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Abstract: Brain-derived neurotrophic factor (BDNF) is critical for neuronal differentiation and
synaptic development. BDNF is also implicated in the development of psychological disorders
including depression, bipolar disorder and schizophrenia. Previously, elevated BDNF levels were
observed in neonatal blood samples from infants who were later diagnosed with autism when
compared with children who developed normally, suggesting that BDNF may be involved in the
development of autism. BDNF is produced by activated brain microglial cells, a cellular phenotype
that shares several features with peripheral macrophages, suggesting an important role for the immune
system in BDNF production. We hypothesized that under mitogenic stimulation, peripheral blood
mononuclear cells obtained from children with autism may have altered BDNF production compared
with age-matched typically developing control subjects. In addition, we examined the differences
between the production of BDNF in classic/early-onset autism and children who had a regressive form
of autism. We show here that plasma levels of BDNF levels are increased in children with autism,
especially in early onset autism subjects. Furthermore, under mitogenic stimulation with PHA and
LPS, BDNF production is significantly increased in children with autism compared with typically
developing subjects. However, stimulation with tetanus toxoid results in a decreased response in
children with autism. This data suggest that immune cell-derived production of BDNF could be an
important source for the increased BDNF that is detected in some subjects with autism. As a
neurotrophic factor produced by immune cells, BDNF could help elucidate the role of the immune
system in neurodevelopment and neuronal maintenance, which may be dysregulated in autism.
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INTRODUCTION

Autism is a complex neurodevelopmental disorder
that appears within the first three years of life and is
characterized by significant impairments in social
interaction and communicative skills. Most cases of
autism present classically, with the affected child
failing to develop normal social or language skills,
which is termed here as early onset autism. However, in
a subset of cases, known as regressive autism, the child
appears to develop typically until approximately 18-24
months of age, when the child loses many previously
acquired social and language skills''!. In general, the
etiology of autism remains elusive, with many factors
implicated in the development of the autism phenotype.

There is a strong heritable component of autism based
on family and twin studies. Furthermore, co-morbidity
exists between family members of subjects with autism
and affective disorders, especially depression™™.
Several genetic studies link autism with genes that have
immune functions such as HLA, Complement C4,
MET, REELIN and recently, a region on chromosome
11 pl2-p13 that encodes many important immune
related genes”®. However, genetic studies have not yet
revealed a specific definitive autism marker which has
led to the hypothesis that an environmental trigger
could be associated with some cases of autism. Heavy
metal exposure, vaccination and perinatal infection at
key neurodevelopmental junctures''®'”, have all been
hypothesized to be involved in the development of
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autism but their effects remain widely debated. It is also
likely that any environmental trigger could vary with a
particular individual and influence neurodevelopment
in specific ways dependent upon the genetic
susceptibility of that individual. Alterations in
neurodevelopment in the fetus or early in life could
result in altered brain development which may
ultimately lead to features characteristic of autism. A
large, growing body of research has revealed that
immune responses can influence neurodevelopment and
that significant alterations in the immune system may
play a key role in some individuals with autism"'.
BDNF is important for neurodevelopment,
neuronal differentiation and neuronal protection. Early
in development, microglial cells, a cellular phenotype
that share several similarities with peripheral
macrophages, are evident within neuronal tissue.
Activated microglial cells are able to secrete BDNF,
which may protect the brain from inflammation-
induced apoptosis and may alter synaptic properties of
the neurons'* '*!. Deviations in BDNF levels have been
linked to deficits in serotonin, which is associated with
mood disorders. In at least a subset of autism, altered
serotonin levels are among one of the few consistent
research findings''®'®. BDNF has been associated with
changes in behavior, such as hyperactivity, increased
depression and psychiatric disorders including
schizophrenia and bipolar disorder”?”. Decreased
plasma BDNF levels correspond strongly with severity
of symptoms®" *!. In a murine model, Branchi et al.
reported that lower BDNF levels directly equated to
changes in social aptitude, anxiety and aggression'>".
Multiple studies have shown increases in BDNF in
both blood and brain tissue from autistic subjects®*>°,
Since BDNF readily crosses the blood brain barrier,
serum concentrations correlate directly to brain
concentrations; therefore plasma studies of BDNF are
thought to accurately reflect CNS concentrations'> ",
In a retrospective study on blood obtained from full-
term neonates, Nelson ef al. identified a nearly three-
fold increase in BDNF levels in children later
diagnosed with autism spectrum disorder compared
with typically developing children™. This study is
especially revealing since the results were obtained
early, before symptoms appeared; although a Ilater
subsequent study by the same group failed to confirm
these results™®. In animal studies, maternal infection
has been shown to significantly increase BDNF levels
in the fetal brain”" *'!. The affect on BDNF production
following maternal infection with lipopolysaccharide
(LPS), a component of gram negative bacterial cell
walls, suggests an immune mechanism for altered
neurotrophin production®”. Maternal infections and
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exposure to LPS have been directly tied to behavior and
neurodevelopmental changes in animal models that may
be applicable to autism®>%. In addition, BDNF
expression was shown to be increased three-fold in the
forebrains of adults with autism when compared with
brain specimens from control adults®®!, suggesting that
alterations in BDNF expression in autism may be
important throughout the life of the individual.

Changes in BDNF levels have been linked to a
number of neurologic disorders, including autism,
however little is known on the mechanism behind these
altered levels in autism''* " ** 226 37 BDNF is
produced by activated immune microglial cells"'* '
and may directly act on astrocytes to alter neuronal
transmission. Indeed, postmortem analysis of brain
material from subjects with autism revealed not only
marked activation of microglia but also astroglia®®. In
vitro assays have demonstrated that BDNF stimulates
neuronal outgrowth on neonatal astrocytes””), which
may explain, in part, previous findings of larger
neuronal cells in young subjects with autism'*".
Interestingly, in animal models maternal viral infection
has been linked to macrocephaly in the offspring!*". Tt
is possible that following an immune challenge, BDNF
may be changed potentially leading to an altered course
of neurodevelopment that could result in significant
disturbances. Experimental evidence points to
proinflammatory activity in some autism subjects that
could lead to the aberrant production of BDNF from
immune cells such as monocytes and B cells. To help
elucidate the role of an immune challenge on BDNF
production by immune cells, we stimulated peripheral
blood cells using various immune cell mitogens,
including phytohemagglutinin (PHA), gram-negative
bacterial membrane component LPS and tetanus toxoid.
Despite previous evidence of increased BDNF levels in
individuals with autism, differential BDNF production
in subsets of autism, based on onset of behavior, has not
been examined but may help illuminate discrepancies in
prior findings'**!. Therefore, in addition, we examined
whether various immune mitogens could differentially
induce BDNF production by immune cells in children
with early onset autism compared with regressive
autism and typically developing control children.

MATERIALS AND METHODS

Subjects: Participants in the study were recruited in
conjunction with the CHARGE (Childhood Autism
Risk from Genetics and Environment) study conducted
at the UC Davis M.LN.D. Institute'*”. Participants
included 125 children ranging from 2-5 years of age
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who met one of the following 4 criteria: 1) diagnosed
with autism; 2) diagnosed with developmental delay but
not autism; 3) an unaffected sibling of a child with
autism; 4) general population controls. The
descriptive of the study population are
described in Table 1. This study was approved by the
UC Davis institutional review board and complied with
all requirements regarding human subjects. Informed
consent was obtained from a legal guardian of each

or
statistics

participant. To confirm diagnosis, all autism
participants completed the Autism Diagnostic
Interview-Revised (ADI-R) 1 and  the Autism

Diagnostic Observation Schedule (ADOS)***®! which
were administered at the M.ILN.D. Institute by qualified
trained clinicians. The ADI-R is a comprehensive
clinical interview administered to parents or caregivers
of children suspected of having autism. The ADI-R
function areas of language
communication, reciprocal social interaction and
repetitive, restricted, stereotyped behaviors or interests.
Results from the interview are interpreted by using a
diagnostic algorithm that correlates with the DSM-IV
and ICD-10 definitions of autism. The ADOS is an
observational assessment of the children suspected of
having autism in various structured and unstructured
situations that provide a standardized set of conditions
to observe behavior in the areas of communication, play
and other areas relevant to autism. Children from the
developmental delay and general population groups
were screened for autism traits using the Social
Communication Questionnaire. The ADI-R and ADOS
was administered to those scoring above the screening
threshold to determine autism status. Children who
scored above the cut-off for the ADOS modules 1 and 2
and met the criteria for autism in the ADI-R were
included in the autism group. Children confirmed as
autism subjects were divided into subgroups of early
onset or regressive autism based on the stage of
development the child began to display autistic
behavior. Children were classified as having early onset
autism if the child exhibited traits of autism from
infancy and regressive autism if they had typical early
development and later lost function in the areas relevant
to autism based on ADI-R scores.

assesses in and

Peripheral Blood Mononuclear Cell (PBMC)
Isolation: Peripheral blood was collected in acid-
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citrate-dextrose Vacutainers (BD Biosciences; San Jose,
CA), centrifuged at 2300 rpm for 10 min and plasma
removed from sample. Blood cell suspension was
adjusted to a volume of 20 mL with Hank’s Balanced
Salt Solution (HBSS) (VWR; West Chester, PA),
layered on room temperature Histopaque (Sigma; St.
Louis, MO) and centrifuged at 1700 rpm for 30 min to
isolate. PBMCs. PBMCs were extracted and washed
twice with HBSS and the number of viable PBMCs was
determined by Trypan Blue exclusion (Sigma, St.
Louis, MO).

PBMC Mitogen Stimulation: PBMCs were adjusted
to a concentration of 3.0x10° cells mL™" with a solution
of 0.2% T-Stim (BD Biosciences) in serum-free X-Vivo
media (Cambrex, Walkersville, MD). For each subject,
100 pL of the PBMC suspension was plated in four
individual wells of a 96-well tissue culture plate
(Corning, Corning, NY). 100 pL of stimulant or media
was added to each well for a final volume of 200 pL.
The PBMCs were stimulated with 2 pug
phytohemagglutinin (PHA; Sigma), 5 ug
lipopolysaccharide (LPS; Sigma), 0.25 LF (limit of
flocculation) units Tetanus Toxoid (Cylex, Columbia,
MD), or 100 pL X-Vivo alone. All antigen dilutions
were made in X-Vivo. The cells were incubated at 37°C
for 48 hrs at which time the plates were centrifuged and
supernatants from the four stimulation conditions were
individually harvested by pipette and stored at -80°C
until the date of assay.

BDNF Concentration Measurement: Plasma and
PBMC culture supernatants were analyzed by luminex
using the Human BDNF Antibody Bead Kit (Biosource,
Camarillo, CA). The assay kit allowed for BDNF
detection between 35-7600 pg mL™'. Analyte specific
antibody conjugated beads were incubated with 50 pL
of 1x biotinylated detection antibody solution and 50
pL of either standard, or 25 pL of sample in 25 pL of
assay diluent for 3 hrs at room temperature, in the dark,
on an orbital shaker (500-600 rpm). After wells were
washed and aspirated by vacuum manifold aspiration,
100 pL of strepavidin-conjugated R-phycoerythrin was
added to each well and incubated for 30 min at room
temperature, in the dark, on an orbital shaker (500-600
rpm). R-phycoerythrin fluorescence was measured on a
Bio-Plex 200 System (Bio-Rad Laboratories Inc.,
Hercules, CA) to determine concentration. For PHA,
LPS and tetanus-toxoid supernatants, the concentration
of the media alone was subtracted from the value to
analyze BDNF secretion specific to the stimulant.
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Statistical analysis: Student’s two-tailed t-test for
samples with unequal variances was used to examine
the data for statistical significance. Values were
considered significant for p < 0.05.

RESULTS AND DISCUSSION

Plasma BDNF levels: Initially we examined BDNF
protein levels in the plasma of the subjects (Fig. 1).
Plasma BDNF levels in children with autism (2512.103
+327.79 pg mL™', mean + S.E.M.) were significantly
increased compared with age-matched non-autistic
control subjects (1463.07 + 174.61 pg mL™', p=0.043,
Fig. 1A). Within the autism group, children with early
onset autism had a non-statistically significant trend
towards higher BDNF levels (2836.36 + 526.82 pg
mL™") when compared with children with regressive
autism (2130.62 + 333.89, Fig. 1B, p>0.05). As a
consequence, subjects with early onset autism had
statistically significantly higher plasma BDNF levels
compared with typically developing children (p=0.032),
siblings of children with autism (p=0.019) and children
with MR/DD (p=0.023). However, plasma BDNF
levels did not reach statistical significance for the
regressive autistic children compared with typically
developing controls (p=0.06). There were no
differences in plasma BDNF levels between typically
developing control children (1486.91 + 147.89 pg
mL_l), children with mental retardation and/or
developmental delay (MR/DD) (1457.59 + 211.09 pg
mL'l) and siblings of children with autism (1444.72 +
164.84 pg mL™", Fig. 1C, p>0.05).

BDNF production by cultured peripheral blood
mononuclear cells (PBMC) following stimulation:
Similar to results seen in the plasma blood
compartment, isolated non-stimulated PBMC from
children with autism secreted more BDNF (46.24 +
9.19 pg mL™' BDNF, mean + S.E.M) in a 48 hr period
compared with age-matched typically developing
control children (36.12 + 6.50 pg mL™' BDNF, p=
0.043, Fig. 2A). Unstimulated BDNF values did not
differ between children with early onset autism (45.99
+ 8.62 pg mL™) and children with regressive autism
(46.49 +9.75 pg mL™', p>0.05, Fig. 2B), although there
was great variability amongst the children with
regressive autism, ranging from 5.51 to 120.70 pg mL™"
BDNF.

BDNF production from PBMC under different
stimulation treatment conditions are shown in Table 1.
Children with autism produced more BDNF following
stimulation with the mitogen PHA (58.00 + 9.46 pg
mL™', mean + S.EM.) compared with typically
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developing age-matched control children (42.47 + 7.47
pg mL™', p=0.050, Table 2). No statistically significant
differences in BDNF production were seen between
cases and controls following stimulation with LPS or
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Fig. 1: BDNF protein levels in plasma. (A) Comparison of BDNF
levels between subjects with autism and non-autism control subjects.
Children with autism had higher mean plasma BDNF levels
compared with subjects without autism. (B) BDNF levels are
compared between subjects with early onset autism, regressive autism
and control subjects. Subjects with early onset autism had higher
plasma BDNF levels compared with control subjects and a trend to
elevated levels compared with subjects with regressive autism. (C)
Typically developing children, children with developmental
disabilities and siblings of children with autism had similar BDNF
protein levels in plasma



Am. J. Biochem. & Biotech., 4 (2): 121-129, 2008

p=0.04

BDNF (pg/ml)

Autism (n=30) Typically

Developing (n=16)

60 - p=0.03

50 1 p=0.07

40 1

30 ~

BDNF (pg/ml)

20 A

10 1

Early Onset
autism (n=15)

Regressive
autism (n=15)

Typically
Developing
(n=16)

Production of BDNF by cultured PBMC. 3.0x10° PBMC
were cultured for 48 hrs in 100 pL X-Vivo media without
mitogen. Cells from subjects with (A) autism produced more
BDNF during this period than typically developing controls;
moreover (B) higher BDNF was produced from cells
obtained from subjects with early onset autism rather than
regressive autism. P-values are shown using Student’s two-
tailed t-test for samples with unequal variances

Fig. 2:

tetanus toxoid (p>0.05). When the autism population
was separated based on onset of behavioral criteria,
PBMC from early onset and regressive autism children
responded differently following stimulation. Following
PHA stimulation BDNF production was increased
significantly in early onset autism children but not
autism children with regression compared with
typically developing controls (p<0.036, Table 2).
Furthermore, following baseline correction with media
alone values, children with early onset autism produced
significantly increased levels of BDNF (13.12 + 12.06
pg mL™', mean change above media baseline + S.E.M.),
when stimulated with PHA compared with regressive
autism children (4.50 + 2.48 pg L', p=0.048, Fig. 3)
stimulated under the same conditions. There were also
decreased BDNF responses in children with regressive
autism but not early onset autism following stimulation
with LPS (5.35 + 4.59 pg mL™") compared with age-
matched typically developing children (10.67 + 2.31 pg
mL™', p=0.045, Fig. 3). Similarly, when stimulated with
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: BDNF production by PBMC following mitogen stimulation.
3.0x10° PBMC were stimulated for 48h in 200 uL final
volume containing 2 pg phytohemagglutinin (PHA), 5 ng
lipopolysaccharide (LPS), or 0.25 LF units tetanus toxoid.
Amount of BDNF produced from control wells stimulated
with media alone was subtracted from results to examine
effects of stimulant alone (* p<0.05)

tetanus-toxoid, PBMC from children with regressive
autism but not early onset autism secreted decreased
levels of BDNF than with media alone (-5.22 + 3.8 pg
mL™") and were significantly reduced compared with
tetanus-toxoid stimulated responses in typically
developing controls (3.18 + 3.29, p=0.046, Fig. 3).

This study is the first to look at differential BDNF
expression by stimulated lymphocytes in autism. It is
also the first to examine if there is a differential
response in BDNF based on behavioral patterns in
autism. Our finding that BDNF levels are increased in
the plasma of autistic children is consistent with
previous reports of BDNF in autism™®**%. Moreover, we
noted that plasma BDNF may be different in autism
children based on patterns of onset, with a trend to
higher levels in children with early onset autism. We
found no differences in BDNF levels when comparing
amongst typically developing subjects, siblings of
children with autism and mental retardation/
developmentally delayed children. Previous reports
have shown that in mental retardation the levels of
BDNF are more similar to autism than compared with
normal controls®. In contrast, our findings suggest that
the increased BDNF may relate to an autism diagnosis
specifically and not to a more  general
neurodevelopmental dysfunction. Furthermore, since
siblings of children with autism likely share several
genetic polymorphisms with their affected sibling, it
was anticipated that BDNF in these subjects would be
different to levels of the general population typically
developing controls. However, as BDNF was not
dysregulated in the siblings of children with autism, the
alterations in BDNF levels seen in the autism
population may be attributed specifically to the autism
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Table 1:  Descriptive statistics of the study population
Autism
Typically Siblings Developmental
Total Regressive Early Onset Developing of autism Disabilities

Plasma BDNF
n= 37 17 20 27 9 6
% Males 91 94 89 67 56 67
Median Age 3.58 3.25 4.04 3.13 3.83 2.71
Age Range 2.08-5.92 2.08-4.83 2.17-5.92 2.17-4.58 2.25-4.58 2.0-3.42
Cellular Stimulation Assays
n= 30 15 15 16 n/a n/a
% Males 90 93 87 89
Median Age 3.54 3.33 4.08 3.67
Age Range 2.33-5.17 2.5-5.17 2.33-5.33 1.5-4.92
Table 2: Total BDNF present in supernatants of unstimulated PBMC (media) and PBMC stimulated with phytohemagglutinin (PHA),

lipopolysaccharide (LPS), or tetanus toxoid. Data shown is as mean + standard error in pg mL™. (* p<0.035, versus typically

developing subjects)

Total Autism Subjects Early onset Autism Regressive Autism Typically Developing

Media 46.24 + 6.39* 45.99 + 8.62* 46.49+9.75 36.12 +6.50
PHA 58.00 + 9.46* 59.11 £9.79% 56.88 +16.58 37.95+7.47
LPS 49.17 + 6.20 46.50 + 8.95 51.84 +8.84 42.60 + 8.68
Tetanus 42.57+5.25 44.66 + 8.66 40.49 +6.23 3572 +5.85
phenotype. We note that the small sample size may this experimental system and follows antigen

affect the interpretation of these specific comparisons
and these findings should be confirmed in a larger
study.

Changes in BDNF expression have been linked to
mood disorders and neuronal dysregulation!'* '> % 2
»1 Neonatal blood testing suggests that BDNF
expression may be aberrant at birth in autism, which
may implicate a possible role in the prenatal
development of the autism phenotype®. In addition, in
a study of adult forebrains, increased BDNF in subjects
with autism persisted through adulthood””, suggesting
as well that any detrimental neuronal effects of
increased BDNF may persist throughout the life of the
individual. Since BDNF has been shown to be secreted
by activated microglial cells'"* ™!, we hypothesized that
another cellular source for the increased BDNF levels
may arise from peripheral leukocytes. In this study we
quantified the production of BDNF from leuokocytes
stimulated with; PHA, a plant lectin which broadly
activates lymphocytes; LPS, a gram-negative bacterial
membrane component; and tetanus toxoid, produced by
the gram-positive bacteria Clostridium tetani. The use
of three different treatment conditions allowed us to
make a preliminary examination of the cellular BDNF
response during activation with different types of
potential pathogens, such as may occur during an
infectious exposure. Children with autism had increased
BDNF production when stimulated with PHA and LPS
compared with typically developing children, but not
when stimulated with tetanus toxoid. This is interesting,
as tetanus toxoid action on lymphocytes is restricted in
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recognition via MHC molecules present on antigen
presenting cells, in contrast, PHA and LPS can directly
act on lymphocytes. It is tempting to suggest that
altered antigen presentation in autism may lead to the
apparent reduction in BDNF seen following tetanus-
toxoid stimulation. Furthermore, differences in BDNF
levels following stimulation were observed based on
behavioral patterns in autism. In general, there was a
trend throughout for an elevated BDNF response in
children with early onset autism when compared with
regressive autism, over all treatment conditions. In
addition, children with autism produced more BDNF in
non-stimulatory conditions compared with typically
developing controls, suggesting that there may be an
increased constitutive expression of BDNF in autism
that is further stimulated in the presence of certain
pathogenic or infectious insults, a finding that may be
more apparent in children with early onset autism.
Since  BDNF has significant impact on neuronal
functioning in the brain, this upregulated response may
be important in some of the key features of autism.
Aberrant neuroimmune cross-talk could precipitate
neuronal damage or improper neurotrophic signaling.
Further evidence of altered immune activation in autism
includes proinflammatory cytokines, including TNFa,
which has been shown to be increased in plasma and
blood lymphocytes of autistic individuals'’*"". These
proinflammatory cytokines have been linked with
increased secretion of neurotrophic factorsw’szl, which
are critical regulators of synaptic development and
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maintenance, as well as survival and
differentiation®®>*. In response to administered pro-
inflammatory cytokines IL-6 and TNFa, but not to Thl
and Th2 cytokines, BDNF expression is induced in
human monocytes™". Therefore, the upregulation of
proinflammatory cytokines in autism could correlate
with altered levels of neurotrophic factors, the source
for which could be peripheral immune cells. In multiple
sclerosis (MS), a demyelinating autoimmune disease,
research has demonstrated that increased BDNF levels
in this disease, at least in part, is due to secretion by
activated microglial and T cells at the sites of the
lesions"”!. Previous infection and/or immune challenge,
has long been thought to be one of the putative
initiating factors in the neuroinflammation that leads to
both microglial and T cell activation in MS"™> *°,

In summary, we were able to detect differential
plasma levels of BDNF in autism subjects compared
with age-matched typically developing control children.
Based on patterns of regression and the onset of autism
behaviors, we found that in early onset autism,
increased BDNF production was evident in both the
plasma and in peripheral blood leukocytes following
mitogenic stimulation, when compared with children
who had regressive autism. This is particularly
compelling as it could be suggestive of a more
pronounced BDNF dysregulation in early onset autism
that potentially alters neurodevelopment in this autism
subset. This research suggests, for the first time, that
there may be aberrant BDNF production by peripheral
leukocytes in autism compared with typically
developing age-matched control children and
importantly, that within the autism population there is a
differential BDNF response based on the onset of their
behaviors. Further research would help to illuminate the
role of leukocyte-derived BDNF production in the
development of autism. As a neurotrophin produced, in
part, by immune cells, BDNF could link the
dysregulation seen in both the neurological and
immunogical systems in autism.

neuron
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