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Abstract

Previous investigations found that a subset of children with autism spectrum disorder (ASD) in

California possessed plasma autoantibodies that reacted intensely with brain interneurons or other

neural profiles. Moreover, for several cohorts of American women, maternal autoantibody

reactivity to specific fetal brain proteins was highly specific to mothers of children with ASD. We

sought to determine whether children and their mothers from a regionally specific cohort from the

Basque Country of Spain demonstrated similar reactivity. Some children’s plasma reacted to

interneurons, beaded axons or other neural profiles with no difference in the occurrence of these

antibodies in children with or without ASD. Findings on the maternal antibodies confirmed

previous research; plasma reactivity to fetal brain a combination of proteins at 37 and 73 kDa or

39 and 73 kDa was found exclusively in mothers of children with ASD.
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Introduction

Autism spectrum disorder (ASD) is diagnosed based on an individual displaying a

combination of behaviors in the three core areas of social impairment, communication

impairment and the presence of repetitive or stereotyped behaviors. Among individuals with

ASD, however, much heterogeneity exists both across these core areas, as well as with other

features that are commonly associated with ASD such as intellectual disability, seizures or

gastrointestinal disturbances (Geschwind and Levitt 2007).

Numerous studies demonstrate that ASD is diagnosed in countries across the globe, although

methodological differences between studies prohibit direct comparison of rates (ADDM

2012; Baron-Cohen et al. 2009; Garciía-Primo et al. 2011; Gillberg et al. 2006; Kadesjo et

al. 1999). Given the heterogeneity that exists among individuals with a diagnosis of ASD, it

is important to study children with ASD across multiple geographical, cultural and ethnic

cohorts to determine which features truly generalize to the group of children affected by

ASD as a whole.

Several immune system differences have been observed among some individuals with ASD,

including increased activation of brain microglia (Morgan et al. 2010; Vargas et al. 2005)

and increased levels of certain cytokines including macrophage chemoattractant protein-1,

tumor growth factor-beta 1, tumor necrosis factor alpha, interleukin-6, granulocyte–

macrophage colony-stimulating factor, and interferon gamma in brain tissue and

cerebrospinal fluid (Li et al. 2009; Vargas et al. 2005). Western blot analysis and

immunohistochemical studies have found evidence for the presence of antibodies in the

plasma of some children with ASD that bind brain tissue (Cabanlit et al. 2007; Connolly et

al. 1999; Dalton et al. 2003; Singer et al. 2006; Singh et al. 1997; Wills et al. 2009). Some

mothers of children with ASD also demonstrate antibodies to fetal brain tissue

(Braunschweig et al. 2008, 2012; Croen et al. 2008; Singer et al. 2008; Zimmerman et al.

2007). Brain-reactive antibodies have also been observed in individuals with other disorders

including attention-deficit/hyperactivity disorder (ADHD) and Down syndrome (Rout et al.

2012; Talja et al. 2009), but the significance and etiology of these brain-reactive antibodies

is not yet well understood.

In a group of children between 3 and 14 years of age in California, intense reactivity to

Golgi cells, interneurons located between the molecular and granule cell layers in the

cerebellum that function to inhibit granule cells (D’Angelo 2008), was found in 21 % of

plasma samples from children with ASD. Intense reactivity to these cells was not observed

with plasma samples from typically developing children (Wills et al. 2009). The plasma that

reacted intensely to Golgi cells also reacted to interneurons in numerous other brain regions

including the cerebral cortex, hippocampal formation, and the amygdaloid complex (Wills et

al. 2011).

Children enrolled in the Autism Phenome Project (APP), a large-scale multidisciplinary

study at the UC Davis MIND Institute, were subsequently evaluated for plasma

immunoreactivity to interneurons. These children comprised a younger group (2–6 years of

age, median age = 3 years) than those that were included in the Wills et al. study (3–14 years

of age, median age = 5½ years). Among the children in the APP cohort, several showed the

same pattern of plasma immunoreactivity to Golgi cells and other inter-neurons. While 10 %

of children with ASD showed inter-neuron staining, so did 9 % of typically developing

subjects (Rossi et al. 2011). Several other patterns of plasma reactivity to brain tissue were

also observed in this study. For example, some plasma samples reacted with neuronal cell

bodies (not restricted to interneurons) throughout the brain and others reacted to neuronal

nuclei. Plasma reactivity to interneurons or to other profiles within the brain was found to
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occur with the same frequency in subjects with ASD and in typically developing subjects

(42 % in both cases). While these findings decreased the likelihood that the neural

immunoreactivity was a useful biomarker for ASD, Rossi et al. (2011) did observe that

subjects (both ASD and typical) whose plasma reacted to brain tissue had scores on the

Child Behavior Checklist indicating a greater frequency of behavioral and emotional

problems.

Western blot analyses in which children’s plasma was reacted with cerebellar proteins has

revealed that reactivity to cerebellar proteins at 45 kDa and 62 kDa are associated with a

diagnosis of autism and autism spectrum disorder, respectively (Goines et al. 2011). In

addition, those children with the 45 kDa autoantibodies had lower cognitive and executive

function, irrespective of diagnosis. The presence of maternal autoantibodies to fetal brain

proteins has also been examined extensively by western blot. A subset of mothers of

children with ASD were found to possess a combination of antibodies reacting to proteins at

37 and 73 kDa, and this combination has not been observed in the plasma of mothers of TD

children (Braunschweig et al. 2008, 2012). Furthermore, a combination of antibodies

reacting to proteins at 39 and 73 kDa is also highly specific to mothers of children with ASD

(Braunschweig et al. 2012; Croen et al. 2008).

In the current study, we tested for brain-reactive antibodies in the plasma of children from

the Gipuzkoa region of the Basque Country of Spain, whose ages matched closely with

those from the Wills et al. (2009) cohort, to determine whether similar brain-reactivity is

found in children across countries. Further, we asked whether reactivity of maternal plasma

to proteins at 37 and 73 kDa or 39 and 73 kDa is observed specifically in mothers of

children with ASD in Gipuzkoa.

Methods

The protocol was approved by the Bioethical Research Committee of the Gipuzkoa Health

Area authority and by the IRB of the University of California, and was therefore performed

in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki.

Researchers from Spain completed the electronic IRB course from the United States’

National Institutes of Health. Parents of each subject provided written informed consent for

their child to participate, and mothers gave informed consent to participate in the study.

Participants

Thirty-seven subjects with ASD and 37 typically developing subjects were recruited from

Gautena, the regional program for autism spectrum disorders in the Gipuzkoa province of

Spain, and from local schools. Children suspected of meeting diagnostic criteria for ASD

were clinically evaluated using the Autism Diagnostic Observation Schedule-Generic

(ADOS-G) and the Autism Diagnostic Interview-Revised (ADI-R) by a practitioner trained

to reliability in these measures. Control subjects from local schools were screened with the

Social Communication Questionnaire (SCQ), and any subject scoring above 15 was not

included and were offered follow up services (this occurred for one subject). Subjects were

matched for age and gender, such that the ASD and the typically developing control groups

each included 35 males and 2 females between the ages of 3 and 13 years, with a median age

of 7 years. The biological mothers of each of these children also participated, and were

screened for autistic traits by completing the Autism-Spectrum Quotient (AQ) questionnaire.

Immunohistochemical Analysis

Plasma samples were processed and results were evaluated and documented in an identical

manner to that described in Rossi et al. (2011). Brain tissue from an 8-year old male rhesus
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macaque (Macaca mulatta) perfused as described in Rossi et al. (2011) served as the

substrate for immunohistochemical analysis. Prior to analyzing new samples with the

macaque brain used in the current paper, positive control samples known to react to

interneurons in the cerebellum and throughout the cerebral cortex of other mature rhesus

brains were reacted with the tissue and the same pattern of reactivity was observed. All

results were scored blind to the diagnosis of the individual, and results from the ASD group

were compared to those from the TD group using the Fisher’s exact test (appropriate for

analyses in which the number of subjects in one or more cells is less than or equal to five).

Brain Protein Preparation

Rhesus macaque cerebellum protein medleys were used to probe child plasma samples for

anti-brain IgG reactivity. Though other brain regions are known to be a target of IgG in

children with autism, we opted to use cerebellar proteins because they provide the most

consistently reliable target protein preparation in children with an autism spectrum disorder

(Cabanlit et al. 2007; Wills et al. 2009). Rhesus macaque fetal brain protein medleys were

utilized to probe maternal plasma for anti-brain IgG reactivity based upon independent

studies by our laboratory and others that demonstrated a high degree of specificity for

maternal antibodies to fetal brain in autism (Braunschweig et al. 2008; Zimmerman et al.

2007). Monkey brain specimens were acquired through the University of California, Davis

Primate Center and prepared in our laboratory. Whole cerebellum was obtained from two

healthy adult male Rhesus monkeys, and a whole fetal brain was obtained from a gestational

day 152 Rhesus macaque. To prepare the protein medleys, 1.0 g of fresh brain tissue was

suspended in 10 mL of 20 mM HEPES-OH, pH 7.5, containing 320 mM sucrose, 1 mM

EDTA, 5 mM DTE, protease inhibitors (1 mM PMSF and Roche Complete™protease

inhibitor), and phosphatase inhibitors (0.2 mM Na2VO3 and 1 mM NaF). The suspension

was homogenized using a Teflon/potter homogenizer and centrifuged at 800×g for 10 min to

remove nuclei and undissolved material. Protein medleys were then diluted ten-fold with 50

mM Tris–HCl, pH 6.8, containing 25 % glycerol and 1 % lithium dodecyl sulfate (LDS).

The final protein products were reconcentrated to 12.5 mg/mL using Amicon® Ultra-4

centrifugal filter devices (Millipore, Billerica, MA).

Western Blotting

Plasma IgG reactivity to brain proteins was measured using western blot technology. 300

μg/ml of brain extracts and 5 μl of Magic Mark protein standard (Invitrogen, Carlsbad, CA)

were loaded into 4–12 % gradient prep-well Nu-PAGE Bis–Tris gels (Invitrogen, Carlsbad,

CA) and electrophoresed at 200 volts for 1 h. After gel electrophoresis, proteins were

transferred at 50 V for 16 h to a nitrocellu-lose membrane. The membranes were then

blocked with casein in PBS (Thermo Scientific, Rockford, IL) for 30 min at room

temperature. Membranes were cut into vertical strips, and each strip was incubated with a

sample of maternal or child plasma diluted 1:400 in 5 % casein in PBS plus 0.05 %Tween

(PBST) for 2 h at room temperature. Strips were washed 5 times for 5 min durations with

PBST, followed by a 30-minute incubation with horse-radish peroxidase-conjugated goat

anti-human IgG secondary (Zymed, San Francisco, CA) diluted 1:20,000. After washing, the

signal was developed using a 5-min incubation with SuperSignal Chemiluminescent

Substate (Pierce, Rockford, IL). Bands were visualized using a FluorChem 8900 imager and

AlphaEaseFC imaging software (Alpha Innotech Corporation, San Leandro, CA). Positive

and negative control reference standards were run on each blot.
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Results

Immunoreactivity of Samples from Children to Adult Brain Tissue

Immunoreactivity to Golgi cells of the cerebellum and a subset of other interneurons

throughout the brain was observed in 15 samples from the current study (Fig. 1). The pattern

of immunoreactivity was identical to what was observed in previous studies (Fig. 1 a, d).

Golgi neurons and other interneurons in the cerebellum were clearly labeled (Fig. 1 b, c) and

interneurons were also stained in the cerebral cortex (Fig. 1 e, f). As in the Rossi et al.

(2011) paper, anti-GABA neuron immunoreactivity was seen with plasma from both ASD

and typically developing children. Plasma from 8 subjects with ASD (22 %) and 7 TD

subjects (19 %) reacted to Golgi cells and to other interneurons, a difference that was not

statistically significant (p = 0.65, Fisher’s exact test).

As in our previous studies, we rated the intensity of staining for each sample that reacted to

interneurons. Samples were considered intensely labeled (‘‘++’’) if Golgi cells and

numerous cortical interneurons were consistently and darkly labeled, moderately labeled

(‘‘+’’) if intense labeling was less consistent across the hemispheric or cerebellar section,

and ‘‘somewhat labeled’’ (‘‘−/+’’) if labeling was weaker and/or less consistent. Among the

subjects with ASD whose plasma reacted to brain inter-neurons, one sample was rated ‘‘+

+’’ and 7 samples were rated ‘‘−/+’’. Among TD subjects whose plasma reacted to

interneurons, 2 samples were rated ‘‘++’’, 2 were rated ‘‘+’’, and 3 were rated ‘‘−/+’’. No

significant difference was observed in the frequency of subjects with (n = 1, 3 %) and

without (n = 2, 5 %) ASD whose plasma displayed intense reactivity to interneurons.

Two plasma samples reacted to neuronal nuclei throughout the brain including cells within

the cerebral hemisphere, as previously described in Rossi et al. (2011). One sample was

from a subject with ASD and one was from a TD subject (2.7 % of samples from each

group).

Plasma from one individual reacted specifically to axons within the brain that had a beaded

morphology evidenced by variations in the diameter of each axon along its length; this

pattern of reactivity was found in two TD children and one subject with ASD in the APP

cohort (Rossi et al. 2011). This plasma was from an individual in the ASD group (2.7 %); no

plasma from subjects in the TD group displayed this type of immunoreactivity.

In total, plasma from 10 subjects with ASD (27 % of subjects) displayed reactivity to some

component of brain tissue whereas plasma from 8 subjects in the TD group (22 % of

subjects) reacted to brain tissue (Table 1). The occurrence of any type of reactivity to brain

tissue did not differ between these two groups (p = 0.59, Fisher’s exact test).

We also reacted plasma from children with ASD and TD control children with homogenized

cerebellar proteins in western blot experiments. Plasma from 16 % of subjects with ASD and

8 % of TD subjects showed reactivity to cerebellar proteins at 45 kDa. Plasma from 8 % of

subjects with ASD and 8 % of TD subjects showed reactivity at 62 kDa. The frequency with

which reactivity at 45 or 62 kDa was observed did not differ significantly between the three

groups (Table 2).

Immunoreactivity of Plasma Samples from Mothers to Fetal Brain Protein

We assayed the plasma samples collected from mothers of the study children for the

presence of antibodies to fetal brain proteins at 37, 39, and 73 kDa, as combinations of

reactivity at 37 and 73 kDa or 39 and 73 kDa were previously shown to be highly specific to

mothers with ASD. Plasma reacting at both 37 kDa and 73 kDa was exclusively observed in

mothers of children with ASD, and occurred in 5 % of samples. Similarly, reactivity at both
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39 and 73 kDa was only observed in the group of mothers from the ASD group (n = 1, 3 %)

and was not observed in any mothers from the TD group (Table 3). Given the relatively

small sample size, the finding that reactivity to fetal proteins at 37 and 73 kDa or 39 and 73

kDa occurred exclusively in mothers of children with ASD was not statistically significant

(p = 0.493 and 1.00 respectively).

Discussion

The aim of this study was to determine whether reactivity to brain tissue, previously

characterized in children’s and maternal plasma samples originating from California, also

occurs for children and mothers in a cohort from the Gipuzkoa region of Spain. Given the

heterogeneity that has been observed for subjects with ASD (Geschwind and Levitt 2007), it

is crucial to evaluate empirical findings across multiple geographical, cultural, and ethnic

populations, and to report which of these generalize to the group of children affected by

ASD.

Our results indicate that plasma from 27 % of ASD subjects and 22 % of TD subjects

displayed some type of brain reactivity, including reactivity to a subset of inter-neurons,

nuclei, or beaded axons. Strikingly, the frequency with which intense immunoreactivity of

plasma to brain interneurons found in the current study, 3 % of samples in the ASD group

and 5 % of samples in the TD group, was identical to that observed in the Autism Phenome

Project cohort. These results suggest that the particular pattern of immunoreactivity to brain

interneurons that we have reported previously is not exclusive to children in California.

Children whose plasma reacted to brain tissue in a previous study (Rossi et al. 2011) were

shown to have significantly increased measures of behavioral and emotional problems as

reported by parents on the Child Behavior Checklist (CBCL). It is not possible to determine

whether the Basque-Spanish children identified with brain immunoreactivity are more likely

to have similar findings, since the CBCL was not administered to them. It is interesting that

despite genetic, environmental, and cultural differences, identical patterns of reactivity to

interneurons were found across all three groups of children tested to date. The specific

antigen present in the interneurons to which the plasma is reacting, and the timing and

stimulus for the production of these antibodies, has yet to be identified. A recent study found

antibodies against an enzyme that catalyzes the conversion of glutamic acid to the inhibitory

neurotransmitter GABA, in 15 % of children with autism (mean age 11 years) (Rout et al.

2012). The pattern of cerebellar staining in the Rout et al. study, in which Purkinje cells

were predominantly labeled, differed from that observed in the current study, in which Golgi

cells were labeled. However, the similarity between the two studies, namely the observation

of specific plasma reactivity to a subset of cerebellar interneurons, is noteworthy in that

together these findings provide two examples of interneuron-specific plasma autoantibodies

in children.

The functional significance of the antibodies detected in children’s plasma is unknown. In

general, circulating antibodies are not thought to have access to antigens in the brain due to

tight restriction by the blood–brain barrier (BBB). However, it has been shown that immune

system cells including antibody-producing B cells can cross the BBB during inflammatory

conditions such as those that occur during infection (Hickey 2001; Miller 1999). In addition,

peripherally circulating antibodies are able to reach the brain in cases where the BBB is

temporarily breached, as has been demonstrated with administration of lipopolysaccharide

(Kowal et al. 2004). Thus, mechanisms exist whereby the peripheral autoantibodies detected

in the present study could reach the brain. Whether this occurred in the subjects we studied

has not been determined.
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Our examination of maternal plasma revealed that 5 % of samples from mothers of children

with ASD reacted to fetal brain proteins at 37 and 73 kDa, and 3 % of samples from the

same group reacted to proteins at 39 and 73 kDa. These combinations did not occur in

samples from mothers of children in the TD group. These results suggest that the patterns of

reactivity previously found to be highly specific to mothers of children with autism

(Braunschweig et al. 2008, 2012; Croen et al. 2008) occurs across cultures and genetic

backgrounds. As in previous studies, these two specific combinations of reactivity were

exclusive to mothers of children in the ASD group. In a previous study, maternal samples

from mothers of children with developmental delay without autism have been analysed and

reactivity to proteins at 37 and 73 or 39 and 73 kDa were not observed, suggesting this

reactivity is specific to ASD (Braunschweig et al. 2008). Another study found that reactivity

at 39 and 73 kDa can be detected in maternal plasma during mid-pregnancy (15–19 weeks)

(Croen et al. 2008), suggesting the potential to use maternal plasma screening as a predictive

tool in determining whether an increased likelihood exists for a child developing ASD in a

subset of cases.

Conclusion

This international replication study contributes importantly to our understanding of a role for

plasma brain-reactivity in ASD. The current findings, in combination with those from Rossi

et al. (2011) suggest that there is not consistent evidence to indicate that reactivity of plasma

from children to neural profiles in the brain is related to an ASD diagnosis. A comparison of

the current findings with several previous studies with regard to maternal plasma

immunoreactivity, however, suggests that two combinations of reactivity—to proteins at 37

and 73 kDa or 39 and 73 kDa—are specific to mothers of children with ASD across

different populations. Studies such as this that compare biological features in children with

ASD from different geographic locations will provide important insights into which factors

are consistently observed in individuals diagnosed with ASD.
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Fig. 1.
Some plasma samples reacted to cerebellar Golgi neurons and other interneurons throughout

the brain in an identical manner to interneuron-reactive plasma from previous studies. Each

sample was reacted with one section through the rhesus monkey cerebellum (a–c) and one

section through one hemisphere that included somatosensory cortex (d–f). As a positive

control, plasma known to react with interneurons (a, d) was processed in parallel with

plasma from the current study. Several samples from the ASD group reacted to Golgi cells

(b) and a subset of cortical interneurons (e), as did several samples from the TD group (c, f)
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Table 1

Comparison of plasma immunoreactivity in children in the current study (Gipuzkoa) and in the previous two

cohorts (Wills et al. 2009; Rossi et al. 2011)

Wills et al. 2009 APP Gipuzkoa (Basque Country, Spain)

Interneurons: ++ intensity

 ASD 7 (21 %) 3 (3 %) 1 (3 %)

 TD 0 (0 %) 2 (5 %) 2 (5 %)

 p value (not reported) 1.00 1.00

Interneurons: Any intensity

 ASD 22 (65 %) 9 (10 %) 8 (22 %)

 TD 3 (13 %) 4 (9 %) 7 (19 %)

 p value <.01 1.00 .772

Any immunoreactivity

 ASD (not reported) 36 (42 %) 10 (27 %)

 TD (not reported) 18 (42 %) 8 (22 %)

 p value (not reported) 1.00 .588
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Table 2

Summary of western blot results from children’s samples

Subjects with 45 kDa band Subjects with 62 kDa band

ASD (n = 37) 6 (16 %) 3 (8 %)

TD (n = 37) 3 (8 %) 3 (8 %)

The number of samples reacting to cerebellar proteins at 45 and 62 kDa, with the percentage of subjects reacting positively in parentheses
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