8, 11].
Regions of interest (ROls) were drawn on PET images cali-
brated to microcuries per cubic centimeter, representing the
retention of ['""C]JAMT from 30 to 50 minutes. Because all
subjects received a standardized dose based on their weight
(0.1 mCi/kg), calibrated images directly depict the SUV
value. The average SUV for individual structures was detet-
mined as a weighted average over all planes showing the
structure and were normalized to the size of the larger ho-
motopic region (appearing larger because of higher counts)
according to the following equation: SUV, = RO/, (uCi/cc)
* [ Volume/ Volume] (S = smaller region; L = larger re-
gion). A percent asymmetry score (AS) for each homologous
pair was defined as follows: AS = ([SUV; — SUV, VI(SUVR
+ SUV)/2]1 = 100% (R = right; L = lefr). Comparison of
asymmetry scores obtained from the sibling group with those
obtained from the autistic boys was performed using multi-
variate analysis of variance (MANOVA). p < 0.05 was con-
sidered statistically significant. In addition, statistical com-
parisons berween groups for individual ROIs were performed
by using a two-tailed independent-group # test [12].

Results

All autistic subjects met the criteria of the Diagnostic
and Statistical Manual of Mental Disorders, fourth edi-
tion (DSM-IV; APA, 1994), for autistic disorder, con-
firming previous diagnoses by treating psychiatrists or
neurologists. The autistic subjects had no other identi-

fiable neurological disorders. Results of the Gilliam Au-
tism Rating Scale (GARS) and the Childhood Autism
Rating Scale (CARS) for autistic subjects are shown in
Table 1. None of the siblings was classified as autistic
by the GARS or the CARS. The mean Full Scale IQ
for the sibling group was 116 (range, 104-130); reli-
able IQ measurements could not be obtained for the
autistic group. The mean overall adaptive behavior
composite age equivalent for the autistic group was 22
months (range, 16-29 months).

Visual examination of PET images of [MCJAMT ac-
cumulation revealed distinct differences between autis-
tic boys and their siblings (Fig 1). Gross asymmetries
of serotonin synthesis in frontal cortex, thalamus, and
cerebellum were immediately evident in all 7 boys but
not in the 1 autistic girl studied. Decreased [*C]JAMT
accumulation was seen in the /eff frontal cortex and
thalamus in 5 of the 7 boys. This was accompanied by
elevated [''CJAMT accumulation on the right dentate
nucleus of the cerebellum, confirmed through PET/
magnetic resonance imaging (MRI) image coregistra-
tion (Fig 2). It is noteworthy that the dentate nucleus
is not visualized with ['*"CJAMT in normal adults [7,
8]. In the remaining 2 autistic boys, [*'CJAMT accu-
mulation was decreased in the right frontal cortex and
thalamus and elevated in the /eff dentate nucleus, a pat-
tern that is the mirror image of that seen in the other
autistic boys. It does not appear that this “reversed”
pattern of abnormality in these 2 boys is related to
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Fig 1. a-[""C]Methyl-L-tryptophan positron emission tomo-
graphic images of a 6.8-year-old autistic boy (A) and a 9.4-
year-old male sibling (B) (left side of image is the right side of
the brain. Arrows denote decreased serotonin synthesis in left
Jrontal cortex and left thalamus and increased serotonin syn-
thesis in right dentate nucleus in the autistic child.

handedness or any other distinct symptomatology. No
gross asymmetries were seen in the frontal cortex or
thalamus of the sibling group; however, 1 sibling
showed increased [""CJAMT accumulation in the right
dentate nucleus (see Table 1, Subject 13). It is inter-
esting that this boy had a history of calendar calcula-
tion and ritualistically lined up his toys.

The overall difference for asymmetry scores between
the autistic boys and siblings was statistically significant
(MANOVA, p < 0.05). Differences for regional asym-
metry scores (Table 2) in the frontal cortex (p =
0.049) and thalamus (p = 0.016) were also statistically

Fig 2. Coregistration a-["'Clmethyl-L-tryptophan standardized
uptake value positron emission tomographic (PET) images
with magnetic resonance imaging (MRI). PET and MRI im-
ages were coregistered using the Multi Purpose Imaging Tool
[21], and a region of interest was drawn around the right
dentate nucleus on the MRI (A) and applied to the PET im-
age (B) by using CTI Sunview software.
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Table 2. Percent Asymmetry Scores for Autistic Boys
and Siblings

Autistic Boys Siblings
ROI (n=7) (n = 5) ?
Frontal cortex 27 18 9+9 0.049
Thalamus 25+ 13 8§*5 0.016
Dentate nucleus 138 65 0.076

Data are mean * SD.
ROT = region of interest.

significant. The asymmetry scores for the dentate nu-
cleus showed a trend toward significance (p = 0.076)
but did not reach statistical significance due to the
presence of increased tracer in this region in 1 of the
siblings, as discussed above.

Discussion

The current study demonstrates neurochemical abnor-
malities in the brains of autistic boys. All 7 boys
showed unilateral decreases of serotonin synthesis in
frontal cortex and thalamus associated with increased
serotonin synthesis in the contralateral dentate nucleus
of the cerebellum. The 1 girl included in the present
study showed no cortical, thalamic, or cerebellar asym-
metry in her [''CJAMT PET scan. This contrast be-
tween the boys and the 1 girl studied may be related to
gender differences in hemispheric specialization, but
this requires further study. Due to ethics constraints in
studying normal children of less than the age of assent,
we cannot rule out the unlikely possibility that normal
boys younger than 8 years old might display asymme-
tries in serotonin synthesis similar to those seen in the
autistic boys.

The three brain regions showing abnormal serotonin
synthesis in the present study are synaptically con-
nected via the dentatothalamocortical pathway. Pur-
kinje cells in the cerebellar cortex (which are decreased
in number in autistic brain [13]) project to the dentate
nucleus, afferents from which constitute the major
output pathway of the cerebellum. Dentate neurons
project to the ventral lateral nucleus of the contralateral
thalamus in the dentatorubrothalamic tract, crossing to
the contralateral side of the brain in the decussation of
the superior cerebellar peduncle [14-16]. In turn, neu-
rons in the thalamic ventral lateral nucleus project to
frontal cortex, including prefrontal cortex, Broca’s lan-
guage area, motor cortex, and supplementary motor
cortex [17-20].

The findings of focal abnormalities in serotonin syn-
thesis that are increased in one region and decreased in
other brain regions may explain why studies of the
serotonin metabolite 5-HIAA in CSF have not dem-
onstrated consistent differences between autistic and
control subjects. Focal alterations in [M'CIAMT accu-



mulation may represent either aberrant innervation by
serotonergic terminals or altered function in anatomi-
cally normal pathways. Immunocytochemical studies in
pathological specimens are necessary, to determine
which is the case. Altered serotonergic neuromodula-
tion of dentatothalamocortical synaptic activity could
be one pathophysiological mechanism underlying dys-
function in autism.
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