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Abstract—Autism is a severe neurodevelopmental disor-

der characterized by impairments in social interaction, def-

icits in verbal and non-verbal communication, and

repetitive behavior and restricted interests. Emerging evi-

dence suggests that aberrant neuroimmune responses

may contribute to phenotypic deficits and could be appro-

priate targets for pharmacologic intervention. Interleukin

(IL)-6, one of the most important neuroimmune factors,

has been shown to be involved in physiological brain

development and in several neurological disorders. For

instance, findings from postmortem and animal studies

suggest that brain IL-6 is an important mediator of aut-

ism-like behaviors. In this review, a possible pathological

mechanism behind autism is proposed, which suggests

that IL-6 elevation in the brain, caused by the activated

glia and/or maternal immune activation, could be an

important inflammatory cytokine response involved in

the mediation of autism-like behaviors through impair-

ments of neuroanatomical structures and neuronal plastic-

ity. Further studies to investigate whether IL-6 could be

used for therapeutic interventions in autism would be of

great significance. � 2013 IBRO. Published by Elsevier

Ltd. All rights reserved.
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INTRODUCTION

Autism is a severe neurodevelopmental disorder with a

large population prevalence, characterized by

impairments in social interaction, deficits in verbal and

non-verbal communication, repetitive behavior and

restricted interests. Although a few pharmacological

treatments appear to reduce some of the associated

symptoms, there are no therapeutic options that target

the core symptoms of autism. Susceptibility to autism

has been suggested to be attributable to genetic factors

and environmental risk factors (Abrahams and

Geschwind, 2008; Weiss, 2009; Buxbaum et al., 2010;

Devlin et al., 2011; Hallmayer et al., 2011), however the

etiology of the disorder is poorly understood. Emerging

evidence suggests that aberrant neuroimmune

responses may contribute to phenotypic deficits and

could be appropriate targets for pharmacologic

intervention (Theoharides et al., 2009; Hagberg et al.,

2012; Onore et al., 2012). The neuroimmune network

includes astrocytes and microglia, immune mediators as

well as other classical immune pathways. The function

of neuroimmune factors plays an important role in brain

development and is critical for the processes of

neuronal migration, axonal growth, neuronal positioning,

cortical lamination, as well as dendritic and synaptic

formation (Boulanger, 2009; Pardo-Villamizar and

Zimmerman, 2009). Defects in neuroimmune factors

could lead to neuropsychiatric disorders (McAllister and

Patterson, 2012; Onore et al., 2012).

A number of studies have reported cytokine

abnormalities in the peripheral blood of autistic patients

(Molloy et al., 2006; Ashwood et al., 2011a,b), as well as

in the gastrointestinal tract (DeFelice et al., 2003;

Ashwood et al., 2004). However, different research

groups showed different findings on the cytokines profile

in autism. We reckon these differences could be resulted

from different autistic samples used and the differences in

phenotype severity. In addition, the immune findings in

the peripheral blood of autistic patients may not correlate

with the immune-mediated pathology within the central
d.
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nervous system (CNS). So far, relatively few studies

concerning the expression of cytokines in the autistic

brain have been conducted. Using postmortem brain

specimens from autistic individuals, a study

demonstrated that transforming growth factor (TGF)-b1
was significantly increased in the middle frontal gyrus of

autistic patients, while macrophage chemoattractant

protein (MCP)-1, Interleukin (IL)-6 and IL-10 were

increased in the anterior cingulated gyrus. In addition,

MCP-1, IL-6, IL-8 and Interferon (IFN)-c were shown to

be significantly increased in the cerebrospinal fluid (CSF)

of autistic subjects (Vargas et al., 2005). Chez et al. has

also reported the elevation of tumor necrosis factor

(TNF)-a in the cerebrospinal fluid of autistic subjects

(Chez et al., 2007). Most recently, Li et al. determined the

activities of a set of cytokines including the pro-

inflammatory cytokines [IL-6, IL-1b, TNF-a, Granulocyte–

macrophage colony-stimulating factor (GM-CSF)], Th1

cytokines [IL-2, IFN-c], Th2 cytokines (IL-4, IL-5, IL-10)

and chemokine (IL-8) in the brain of autistic individuals

using multiplex bead immunoassays. In this study, IL-6,

TNF-a, GM-CSF, IFN-c and IL-8 were reported to be

significantly increased in the brains of autistic subjects as

compared with the controls (Li et al., 2009). However,

immune therapy applied to human children or adults with

autism is mainly limited to a number of case reports,

unpublished information, and rare case series (Chez and

Guido-Estrada, 2010). Further examination of the action

of drugs on cytokine profiles and how it affects autistic

behaviors are of great significance.
BRAIN IL-6 AND AUTISM

The role of IL-6 in CNS

IL-6, one of the most important neuroimmune factors, was

shown to be involved in physiological brain development

and in several neurological disorders such as

schizophrenia, major depression and Alzheimer’s

disease (Garay and McAllister, 2010; Spooren et al.,

2011). In the CNS, the cellular sources of IL-6 include

astrocytes, microglia, neurons and endothelial cells of

the brain microvasculature (Juillerat-Jeanneret et al.,

1995; Benveniste, 1998; Juttler et al., 2002). IL-6 is

normally expressed at relatively low levels and

increases under pathological conditions (Gadient and

Otten, 1997; Juttler et al., 2002). Experimental evidence

suggests IL-6 has many different roles within the CNS.

IL-6 has been shown to stimulate the differentiation of

astrocytes, primary dorsal root ganglion neurons,

hippocampal neurons and Schwann cells (Zhang et al.,

2004, 2007; Nakanishi et al., 2007; Oh et al., 2010). IL-

6 can be neurotoxic and may mediate associations

between maternal infection and neurodevelopmental

damage (Benveniste, 1998). Samuelsson et al.

(Samuelsson et al., 2006) demonstrated that prenatal

exposure to IL-6 results in inflammatory

neurodegeneration in the hippocampus and impaired

spatial learning during adulthood. Depending on the

concentration, brain region and cell type, IL-6 has been

shown to promote neural growth as well as to cause

neuronal death (Conroy et al., 2004), to protect against
excitotoxicity in cortical and cerebellar neurons, as well

as to enhance N-methyl-D-aspartate (NMDA)-induced

excitotoxicity in cerebellar granule neurons (Conroy

et al., 2004; Peng et al., 2005; Wang et al., 2007,

2009). IL-6 has also been demonstrated to promote

neuronal differentiation of neural progenitor cells in the

adult hippocampus (Oh et al., 2010). In addition,

another study reported a critical finding that supports

the role of IL-6 in the pathophysiology of schizophrenia

and autism in the context of maternal immune activation

(MIA) (Smith et al., 2007). IL-6 signaling has also been

suggested as a key mechanistic pathway in the MIA

that may be associated with autism (Parker-Athill and

Tan, 2010).

Elevated IL-6 in the autistic brain

Many studies show IL-6 dysregulation in individuals with

autism in plasma (Emanuele et al., 2010; Ashwood

et al., 2011a,b), peripheral blood cells (Jyonouchi et al.,

2001; Enstrom et al., 2010) and lymphoblasts (Malik

et al., 2011). Of the brain cytokines in autism, IL-6

elevation in the autistic brain has been a repeated

finding and may be worth noting (Vargas et al., 2005; Li

et al., 2009; Wei et al., 2011). Vargas et al. have

demonstrated that IL-6 was increased in the anterior

cingulated gyrus of autistic brains and also in the

cerebrospinal fluid of autistic children (Vargas et al.,

2005). Consistent with these findings, the evidence from

Li’s group showed that IL-6 was significantly increased

in the frontal cortices and cerebellum of autistic subjects

as compared with the age-matched control subjects (Li

et al., 2009; Wei et al., 2011). It should be noted that

the IL-6 expression was not significantly changed in the

subjects with high-functioning autism (Suzuki et al.,

2011). BTBR T+tf/J mice have been reported to exhibit

autistic-like behaviors including impairments in social

interactions and restricted repetitive behavior. One study

that examined the expression of various cytokines in the

whole brain of BTBR mice also showed a trend toward

a significantly increased production of IL-6 (Heo et al.,

2011). Any evidence of IL-6 alteration in other autism

genetic models, such as FMR1 knockout mice and

SHANK3 mutant mice, would be helpful in a more cause

and outcome manner.

There are several ways in which IL-6 can be elevated

in the brain of autistic subjects. First, MIA during

pregnancy may be a source of brain IL-6 (Smith et al.,

2007). Pro-inflammatory cytokines arising from MIA

could pass through the placenta; enter the fetal

circulation; cross the fetal blood–brain barrier; and

cause aberrant neuronal growth and plasticity within the

fetal brain (Buehler, 2011). It was also reported that IL-6

induced MIA-associated autism probably by activating

the JAK2/STAT3 signaling (Parker-Athill et al., 2009).

However, in a case-control study, a profile of elevated

serum IFN-c, IL-4 and IL-5, but not IL-6, was more

common in women who gave birth to a child

subsequently diagnosed with autism (Goines et al.,

2011). Secondly, it has been suggested that microglia

and astrocyte stimulation could lead to an IL-6 elevation

in the brain. Expression profiling of postmortem brain
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tissue from autistic individuals revealed increased

messenger RNA transcript levels of several immune

system-associated genes, implicating neuroimmune

processes in autism (Garbett et al., 2008). Vargas et al.

demonstrated an active neuroimmune process in the

cerebral cortex, white matter, and notably in the

cerebellum of autistic subjects. The results of this study

showed marked activation of microglia and astrocytes

and suggested that reactive astrocytes could be the

main source of MCP-1 and IL-6 in the brains of autistic

subjects (Vargas et al., 2005). Microglial activation and

increased microglial density observed in the dorsolateral

prefrontal cortex of the autistic brain have also been

reported in another independent study (Morgan et al.,

2010).

All these evidences suggest that brain IL-6 may play

an important role in the development of autism.

However, the exact mechanism in which IL-6 alteration

contributes to the pathophysiology of autism remains

undefined. A maternal injection of IL-6 on mouse

pregnancy causes prepulse inhibition and latent

inhibition deficits in the adult offspring. Moreover, an

anti-IL-6 antibody that inactivates IL-6 improves autism-

like behaviors and normalizes the associated changes in

gene expression in the brains of adult offspring mice

(Smith et al., 2007). Wei et al. developed a mouse

model of over-expressing IL-6 in the brain with an

adenoviral gene delivery approach and confirmed that

IL-6 is an important mediator of autism-like behaviors.

This study found that mice with an elevated IL-6 level in

the brain developed autism-like behaviors (Wei et al.,

2012a). These findings suggest that IL-6 elevation in the

brain could modulate certain pathological alterations and

contribute to the development of autism. On the other

hand, we cannot exclude the possibility that IL-6 may

not be the cause but resume from some abnormal

environmental or genetic predisposition.

Earlier studies have shown that structural

abnormalities occur in many areas of the autistic brain

(Bauman and Kemper, 1985; Ritvo et al., 1986).

Prenatal exposure of pregnant mice to an influenza

virus was found to affect the developing brain structure

as evident by pyramidal cell atrophy and macrocephaly

in adulthood (Fatemi et al., 2002). A number of

structural neuroimaging studies have shown that

individuals with autism exhibit neuroanatomical

abnormalities. The clinical onset of autism appears to be

related to a reduced head size at birth and a sudden

and excessive increase in head size between 1 to

2 months and 6 to 14 months (Courchesne et al., 2003).

In a larger autism study, magnetic resonance imaging

(MRI) data demonstrated that early brain overgrowth

during infancy and the toddler years in autistic boys and

girls, followed by an accelerated rate of decline in size

and perhaps degeneration from adolescence to late

middle age tends to occur in this disorder (Courchesne

et al., 2011). Using high-resolution MRI, Wei et al. found

that mice with elevated IL-6 in the brain display an

increase in total brain volume. In addition, the lateral

ventricle is also enlarged in mice that overexpress IL-6.

The brain structure surrounding the lateral ventricle was
squeezed and deformed from the normal location (Wei

et al., 2012b). These results indicate that IL-6 elevation

in the brain could mediate neuroanatomical abnormalities.
A possible mechanism through which brain IL-6
elevation contributes to the development of autism

Inhibitory and excitatory synapses play fundamental roles

in information processing in the brain. Inappropriate loss of

synaptic stability could lead to the disruption of neuronal

circuits and to brain dysfunction. A key role for

excitatory/inhibitory alterations in autism is supported by

the observation that 10–30% of autistic individuals have

epilepsy (Canitano, 2007). The synaptic abnormality

hypothesis is further supported by the identification of

mutations affecting synaptic cell adhesion molecules,

including NRXN1, NLGN3/4, SHANK3, as well as

mutations in synaptic proteins, including CNTNAP2,

CACNA1C, CNTN3/4 and PCDH9/10, in autistic subjects

(Durand et al., 2007; Abrahams and Geschwind, 2008;

Alarcon et al., 2008; Arking et al., 2008; Bakkaloglu

et al., 2008; Kim et al., 2008; Marshall et al., 2008;

Morrow et al., 2008). Several animal studies also

indicate that the imbalance between excitatory and

inhibitory synapses is involved in the pathology of autism

(Tabuchi et al., 2007; Peca et al., 2011).

Many studies have demonstrated a detrimental effect

of elevated IL-6 levels on long-term synaptic plasticity and

that IL-6 has physiological and pathological effects on

learning and memory (Yirmiya and Goshen, 2011). At a

certain concentration, IL-6 significantly reduced the

number of primary dendrites, nodes, total dendritic

length and neuron survival was also reduced (Gilmore

et al., 2004). Chronic IL-6 altered the level of synaptic

proteins in the hippocampus in cultured cells and in vivo
(Vereyken et al., 2007). Elevated IL-6 levels in cultured

cerebellar granule cells led to alterations in neural cell

adhesion and migration and also caused an imbalance

of excitatory and inhibitory circuits (Wei et al., 2011). In

the aforementioned IL-6 autistic mice, IL-6 elevation in

the brain has also been shown to result in an alteration

in excitatory and inhibitory synaptic formations and

imbalance of excitatory/inhibitory synaptic transmissions

(Wei et al., 2012a). IL-6 elevation stimulated excitatory

synapse formation, while it impaired the development of

inhibitory synapses and reduced the paired-pulse

inhibition, a form of short-term synaptic plasticity.

Dendritic spines are small membranous protrusions

from the neuronal surface, each of which receives input

typically from one excitatory synapse (Nimchinsky et al.,

2002). It is becoming evident that spine morphology is

intimately linked to synapse function, which is the basis

of learning and memory (Yuste and Bonhoeffer, 2001).

Several studies have shown reduced dendritic spine

density in specific brain regions of subjects with

schizophrenia (Glantz and Lewis, 2000; Sweet et al.,

2009). Dendritic spine loss has also been described in

mouse models of Alzheimer’s disease (Knobloch and

Mansuy, 2008; Bittner et al., 2010). This is relevant as

there are both clinical and biological links between

autism and schizophrenia (Meyer et al., 2011). For
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instance, it has been shown that serum and CSF IL-6

levels are abnormally altered in schizophrenia patients

(Ganguli et al., 1994; van Kammen et al., 1999) in a

manner similar to autistic patients. The accumulating

evidence supports the hypothesis that the pathogenesis

of autism and schizophrenia is linked via exposure to

inflammation at early stages of development of the

respective disease (Meyer et al., 2011; Patterson,

2011). However, unlike in schizophrenia and

Alzheimer’s disease, Golgi-impregnated postmortem

autistic brain tissue revealed an increase in spine

density on apical dendrites of pyramidal neurons from

cortical layer 2 in the frontal, temporal and parietal lobes

and layer 5 in the temporal lobe only (Hutsler and

Zhang, 2010). Elevated spine density has also been

reported in the brain of fragile X syndrome patients, in

which one third of the subjects exhibit autistic symptoms

(Irwin et al., 2001). Peça et al. (Peca et al., 2011)

reported that Shank3 mutant mice display autistic-like

behaviors, but these mice display a significant reduction

in spine density. Up to now, the evidence of IL-6 and

dendritic spine pathology is limited. Wei et al. found that

IL-6 elevation stimulated the formation of mushroom-

shaped dendritic spines and resulted in a significant

increase in the length of dendritic spines (Wei et al.,

2012a). The stimulatory effect of IL-6 on the mushroom-

shaped spines further supports the possibility that IL-6

elevation may stimulate the formation of excitatory
Fig. 1. A possible pathological mechanism by which IL-6 may be

involved in autism.
synapses and result in enhanced excitatory synaptic

transmission in the autistic brain.

CONCLUSION

In conclusion, a possible pathological mechanism behind

autism is speculated. IL-6 elevation in the brain, caused

by the activated glia and/or MIA could mediate autism-

like behaviors, through impairments of neuroanatomical

structures and neuronal plasticity (Fig. 1). It is of great

importance to further investigate whether therapeutic

interventions in autism can be achieved through the

manipulation of IL-6. For example, the blockade of IL-6

signaling in animal models of autism could be examined

to analyze whether autism-like behaviors are modulated.

However, it is conceivable that other cytokines in the

autistic brain, except IL-6, could also have a coordinative

or independent role in mediating the abnormal brain

development in autism. Furthermore, the signaling

pathway through which IL-6 affects neurons in the

autistic brain and the neuropathological effect of IL-6 in

young autistic patients are topics of great value for future

studies. It is worth noting that while a neuroimmune

explanation for the pathophysiology of autism is excited,

attention also needs to be paid to the genetic factors,

environmental risk factors and other factors.

COMPETING INTERESTS

The authors declare that they have no competing

interests.

Acknowledgment—This work was supported by grants to H. Wei

from the National Natural Science Foundation of China (No.

81201061).
REFERENCES

Abrahams BS, Geschwind DH (2008) Advances in autism genetics:

on the threshold of a new neurobiology. Nat Rev Genet

9:341–355.

Alarcon M, Abrahams BS, Stone JL, Duvall JA, Perederiy JV, Bomar

JM, Sebat J, Wigler M, Martin CL, Ledbetter DH, Nelson SF,

Cantor RM, Geschwind DH (2008) Linkage, association, and

gene-expression analyses identify CNTNAP2 as an autism-

susceptibility gene. Am J Hum Genet 82:150–159.

Arking DE, Cutler DJ, Brune CW, Teslovich TM, West K, Ikeda M,

Rea A, Guy M, Lin S, Cook EH, Chakravarti A (2008) A common

genetic variant in the neurexin superfamily member CNTNAP2

increases familial risk of autism. Am J Hum Genet 82:160–164.

Ashwood P, Anthony A, Torrente F, Wakefield AJ (2004)

Spontaneous mucosal lymphocyte cytokine profiles in children

with autism and gastrointestinal symptoms: mucosal immune

activation and reduced counter regulatory interleukin-10. J Clin

Immunol 24:664–673.

Ashwood P, Krakowiak P, Hertz-Picciotto I, Hansen R, Pessah I, Van

de Water J (2011a) Elevated plasma cytokines in autism

spectrum disorders provide evidence of immune dysfunction

and are associated with impaired behavioral outcome. Brain

Behav Immun 25:40–45.

Ashwood P, Krakowiak P, Hertz-Picciotto I, Hansen R, Pessah IN,

Van de Water J (2011b) Altered T cell responses in children with

autism. Brain Behav Immun 25:840–849.

Bakkaloglu B, O’Roak BJ, Louvi A, Gupta AR, Abelson JF, Morgan

TM, Chawarska K, Klin A, Ercan-Sencicek AG, Stillman AA,

http://refhub.elsevier.com/S0306-4522(13)00713-6/h0005
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0005
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0005
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0010
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0010
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0010
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0010
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0010
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0015
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0015
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0015
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0015
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0020
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0020
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0020
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0020
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0020
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0405
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0405
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0405
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0405
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0405
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0410
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0410
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0410
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0035
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0035


324 H. Wei et al. / Neuroscience 252 (2013) 320–325
Tanriover G, Abrahams BS, Duvall JA, Robbins EM, Geschwind

DH, Biederer T, Gunel M, Lifton RP, State MW (2008) Molecular

cytogenetic analysis and resequencing of contactin associated

protein-like 2 in autism spectrum disorders. Am J Hum Genet

82:165–173.

Bauman M, Kemper TL (1985) Histoanatomic observations of the

brain in early infantile autism. Neurology 35:866–874.

Benveniste EN (1998) Cytokine actions in the central nervous

system. Cytokine Growth Factor Rev 9:259–275.

Bittner T, Fuhrmann M, Burgold S, Ochs SM, Hoffmann N,

Mitteregger G, Kretzschmar H, LaFerla FM, Herms J (2010)

Multiple events lead to dendritic spine loss in triple transgenic

Alzheimer’s disease mice. PLoS One 5:e15477.

Boulanger LM (2009) Immune proteins in brain development and

synaptic plasticity. Neuron 64:93–109.

Buehler MR (2011) A proposed mechanism for autism: an aberrant

neuroimmune response manifested as a psychiatric disorder.

Med Hypotheses 76:863–870.

Buxbaum JD, Baron-Cohen S, Devlin B (2010) Genetics in

psychiatry: common variant association studies. Mol Autism 1:6.

Canitano R (2007) Epilepsy in autism spectrum disorders. Eur Child

Adolesc Psychiatry 16:61–66.

Chez MG, Dowling T, Patel PB, Khanna P, Kominsky M (2007)

Elevation of tumor necrosis factor-alpha in cerebrospinal fluid of

autistic children. Pediatr Neurol 36:361–365.

Chez MG, Guido-Estrada N (2010) Immune therapy in autism:

historical experience and future directions with

immunomodulatory therapy. Neurotherapeutics 7:293–301.

Conroy SM, Nguyen V, Quina LA, Blakely-Gonzales P, Ur C,

Netzeband JG, Prieto AL, Gruol DL (2004) Interleukin-6

produces neuronal loss in developing cerebellar granule neuron

cultures. J Neuroimmunol 155:43–54.

Courchesne E, Campbell K, Solso S (2011) Brain growth across the

life span in autism: age-specific changes in anatomical pathology.

Brain Res 1380:138–145.

Courchesne E, Carper R, Akshoomoff N (2003) Evidence of brain

overgrowth in the first year of life in autism. JAMA 290:

337–344.

DeFelice ML, Ruchelli ED, Markowitz JE, Strogatz M, Reddy KP,

Kadivar K, Mulberg AE, Brown KA (2003) Intestinal cytokines in

children with pervasive developmental disorders. Am J

Gastroenterol 98:1777–1782.

Devlin B, Melhem N, Roeder K (2011) Do common variants play a

role in risk for autism? Evidence and theoretical musings. Brain

Res 1380:78–84.

Durand CM, Betancur C, Boeckers TM, Bockmann J, Chaste P,

Fauchereau F, Nygren G, Rastam M, Gillberg IC, Anckarsater H,

Sponheim E, Goubran-Botros H, Delorme R, Chabane N,

Mouren-Simeoni MC, de Mas P, Bieth E, Roge B, Heron D,

Burglen L, Gillberg C, Leboyer M, Bourgeron T (2007) Mutations

in the gene encoding the synaptic scaffolding protein SHANK3 are

associated with autism spectrum disorders. Nat Genet 39:25–27.

Emanuele E, Orsi P, Boso M, Broglia D, Brondino N, Barale F, di

Nemi SU, Politi P (2010) Low-grade endotoxemia in patients with

severe autism. Neurosci Lett 471:162–165.

Enstrom AM, Onore CE, Van de Water JA, Ashwood P (2010)

Differential monocyte responses to TLR ligands in children with

autism spectrum disorders. Brain Behav Immun 24:64–71.

Fatemi SH, Earle J, Kanodia R, Kist D, Emamian ES, Patterson PH,

Shi L, Sidwell R (2002) Prenatal viral infection leads to pyramidal

cell atrophy and macrocephaly in adulthood: implications for

genesis of autism and schizophrenia. Cell Mol Neurobiol

22:25–33.

Gadient RA, Otten UH (1997) Interleukin-6 (IL-6) – a molecule with

both beneficial and destructive potentials. Prog Neurobiol

52:379–390.

Ganguli R, Yang Z, Shurin G, Chengappa KN, Brar JS, Gubbi AV,

Rabin BS (1994) Serum interleukin-6 concentration in

schizophrenia: elevation associated with duration of illness.

Psychiatry Res 51:1–10.
Garay PA, McAllister AK (2010) Novel roles for immune molecules in

neural development: implications for neurodevelopmental

disorders. Front Synaptic Neurosci 2:136.

Garbett K, Ebert PJ, Mitchell A, Lintas C, Manzi B, Mirnics K, Persico

AM (2008) Immune transcriptome alterations in the temporal

cortex of subjects with autism. Neurobiol Dis 30:303–311.

Gilmore JH, Fredrik Jarskog L, Vadlamudi S, Lauder JM (2004)

Prenatal infection and risk for schizophrenia: IL-1beta, IL-6, and

TNFalpha inhibit cortical neuron dendrite development.

Neuropsychopharmacology 29:1221–1229.

Glantz LA, Lewis DA (2000) Decreased dendritic spine density on

prefrontal cortical pyramidal neurons in schizophrenia. Arch Gen

Psychiatry 57:65–73.

Goines PE, Croen LA, Braunschweig D, Yoshida CK, Grether J,

Hansen R, Kharrazi M, Ashwood P, Van de Water J (2011)

Increased midgestational IFN-c, IL-4 and IL-5 in women bearing a

child with autism: a case–control study. Mol Autism 2:13.

Hagberg H, Gressens P, Mallard C (2012) Inflammation during fetal

and neonatal life: implications for neurologic and neuropsychiatric

disease in children and adults. Ann Neurol 71:444–457.

Hallmayer J, Cleveland S, Torres A, Phillips J, Cohen B, Torigoe T,

Miller J, Fedele A, Collins J, Smith K, Lotspeich L, Croen LA,

Ozonoff S, Lajonchere C, Grether JK, Risch N (2011) Genetic

heritability and shared environmental factors among twin pairs

with autism. Arch Gen Psychiatry 68:1095–1102.

Heo Y, Zhang Y, Gao D, Miller VM, Lawrence DA (2011) Aberrant

immune responses in a mouse with behavioral disorders. PLoS

One 6:e20912.

Hutsler JJ, Zhang H (2010) Increased dendritic spine densities on

cortical projection neurons in autism spectrum disorders. Brain

Res 1309:83–94.

Irwin SA, Patel B, Idupulapati M, Harris JB, Crisostomo RA, Larsen

BP, Kooy F, Willems PJ, Cras P, Kozlowski PB, Swain RA, Weiler

IJ, Greenough WT (2001) Abnormal dendritic spine

characteristics in the temporal and visual cortices of patients

with fragile-X syndrome: a quantitative examination. Am J Med

Genet 98:161–167.

Juillerat-Jeanneret L, Fioroni P, Leuenberger P (1995) Modulation of

secretion of interleukin-6 in brain-derived microvascular

endothelial cells. Endothelium 3:31–37.

Juttler E, Tarabin V, Schwaninger M (2002) Interleukin-6 (IL-6): a

possible neuromodulator induced by neuronal activity.

Neuroscientist 8:268–275.

Jyonouchi H, Sun S, Le H (2001) Proinflammatory and regulatory

cytokine production associated with innate and adaptive immune

responses in children with autism spectrum disorders and

developmental regression. J Neuroimmunol 120:170–179.

Kim HG, Kishikawa S, Higgins AW, Seong IS, Donovan DJ, Shen Y,

Lally E, Weiss LA, Najm J, Kutsche K, Descartes M, Holt L,

Braddock S, Troxell R, Kaplan L, Volkmar F, Klin A, Tsatsanis K,

Harris DJ, Noens I, Pauls DL, Daly MJ, MacDonald ME, Morton

CC, Quade BJ, Gusella JF (2008) Disruption of neurexin 1

associated with autism spectrum disorder. Am J Hum Genet

82:199–207.

Knobloch M, Mansuy IM (2008) Dendritic spine loss and synaptic

alterations in Alzheimer’s disease. Mol Neurobiol 37:73–82.

Li X, Chauhan A, Sheikh AM, Patil S, Chauhan V, Li XM, Ji L, Brown

T, Malik M (2009) Elevated immune response in the brain of

autistic patients. J Neuroimmunol 207:111–116.

Malik M, Sheikh AM, Wen G, Spivack W, Brown WT, Li X (2011)

Expression of inflammatory cytokines, Bcl2 and cathepsin D are

altered in lymphoblasts of autistic subjects. Immunobiology

216:80–85.

Marshall CR, Noor A, Vincent JB, Lionel AC, Feuk L, Skaug J, Shago

M, Moessner R, Pinto D, Ren Y, Thiruvahindrapduram B, Fiebig

A, Schreiber S, Friedman J, Ketelaars CE, Vos YJ, Ficicioglu C,

Kirkpatrick S, Nicolson R, Sloman L, Summers A, Gibbons CA,

Teebi A, Chitayat D, Weksberg R, Thompson A, Vardy C, Crosbie

V, Luscombe S, Baatjes R, Zwaigenbaum L, Roberts W,

Fernandez B, Szatmari P, Scherer SW (2008) Structural

http://refhub.elsevier.com/S0306-4522(13)00713-6/h0035
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0035
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0035
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0035
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0035
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0040
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0040
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0045
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0045
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0050
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0050
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0050
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0050
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0055
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0055
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0060
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0060
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0060
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0065
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0065
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0070
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0070
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0075
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0075
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0075
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0080
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0080
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0080
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0085
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0085
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0085
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0085
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0090
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0090
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0090
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0095
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0095
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0095
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0100
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0100
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0100
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0100
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0105
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0105
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0105
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0110
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0110
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0110
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0110
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0110
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0110
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0110
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0115
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0115
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0115
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0415
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0415
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0415
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0125
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0125
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0125
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0125
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0125
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0130
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0130
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0130
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0135
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0135
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0135
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0135
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0140
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0140
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0140
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0145
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0145
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0145
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0150
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0150
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0150
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0150
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0155
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0155
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0155
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0420
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0420
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0420
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0420
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0165
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0165
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0165
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0170
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0170
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0170
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0170
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0170
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0175
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0175
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0175
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0180
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0180
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0180
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0185
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0185
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0185
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0185
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0185
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0185
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0190
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0190
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0190
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0195
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0195
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0195
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0200
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0200
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0200
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0200
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0205
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0205
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0205
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0205
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0205
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0205
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0205
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0210
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0210
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0215
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0215
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0215
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0220
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0220
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0220
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0220
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0225
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0225
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0225
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0225
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0225
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0225
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0225


H. Wei et al. / Neuroscience 252 (2013) 320–325 325
variation of chromosomes in autism spectrum disorder. Am J Hum

Genet 82:477–488.

McAllister AK, Patterson PH (2012) Introduction to special issue on

neuroimmunology in brain development and disease. Dev

Neurobiol 72:1269–1271.

Meyer U, Feldon J, Dammann O (2011) Schizophrenia and autism:

both shared and disorder-specific pathogenesis via perinatal

inflammation? Pediatr Res 69:26R–33R.

Molloy CA, Morrow AL, Meinzen-Derr J, Schleifer K, Dienger K,

Manning-Courtney P, Altaye M, Wills-Karp M (2006) Elevated

cytokine levels in children with autism spectrum disorder. J

Neuroimmunol 172:198–205.

Morgan JT, Chana G, Pardo CA, Achim C, Semendeferi K,

Buckwalter J, Courchesne E, Everall IP (2010) Microglial

activation and increased microglial density observed in the

dorsolateral prefrontal cortex in autism. Biol Psychiatry

68:368–376.

Morrow EM, Yoo SY, Flavell SW, Kim TK, Lin Y, Hill RS, Mukaddes

NM, Balkhy S, Gascon G, Hashmi A, Al-Saad S, Ware J, Joseph

RM, Greenblatt R, Gleason D, Ertelt JA, Apse KA, Bodell A,

Partlow JN, Barry B, Yao H, Markianos K, Ferland RJ, Greenberg

ME, Walsh CA (2008) Identifying autism loci and genes by tracing

recent shared ancestry. Science 321:218–223.

Nakanishi M, Niidome T, Matsuda S, Akaike A, Kihara T, Sugimoto H

(2007) Microglia-derived interleukin-6 and leukaemia inhibitory

factor promote astrocytic differentiation of neural stem/progenitor

cells. Eur J Neurosci 25:649–658.

Nimchinsky EA, Sabatini BL, Svoboda K (2002) Structure and

function of dendritic spines. Annu Rev Physiol 64:313–353.

Oh J, McCloskey MA, Blong CC, Bendickson L, Nilsen-Hamilton M,

Sakaguchi DS (2010) Astrocyte-derived interleukin-6 promotes

specific neuronal differentiation of neural progenitor cells from

adult hippocampus. J Neurosci Res 88:2798–2809.

Onore C, Careaga M, Ashwood P (2012) The role of immune

dysfunction in the pathophysiology of autism. Brain Behav Immun

26:383–392.

Pardo-Villamizar CA, Zimmerman AW (2009) Inflammation and

neuroimmunity in the pathogenesis of autism: neural and

immune network interactions. In: Autism: oxidative stress,

inflammation, and immune abnormalities. CRC Press. p.

225–244.

Parker-Athill E, Luo D, Bailey A, Giunta B, Tian J, Shytle RD, Murphy

T, Legradi G, Tan J (2009) Flavonoids, a prenatal prophylaxis via

targeting JAK2/STAT3 signaling to oppose IL-6/MIA associated

autism. J Neuroimmunol 217:20–27.

Parker-Athill EC, Tan J (2010) Maternal immune activation and

autism spectrum disorder: interleukin-6 signaling as a key

mechanistic pathway. Neurosignals 18:113–128.

Patterson PH (2011) Maternal infection and immune involvement in

autism. Trends Mol Med 17:389–394.

Peca J, Feliciano C, Ting JT, Wang W, Wells MF, Venkatraman TN,

Lascola CD, Fu Z, Feng G (2011) Shank3 mutant mice display

autistic-like behaviours and striatal dysfunction. Nature

472:437–442.

Peng YP, Qiu YH, Lu JH, Wang JJ (2005) Interleukin-6 protects

cultured cerebellar granule neurons against glutamate-induced

neurotoxicity. Neurosci Lett 374:192–196.

Ritvo ER, Freeman BJ, Scheibel AB, Duong T, Robinson H, Guthrie

D, Ritvo A (1986) Lower Purkinje cell counts in the cerebella of

four autistic subjects: initial findings of the UCLA-NSAC Autopsy

Research Report. Am J Psychiatry 143:862–866.

Samuelsson AM, Jennische E, Hansson HA, Holmang A (2006)

Prenatal exposure to interleukin-6 results in inflammatory

neurodegeneration in hippocampus with NMDA/GABA(A)

dysregulation and impaired spatial learning. Am J Physiol Regul

Integr Comp Physiol 290:R1345–R1356.
Smith SE, Li J, Garbett K, Mirnics K, Patterson PH (2007) Maternal

immune activation alters fetal brain development through

interleukin-6. J Neurosci 27:10695–10702.

Spooren A, Kolmus K, Laureys G, Clinckers R, De Keyser J,

Haegeman G, Gerlo S (2011) Interleukin-6, a mental cytokine.

Brain Res Rev 67:157–183.

Suzuki K, Matsuzaki H, Iwata K, Kameno Y, Shimmura C, Kawai S,

Yoshihara Y, Wakuda T, Takebayashi K, Takagai S, Matsumoto

K, Tsuchiya KJ, Iwata Y, Nakamura K, Tsujii M, Sugiyama T, Mori

N (2011) Plasma cytokine profiles in subjects with high-

functioning autism spectrum disorders. PLoS One 6:e20470.

Sweet RA, Henteleff RA, Zhang W, Sampson AR, Lewis DA (2009)

Reduced dendritic spine density in auditory cortex of subjects with

schizophrenia. Neuropsychopharmacology 34:374–389.

Tabuchi K, Blundell J, Etherton MR, Hammer RE, Liu X, Powell CM,

Sudhof TC (2007) A neuroligin-3 mutation implicated in autism

increases inhibitory synaptic transmission in mice. Science

318:71–76.

Theoharides TC, Kempuraj D, Redwood L (2009) Autism: an

emerging ‘neuroimmune disorder’ in search of therapy. Expert

Opin Pharmacother 10:2127–2143.

van Kammen DP, McAllister-Sistilli CG, Kelley ME, Gurklis JA, Yao

JK (1999) Elevated interleukin-6 in schizophrenia. Psychiatry Res

87:129–136.

Vargas DL, Nascimbene C, Krishnan C, Zimmerman AW, Pardo CA

(2005) Neuroglial activation and neuroinflammation in the brain of

patients with autism. Ann Neurol 57:67–81.

Vereyken EJ, Bajova H, Chow S, de Graan PN, Gruol DL (2007)

Chronic interleukin-6 alters the level of synaptic proteins in

hippocampus in culture and in vivo. Eur J Neurosci

25:3605–3616.

Wang XC, Qiu YH, Peng YP (2007) Interleukin-6 protects cerebellar

granule neurons from NMDA-induced neurotoxicity. Sheng Li Xue

Bao 59:150–156.

Wang XQ, Peng YP, Lu JH, Cao BB, Qiu YH (2009) Neuroprotection

of interleukin-6 against NMDA attack and its signal transduction

by JAK and MAPK. Neurosci Lett 450:122–126.

Wei H, Chadman KK, McCloskey DP, Sheikh AM, Malik M, Brown

WT, Li X (2012a) Brain IL-6 elevation causes neuronal circuitry

imbalances and mediates autism-like behaviors. Biochim Biophys

Acta 1822:831–842.

Wei H, Mori S, Hua K, Li X (2012b) Alteration of brain volume in IL-6

overexpressing mice related to autism. Int J Dev Neurosci

30:554–559.

Wei H, Zou H, Sheikh AM, Malik M, Dobkin C, Brown WT, Li X (2011)

IL-6 is increased in the cerebellum of autistic brain and alters

neural cell adhesion, migration and synaptic formation. J

Neuroinflamm 8:52.

Weiss LA (2009) Autism genetics: emerging data from genome-wide

copy-number and single nucleotide polymorphism scans. Expert

Rev Mol Diagn 9:795–803.

Yirmiya R, Goshen I (2011) Immune modulation of learning, memory,

neural plasticity and neurogenesis. Brain Behav Immun

25:181–213.

Yuste R, Bonhoeffer T (2001) Morphological changes in dendritic

spines associated with long-term synaptic plasticity. Annu Rev

Neurosci 24:1071–1089.

Zhang P, Chebath J, Lonai P, Revel M (2004) Enhancement of

oligodendrocyte differentiation from murine embryonic stem cells

by an activator of gp130 signaling. Stem Cells 22:344–354.

Zhang PL, Levy AM, Ben-Simchon L, Haggiag S, Chebath J, Revel M

(2007) Induction of neuronal and myelin-related gene expression

by IL-6-receptor/IL-6: a study on embryonic dorsal root ganglia

cells and isolated Schwann cells. Exp Neurol 208:285–296.
(Accepted 15 August 2013)
(Available online 28 August 2013)

http://refhub.elsevier.com/S0306-4522(13)00713-6/h0225
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0225
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0230
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0230
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0230
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0235
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0235
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0235
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0240
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0240
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0240
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0240
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0245
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0245
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0245
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0245
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0245
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0250
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0250
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0250
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0250
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0250
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0250
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0255
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0255
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0255
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0255
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0260
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0260
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0265
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0265
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0265
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0265
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0270
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0270
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0270
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0425
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0425
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0425
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0425
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0425
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0275
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0275
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0275
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0275
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0280
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0280
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0280
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0285
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0285
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0290
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0290
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0290
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0290
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0295
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0295
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0295
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0300
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0300
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0300
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0300
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0305
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0305
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0305
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0305
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0305
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0310
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0310
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0310
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0315
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0315
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0315
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0320
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0320
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0320
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0320
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0320
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0325
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0325
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0325
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0330
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0330
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0330
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0330
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0335
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0335
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0335
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0340
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0340
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0340
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0345
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0345
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0345
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0350
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0350
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0350
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0350
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0355
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0355
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0355
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0360
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0360
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0360
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0365
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0365
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0365
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0365
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0370
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0370
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0370
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0375
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0375
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0375
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0375
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0380
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0380
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0380
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0385
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0385
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0385
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0390
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0390
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0390
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0395
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0395
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0395
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0400
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0400
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0400
http://refhub.elsevier.com/S0306-4522(13)00713-6/h0400

	Brain IL-6 and autism
	Introduction
	Brain IL-6 and autism
	The role of IL-6 in CNS
	Elevated IL-6 in the autistic brain
	A possible mechanism through which brain IL-6 elevation contributes to the development of autism

	Conclusion
	Competing interests
	Acknowledgment
	References


