4

rontier

R4

1

BRAIN-IMMUI}IE INTERACTIONS
IN HEALTH AND DISEASE

#

: .
Topic Editors '

Adam Denes and Jaleel A. Miyan
&

’
i

front;ers in
NEUROSCIENCE

frontiers In
ENDOCRINOLOGY



http://journal.frontiersin.org/researchtopic/brainimmune-interactions-in-health-and-disease-1268
http://journal.frontiersin.org/researchtopic/brainimmune-interactions-in-health-and-disease-1268
http://www.frontiersin.org/Neuroscience
http://journal.frontiersin.org/researchtopic/brainimmune-interactions-in-health-and-disease-1268
http://journal.frontiersin.org/researchtopic/brainimmune-interactions-in-health-and-disease-1268
http://www.frontiersin.org/Endocrinology

FRONTIERS COPYRIGHT
STATEMENT

© Copyright 2007-2015
Frontiers Media SA.
All rights reserved.

All content included on this site, such as
text, graphics, logos, button icons, images,
video/audio clips, downloads, data
compilations and software, is the property
of or is licensed to Frontiers Media SA
(“Frontiers”) or its licensees and/or
subcontractors. The copyright in the text
of individual articles is the property of their
respective authors, subject to a license
granted to Frontiers.

The compilation of articles constituting
this e-book, wherever published, as well
as the compilation of all other content on
this site, is the exclusive property of
Frontiers. For the conditions for
downloading and copying of e-books from
Frontiers’ website, please see the Terms
for Website Use. If purchasing Frontiers
e-books from other websites or sources,
the conditions of the website concerned
apply.

Images and graphics not forming part of
user-contributed materials may not be
downloaded or copied without
permission.

Individual articles may be downloaded
and reproduced in accordance with the
principles of the CC-BY licence subject to
any copyright or other notices. They may
not be re-sold as an e-book.

As author or other contributor you grant a
CC-BY licence to others to reproduce
your articles, including any graphics and
third-party materials supplied by you, in
accordance with the Conditions for
Website Use and subject to any copyright
notices which you include in connection
with your articles and materials.

All copyright, and all rights therein, are
protected by national and international
copyright laws.

The above represents a summary only.
For the full conditions see the Conditions
for Authors and the Conditions for
Website Use.

ISSN 1664-8714
ISBN 978-2-88919-514-5
DOI 10.3389/978-2-88919-514-5

frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a pioneering
approach to the world of academia, radically improving the way scholarly research is managed.
The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share
and generate knowledge. Frontiers provides immediate and permanent online open access to all
its publications, but this alone is not enough to realize our grand goals.

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access, online
journals, promising a paradigm shift from the current review, selection and dissemination
processes in academic publishing.

All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service
to the scholarly community. At the same time, the Frontiers Journal Series operates on a revo-
lutionary invention, the tiered publishing system, initially addressing specific communities of
scholars, and gradually climbing up to broader public understanding, thus serving the interests
of the lay society, too.

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interac-
tions between authors and review editors, who include some of the world’s best academicians.
Research must be certified by peers before entering a stream of knowledge that may eventually
reach the public - and shape society; therefore, Frontiers only applies the most rigorous and
unbiased reviews.

Frontiers revolutionizes research publishing by freely delivering the most outstanding research,
evaluated with no bias from both the academic and social point of view.

By applying the most advanced information technologies, Frontiers is catapulting scholarly
publishing into a new generation.

Frontiers Research Topics are very popular trademarks of the Frontiers Journals Series: they are
collections of at least ten articles, all centered on a particular subject. With their unique mix
of varied contributions from Original Research to Review Articles, Frontiers Research Topics
unify the most influential researchers, the latest key findings and historical advances in a hot
research area!

Find out more on how to host your own Frontiers Research Topic or contribute to one as an
author by contacting the Frontiers Editorial Office: researchtopics@frontiersin.org

April 2015 | Brain-immune Interactions in Health and Disease | 1


http://journal.frontiersin.org/researchtopic/brainimmune-interactions-in-health-and-disease-1268
http://www.frontiersin.org/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

BRAIN-IMMUNE INTERACTIONS
IN HEALTH AND DISEASE

Topic Editors:
Adam Denes, Institute of Experimental Medicine, Hungary; University of Manchester, UK
Jaleel A. Miyan, University of Manchester, UK

Brain-immune interactions are essential to
maintain health and their dysfunction contributes
to diverse human diseases. Recent data show that
haematopoietic processes and immune organs
are under central autonomic control. Deficient
regulation of inflammatory events contributes

to brain diseases, whereas acute or chronic brain
injury is linked with the development of systemic
inflammatory conditions or immunosuppression.
At present, common disorders with high socio-
economic burden such as cancer, cardiovascular-,
neuroinflammatory- and neurodegenerative
diseases, asthma, allergies, autism, psychiatric
conditions and sepsis are believed to be
influenced, at least in part, by the dysfunction of
brain-immune communication. Since the median
age of the world’s population is increasing
rapidly, it is expected that the burden of common
non-communicable diseases will further

NPY-positive (green) nerve fibers are found

in close proximity to myeloid cells (red) in increase, which represents a huge challenge to
the femoral bone marrow. the health care systems worldwide. Thus, there

is an increasing demand to understand and treat
Image credit: “Image property of the complex diseases, many of which are age-related,
Denes lab” and this is not possible unless the fine-tuned

communication between large systems -such as the nervous and the immune system- is
comprehensively understood.

Although it is impossible to cover all areas of relevant research in this field, papers in this
eBook give some insight to a few important aspects of brain-immune interactions and their
contribution to disease. We hope that this collection could stimulate further relevant research
and facilitate discussions to support the understanding of the highly complex interactions
between the immune system and the brain in health and disease.
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Modern medicine cannot avoid the understanding of the
fine-tuned communication between the many, seemingly distinct
systems in the body. An excellent example of this is the chal-
lenge to understand the bi-directional communication between
the brain and the immune system. Brain-immune interactions
take place in different organs, involving a wide range of cells
and mediators, coordinated through sensory and effector path-
ways in the central nervous system (Ader et al., 1990; Elenkov
et al., 2000; Rivest, 2009). The interactions work in both direc-
tions to maintain a healthy state of body and brain in the face
of diverse, harmful challenges from foodstuffs, toxins, allergens,
infective agents, or injury. Dysfunction and inappropriate reg-
ulation of inflammatory or neuronal responses underlie many
diseases that have become more prevalent in recent decades,
predominantly in developed countries. These countries are also
characterized by an increased aging population and profoundly
increased cost to healthcare due to age-related brain conditions
including dementia and other neurodegenerative diseases. Recent
research has established a significant role for the immune sys-
tem in several brain diseases including multiple sclerosis, tumors,
stroke, mental disorders, Alzeimer’s, and Parkinson’s disease. In
turn, mood disorders, stress, autonomic dysfunction, acute, and
chronic brain injury have been linked with the development of
organ failure, cancer, heart disease, systemic inflammatory condi-
tions, infections, and hematological diseases further implicating
dependent interrelationships between the immune system and the
brain (Denes et al., 2010; Moreno-Smith et al., 2010; Deretzi et al.,
2011; Tadecola and Anrather, 2011; Wraith and Nicholson, 2012;
Theoharides et al., 2013; Heneka et al., 2014). Both preclinical
and clinical research have contributed significantly to our knowl-
edge about these interactions, yet another major challenge is to
translate multiple research findings into clinical benefit.

The papers in this research topic discuss some of the most
pressing issues concerning the interactions between the neural
and immune systems. Murakami and colleagues present their
research findings and their “gateway” theory of how regional
neuronal responses can drive the migration of autoreactive T
cells across the cerebrovascular endothelium to particular sites
of the brain where they contribute to the development of experi-
mental autoimmune encephalomyelitis (EAE), a mouse model of
multiple sclerosis (Kamimura et al., 2013). They also show that
regional neural stimulation can therapeutically prevent the gating
through blood vessels. Geenen et al. discuss how autoimmunity
directed against neuroendocrine glands could be due to genetic or

acquired problems that affect the presentation of neuroendocrine
self-peptides in the thymus (Geenen et al., 2013). This process
in the thymus is normally responsible for the clonal deletion of
self-reactive T cells and the generation of regulatory T cells. Their
findings could thus support the development of novel treatment
strategies against type 1 diabetes for example.

In their comprehensive review article, Anrather and colleagues
describe how reprogramming of local and systemic immune
mechanisms contributes to the induction of cerebral ischemic
tolerance, a process that is characterized by protection against
the ischemic injury after application of ischemic stress to one
tissue or organ (Garcia-Bonilla et al., 2014). Appropriate repro-
gramming of key immune mechanisms could be used to develop
novel stroke therapies including possible prevention of injury
through stroke in vulnerable individuals. The research paper by
Denes et al. demonstrates that brain injury, anesthesia, and surgi-
cal interventions have diverse systemic consequences, including
altered leukocyte responses in several organs of the body and
rapid mobilization of granulocytes (Denes et al., 2013). This
could have important implications for animal models of cerebral
ischemia as well as for patients with brain injury or for those
undergoing surgeries or exposed to prolonged anesthesia. The
review article by Moller and his colleagues focuses on the regu-
lation of the kynurenine pathway by inflammatory mediators and
how this contributes to neurodegenerative and psychiatric disor-
ders (Campbell et al., 2014). They also highlight the potential
for therapeutic interventions by modulation of the kynurenine
pathway.

Assas and colleagues discuss important aspects of neuro-
immune communication and show how sensory fibers containing
the neuropeptide calcitonin gene-related peptide (CGRP) shape
the responses of macrophages, mast cells and other immune
cells throughout the body and how these interactions con-
tribute to immune defense and diverse inflammatory conditions
(Assas et al., 2014). This neuropeptide and the c class nerve
fibers that contain it thus form a key pathway for bi-directional
neuroimmune interactions and could form a target for future
neuroimmune based therapies.

Neuro-immune abnormalities not only affect adults and the
elderly, but also play a role in diverse diseases that manifest in
children. D’Angiulli et al. show that children in the Mexico City
Metropolitan Area, who are chronically exposed to high con-
centrations of air pollutants, present with increased amounts of
inflammatory mediators along with accumulation of misfolded
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proteins in the cerebrospinal fluid (Calderon-Garciduenas et al.,
2013). They propose that environmental factors could mediate
detrimental actions in the developing brain.

Paul Ashwood and colleagues report that the behavioral char-
acteristics, including social deficits, repetitive grooming behavior
and atypical vocalizations, observed in BTBR T+tf/] mice are
associated with the development of an inflammatory macrophage
phenotype in this strain (Onore et al., 2013). They suggest that
such a relationship between elevated inflammatory burden and
repetitive grooming behavior may have relevance to the repeti-
tive and stereotyped behavior characteristic of autism since many
Autistic children also present with an increased inflammatory
profile. Goyal and Miyan review the possible role of neuro-
immune abnormalities in autism (Goyal and Miyan, 2014).
They highlight the influence of environmental factors on the
abnormal neurological, immunological, and neuroimmunologi-
cal functions reported in Autistic children and discuss how these
interactions can lead to or exacerbate autism spectrum disorder.
Their discussion links poor development of the neuroimmune
system to vulnerability to these environmental challenges and the
consequential effects on the brain and its functions.

We hope that the articles presented in this research topic
give thought-provoking and valuable insight into some of the
important aspects of brain-immune interactions. Neuro-immune
processes are likely to contribute to diverse pathologies in both the
periphery and the brain leading to complex human diseases that
affect millions of people worldwide. Understanding mechanisms
of neuro-immune interactions could help to find appropriate
therapies to some of these conditions.
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Autism spectrum disorder (ASD) is a heterogeneous condition affecting an individual’s
ability to communicate and socialize and often presents with repetitive movements or
behaviors. It tends to be severe with less than 10% achieving independent living with
a marked variation in the progression of the condition. To date, the literature supports
a multifactorial model with the largest, most detailed twin study demonstrating strong
environmental contribution to the development of the condition. Here, we present a brief
review of the neurological, immunological, and autonomic abnormalities in ASD focusing
on the causative roles of environmental agents and abnormal gut microbiota. We present
a working hypothesis attempting to bring together the influence of environment on the
abnormal neurological, immunological, and neuroimmunological functions and we explain
in brief how such pathophysiology can lead to, and/or exacerbate ASD symptomatology.
At present, there is a lack of consistent findings relating to the neurobiology of autism.
Whilst we postulate such variable findings may reflect the marked heterogeneity in clini-
cal presentation and as such the variable findings may be of pathophysiological relevance,
more research into the neurobiology of autism is necessary before establishing a working
hypothesis. Both the literature review and hypothesis presented here explore possible neu-
robiological explanations with an emphasis of environmental etiologies and are presented
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with this bias.
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INTRODUCTION
Autism spectrum disorder (ASD) is a neurodevelopmental dis-
order of unknown etiology. Recent evidence suggests a strong
environmental component (1) and persistent neuroinflammation
(2-5). Within the phenology of ASD and associated disorders,
the subjectivity involved in attributing an infant or toddler with
introversion (or being in one’s own world, autism) is fraught with
difficulty. The difficulty is not whether such behavioral abnormali-
ties represent a neurobiological illness — consensus is for an organic
brain disorder — the challenge stems from the wide-ranging possi-
bilities underlying the visible disease (6, 7). A secondary obstacle
to the adequate identification of disease process in ASD patients
pertains to scientific disparity. Research efforts have focused more
on the genetic aspects of ASD than on environmental factors over
the previous 15 years (8). Consequently, several important factors
have impinged upon progress for ASD sufferers and those at risk.
The fixation on genetics led to reprioritization by medical staff
and displacement of non-genetic scientific researchers. Many clin-
icians awaited the genetic answer and the promise of targeted,
scientifically originated treatment. Conveying the certainty of the
scientific consensus at the time, clinicians are now faced with the
same patients and a different, almost polar growing certainty: there
are likely to be prognostic factors one can mitigate (9, 10).
Previous twin studies suggested a predominant genetic compo-
nent; however, these studies were poorly designed and had weak

power (16, 17). A recent twin study published in July 2011 was
well-designed with a substantial statistical power. One hundred
ninety-four twin groups were studied and clinically evaluated prior
to statistical analysis. Probandwise concordance for monozygotic
twins was 77% (95% CI, 65-86%) for 45 male pairs and 50% (95%
CI, 16-84%) for 9 female pairs. Concordance rates for dizygotic
twins were 31% (95% CI, 16-46%) and 36% (95% CI, 11-60%)
for 45 male and 13 female pairs, respectively. The study con-
cluded: autism has substantial environmental factors, and indeed
the environmental factors were of more significance than genetic
factors (1).

There has been another compounding factor. Diagnostic label-
ing has changed substantially. Since its discovery in the late
1930s, autism has gradually become the diagnosis of choice. It
has replaced and superseded childhood schizophrenia and feeble-
mindedness and has encompassed within the spectrum, a host
of neurodevelopmental disorders [for review see Ref. (11)]. This
allowed a rational argument for the increase in prevalence, and as
such a tempering of the strict scientific critique required.

Recent advancements in ASD research has led to a surge in
research activity, in particular neuro-immune and environmental
factors. Here, we present a view of ASD related to neurological,
immunological, and neuroimmunological findings from the bias
of an environmental etiology standpoint. We briefly discuss the
pertinent literature concerning the frequently reported abnormal
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gut microflora composition in ASD patients. Finally, based on
the growing consensus in biological scientific evidence and clini-
cal experience, we present the variable insult model of ASD with
the aim of contributing further to a useful research direction for
those suffering from ASD and for those faced with managing the
condition.

EPIDEMIOLOGY

Autism spectrum disorder was first identified by Kanner in 1938
(12). Over the subsequent 10 years, Kanner discovered 50 further
cases (13). Kanner subsequently reviewed the first 11 patients at
30-year follow-up. Only one known patient achieved employment
(14). More recent evidence also suggests a high level of disability
in affected individuals, with 60-75% achieving poor or very poor
outcomes in adulthood (15).

Autism spectrum disorder case detection rates are now sub-
stantially higher — from 1 in 3000 reported in 1966 (including
both autism and psychosis) (16), 1 in 150 in 8-year-olds in 2007
[Centre for Disease Control (CDC), (17)], and in 2012 a rate of 1
in 88 [CDC, (18)]. In UK, Cohen et al. described a prevalence rate
of 1in 64 (19).

MORBIDITY AND MORTALITY

Shavelle et al. investigated the mortality rate of ASD in over 13,000
patients between 1983 and 1997 (20) and found it to be more
than twice that of neurotypical peers. Standardized mortality
ratio (SMR) was estimated as 2.4. Certain causes carried signif-
icantly higher SMR (see Table 1). Similar mortality rates have
been reported in other studies (21, 22) with a consistent increased
mortality rate for ASD, and a substantially greater risk in female
ASD patients. Whilst mental retardation predicted risk of early
demise, those without mental retardation also had increased risk.

DISEASE PROGRESSION

There have been several studies evaluating diagnostic stability over
time. Turner et al. reassessed 2-year-olds diagnosed with ASD at
4.5years of age (23) and found no change in their diagnosis of
ASD but did find that 20% of children worsened between 2 years
of age and 4.5 years of age and 20% improved. Within the para-
meters addressed, 60% remained relatively stable. No reason was
identified for the variation.

Levy et al. have recently reviewed the literature regarding long-
term outcome in ASD finding cognitive improvement in 20-55%,
cognitive stability in 20-70%, and cognitive loss in 10-15% (24).
No reasons were identified for why some ASD patients suffer a pro-
gressive illness and others make some recovery. ASDs as a group
carry a poorer prognosis than other developmental disorders in
almost all domains (24).

SUMMARY OF EPIDEMIOLOGICAL FINDINGS

Even though ASD is associated with high health, social, and finan-
cial impacts, investigative epidemiology has been limited. Perhaps
the premature acceptance of ASD as a genetic condition limited the
power of epidemiological science beyond that of detection of cases
[for review see Ref. (25)]. The Interagency Autism Coordinating
Committee (IACC) and Centers for Autism and Developmental
Disabilities Research and Epidemiology (CADDRE) Network are

Table 1 | Causes of death in ASD with moderate to severe retardation
or none to mild retardation (in brackets).

Cause of death Early childhood Late childhood Adulthood

SMR SMR SMR

(5-10 years) (10-20 years) (>20years)
Drowning 90.6 (14.1) n/s n/s
Digestive n/s 40.8 5.9
Respiratory n/s 24.5 9.4
Cancer n/s 12.0 (3.8) 2.4 (1.6)
Nervous and sense n/s 6.4 (15.9) 4.1
Seizures n/s n/s 30.8 (33.1)
Cardiovascular n/s n/s 3.7(2.2)

Adapted from Ref. (20). SMR, standardized mortality ratio; n/s, no significant
increase in SMR found in either group.

co-ordinating a large epidemiological study in the US: the study
to explore early development (SEED) (26). This is in keeping with
the responsibilities set out in the US through “The Combating
Autism Act 2006.”

IMMUNE ABNORMALITIES AND NEUROINFLAMMATION IN
ASD

Perhaps one of the most substantive studies in the last decade was
conducted at the John Hopkins Institute, and involved an analysis
of autopsy specimens and cerebrospinal fluid (CSF) samples from
affected individuals and controls (2). The results indicated a neu-
roinflammatory response, regardless of age (in patients between
5 and 46 years of age), involving excess microglial activation and
increased pro-inflammatory cytokine profiles. The study carries
high statistical significance [for review of study, see Ref. (27)]
and indicates an inflammatory state probably exists in the brains
of these patients. Similar findings were found in a more recent
autopsy study of microglia densities in fronto-insular and visual
cortices of patients with ASD versus controls, and found a sta-
tistically significant (p <0.0002) increase in microglial density in
both regions (4). Other immune abnormalities have also been
found indicating an inflammatory state. Transforming growth fac-
tor beta 1 (TGF-B1) is reduced in ASD cohorts versus controls and
individuals with other developmental disorders and was found
to be inversely proportional to behavior outcomes (irritability,
lethargy, stereotypy, and hyperactivity) as well as with levels of
social adaptability (28).

Natural killer cells (NK cells) are abnormal in sub-groups of
ASD. NK cells respond to macrophage-derived cytokines and are
essential in tumor prevention and host anti-viral activity. Enstrom
etal. (29) found a significant reduction in NK cell cytotoxicity and
a2.5-fold increase in KSP-37,an NK gene normally induced during
active viral infection. They concluded that ASD patients have acti-
vated but resting NK cells with increased levels of cytolytic proteins
and an altered response to stimulation with changes in gene expres-
sion (29). Supporting these findings, cancer mortality rates are
higher in ASD (20), and the only identified risk factor for mortal-
ity associated with the recent HIN1 outbreak was developmental
delay (30). Both of these findings suggest immune dysfunction in

Frontiers in Endocrinology | Neuroendocrine Science

March 2014 | Volume 5 | Article 29 | 7


http://www.frontiersin.org/Neuroendocrine_Science
http://www.frontiersin.org/Neuroendocrine_Science/archive

Goyal and Miyan

Neuro-immune abnormalities in autism

ASD, and either or both of these findings could be linked with the
NK cell abnormalities identified by Enstrom et al. (29).

There have been studies making correlations between mea-
sures of immune functions and cytokine profiles with behav-
ioral measures in ASD (Table 2). Significant correlations were
shown between certain behavioral indices and the chemokine’s,
macrophage chemoattractant MCP-1, macrophage inflamma-
tory protein (MIP)-1B, eotaxin, and “regulated upon activation
normal T-cell expressed and secreted” factor (RANTES) (31).
RANTES was associated with lethargy, stereotypy, and hyperactiv-
ity. Eotaxin was associated with hyperactivity, visual perception,
fine motor control, expressive language, communication and daily
living skills, and socialization. MCP-1 was associated with visual
perception. These associations, if proven to be functional, raise

many questions pertaining to the immune system’s connectivity to
the nervous system and involvement in neurobehavioral illnesses
(for summary of immunological findings relating to behavior in
ASD, see Table 2). Of importance here is the probability of immune
involvement in the core features of ASD. These findings also raise
the possibility of assessing behavioral changes in ASD through a
quantitative measure.

NEUROLOGICAL ABNORMALITIES IN ASD

With the exception of neuroinflammatory changes, most reported

neurobiological abnormalities in ASD are inconsistent.
Structurally, abnormalities have been described in the cerebel-

lum, hippocampus, amygdala, and insular cortex (32). Abnormal

brain volume has also been identified [for review see Ref. (33)]. A

Table 2 | Behavior and immune functions in ASD [adapted from Ref. (84)].

Studies n Age Assessment method Immune measure Behavior measure

Ashwood et al. 143 2-5 ADI-R, ADOS, SCQ, Plasma levels of active TGFB1 Lower TGFB1 levels were associated with lower adaptive

(28) VABS, MSEL, and ABC behaviors and worse behavioral symptoms

Iwata et al. 37 20-25 ADI-R Plasma levels of P-selectin Lower levels of P-selectin associated with poor social

(89) development

Heuer et al. 271 2-5 ADI-R, ADOS, and ABC IgG levels in plasma Decreased IgG associated with increased aberrant

(90) behaviors

Grigorenko 1059 n/s ADI-R and ADOS Genotyping of the MIF gene Plasma MIF levels were positively correlated with worse

etal. (91) and plasma levels of MIF scores on ADOS for social impairment and imaginative

(n=20) skills

Onore et al. 60 2-5 ADQOS, ADI-R, MSEL, Induced cytokine response to  Negative correlation between PHA induced I1-:23

(92) VABS, and ABC PHA production and sociability scores of the ADOS

Enstrom et al. 30 2-5 ADI-R, ADOS, SCQ, Monocyte TLR ligand More impaired social behaviors and non-verbal

(93) VABS, MSEL, and ABC stimulation communication are associated with increased production
of Il-1B and IL-6 after TLR4 stimulation

Ashwood et al. 139 2-5 ADI-R, ADOS, SCQ, Induced cytokine response to  Pro-inflammatory or TH1 cytokines were associated with

(94) VABS, MSEL, and ABC PHA and LPS greater impairments in core features of ASD as well as
aberrant behaviors; GM-CSF and TH2 cytokines were
associated with better cognitive and adaptive function

Goines et al. 466 2-5 ADI-R, ADOS, SCQ, Antibodies directed against a Children with antibodies directed against a 45-kDa

(95) VABS, MSEL, and ABC 45 or 62 kDa cerebellum cerebellum protein had increased lethargy and

protein stereotypy; children with antibodies against a 62-kDa

cerebellum protein showed increased aberrant behaviors
on the VABS composite standard score

Kajizuka et al. 62 6-19 ADIR Serum levels of PDGF Increased serum levels of PDGF-BB homodimers

(96) positively associated with increased restricted, repetitive,
and stereotyped patterns of behavior and interests

Ashwood et al. 175 2-5  ADI-R, ADOS, SCQ, Plasma chemokines CCL2, Plasma chemokine levels associated with higher aberrant

(31) VABS, MSEL, and ABC CCL5, and eotaxin behavior scores and more impaired developmental and
adaptive function

Ashwood et al. 223 2-5 ADI-R, ADOS, SCQ, Plasma levels of cytokines Elevated cytokine levels in plasma were associated with

(97) VABS, MSEL, and ABC I1B, IL=6, I8, and I1-12p40 more impaired communication and aberrant behaviors

Ross et al. (98) 16 3-31 ADI-R GM-CSF, INFy, I:12p70, Il-18,  Elevation of cytokines correlated with autistic symptoms

IL6, IL-8, TNFa, and =10

in patients with 22g11.2 deletion syndrome
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meta-analysis reported on an average of 13% smaller brain volume
atbirth, an average of 10% larger brain volume at 1 year of age than
controls, and 2% larger in adolescence (33). An increase in gray
matter with a reduced unit density has been quite reliably identi-
fied in this cohort (33). CSF volume has also been reported to be
increased with enlarged ventricles (34) and mini-columnar size is
decreased (35). It has been proposed that such structural varia-
tion may affect adaptation and hence learning, and may account
for the heterogeneity and wide-ranging functional deficits seen
in ASD (36). Disordered neural connectivity has been discussed
for some time (37). The evidence supports under-connectivity
between sensory cortices and association cortices in moderate to
severe ASD, essentially leading to a failure to assimilate sensory
information into a working environmental context, and a lack of
connectivity of associative cortices to the frontal cortex in higher
functioning autism (38). This helps explain associated learning
difficulties in low functioning autism, and the poor fine motor
control and impaired imitation identified in higher functioning
autism (39-41).

AUTONOMIC DYSFUNCTION

Autonomic involvement in ASD has been widely reported for over
30 years (42-52). A recent controlled trial explored in detail the
nature and type of autonomic involvement (49). Real-time vari-
ability together with continuous monitoring of blood pressure and
breathing rhythms were assessed in an ASD cohort versus controls.
Over 80% of the ASD cohorts were found to have a reduced vagal
tone, highly suggestive of low central parasympathetic activity and,
significantly, in a separate study, vagal tone in the neonate was
found to predict neurodevelopmental outcome more accurately
than birth weight, socio-economic status, or co-morbid medical
conditions (50). Given that the autonomic nervous system (ANS)
is responsible for the majority of sensory information received by
the central nervous system, any disruption to the ANS is likely to
have wide-ranging effects on higher cortical development. In alon-
gitudinal follow-up study, Goytag et al. examined the order of cor-
tical development using repeat MRI and concluded: higher-order
association cortices mature only after lower-order somatosensory
and visual cortices, the functions of which they integrate, are devel-
oped (53). The development of a normal parasympathetic tone
is thus likely to be crucial for adequate neurodevelopment [for
review see Ref. (50)]. More research is required.

ENVIRONMENTAL ASPECTS OF ASD

Hertz-Picciotto et al. provide a detailed review of developmental
immunotoxicity (DIT) in relation to neurodevelopment disor-
ders (54). Xenobiotic exposure in early life may lead to altered
immune function throughout life, a persistent neuroinflammatory
response and systemic immune dysregulation, and the possibility
of a neurobehavioral manifestation of the disease (54).

The type of immune dysfunction relates to the type of xeno-
biotic involved and the timing of xenobiotic exposure with dose-
dependent effects not as applicable in the developing immune sys-
tem but specific neurological development depends on signaling
from the immune system (55). Such conveyance of environ-
mental state to the nervous system from the immune system is
advantageous and essential, but is incompatible with adequate

neurodevelopment in poor environmental conditions. Whether
there is a single type of xenobiotic involved in the etiology of ASD
or whether the pathophysiology involves exposure to general envi-
ronmental pollution remains a keenly researched area. Pesticides,
flame retardants, heavy metals, traffic fumes, and endotoxins have
all been implicated (56-61). The apparent lack of consistency is
further compounded by difficulties in measuring chronic toxi-
city and toxin-induced disruption particularly if the xenobiotic
exposure is no longer present.

Dietert et al. describes several similarities between early-life
immune insults (ELII), including DIT and ASD with gender dif-
ferences, time-windows for immune development, and the cor-
responding variable presentation in both ELII and ASD making
a compelling argument (62). Studying DIT and indeed develop-
mental neurotoxicity requires functional measures and a history of
significant exposure. Complicating matters further is the modest,
but significant genomic variation in xenobiotic metabolism and
hence resistance or vulnerability to environmental exposures.

ABNORMALITIES IN GUT MICROFLORA IN ASD

Abnormal clostridia species have been found repeatedly in ASD
(63-67). The theory of clostridia involvement was postulated by
Bolte in 1998 who suggested that clostridia toxin adversely affected
neurotransmitter function that could result in neurobehavioral
changes presenting as autism (68). Supporting this hypothesis,
Parracho et al. outlined robust measures of microflora abnor-
malities in ASD cases suffering from bowel problems using PCR
analysis and found a clear and consistent abnormality in the
clostridia species present in ASD sufferers versus controls. Clostrid-
ium histolytica were found in higher levels in the ASD group versus
healthy unrelated controls (p < 0.01) and healthy related controls
(p <0.05) (65).

A clinical trial was carried out to assess the bowel and behavioral
impact of anti-microbial therapy directed against these abnormal
clostridia species (69). Oral vancomycin was used for 6 weeks.
Behavioral measurements were carried out before and after, as
well as clinical assessment of bowel symptoms. The numbers were
low but the response to intervention was reported as statistically
significant. 8 of the 10 patients studied improved in terms of
behavior and bowel symptoms with some scoring within the neu-
rotypical range. Discontinuation of vancomycin after the 6-week
trial period led to a gradual regression in bowel and behavioral
symptoms in all participants (69) suggesting that gut environ-
ment gives preference to these abnormal species. As yet, there has
been no investigation of the combined approach of anti-microbial
therapy and other interventions targeted at altering microbiota
composition.

Williams et al. recently reported consistently abnormal Firmi-
cutes to Bacteriodetes ratios from biopsy specimens in children
with ASD versus inflammatory bowel disease (IBD) controls. This
was linked to reduced disaccharidases (starch digesting enzymes),
which in the same study were also found to be low in the ASD
group. Williams et al. postulated a link between high carbohydrate
transit to the large intestine in ASD leading to alteration in the
proportion of Firmicutes to Bacteriodetes. The appearance of this
“compositional dysbiosis” was highly correlated in the ASD group
with Firmicutes to Bacteriodetes ratio of 31:69 (versus controls
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27:73) in the ileal biopsies (p < 0.0006) and 32:68 (versus controls
25:75) in the cecal biopsies (p < 0.022) (66).

Although microflora are known to alter host immune function,
including cytokine production [for review see Ref. (70-73)], to
our knowledge there has, to date, been no investigation of the rela-
tionship between abnormal microflora and cytokine production
in ASD, although a few studies have examined cytokines in ASD
patients with bowel symptoms and found positive correlations
(72=74).

DISCUSSION

It is the wide heterogeneity of ASD that poses the greatest chal-
lenge. Identifying a common pathophysiology is hampered by
such diversity as is the identification of management strategies,
both behavioral and medical. Equally those faced with patient
care often struggle to discern the range of presentations and the
impact this has on management. ASD shares simply, a marked
impairment with any of the faculties required for social integra-
tion; this can present with a lethargic, disinterested child or an
agitated, distracted child or any number of features leading ulti-
mately to impaired social integration. It may be that in order to
determine treatment response, we must first delineate/categorize
treatable groups. Indeed if some form of environmental insult
occurs early on in development (be it infection, toxicant, or other
environmental stressor), then it may not only cause variable man-
ifestations based on timing, nature, and genomic individuality, it
may also leave no discernible or at least easily discernible trace. It
may, as Hertz-Piciotta et al. (54) and Dietert et al. (62) suggest,
merely be an event that primes or disrupts a critical window in
development. Given the wide-ranging heterogeneity of the disor-
der and the many faculties required for social integration, it may be
neither the insulting agent, the timing, the genomic vulnerability
nor the system(s) affected that remain static or, when ASD is taken
as a single consequential expression, statistically identifiable.

Within the developing neurological, immunological, and neu-
roimmunological systems, there is vulnerability to environmental
insult. Depending on the nature, timing, and duration of insult,
neurological, immunological, or neuroimmunological abnormal-
ities may predominate, and the relative proportion each system is
affected will vary accordingly (see Figure 1).

Socialization and speech are complex neurological functions.
ASD may represent impairment in any system/faculty required
to facilitate such complex neurological functions. There is likely
ample opportunity for an environmental insult to disrupt one or
more of the mechanisms leading to the impairment of the higher-
order processes of social integration and along the way disrupt a
number of other physiological mechanisms that may contribute
or indeed cause the additional and variable behavioral manifesta-
tions within the spectrum of disease. As troublesome as the notion
may be, and granted there will be reasonable pathophysiological
correlations identified particularly within sub-groups, the great-
est commonality in ASD may be etiological, and even then it may
merely be a trend in human—environment relationship versus an
exact noxious substance.

Similar hypotheses have been presented by others: e.g., Dietert
etal. (47), Hertz-Picotta et al. (46), Goines and Ashwood (75), and
Unwin et al. (76). The central theme is the presence of a variable

insult leading to the variable presentation of ASD. In recognition
of these previous studies, the hypothesis presented here is referred
to as the variable insult model of ASD. Such hypotheses are criti-
cal to providing a framework to identify sub-types within the ASD
group, building in some predictability both for researchers and
for those faced with clinical management. Such sub-typing can be
based on the dominant system pathophysiology involved or one
can attempt clinical classification. Table 3 is an example of such an
attempt at clinical sub-typing based on the variable insult model
of ASD.

The sub-categories presented in Table 3 are broad and overlap
considerably. More specific sub-typing seems probable, perhaps
relating to the intensity of the insult and perhaps more specifi-
cally to the offending agent, as suggested recently by Unwin et al.
(76). Already abnormal RNA transcription has been identified
in ASD children correlating with environmental toxicants versus
controls with similar levels of toxicants (77, 78). The transcription
abnormalities are specific to the toxicant, raising the possibility of
different etiological agents triggering different initial pathophysio-
logical mechanisms sharing only the secondary consequences. The
factors involved in the different gene expression in ASD, whether
they be linked to genomic individuality, previous exposure, some
kind of immunological priming, or abnormal GI flora, raises inter-
esting questions, but in these current considerations the mere
difference in RNA transcription between different xenobiotics and
also between ASD patients versus control groups raises important
questions about accurate delineation of sub-types and the differ-
ent pathophysiological mechanisms involved in the eventual ASD
outcome.

Variable pathophysiological pathways leading to ASD seem
likely, and recent advancements in scientific techniques carry the
capacity to differentiate each pathway with relevance to the pre-
vention and clinical management of the condition. For example,
PCR analysis of GI microflora continues to reveal deeper insights
into the common GI abnormalities prevalent in ASD (65, 66,
81). Evidence demonstrates the importance of such microflora
on immune and neurological function, and the evolution of
GI microflora composition over the first few years of life (82,
83). The compositional dysbiosis discovered by Williams et al.
(66) in ASD patients may reflect another common manifesta-
tion of ASD due perhaps to similar complexities as is involved
in social integration with genomic, neurological, immunolog-
ical, and neuroimmunological systems required to select and
regulate the GI microflora. This may explain the frequently
reported presence of abnormal species in ASD and the diver-
sity of such abnormal microflora/pathogens [for review see Ref.
(65, 81)]; the selection and regulation processes are also part
of the developmental process and are vulnerable to a variety of
insults at a variety of levels. ASD diagnosis may be more scien-
tifically sound should it move toward a formulation including
environmental exposure, genomic vulnerability, and the identi-
fication of the system(s) pathophysiology with treatment inter-
ventions based on such measurable criteria. Animal models can
serve such ever increasing sub-categorization, modeled to reflect
each category and utilized to identify novel therapeutic interven-
tions at specific groups. Without such an appreciation of the
variability associated with ASD, it may be difficult to achieve
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FIGURE 1 | Cascade of effects originating in neurodevelopmental insults
occurring at different points in development. Insults can occur at any point
in neurodevelopment from embryonic through to juvenile and perhaps even
adulthood. Insults to neural crest and neural tube development in the embryo
would have structural and functional outcomes in all peripheral neural
elements including autonomic (sympathetic, parasympathetic), peripheral
sensory system, and enteric (gut) nervous system. Neural tube effects might
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also produce changes in central autonomic functions and/or set points for
physiological control systems resident in the hypothalamus and brain stem
autonomic nuclei. Factors affecting cortical development would have an
impact on higher cortical functions including psychosocial, sensory
processing, and motor functioning. Any of these neurodevelopmental effects
would have cascading effects through the sensory and neuro-immune
pathways to neurological, neuro-immune, and immune functions.

statistical significance in treatment trials targeted at specific
deficits.

The variable insult hypothesis predicts diverse immune-related
abnormalities, probability of poor GI microflora regulation, vari-
able autonomic function with impaired/disordered autonomic
reactivity, and variable neuroanatomical findings. Further, the
variable insult model predicts that ASD animal models could
be established through a variety of mechanisms. Valproate with
an acute single dose administered gestationally at E12.5 leads
to ASD symptomatology in rats (79), as does valproate admin-
istered in a sub-chronic dosing given between post-natal days
P6-12, albeit the sub-chronic dosing may have more sensory
issues (80). Unwin et al. (76) proposed that homogeneity may
be found by identifying the etiological agent, and presents the
differences in associative symptomatology in children with ASD
who had either perinatal exposure to selective serotonin re-uptake
inhibitor (SSRI) or who had low birth weight (LBW). The SSRI
group seemed to have more gastrointestinal disturbance, although
it was not clear whether this was a depression effect or drug effect,
and the LBW group had more sleep and breathing disturbance.

Within the variable insult model of ASD, SSRI exposure may
represent greater disruption to the peripheral ANS, perhaps dur-
ing neural crest formation and development, whereas the LBW
group may have suffered more pronounced central autonomic
disruption. Difficulties with sensory processing may then affect
both groups through different mechanisms with similar social
outcomes.

If we start to look at the etiological agents contributing to the
development of ASD, then perhaps we can start to find sub-groups.
Such an approach brings more complexity to the clinical assess-
ment of patients suffering from ASD but perhaps such a complex
condition requires greater effort and more complex formulations
prior to predicting prognosis and response to medical or behav-
ioral management. If we go further still and delineate the various
pathophysiologies that can lead to ASD symptomatology through
animal and human experiments, then early identification of the
system(s) requiring attention may be possible and may then better
guide harm reduction strategies. Prevention remains the prior-
ity, but harm reduction through focused scientific investigation
could reduce the burden of disease going forward. For example,
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Table 3 | Broad clinical sub-categories of ASD.

Prenatal - Infant - early child
birth (birth to 3 years)
Early Early Late Late
acute chronic acute chronic
insult insult insult insult
Congenital abnormalities ++++ -+ + +
Severe dysmotility 44+ A+ 44 ++
Sudden regression + ++ 4+ .
Insidious regression ++ +++ + ettt
Early immune-related issues +++ A+t ++ 44
Motor delays ++++ -+t + +
Family history of autoimmunity ~ ++ ++ +4+++ 4+
Gestational exposure ++++ + +
Early infancy exposure + ++ +4++ e+

The number of crosses indicates the severity/frequency of each measure rela-
tive to age of exposure and its duration. Early acute insult refers to a sudden
or relatively sudden, usually marked exposure to xenobiotic, infection, or other
environmental stressor during prenatal or gestational periods. Early chronic insult
refers to a sustained usually moderate level of exposure over a period of months
during prenatal and/or gestational period. Late acute insult refers to a sudden
or relatively sudden, usually marked exposure to xenobiotic, infection, or other
environmental stressor in infancy to early childhood (birth to 3 years). Late chronic
insult refers to a sustained moderate level of exposure over a period of months
during infancy to early childhood.

in Unwin et al.’s SSRI group, early intervention relating to GI
pathology could allow correction of the dysfunctional peripheral
autonomic input and thus permit greater sensory integration, and
thus improved developmental outcome. Equally addressing the
breathing dysrhythmias in the LBW group may improve auto-
nomic reactivity improving both sensory integration and neuro-
immune responsiveness. Elsewhere, we present clinical data to
support such a possibility through improved autonomic function
following management of co-morbid health conditions and the
subsequent improvement in ASD symptoms.

CLINICAL APPLICATION

The pathophysiology of ASD remains largely unknown. Evidence
so far suggests prognosis is not pre-determined and there is a
dynamic component of the disease. The greater frequency of extra-
CNS disease(s) (85-88), increased respiratory and Gl-related
childhood mortality, and substantially greater risk of progressive
seizure disorders (20-22) together with the frequently reported
neuroinflammatory changes (2-5) in ASD suggests ongoing dis-
ease activity, and whilst targeted treatment trials are awaited these
tangible aspects of disease must be the focus of clinical interven-
tion. Actively seeking extra-CNS disease in ASD and pro-actively
managing such conditions, with the appreciation that presentation
of such disease and response to intervention may not be typical
or, whilst the pathophysiology remains ill-defined, predictable, is
a pillar of harm reduction. Delineating sub-groups further will
hopefully help predict the areas requiring further attention in each
patient group.

SUMMARY

Autism spectrum disorder is a severe neurological condition with
variable presentation, disease evolution, and variable, albeit gen-
erally poor, functional outcomes. Patients with ASD have greater
risk of physical and mental health complications, and also a greater
mortality. Neuroinflammation, peripheral immune abnormali-
ties, and environmental factors have consistently been identified,
further supporting the need for research that prioritizes disease
prevention and harm reduction. The results from large epidemi-
ological studies are awaited to identify potential key areas for this
research.

Heterogeneity has been a significant barrier to successful inter-
vention in ASD. It may be that the commonality of impaired social
integration represents dysfunction of a wide variety of systems and
faculties during a crucial developmental period required for the
complexities of social integration and as such the commonality
is merely etiological. Similar levels of intricacy may explain the
propensity to abnormal acquisition of GI flora during an equally
important microbiota developmental period. Here, we reviewed
the most promising research findings to explain the diverse neuro-
logical, immunological, and neuroimmunological abnormalities
in ASD within consideration of variable environmental insults.
In our opinion, this provides a useful framework to under-
stand and further explore this devastating neurodevelopmental
condition.
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Stressorinduced tolerance is a central mechanism in the response of bacteria, plants, and
animals to potentially harmful environmental challenges. This response is characterized
by immediate changes in cellular metabolism and by the delayed transcriptional activation
or inhibition of genetic programs that are not generally stressor specific (cross-tolerance).
These programs are aimed at countering the deleterious effects of the stressor. While
induction of this response (preconditioning) can be established at the cellular level,
activation of systemic networks is essential for the protection to occur throughout the
organs of the body. This is best signified by the phenomenon of remote ischemic
preconditioning, whereby application of ischemic stress to one tissue or organ induces
ischemic tolerance (IT) in remote organs through humoral, cellular and neural signaling.
The immune system is an essential component in cerebral IT acting simultaneously
both as mediator and target. This dichotomy is based on the fact that activation of
inflammatory pathways is necessary to establish IT and that IT can be, in part, attributed
to a subdued immune activation after index ischemia. Here we describe the components
of the immune system required for induction of IT and review the mechanisms by
which a reprogrammed immune response contributes to the neuroprotection observed
after preconditioning. Learning how local and systemic immune factors participate in

endogenous neuroprotection could lead to the development of new stroke therapies.

Keywords: preconditioning, ischemic tolerance, stroke, TLR, epigenetics, microRNAs, TNF, inflammation

INTRODUCTION

Inflammation is a central component in the pathophysiology of
cerebral ischemia. Brain ischemia triggers both a local and sys-
temic inflammatory response. These responses play contradictory
roles: contributing to progression of the ischemic lesion on one
hand, and to processes of tissue repair in the injured brain on
the other (Iadecola and Anrather, 2011a; Macrez et al., 2011).
Since post-ischemic inflammation shows detrimental and bene-
ficial aspects, anti-inflammatory therapies that indiscriminately
target both arms of this immune response have not been success-
ful (Tadecola and Anrather, 2011a; Macrez et al., 2011). Therefore,
a deeper understanding of post-ischemic inflammation is needed
in order to harness its beneficial effects for therapeutic purposes.

In addition to its beneficial role in the repair and regenera-
tion of ischemic tissue, inflammatory pathways are also involved
in evoking neuroprotective mechanisms that lead to ischemic tol-
erance (IT). The brain is equipped with a remarkable capacity to
mount self-protective programs that are tuned to limit the dele-
terious effects of ischemia, commonly referred to as endogenous
neuroprotection (Iadecola and Anrather, 2011b). These protec-
tive programs can be evoked by preconditioning (PC) stimuli
(Table 1), such as sublethal stressors, resulting in IT (Kirino,
2002; Narayanan et al., 2013). Thus, understanding the endoge-
nous inflammatory pathways involved in brain IT may lead to
novel therapeutic strategies for the prevention and repair of neu-
ronal damage in stroke patients (Shpargel et al., 2008; Macrez
etal., 2011).

Cerebral IT can be acquired by several stimuli including short
episodes of transient focal and global cerebral ischemia, remote
organ ischemia, hypoxia, hypothermia, hyperthermia, exposure
to inhalation anesthetics, cortical spreading depression (CSD),
brief episodes of seizures or by exposure to low-dose bacte-
rial lipopolysaccharide (LPS) prior to cerebral ischemia (Gidday,
2006; Kunz et al., 2007; Shpargel et al., 2008). IT is characterized
by the activation of evolutionary conserved programs that serve
to increase the resistance of the brain to ischemia. In the case of
early preconditioning, these programs can be activated through
preexisting signaling modules that converge in the mitochondria
to improved mitochondrial function and energy metabolism dur-
ing the ischemic event (Dirnagl and Meisel, 2008). In contrast,
delayed PC involves gene transcription and protein synthesis
(Kitagawa et al., 1990). Because activation of transcription is
the main mechanism by which many pro-inflammatory signal-
ing cascades induce a specific cellular response, inflammation is
thought to be a significant component of delayed PC. Table 2
summarizes the inflammatory pathways involved in IT achieved
by different PC stimuli (Table 1). Inflammation is activated by
innate immune receptors such as Toll-like receptors (TLRs) or
cytokines receptors such as tumor necrosis factor receptor 1
(TNFR1) and interleukin-1 receptor (IL-1R). Activation of these
pathways results in the induction of inflammatory genes that are
mediators or effectors of the PC stimulus. In addition to confer-
ring cytoprotection directly, the acquired IT protects the brain
by suppressing post-ischemic proinflammatory gene expression,
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Table 1| List of preconditioning stimuli inducing ischemic tolerance.

Abbreviation Preconditioning stimulus

Achieved by

IPC Ischemic preconditioning

RIPC Remote ischemic preconditioning
HPC Hypoxic preconditioning

HBO-PC

Hypo- or hyperthermic PC

Anesthetic PC Anesthetic preconditioning

CSD-PC Cortical spreading depression preconditioning
Seizure PC Seizure preconditioning

Exercise PC Exercise preconditioning

TLR-PC Toll-like receptor preconditioning

LPS-PC Lipopolysaccharide preconditioning

Hyperoxia or hyperbaric oxygen preconditioning

Hypothermic or hyperthermic preconditioning

Transient focal and global cerebral
ischemia

Transient occlusion of femoral arteries,
mesenteric artery or renal artery
Exposure to a hypoxic gas mixture
Exposure to hyperoxia (high oxygen
tension) or hyperbaricity (high atmospheric
pressure)

Decrease or increase of body
temperature, respectively

Inhalation of low dose isoflurane or
halothane

Propagation of depolarization wave across
the cortical surface

Kainic acid injections that induce mild
epileptic activity

Motor training (treadmill)

Administration of low dose of TLR ligands
Administration of low dose of bacterial
lipopolysaccharide endotoxin

microglial and endothelial activation and leukocyte infiltration
(Huang et al., 2006; Iadecola and Anrather, 2011b).

In this review we will focus on inflammatory pathways leading
to cerebral IT. We will review the signaling cascades involved in
immune activation in different PC modalities and highlight the
molecular components involved. Lastly, this review will highlight
the importance of epigenetic modifications and microRNAs in
PC-induced reprogramming of the immune system.

EVIDENCE FOR A ROLE OF INFLAMMATORY PATHWAYS IN
DIFFERENT PC PARADIGMS

A wide variety of preconditioning stimuli trigger the activation
of inflammatory pathways that lead to brain IT (Table2). The
receptors, transducers and effector elements of these pathways are
shared among different preconditioning paradigms. For exam-
ple, TLRs are potent mediators of both ischemic (Pradillo et al.,
2009; Wang et al., 2010) and endotoxic PC (acquired by systemic
administration of LPS) (Tasaki et al., 1997; Ahmed et al., 2000;
Vartanian et al., 2011). Likewise, the TNF pathway is involved
in ischemic, hypoxic, hyperthermic and exercise-induced PC.
Although inflammatory pathways are not independently suffi-
cient for the induction of IT, there is evidence that several PC
modalities are dependent upon the induction of such pathways.

ISCHEMIC, HYPOXIC, AND HYPEROXIC PC

Short non-damaging episodes of ischemia prior to a lethal
ischemic episode leads to IT (Kirino, 2002). Cerebral IT can
be acquired by local PC, mediated either by global (Kitagawa
et al.,, 1990) or focal cerebral ischemia (Barone et al., 1998),
or by remote ischemic PC (RIPC), typically achieved by limb
ischemia (Tapuria et al, 2008). Although both TLR2 and
TLR4 have been implicated in the post-ischemic inflamma-
tory response (Cao et al, 2007; Abe et al., 2010; Brea et al,

2011; Shichita et al, 2012), only TLR4 has been shown to
participate in ischemic preconditioning (IPC) (Konstantinov
et al., 2004; Pradillo et al., 2009). TLR4 signaling activates tran-
scription nuclear factor-kB (NF-kB) leading to the expression
of TNE inducible nitric oxide (iNOS) and cyclooxygenase-2
(COX-2), which are required to evoke a PC effect (see Table 2).
Similarly, TNFR1, another central receptor of the innate immune
system and activator of NF-kB, is essential for the induc-
tion of IPC (Konstantinov et al., 2004; Pradillo et al., 2005;
Figure 1).

IT is not limited to the organ to which a stressor is applied.
A PC stimulus applied to one organ also leads to IT in other
organs, referred to remote PC (for reviews see Tapuria et al,
2008; Anrather and Hallenbeck, 2013; Hess et al., 2013). Remote
ischemia can be achieved in rodents by transient occlusion of
one or both femoral arteries, the mesenteric artery or the renal
artery prior to cerebral ischemia. RIPC results in a decrease of the
infarct volume following cerebral ischemia [for a comprehensive
list in animal model see (Hess et al., 2013) and (Anrather and
Hallenbeck, 2013)]. The effect of RIPC on circulating immune
cells has been investigated in humans following forearm transient
ischemia (Table 2). These studies showed that the expression of
pro-inflammatory genes is down-regulated in circulating leuko-
cytes (Konstantinov et al., 2004) and neutrophil function is
altered (Shimizu et al., 2010).

Hypoxic-ischemic brain damage is mediated by TLRs (Stridh
et al.,, 2011). Therefore, TLRs might also trigger inflammatory
signaling in hypoxic PC (HPC), although no report to date has
confirmed their involvement. To induce HPC in rodents, animals
are placed in chambers and exposed to a hypoxic gas mixture,
usually 8% oxygen and 92% nitrogen, for 3—4 h (Yin et al., 2007;
Wacker et al., 2012). Hypoxia-inducible factor 1 (HIF-1) and
NF-kB are activated in the brain after HPC (Yin et al., 2007;
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Table 2 | Molecular inflammatory mechanisms of brain preconditioning.

PC stimulus PC type Receptors Transducers and effectors induced by PC References
Ischemia BCCAo TLR4 NF«B, TNF-a, iINOS, COX-2 (48h) Pradillo et al., 2009
MCAo TNFR1 TACE/TNF-a, NF«kB (48 h) Pradillo et al., 2005
TNF-a/TACE (48 h) Caérdenas et al., 2002
HO-1, COX-2/PGE,/ Park et al., 2008
PI3K/Akt (24 h)
IL-1B gene (6h), Il-1ra (6 and 24 h) Shin et al., 2009
1B (6h) Wang et al., 2000
Remote forearm ischemia TLR4, TNFR6 HSP70, Calpastatin, TIMP1, |caspase-8; Konstantinov et al., 2004
PI3KCA, SNAP-23 (24 h)
Jneutrophil adhesion and phagocytosis, =18, Shimizu et al., 2010
I-10 (24 h and 10 days)
Iplatelet activation (PMAs) (5 and 45 min) Pedersen et al., 2011
Remote femoral artery ischemia treperfusion (possible protection of Vlasov et al., 2005
endothelium) (48 h)
Hypoxia 8% oxygen, TNF-a, ceramide (24 h) Liu et al., 2000
20minto 4h
SphK/S1P (2-4 h), HIF, SphK2, CCL2 (12-24 h) Wacker et al., 2012
neuronal CCL2 (12 h), endothelial CCL2 (2 Stowe et al., 2012
days)
PI3K/Akt/GSK-3B, NF-«kB (1-24 h) (post-hypoxic Yin et al., 2007
ischemia)
HBO-PC Hyperbaric COX-2 (1-3 days) (post-global ischemia) Cheng et al., 2011

HIF-1a, EPO (12 h) (post-MCAo)

Peng et al., 2008

Normobaric hyperoxia

TNF-a, TACE (24 h)

Bigdeli and Khoshbaten,
2008

Hypothermia

33.0°C, 4 h of reperfusion

JPMN leucocytes, intercellular adhesion
molecule-1 mMRNA (4-22 h) (post-MCAo)

Kawai et al., 2000

Hyperthermia

41.5-42°C, 15 min

1Cortisol (possible prevention of BBB
disruption) (24 h)

Ikeda et al., 1999

38 0r 40°C, 6h

MHIF1 alpha expression, HIF-1 binding activity
(astrocytes) (0 h)

Duetal., 2010

42-43°C, 2h

1HSP70 (glial, endothelial cells) (24 h)

Ota et al., 2000

Anesthetics

Isoflurane or halothane

}INOS (6-24h)

Kapinya et al., 2002; Zhao
and Zuo, 2004

+HO-1, NO and TNF-a (macrophages) (24 h)

Lietal., 2009

CSD 0.5M KCI +ERK and COX-2 expression (0-8 h and 2-3 Horiguchi et al., 2005,
days) 2006
3MKCI NMDA receptor ~ $TNFa, Il=1B (4 h) Jander et al., 2001
Seizure Kainic acid, bicuculline Unknown Vezzani et al., 2002

methiodide, or electrical
stimulation

(Continued)
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Table 2 | Continued

PC stimulus PC type Receptors Transducers and effectors induced by PC References
Exercise Treadmill ATNF-a (0 h) Ding et al., 2005
TLR ligands LPS TLR4 NF«B suppression; IRF3, Ship1, Tollip, p105 Sly et al., 2004, Vartanian
(post-MCAo) (72 h) etal., 2011
Genes related to TLR pathway and Marsh et al., 2009b;
cytokine—cytokine receptor interaction Stevens et al., 2011
pathway (3 h)
IRF3, IFNB (3 and 24 h) Marsh et al., 2009b
tCeramide (6-12 and 48 h) Zimmermann et al., 2001
APMN infiltration (post-MCAo0) (6 and 24 h) Ahmed et al., 2000
CpG ODN TLR9 IRF3, IRF7, type | IFN gene expression Stevens et al., 2008, 2011
(post-MCAo) (3 and 24 h); TNF-a (serum) (1 h)
GDQ TLR7 IFNAR IRF7, IFNa (1-2 h) Leung et al., 2012
Poly-ICLC TLR3 tplasma levels of 118, IL-6, I1-12, TNF«, and Packard et al., 2012
IFNy compared to LPS-PC (3h)
HFN-B (protein 6-8h and mRNA 6-24 h), Gesuete et al., 2012
preservation of BBB endothelial cell
Pam3CSK4 TLR2 tzonula occludens-1 (ZO-1), no loss of Hua et al., 2008

occludin protein inducing preservation of BBB
(6 and 24 h)

A PC stimulus (column 1) may be divided in several PC types (column 2) that through the stimulation of several receptors (column 3), activate different transducers
and effectors of inflammatory pathways (column 4), accounting for the protective mechanism of the brain. Time points in brackets indicate the time point of analysis
relative to the PC induction, post-MCAo indicates that the analysis was performed after induction of index ischemia.

ATA, atmosphere abolute pressure; BBB, Blood Brain Barrier; BCCAo, Bilateral Common Carotid Artery Occlusion; CCL2, chemokine (C-C motif) ligand; CCR1, 5,
Chemokine Receptor 1, 5; COX-2, Cyclooxygenase 2; CpG ODN, cytosine-guanine oligodeoxynucleotides; CSD, Cortical Spreading Depression, EPO, Erythropoietin;
GDQ, Gardiquimod,; GSK-38, Glycogen Synthase Kinase 3; HBO-PC, Hyperbaric Oxygen Preconditioning,; HIF, Hypoxia-Inducible Factor; HO-1, Heme Oxygenase-
1; HSP70, Heat Shock Protein 70; IFN, Interferon; IFNAR, type | interferon receptor; =18, Interleukin 1B, Il=1ra, I=1 receptor antagonist, iINOS, Inducible Nitric
Oxidase Synthase, IPC, Ischemic Preconditioning; IRF Interferon Regulatory Factor; KCI, Chloride potassium,; LPS, lipopolysaccharide; MCAo, Middle Cerebral
Artery occlusion; MCPIP1, Monocyte Chemotactic Protein—-Induced Protein 1; MyD88, Myeloid differentiation primary response 88; NF«B, Nuclear Factor« B,
NMDA, N-methyl-D-aspartate; NO, Nitric Oxide; ODN, oligodeoxynucleotide; Pam3CSL4, Pam3CysSerlLys4; PGE,, Prostaglandin E2; PI3K, Phosphatidylinositol 3-
Kinase; PI3KCA-y, PI3K catalytic subunit gamma isoform,; PMA, platelet-monocyte aggregates; PMN, polymorphonuclear; Poly-ICLC, polyinosinic polycytidylic acid;
RANTES, Regulated on Activation, Normal T Cell Expressed and Secreted; S1F Sphingosine-1-phosphate; Ship1, Src homology-2 domain-containing inositol 5-
phosphatase 1; SNAP-23, Synaptosome-associated protein-23; SphK2, Sphingosine Kinase 2, TACE, Tumor Necrosis factoralpha-Converting Enzyme, TIMP1, Tissue
inhibitor of metalloproteinase 1, TLR, Toll-Like Receptor; TNFR, Tumor necrosis factor receptor; TNFa, Tumor necrosis factor alpha, Tollip, toll interacting protein;
TRIF, TIR-domain-containing adapterinducing interferon.

Wacker et al., 2012) leading to the expression of iNOS (Jung
etal., 2000), TNF-a (Liu et al., 2000) and chemokine (C-C motif)
ligand 2 (CCL2) (Stowe et al., 2012), which have been impli-
cated in establishing IT after HPC (see below section Molecular
Components of the Immune System Involved in PC).

The immune system is also involved in hyperoxic PC, which
can be achieved by either normobaric hyperoxia or hyperbaric
oxygen PC (HBO-PC). Delivering a gas mixture containing 90—
95% oxygen induces normobaric hyperoxia. HBO-PC consists of
the inspiration of an oxygen-containing gas mixture at higher
than one atmospheric absolute pressure (ATA), usually 2-2.5
ATA. Bigdeli et al. showed that rats subjected to 16 h of normo-
baric hyperoxia had reduced infarct volume after Middle Cerebral
Artery occlusion (MCAo) and that the TNF-a converting enzyme

(TACE)/TNF-a/NF-kB pathway is associated with the protec-
tive effect (Bigdeli and Khoshbaten, 2008). Moreover, COX-2
has also been reported to be a mediator of HBO-PC (Cheng
et al., 2011). Administration of the specific COX-2 inhibitor,
NS-398, before HBO exposure reversed the protective effect
of HBO-PC. Cheng et al. further identified COX-2-dependent
upregulation of HIF-1a as a possible down-stream mediator of
HBO-PC.

HYPOTHERMIC AND HYPERTHERMIC PC

Hypothermia induced during and/or after ischemia has a well-
established protective effect in acute ischemic stroke (Wu and
Grotta, 2013) and may be partly due the inhibition of the inflam-
matory response occurring during stroke (Ceulemans et al.,
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FIGURE 1 | Cytokine signaling pathways in brain preconditioning.
Following preconditioning (PC), the increase in tumor necrosis factor (TNF)-a,
interleukin (IL)-18 and IL-6 and chemokine (C-C motif) ligand 2 (CCL2) leads to
the activation of inflammatory cascades and induction of gene expression
such as inducible nitric oxide synthase (iNOS) and cyclooxygenase (COX)-2,
mediators of delayed PC. IL-6/IL-6R activates Janus kinase (JAK)-signal
transducer and activator of transcription (STAT) pathway. Phosphorylation and
nuclear translocation of STAT induces iINOS and COX-2 up-regulation (Dawn
et al., 2004). TNF-a activates TNF receptor 1(TNFR1)/Tumor necrosis factor
receptor type 1-associated DEATH domain protein (TRADD)/TNFa
receptor-associated factor 2 (TRAF2) pathway (Hallenbeck, 2002; Pradillo

et al., 2005). Furthermore, TNF-a activation promotes ceramide synthesis that
also mediates TNFa-preconditioning (Liu et al., 2000; Ginis et al., 2002). The
neutral sphingomyelinase domain (NSD) of TNFR1 recruits factor associated

with neutral sphingomyelinase activation (FAN). FAN activates neutral
sphingomyelinase (nSMase) in the outer leaflet of the plasma membrane to
produce ceramide (Hallenbeck, 2002). IL-1R activates toll interacting protein
(tollip)/myeloid differentiation primary response 88 (MyD88)-IL-1R-associated
kinase (IRAK)/TRAF6 signaling. TRAF mediates the activation of inhibitor of
kB kinase (IKK), which triggers the phosphorylation-induced proteasomal
degradation of the kB, NF-kB activation and subsequent iNOS and COX-2
expression. CCL2/CCR2 activation promotes phospholipase-C (PLC)-
diacylglycerol (DAG)-protein kinase C (PKC) pathway that leads to extracellular
signal-regulated kinases (ERK1/2) activation and ultimately causes NF-«kB
activation (Rehni and Singh, 2012). In addition, HIF-1-induced expression of
CCL:2 confers cerebral ischemic tolerance (Stowe et al., 2012). COX-2-derived
prostaglandin E2 (PGE3) (Horiguchi et al., 2006) and iNOS-derived nitric oxide
(NO) (Cho et al., 2005) are molecular mediators of PC.

2010). Brief exposure to hyperthermia represents an additional
method of PC (Table 2). In animal model of stroke, transient
hypothermia prior an ischemic insult (Nishio et al., 2000; Yunoki
et al., 2003) or during reperfusion (Kawai et al., 2000) reduces
infarct volume. The latter study has reported a decrease number
of polymorphonuclear leucocytes during reperfusion—shown by
a reduced myeloperoxidase activity in rats subjected to hypother-
mia (Kawai et al., 2000). Hyperthermic PC reduces brain damage
in newborn rats as well (Ota et al., 2000). The protective mech-
anism of hyperthermic PC has been linked to the induction of
the heat shock protein 70 (HSP70) within glial and endothelial
cells (Ota et al., 2000). In addition to its role as an intracel-
lular chaperon, HSP70 acts as an endogenous ligand of TLR4.
Extracellular HSP70 is released from damaged cells and serves

as a damage-associated molecular pattern (DAMPs) molecule
(Bianchi, 2007). It has been shown that HSP70 mediates endo-
toxin tolerance by signaling through the TLR4/CD14 pathway
(Vabulas et al., 2002; Aneja et al., 2006), similar to the canonical
TLR4 ligand LPS. Thus, induction of HSP70 following hyperther-
mia could be a factor in the establishment of IT.

ANESTHETIC PC

Inhalation anesthetics are strong inducers of IT and can directly
modulate immune functions in neutrophils, monocytes and lym-
phocytes (Clarkson, 2007; Wang et al., 2008). Rats pretreated
with low dose isoflurane or halothane were protected after per-
manent MCAo (Kapinya et al., 2002). The protective effect was
attributed to increased iNOS expression after anesthetic PC, and
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was reversed by treating the animals with the iNOS inhibitor
aminoguanidine. Volatile anesthetics might directly alter the
response of immune cells to inflammatory stimuli. Isoflurane
PC of mouse macrophages induced the expression of heme
oxygenase-1 (HO-1) and decreased NO and TNF-a release after
subsequent LPS exposure (Li et al., 2009).

CORTICAL SPREADING DEPRESSION, BRAIN STIMULATION, AND
SEIZURES

CSD is an electrophysiological phenomenon characterized by a
slowly propagating depolarization wave across the cortical sur-
face that confers delayed IT (Yanamoto et al., 1998; Horiguchi
et al., 2006; Shpargel et al., 2008). In animal models, CSD
PC is elicited by either topical application or superfusion of
the cortical surface with a 0.5-5M KCI solution that induces
IT lasting 1-15 days (Kawahara et al., 1995; Yanamoto et al,
1998; Horiguchi et al., 2006). The delayed tolerance induced
by CSD is protein synthesis dependent and has been linked
to the up-regulation of trophic factors and glial cell activa-
tion (Kawahara et al,, 1999). On the other hand, spreading
depression in organotypic hippocampal slice cultures increases
the expression of several pro-inflammatory cytokines including
TNF-a, IL-1B, IL-1a, and IL-6 (Kunkler et al., 2004). Indeed,
in vivo experiments found an early induction of both TNF-a
and IL-1B after CSD (Jander et al., 2001). Pre-treatment with the
non-competitive N-methyl-D-aspartate (NMDA) receptor antag-
onist MK-801 completely abolished the upregulation of these
cytokines, implicating NMDA receptors as a critical element driv-
ing their production. Additionally, Horiguchi et al. reported that
CSD-induced neuroprotection against ischemic injury resulting
from MCAo is dependent upon increased COX-2 expression
(Horiguchi et al., 2005, 2006), supporting the involvement of the
inflammatory response in CSD PC.

Electrical stimulation of the cerebellar fastigial nucleus, but
not other cerebellar nuclei, can induce potent and long-lasting
protection from focal or global cerebral ischemic injury (Reis
etal., 1991, 1998; Golanov et al., 1998). At the same time, fastigial
nucleus stimulation evokes a strong anti-inflammatory response
and suppresses post-ischemic iNOS expression and brain inflam-
mation after cortical IL-1f injection (Galea et al., 1998a,b). The
effect is mediated, at least in part, by increasing the tolerance of
mitochondria to calcium overload, and suppressing the release
of mitochondrial pro-apoptototic factors induced by cerebral
ischemia (Zhou et al., 2005). The molecular mechanisms of the
protective effects on mitochondria involve upregulation of pro-
hibitin, an integral protein of the inner mitochondrial membrane,
which protects mitochondrial structure and function during cell
stress (Zhou et al., 2012). Consistent with its role in PC, overex-
pression of prohibitin renders neurons more resistant to injury in
a wide variety of models (Zhou et al., 2012).

Neuroprotection against cerebral damage induced by lethal
ischemic/hypoxia or global ischemia can also be acquired through
induction of mild epileptic activity elicited by kainic acid injec-
tions (Plamondon et al., 1999; Towfighi et al., 1999). Although
the mechanisms are unknown, synthesis and release of TNF-q,
IL-1pB, IL-1a, and IL-6 by glia might contribute to this tolerance
modality (Vezzani et al., 2002).

EXERCISE PC

Physical exercise prevents stroke and forced exercise training
affords neuroprotection against ischemic injury (Endres et al.,
2003). Experimentally, exercise PC can be achieved by train-
ing rodents on a motor driven treadmill for 1-3 weeks (Wang
et al., 2001; Ding et al., 2005; Curry et al., 2010). Among other
mechanisms, such as protection against the blood-brain barrier
(BBB) disruption, promotion of angiogenesis and inhibition of
apoptosis, exercise PC involves activation of the immune system
(Zhang et al., 2011). The skeletal muscle is an important source
of several cytokines, often referred to as myokines, including IL-6,
IL-8, IL-15, BDNE, LIF, and FGF21 (Pedersen, 2011). The release
of these myokines into circulation might be responsible for the
systemic effects of exercise, including its neuroprotective poten-
tial (Iadecola and Anrather, 2011b). Downstream mediators of
exercise PC may include TNF-a (Ding et al., 2005) and extra-
cellular signal-regulated kinases 1 and 2 (ERK1/2) (Guo et al,
2008; Curry et al., 2010). In one study, exercised rats submitted to
MCAo showed reduced infarct volume when compared to non-
exercised rats and this protection was associated with a gradual
increase in the level of TNF-a in the brain over the 3 week course
of treadmill exercise (Ding et al., 2005). Pre-ischemic blockage
of TNF-a signaling with an anti-TNF-a antibody or inhibition
of ERK1/2 activation abolished the protective effect (Guo et al,,
2008). Exercise PC can also change the expression of innate
immunity receptors. Treadmill exercise decreased cerebral TLR4
receptor expression in rats, although the importance of this find-
ing as a mechanism for cerebral IT has not been investigated to
date (Zwagerman et al., 2010).

MOLECULAR COMPONENTS OF THE IMMUNE SYSTEM
INVOLVED IN PC

Inflammatory signaling is governed by a complex array of
molecules that not only modulate the response of the target
cell, but also change the local microenvironment and cellular
tissue composition by recruiting cell types that are not nor-
mally present in that tissue. This inflammatory cascade is driven
by cytokines, chemokines and their receptors and is regulated
by immunomodulatory molecules. Several of these components
have been implicated in PC. Evidence for direct involvement of
some of these immune factors in cerebral IT is summarized in
Table 3.

TLRs

The Toll receptor was first described in the context of Drosophila
embryogenesis (Anderson et al., 1985). Subsequently, it was dis-
covered that the Toll pathway is activated upon Drosophila fungal
infection revealing a role of Toll receptors in the immune response
(Lemaitre et al., 1996). Exposure of immune cells to certain
pathogens activates these receptors resulting, in the activation
of intracellular signaling pathways that lead to the expression
of genes involved in the inflammatory response. In vertebrates,
TLRs, named for their homology to the toll gene in Drosophila,
are transmembrane proteins containing domains that are able
to recognize viral or microbial components known as pathogen-
associated molecular patterns (PAMPs) (Wang et al., 2011).
Peptidoglycans (PGN), lipoproteins, lipoteichoic acids (LTA),
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Table 3 | Evidence for the involvement of inflammatory mediators in PC.

Inflammatory Deletion/ PC type (dose)/time of Index Species Outcome References
mediators Inhibitor application prior to ischemia
brain ischemia
Chemokine receptors CCL2 KO HPC 2 days prior tMCAo  Mouse Reversed Stowe et al., 2012
CCL2 antibody HPC 2 days prior tMCAo  Mouse Reversed Stowe et al., 2012
Cytokines recpetors  TNF-a KO LPS (0.2 mg/Kg) 3 days prior tMCAo  Mouse Reversed Rosenzweig et al., 2007
TNFa KO CpG ODN (1.6 mg/Kg) 3 days prior tMCAo  Mouse Reversed Stevens et al., 2008
TNFbp LPS (0.2 mg/Kg) 2-4 days prior pMCAo  SHR Reversed Tasaki et al., 1997
IL-1ra BCCo 3 days prior BCCAo  Gerbil  Reversed Ohtsuki et al., 1996
TLR receptors TLR2 KO Pam3CSK4 1 h prior tMCAo  Mouse Reversed Luetal., 2011
TLR4 KO BCCAo 2 days prior pMCAo Mouse Partially reversed Pradillo et al., 2009
TLR7 KO GDQ (40 pg/mouse) 3 days prior tMCAo  Mouse Reversed Leung et al., 2009
TLRs adaptors TRIF KO LPS (0.4 mg/Kg) 3 days prior tMCAo  Mouse Reversed Vartanian et al., 2011
IRF3 KO LPS (0.5 mg/Kg) 3 days prior tMCAo  Mouse Reversed Marsh et al., 2009b
IRF3 KO CpG ODN (1.6 mg/Kg) 3 days prior tMCAo  Mouse Reversed Stevens et al., 2011
IRF3 KO tMCAo 3 days prior tMCAo  Mouse Partially reversed Stevens et al., 2011
IRF7 KO LPS (1 mg/Kg) 3 days prior tMCAo  Mouse Reversed Stevens et al., 2011
IRF7 KO CpG ODN (1.6 mg/Kg) 3 days prior tMCAo  Mouse Reversed Stevens et al., 2011
IRF7 KO tMCAo 3 days prior tMCAo  Mouse Partially reversed Stevens et al., 2011
iINOS iNOS KO tMCAo 1 day prior tMCAo  Mouse Reversed Cho et al., 2005
Amino- guanidine (iNOS) tMCAO 1 day prior tMCAo  Mouse Reversed Cho et al., 2005
Amino- guanidine (iNOS) LPS (0.5 mg/Kg) 1 day prior tMCAo  Mouse Reversed Cho et al., 2005
Amino- guanidine (iNOS) Isoflurane 1 day prior pMCAo  Rat Reversed Kapinya et al., 2002
COX-2 NS-398 (COX-2) HBO 5 days prior 4V0 Rat Reversed Cheng et al., 2011
Rofecoxib (COX-2) tMCAO 8 h prior pMCAo Rat Reversed Park et al., 2008
NF«B pathway DTTC (NF«B) 4VO 3 days prior 4V0 Rat Reversed Blondeau et al., 2001
kB decoy DNA (NF«kB)  4VO 3 days prior 4V0 Rat Reversed Blondeau et al., 2001
DTTC (NFkB) linolenic acid (500 nmol/Kg) 3 days prior 4VO Rat Reversed Blondeau et al., 2001
kB decoy DNA (NF«B) linolenic acid (500 nmol/Kg) 3 days prior 4VO Rat Reversed Blondeau et al., 2001

The deletion or inhibition of chemokines, cytokines, or TLR receptors, iINOS and COX-2 molecules and TLR or NF« B signaling components described in the table,

are able to abolish the preconditioning effect, unveiling the role of inflammatory pathways involved in IT.

4V0, 4 Vessel Occlusion; BCCAo, Bilateral Common Carotid Artery occlusion; COX-2, cyclooxygenase-2; CoG ODN, cytosine-guanine oligodeoxynucleotides, DTTC,

diethyldithiocarbamate; GDQ, Gardiquimod; HBO-PC, Hyperbaric Oxygen Preconditioning;, HPC, hypoxic preconditioning; Il-1ra, Interleukin 1 Receptor Antagonist;
iNOS, inducible Nitric Oxide Synthase; IRF, Interferon (IFN)-regulatory factor; LPS, Lipopolysaccharide; pMCAo, permanent Middle Cerebral Artery occlusion; TLR,

Toll-Like Receptor; SHR, Spontaneously Hypertensive Rats; tMCAo, transient Middle Cerebral Artery occlusion; TNFbp, Tumor Necrosis Factor binding protein;

TNFa, Tumor Necrosis Factor o, TRIF, TIR-domain-containing adapterinducing interferon.

lipopolysaccharides (LPS), as well as viral and bacterial nucleic
acids, serve as PAMPs recognized by individual TLRs (Akira,
2009). To date 13 members of the TLR family have been identified
in mammals. Among the most extensively studied TLRs are TLR2

which binds to LTA component of Gram-positive bacteria and
TLR4, which recognizes LPS on the cell wall of Gram-negative
bacteria (Verstak et al., 2007). Upon ligand binding, TLRs fur-
ther signal by recruiting intracellular Toll/IL-1R (TIR)-homology
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domain containing adaptor proteins, which selectively activate
signaling cascades that lead to immune responses. Several TLR
adapter molecules that are associated with functionally differ-
ent signaling cascades, such as myeloid differentiation factor-88
(MyD88) and TIR domain containing adaptor protein inducing
interferon B (TRIF), are known to date. With the exception of
TLR3, TLRs signal through MyD88-dependent pathways, while
TLR4 can activate both MyD88-dependent and—independent
pathways (Wang et al., 2011; Mallard, 2012).

MyD88 mobilizes members of the IL-1R-associated kinase
family (IRAK) leading to nuclear translocation of the transcrip-
tion factor NF-kB. NF-kB is a major regulator of the inflam-
matory response (Li and Verma, 2002) and is responsible for
the induction of various inflammatory genes including cytokines,
chemokines, adhesion molecules, proinflammatory enzymes, and
growth factors (Pahl, 1999). NF-kB is commonly found as a het-
erodimer consisting of p50 (NFKB1) and p65 (RelA) subunits.
In resting cells, the inactive form of NF-kB is located in the
cytoplasm by association with inhibitor proteins, IkBa and IkBf
(Baeuerle and Henkel, 1994). Upon stimulation, IkB proteins are
phosphorylated and proteolytically degraded, and NF-kB dimers
are able to translocate to the nucleus and bind to the promoter
region of target genes initiating their transcription (Baldwin,
1996). NF-kB is activated in many cell types including cells of the
central nervous system (Kaltschmidt et al., 1994). In the rodent
brain, NF-kB can be activated by numerous factors known to be
induced after ischemia-reperfusion, such as glutamate, increased
intracellular Ca®*, reactive oxygen species (ROS) and inflam-
matory cytokines (Harari and Liao, 2010). Furthermore, target
genes of NF-kB have been implicated in the pathogenesis of
cerebral ischemia, such as IL-1, IL-6, TNF-a, ICAM-1, MMP9,
COX-2, and iNOS (Baeuerle and Henkel, 1994; Allan et al., 2005;
Kaltschmidt et al., 2005; Harari and Liao, 2010). Thus, it has
been postulated that stimulation of signaling pathways that lead
to NF-kB activation are associated with detrimental outcome
in cerebral ischemia (Stephenson et al., 2000). Supporting this
notion, inhibition of NF-kB using pharmacologic agents results in
reduced infarct size after stroke in rodents (Clemens et al., 1998;
Nurmi et al., 2004). It has also been shown that mice lacking the
P50 NF-kB subunit have reduced ischemic damage (Schwaninger
et al., 1999; Nurmi, 2004). However, subsequent studies have
also revealed a deleterious effect of NF-kB inhibition in neona-
tal hypoxia (Nijboer et al., 2008) and an increase of neuronal
death after transient ischemia in p50 deficient mice (Duckworth
et al., 2006) raising the possibility for a dual role of NF-kB in
stroke.

TLR4 stimulation also leads to the activation of MyD88-
independent pathways. In this case, binding of the adaptor
molecule TRIF activates the transcription factors interferon reg-
ulatory factor 3 (IRF3) and 7 (IRF7), resulting in expression of
IFNa and IFNB type I IEN genes (Marsh et al., 2009a; Wang
et al.,, 2011; Mallard, 2012) (Figure 2). Type I IFNs are released
in the extracellular space and signal in an auto- or paracrine
manner through a single heterodimeric receptor, IFNAR, to acti-
vate the JAK/STAT pathway, leading to the expression of several
chemokines such as CCL2, CCL7, and CXCL10, while inhibiting
CXCL1 and CXCL2 expression. Depending on the concentration

of IFN and type of target cell, the resulting immune response can
be pro- or anti-inflammatory (Trinchieri, 2010).

Aside from binding to PAMPs, TLRs also recognize endoge-
nous molecules known as DAMPs, which are released during
ischemic cellular injury (Chen and Nuiez, 2010). Prototypical
DAMPs released from injured cells include high-mobility group
box 1 (HMGb1) protein that activates TLR2, 4, and 9; heat
shock proteins (HSPs; TLR2, 4); RNA (TLR3); mitochondrial
DNA (TLR9); hyaluronic acid (TLR2, TLR4) and peroxiredox-
ins (TLR2, TLR4) (Chen and Nunez, 2010; Patel et al., 2012;
Shichita et al., 2012). HMGb1 and peroxiredoxins have been
reported to increase cerebral ischemic injury by augmenting the
post-ischemic inflammatory response (Kim, 2006; Yang et al.,
2011; Shichita et al., 2012). While the role of DAMPs in cere-
bral IT has not been addressed, it has been shown that systemic
administration of HMGb1 protects against myocardial ischemia—
reperfusion injury and liver ischemia-reperfusion injury, a pro-
cess that involves TLR4 (Izuishi et al., 2006; Hu et al., 2010).
Additionally, HSP70 mediates endotoxin tolerance by signaling
through TLR4 receptors (Aneja et al., 2006). Therefore, these
findings support DAMPs to participate in the PC effect through
TLRs activation. In contrast to the detrimental effect of TLR acti-
vation in response to ischemia (Wang et al., 2011), stimulation
of some TLRs prior to ischemia provides robust neuroprotection
(Marsh et al., 2009a; Wang et al., 2011). The ability of TLR lig-
ands to induce cerebral IT was first demonstrated after systemic
administration of low-dose LPS, the major TLR4 ligand, causing
spontaneously hypertensive rats to become tolerant to subsequent
ischemic brain damage induced by MCAo (Tasaki et al., 1997).
Subsequently, LPS-induced tolerance to brain ischemia has been
demonstrated in several experimental stroke models in mice, ger-
bils and pigs (Rosenzweig et al., 2004; Hickey et al., 2007; Yu
et al.,, 2010). A dose below 1 mg/Kg of LPS administered 1-3
days prior to cerebral ischemia is generally used in rodents to
induce IT. Furthermore, TLR4-mutant mice were refractory to
IPC, indicating that TLR4 plays an universal role in establish-
ing IT (Pradillo et al., 2009). Comparable to TLR4, pre-treatment
with the TLR2 lipopetide ligand Pam3CysSerLys4 (Pam3CSK4)
resulted in significantly decreased cerebral infarct volume after
focal cerebral ischemia/reperfusion in mice (Hua et al., 2008).
Preservation of the BBB has been suggested to play a role in this
PC mechanism. Similarly, stimulation of TLR7 by administration
of its agonist gardiquimod, an imidazoquinoline compound, pro-
vides neuroprotection against ischemic injury and was associated
with the up-regulation of the IFN pathway and IFNa production
(Leung et al., 2012). Interestingly and in contrast to TLR4 and
TLR9 induced PC, TLR7-mediated PC was abolished in IFNAR
mutant mice. Finally, activation of TLR9 by unmethylated CpG
oligodeoxynucleotides induced IT after transient MCAo in mice
(Stevens et al., 2008). Similar to LPS-PC, the protective effect
after TLRY stimulation lasted for up to a week and was depen-
dent on the expression of TNF-a (Figure 2A) (Stevens et al., 2008;
Marsh et al.,, 2009a). Accordingly, CpG oligodeoxynucleotides
administration to TNF-a null mice failed to induce IT.

IT induced by TLR activation involves the reprogramming of
inflammatory pathways. This is achieved by at least two different
mechanisms. Concomitantly with induction of pro-inflammatory
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FIGURE 2 | TLR signaling pathways in cerebral IT. (A) Preconditioning
through TLRs may be afford by exposure with low dose of
pathogen-associated molecular pattern (PAMPs) molecules (Mallard, 2012).
TLRs are localized either at the outer cell surface (TLR1, TLR2, TLR4,
and TLR6) or within endosomes (TLR7 and TLR9) (Marsh et al., 2009a).
TLR2 dimerizes with TLR1 or TLR6 and is activated upon binding of
PAMPs such as the synthetic lipopeptide Pam3CysSerlLys4 (Pam3CSK4),
the non-peptide ligand lipoteichoic acid (LTA) or peptidoglycans (PGN).
TLR4 predominantly recognizes lipopolysaccharides (LPS) from
Gram-negative bacteria. TLR7 and TRL9 can be activated by the synthetic
imidazoquinoline Gardiquimod (GDQ) or small DNA such as
non-methylated cytosine-guanosine (CpG), respectively (Wang et al.,
2011). Preconditioning of TLRs will favor the activation of the myeloid
differentiation factor-88 (MyD88)-dependent pathway. Upon binding of
ligands, MyD88 is activated either directly (TLR7/9) or via the
toll-interleukin 1 receptor (TIR) domain containing adaptor protein TIRAP
(TLR2/4). The latter further mobilizes members of the Il-1R-associated
kinase family (IRAK) leading to the subsequent binding/activation of TNF
receptor associated factor6 (TRAF6), the inhibitor of kB kinase (IKK)
complex (composed of IKKa and IKKB) and IkB. Once IkB is
phosphorylated and degraded by the proteasome, nuclear factor«B
(NF-kB) translocates to the nucleus leading to low level of
pro-inflammatory cytokine synthesis, such as TNFa. TLR PC also induces
the production of several negative inhibitors of TLR signaling, targeting
mainly MyD88 and NFkB pathways. Induction of proinflammatory
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cytokines and activation of such inhibitors are required to induce a state
of ischemic tolerance (Marsh et al., 2009a; Vartanian and Stenzel-Poore,
2010; Wang et al.,, 2011). In addition to activating the MyD88-dependent
pathway, TLR4 signals through the MyD88-independent pathway to
activate IRF3 by sequential recruiting of the adaptor molecule TIR
inducing interferon B (TRIF) and IKKe resulting in expression of
anti-inflammatory type | interferon (IFN) genes, including IFNB (Marsh

et al., 2009b). Type | IFNy genes are also induced by TLR7/9 activation
through the TRAF6/IKKa pathway (Hoshino et al., 2006). (B)
Damage-associated molecular pattern (DAMPs) molecules are endogenous
ligands of TLRs produced in response to ischemic injury (Vabulas et al.,
2002). Following preconditioning, activation of TLR4/7/9 by DAMPs wiill fail
to activate MyD88 and the subsequent signaling molecules, such as IRAK
and NF«B. Indeed, several inhibitors produced during the first exposition
of TLRs to exogenous stimuli will block the signaling of TLRs to NF«B.
Whether pro-inflammatory cytokines are suppressed or up-regulated is
controversial and might be model specific (Marsh et al., 2009a; Vartanian
and Stenzel-Poore, 2010). On one hand, TLR preconditioning induces a
down-regulation of NFkB. On the other hand, it has been shown that
neuroprotection following cerebral ischemia is achieved by an
up-regulation of the TLR-IRF axis generating an increase of TGFg, IL-10,
IFNa, and IFNB anti-inflammatory cytokines (Stevens et al., 2011; Leung
et al., 2012). Thus, TLR preconditioning induces a reorganization of the
TLR signaling pathways after cerebral ischemia toward TRIF/IRF signaling
that may confer protection of the brain against ischemic damage.
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mediators, activation of the MyD88-dependent pathway will
result in the upregulation of negative regulators, which pre-
vent the interaction of several adaptors along the TLR4-MyD88
pathway (Figure 2A) (Sly et al., 2004). At the same time, acti-
vating the MyD88-independent pathway evokes a type I IFN
response. Indeed, recent studies have found a neuroprotective
role of the MyD88-independent pathway in TLR-induced IT after
stroke (Marsh et al., 2009a). It has been postulated that pretreat-
ment with LPS induces a switch in the transcriptional response
to subsequent TLR4 stimulation by increasing the expression
of the IRF3-induced cytokine IFNP (Veldhuis et al., 2003)
(Figure 2B). Consistent with this hypothesis, gene expression
analysis following LPS-PC revealed upregulation of inhibitors
of the Myd88-dependent and NF-kB pathways (Vartanian et al.,
2011). Interestingly, the expression of pro-inflammatory genes
related to the NF-«kB signaling pathway was similar in both
mice undergoing LPS-PC and in control mice following cere-
bral ischemia (Figure2B). However, the study showed that
LPS-PC increased IRF3 activity following ischemia and evoked
the upregulation of anti-inflammatory genes including TGF-
B and IL-10 (Vartanian et al., 2011). The importance of the
MyD88-independent pathway in establishing IT is further sup-
ported by the fact that LPS-PC was unable to induce IT
in TRIF- but not in Myd88-deficient mice (Vartanian et al,
2011).

CYTOKINES
Cytokines are secreted proteins with growth, differentiation,
and activation functions that shape the nature of the immune
response. Among the more than 70 candidate cytokines, TNF-q,
IL-1, IL-6, and IL-17 play major roles in initiating and amplifying
the post-ischemic inflammatory response, while IL-10 and TGF-
B are the main anti-inflammatory factors (ladecola and Anrather,
2011a). Since immune cells, including monocytes/macrophages,
in the periphery and microglia in the brain express TLR recep-
tors (Downes and Crack, 2010), they are capable of responding
to systemic TLR agonists used as a preconditioning stimu-
lus and modify cytokine expression or secretion (Rosenzweig
et al., 2004; Ransohoff and Brown, 2012). Accordingly, several
cytokines secreted by cells of the innate immune system have
been implicated in PC. For example, TNF-a has been identi-
fied as an essential mediator of LPS-PC. It has been shown that
LPS-preconditioned TNF-a null mice were not protected from
ischemic brain injury (Rosenzweig et al., 2007). This study con-
firmed previous findings demonstrating that administration of a
specific TNF antagonist reversed the protective effect of LPS PC
in a model of permanent focal ischemia in mice (Tasaki et al.,
1997). Similarly, upregulation of IL-1a and IL-1f after bilateral
common carotid artery occlusion (BCCAo) triggered tolerance to
global ischemia (Ohtsuki et al., 1996; Shin et al., 2009). Ohtsuki
et al. also showed that systemic delivery of either IL-1a or IL-
1B was sufficient to induce IT to a subsequent episode of lethal
global ischemia and that intraperitoneal injection of recombi-
nant human IL-1 receptor antagonist prior to IPC abolished the
neuroprotective effect.

In addition to systemic administration of cytokines, neuropro-
tection has also been reported with direct delivery of cytokines to

the brain before ischemia. Previous intracerebrovascular injection
of IL-6 in rats subjected to permanent ischemia protects from
cell death (Loddick et al., 1998). Likewise, intracisternal admin-
istration of TNF-a in mice before distal MCAo is neuroprotective
(Nawashiro et al., 1997). However, in the same study, both intra-
venous and intraperitoneal routes of TNF-a administration failed
to exert neuroprotection against cerebral ischemia. While dif-
ferences in modality of administration and stroke models may
account for the observed disparities in outcome, it remains
unclear how systemic cytokines exert their effect within the brain.
TNF-a, IL-18, and IL-6 are transported unidirectionally across
the BBB (Banks, 2005). Thus, systemic induction of cytokines
can lead to an increase of them in the brain. For instance, IL-1
expression in the brain has been documented after an increase
of circulating IL-1 induced by LPS PC (Gabellec et al., 1995).
On the other hand, inducers of PC, such as LPS and cytokines,
can act through interaction with receptors in circumventricular
organs that lack a BBB, triggering upregulation of cytokine lev-
els in the brain. Accordingly, it has been shown that perivascular
cells and neurons in the circumventricular organs produce TNF-
o in response to systemically administered LPS (Breder et al.,
1994).

CHEMOKINES

Chemokines are small molecules involved in the recruitment of
immune cells to sites of inflammation or injury (Charo and
Ransohoff, 2006). In the central nervous system, chemokines
are highly upregulated in neuropathologic conditions. Neurons,
astrocytes, microglia, endothelial cells as well as circulating leuko-
cytes are potential sources of chemokines. Several chemokines
have been linked to the pathogenesis of ischemic brain injury
(Jaerve and Miiller, 2012). Upon release, they exacerbate tis-
sue injury by increasing leukocyte and monocytes/macrophages
infiltration, potentiating neuronal injury. However, chemokines
also possess neuroprotective and neurotrophic functions (Semple
et al, 2009). The prevalence of beneficial or detrimental
effects may depend on various factors, including the type of
the chemokine, its concentration, the time course of pro-
duction relative to the time of injury and the target cell
type (Semple et al., 2009). The contribution of chemokines
to PC has been investigated in several models of IT. For
instance, HPC or BCCAo prior to transient or global MCAo
resulted in reduced infarct size attributed to CCL2 (MCP-1),
a leukocyte-derived pro-inflammatory chemokine (Rehni and
Singh, 2012; Stowe et al., 2012). Following HPC, expression
of CCL2 increased in both neurons and cerebral endothelial
cells prior to the induction of the ischemic injury. Moreover,
the induction of IT was blocked by CCL2 neutralizing anti-
bodies and was not observed in CCL2-knockout mice (Stowe
et al., 2012). Although the protection conferred by HPC is asso-
ciated with the number of CCR2T monocytes in blood and
leaving the circulation, their direct protective role in brain IT
needs to be further characterized. Rehni et al. have shown
that IT induced by BCCAo PC was lost after treatment with
a selective antagonist of CCR2 (Rehni and Singh, 2012), cor-
roborating the role of CCL2 chemokines and its receptor
in IT.
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CANNABINOIDS

The endocannabinoid system consists of the cannabinoid type
1 (CB1) and type 2 (CB2) receptors and their ligands (Howlett
et al., 2002). The expression of these two receptor sub-
types varies among tissues. CB1 receptors are abundant in
the CNS and are also present in several peripheral tissues,
albeit to a lesser extent (Matsuda et al., 1990; Galiegue et al.,
1995). Although also present in the brain (Gong et al., 2006),
CB2 is mostly expressed in immune cells (Galiegue et al,
1995). Cannabinoid receptors may be activated upon bind-
ing of their endogenous ligands arachidonoyl ethanolamide
or anandamide (AEA), 2-arachidonoylglycerol (2-AG), and
2-arachidonyl glyceryl ether (noladin ether), or synthetic analogs
which are derivatives of herbal cannabinoids, such as the ter-
penoid A9—tetrahydrocannabinol (THC), the active compound
of the cannabis plant (Di Marzo et al., 1998). Both CBl
and CB2 receptors are members of the seven-transmembrane
G-protein coupled receptor superfamily. They may initiate
downstream signaling pathways that activate potassium chan-
nels, phosphatidylinositol-3-kinase and mitogen-activated pro-
tein kinases (Di Marzo et al., 1998). The CNS endocannabinoid
system has a variety of physiological roles, which are mainly
mediated by CB1 receptors. These include, but are not lim-
ited to: psychotropic effect, pain inhibition, memory function
and increased appetite (Ameri, 1999; Pacher and Hasko, 2008).
Modulation of immune responses and the release of inflamma-
tory mediators have been primarily attributed to CB2 receptors
(Pacher et al., 2006; Ullrich et al., 2007; Elliott et al., 2011).

The endocannabinoid system has been implicated in ischemic
injury (Pacher and Hasko, 2008). Several studies have shown
a neuroprotective effect of CB activation in brain ischemia
(Nagayama et al., 1999; Panikashvili et al., 2001) by decreas-
ing intracellular Ca?* (Zhuang et al., 2005), modulating brain
temperature (Leker et al., 2003), inhibiting pro-inflammatory
signaling cascades (Panikashvili et al., 2005) and by prevent-
ing endothelial cell activation and leukocyte adhesion (Zhang
etal., 2007, 2009). There is emerging evidence that cannabinoids
also play a role in PC. Induction of IT by electroacupuncture
PC improves neuronal survival in a rat model of focal ischemia
(Wang et al., 2005, 2009; Ma et al., 2011). While early PC in
this model was dependent on the activation of CB1 receptors as
demonstrated by the reversal of the protective effect after admin-
istration of the CB1 receptor antagonist AM251 or CB1 siRNA
(Wang et al., 2009), delayed PC was dependent upon the activa-
tion of CB2 receptors (Ma et al., 2011). It was shown that IT was
partially reversed when animals were treated with the specific CB2
antagonist AM630. Inhibition of the CB1 receptor, however, did
not block the induction of delayed IT. Although the cellular com-
ponents of this response have not been investigated, the nearly
exclusively expression of CB2 receptors on immune cells makes
it possible that modulation of the immune response accounts for
the observed neuroprotection.

iNOS

Nitric oxide (NO) is produced by nitric oxidase synthase
(NOS) through oxidation of the guanidino nitrogen of L-
arginine. Endothelial (eNOS), neuronal (nNOS) and inducible

or inflammatory (iNOS) isoforms are found in the brain, and
play important roles in IT (for recent review see (ladecola et al.,
2011). iNOS is specifically expressed under pathological con-
ditions, typically those associated with inflammation (Nathan,
1997). Data from our laboratory have shown that iNOS medi-
ates IT following either IPC or LPS-PC in a mouse model of
transient MCAo (Cho et al., 2005). PC-mediated neuroprotection
was abolished when the selective inhibitor, aminoguanidine, was
delivered prior to PC, or when iNOS null mice were used. iNOS
expression and accumulation of peroxynitrite in cerebral blood
vessels was observed 24 h after IPC (Cho et al., 2005), whereas
LPS-PC was associated with accumulation of peroxynitrite in
neurons and vessels (Kunz et al., 2007). The role of iNOS in PC
has also been reported with anesthetic preconditioning (Kapinya
et al., 2002). Prior treatment with isoflurane or halothane, which
reduces infarct volume after permanent MCAo, induced iNOS
expression in the cortex 18-24 h after PC. Analogous to the stud-
ies mentioned above, anesthetic PC was blocked when animals
were treated with the iNOS inhibitor aminoguanidine.

COX-2

Similar to iNOS, brain cycloxygenase-2 (COX-2) is markedly
upregulated during post-ischemic inflammation and its reac-
tion products contribute to the evolution of ischemic damage
(Tadecola et al., 2001). Likewise, the role of COX-2 has been
investigated in several PC paradigms. Increased brain levels of
COX-2 following PC by CSD, was associated with the develop-
ment of cerebral IT in a rat model of MCAo (Horiguchi et al.,
2006). IPC by transient MCAo induced COX-2 and HO-1 expres-
sion, and significantly reduced infarct volume after index MCAo.
Administration of the COX-2-selective inhibitor rofecoxib abol-
ished the neuroprotective effect of IPC, indicating a key role of
COX-2 in establishing IT (Park et al., 2008). More recently, the
role of COX-2 in PC induced by HBO has also been reported
(Cheng et al.,, 2011). COX-2 induction is associated with pro-
tection against subsequent global cerebral occlusion in rats and
IT was abolished by treatment with COX-2 selective inhibitor
NS-398. Contrary to IPC, no role of COX-2 in LPS PC was
found in a excitotoxic model of brain injury induced by NMDA
(Kawano et al., 2007).

ROS

ROS play a key role in the pathogenesis of the ischemic cascade.
ROS are mainly generated after cerebral ischemia by the injured
tissue during the acute phase (minutes-hours) and by infiltrat-
ing leukocytes during the sub-acute ischemic phase (Chan, 2001;
Kahles et al., 2007). For example, neutrophils that infiltrate the
ischemic brain produce excessive superoxide via NADPH oxi-
dase, contributing to the exacerbation of ischemic injury (Kunz
et al., 2006; Chen et al., 2009; Pun et al., 2009). In precondi-
tioning, the role of ROS via inflammatory mechanisms has also
been reported. Kunz et al. showed improvement of cerebrovascu-
lar function after transient MCAo in LPS preconditioned mice, an
effect associated with peroxynitrite formation (Kunz et al., 2007).
Interestingly, peroxynitrite was specifically formed after PC from
the reaction of iNOS-derived NO and Nox2 (NADPH oxidase)-
derived superoxide, and was not observed in iNOS or Nox2-null
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mice. Moreover, peroxynitrite was also found to be beneficial in
the tolerance induced by LPS-PC to brain injury resulting from
cortical injection with NMDA (Kawano et al., 2007).

EPIGENETIC MECHANISMS

In delayed PC, the time window during which IT is observed can
last for days or even weeks. This contrasts with the limited dura-
tion of inflammatory signaling where responses are often short
lived, and several negative feedback loops are in place to restrict
the duration of the inflammatory response. This is achieved by
the expression of a series of cellular inhibitors that are con-
comitantly produced along with pro-inflammatory molecules,
leading to a timely termination of gene expression after the stim-
ulus subsides. These inhibitors can directly target transcription
factors, as is the case with NF-kB, which is sequestered in the
cytoplasm by newly synthetized IkB proteins—or, by inactivat-
ing key proteins within the pro-inflammatory signaling cascade.
For example, A20, an ubiquitin editing enzyme that is highly
inducible by pro-inflammatory stimuli, targets several proteins in
the TNEFR signaling cascades by removing K63-linked ubiquitin
chains from TRAF2, TRAF6 and NEMO. It results in suppres-
sion of NF-kB signaling, and by replacing K63- with K48-linked
ubiquitin chains in RIP1, thus targeting it for proteasomal degra-
dation (Verstrepen et al., 2010). Similarly, suppressor of cytokine
signaling (SOCS), a family of 40 related proteins, and PIAS (pro-
tein inhibitor of activated STAT) target primarily the JAK (Janus
kinase)/STAT (signal transducer and activator of transcription)
pathway, which is the main cellular transducer of cytokine signals
(Yoshimura et al., 2007). Accordingly, short-acting inflammatory
signals, as applied during PC protocols, are transient, and not
suitable to alter the cellular state for an extended period of time.
This view is supported by experimental data in ischemic and LPS
preconditioned animals, that show transient global alterations of
gene expression profiles after PC, which have largely dissipated
by the time of index ischemia (Stenzel-Poore et al., 2003; Marsh
et al., 2009b). This raises the question of how the “memory” of
the PC event is preserved if the attendant mRNA response has
already subsided. An essential feature of such a mechanism, is
its persistence beyond the initial stimulation and its decay over
time, thus, equipping the cell or organ with a relatively short lived
memory of a previous exposure to a potentially lethal stressor.
One possibility is that the protein products of the subsided tran-
scriptional activity are still present at the time of induction of
ischemia, which could steer the response from injury toward pro-
tection. Another possibility is that the transcriptional response
to PC induces longer lasting epigenetic changes that shape the
genetic response when injurious ischemia occurs. Epigenetic
mechanisms include all processes that regulate gene expression
without alteration of the underlying DNA sequence, and include,
for example, histone modifications, DNA methylation, and
non-coding RNAs.

HISTONE AND DNA MODIFICATIONS IN PRECONDITIONING OF THE
IMMUNE SYSTEM AND THE BRAIN

Histone modifications by methylation, acetylation, phosphoryla-
tion, ubiquitination, and sumoylation are key events in regulating
chromatin structure and gene expression. The mechanism by

which these modifications alter gene expression is not entirely
understood, but may involve tethering of chromatin remodeling
machinery, transcriptional repressors and activators. While acety-
lation of N-terminal histone tails are a hallmark of actively tran-
scribed genes, it is less likely that histone acetylation plays a major
role in imprinting a lasting memory from a previous exposure.
Supporting this view is the fact that histone deacetylase (HDAC)
is recruited early to the promoter of induced genes, in most
cases during the gene activation process itself, resulting in a high
turnover rate of acetylation marks in the order of minutes and
fast disposal of this modification once transcription of the partic-
ular gene subsides (Hazzalin and Mahadevan, 2005). On the other
hand, DNA methylation is a very thermostable epigenetic mark
and, with the possible exception of 5-hydroxymethylcytosine,
refractory to environmental stimuli. Therefore, DNA methyla-
tion is unsuited to act as an on-off switch for epigenetic memory
(Qureshi and Mehler, 2010). Histone H3 tri-methylation at lysine
4 (H3K4me3), in contrast, has been shown to mark active or
poised enhancers for an extended period of time. In a model
of Candida albicans infected macrophages, persistent H3K4me3
modifications in the enhancer regions of inflammatory genes
was associated with a more robust inflammatory response and
reduced re-infection rate upon re-exposure (Quintin et al., 2012).
Notably, the K4 trimethylation was observed for up to a week
after deposition. The importance of H3K4me3 in changing tran-
scriptional responses has been shown in LPS-preconditioned
macrophages (Foster et al., 2007). Macrophages pre-exposed to
LPS responded to a second LPS exposure with a transcrip-
tional program distinct from that of naive macrophages exposed
to LPS. Genes could be divided into “tolerizeable” genes (T),
which were suppressed in tolerant macrophages, and “non-
tolerizeable” genes (NT), expressed at higher levels in tolerant
than non-tolerant macrophages. It was found that promoter
regions of T-class genes were refractory to histone H4 acety-
lation and H3K4 trimethylation, two modifications positively
correlated with transcriptional activity, upon the second LPS
challenge (Foster et al., 2007). Depending on the chromatin status
in the resting state, genes can be divided in primary and sec-
ondary response genes (Ramirez-Carrozzi et al., 2006). Primary
genes show a chromatin structure that is suited for immediate
transcription and their activation is independent of new protein
synthesis. Secondary genes show histone modifications charac-
teristic of inactivated genes and the removal of this block and
gene induction is protein synthesis dependent. Interestingly, this
study found that LPS-PC changed many genes from secondary
to primary response genes upon LPS re-stimulation, further
implicating that epigenetic memory has been established in this
model.

Several histone modifiers have been implicated in the PC
response of the brain, including sirtuin family HDACs (Morris
et al., 2011) and polycomb group proteins (PcG), a multimeric
protein complex that mediates gene silencing and PC (Stapels
et al., 2010). In addition to their role in neuronal physiology,
both protein families have been implicated in the regulation of
immune function (Swigut and Wysocka, 2007; Galli et al., 2011).
Whether they also regulate the immune signaling during PC,
however, has not been directly addressed thus far.
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MICRORNAS AND LONG NON-CODING RNAS

microRNAs (miRNAs) are small non-coding RNAs (18- to
24- nucleotides) that repress translation of mRNAs. Mature miR-
NAs are excised from a precursor RNA by the activity of Dicer and
are guided to the 3’-untranslated region (3’-UTR) of mRNAs tar-
gets by the RNA-induced silencing complex (RISC). This leads
to the down-regulation of gene expression via degradation or
translational inhibition (Bartel, 2009). miRNAs have an essen-
tial quality that makes them compatible with the maintenance
of preconditioning memory, namely their stability (Riiegger and
Grofshans, 2012). In addition, they are inducible by environ-
mental stimuli, and are regulated at the levels of transcription,
biogenesis, stability and decay. Supportive for a role of some
miRNAs in establishing epigenetic memory, is the fact that they
are extremely long lived, more than 12 days in the case of miR-208
in the heart (van Rooij et al., 2007). Furthermore, ablation of
many miRNAs is well tolerated in the mouse, with these mutant
animals only developing substantially altered phenotypes after
being subjected to some kind of stress. These observations sug-
gest that the persistence of inducible miRNAs due to their long
half-lives after initial stimulation, may enable the maintenance
of gene-expression programs that enhance the resistance of cells
to repeated stress-exposure. When such “memory” miRNAs are
absent (such as in animals depleted of the genes encoding the
miRNAs), aberrant phenotypes become apparent (Leung and
Sharp, 2010). The findings that miRNA can be actively secreted
and transferred from cell-to-cell via microvesicles makes it possi-
ble that miRNA can work at a distance by transferring epigenetic
signatures from a stimulus-exposed cell to a cell that has not
encountered the particular environmental stressor (Valadi et al.,
2007).

It is estimated that 500-1000 different miRNAs are expressed
in mammalian cells and several miRNAs have been implicated
in the regulation of the immune response and inflammation
(O’Connell et al., 2012). Certain miRNAs, for instance, miR-9,
-21, -146a, -147, -203, are induced in response to TLR activa-
tion, and serve as negative feedback regulators of the MyD88-
dependent TLR signaling pathway and NF-kB activity (O’Neill
et al.,, 2011). Conversely, miR-155 enhances the inflammatory
response by down-regulating negative regulators Src Homology-
2 domain-containing inositol-5'-phosphatase 1 (SHIP1) and
SOCS1 leading to prolonged activation of AKT and IFN signaling
pathways (O’Connell et al., 2009).

Cerebral ischemia-reperfusion injury alters the expression
of several miRNAs (Dharap et al,, 2009; Wang et al., 2013).
Interestingly, IPC and HPC have been shown to rapidly alter
miRNA levels in the brain (Dharap and Vemuganti, 2010; Lee
et al.,, 2010; Liu et al.,, 2012). Although it is unknown if these
alterations directly affect immune pathways participating in PC,
the finding that expression of miRNAs involved in inflam-
matory signaling is altered by IPC in mice, is suggestive for
such a role. For example, miR-17-5p, an inhibitor of monocyte
maturation, and the TLR4-targeting miRNA let-7e were down-
regulated in the cerebral cortex of mice after IPC (Lusardi et al.,
2010). Furthermore, the peroxisome proliferator-activated recep-
tor gamma (PPARy)-targeting miR-27b and miR-146a, which
regulates Traf6, IRAK1, and IRAK2 expression, were up-regulated

after PC by transient MCAo in rats (Dharap and Vemuganti,
2010). The same study showed down-regulation of miR-145,
which targets the essential TLR4-associated signaling molecule
MyD88-adapter-like (MAL). Tellingly, monocyte chemotactic
protein-induced protein 1 (MCPIP1), a multifunctional protein
with RNAse activity that antagonizes Dicer, and thereby inhibits
miRNA biogenesis (Suzuki et al., 2011), has been shown to
abrogate the effects of LPS-PC in a mouse model of transient
cerebral ischemia (Liang et al., 2011). Taken together, although
PC-induced regulation of immune components by miRNA has
not been conclusively shown to contribute to cerebral IT, the cor-
relative data gathered so far are supportive for a role of miRNAs
in regulation of immune pathways during PC.

Long non-coding RNAs range from 200 bp to several kb, and
are expressed in a cell type specific manner (Mercer et al., 2009).
Although most of these molecules have not been functionally
characterized, they may have diverse roles ranging from regula-
tion of chromosome inactivation to control of gene expression
(Mercer et al.,, 2009). Because several long non-coding RNAs
have been shown to be inducible and are involved in regulating
immune cell activity and inflammatory signaling, they consti-
tute another potential player by which epigenetic processes can
establish a cellular memory. Their role in PC has yet to be
investigated.

CONCLUSIONS

Although post-ischemic inflammation is considered a major
pathogenic factor in stroke, emerging evidence supports a
beneficial role of selected inflammatory pathways. One such
mechanism is the induction of endogenous neuroprotection
through ischemic PC (Figure 3). The evidence summarized in
this review indicates that the immune system plays a central
role in the mechanisms eliciting neuroprotective responses after
PC. While activation of IT-inducing immune pathways shows
robust neuroprotection in animal models, the clinical transla-
tion of such approaches is complicated by side effects including
systemic inflammation and immunodepression (Meisel et al.,
2005; McColl et al., 2009). The identification of specific pathways
and effector molecules involved in establishing inflammatory PC
will help to design targeted PC protocols that can be poten-
tially translated into clinical practice (Keep et al., 2010; Anrather
and Hallenbeck, 2013; Narayanan et al., 2013). Notably, immune
pathways are not only involved in PC induced by inflammatory
mediators, but have also been implicated in several PC paradigms
that are not triggered by inflammatory signals, such as ischemic
and anesthetic PC, attesting a pivotal role for the immune system
in mediating and/or establishing IT. Because of the involvement
of inflammatory pathways in a wide variety of diseases, many
of the immune components involved in PC are prime therapeu-
tic targets and subjects of extensive drug development. Several
proteins involved in PC, such as type I [FNs, are currently in clin-
ical use, and re-purposing them for stroke therapy or prevention
could provide a fast track for clinical translation. However, much
remains to be learned. For example, few studies have investigated
the role of specific immune cells in IT, an area of research that
could result in cell-specific therapies and would therefore mitigate
the likelihood of adverse effects associated with administration
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FIGURE 3 | Inflammatory components in stroke and preconditioning.
Stroke induces a major inflammatory response through toll-like receptors
(TLRs) and tumor necrosis factor receptor (TNFR) signaling, which activate
nuclear factorkB (NF-«B) resulting in upregulation of inflammatory
molecules, such as TNF-q, interleukin (IL)-18, CCL2, inducible nitric oxidase
synthase (iNOS) and cyclooxygenase (COX)-2, contributing to the ischemic
brain injury. In preconditioning (PC), the exposure to a wide range of
stressors activates inflammatory pathways and leads to upregulation of
inflammatory molecules similarly to those induced by stroke. After the
effects of the stressor have subsided, the inflammatory response is
resolved during the early phase of PC and gene expression returns to basal
levels. However, longer lasting epigenetic changes induced in the immune
system components by micro-RNAs (miRNAs) and histone methylation
(i.e., histone H3 trimethylation at lysine 4, H3K4me3) may reprogram
inflammatory pathways to respond differently after an episode of severe
ischemia, for instance favoring the expression of anti-inflammatory
cytokines (Il-10, tumor growth facto~(TGF)-p and interferon-(IFN)-8 that
induces ischemic tolerance (IT).

of inflammatory cytokines. In addition, a better understand-
ing of the epigenetic mechanisms involved in IT could lead to
therapies that preserve PC-induced epigenetic changes, thereby
substantially extending the time frame in which IT is observed.
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The question of how the neural and immune systems interact in host defense is important,
integrating a system that senses the whole body with one that protects. Understanding
the mechanisms and routes of control could produce novel and powerful ways of
promoting and enhancing normal functions as well as preventing or treating abnormal
functions. Fragmentation of biological research into specialities has resulted in some
failures in recognizing and understanding interactions across different systems and this
is most striking across immunology, hematology, and neuroscience. This reductionist
approach does not allow understanding of the in vivo orchestrated response generated
through integration of all systems. However, many factors make the understanding of
multisystem cross-talk in response to a threat difficult, for instance the nervous and
immune systems share communication molecules and receptors for a wide range of
physiological signals. But, it is clear that physical, hard-wired connections exist between
the two systems, with the key link involving sensory, unmyelinated nerve fibers (c
fibers) containing the neuropeptide calcitonin gene-related peptide (CGRP), and modified
macrophages, mast cells and other immune and host defense cells in various locations
throughout the body. In this review we will therefore focus on the induction of CGRP and

its key role in the neuroimmune axis.

Keywords: CGRP, TRPV1, neuroimmunology, TNF-alpha, C fibers, gut-brain axis

SENSORY NEUROTRANSMITTER CGRP

Sensory neurotransmitters have been extensively studied and
their ability to affect different body functions has been shown
in a range of studies. One of the main sensory neurotransmitters
involved in immune function is CGRP. CGRP exemplifies a neu-
roimmune connector, since it is released at the site of stimulation,
affecting immediate responses as well as mediating information
flow to the rest of the nervous system. CGRP is a critical, highly
expressed sensory signal, making it an important member of
neuro-immune communication pathways. C fibers, the smallest
diameter unmyelinated sensory neurons, are the main source of
this neuropeptide. Their small diameter generates one of the low-
est threshold response elements in the nervous system indicating
their vital role. To date, this low threshold has placed them in the
category of nociceptive neurons as they are the first to register
damage/toxins through the pain pathway. This categorization is
reinforced by the fact that ¢ fibers express on their surface the
transient receptor potential vanilloid 1 (TRPV1) which is a key
responder to tissue damage. However, below the pain threshold,
C fibers are likely to be playing a critical role in physiological
systems and in particular, in host monitoring and activation of
host defense and immune responses due to their low activation
potential.

CGRP RELEASE IN VIVO
CGRP is released in response to activation of TRPV1 in both
the nervous and immune systems. In the nervous system, TRPV1

is expressed along the entire length of the sensory c fiber neu-
rons, from the periphery to the somata in the CNS (Szallasi,
1995). These neurons innervate every organ and tissue in the
body (Buck and Burks, 1986; Holzer, 1991; Szallasi and Blumberg,
1999). Although a key exogenous ligand for TRPV1 is cap-
saicin, TRPV1 is also activated by a range of other endoge-
nous agonists including heat (>43°C) (Caterina et al., 1997;
Tominaga et al., 1998), protons (~pH 4.5) (Vyklicky et al,
1998; Jordt et al., 2000), lipids like anandamide (Olah et al.,
2001), phosphatidylinositol(4,5)-biphosphate (PIP;) (Chuang
et al, 2001), and voltage (Gunthorpe et al., 2000) (summa-
rized in Figure 1). Heat and low pH activate TRPV1 by distinct
molecular recognition sites (Jordt et al., 2000). Additionally,
TRPVI has been suggested to be a mechanosensitive receptor
in mediating nociceptive signals; for example TRPV1 deficient
mice exhibit reduced sensitivity to post colorectal distension
compared to controls (Jones et al., 2005) adding an interesting
physiological element to TRPV1 activation. In rats, sensory vanil-
loid receptor-bearing nerves are classed as peptidergic and/or
purinergic (Guo et al., 1999). Peptidergic nerves express TRPV1
and co-express neuropeptides whilst purinergic nerves express
TRPVI and co-express an adenosine triphosphate (ATP) gated
ion-channel known as P2X3 (Yiangou et al., 2001),

Besides the well documented role of TRPV1 in the nervous sys-
tem, we now know that it is also expressed on immune cells, which
has direct relevance to this review. Absence of TRPV1 signal-
ing has been shown variously to exacerbate inflammation (Massa
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FIGURE 1 | Pathways of CGRP release via TRPV1 activation. TRPV1 is
activated by many external factors associated with pain but also regular
sensation below pain thresholds. These include the well characterized
responses to heat, pH, and damage, as well as to toxins, immune challenges
and membrane potential changes brought about by physiological and
pathological processes. Endogenous and/or intracellular activation can also

CGRP Inhibits HIV transfer 1.

al, 2013)). 2

4. Increases CD4+CD25+Foxp3+ T hypersensitivity models
cells differentiation (Matsuda, (Mikami et al, 2011).
2012). 3. Promotes Th2 immunity 3
5. Affects early B cell differentiation (Mikami et al, 2011) '
(Bracci-Laudero et al, 2002). 4. Inhibits DC  maturation,

(Bracci-Laudiero et al, 2005).
Regulates IL10 in bone derived and
peritoneal macrophages (Jusek et al,
2012).

Regulates the expression of CD11b
post LPS treatment (Monneret et al,

Inhibits mast cell degranulation
(Feng et al, 2010). 2.
Majority of mast cells are
found ‘juxaposed’ with CGRP
containing nerve fibres during 3.
N. brasiliensis infection(Lee et

al, 2013) 2003).
Involved through ¢ fibres in 4. Promotes anti-inflammatory cytokine &
histamine release from mast receptor  expression  post LPS

(Monneret et al, 2003).
Regulates TERM-1 production (Li et
al, 2010).

6. Regulates TNFa (Altmayr et al, 2010;
Gomes et al, 2005).

cells (Dimitriadou et al, 1994)

occur through the actions of PIP2 and Anandomide. Any activation of TRPV1
results in release of CGRP from the neuron. This released CGRP then acts onits
specific receptor on cells immediately adjacent to the neuron, which in the case
of sensory c fibers can be lymphocytes, DCs, mast cells, macrophages or cells
within the hemopoietic microenvironment of the bone marrow (not shown).
The range of activities stimulated by CGRP are listed below each cell type.

etal,, 2006; Huang et al., 2009) and these effects can be attributed
indirectly to the subsequent lack of CGRP. Similarly, agonism
of TRPV1 with capsaicin has been shown to inhibit differentia-
tion and cytokine secretion of human dendritic cells (Toth et al.,
2009), thereby reducing early activation signals on challenge.
There are two isoforms of CGRP known: aCGRP and
BCGRP. aCGRP has been shown to be a potent vasodilator
and exhibits marked synergism with inflammatory mediators to
induce local edema (Bernard and Shih, 1990). aCGRP’s recep-
tors are found on mouse bone marrow cells, providing strong
evidence toward an eminent effect for «CGRP in modulating
immune cell function and differentiation which in turn may
affect the inflammatory cascade in response to a pathological
threat (Mullins et al., 1993). aCGRP has also been identified
as the predominant isotype in sensory neurons in the dor-
sal root ganglion (DRG) (Gibson et al., 1988). Unless stated

otherwise, the observations discussed below refer to aCGRP
only.

PHYSIOLOGICAL ROLE FOR CGRP

CGRP was first described as a vasodilator nearly 30 years ago
(Brain et al., 1985). It is now well-established that CGRP regu-
lates blood pressure (Brain and Grant, 2004), is associated with
the onset of migraines when at high levels (Olesen, 2011a,b),
promotes the maintenance of mucosal integrity in the gastro-
intestinal tract (GIT) (Szolcsanyi and Bartho, 2001), aids stem cell
growth and maintenance in vitro (Dong et al., 2010) and modu-
lates keratinocyte growth (Roggenkamp et al., 2013). CGRP plays
a role in facilitating the absorption of intraluminal amino acids
across the distal parts of the intestines (Mourad et al., 2009). In
the lungs and elsewhere, CGRP promotes wound healing (Zhou
et al,, 2013). In the stomach, gastric acid stimulates the release of
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CGRP via activation of local afferent neurons. CGRP itself orches-
trates the secretion of chemical factors that inhibit gastric acid
secretion and induce muscle repair (Aihara et al., 2005, 2006).
Furthermore, CGRP and other neuropeptide containing nerve
fibers extend all the way to the epithelial cell lining of the gut, sug-
gesting a role in monitoring of the external (gut) environment. An
association with immune cells present in gut epithelium also sug-
gests an important role in the immune responses generated there
(Engel et al., 2010, 2011).

CGRP AND IMMUNITY

CGRP is the main neurotransmitter of the nociceptive sensory ¢
fibers, but is also present in other sensory nerve fibers i.e., type
A and B medium-sized neurons. CGRP is released when these
nerves are activated by specific agonists of TRPV1 usually during
trauma or injury and therefore additionally associated with pain
perception. However, ¢ fibers have also been implicated in non-
nociceptive activities including modulation of immune responses,
through neuropeptide release (Beresford et al., 2004; Shepherd
et al., 2005a,b). In fact CGRP is abundant in many immune
organs. Nerve fibers containing CGRP have been identified in
bone marrow, thymus, spleen, lymph nodes, skin, lungs, and
gut and CGRP receptors are found on many hematopoietic cell
types (Santambrogio et al., 1993; Petitto et al., 1994; Mach et al.,
2002). In the bone marrow, these fibers accompany noradrenergic
sympathetic fibers and are distributed throughout the marrow.
The role of sensory neurotransmitters in the hematopoietic pro-
cess has been examined for CGRP. Treatment with capsaicin, a
potent neurotoxin to c fibers and activator of TRPV1, produced
a dramatic change in bone marrow hematopoiesis when mea-
sured by in vitro colony-forming assays suggesting that CGRP
has direct access to hematopoietic progenitors (Broome et al.,
2000). CGRP positive nerves have also been detected in the
cortical and vascular regions of lymph nodes. No evidence has
been obtained/presented for the presence of parasympathetic
nerves in lymph nodes or for the presence of the parasym-
pathetic neurotransmitter acetyl choline (Schafer et al., 1998).
However, non-neural sources for acetyl choline in lymphatic
organs have been identified (Rosas-Ballina et al., 2011) where it
is secreted by resident memory T cells in the spleen facilitating
vagal anti-inflammatory functions, therefore, playing part in the
vagal-immune pathways.

Many studies have demonstrated specific roles for CGRP and
other peptides, including substance P, in the generation of both
pro and anti-inflammatory immune responses. CGRP in par-
ticular has been the focus of many studies trying to unveil its
involvement in a range of inflammatory models and immune
conditions e.g., diabetes (Morrison et al., 2009), sepsis (De Winter
et al., 2009), EAE (Mikami et al., 2012a) Crohn’s Disease (Smith
and Smid, 2005), and ulcerative colitis (Engel et al., 2012; Li
et al., 2013a). In rats, dextran sulfate sodium (DSS)-induced col-
itis worsened when treated with a CGRP antagonist suggesting a
protective role for CGRP in colitis (Engel et al., 2010).

Once released, CGRP plays multifunctional roles at different
sites by binding to its receptor calcitonin receptor like receptor
(CRLR) and its receptor activity-modifying protein 1 (RAMP1)
found on T and B lymphocytes (Mikami et al, 2012a,b),
macrophages (Fernandez et al., 2001), mast cells (Eftekhari et al.,

2013), and dendritic cells (Mikami et al., 2011) among others
(See Figure 1). CGRP is released from afferent fibers at the site
of stimulation, presenting a motor-like mode of action conducted
in parallel with afferent signaling to the DRG (Holzer and Maggi,
1998). However, it is well documented that cells of the immune
system, i.e., lymphocytes (Wang et al., 1999), monocytes (Bracci-
Laudiero et al., 2005), and macrophages (Linscheid et al., 2004;
Lee and Zhang, 2012) also synthesize CGRP. It is thought that
CGRP operates through the intracellular molecules Protein kinase
C (PKC), PKA, and MAP kinase (MAPK) (Li et al., 2013b; Zhou
et al., 2013) particularly in the lung and uterus (Bai et al., 2012;
Mikami et al., 2013; Wong et al., 2013). In addition, CGRP influ-
ences NF-kappa-B activation and induction of cAMP suppressor
genes in immune cells, particularly dendritic cells (Harzenetter
etal., 2007) thereby regulating function.

CGRP REGULATES DENDRITIC CELL FUNCTIONS
Physiologically, CGRP was first found to be closely associated
with dendritic cells (DC) in the skin (Hosoi et al., 1993). This
study was the first to show a physical association between CGRP
and Langerhans cells (LC) in the human epidermis. Functionally,
it was one of the earliest publications to suggest an inhibitory
function for CGRP on LC antigen presentation. So far, the major-
ity of publications on the role of CGRP on DC suggest a predom-
inant anti-inflammatory rather than pro-inflammatory effect.
CGRP can modulate antigen presentation in DC (Mikami et al.,
2011), and inhibit lipopolysaccharide induction of co-stimulatory
signaling via the CD80 and CD28 receptors on dendritic cells
and monocytes thereby affecting the function of T cells (Fox
et al., 1997). Recently, Ganor et al. published a study on the role
of CGRP during HIV-1 infection. Initially, CGRP plasma levels
increased during the viral infection interfering with the induc-
tion of infection through LCs. CGRP inhibited the HIV-1 transfer
to T cells, dampening the viral replication by 6 fold (Ganor
et al., 2013). CGRP has also been shown to inhibit the migration
of LC to local lymph nodes in contact hypersensitivity models,
promoting Th2 type immunity in the process (Mikami et al.,
2011). In vitro lung (DC) maturation was inhibited with CGRP
(Rochlitzer et al., 2011). This correlated with a down regulation
of the CGRP receptor on these DC during airway inflammation
and these effects were reversed with the CGRP receptor antagonist
hCGRPs_37. CGRP continued to influence the antigen presenting
functions of DCs in the lungs even when DCs were pre-treated
with CGRP. DC phagocytosis and motility were modulated by
CGRP (Voedisch et al., 2012) suggesting an important role for
CGRP in maintaining immune integrity in the lungs via the con-
trol of DC functions. Similar to its effects on DCs in the skin
and lungs, CGRP also inhibits the function of bone marrow-
derived DCs. Through its receptor complex, CGRP inhibited the
production of (Tumor necrosis factor) TNFa and IL12 post-
LPS treatment highlighting its potent anti-inflammatory roles
(Tsujikawa et al., 2007). CGRP has additionally been identified
as a potent inhibitor of TLR induced inflammatory agents TNFa
and CCL4 (Harzenetter et al., 2007). CGRP has also been shown
to down regulate the surface expression of HLA-DR and CD86
on mature and immature human DC (Carucci et al., 2000), sug-
gesting a mechanism whereby CGRP may dampen DC-T cell
interaction.
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CGRP REGULATES LYMPHOCYTE DIFFERENTIATION AND
CYTOKINE PRODUCTION

CGRP shares aclose relationship with T cells. The interaction of
T cell with DCs and macrophages, both of which express the
CGRP receptor, is influenced by CGRP expression. (Ben-Horin
and Chowers, 2008; Rochlitzer et al., 2011; Jusek et al., 2012;
Holzmann, 2013). The capability of CGRP to regulate T cell func-
tion was proposed as early as 1988 (Umeda et al., 1988). In the last
decade, studies have demonstrated a Th2 polarized T cell response
after CGRP administration. Publications strongly suggest a TH2
preference by CGRP, through its influence on T cell differenti-
ation (Levite, 2000; Ding et al., 2008). In more than one study,
CGRP exposure to different DCs enhanced a TH2 type immunity
increasing IL4 production while decreasing the TH1-associated
cytokines interferon gamma (IFNy) and IL2 (Wang et al., 1992;
Tokoyoda et al., 2004; Mikami et al., 2011). The observed sensiti-
zation, according to Tokoyoda et al., occurs through the CGRP
receptor activating CAMP/PKA pathways with the involvement
of the conventional CD3/CD28 co-stimulation signal in T cells
(Tokoyoda et al., 2004). CGRP has been shown to promote TH2
cytokine production in vitro and decrease TH1 cytokines (Levite,
1998, 2008). In 1998 and again in 2001, Levite et al., compared
antigen-driven and neuropeptide-driven cytokine secretion from
T helper cells (Levite, 1998; Levite and Chowers, 2001). They
found that in a controlled in vitro environment THO, TH1, and
TH2 cells all produced “unconventional” cytokines respective
to their phenotype when exposed to neuropeptide, with TH1
secreting IL4, TH2 secreting IFNy, and THO secreting both. This
suggests an ability to break the T helper line commitment and reg-
ulation of T cell functions. CGRP also up regulated IL9 and IL17
in both asthma and experimental autoimmune encephalomyeli-
tis (EAE) models (Mikami et al., 2012a, 2013). IL17 has been
attributed to a range of inflammatory functions and roles; how-
ever, its association with CGRP is still not understood. In an
EAE model, IL17 levels dropped in RAMP-1"/~ mice and TH17
functions were suppressed, suggesting a role for CGRP in the
TH17 induced EAE (Mikami et al., 2012a). This has since been
corroborated in models of psoriasis where TH17 cells are the
dominant inflammatory phenotype (Ostrowski et al., 2011). In
contrast, the association of CGRP with CD4+CD25+Foxp3+
cells has also been studied in a model of EAE (Matsuda et al.,
2012). CGRP transfected DCs were able to increase differenti-
ation of CD4+CD25+Foxp3+ regulatory cells (Matsuda et al.,
2012). CGRP, is also produced by B lymphocytes in inflamma-
tory conditions under the influence of nerve growth factor (NGF)
(Bracci-Laudiero et al., 2002). The effect of CGRP on early B
cell differentiation has been examined using a pre-B cell line
population (70Z/3). CGRP inhibited the expression of surface
immunoglobulin in response to LPS (McGillis et al., 1993, 1995).
These studies suggest a crucial role for CGRP in early B cell dif-
ferentiation, a finding supported by later studies (Fernandez et al.,
2000; Schlomer et al., 2007).

CGRP AND IMMUNE MOTILITY, MIGRATION, AND
ADHESION

In 1992, CGRP was described as a neuropeptide with “chemotac-
tic” properties on human CD4 and CD8 T lymphocytes in the

skin, inducing T cell trafficking (Foster et al., 1992). Ever since, T
cells more than any other cell, have been the main targets for stud-
ies to understand the effect of CGRP on immune cell migration,
adhesion, and motility. CGRP plays a key role in T cell adhe-
sion to fibronectin (Levite, 1998; Levite et al., 1998) and beta
integrin mediated T cell migration. Somatostatin, CGRP and neu-
ropeptide Y all induced of freshly purified T cells to fibronectin
coated plates (Springer et al., 2003). Deletion of CGRP results in a
sustained decrease in leukocyte circulation and migration, high-
lighting its role in the bone marrow and in the mobilization of
immune cells (Broome and Miyan, 2000; Broome et al., 2000). In
the gut CGRP from c fibers stimulates T cell migration (Talme
et al., 2008). In vitro studies showed that in contrast to other
neuropeptides, CGRP can stimulate the migration of CD3 T cells
into collagen matrix (Talme et al., 2008), an effect inhibited with
CGRP receptor antagonist. In the absence of other immunolog-
ical signals extracellular K(+) plays a critical role in stimulating
T cell-integrin induced adhesion and migration. T cell voltage-
gated K channels (Kv1.3) are targeted by a number of molecules
to control T cell-integrin induced motility (Levite et al., 2000).
CGRP binding to T cells, through its receptor, opens the voltage-
gated K(+) channels, releasing K(+) from the intracellular matrix
and activating 1 integrin. This facilitates T cell integrin-induced
function highlighting a critical role for CGRP in alternative path-
ways for T cell adhesion, migration and motility. The effect of
CGRP on macrophage and monocyte motility and chemotactic
activity has also been studied. In vitro, inoculated promastigotes
from cutaneous Leishmania major, demonstrated that CGRP, sub-
stance P, and somatstatin had regulatory effects on macrophage
chemotactic activity (Ahmed et al., 1998; Han et al., 2010). CGRP
was suggested to play an important role in human monocyte
adhesion and migration (Linscheid et al., 2004). Human neu-
trophils cultured in vitro with CGRP and LPS secreted high levels
of the chemokine IL8 (He et al., 2002), whilst CGRP has also been
proposed to stimulate eosinophil migration (Dunzendorfer et al.,
1998). CGRP increased the adhesion-related DC CD103+ ligand
epithelial cadherin (E-cadherin) expression in human bronchial
epithelial cells (Bai et al., 2012).

REGULATION OF OTHER IMMUNE CELLS

A wealth of literature can be found on the role of CGRP in
the inhibition of mast cell degranulation. Many studies have
reported mast cells and CGRP fibers “juxtaposed” in different
models (Bienenstock et al., 1987; Lee et al., 2013). Controlled
low dose capsaicin has been used to induce the release of CGRP
from sensory nerves (Demirbilek et al., 2004). It has been esti-
mated that nearly 60-70% of mast cells in the jejunum of rats
infected with Nippostrongylus brasiliensis are juxtaposed to CGRP
containing nerve fibers suggesting a role for this association
in the immune response to this infection at least (Bienenstock
et al., 1987; Dimitriadou et al., 1994) but no doubt in others
also. Moreover, desensitization or deletion of ¢ fibers with high
doses of capsaicin severely impaired mast cell recruitment during
Schistosoma mansoni infection in mice (De Jonge et al., 2003; Van
Nassauw et al., 2007). Similarly, CGRP inhibited mast cell degran-
ulation in a model of cerebral ischemia in rats (Feng et al., 2010)
and in response to anti/IgE treatments, in comparison to other
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neuropeptides, in an in vitro assay with primary human mast cells
(Kulka et al., 2008).

CGRP receptor is also expressed on human monocytes
(Caviedes-Bucheli et al., 2008). Under the influence of NGE
CGRP has been shown to regulate the expression of MHCII,
CD86 and the production of IL10 in human monocytes in vitro
(Bracci-Laudiero et al., 2005). However, it seems that the role
of CGRP in monocytes/macrophages seems to be less direct
than that seen in other immune cells. CGRP is synthesized by
monocytes/macrophages and can regulate immune functions of
these cells (Ma et al., 2010). For instance CGRP can regulate
CD11Db expression after LPS exposure in human macrophages and
neutrophils promoting anti-inflammatory functions (Monneret
etal., 2003). Recently, macrophages have been studied in the con-
text of pain induction and their involvement in pain pathways
during inflammation (Hasegawa-Moriyama et al., 2013; Isami
et al., 2013; Taves et al., 2013). In various studies, CGRP treat-
ment increased IL10 from both peritoneal and bone marrow
derived macrophages in response to LPS (Jusek et al., 2012).
CGRP receptor absence resulted in the influx of neutrophils and
inflammatory mediators into the peritoneal cavity (Jusek et al.,
2012). CGRP was able to regulate the synthesis of triggering
receptor expressed on myeloid cells-1 (TERM-1) in LPS-induced
macrophages (Li et al., 2010). This effect was absent without
LPS. However, the main contribution of CGRP to macrophage
function is likely to incorporate its newly found links to the pro-
inflammatory cytokine TNFa. This is the main cytokine released
by macrophages in response to pathological challenges.

CGRP AND TNFo: A NEW CHAPTER

TNFa and CGRP are two important molecules that demon-
strate a key bi-directional influence between the nervous and
immune systems. TNFo functions through its receptors TNFRI
and TNFRIL. These receptors are found on glial cells in the
spinal cord which, when activated, release prostaglandins, acti-
vating in turn nociceptive neurons and eliciting a pain response.
Thus, the involvement of TNFa in peripheral and central pain
is no longer a matter of doubt (Saito et al., 2010; Zhang et al,,
2010a; Bressan et al., 2011; Gim et al., 2011; Teodorczyk-Injeyan
et al., 2011). TNFa has been associated with the enhancement of
trigeminal neuronal sensitivity to capsaicin in rats (Khan et al.,
2008); exposure to TNFa for 5min doubles the sensitivity of
fura-loaded trigeminal neurons to capsaicin via TRPV1. Both
TNFa receptors were present on capsaicin-sensitive trigeminal
neurons co-expressed with TRPV1 (Khan et al., 2008). The pres-
ence of the TNFa receptors next to TRPV1 suggests that TNFa
sensitizes TRPV1 positive neurons through its receptors. TNFRI
plays a role in sensitizing tetrodotoxin (TTX)-resistant sodium
channels (Jin and Gereau, 2006). It is likely that TNFRI has addi-
tional functions in immediate hyperalgesia and nociception to
damage (Sommer et al., 1998), whileTNFRII is thought to have
a role in nociception in persistent/chronic injurious conditions
(Constantin et al., 2008; Schafers et al., 2008). A recent study
has also linked TNFa to meningeal nociception (Zhang et al.,
2010b), where it was suggested that TNFa functioned through
TNFRI & TNFRII on nociceptive neurons and was associated with
the “throbbing” sensation significant in migraines. Interestingly,

neutralizing antibodies against TNFRI modulated thermal and
mechanical hyperalgesia while antibodies against TNFRII had
no affect (Sommer et al., 1998). Electrophysiological techniques
showed that the local application of TNFa at the peripheral
level of sensory neurons excites TRPV1 bearing sensory c fibers
suggesting a specific role for TNFa in nociception (Sorkin and
Doom, 2000). Additionally, TNFa increased CGRP release from
sensitized capsaicin sensitive neurons when given 5 min prior to
capsaicin treatment in comparison to vehicle treated rats (Khan
et al., 2008). During LPS endotoxin treatment the increase in
CGRP release was attributed to TNFa sensitizing afferent neurons
in the presence of the prostaglandin sub types, prostanoids (Hua
et al., 1996). These studies suggest that the nociceptive functions
of TNFa occur via the specific capsaicin receptor TRPV1.

The activation of the specific capsaicin receptor TRPV1 located
on c fibers or capsaicin sensitive neurons results in the release
of sensory neuropeptides i.e., CGRP and SP (Helliwell et al,
1998; Bhave et al., 2002; Shepherd et al., 2005a; Ren et al,
2011). Additionally, reduction in CGRP tissue expression lev-
els was seen in the dorsal root ganglia of rats injected with
Entanercept (anti-TNFa treatment) (Horii et al., 2010). In both
rats and humans with rheumatoid arthritis, CGRP and SP levels
were reduced by 50% in the serum after treating with Etanercept
(Origuchi et al., 2010). By contrast, TRPV1 activation via cap-
saicin and SA13353 (capsaicin analog) attenuated LPS-induced
TNFa release in serum, and this effect was partially inhibited with
CGRP antagonist treatment and in TRPV1~/~ or sensory dener-
vated mice (Tsuji et al., 2009) suggesting a regulatory function for
CGRP on TNFu i.e., CGRP is able to downregulate TNFa in vivo.
Both small doses (1 mg/kg) and large doses (150 mg/kg) of the
TRPV1 agonist capsaicin have been found to downregulate serum
levels of a range of pro-inflammatory cytokines including TNFa
(Demirbilek et al., 2004), and the effects of capsaicin are attenu-
ated in the presence of the antagonist for either TRPV1 or CGRP
(Peng and Li, 2009).

In Toll-like receptor stimulated dendritic cells, CGRP causes
a rapid up-regulation of inducible cAMP early repressor (ICER)
which competes with ATF-2 for binding at the Tnfa promoter
gene preventing gene expression of TNFa (Altmayr et al., 2010).
In experiments using a non-irritating capsaicin analog (Vanillyl
nonanoate) to examine the protective role capsaicin has on gas-
tric mucosa (Luo et al., 2011), increased release of CGRP via
TRPVI activation had the ability to attenuate TNFa release in
the serum post ethanol treatment. Blocking CGRP release from
TRPV1 caused an increase in TNFa serum levels and increased
gastric mucosal damage (Luo et al., 2011). Taken together all the
findings suggest the presence of a TNFa-CGRP regulatory “loop”
that is mediated via TRPV1 bearing sensory neurons releasing
CGRP and/or through intracellular transcriptional interference of
TNFa expression by immune cells.

CONCLUSION

CGRP has critical and wide-ranging control functions in various
body systems and is particularly critical to normal hemopoi-
etic and immune functions. CGRP-containing ¢ nerve fibers are
found everywhere in the body and are associated, in many loca-
tions, with specific immune cells including dendritic cells, mast
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cells and T cells. It appears to be the key mediator of neuro-
immune communication with the ¢ fibers acting as both sensory
pathways, informing the nervous system of peripheral challenges,
and as a local controller of immune functions. Knocking out this
neural system results in major down-regulation of bone mar-
row hemopoietic output supporting a role for these nerve fibers
in sensory feedback to immune control centers, already identi-
fied in the central nervous system by Denes et al. (2005). It is
therefore becoming increasingly clear that this intimate connec-
tion between a specific subset of specialist sensory neurons and
immune cells throughout the body, together with the connec-
tions to the brain and host defense control centers, is vital to
the integrated, coordinated host defense response to any periph-
eral challenge. Moreover, it is clear that immune mediators,
specifically pro-inflammatory cytokines IL-la and TNFa, have
direct effects on brain activity and whole body responses through
the stimulation of specific circuits involved in so-called sickness
behaviors (Dantzer and Kelley, 2007) that channel energy into
host defense at the cost of social and other activities. A more com-
plete understanding of this neural-immune interaction is vital
to uncover key avenues for intervention to override abnormal
functions and improve normal functions.
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THE KYNURENINE PATHWAY

The metabolic fate of tryptophan (TRP), an essential amino acid,
is conversion into a variety of neuroactive substances includ-
ing the well-known neurotransmitters serotonin and melatonin,
as well as a range of kynurenine metabolites such as kynurenic
acid (KYNA), 3-hydroxykynurenine (3-HK), and quinolinic acid
(QUIN). Enzymes involved in the metabolism of tryptophan
along the kynurenine pathway (KP) are located thoughout the
body and brain. Though the highest levels are found in the
liver and kidney, all of the primary enzymes are also found
within the brain. Kynurenine metabolism occurs in all cells
within the brain, though various branches of the pathway appear
segregated into specific cell types (Heyes et al., 1997; Amori
et al.,, 2009). The first and rate-limiting enzyme into the KP
is indole-2,3-dioxygenase (IDO), and to a lesser extent in the
brain tryptophan-2,3-dioxygenase (TDO), which convert tryp-
tophan to N-formylkynurenine (Shimizu et al., 1978; Takikawa
et al., 1988) (for a schematic of the pathway see Figure1). N-
formylkynurenine is then metabolized to 1-kynurenine (L-KYN)
by kynurenine formamidase at which point the pathway bifur-
cates into at least two distinct branches regulated by kynure-
nine monooxygenase (KMO) and kynurenine aminotransferases
(KATs I-IV). The majority of kynurenine metabolism within the
brain takes place in glia. KMO, kynureninase (KYNU), and 3-
hydroxyanthranillic acid oxidase (3-HAO) regulate production
of a host of metabolites in microglia leading to formation of
anthranillic acid (AA), 3-hydroxy anthranillic acid (3-HAA), 3-
HK, and QUIN. QUIN is, an excitatory (excitotoxic) agent at
NMDA-type glutamate receptors and synergizes with 3-HK to
produce oxidative stress. Alternatively, L-KYN may be metabo-
lized in astrocytes by KATs, with KAT II being the predominant
brain subtype in humans and rats (Guidetti et al., 2007a). KATs
convert L-KYN to KYNA, an inhibitor of glutamate neurotrans-
mission and possibly an antagonist at nicotinic a7 receptors. The
endogenous function of kynurenine-derived neuroactive metabo-
lites still requires further research since many have multiple

The kynurenine pathway (KP) metabolizes the essential amino acid tryptophan and
generates a number of neuroactive metabolites collectively called the kynurenines.
Segregated into at least two distinct branches, often termed the “neurotoxic” and
“neuroprotective” arms of the KR they are regulated by the two enzymes kynurenine
3-monooxygenase and kynurenine aminotransferase, respectively. Interestingly, several
enzymes in the pathway are under tight control of inflammatory mediators. Recent years
have seen a tremendous increase in our understanding of neuroinflammation in CNS
disease. This review will focus on the regulation of the KP by inflammatory mediators
as it pertains to neurodegenerative and psychiatric disorders.

Keywords: kynurenine, neuroinflammation, microglia, astrocytes, CNS disease, IDO, KMO, KAT

receptor targets. In addition to NMDA and nicotinic a7 recep-
tors, KYNA for example is reported to interact with GPR35
(Wang et al., 2006) and arylhydrocarbon receptors (Dinatale
et al., 2010). A third possible pathway regulated by both KMO
and KATs is the xanthurenic acid (XA) branch. Little is known
about the endogenous function of XA, though recent literature
indicates that it is a Group II metabotropic glutamate recep-
tor agonist (Copeland et al., 2013) indicating that it could also
regulate glutamate neurotransmission by impacting presynaptic
release.

In recent years the regulation of kynurenine metabolism has
been intensely evaluated as it relates to CNS disorders (Haroon
et al., 2012; Schwarcz et al., 2012). Often termed the “neuro-
toxic” and “neuroprotective” branches of the KP, or alternatively
the “excitatory” and “inhibitory” branches, KMO and KATs reg-
ulate the balance of QUIN:KYNA production which is impor-
tant in both neurodegenerative and psychiatric disorders. Many
kynurenine-derived metabolites poorly cross the blood brain bar-
rier implying that CNS concentrations of kynurenine metabolites
are largely regulated by local enzyme activity (Gal and Sherman,
1978). However, kynurenine itself is actively transported into
the brain by the large neutral amino acid transporter (Fukui
et al., 1991). Under normal physiological conditions much of the
kynurenine which is converted to QUIN and KYNA in the brain is
derived from peripheral sources (Kita et al., 2002). Following sys-
temic inflammation, where IDO expression is greatly increased
(Moreau et al., 2008; Macchiarulo et al., 2009), nearly all kynure-
nine in the CNS comes from the periphery. However, in contrast
to this, direct induction of neuroinflammation causes >98% of
the kynurenine available for metabolism in the brain to be derived
from local production (Kita et al., 2002). The current review will
evaluate this interplay between proinflammatory mediators and
mechanisms by which they regulate the KP. It will then con-
clude with a review of the role of neuroinflammation-mediated
kynurenine dysregulation in a range of neurodegenerative and
psychiatric disorders.
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FIGURE 1 | Schematic representation of the kynurenine metabolic
pathway. The kynurenine pathway is commonly segregated into two
distinct branches that are regulated by KATs and KMO, as well as the
availability of I-kynurenine within the brain. Additionally, kynurenine
metabolism is regulated by a variety of proinflammatory mediators which
impact enzyme expression levels, thereby altering substrate availability and
metabolite formation favoring the KMO branch of the pathway under
immune-related pathological conditions. TRP, tryptophan; 5-HT, serotonin;
Kyn, kynurenine; KYNA, kynurenine acid; 3-HK, 3-hydroxykynurenine; AA,
anthranilic acid; XA, xanthurenic acid; 3-HAA, 3-hydroxyanthranilic acid;
QUIN, guinolinic acid; IDO, indoleamine-2,3-dioxygenase; KAT, kynurenine
aminotransferase; KMO, kynurenine 3- monooxygenase; KYNU,
kynureninase; HAAO, 3-hydroxyanthranilic acid oxidase; LPS,
lipopolysaccharide; BCG, bacillus Calmette-Guerin; IFNs, interferons; TNF,
tumor necrosis factor; IL, interleukin.

CYTOKINE-MEDIATED REGULATION OF KYNURENINE
METABOLISM

IDO and TDO, which initiate the catabolism of tryptophan
toward kynurenine, are generally thought to be regulated by
different mechanisms. TDO is induced by corticosteroids and
glucagon, while IDO is induced by proinflammatory cytokines
during an immune response (Lestage et al., 2002). There is some
evidence that TDO can also be induced by immune activation
but this is suggested to be mediated indirectly by increased glu-
cocorticoid receptor activation (Walker et al., 2013). While there
is some evidence that other enzymes within the excitatory branch
of the KP can also be induced by proinflammatory cytokines, the
regulation of IDO, particularly by interferon (IFN)-y, has been
examined most extensively. In general, the body of work inves-
tigating the regulation of KP enzymes by inflammatory cytokine
signaling is largely composed of expression studies and therefore
must be interpreted with caution, since changes in mRNA or even
protein expression are not necessarily indicative of functional
changes in enzyme activity.

EFFECTS OF PROINFLAMMATORY MEDIATORS ON INDOLEAMINE
2,3-DIOXYGENASE (IDO)

IDO is expressed in various immune cells throughout the body,
including dendritic cells, monocytes, macrophages, and, impor-
tantly in microglia, the resident CNS macrophage-like cell popu-
lation (Mandi and Vecsei, 2012). IDO is preferentially induced by

interferons and by IFN-inducers such as lipopolysaccharide (LPS)
and viruses (Musso et al., 1994). IEN-y, a type II interferon, is
the predominant cytokine implicated in the induction of IDO,
as has been shown in several myeloid cell types including den-
dritic cells, monocytes, immortalized murine macrophages, and
microglia (Alberati-Giani et al., 1996; Fujigaki et al., 2006; Jung
etal., 2007; O’connor et al., 2009a). In human macrophages, IDO
expression and QUIN production can also be induced by the type
1 interferons, IFN-o and IFN-B, although to a lesser degree than
with IFN-y (Jansen and Reinhard, 1999; Guillemin et al., 2001).
In the bacille Calmette-Guérin (BCG) mouse model of chronic
inflammation, IDO induction closely parallels increased IFN-y
and tumor necrosis factor alpha (TNF-a) expression (Moreau
et al., 2005, 2008). BCG-induced upregulation of IDO mRNA
is completely inhibited in IFN-yR™/~ mice, along with an asso-
ciated lack of IDO activity, demonstrating that IFN-y receptor
function is necessary for BCG-induced IDO activation (O’connor
et al., 2009a).

Although IFN-vy is regarded as the primary inducer of IDO,
there is some evidence that IDO expression can be induced inde-
pendently of IFN-y. Systemic LPS administration induces IDO
expression in rat cortex and hippocampus accompanied by a
robust increase in central TNF-a and interleukin (IL)-6 expres-
sion, but only modestly elevated IEN-y (Connor et al., 2008).
In the same paper, similar findings were reported in mixed glia
cultures prepared from neonatal rat cortex suggesting that IFN-y
may not be necessary for LPS-induced IDO expression (Connor
etal., 2008). Consistent with this finding, in vitro data with THP-1
cells, a human monocytic cell line, indicate that LPS-induced IDO
activation can be mediated by an IFN-y-independent mechanism
involving synergistic effects of IL-1f, TNF-a, and IL-6 (Fujigaki
et al., 2006). In human hippocampal progenitor cells, treatment
with IL-1B greatly upregulated the transcript for IDO, but not
TDO (Zunszain et al., 2012). The increase in IDO transcript was
associated with a decrease in tryptophan and increase in kynure-
nine in the supernatant suggesting that IL-1f increased levels of
functional IDO enzyme (Zunszain et al., 2012).

Studies examining the effects of anti-inflammatory cytokines
on IDO expression are limited and often conflicting, likely due to
differences in the cellular models used and experimental condi-
tions applied. For example, the prototypical anti-inflammatory
cytokine IL-10 dose-dependently decreased LPS-mediated IDO
protein expression in mouse bone marrow-derived dendritic cells
(BMDCs), whereas IL-10 enhanced IFN-y-mediated IDO pro-
tein expression in these cells (Jung et al., 2009; Yanagawa et al.,
2009). This discrepancy may point to the possibility that distinct
mechanisms of IDO induction may be differentially regulated
by anti-inflammatory cytokines such as IL-10, though whether
this occurs in the CNS has not been determined. Interestingly,
however, IL-10 suppressed IFN-y-mediated IDO mRNA induc-
tion in GT1-7 cells, a transformed mouse hypothalamic neuronal
cell line, contrary to that reported for mouse BMDCs treated
with IEN-y (Tu et al., 2005). In addition to the prototypical anti-
inflammatory cytokine IL-10, studies with human monocytes and
fibroblasts have demonstrated that IL-4 inhibits the induction
of IDO mRNA and IDO activity by IFN-y. In contrast, a study
using the EOC13.31 mouse microglia cell line found that IL-4

Frontiers in Neuroscience | Neuroendocrine Science

February 2014 | Volume 8 | Article 12 | 45


http://www.frontiersin.org/Neuroendocrine_Science
http://www.frontiersin.org/Neuroendocrine_Science
http://www.frontiersin.org/Neuroendocrine_Science/archive

Campbell et al.

Kynurenines in CNS disease

enhanced, rather than suppressed, IFN-y-induced IDO mRNA
expression, which was abolished by the addition of IL-4 anti-
serum (Yadav et al., 2007). The potentiating effect of IL-4 on
IFN-y-induced IDO expression was also observed at the level of
protein expression and enzymatic activity in these cells (Yadav
et al., 2007). Furthermore, IL-4, as well as IL-13 which signals
through the same receptor subunit, potentiated IFN-y-mediated
IDO expression in primary mouse microglia cultures (Yadav et al.,
2007). These findings collectively suggest that microglia respond
differently to anti-inflammatory cytokines compared to periph-
eral myeloid cells. Interestingly, central administration of IL-4
exacerbates the depressive-like behavioral effect of peripheral
LPS, which is IDO-dependent, when both IL-4 and LPS are deliv-
ered simultaneously, but suppresses the depressive effect when
administered 12 h before LPS, highlighting the complex relation-
ship between IL-4 and IDO in the CNS (Bluthe et al., 2002).

IFN-y-dependent mechanisms of ID0 induction

The 5'-flanking region of the human gene encoding IDO
(INDO) contains several regulatory elements including some
that are essential for IFN-y-mediated gene transcription. One of
two identified IFN-y-activated sites (GAS) and two interferon-
sensitive response elements (ISREs), the latter highly homologous
to that associated with IFN-a-inducible genes, are required for
full induction of IDO by IFN-y (Dai and Gupta, 1990; Hassanain
et al., 1993; Chon et al., 1995, 1996; Konan and Taylor, 1996). As

shown in Figure 2, canonical IFN-y-mediated signal transduc-
tion leads to (1) tyrosine phosphorylation of STAT-1, triggering
its dimerization and translocation to the nucleus where it binds
the GAS sequence in the 5'-flanking region of INDO, and (2)
NF-kB- and STAT-1-dependent synthesis of IFN-y-regulated fac-
tor (IRF)-1, which binds to one or both of the ISREs found in
the INDO 5'-flanking region (Darnell et al., 1994; Chon et al.,
1995, 1996; Konan and Taylor, 1996). Thus, cooperative STAT-
1 and IRF-1 binding to GAS and ISRE sequences, respectively,
within the INDO 5'-flanking region are necessary for full IFN-
y-mediated induction of IDO transcription.

Synergistic mechanisms of IFN-y-mediated IDO Induction

The regulatory mechanisms for IFN-y-mediated IDO induction
can be potentiated by other proinflammatory cytokines such as
TNF-a and IL-1f, and toll-like receptor (TLR) agonists such as
LPS, resulting in synergistic enhancement of IDO expression (Hu
et al., 1995; Hissong and Carlin, 1997; Babcock and Carlin, 2000,
Currier et al., 2000; Robinson et al., 2003). IL-1p and TNF-a can
enhance the expression of IFN-vy receptor in an NF-kB-dependent
manner, thereby lowering the threshold for IDO induction by
IFN-y (Krakauer and Oppenheim, 1993; Shirey et al., 2006).
Moreover, together with IFN-y, TNF-a synergistically induces
IDO expression by increasing both STAT-1 activation and NF-«kB-
dependent IRF-1 expression (Krakauer and Oppenheim, 1993;
Ohmori et al., 1997; Robinson et al., 2003, 2006; Shirey et al.,
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FIGURE 2 | Regulation of IDO1 transcription by inflammatory signaling.
|IFN-y-dependent IDO1 induction (middle). Canonical IFN-y receptor signal
transduction leads to (1) NF«B- and STAT-1-dependent transcription of IRF-1,
and (2) IRF-1- and STAT-1-dependent transcription of IDO1. Synergistic IDO1
induction (Left). ILl-18, LPS, and TNF-a enhance transcription of IFN-y receptor in
an NF-kB-dependent manner. TNF-a has been shown to synergistically enhance
|IFN-y-dependent IDO1 transcription by promoting NF-«B- and
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IDO induction (Right). TLR4 stimulation by LPS leads to transcription of IDO1
by a mechanism that requires NF-«B and either p38 or JNK, but not IFN-y. The
5’-flanking region of INDO, the gene encoding IDO1, contains two
IFN-y-activated sites (GAS) and two interferon-sensitive response elements
(ISREs). One of the two GAS sequences and both ISRE sequences are required
for IFN-y-mediated IDO1 induction. The 5’ flanking region of INDO also contains
at least one NF«B binding site and several AP-1 binding sites, which may be
required for IFN-y-independent mechanisms of IDO1 transcription.
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2006). Given the requirement for both STAT-1 and IRF-1 bind-
ing to ISRE and GAS sequences, respectively, presumably other
signaling mechanisms that increase both STAT-1 phosphoryla-
tion and NF-kB transactivation may also synergize with IFN-y
to enhance IDO induction, though these mechanisms have not
yet been directly tested. Interestingly, the synergistic induction of
IDO by IEN-y and TNF-a occurs in primary murine microglia
and, furthermore, in vivo studies suggest that this synergy partici-
pates in the IDO-mediated generation of depressive-like behavior
in mice inoculated with BCG (O’connor et al., 2009a), a model of
inflammation-related depression (Moreau et al., 2008).

IFN-y-independent mechanisms of IDO induction

Studies using primary murine microglia demonstrated that LPS
stimulates IDO transcription in an IFN-y-independent manner,
since IDO mRNA levels were enhanced but IFN-y mRNA was
undetectable following LPS stimulation in these cells (Connor
et al, 2008; Wang et al., 2010). Furthermore, these stud-
ies showed that LPS-stimulated IDO induction was attenu-
ated by an inhibitor of c-Jun-N-terminal kinase (JNK) (Wang
et al., 2010). Similar studies using THP-1 cells, demonstrated
that LPS-stimulated L-KYN production was not accompanied
by STAT-1 or IRF-1 binding activities, but was attenuated
by p38 and NF-kB inhibitors (Fujigaki et al., 2001, 2006).
Collectively, these data suggest that LPS-stimulated IDO induc-
tion in monocyte/macrophage-like cells occurs in an IFN-y-
independent manner and involves NF-kB and stress-activated
mitogen-activated protein (MAP) kinases such as p38 and JNK
(Fujigaki et al., 2001, 2006, 2012; Wang et al., 2010). The down-
stream mechanisms leading from p38 or JNK activation to IDO
induction in response to LPS stimulation have not been eluci-
dated. However, the AP-1 transcription factors are conventional
substrates of both p38 and JNK MAPKSs and are important reg-
ulators of inflammation-related gene transcription (Huang et al.,
2009; Wang et al., 2010). Supporting this possibility, a reanaly-
sis of the 5 -flanking region of INDO has identified both NF-kB
and several AP-1 recognition sequences, consistent with the par-
ticipation of both NF-kB and stress-activated MAPK activity in
LPS-stimulated IDO induction (Fujigaki et al., 2006; Wang et al.,
2010).

In addition to TLR4 agonists such as LPS, the TLR3 agonist
polyinosinic:polycytidylic acid (polyl:C) can induce IDO tran-
scription in cultured human astrocytes in a manner dependent
on IEN-B but not IFN-y signaling, and requiring both NF-kB and
IRF-3 (Suh etal., 2007). Though these signaling components have
been shown to participate in astrocyte IDO induction, it is not yet
clear whether the corresponding mechanism can be generalized to
cell types other than astrocytes since the effect of TLR3 activation
on IDO induction has not been demonstrated elsewhere.

Aryl hydrocarbon receptor-dependent IDO induction

Experiments using murine BMDCs have demonstrated that the
TLR4 and TLR9 agonists LPS and CpG, respectively, induce
expression of the aryl hydrocarbon receptor (AhR). The AhR
is a ligand-gated transcription factor belonging to the basic
helix-loop-helix Per-Arnt-Sim (PAS) family, widely known as the
dioxin receptor (Vogel et al., 2008; Nguyen et al., 2010; Vondracek

et al., 2011). Interestingly, these experiments suggested that LPS-
or CpG-stimulated IDO induction was entirely dependent on
the co-induction of AhR in these cells, since BMDCs derived
from AhR™/~ mice lost the ability to induce IDO expression in
response to treatment with either LPS or CpG (Nguyen et al.,
2010). Furthermore, dioxin, a potent agonist of the AhR, can also
induce IDO expression in these cells, suggesting that AhR acti-
vation may positively regulate IDO transcription in response to
TLR4 or TLRY stimulation (Nguyen et al., 2010). Intriguingly,
AhR-mediated IDO induction may act as a positive feedback
mechanism further activating AhR since L-KYN and its metabo-
lite KYNA are themselves potent AhR agonists (Dinatale et al,,
2010; Opitz et al., 2011). The AhR exerts its effects on gene tran-
scription through nuclear translocation and direct binding to
dioxin response elements (DREs) in the promoter region of tar-
get genes. Curiously these elements have not been identified in the
promotor region of INDO. Thus, it is not clear whether AhR can
regulate IDO transcription directly or indirectly in these cells.

EFFECTS OF PROINFLAMMATORY MEDIATORS ON
KYNURENINE-3-MONOOXYGENASE (KMO)

Aside from IDO, the regulation of other kynurenine enzymes
by proinflammatory cytokines has not been studied extensively.
However, studies are emerging indicating that, similar to IDO,
enzymes within the KMO branch of the pathway may also
be induced by proinflammatory stimuli. KMO expression is
increased in rat brain after systemic LPS administration (Connor
et al., 2008; Molteni et al., 2013). In a study that examined the
effects of IFN-y treatment on immortalized murine macrophage
(MT2) and microglia (N11) cells, KMO was induced in both cells
types, KYNU was induced only in MT2 macrophages, and 3-HAO
was not effected (Alberati-Giani et al., 1996). Finally, in human
hippocampal progenitor cells, IL-1p treatment upregulated the
level of transcripts for KMO and KYNU, enzymes in the KMO
branch of the pathway (Zunszain et al., 2012).

EFFECTS OF PROINFLAMMATORY MEDIATORS ON KYNURENINE
AMINOTRANSFERASES (KATs)

While the expression of IDO and kynurenine enzymes in the exci-
tatory branch of the KP are either elevated or not changed by
proinflammatory stimuli, KAT expression is either unaffected or
decreased. Systemic LPS administration had no effect on KAT II
expression in rat brain (Connor et al., 2008; Molteni et al., 2013).
In MT2 macrophage and N11 microglia cells, KAT appeared to be
constitutively expressed, but there was no effect of IFN-y treat-
ment on KAT activity (Alberati-Giani et al., 1996). However, since
in the CNS KATs are mainly expressed in astrocytes, further stud-
ies on the effects of proinflammatory stimuli on KAT expression
and activity using relevant cell types are required. In human
hippocampal progenitor cells, KAT I and KAT III, but not KAT
II mRNA, were downregulated after IL-1f8 treatment (Zunszain
etal., 2012).

DYSREGULATION OF THE KYNURENINE PATHWAY IN CNS
DISEASES

In recent years dysregulation of kynurenine metabolism has been
described in a wide range of CNS-related disorders. Several
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studies have demonstrated that altered cytokine levels and associ-
ated dysregulation of kynurenine metabolism plays as important
role in the pathophysiology of neurodegenerative diseases and
psychiatric disorders. Upregulation of kynurenines are observed
in the serum, CSF and/or brain in neurodegenerative diseases
(e.g., AD, PD, and HD), autoimmune diseases (e.g., MS), epilepsy,
psychiatric diseases (e.g., MDD, schizophrenia, and ADHD) and
infectious diseases (e.g., HIV-associated neurocognitive disor-
der). It is generally predicted that diseases where microglia are
activated favor production of 3-HK and QUIN, whereas sup-
pression of this branch or astrocyte activation may favor KYNA
synthesis. The following sections will review the role of the
kynurenine system and its regulation by cytokines in the patho-
physiology of diseases, and discuss potential therapeutic interven-
tions targeting the KP.

ALZHEIMER'S DISEASE

Alzheimer’s disease (AD) is a progressive neurological disor-
der characterized by impaired memory, cognitive decline, and
dementia. Currently there is still only a limited understanding
of AD etiology, particularly in late onset AD. AD pathology
hallmarks are the presence of B-amyloid (AB) plaques, neurofib-
rillary tangles, and gliosis. Multiple hypotheses exist regarding
factors that contribute to the development and progression of
AD including substantial evidence for neuroinflammatory pro-
cesses. In fact, microglia activation states correlate with disease
progression and levels of dementia (Arends et al., 2000; Cagnin
et al., 2006). Analysis of serum samples and post-mortem brain
tissue from AD patients demonstrate an imbalance in pro- and
anti-inflammatory cytokines, as well as irregular tryptophan
metabolism through activation of microglia and astrocytes.

(Neuro)inflammatory state in AD

Among the neurochemical changes in AD, IFN-y, TNF-q, IL-18,
IL-2, and IL-8 are elevated along with lower levels of trypto-
phan and increased kynurenine levels in serum samples from AD
patients (Widner et al., 1999; Alsadany et al., 2013; Niranjan,
2013). Similar changes are found in post-mortem brain tissue
along with IL-6 also increased (Huell et al., 1995). Within the
brains of AD patients, activated microglia and astrocytes are
found in proximity to neuritic plaques. Treatment of human
microglia and monocytes with Afj_4 induces IDO expression
(Guillemin et al., 2003) and primes the cells for synergistic induc-
tion of the KP by IFN-y (Yamada et al., 2009). In astrocytes AP
only modestly stimulated IL-6 and IL-8 secretion, but primed
the cells to markedly respond to IL-1p with a 3-8 fold increase
in IL-6 and IL-8 release (Gitter et al., 1995). Similarly, expo-
sure of microglia cultures from AD patients to ABj_4p induced
TNF-a, pro-IL-1f, IL-6, and IL-8 (Lue et al., 2001). Thus, Af
appears to alter the state of microglia to a more proinflamma-
tory phenotype that may contribute to neuronal dysfunction and
ultimately cell death through release of cytokines and free radical
generating agents including NO and QUIN. In AD brains IDO
was associated with senile plaques and was localized with neu-
rofibrillary tangles (Bonda et al., 2010). Additionally, IDO and
QUIN immunoreactivity were increased in microglia, astrocytes,
and neurons within the hippocampus of AD patients (Guillemin

et al., 2005) which is of particular interest since QUIN may cause
tau hyperphosphorylation in human cortical neurons (Rahman
et al., 2009).

Inflammation and kynurenine metabolism in animal models of AD
Studies in preclinical models support the hypothesis that induc-
tion of kynurenine metabolism by A and/or cytokines may con-
tribute to neural pathology in AD. Elevated AB;_40 and AB_4
found in transgenic AD mice were associated with increased
TNF-a, IL-6, and IL-1f (Patel et al., 2005). In Tg2576 mice,
basal induction of IDO in activated microglia associated with A
plaques appears to be low, though robustly increased following
stimulation with LPS suggesting that the cells are in a “primed”
state ready to respond to immune challenges in a more durable
way than WT controls (Akimoto et al., 2007). QUIN was strongly
increased in the hippocampus, but not cerebellum, in a progres-
sive and age dependent manner in triple transgenic mice (3 xTg:
PSIM146V, APPSwe, and tauP301L) in line with data showing
increased TDO and IDO-1 immunoreactivity in AD hippocam-
pal tissue (Wu et al., 2013). Interestingly, modest but signifi-
cant increases in TDO mRNA and protein, along with robust
increases in 3-HAO were also found in the cerebellum of these
mice, however, 3-HAA levels were unfortunately not reported.
Furthermore, TDO was also colocalized with QUIN, neurofibril-
lary tangles, and amyloid deposits in 3 xTg mice. Recent studies
using available pharmacological agents in AAPtg mice showed
that chronic inhibition of KMO reduced synaptic loss as mea-
sured by synaptophysin, prevented spatial memory deficits in
the Morris water maze, and reversed anxiogenic-like responses
in the elevated plus maze (Zwilling et al., 2011). Together these
data support the hypothesis that AB- and cytokine-mediated
induction of kynurenine metabolism is an important link in the
pathophysiological development of AD.

Induction of kynurenine metabolism, particularly along the
KMO/QUIN branch of the pathway, appears likely in AD. The
mechanism by which this happens, and the functional conse-
quences, is still under investigation. To date, much of the data
available is correlative indicating that A is able to induce produc-
tion of cytokines and kynurenine metabolizing enzymes which
may both contribute to synaptic dysfunction and neuronal loss.
Whether AB in AD brains independently induces cytokine pro-
duction and kynurenine metabolism, activates cytokine release
which in turn stimulates kynurenine production, or “primes” glia
such that they are able to more robustly respond to cytokine
signaling is currently not well-understood. Whichever the case,
evidence is emerging that excess production of proinflammatory
cytokines and QUIN by glia contribute to the progression, and
perhaps etiology, of AD.

Preclinical evidence supports the use of IDO, TDO, KMO,
and/or 3-HAO inhibitors to counteract the effects of neuroin-
flammation in AD. However, the contribution of peripheral
vs. central inflammatory processes in any putative kynurenine-
related AD pathology is not yet clear, and few of the tools
available to test these hypotheses are able to directly target the
brain. Association of IDO and TDO with plaques and tangles
suggests that brain permeable drugs are needed, though periph-
eral inhibition of KMO was sufficient to produce a therapeutic
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effect in Tg2576 mice. Since the source of kynurenine feeding
into the QUIN branch differs substantially under basal, systemic
inflammation, or neuroinflammation conditions, understanding
the contribution of central vs. peripheral (including endothe-
lial cells at the blood brain barrier) kynurenine production will
be important to help define an appropriate intervention strategy
in AD.

PARKINSON'S DISEASE

Parkinson’s disease (PD) is a chronic progressive neurodegen-
erative disorder characterized by loss of dopaminergic neu-
rons in the midbrain and presence of protein inclusions called
Lewy bodies (Zinger et al., 2011). The detailed pathogenesis
of PD is not known, but several mechanisms have been pro-
posed including mitochondrial dysfunction, neurotoxicity from
excessive glutamatergic activity, and reactive oxygen species.
Neuroinflammation, as measured by the presence of activated
microglia in PD brain, as well as excessive production of cytokines
and dysregulation of the KP have been suggested to be involved in
these complex pathogenic events.

(Neuro)inflammatory state in PD

Many studies support the presence of widespread microglia acti-
vation in PD. In two such studies, MHC class II expression, a
widely used marker of microglial activation, was assessed in PD
post-mortem brain (McGeer et al., 1988; Imamura et al., 2003).
The number of MHC class II-positive microglia was higher in
the substantia nigra and putamen as well as in the hippocam-
pus, transentorhinal cortex, cingulate cortex, and temporal cortex
of PD brains, and frequently in association with a-synuclein-
positive Lewy neurites and monoaminergic neurites (McGeer
et al., 1988; Imamura et al., 2003). These activated microglia
were also positive for TNF-a and IL-6 in the putamen of PD
brain (Imamura et al., 2003). In vivo imaging of microglia acti-
vation with [1'C](R)-PK11195 PET in PD revealed widespread
activation in brain regions including the pons, basal ganglia,
and frontal and temporal cortex (Gerhard et al., 2006). Levels
of several cytokines including TNF-a, IL-1f, IL-2, IL-4, IL-6,
and transforming growth factor (TGF)-alpha have been shown
to be elevated in the CSF and striatum of PD brain (Mogi et al.,
1994a,b; Nagatsu et al., 2000). Some of these cytokines are known
inducers or amplifiers of the KP and might contribute to the
dysregulation of KPs in PD.

Dysregulation of kynurenine metabolites in PD

Changes in kynurenine metabolism have been reported in
post-mortem PD brain and mouse models of PD. In mouse
models of PD, mice injected with the dopaminergic neurotox-
ins 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) or 6-
hydroxydopamine have diminished KAT-I immunoreactivity in
the pars compacta of the substania nigra (Knyihar-Csillik et al.,
2004, 2006). Treatment with the metabolite of MPTP, 1-methyl-
4-phenylpyridinium ion (MPP™), dose-dependently decreased
KAT-II activity and KYNA concentration in rat cerebral corti-
cal slices (Luchowski et al., 2002). Similar to the KYNA changes
observed in rodent models of PD, KYNA levels were reported
to be decreased in PD post-mortem brain (Ogawa et al., 1992).

In contrast, levels of 3-HK were elevated in the frontal cortex,
putamen, and pars compacta of the substantia nigra in PD brain
(Ogawa et al., 1992). In terms of IDO activity, as measured by
the K/T ratio, there were increases in both serum and CSF of
PD patients compared to controls (Widner et al., 2002). Taken
together, these studies suggest that there is an imbalance between
the two main branches of the KP in PD, favoring kynurenine
metabolism toward the KMO branch of the pathway.

Potential therapeutic intervention by modulation of kynurenine
pathway

Numerous studies have been conducted demonstrating that mod-
ulation of the KP by enhancing KYNA and/or decreasing 3-HK
and QUIN is a potential therapeutic strategy for PD. In an
in vitro PD model, pretreatment with KYNA attenuated MPP*-
induced neurotoxicity in human neuroblastoma cell lines (Lee
Do et al., 2008). In rats, KYNA injection into the brain pre-
vented QUIN-induced reduction in striatal tyrosine hydroxylase
activity, suggesting that KYNA can protect dopaminergic neu-
rons against QUIN or NMDA-mediated excitotoxicity (Miranda
et al., 1997). Since KYNA does not cross the blood brain barrier,
investigators in one study attempted to increase KYNA levels in
the brain with systemic injections of the substrate for KYNA, L-
KYN, in combination with probenecid, an inhibitor of organic
acid transport (Silva-Adaya et al., 2011). They reported that pre-
treatment with L-KYN and probenecid had a protective effect on
6-OHDA-induced locomotor asymmetry, striatal reactive gliosis
and neurodegeneration, and changes in dopamine levels (Silva-
Adaya et al., 2011). In another study, four synthetic kynurenine
analogs were demonstrated to have beneficial effects in the MPTP
model in mice (Acuna-Castroviejo et al., 2011). Finally, in MPTP-
treated primates, intracerebral injections of KYNA alleviated
symptoms of akinesia, tremor, and rigidity in MPTP-treated ani-
mals (Graham et al., 1990). Thus, KYNA or its analogs have been
demonstrated to have neuroprotective effects in PD.

The effect of decreasing metabolites in the KMO branch of the
KP and thereby increasing KYNA in the brain has been tested
pharmacologically by several investigators. When nicotinylala-
nine, an inhibitor of both KMO and kynureninase, was admin-
istered intraventricularly in combination with systemic L-KYN
and probenecid, there was an elevation in brain KYNA lev-
els and protective effects against QUIN-induced toxicity in rats
(Miranda et al., 1997). The effect of KMO inhibition has been
tested in a variety of animal models of PD with the non-brain
penetrant KMO inhibitor Ro 61-6048. Ro 61-6048 given either
systemically or intrastriatally, reduced the severity of dystonia in
dr*mutant hamsters, which are used as an animal model of parox-
ysmal dystonia with striatal dysfunctions (Richter and Hamann,
2003; Hamann et al., 2008). In non-human primates, chronic Ro
61-8048 administration reduced the development of levodopa-
induced dyskinesia in MPTP-treated animals (Samadi et al., 2005;
Gregoire et al., 2008; Ouattara et al., 2009; Tamim et al., 2010).
Taken together, these studies indicate that drug development
targeting the KP for PD may be a promising opportunity.

HUNTINGTON'S DISEASE
Huntington’s disease (HD) is an adult-onset neurodegenera-
tive disorder caused by expansion of a CAG repeat in the gene
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encoding the huntingtin (Htt) protein. Several mechanisms that
are not mutually exclusive have been suggested to play a role in the
pathogenesis of HD. These mechanisms include neuroinflamma-
tion, transcriptional dysregulation, excitotoxicity, and mitochon-
drial dysfunction. Damage of mutant Htt expressing neurons is
suggested to lead to microglia activation, which includes secretion
of cytokines as well as increased IDO transcription and generation
of neuroactive kynurenine metabolites (Schwarcz and Pellicciari,
2002). Indeed, increased levels of metabolites have been reported
in human post-mortem brain as well as in various animal models
of HD as discussed below.

(Neuro)inflammatory state in HD

Several lines of evidence suggest both peripheral and central
immune systems are activated in HD. Activation of the periph-
eral immune system is indicated by elevation in several plasma
cytokines in HD patients including IL-6, IL-8, IL-4, IL-10, and
TNF-a (Bjorkgvist et al., 2008). Interestingly, plasma levels of IL-
6 were elevated on average 16 years prior to the predicted clinical
onset of the disease in HD gene carriers, which is the earliest
plasma abnormality identified in HD (Bjorkqvist et al., 2008). In
a study that examined blood levels of kynurenine metabolites at
different stages of HD, levels of IL-2 were found to be correlated
with the K/T ratio, disease severity, and number of CAG repeats
(Forrest et al., 2010).

Activation of the immune system in the CNS is evidenced by
elevations in IL-6 and IL-8 in the CSF and increased expression
of these inflammatory transcripts, as well as by increased TNF-
a in post-mortem HD brain (Bjorkqvist et al., 2008; Silvestroni
et al., 2009). There is ample evidence that microglia, the main
mediators of neuroinflammation, contribute to the progressive
neurodegeneration observed in HD (Moller, 2010). Interestingly
they are also the main producers of 3-HK and QUIN in the CNS.
Given the presence of IDO and KMO inducing enzymes and the
data showing increased KP metabolism in HD and HD model
brains, it is tempting to speculate that an increased flux through
the microglial KMO metabolic pathway might be responsible for
these observations.

Dysregulation of kynurenine metabolites in HD

Studies examining post-mortem HD brain found elevations in
the levels of 3-HK and QUIN (Pearson and Reynolds, 1992;
Guidetti et al., 2000, 2004). The activity of 3-HAOQ, the biosyn-
thetic enzyme in the metabolism of 3-HAA, was increased in HD
brains compared to controls, suggesting that the HD brain has
the ability to produce elevated levels of QUIN (Schwarcz et al.,
1988). On the other hand, levels of KYNA and the activity of its
two biosynthetic enzymes (KAT I and KAT II) were reported to be
reduced in HD brain and CSF compared to controls (Beal et al.,
1990, 1992; Jauch et al., 1995) suggesting a dysregulation of the
KP in the brain away from KYNA and toward QUIN.

R6/2 mice, a well-established model of HD, also have elevated
3-HK in the brain and have increased activity of the biosynthetic
enzyme of 3-HK, KMO, which may account for the high lev-
els (Guidetti et al., 2006; Sathyasaikumar et al., 2010). YAC128
transgenic mice, which have the full-length mutant Htt protein
and show a similar degree of striatal neurodegeneration observed

in early stage HD, have elevated 3-HK and QUIN in the brain
(Guidetti et al., 2000, 2006). Intriguingly, QUIN injections into
the striatum is commonly used as an experimental model of
HD and produces cellular, neurochemical and behavioral changes
resembling those observed in human HD (Beal et al., 1991; Huang
etal., 1995).

Dysregulation of the KP, as measured by the K/T ratio, a
marker of IDO activity, has been reported in the periphery as well
(Stoy et al., 2005; Forrest et al., 2010). One study examined lev-
els of kynurenine metabolites in the blood of patients at different
stages of HD as well as the number of CAG repeats and found
blood levels of K/T ratio were correlated with disease severity and
the number of CAG trinucleotide repeats in HD patients (Forrest
et al,, 2010). In the same study, blood levels of anthranilic acid
were correlated with the proinflammatory cytokine IL-23 (Forrest
etal., 2010). Taken together, these studies suggest a role of dysreg-
ulation of the KP in HD which may be related to the degree of
clinical disease severity.

Potential therapeutic intervention by modulation of kynurenine
pathway in Huntington's disease

Studies in yeast, flies, and mice, have shown that blockade of the
KMO branch of the KP, thus increasing KYNA in the brain, may
protect against neurodegeneration. Genetic deletion of KMO in
yeast cells engineered to over express mutated huntingtin protein
reduced polyglutamine-mediated toxicity as well as generation
of the neuroactive kynurenine metabolites 3HK and QUIN
(Giorgini et al., 2005). Furthermore, when a high throughput
screen was conducted on the yeast model an analog of the
KMO inhibitor 3,4-dimethoxy-N-[4-(3-nitrophenyl)thiazol-2-
yl]benzenesulfonamide (Ro61-8048) was identified that potently
suppressed huntingtin-mediated toxicity (Giorgini et al., 2005).
In transgenic Drosophila melanogaster flies that express mutant
Htt protein, genetic or pharmacological blockade of KMO
reduced neuronal cell loss (Campesan et al., 2011). In the R6/2
genetic mouse model of HD, peripheral blockade of KMO
increased KYNA in the brain, reduced loss of synapses and
microglia activation, and improved survival (Zwilling et al,
2011). In N171-82Q mice, another transgenic animal model
of HD, a KYNA analog, N-(2-N,N-dimethylaminoethyl)-4-
oxo-1H-quinoline2-carboxamide hydrochloride, found
to be neuroprotective as it prolonged survival, ameliorated
hypolocomotion, prevented weight loss, and completely pre-
vented the atrophy of the striatal neurons (Zadori et al., 2011).
These investigations suggest that KMO inhibition and/or KYNA
enhancement may be neuroprotective in HD and lend support
for the KP as potential drug targets.

was

MULTIPLE SCLEROSIS

Multiple sclerosis (MS) is a chronic, demyelinating autoimmune
disease of the CNS characterized by the presence of peripheral
immune cells within sites of active demyelination (Carson, 2002).
Based on human studies combined with experimental autoim-
mune encephalomyelitis (EAE), a widely-employed rodent model
of M, it is generally hypothesized that invading T-cells reactive to
myelin-specific antigens are the principle effectors in MS patho-
genesis (Lassmann and Ransohoff, 2004; Petermann and Korn,
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2011; Fuvesi et al., 2012). Thus, a primary aim of MS research has
been to define effector T-cell subpopulations relevant to disease
pathogenesis and the mechanisms regulating their differentiation.
As will be discussed below, accumulating evidence suggests that
KP activity (1) is altered in a manner that is temporally related
to the clinical course and treatment of the disease, (2) may play a
role in autoimmunity by regulating T-cell differentiation, and (3)
may influence the cross-talk of auto-reactive T-cells with resident
microglia and infiltrating macrophages and dendritic cells.

Human studies implicating kynurenine pathway modulation in
multiple sclerosis

Evidence for altered KP metabolism in MS first appeared in 1979
with the finding that TRP levels were significantly reduced in both
plasma and CSF samples from MS patients compared with those
of control subjects [Monaco et al., 1979; but see Ott et al. (1993)].
More recent studies have shown that, relative to control subjects,
the downstream KP metabolite KYNA is significantly decreased
in CSF of MS patients during remission, but elevated in the CSF
and plasma of MS patients undergoing acute clinical exacerbation
(Rejdak et al., 2002, 2007; Hartai et al., 2005). While this putative
relationship between KYNA production and clinical phase has not
been confirmed by single longitudinal studies, it has neverthe-
less collectively led to the speculation that such changes in KYNA
levels during disease progression and remission reflect a com-
pensatory protective mechanism against excitatory neurotoxicity.
This hypothesis derives from the view that, as a putative NMDAR
antagonist, the primary function of central KYNA is neuroprotec-
tive. However, this has not been directly tested in rodent models
such as EAE as of yet. Nevertheless, these findings highlight the
possibility that KP metabolism is related to the occurrence of MS
and, importantly, to clinical phases of the disease.

A small number of studies have also related changes in
KP metabolism to therapeutic intervention in MS patients.
Therapeutically relevant concentrations of IFN-B, a standard fist-
line immunomodulatory treatment for MS, leads to induction
of IDO mRNA and a significant increase in the production of
QUIN by human monocyte-derived macrophages (Guillemin
et al., 2001). In MS patients, treatment with IFN-f leads to sig-
nificant acute elevations in plasma or serum L-KYN levels and
K/T ratio compared to baseline measurements, consistent with
the induction of IDO in response to IFN-B (Amirkhani et al.,
2005; Durastanti et al., 2011). Given the hypothesized role of KP
metabolism in the mechanism underlying the depressive side-
effects associated with IFN-a-based immunotherapy (Bonaccorso
et al., 2002a), KP activation may be similarly involved in the
depressive side-effects often reported for MS patients undergo-
ing IFN-f treatment (Goeb et al., 2006). However, the precise
relationship between IFN-f treatment and depressive symptoms
in MS has not yet been definitively established, hindered in part
by the partial overlap of MS symptoms with those of depression
(Goeb et al., 2006). Moreover, in studies that have examined the
occurrence of depressive symptoms in the context of IFN-f treat-
ment for MS, the role that changes in KP metabolism may play
has not been explored.

It has also been postulated that IFN-f-mediated IDO induc-
tion might contribute to the limited efficacy of IFN-f treatment

in improving MS symptomatology (Vecsei et al., 2013). However,
this idea is based on the in vitro finding that IFN-f leads to the
production of QUIN in human monocyte-derived macrophages
(Guillemin et al., 2001), incorporating the notion that QUIN
is excitotoxic in the CNS (Vecsei et al., 2013). To date, though,
there is no evidence that therapeutic IFN-f treatment in MS
leads to central QUIN elevation as a result of IDO induction. In
fact, it is not yet clear in which cell-type(s) the IFN-B-mediated
IDO induction occurs in MS patients, nor which downstream KP
branch is primarily affected.

Mechanistic insights into the role of the kynurenine pathway in
multiple sclerosis: lessons from the EAE model

Since resident microglial activation and macrophage infiltration
into the CNS are common features of both MS and EAE, ini-
tial interest in the role of KP metabolism in the pathogenesis of
EAE arose from findings that cultured human macrophages can
produce QUIN at neurotoxic levels in response to acute treat-
ment with IFN-y (Heyes et al., 1992; Chiarugi et al., 2001a).
Indeed, in rats immunized with myelin basic protein (MBP)
to induce EAE, the spinal cord concentration of QUIN is ele-
vated compared to control rats with a time-course that closely
follows the development of acute neurological symptoms, return-
ing to control levels during remission (Flanagan et al., 1995).
This presumably results from induction of IDO, but also of
KMO, since anti-KMO immunoreactivity, KMO enzyme activ-
ity, as well as tissue levels of 3-HK and QUIN are enhanced in
the spinal cords of EAE compared to control rats (Chiarugi et al.,
2001b). Interestingly, treatment of EAE rats with the selective
KMO inhibitor Ro 61-8048 significantly attenuates spinal cord
3-HK and QUIN and enhances L-KYN and KYNA, but does
not alter the symptom severity in these animals (Chiarugi et al.,
2001b). This observation seems to argue against a role of QUIN-
mediated neurotoxicity and KYNA-mediated neuroprotection in
acute clinical exacerbation and remission, respectively, in EAE
and potentially MS. It does not, however, preclude a cumula-
tive role for 3-HK and QUIN in the chronic neurodegeneration
associated with secondary progressive MS.

Contrary to a contributing role in acute pathogenesis, mount-
ing evidence from numerous EAE studies implicates IDO and
specific KP metabolites in limiting autoimmunity and promoting
immune tolerance, which might, in part, account for the peri-
odic remissions observed in MS and EAE. In mice immunized
with MBP or proteolipid protein 139-151 (PLPj39_15;), brain
and spinal cord K/T ratio, as well as IDO mRNA and protein
expression within brain and spinal cord microglia/macrophages,
progressively increases with the development of EAE compared
to control mice (Sakurai et al., 2002; Kwidzinski et al., 2005).
However, an opposing reduction in brain and spinal cord IFN-
y mRNA during the development of EAE (Sakurai et al., 2002)
suggests that IDO activity may negatively regulate the survival of
IEN-y-producing T helper type 1 (Thl) cells, thought to be a pri-
mary pathogenic T-cell subset in both MS and EAE. Consistent
with this hypothesis, inhibition of IDO enzymatic activity with
1-methyl- tryptophan (1-MT) was associated with earlier relapse
phase onset, significantly greater maximum clinical score, and
more extensive myelitis in spinal cords of EAE mice (Sakurai et al.,
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2002). Similarly, EAE mice treated with 1-MT exhibit greater
clinical scores during both relapse and remission phases, com-
pared to EAE mice treated with vehicle control (Kwidzinski et al.,
2005). Eliminating the possibility of off-target effects by 1-MT on
exacerbation of EAE (Agaugue et al., 2006), IDO~/~ EAE mice
exhibit more severe clinical scores compared to wildtype EAE
mice, beginning approximately 2 weeks post-immunization with
myelin oligodendrocyte glycoprotein (MOG)35_55 (Yan et al,
2010). Moreover, IDO~/~ mice exhibit enhanced Th1/Th17-
like cytokine profiles, two major T-cell phenotypes implicated
in EAE-related autoimmunity, accompanying the exacerbation
of clinical symptoms in these mutants (Yan et al., 2010). Thus,
a model of IDO-mediated negative feedback in EAE is emerg-
ing. IFN-y produced by accumulating autoreactive T-cells leads
to IDO induction within local antigen presenting cells (APCs),
such as microglia or infiltrating macrophages and dendritic cells.
This, in turn, limits the survival of pathogenic T-cell pheno-
types (i.e., Thl and Th17) and/or promotes the expansion of
immunoregulatory T-cell phenotypes (i.e., Th2 and regulatory
T-cells [Treg]).

A firmly established mechanism by which IDO induction may
limit the survival of pathogenic T-cells is by directly reducing local
availability of TRP, since it has been shown that IDO induction
in macrophages and dendritic cells suppresses T-cell proliferation
by local TRP catabolism (Munn et al., 1998, 1999; Mellor et al.,
2003). Thus, IFN-y-mediated IDO induction within local APCs
may provide an immunosuppressive environment to control self-
tolerance during inflammation. In addition to the local reduction
of TRP, KP metabolites 3-hydroxykynurenic acid (3-HKA, a.k.a.
xanthurenic acid), N-(3,4-dimethoxycinnamoyl) anthranilic acid
(3,4-DAA), the synthetic orally active 3-HAA derivative, and
3-HAA directly suppress the proliferation of myelin-specific T-
cells, specifically inhibiting Thl and/or Th17-like phenotypes,
and improving EAE clinical symptoms (Platten et al., 2005; Yan
et al., 2010). At least for Th17 suppression, 3-HAA enhances the
expression of TGF- in dendritic cells (DCs), stimulating the dif-
ferentiation of Tregs from naive T-cells (Tnaive) (Yan et al., 2010).
Thus, KP metabolism may suppress autoimmunity in EAE not
only through local TRP depletion, but also through the influence
of KP metabolites on DC-mediated T-cell differentiation.

Though the cellular sources of the 3-HAA that act on DCs to
influence T-cell differentiation is not clear, it is likely that one
source of 3-HAA, or other relevant KP metabolites, may be DCs
themselves since bone marrow stem cell (BMSC)-induced down-
regulation of EAE correlates with IDO induction in CD11c* DCs
(Matysiak et al., 2008). Intriguingly, IDO induction in BMDCs
and, as a consequence, Treg differentiation in BMDC/Tnaive
cocultures, requires AhR, the ligands of which include L-KYN,
KYNA, and possibly other KP metabolites (Nguyen et al., 2010).
In AhR~/~ BMDCs cocultured with Tnaive cells, the inability of
these BMDC:s to induce Treg differentiation is rescued by addi-
tion of L-KYN, though it cannot be excluded that the effect
of L-KYN on Treg generation is not a direct effect on Tnaive
cells (Nguyen et al., 2010) since L-KYN can also lead to AhR-
dependent Treg differentiation in isolated Tnaive cells (Mezrich
et al., 2010). This may nevertheless have implications for EAE
since AhR can bidirectionally drive T-cell differentiation either

toward Treg or Th17 phenotypes, ameliorating or worsening EAE,
respectively, depending on the specific AhR ligand (Quintana
et al., 2008, 2010; Veldhoen et al., 2008). Though the effects of
specific KP metabolites on AhR-mediated T-cell differentiation
has not been tested directly in EAE, it is still tempting to specu-
late that metabolites such as 3-HAA and L-KYN might ameliorate
EAE through AhR-mediated Treg differentiation, either indirectly
by stimulating DC TGF-f release, or directly within Tnaive cells.

Potential therapeutic intervention by modulation of kynurenine
pathway in multiple sclerosis

The emerging model of KP metabolism in the underlying biol-
ogy of EAE and potentially MS suggests that IDO activity,
enhanced by IEN-y released from pathogenic T-cells, may in
turn serve to limit their survival and/or facilitate the expansion
of immunoregulatory T-cell phenotypes during inflammation.
This is postulated to occur directly through the impact of TRP
catabolism on Th1/Th17 cell survival and/or by the influence
of downstream KP metabolites on T-cell differentiation toward
immunoregulatory phenotypes. Given the compelling positive
link between IDO activity and major depressive symptoms, high-
lighted by clinical studies examining the depressive side-effects of
IFN-a-based immunotherapy (Bonaccorso et al., 2002a), a more
favorable therapeutic entry-point for MS might be based on the
hypothesis that selected downstream KP metabolites serve to limit
autoimmunity by influencing T-cell differentiation toward regu-
latory phenotypes. This hypothesis has been tested in EAE with
the synthetic 3-HAA derivative N-(3,4-dimethoxycinnamoyl)
anthranilic acid (3,4-DAA), also known as Tranilast, currently
approved in the U.S. for the treatment of allergic rhinitis, atopic
dermatitis, and certain forms of asthma (Platten et al., 2005; Chen
and Guillemin, 2009; Yan et al., 2010). However, Tranilast is also
proposed to inhibit histamine release by mast cells, suppress TGF-
B release, and inhibit angiogenesis (Chen and Guillemin, 2009).
Thus, deeper investigation into the mechanism underlying the
influence of KP metabolites on T-cell differentiation may further
define novel and more selective therapeutic strategies for treating
autoimmune diseases such as MS in this context. To the best of
our knowledge, Tranilast is currently being developed by Nuon
Therapeutics, Inc. (San Mateo, CA) for the treatment of autoim-
mune diseases including MS, though it has not entered clinical
testing.

EPILEPSY

Research efforts to investigate the function and therapeutic poten-
tial of CNS KP metabolism was originally rooted in speculation
about the pro- and anti-convulsant properties of endogenous
QUIN and KYNA, respectively, in the etiology of human epilep-
sies (Perkins and Stone, 1985; Stone and Connick, 1985; Schwarcz
et al., 1987). However, in over 25 years since these ideas surfaced,
surprisingly little evidence has accumulated to date, neither clin-
ical nor experimental, to solidify alterations in KP metabolism
as a major etiological factor in human epilepsy. Furthermore,
the therapeutic potential of experimental KP modulators such
as Ro 61-8048 and various KYNA analogs in epilepsy treatment
has not been fully explored (Vecsei et al., 2013). Given this, it is
not surprising that even less is known about the regulation of KP
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metabolism by inflammatory mediators in this context. Though
outside the scope of this review, it is becoming increasingly appar-
ent that proinflammatory cytokine signaling plays a prominent
role in the mechanisms underlying neuronal hyperexcitability and
neurodegeneration in epilepsy, and has been extensively reviewed
elsewhere (Devinsky et al., 2013; Vezzani et al., 2013a,b). Several
studies suggest that the impact of epilepsy-related neuroinflam-
mation on KP metabolism as a disease mechanism warrants
deeper investigation.

A recent study analyzed serum K/T ratios in 271 classified
epilepsy patients with 309 control subjects (Liimatainen et al.,
2011). Results were consistent with elevated IDO activity in
patients with idiopathic generalized epilepsy (Liimatainen et al.,
2011). The central KP metabolites produced downstream of
IDO activation in these patients may likely be biased toward
the KMO branch since microglial activation is evident in sur-
gical resections from several forms of epilepsy (Vezzani et al.,
2013a). Furthermore, in mice inoculated with hamster neu-
rotrophic measles virus, increases in microglial activation and
brain levels of 3-HK and QUIN precede the onset of behavioral
seizures in this model (Lehrmann et al., 2008). Consistent with
the induction of microglial IDO and KMO by proinflammatory
cytokine signaling in a mouse model of temporal lobe epilepsy,
hippocampal elevations in mRNA encoding IL-18, TNF-a, IFN-
v, CD11b, IDO, and KMO were detected 24 h after kainic acid
injection (Gleeson et al., 2010). Though correlative, it is plausi-
ble that these elevations in proinflammatory cytokines underlie
the induction of IDO and KMO in this model since IL-1f, TNF-
o, and IFN-y are all potent inducers of IDO and at least IFN-y
also induces KMO expression as well (Mandi and Vecsei, 2012).
While it may be surmised that induction of IDO and KMO likely
leads to central enhancement in 3-HK and QUIN production in
this model, it is not at all clear what, if any, role these metabolites
might play in either acute seizure activity or in epileptogenesis.
It is reasonable to hypothesize that the pro-convulsant activity of
QUIN may at least exacerbate neuronal hyperactivity and/or exci-
totoxicity. Furthermore, both QUIN and 3-HK may contribute to
neuronal degeneration to further aggravate the neuroinflamma-
tory responses that underlie or contribute to disease pathology.
To answer such questions should be relatively straightforward
with the availability of molecular, genetic, and pharmacological
tools to dissect the relationship between inflammatory cytokine
signaling and KP metabolism in the context of epilepsy.

Potential therapeutic intervention by modulation of kynurenine
pathway in epilepsy

While there is little clinical evidence to date supporting the
notion that KP metabolism is dysregulated in epilepsy, this
possibility is strengthened by our emerging understanding of
the role neuroinflammation may play in the precipitation and
recurrence of epileptic seizure activity, combined with the reg-
ulation of KP activity by proinflammatory cytokine signaling.
Based on this and recent pre-clinical data (Lehrmann et al,
2008; Gleeson et al., 2010), we may predict that the microglial
branch is overactive with respect to the astrocytic branch of
the KP in at least some forms of epilepsy, resulting in exces-
sive accumulation of 3-HK and QUIN in the CNS. If 3-HK and

QUIN-mediated excitotoxicity or neurodegeneration do indeed
contribute to disease pathology, then chronic, adjunctive treat-
ment with a centrally penetrant KMO inhibitor might improve
long term outcome compared to treatment with standard anti-
convulsants alone, since KMO inhibition is proposed to increase
the production of KYNA while decreasing the production of
3-HK and QUIN in the CNS,

DEPRESSION AND MAJOR DEPRESSIVE DISORDER

Depression is the most prevalent neuropsychological disorder.
Worldwide figures estimate that ~20% of people will experience
amajor depressive episode throughout the course of their lifetime
(Kessler et al., 2005). Understanding the etiology of major depres-
sive disorder (MDD) is complicated by sociodemographic factors
and polygenetic contributions. Emerging data show that dysregu-
lation of the immune system, over expression of proinflammatory
cytokines, and aberrant tryptophan metabolism are contributing
factors at least in a subset of MDD cases.

Role of inflammation and kynurenine metabolism in depression
from clinical and human tissue studies

Clinical evidence for an inflammation component in MDD is
quite strong. The most direct argument for a causative link stems
from studies in which immune stimulating agents induce depres-
sive symptoms in patients and/or healthy subjects. A common
therapy for treating hepatitis C is the use of IFN-a. Up to 50%
of these patients develop depressive symptoms that are main-
tained throughout the course of treatment but subside within a
short period after completion (Bonaccorso et al., 2002a,b). Of
interest within these patients, IFN-o treatment can enhance tryp-
tophan metabolism through the KP pathway as measured by
K/T ratios, an indicator of IDO activity (Capuron et al., 2003).
Tryptophan was typically reduced in serum samples, though not
always (Comai et al., 2011), and kynurenine levels increased
during IFN-a treatment. The alteration in K/T ratios corre-
lated with symptoms of depression and anxiety scores on the
Montgomery-Asberg Depression Rating Scale (MADRS), Beck
Depression Inventory (BDI), and Hamilton Anxiety Rating Scale
(HAM-A), respectively (Bonaccorso et al., 2002b). When eval-
uated using the BDI scale all hepatitis C patients treated with
IFN-a showed worsening scores as well as increased K/T ratios.
However, only a subset (26/45) reached the criteria to be consid-
ered depressed. Interestingly, this patient subset also showed the
greatest disruption in tryptophan metabolism and highest K/T
ratios.

Similar to the results reported in hepatitis C populations,
cancer patients treated with IFN-a also increase production of
kynurenine and often possess lower tryptophan levels. In these
patients K/T ratios were elevated and appeared to correlate with
worsening outcome of cancer as well as development of depres-
sive symptoms (Kurz et al., 2011). However, Bannink et al. (2007)
showed that cancer patients treated with IFN-a had higher K/T
ratios but did not develop symptoms of depression. It is worth
noting that patients with a history of depression were excluded
from this trial and as such, they may have been measuring de
novo depression in a symptom resistant population. This inter-
pretation would seem in line with the findings in hepatitis C
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patients where only a subset of patients develop depression,
potentially correlating with an underlying susceptibility (Comai
et al., 2011). Furthermore, the relationship between K/T ratios
and depressive symptoms in melanoma patients treated with
IFN-a and paroxetine supports this hypothesis. IFN-o increased
K/T ratios in melanoma patients and produced depressive symp-
toms (Capuron et al., 2003). Paroxetine reduced the depressive
symptoms and increased tryptophan, without affecting kynure-
nine, resulting in only modestly elevated K/T ratios. Alternatively,
in patients not receiving an antidepressant, tryptophan levels
were lower and kynurenine levels higher in those who developed
depression compared to more resilient patients.

In healthy volunteers, stimulation of the immune system
causes increased proinflammatory cytokine production and
increased kynurenine production associated with depressive
symptoms (Eisenberger et al., 2010). Low doses of endotoxin
(from E. coli) increased TNF-a, IL-6, and body temperature.
Interestingly, induction of the immune response correlated with
reduced ventral striatum activation in a monetary incentive task,
suggesting reduced function of reward systems. In other stud-
ies, higher plasma K/T ratios correlated with anhedonia scores
in adolescents with MDD (Gabbay et al., 2012). Furthermore, in
children with melancholic MDD, K/T, kynurenine, and 3-HAA/L-
KYN levels were associated with severity of depressive symptoms
(Gabbay et al., 2010).

Though a broad range of clinical studies support a role for
inflammation-mediated dysregulation of cytokine production
and kynurenine metabolism in MDD, some studies demon-
strate a lack of correlation between inflammation, K/T ratios,
and depressive symptoms. In one case, plasma IL-6 levels were
reported along with a minor increase in IFN-a in a depressed
cohort (Hughes et al., 2012). No evidence of increased kynure-
nine metabolism was observed though tryptophan was decreased.
These patients also possessed elevated C-reactive protein (CRP)
levels (2.1 mg/L vs. 1.2mg/L in controls), typically used as an
indicator of underlying inflammation, though they remained
within a normal range. These data support the hypothesis
that tryptophan depletion occurs independent of kynurenine
metabolism by IDO in patients with minimal inflammation.
Indeed, anti-inflammatory therapies have been found to be effec-
tive at treating depression in patients with high levels of CRP
(>5mg/L) (Raison et al., 2013). Furthermore, where it has
been evaluated, proinflammatory markers such as IL-1f, TNF-
®, and macrophage migration inhibitory factor appear to predict
lack of responsiveness to traditional antidepressant medications
(Cattaneo et al., 2013). In addition, levels of tryptophan, kynure-
nine, and 3-HAA correlated to treatment response to fluoxetine
across a broad range of clinical scales (Mackay et al., 2009).
Together these data suggest that only a subset of MDD patients
with high levels of underlying inflammation are associated with
disruption in kynurenine metabolism that relates to depressive
symptoms.

A genetic link between inflammation and kynurenine
metabolism in MDD was reported in patients with IFN-y (+874)
T/A genotypes. Healthy women with the higher IFN-y producing
T allele were associated with increased IDO activity as mea-
sured by elevated plasma levels of K/T compared to the lower

producing A allele (Raitala et al., 2005). In addition, TA carri-
ers had a higher prevalence of depression than the AA genotype
(Oxenkrug et al., 2011). More recently, an IFN-y CA repeat poly-
morphism was identified that also conferred lower tryptophan
levels along with higher kynurenine production (Myint et al.,
2013), though the relationship between symptoms of depres-
sion and kynurenine metabolism have yet to be evaluated in
these patients. Furthermore, a polymorphism in the promoter
region of the gene for IDO correlated with increased depression
in hepatitis C patients treated with IFN-a (Smith et al., 2012).
In the Sequenced Treatment Alternatives to Relieve Depression
(STAR*D) trial two common SNPs in the IDO1 gene were asso-
ciated with treatment outcome for either citalopram or overall
antidepressant treatment (Cutler et al., 2012).

Though upregulated kynurenine production in serum is a
relatively common finding in MDD studies, fewer reports have
evaluated neuroinflammation in this disorder. QUIN is ele-
vated in the anterior cingulate cortex of depressed patients,
but only in severely depressed individuals (Steiner et al., 2011).
In addition, studies have now demonstrated that, along with
increased plasma kynurenine (Sublette et al., 2011), QUIN
and IL-6 are increased in the cerebrospinal fluid of suicide
attempters (Erhardt et al., 2013). Intriguingly, the correlation
between over activation of the QUIN branch of the KP in
suicide attempters was confirmed in patients with a diagnosis
other than MDD as well. These data suggest that in addition
to inflammation-mediated IDO activation peripherally, and per-
haps within the CNS, selective metabolism of kynurenine along
the QUIN branch occurs in the brains of severely depressed
patients.

Delineation of the role of inflammation on kynurenine metabolism
and depressive symptoms in preclinical systems

Preclinical studies strongly support the link between immune
stimulation, induction of kynurenine metabolism, and develop-
ment of depressive-like symptoms (Dantzer et al., 2011; Leonard
and Maes, 2012). Acute application of an immune stimulus such
as LPS induces expression of IDO, IFN-y, TNF-a, and IL-1f
in animals (O’connor et al., 2009¢) while also causing impair-
ment in forced swim (FST) and tail suspension (TST) tests, assays
measuring depressive-like behavior. Blockade of IDO with 1-MT
prevented the induction of IDO, attenuated increased K/T in
the brain and periphery, and alleviated behavioral impairments.
Interestingly IFN-y, TNF-a, and IL-1p remained elevated sug-
gesting that these responses to LPS occurred upstream of IDO
induction. Similarly, mice treated with LPS developed an anhe-
donic phenotype measured by sucrose or saccharine preference
which was also blocked by IDO inhibition (Salazar et al., 2012).
While LPS induces sickness-like behavior which may confound
the measurement of depressive-like responses in animal mod-
els, most studies demonstrate that the sickness is more transient,
allowing measurement of depressive-like behavior once sick-
ness has subsided. In fractalkine-deficient mice (CX3CR1~/7),
chronic treatment with 1-MT prevented depressive symptoms
precipitated by LPS for up to 72h, though inhibiting IDO had
no effect on sickness behavior which abated between 24 and 48 h
(Corona et al., 2013).
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Infusion of LPS intracerebroventricularly (icv) is used as a
model of acute neuroinflammation to study the effects of cytokine
regulation and depressive phenotypes in rodents. Local neu-
roinflammation increased kynurenine production and K/T ratios
in both the CNS and in the periphery (Dobos et al., 2012).
Furthermore, animals performed poorly in FST, though surpris-
ingly no effect was observed in the elevated plus maze or in spon-
taneous alternation suggesting a lack of pro-anxiety responses or
cognitive impairment. Inhibition of IDO with 1-MT prevented
elevation of K/T as well as reduced immobility in the FST, sug-
gesting that increased kynurenine production contributed to the
depression-like phenotype. In addition to kynurenine dysregu-
lation, icv LPS increased expression of IDO, TNF-a, IL-6, and
iNOS mRNA in the brain (Fu et al., 2010). When tested acutely
(4-8h post-dose) animals also displayed significant reductions
in social interaction, though it’s worth noting that such an acute
time period may be confounded by sickness behavior.

An alternative proinflammatory stimulus used to induce acute
depressive-like responses is activation of TLR3 by Poly I:C, a syn-
thetic dsRNA. Poly I:C induced a neuroinflammatory response
characterized by transiently (<24 h) increased expression of TNF-
a, IL-1B, and IL-6 with delayed increase in CD11b mRNA (24—
28h) in the frontal cortex and hippocampus of rats (Gibney
et al., 2013). Depressive-like behaviors measured by saccharin
preference and anxiogenic effects observed in the elevated plus
maze after poly I:C treatment peaked at 48 h and persisted up to
72 h. Concurrent with the depressive phenotype, IDO expression
along with tryptophan and kynurenine concentrations were ele-
vated in the brain while no effect on 5-HT was observed. These
data suggest that depressive phenotypes induced by viral-mimetic
inflammation may be driven in part through dysregulation of the
kynurenine system.

Chronic inflammatory stimuli also produce long-lasting
depressive phenotypes associated with neuroinflammation and
kynurenine dysregulation. BCG, an attenuated mycobacterium,
induced an acute sickness period in mice lasting up to 5 days
followed by a more prolonged depression-like phase that was
sustained for weeks (Moreau et al., 2008). In this same model,
kynurenine levels were increased for up to 3 weeks within
the brain (Moreau et al., 2005). Dissection of the mechanism
by which BCG regulates kynurenine metabolism and produces
a depressive phenotype demonstrated that brain IDO, IEN-y,
and TNF-a are upregulated in concordance with depressive-like
behavior. The depressive phenotype and kynurenine dysregula-
tion produced by BCG inoculation was absent in IDO and IFEN-y
KO mice (O’connor et al., 2009a,b). Furthermore, proinflam-
matory cytokines remained elevated in IDO KO mice, and to
a lesser extent IFN-y KO mice (e.g., IL-1p), suggesting that the
impact on depression-like behaviors of cytokine induction subse-
quent to BCG treatment occurred through a downstream effect
on kynurenine metabolism.

Both clinical and preclinical data support a link between
neuroinflammation, kynurenine metabolism, and symptoms of
depression. Induction of IDO, KMO, and KYNU by proinflam-
matory cytokines which cause disruption of normal physiological
metabolism of tryptophan and/or kynurenine appears to be an
important link in the cascade of events leading to certain forms

of depression. Where tested in animal models, blockade of this
induction has been beneficial in reversing or preventing develop-
ment of depressive phenotypes. Though limited tools are available
for testing the clinical benefit of manipulating the KP, it will be
important for current (e.g., IDO inhibitors for the treatment of
cancer) and future studies to evaluate the emotional status of
patients in a systematic way to better understand the therapeutic
potential of this system in MDD.

SCHIZOPHRENIA AND RELATED DISORDERS

Schizophrenia is a complex neuropsychiatric disorder affecting
approximately 1% of the world population, characterized by
positive (delusions, hallucinations, thought disorder), negative
(anhedonia, alogia, asociality) and cognitive (deficits in attention,
executive function, and memory) symptom clusters, attributed
to disturbances in dopaminergic, glutamatergic, and GABAergic
neurotransmission (Harrison and Weinberger, 2005; Lewis et al.,
2005). A leading hypothesis posits that NMDAR hypofunction
is a key neurobiological mechanism underlying the core features
of the disease, initially inspired by the observation that NMDAR
open channel blockers, such as phencyclidine and ketamine, reca-
pitulate a wide spectrum of schizophrenia symptoms in healthy
subjects, and exacerbate those of schizophrenic patients [for fur-
ther review, see Coyle (2012), Moghaddam and Javitt (2012)].
This, combined with the notion that KYNA is proposed to func-
tion as an endogenous antagonist of the obligatory NMDAR
co-agonist site, has stimulated intense interest in the involvement
of KYNA in schizophrenia. Supporting this possibility, elevated
KYNA levels have been detected in CSF (Erhardt et al., 2001;
Nilsson et al., 2005; Linderholm et al., 2012) and post-mortem
prefrontal cortex (Schwarcz et al., 2001) of schizophrenic patients
compared to controls. While human or rodent brain tissue lev-
els of KYNA (nM range) are below the reported ICsq for the
NMDAR co-agonist site (LM range), emerging mechanistic and
behavioral data from animal studies are consistent with an impact
of fluctuations in endogenous brain KYNA on schizophrenia-
related phenotypes (Erhardt et al., 2009; Wonodi and Schwarcz,
2010), suggesting that local synaptic or extrasynaptic concen-
trations of KYNA might be much higher than the reported
global levels.

Putative mechanisms underlying kynurenic acid dysregulation in
schizophrenia and related disorders

Elevation in the level of brain KYNA may result from increased
availability of L-KYN for metabolism by KAT II, the predominant
KYNA-synthesizing enzyme in human and rat brain (Guidetti
et al., 1997). One mechanism by which this may occur is through
astrocyte-specific enhancement of L-KYN production, since brain
KAT II is predominantly expressed in astrocytes compared to
other neural cell types (Kiss et al., 2003; Guidetti et al., 2007b).
Indeed, protein expression of TDO2 is selectively upregulated
in white matter astrocytes of post-mortem frontal cortex of
schizophrenic patients compared to that from control subjects,
coincident with a significant elevation of TDO2 but not IDO
mRNA levels (Miller et al., 2004). Similar results were obtained
for post-mortem anterior cingulate cortex of subjects with
schizophrenia and bipolar disorder, accompanied by an increase
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in tissue levels of L-KYN compared to controls (Miller et al.,
2006). Thus, selective upregulation of astrocytic TDO2-mediated
L-KYN synthesis may partially account for the overproduction
of KYNA in brain regions implicated in cognitive impairment
associated with schizophrenia. Regulatory mechanisms governing
astrocytic TDO?2 expression are not well-understood, though it is
worth noting that the regulatory region of the gene encoding both
human and rat TDO2 contain at least two glucocorticoid response
elements (GREs), and TDO2 mRNA is induced by dexametha-
sone in rat liver (Danesch et al., 1983, 1987; Comings et al., 1995).
Given this, it is tempting to speculate that, unlike the microglial
branch of the KP, activity of the KYNA-producing astrocytic
branch may be positively regulated by anti-inflammatory, rather
than by proinflammatory signaling. This is consistent with the
enhancement of brain KYNA production following adminis-
tration of the COX-2 inhibitor parecoxib in rat (Schwieler
et al., 2006), though the mechanism underlying this effect
is unknown.

Another mechanism by which L-KYN availability for KAT
II-mediated metabolism may be increased is through suppres-
sion of KMO expression and/or enzyme activity. KMO exhibits
a relatively high affinity for L-KYN compared to that of KAT
II, and therefore exerts preferential control over the fate of L-
KYN. Thus, reduction in KMO activity is expected to increase
the availability of L-KYN for KAT II-mediated metabolism, an
effect which has been demonstrated experimentally using the
KMO inhibitor JM-6 (Zwilling et al., 2011). Recently it has been
reported that a coding SNP within the human KMO gene is
associated with reduced KMO mRNA expression and elevated
CSF KYNA in bipolar patients with psychotic features during
mania (Lavebratt et al., 2013). Moreover, an intronic SNP within
the human KMO gene is associated with reduced KMO mRNA
expression and impaired schizophrenia-related endophenotypes
(Wonodi et al., 2011). Thus, disease-relevant genetic impairment
of KMO expression/activity might play a contributing role in the
overproduction of KYNA in schizophrenia and related psychi-
atric disorders. It remains to be seen, however, whether KMO
expression/activity may be similarly influenced by dysregulated
inflammatory signaling associated with these disorders. As dis-
cussed earlier, expression of both IDO and KMO is induced by
proinflammatory cytokines such as IFN-y. Conversely, IFN-y-
mediated IDO expression is inhibited by IL-4 and IL-13 (Musso
et al., 1994; Chaves et al., 2001), though opposing results have
been reported (Yadav et al., 2007). Since IDO and KMO expres-
sion appear to be positively regulated by similar mechanisms,
it would be interesting to determine whether KMO expression
is similarly inhibited by IL-4 and/or IL-13, and whether such
inhibition leads to overproduction of central KYNA. Such a
hypothesis might be relevant to a role of cytokine-mediated
KP dysregulation in schizophrenia, since a recent study of 26
schizophrenic patients and 26 control subjects found that the
ratios of serum IFN-y/IL-4, IFN-y/IL-10, IL-2/IL-4, and TNF-
a/IL-4 were significantly reduced in schizophrenic patients com-
pared to controls (Chiang et al., 2013). These data support an
emerging, though controversial hypothesis which proposes that
schizophrenia is associated with a subtle shift from the produc-
tion of Thl cytokines, such as IFN-y, IL-2, and TNF-a, toward

the production of Th2 cytokines, such as IL-4, IL-10, and IL-6
[reviewed in Muller et al. (2012)].

Potential therapeutic intervention by modulation of kynurenine
pathway in schizophrenia

Given the hypothesis that excessive extracellular KYNA in the
CNS, through its inhibitory action at NMDAR glycineB recep-
tors and/or a7 nicotinic acetylcholine receptors, contributes to
schizophrenia symptomatology, research efforts to evaluate the
therapeutic potential of reducing KYNA have focused on inhibi-
tion of KAT II, the predominant KYNA synthesizing enzyme in
human and rat brain (Guidetti et al., 1997). Mounting preclinical
evidence suggest that KAT II-selective inhibitors produce a
pro-cognitive effect in schizophrenia-relevant behavioral assays.
Acute hippocampal application of S-ESBA, a first-generation,
brain-impenetrant KAT II inhibitor, reduces extracellular KYNA
by ~30% and leads to improved performance in the Morris
water maze, an effect that was opposed by co-administration of
a physiologically relevant concentration of KYNA (Pocivavsek
etal., 2011). Acute systemic administration of second-generation
KAT II-selective inhibitors, such as the brain-penetrant PF-
04859989 (Dounay et al., 2013) reduce central KYNA con-
centrations by ~70%, improve performance in a rodent sus-
tained attention task, and reverse ketamine-induced working
memory deficits in rodent and monkeys (Abbott et al., 2010;
Chapin et al., 2010; Horner et al, 2010). Thus, combined
with clinical and post-mortem data indicating elevated brain
KYNA levels associated with schizophrenia, these pre-clinical
data support the therapeutic utility of KAT II inhibitors in
treating cognitive impairments associated with schizophrenia,
symptom domains that are poorly treated by current standards
of care.

ATTENTION DEFICIT-HYPERACTIVITY DISORDER

Attention Deficit-Hyperactivity Disorder (ADHD) is the most
commonly diagnosed psychiatric disorder in children and adoles-
cents. Though estimates of prevalence vary widely, it is estimated
that ~6-8% of school aged children suffer from this disorder
(Larson et al., 2011; Willcutt, 2012). Patients show striking neu-
ropsychological performance deficits compared to peers within
their age-group which tend to diminish in severity over time. This
may relate to a developmental delay of cortical maturation (Shaw
and Rabin, 2009). The etiology of this delay is unknown but it has
been hypothesized that impaired glial supply of energy to support
neuronal activity could contribute. Recent developments in the
study of ADHD suggest that patients may possess minor imbal-
ances in their immunological systems, as measured by increased
serum levels of IFN-y and IL-13, while also having reduced lev-
els of 3-HK though normal levels of kynurenine (Oades et al,,
2010b). The altered levels of proinflammatory cytokine produc-
tion and kynurenine metabolism trended toward normalizing in
medicated subjects relative to medication naive patients. These
findings may be consistent with early hypotheses regarding an
imbalance in tryptophan metabolism in ADHD which suggested
that patients produce excess serotonin, at least in peripheral
compartments (Irwin et al., 1981). An impaired production of
3-HK was predicted to reflect reduced activation of microglia
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and thus impaired neuronal pruning that could contribute to
developmental delays.

While no study has looked directly at CNS cytokine and
kynurenine profiles in ADHD, a few have attempted to define
behavioral endophenotypes associated with these markers in
serum. In one study it was demonstrated that levels of S100b
were negatively correlated to oppositional and conduct disorder
symptoms (Oades et al., 2010a). In this same study, an inverse
relationship between S100b and IL-10/IL-16 was observed which
was in contrast to findings in healthy children. A subsequent
study reported that elevated IL-16 levels, along with reduced
S100b, were strongly correlated with hyperactivity while IL-13
may be related to attentional capacity (Oades et al., 2010b).
Tryptophan metabolism was not directly related to symptoms,
though increased kynurenine as well as elevated IFN-y (though
reduced TNF-a) were associated with faster reaction times.
Interestingly another study showed that shorter pregnancy and
lower birth weight of ADHD patients, factors that are associated
with severity of symptoms, have been linked to increased 3-HK
and IFN-y (Oades, 2011) which is only partially consistent with
earlier reports of dysregulated cytokine production and kynure-
nine metabolism, where reduced 3-HK was found. While findings
that alterations in peripheral cytokine and kynurenine systems
are an interesting start, additional work to establish whether these
results translate to changes in the CNS compartment are needed.
Furthermore, a detailed analysis of cytokine levels and their rela-
tionship to kynurenine metabolism in the brain over the course
of the disease may shed light on the contribution of this system to
the developmental delay reported to occur in ADHD patients.

HIV-ASSOCIATED NEUROCOGNITIVE DISORDER

Human Immunodeficiency Virus (HIV) infection is a debili-
tating chronic disease that causes dramatic CD4" T-cell deple-
tion resulting in immune response deficiency as well as chronic
immune activation and inflammation responses. A strong case
exists for an involvement of tryptophan metabolic disturbances
in the pathology of HIV infection. Activation of tryptophan
metabolism by IDO likely favors HIV persistence and exacerba-
tion of disease progression through immune response suppres-
sion and generation of neurotoxic metabolites. Elevated circulat-
ing levels of IFN-y and kynurenine metabolites are commonly
found in HIV patients (Fuchs et al., 1990). QUIN is elevated
in serum and CSF from HIV infected persons and levels are
correlated with progression of neuropsychological impairment
over the course of the disease (Heyes et al, 1991a). Indeed,
patients with HIV-associated dementia were reported to possess
levels of QUIN that are ~20-fold greater than non-infected con-
trols. Similar increases in QUIN are observed in primate models
after retroviral exposure indicating a causative link between HIV
infection and activation of kynurenine metabolism (Heyes et al.,
1990). However, the consequence of kynurenine dysregulation
by HIV and its role in disease progression or symptomatology
is unknown. Excessive activation of IDO may result in local-
ized depletion of tryptophan availability leading to impaired
T-cell differentiation, thereby suppressing immune function. In
addition, inflammation-mediated induction of KMO and KYNU
favors production of 3-HK and QUIN from kynurenine. 3-HK is

involved in reactive oxygen species generation and also decreases
the number of CD4™ T-cells in corneal allograph studies (Zaher
et al., 2011) suggesting this neuroactive metabolite could further
impair immune function after HIV infection.

The mechanism by which HIV stimulates IDO expression is
not entirely clear as it has been proposed to be mediated by
both IEN-y dependent (Brown et al, 1991) and independent
(Boasso et al., 2009; Maneglier et al., 2009) mechanisms in human
macrophages and T-cells. To be clear, both IFN-y levels and IDO
activity are increased in HIV patients, and though IFN-y can
induce IDO, the correlation that both pathways are engaged does
not necessarily indicate a causative link between these effects.
Thus, while IEN-y production, particularly from opportunistic
infections, may contribute to IDO expression and tryptophan
metabolism, HIV also appears to be able to stimulate kynurenine
production via an interaction with CD4 receptors independent of
IFN-y. Elevated CSF kynurenine metabolism occurs independent
of macrophage infiltration in simian AIDs models (Heyes et al.,
1991b), suggesting that elevated QUIN is synthesized by local
CNS production, possibly by microglia in response to peripheral
immune/inflammation signals. Further complicating this inter-
action is the fact that HIV replication is enhanced by TNF-q,
IFN-y, and IL-1B, all acting through NF-kB. Since NF-kB also
stimulates IDO, KMO, and KYNU, it is possible that proinflam-
matory cytokine signaling underlies a vicious cycle that promotes
viral replication, tryptophan/kynurenine metabolism, and pro-
gression of dementia symptoms. It can thus be hypothesized that
HIV infects immune cells including macrophages, T-cells, and
microglia causing activation and subsequent release of proin-
flammatory cytokines and induction of tryptophan metabolizing
enzymes. The resulting impairment in immune response could
allow for opportunistic infections which further increase proin-
flammatory cytokine production supporting generation of 3-HK
and QUIN throughout the body and brain. While the precipitat-
ing factors behind viral replication and kynurenine dysregulation
may be similar, the neurocognitive dysfunction observed in HIV-
associated neurocognitive disorder or dementia may be mediated
in part by aberrant kynurenine metabolism in microglia within
the brain in response to chronic production of proinflamma-
tory cytokines, which one might speculate could be treated by
inhibition of IDO, KMO, or KYNU.

THERAPEUTIC POTENTIAL AND IMMUNE INTERACTIONS
BY THE KYNURENINE PATHWAY

The KP is uniquely positioned to regulate both the nervous and
immune systems in disease states, which presents an interest-
ing potential for drug discovery efforts but also potential risks
of immunological responses. A large number of ligands target-
ing inhibition of kynurenine-related enzymes are available, but
none have thus far advanced to clinical studies with the exception
of IDO inhibitors for cancer. Decreasing production of neuro-
toxic metabolites such as 3-HK and QUIN with IDO, KMO,
or KYNU inhibitors may reduce neuronal loss or atrophy in
diseases like AD, PD, and HD, and may also offer promising
therapy for MDD and HIV-associated neurocognitive disorder
where neuroinflammation may contribute to the pathophysiol-
ogy. Unfortunately, most ligands currently available have poor
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drug-like properties and would require optimization in terms
of their pharmacokinetic properties. Alternatively, elevating lev-
els of KYNA, or delivering KYNA-mimetics to the brain, may
offer a different option for neuroprotection. However, it’s worth
noting that while KYNA analogs would be predicted to reduce
excitotoxicity, it is unclear whether they could reduce oxidative
stress-mediated damage caused by excessive production of 3-HK
and QUIN. Furthermore, increasing KYNA may lead to psy-
chotomimetic effects including disruption of cognitive function,
whereas decreasing KYNA may be a therapeutic option for treat-
ing schizophrenia. Manipulating kynurenine metabolism for MS
should be approached cautiously because the direction of change
in kynurenines seems to differ depending on the stage of the
disease. Also, the variability in the time course of disease progres-
sion between individuals makes it difficult to predict the stage of
disease.

Evidence is emerging suggesting that IDO and downstream
tryptophan catabolites play an important role in modulating
immune responses. Though a review of the impact of kynure-
nine metabolism on the peripheral immune system is beyond the
scope of the current review, it is important to keep this function
of the kynurenine system in mind when considering the thera-
peutic potential of this pathway. An important role of IDO in
immunosuppression and tolerance has been demonstrated dur-
ing pregnancy, autoimmunity, resistance to tumors, and tolerance
to allografts (Mellor and Munn, 2004; Barth and Raghuraman,
2012; Ban et al., 2013). Thus, therapeutic interventions involving
the KP must be approached cautiously to examine the potential
consequence on immunomodulatory actions. Particular atten-
tion should be paid to patients with autoimmune diseases, given
that IDO may act as a negative regulator of the immune system
to counteract autoimmunity. Two non-mutually exclusive theo-
ries have been proposed about how IDO and/or the kynurenine
metabolites regulate the immune system: (1) IDO catabolism
of tryptophan depletes this critical amino acid which is impor-
tant for T-cell proliferation and (2) downstream kynurenine
metabolites themselves inhibit certain immune cells (Frumento
et al., 2002). Elevated IDO expression and kynurenines can have
immunosuppressive effects by inhibiting CD4" T-cell functions,
inducing regulatory T-cells, and inhibiting Natural Killer (NK)
cells (Mandi and Vecsei, 2012). Thus, the KP is directly implicated
in excitatory and inhibitory neuronal communication, regulated
by proinflammatory cytokines and immune signals, contributes
to the production of oxidative stress, and regulates immune cell
function/phenotypes, thereby positioning it to act as a key inter-
face between the brain and immune systems. This dual role will be
important to consider as the KP is mined for potential therapeutic
agents to treat debilitating CNS disorders.

SUMMARY

Much has been learned in the thirty-some years since the first
description of the KP in CNS disease. As detailed above, path-
way dysregulations have been described in virtually all major
CNS diseases. The pathway is sensitive to inflammatory signaling
and its products have neuromodulatory properties. It has unique
properties as an interface between the immune system and neu-
ronal signaling. Inhibition of unique enzymes in this pathway

has been employed to ameliorate symptomatologies in several
animal models of CNS disease. Successful translation of these pre-
clinical efforts into actual drugs might open the venue for novel
therapeutic interventions in human CNS disease.
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Acute brain injury results in peripheral inflammatory changes, although the impact of these
processes on neuronal death and neuroinflammation is currently unclear. To facilitate
the translation of experimental studies to clinical benefit, it is vital to characterize
the mechanisms by which acute brain injury induces peripheral inflammatory changes,
and how these are affected by surgical manipulation in experimental models. Here
we show that in mice, even mild surgical manipulation of extracranial tissues induced
marked granulocyte mobilization (300%) and systemic induction of cytokines. However,
intracranial changes induced by craniotomy, or subsequent induction of focal cerebral
ischemia were required to induce egress of CXCR2-positive granulocytes from the bone
marrow. CXCR2 blockade resulted in reduced mobilization of granulocytes from the bone
marrow, caused an unexpected increase in circulating granulocytes, but failed to affect
brain injury induced by cerebral ischemia. \We also demonstrate that isoflurane anaesthesia
interferes with circulating leukocyte responses, which could contribute to the reported
vascular and neuroprotective effects of isoflurane. In addition, no immunosuppression
develops in the bone marrow after experimental stroke. Thus, experimental models of
cerebral ischemia are compromised by surgery and anaesthesia in proportion to the
severity of surgical intervention and overall tissue injury. Understanding the inherent
confounding effects of surgical manipulation and development of new models of cerebral
ischemia with minimal surgical intervention could facilitate better understanding of

interactions between inflammation and brain injury.

Keywords: experimental stroke, bone marrow, granulocyte, CXCR2, anaesthesia

INTRODUCTION

Brain injury due to cerebral ischemia, hemorrhage, or head
trauma results in early activation of the immune system, fol-
lowed later by immunosuppression (Dirnagl et al., 2007; Denes
et al., 2010b). Activated immune cells and inflammatory media-
tors contribute to neuroinflammation and overall outcome after
experimental brain injury. Blockade of toll-like receptors, proin-
flammatory mediators such as interleukin-1, and immune cells
such as T cells, neutrophils, or mast cells, is protective in exper-
imental models of brain injury (ladecola and Anrather, 2011;
Smith et al., 2013). However, oversuppression of the immune
system in response to brain injury gives rise to opportunistic
infections leading to impaired recovery and death of patients
and experimental animals (Dirnagl et al., 2007; Murray et al,
2013). Therefore, understanding interactions between peripheral
inflammatory responses and brain injury could pave the way for
novel therapeutic interventions.

Lack of translation in stroke has triggered intense discussions,
leading to improved preclinical guidelines on experimental mod-
eling (Fisher et al., 2009). Yet, compared to the large number
of clinical studies on peripheral inflammatory changes in stroke,

studies on systemic inflammatory mechanisms in experimental
animals remain relatively sparse.

We and others have shown that experimental stroke results
in the activation of inflammatory responses in various immune
organs such as the spleen, blood, or bone marrow (Offner et al.,
2006a,b; Chapman et al., 2009; Denes et al., 2011). Using a fila-
ment model of transient, focal cerebral ischemia we also showed
that anaesthesia and surgical intervention compromise stroke-
induced inflammatory responses in the periphery (Denes et al.,
2011). However, a systematic analysis of stroke-induced periph-
eral inflammatory actions, including the assessment of confound-
ing effects of surgical manipulations has not yet been performed
in experimental stroke that involves craniotomy. Such investi-
gations could distinguish model-specific and ischemia-induced
effects of experimental stroke on immune responses and yield
important data for translation to patients.

Thus, we examined the effects of anaesthesia, surgical manip-
ulation, and experimental stroke induced by transient, distal
middle cerebral artery occlusion with craniotomy on peripheral
inflammatory responses. We show that both isoflurane anaes-
thesia and surgical intervention induce changes in peripheral
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immune cell populations in the absence of stroke, and are likely to
contribute to systemic inflammatory responses induced by exper-
imental brain injury. These effects should be accounted for in
experimental stroke modeling.

MATERIALS AND METHODS

MICE

Male 8-12 week-old C57BL/6 mice (n = 58) were kept at 21 &
1°C and 65% humidity with a 12 h light-dark cycle and had free
access to food and water. All animal procedures were performed
under appropriate project license authority and adhered to the
UK Animals (Scientific Procedures) Act (1986) and were in accor-
dance with STAIR and ARRIVE (Fisher et al., 2009; Kilkenny
etal., 2010) guidelines.

MIDDLE CEREBRAL ARTERY OCCLUSION (MCAo)

Distal, transient focal cerebral ischemia was induced as described
earlier (Pradillo et al., 2009, 2012). Briefly, mice were anaes-
thetized with isoflurane and ischemia was induced by a transient
ligature (60 min) of the left MCA trunk with a 10-0 suture
(Prolene, Ethicon, Somerville, NJ, USA). Occlusion and reper-
fusion were confirmed visually under the surgical microscope.
Core body temperature was maintained at 37.0 &= 0.5°C through-
out the surgery by a heating blanket (Homeothermic Blanket
Control Unit; Harvard Apparatus, Kent, UK) and monitored after
recovery. After surgery, animals were returned to their cages and
allowed free access to water and food. It was decided, a priori, to
exclude from the study those animals that showed brain hemor-
rhage at any time of the surgery or with no reperfusion (2 mice).
The survival rate was 100%.

SURGICAL CONTROLS

We investigated the effect of surgical manipulation and anaesthe-
sia in the absence of MCAo on cellular and cytokine responses.
To achieve this, three separate experimental conditions were used;
the first involved only anaesthesia with no surgical manipulation
(termed as “isoflurane”), the second exposure of the skull bone
but no craniotomy (termed as “sham no cran.”) and the third
full craniotomy (termed as “sham”). Except for naive animals,
all groups of mice were kept under isoflurane anaesthesia for the
same time period (75min for control experimental conditions
and in the “MCA0” group).

BLOOD SAMPLING AND TISSUE PROCESSING

Blood samples were taken from the tail vein and from the right
cardiac ventricle, using 3.8% sodium citrate 1:10 as an anti-
coagulant. Repeated tail vein samples were collected at various
time points, with equal sampling times across different treat-
ment groups: prior to surgery (“naive”), 60 min after the onset
of ischemia or corresponding control surgery (“Omin reperfu-
sion”), and before transcardial perfusion (at 4 or 72 h reperfu-
sion, not shown). Terminal cardiac blood samples were collected
immediately prior to transcardial perfusion from naive mice,
and from mice that had undergone surgical interventions, at 4
or 72 h reperfusion. Blood sample data from different vascular
beds were analyzed separately. To avoid potential confounding
effects of repeated tail vein samples at later time points, cardiac

blood samples are presented throughout the manuscript, with
the exception of Figures 1A,B. To isolate the bone marrow and
the spleen, mice were perfused transcardially with saline under
isoflurane anaesthesia. Brains were subsequently perfused with
4% paraformaldehyde, post-fixed for 24 h, cryoprotected in 20%
sucrose/PBS, and sectioned (20 wm diameter) on a sledge micro-
tome. Organs were homogenized as described previously (Denes
et al., 2010a).

CXCR2 BLOCKADE

To prevent CXCR2-mediated release of granulocytes from the
bone marrow, mice in the MCAo group were treated intraperi-
toneally with a selective CXCR2 antagonist (SB225002) or vehicle.
S$B225002 was dissolved in DMSO (stock), diluted in sterile saline
1:40 and injected as 2mg/kg, 200 wl/mouse, 20 min prior to
induction of anaesthesia for MCAo surgery.

In vitro STIMULATION OF BONE MARROW CELLS

Bone marrow cells were isolated 72 h after 60 min MCAo or the
surgery control and stimulated in vifro with 1g/ml bacterial
lipopolysaccharide (LPS, E. coli 026:B6), at a density of 7.5 x 10°
cells/mL in RPMI medium, supplemented with 10% fetal calf
serum and penicillin/streptomycin to investigate cytokine pro-
duction. After 3h incubation at 37°C, cells were pelleted with
centrifugation at 400 x g, the supernatant was collected, and cells
were lysed in lysis buffer.

CYTOMETRIC BEAD ARRAY

Circulating levels of IL-6 and KC (CXCL-1), and levels of IL-6 in
bone marrow cell culture supernatants and lysates were measured
by using CBA Flex Sets (BD Biosciences, UK) according to the
manufacturers protocol. The detection limit for each cytokine was
5-10 pg/ml.

FLOW CYTOMETRY

Spleen, bone marrow, and blood cells were isolated and
stained with appropriate combinations of CD45-PerCP-Cy5.5,
Ly6c-PerCP-Cy5.5, CD4-PE-Cy7, CD8-PE, CD3-APC, CD19-PE-
Cy7, MHCII-APC (eBioscience, UK), and Ly6G-PE (1A8, BD
Biosciences, UK) following Fc receptor blockade (eBioscience).
Contaminating red blood cells in bone marrow and spleen sam-
ples were removed by ACK solution, and FACS lysing solution
(BD Biosciences) was used to remove red blood cells from
blood samples. Total blood cell counts were calculated by using
15pum polystyrene microbeads (Polysciences, 18328-5). Cells
were acquired on an LSRII flow cytometer, using FACS Diva soft-
ware (BD Biosciences, UK). Except for the 72 h time point, flow
cytometric data have been pooled from three independent experi-
ments, in which all experimental groups have been represented by
at least one animal. Due to red blood cell contamination and cell
labeling artifacts n = 6 blood samples, 7 = 3 bone marrow sam-
ples and n = 4 spleen samples have been excluded from analysis
across experiments, pre-hoc.

RANDOMIZATION, QUANTIFICATION, AND STATISTICAL ANALYSIS

Animals were randomized for experiments and all quantita-
tive analyses were performed in a blinded manner. Group sizes
were determined based on our earlier in vivo experiments using
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FIGURE 1 | Tissue injury, craniotomy, and anaesthesia result in rapid B cells (dark blue color indicates CD19+ positive cells). Proportion (D) and
alteration of leukocyte responses. Extracranial tissue injury results in total cell numbers (E) of granulocytes in cardiac blood samples at 4 and 72 h
increased proportion (A) and cell numbers (B) of granulocytes in the reperfusion. Proportion (F) and total cell numbers (G) of MHCII+ B cells
circulation, which is indistinguishable from changes induced by sham surgery (CD19+) in cardiac blood samples at 4 and 72 h reperfusion. Sham no
or MCAo. Blood samples taken from the tail vein prior to surgery and 60 min cran.—sham surgery without craniotomy. n =5, 4, 4, 5, 6-7, 3, 3 in naive,
after the onset of MCAo/control surgery (0 min reperfusion) are shown. isoflurane, sham no cran., sham, MCAo, sham 72 h, and MCAo 72h,
(C) Representative dot plots showing terminal cardiac blood samples at 4 h respectively. *P < 0.05, **P < 0.01, **P < 0.001 vs. naive. Light blue color
reperfusion for graphs (D-G). P3 gate: Ly6G+ granulocytes, P4 gate: MHCII+ indicates negative (unstained) population.

this experimental model. Normality of data sets was assessed
using GraphPad Prism (KS normality test). Statistical analy-
sis was performed by One-Way or Two-Way ANOVA followed
by Tukey’s or Bonferroni’s post-hoc multiple-comparison, using
GraphPad Prism 5 software. In case of non-parametric data,
significance was confirmed by non-parametric ¢-test (Mann—
Whitney U-test) or Kruskal-Wallis test followed by Dunn’s mul-
tiple comparisons test. All data are expressed as mean =+ standard
error of the mean (s.e.m). P < 0.05 was considered statistically
significant.

RESULTS

SURGICAL MANIPULATION AND ANAESTHESIA ALTER LEUKOCYTE
RESPONSES IN THE BLOOD

Surgical manipulation of extracranial tissues was sufficient to
induce rapid mobilization of granulocytes. In serial blood sam-
ples taken from the tail vein, the proportion of granulocytes
(Ly6G+ CD11b+ SSChigh cells) increased from 12 to 40% within
70-80 min (“Omin reperfusion”) in response surgery without
craniotomy (“sham no cran.,” Figure 1A), but not after isoflu-
rane anaesthesia alone, representing a ~3-fold increase in total
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granulocyte numbers (Figure 1B). Granulocyte mobilization was
not altered further by craniotomy or MCAo (Figures 1A,B).
Granulocytosis was also evident 5-5.5 h after initiation of surgery
in cardiac, terminal blood samples (termed as “4 h reperfusion,”
Figures 1C,D), although total granulocyte numbers were lower
compared to the earlier time point and were significantly ele-
vated only in response to craniotomy or MCAo (Figure 1E). An
increased proportion of granulocytes in the sham and MCAo
groups was observed up to 72 h after surgery (Figure 1D).

CD19+ MHCII+ B cells decreased profoundly (by 80-90%)
in the blood in response to anaesthesia alone, which was apparent
in all other groups of mice that underwent surgical manipulation
or MCAo, at 4h reperfusion (Figures 1EG). Similarly, anaes-
thesia alone resulted in reduced circulating CD4+ and CD8+
T cell numbers within 4h (Figures 2A-C). Interestingly, cran-
iotomy and MCAo appeared to raise T cell numbers over levels
after anaesthesia alone, which was more apparent in the case
of CD4+ T cells (Figures 2B,C). Circulating B cells and CD8+
T cells remained significantly lower in number in surgery con-
trol groups and after MCAo compared to naive mice at 72h
reperfusion (Figures 1EG, 2A,C).

GRANULOCYTE RELEASE FROM THE BONE MARROW INCREASES
PROPORTIONALLY TO THE LEVEL OF SURGICAL STRESS AND BRAIN
INJURY

MCAOo resulted in mobilization of granulocytes from the bone
marrow at 4 h reperfusion (Figure 3A). Within the granulocyte

population, CXCR2+ granulocytes (Ly6G+ CD11b+ SSCPish
cells) showed a decrease in the bone marrow proportional to the
level of surgical stress, reaching a significant 50% reduction after
craniotomy and an over 60% reduction in response to MCAo
(Figure 3B). Correspondingly, KC (CXCL-1) and IL-6 concen-
trations in the circulation increased by 20-40-fold after sham
surgery and MCAo (Figures 3C,D). Circulating KC levels showed
a significant (P < 0.01) negative correlation with numbers of
CXCR2+ granulocytes in the bone marrow at 4h reperfusion
(not shown). Anaesthesia alone appeared to increase B cellsand T
cells in the bone marrow (Figures 3E-G) similarly to our earlier
findings (Denes et al., 2011).

BONE MARROW CELLS DO NOT EXHIBIT A SUPPRESSED RESPONSE
AFTER CEREBRAL ISCHEMIA

At 72 h reperfusion when systemic immunosuppression is appar-
ent after cerebral ischemia (Prass et al., 2003), bone marrow cells
showed no difference in LPS-induced IL-6 production in vitro
as assessed in cell lysates (Figure4A) and cell culture super-
natants (Figure 4B), indicating that at this time point cells resid-
ing in the bone marrow maintain their ability to respond to
endotoxin.

SURGICAL INTERVENTION AND CEREBRAL ISCHEMIA ALTER SPLENIC
GRANULOCYTE RESPONSES

Surgical manipulation of extracranial tissues with or without
craniotomy resulted in an early recruitment of granulocytes in
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FIGURE 3 | Surgical intervention and anaesthesia result in altered
leukocyte responses in the bone marrow. (A) Bone marrow
granulocytes (Ly6G+, CD11b+, SSCM9" cells) are reduced within 4 h after
MCAo. (B) Both MCAo and craniotomy result in reduced CXCR2+
granulocytes in the bone marrow at 4h reperfusion. KC (CXCL1, C) and
Il:6 (D) levels increase in the circulation within 4h proportionally to the

amount of surgical stress. Anaesthesia results in increased MHCII+ B
cells (E) CD4+ T cells (F) and CD8+ T cells (G) in the bone marrow
within 4h. Sham no cran.—sham surgery without craniotomy. n=7, 5,
6, 7 7-8 in naive, isoflurane, sham no cran., sham, and MCAo,
respectively. *P < 0.05, **P < 0.01, **P < 0.001 vs. naive, unless
indicated otherwise on the graphs; #P < 0.05 vs. isoflurane.
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FIGURE 4 | Bone marrow cells do not exhibit a suppressed response to
endotoxin after distal tMCAo. Bone marrow cells were isolated 72 h after
MCAo and stimulated in vitro with bacterial lipopolysaccharide (LPS) to
investigate cytokine production. Cell lysates (A) and supernatants (B) were
measured for IL-6 production and release. n.s., not significant. n = 3.

*P < 0.05, **P < 0.01 vs. control.

the spleen (Figure5A). This effect was not apparent in the
CXCR2+ granulocyte population (Figure 5B). MCAo signifi-
cantly reduced splenic total granulocyte- and CXCR2+ gran-
ulocyte numbers (Figures 5A,B) compared to sham surgery at
4h reperfusion. No changes were observed in B cell or T
cell populations in the spleen in any of the surgical groups
(Figures 5C-E).

CXCR2 BLOCKADE PREVENTS GRANULOCYTE MOBILIZATION FROM
THE BONE MARROW BUT DOES NOT ALTER ISCHEMIC BRAIN INJURY
The selective CXCR2 inhibitor SB225002 (White et al., 1998) pre-
vented granulocyte release from the bone marrow as confirmed
by a significant reduction of granulocytes in the bone marrow in
vehicle-treated mice 4 h after MCAo compared to mice treated
with SB225002 (Figures 6A,B). Similarly to our earlier experi-
ments using the intraluminal filament method to induce cerebral
ischemia (Denes et al., 2011) bone marrow granulocyte numbers
were stabilized by 24 h post MCAo (Figure 6A). To our surprise,
CXCR?2 blockade although reducing granulocyte release from the
bone marrow, resulted in an increase in circulating granulocytes
at 4 h reperfusion compared to vehicle (Figure 6C). We investi-
gated whether CXCR2 blockade resulted in any changes in infarct
size, but no difference between SB225002 treatment and vehicle
was observed (Figure 6D), indicating that CXCR2-mediated sig-
nals do not contribute substantially to brain injury in the current
experimental model of cerebral ischemia.

DISCUSSION

Here we present evidence that even mild surgical manipulation
results in marked systemic granulocyte mobilization responses.
Granulocyte mobilization is proportional to the level of surgi-
cal stress and is further augmented by brain injury. Granulocyte
responses to cranial injury or cerebral ischemia involve primarily
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FIGURE 5 | Leukocyte responses in the spleen. Changes in total CD8+ T cells (E) at 4 h reperfusion. Sham no cran.—sham surgery without
granulocytes (Ly6G+, CD11b+, SSCM8h cells, A) and CXCR2+ granulocytes craniotomy. n= 6, 6, 6, 5, 6 in naive, isoflurane, sham no cran., sham, and
(B) in the spleen 4 h following reperfusion or control surgical interventions. MCAo, respectively. *P < 0.05 and **P < 0.001 vs. naive; *P < 0.01 (A)
No changes are observed in splenic MHCII+ B cells (C) CD4+ T cells (D) and and *P < 0.05 (B) sham vs. MCAo.

the mobilization of CXCR2-positive granulocytes, which is not
seen after manipulation of extracranial tissues. In addition, we
show that anaesthesia profoundly alters leukocyte responses, an
effect that lasts for several hours or even days. Collectively, these
data highlight the role of anaesthesia and surgical intervention in
systemic inflammatory responses, which could have an impact on
experimental models of cerebral ischemia, but could also serve
important information for the management of patients subjected
to various surgeries in the clinic.

In our previous study we revealed changes in the bone mar-
row in response to transient, focal cerebral ischemia induced by
an intraluminal filament that is advanced through the internal
carotid artery to occlude the MCA (Denes et al., 2011). Although
we demonstrated changes induced by brain injury itself, we also
showed that anaesthesia and surgical intervention could impact
on bone marrow leukocyte responses (Denes et al., 2011). Since
the filament MCAo model involves surgical manipulation around
the neck including exposure of the salivary glands, the vagus nerve
and other tissues around the trachea, in the present study we per-
formed a systematic analysis of bone marrow, spleen, and blood
responses, using a distal MCAo model, to reveal stroke-specific
changes in leukocyte mobilization as well as the impact of surgi-
cal intervention and anaesthesia. Since the present model includes
craniotomy, a potential confounder that disturbs the internal
milieu of the brain, we also included control surgeries during

which only extracranial tissues were manipulated. Extracranial
manipulation consisting of an incision on the skin and tempo-
rary dislocation of small pericranial muscles was sufficient to
generate a systemic inflammatory response evidenced by granulo-
cyte mobilization and a 10-fold increase in circulating KC levels.
Since these changes did not involve major alterations in CXCR2+
granulocytes, identification of the mechanisms involved (contri-
bution of bone marrow-derived cells, signals that initiate and
maintain systemic granulocyte responses, etc.) warrant further
investigation. It is likely that activation of the HPA axis and the
autonomic nervous system (Elenkov et al., 2000) could contribute
to surgery-induced peripheral changes, however the exact signals
mediating leukocyte responses need to be identified. In fact, we
confirmed here our earlier findings showing an increased mobi-
lization of CXCR2-positive granulocytes in response to brain
injury, compared with other surgical manipulations (Denes et al.,
2011).

We found that isoflurane anaesthesia alone resulted in a pro-
found reduction in circulating lymphocytes within hours. Some
effects of isoflurane on leukocyte activation have been reported
earlier (Yuki et al., 2012; Carbo et al., 2013), and a decrease in
Th1/Th2 ratio in the blood has been observed in patients under-
going craniotomy in response to isoflurane (Inada et al., 2004).
However, the present study demonstrates a rapid and sustained
reduction in circulating T cell numbers induced by isoflurane
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Ly6G+, blue) in the bone marrow at 4h reperfusion. (C) SB225002
increases granulocyte numbers in the cardiac blood at 4h reperfusion
after MCAo. (D) Infarct size is not altered in response to SB225002
treatment at 24h reperfusion, after MCAo. (A-C) n=3, 3, 5, 5 in
vehicle 4h, SB225002 4h, vehicle 24h, and SB225002 24h samples,
respectively, (D) n=5-6. *P <0.05 vs. vehicle 4h, #P <0.05 vs.
24h time points.

anaesthesia, which could have important implications clinically
and also in models of experimental stroke. The contribution of
T cells to the ischemic brain injury is well documented (Iadecola
and Anrather, 2011). Since volatile anaesthetics can exert neuro-
protective properties (Kawaguchi et al., 2005), it is possible that
at least in part, these actions could be mediated via blunted T cell
responses.

The spleen is profoundly affected by brain injury (Offner et al.,
2006b), leading to loss of B cells and development of immuno-
suppression, however, much less is known about how cerebral
ischemia contributes to responses of myeloid cells in the spleen.
In fact, a population of splenic monocytes are released rapidly
upon activation and contributes to ischemic processes in the heart
(Swirski et al., 2009; Leuschner et al., 2012). We found that sur-
gical manipulation results in increased granulocyte recruitment
to the spleen whilst cerebral ischemia reduced surgery-induced
increases in splenic granulocytes. Although the role and mecha-
nisms of surgery-induced splenic granulocytosis requires further
investigations, this scenario indicates that the effect of surgical
manipulation on leukocyte responses in peripheral organs is likely
to be a confounder in current experimental stroke models.

CXCR?2 is the best characterized cell surface receptor on gran-
ulocytes involved in cell mobilization to stimuli mediated by
CXCL1 (KC) and CXCL2/3 (MIP-2) (Matzer et al., 2004; Eash
et al., 2010; Veenstra and Ransohoff, 2012). Although brain
injury-induced granulocyte mobilization from the bone mar-
row was prevented by CXCR2 blockade, circulating granulocytes
increased in response to SB225002 treatment. CXCR2 inhibition
was found effective to reduce IL-8- or KC-induced granulocyte
mobilization in the blood and block granulocyte egress from
the bone marrow (White et al., 1998; Martin et al., 2003; Eash
et al., 2010). We show here that very early granulocyte mobiliza-
tion responses in response to brain injury are not dependent on
CXCR2, and might not (or only in part) require the contribu-
tion of the bone marrow in the current experimental model. This
could explain the lack of an effect by CXCR2 blockade on the
size of ischemic brain injury, which has also been confirmed by
another study (Brait et al., 2011). Brain injury in different experi-
mental models might not be influenced by peripheral leukocyte
actions to the same extent. For example, blockade of granulo-
cyte responses or hematopoietic MyD88-dependent actions is not
associated with reduced central inflammation or brain damage
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after cold-induced cortical injury (Koedel et al., 2007). In con-
trast, neutrophils contribute to brain injury when experimental
stroke is preceded by systemic inflammation (McColl et al., 2007).
Therefore, the source of neutrophils mobilized after brain injury
and their contribution to the population that is recruited into
the brain need to be investigated in further studies. Stroke in
patients results in increased circulating granulocyte numbers and
loss of T cells (Vogelgesang et al., 2008), which corresponds to
the findings presented in our study. Surgical interventions and
anaesthesia also influence leukocyte responses in patients (Inada
et al.,, 2004). However, similarly to most experimental stroke
models, the MCAo model is inherently confounded by effects of
anaesthesia and surgical intervention, and we show that surgical
interventions alone are capable of inducing profound changes in
leukocyte responses. These changes might contribute to and/or
alter brain injury in experimental models. Since circulating white
blood cell- and blood cytokine data from stroke patients and from
those undergoing anaesthesia or surgical interventions are widely
available, blood cell responses and mechanisms of brain injury
in experimental models should be investigated in a translational
context.

In conclusion, our data indicate that anaesthesia- and surgery-
induced leukocyte responses interact with those induced by
experimental stroke, which needs to be accounted for in exper-
imental models. Revealing the mechanisms of rapid, surgery- or
brain injury-induced granulocyte responses could be fundamen-
tal for the development of new therapeutic regimen in a wide
variety of diseases.
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The central nervous system (CNS) is considered an immune-privileged tissue protected
by a specific vessel structure, the blood-brain barrier (BBB). Upon infection or traumatic
injury in the CNS, the BBB is breached, and various immune cells are recruited to the
affected area. In the case of autoimmune diseases in the CNS like multiple sclerosis
(MS), autoreactive T cells against some CNS-specific antigens can theoretically attack
neurons throughout the CNS. The affected CNS regions in MS patients can be detected as
multiple focal plaques in the cerebrum, thoracic cord, and other regions. Vision problems
are often associated with the initial phase of MS, suggesting a disturbance in the optic
nerves. These observations raise the possibility that there exist specific signals that direct
autoreactive T cells past the BBB and into particular sites of the CNS. Using a mouse
model of MS, experimental autoimmune encephalomyelitis (EAE), we recently defined the
mechanism of the pathogenesis in which regional neural stimulations modulate the status
of the blood vessel endothelium to allow the invasion of autoreactive T cells into specific
sites of the CNS via the fifth lumbar cord. This gate for autoreactive T cells can be artificially
manipulated by removing gravity forces on the hind legs or by electric pulses to the soleus
muscles, quadriceps, and triceps of mice, resulting in an accumulation of autoreactive T
cells in the intended regions via the activation of regional neurons. Gating blood vessels
by regional neural stimulations, a phenomenon we call the gateway theory, has potential
therapeutic value not only in preventing autoimmunity, but also in augmenting the effects
of cancer immunotherapies.

Keywords: inflammation, cytokines, autoimmune diseases, inflammatory diseases, multiple sclerosis, gateway

theory, neural activation, blood-brain barrier

INTRODUCTION

The immune system is a sophisticated protective mechanism that
coordinates many types of bone-marrow derived hematopoietic
cells including T cells, B cells, dendritic cells, and macrophages
among others that have evolved to combat infectious agents
and cancerous cells in the body. Careful regulation is required
to control the immune system, because uncontrollable immune
reactions, or chronic inflammation, are harmful and considered
the pathogenesis of many diseases. It has been long recognized yet
not well elucidated that neural activation directly influences the
immune system. For example, mentally ill stresses in mice pro-
mote tumor progression, while good stresses, or eustress, which
are induced by an enriched housing environment with increased
space, physical activity, and social interactions, suppress it (Cao
et al., 2010; Feng et al., 2012; Hassan et al., 2013). In human
patients with autoimmune diseases, it has been suggested that
psychological stresses including depression and anxiety are asso-
ciated with disease progression and relapse (Mitsonis et al., 2009;
Srivastava and Boyer, 2010). Whereas systemic modulation of
the immune system by the nervous system through the secre-
tion of corticosteroid is relatively well characterized, the regional
interplay between these two biological systems is just beginning

to be elucidated. Here we discuss the regional neuro-immune
interactions during chronic inflammations including our recent
findings.

INFLAMMATION UNDERLIES MANY TYPES OF

CHRONIC DISEASES

Traditionally, inflammation has been defined as pathophysiologi-
cal symptoms with dolor, calor, rubor, and tumor (Latin for pain,
heat, redness, and swelling, respectively). We now know that these
symptoms are the consequences of the local accumulation and
activation of immune cells that produce soluble factors such as
cytokines and lipid mediators. Therefore, it is not an oversimpli-
fication to define inflammation as a biological mechanism that
locally recruits various immune cells followed by the disruption of
local homeostasis. Inflammation, or the accumulation of immune
cells, basically acts as a protective mechanism against infectious
agents including viruses and bacteria. In fact, mice genetically
lacking T lymphocytes, which secrete various cytokines to orches-
trate the immune reactions (CD4+ helper T cells) and exert
cytotoxic activities that kill unnecessary or undesirable cells, such
as infected cells as well as cancer cells (CD8+ killer T cells), are
unable to control pathogen invasion via inflammation induction.

www.frontiersin.org

October 2013 | Volume 7 | Article 204 | 75


http://www.frontiersin.org/Neuroscience/editorialboard
http://www.frontiersin.org/Neuroscience/editorialboard
http://www.frontiersin.org/Neuroscience/editorialboard
http://www.frontiersin.org/Neuroscience/about
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org/journal/10.3389/fnins.2013.00204/abstract
http://www.frontiersin.org/people/u/41771
http://www.frontiersin.org/people/u/99146
http://www.frontiersin.org/people/MasayaHarada/118088
http://www.frontiersin.org/people/u/100922
http://www.frontiersin.org/people/JieMeng/118179/activity
http://www.frontiersin.org/people/u/107617
http://www.frontiersin.org/people/u/43386
http://www.frontiersin.org/people/ToruAtsumi/118087
http://www.frontiersin.org/people/u/50783
http://www.frontiersin.org/people/u/19742
mailto:murakami@molonc.med.osaka-u.ac.jp
mailto:murakami@molonc.med.osaka-u.ac.jp
http://www.frontiersin.org
http://www.frontiersin.org/Neuroendocrine_Science/archive

Kamimura et al.

The gateway theory between neural and immune systems

At the same time, inflammation has to resolve immediately after
these incidences come to an end, since chronically persistent
inflammation has a rather adverse effect. Autoimmune diseases
such as rheumatoid arthritis (RA) and multiple sclerosis (MS)
are good examples of diseases that involve chronic inflammation.
Signs of inflammation (i.e., local accumulation of immune cells
followed by dysregulation of local homeostasis) are evident in
the joints and the central nervous system (CNS) of RA and MS
patients, respectively. We have also found the similar phenom-
ena in the target organs of animal models for these diseases. In
addition, accumulating evidence indicates that chronic inflam-
mation underlies the pathogenesis of many other types of disor-
ders including neurodegenerative diseases, metabolic syndromes,
and even psychiatric diseases (Hamdani et al., 2012; Tabas and
Glass, 2013). Thus, understanding the molecular mechanisms
that convert protective acute inflammation into harmful chronic
inflammation and how chronic inflammation persists is essential
to the development of novel therapeutic interventions for many
diseases and disorders.

THE INFLAMMATION AMPLIFIER PROVIDES A MOLECULAR
MECHANISM FOR CHRONIC INFLAMMATION

ESTABLISHMENT OF A RHEUMATOID ARTHRITIS MODEL, F759 MICE
Interleukin (IL)-6 is a well-studied cytokine that promotes
inflammation. In fact, IL-6 is found upregulated in the serum and
affected areas of human diseases and disorders such as synovial
fluids in the case of RA, while genome-wide association studies
(GWAS) have revealed that the IL-6 gene is genetically associated
with a wide range of diseases including autoimmunity, neurode-
generative diseases, and cancer (http://geneticassociationdb.nih.
gov/). Therefore, the establishment of an IL-6-dependent disease
model has been desired for understanding the pathogenesis of
various inflammatory diseases. IL-6 signals emanating from IL-
6 receptor complexes, gp130 and IL-6R, involve the activation
of STAT3, the central transcription factor for the many biolog-
ical effects of IL-6. SOCS3 is a target gene of IL-6 and known
to negatively regulate the signal transduction of IL-6 by bind-
ing to the receptor subunit gp130 and Jak kinases (Kamimura
et al., 2003; Murakami et al., 2004). Given that IL-6 is abun-
dant in patients with inflammatory disorders, we hypothesized
that persistent activation of IL-6/gp130 signaling might induce
inflammatory diseases. We therefore generated a knock-in mouse
with a point mutation at the binding site of SOCS3 in gp130,
thereby enhancing the IL-6 signal pathway (Ohtani et al., 2000).
As expected, this mouse strain, called F759 mice, develops RA-like
joint diseases spontaneously (Atsumi et al., 2002).

DISCOVERY OF THE INFLAMMATION AMPLIFIER

Breeding experiments with various deficient mouse strains
showed the joint disease in F759 mice mainly relies on CD4+
T cells, IL-6, and IL-17, which is a recently reported helper
T-cell-derived cytokine involved in autoimmunity and activa-
tion of the transcription factor NF-kB (Sawa et al., 2006; Ogura
et al., 2008). Indeed, the number of an IL-17-secreting CD4+
T cell subtype (Th17 cells) and the serum levels of IL-17 were
increased in F759 mice. Furthermore, systemic expressions of
IL-17 or IL-6 in F759 mice accelerated the disease onset and,

interestingly, induced the production of IL-6 itself, suggesting
a positive feedback loop (Ogura et al., 2008). Moreover, IL-17
expression in F759 mice induced an excessive level of IL-6 and
chemokines. In vitro experiments using fibroblasts confirmed that
IL-6 is a target of the simultaneous treatment of IL-17 and IL-
6, but not of either cytokine alone (Ogura et al., 2008). DNA
microarray analysis revealed that many chemokines are also tar-
gets of this synergism. Since chemokines recruit immune cells
to promote inflammation via the dysregulation of local home-
ostasis, we named this synergistic mechanism the inflamma-
tion amplifier (formerly, IL-6 amplifier) (Figure 1) (Murakami
and Hirano, 2012). Activation of the inflammation amplifier
in endothelial cells is induced by the simultaneous activation
of NF-kB and STAT3 followed by chemokine expressions. We
expected that NF-kB and STAT3 stimulants, whether they are pro-
inflammatory or anti-inflammatory cytokines, should enhance
the expression of the chemokines. However, anti-inflammatory
cytokines might indirectly suppress the activation of the inflam-
mation amplifier by inhibiting activated helper T cells, which
express various NF-kB and STAT3 stimulants including IL-
17, IL-6, and TNFa. Moreover, as discussed in detail below,
the inflammation amplifier, which can be regulated by neural
inputs such as norepinephrine (NE), enhances the production
of chemokines via NF-kB activation (Figurel) (Arima et al,
2012).
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FIGURE 1 | The inflammation amplifier. (A) Image of the activation of the
inflammation amplifier in the presence and absence of NE. A combination
of IL-17 and IL-6 causes a synergistic effect on the induction of
inflammation-amplifier target chemokines such as CCL20 in non-immune
cells including fibroblasts, endothelial cells, and certain synovial cells. NE
further enhances the chemokine production. Other neurotransmitters can
also influence activation of the inflammation amplifier. See Arima et al.
(2012) for the original data. (B) The synergistic effect seen in (A) requires
the concomitant activation of two transcriptions factors, NF-kB and STAT3.
In the case of autoimmune diseases, Th-17 derived IL-17 induces an initially
low amount of IL-6 from non-immune cells via NF«kB activation. Secreted
IL-6 together with IL-17 forms a positive feedback loop to produce
excessive expression of the target genes including many inflammatory
chemokines such as CCL20, CCL2, etc. Consequently, various immune
cells are recruited at the region around the target cells via chemokine
expression, and inflammation takes place. Persistent activation of the
inflammation amplifier, as is the case in F759 mice, drives chronic
inflammation. IL-7, a target of the amplifier and derived from non-immune
cells, fuels the proliferation, and survival of Th17 cells. The activation of the
inflammation amplifier can be modulated by regional neural activation.
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THE INFLAMMATION AMPLIFIER IS ASSOCIATED WITH VARIOUS
HUMAN DISEASES AND DISORDERS

Mice deficient in gp130 or STAT3 in fibroblasts and/or endothelial
cells (i.e., inflammation amplifier-defective non-immune cells)
are highly resistant to animal disease models including RA, MS,
and allogeneic graft rejection, demonstrating that the inflam-
mation amplifier is critical for multiple chronic inflammatory
diseases in vivo (Ogura et al., 2008; Murakami et al., 2011; Arima
et al., 2012; Lee et al.,, 2012). To explore the molecular mecha-
nisms underlying the inflammation amplifier, we recently con-
ducted genome-wide functional screening and identified around
1700 candidates that positively regulate it.

Interestingly, genes associated with human diseases including
not only autoimmunity, but also metabolic syndromes, neurode-
generative diseases, and other inflammatory diseases including
allergies and atopic dermatitis were significantly enriched in the
candidate genes (Murakami et al., 2013). Based on these findings,
we propose that de novo mutations, expression alterations, or epi-
genetic changes of these genes in non-immune cells during acute
inflammation can cause dysregulation of the amplifier like that
observed in F759 mice (i.e., a point-mutation of gp130), turning
acute inflammation into a pathogenic chronic version.

NEURO-IMMUNE INTERACTIONS MEDIATE IMMUNE
HOMEOSTASIS AND PATHOGENESIS

AUTOREACTIVE CD4+ T CELLS ENTER THE CNS FROM THE FIFTH
LUMBAR CORD

MS is a chronic inflammatory disease in the CNS that, accord-
ing to a recent genome-wide association study, involves CD4+
T cells (International Multiple Sclerosis Genetics et al., 2011). An
animal model of MS, experimental autoimmune encephalomyeli-
tis (EAE), is widely used to study the pathogenesis of MS, and
autoreactive CD4+ T cells, in particular Th17 cells, have been
demonstrated to be essential for the disease induction (Komiyama
et al., 2006). In these experiments, mice or rats were immunized
with CNS antigens such as myelin oligodendrocyte glycopro-
tein (MOG) or a proteolipid protein, resulting in the genera-
tion of autoreactive CD4+ T cells that target the CNS and the
development of MS-like symptoms including progressive paral-
ysis, particularly in the lower body. EAE can also be induced
by a passive transfer method that is performed via the intra-
venous transfer of these autoreactive CD4+ T cells into naive
recipient animals. Indeed, the passive transfer method is suit-
able to track the behavior of the disease-causing CD4+ T cells
without affecting the immune system systemically by adjuvant
treatment. We have shown using the transfer method-induced
EAE that the inflammation amplifier is critically involved in
EAE development, because the disease symptoms were signif-
icantly ameliorated in amplifier-deficient mice such as type-1
collagen cre/gp130flox mice (Ogura et al., 2008; Arima et al,
2012). These results challenge traditional theories, because the
blood-brain barrier (BBB) should block the migration of the
pathogenic CD4+ T cells into the CNS. We thus sought the ini-
tial site where autoreactive CD4+ T cells invade the CNS during
the development of EAE. A clinical symptom of typical EAE con-
stantly begins with a loss of tonicity in the tail tip, suggesting
immune attacks at a particular site in the lower body despite the

uniform presence of the autoantigens in the CNS. Whole-mount
sections of adult mice at a preclinical stage of EAE revealed that
MOG-reactive CD4+ T cells preferentially entered the CNS from
the dorsal vessels of the fifth lumbar (L5) cord (Arima et al.,
2012).

DORSAL VESSELS OF THE L5 CORD EXPRESS VARIOUS CHEMOKINES
VIA ACTIVATION OF THE INFLAMMATION AMPLIFIER, EVEN AT
STEADY STATE

This accumulation of CD4+ T cells is dependent on the inflam-
mation amplifier, as expected. In addition, the treatment of mice
with antibodies against CCL20, a chemokine potently recruiting
Th17 and a target gene of the inflammation amplifier, suppressed
the CD4+ T cell accumulation at the L5 dorsal vessels, suggest-
ing that amplifier-mediated CCL20 overproduction causes the
recruitment of pathogenic Th17 at the L5 cord (Arima et al,
2012). In fact, not only CCL20, but also various chemokines were
upregulated at L5 dorsal vessels during EAE as compared to dorsal
vessels from the other spinal levels. Unexpectedly, the upreg-
ulation of chemokines at L5 vessels was observed even under
steady state (i.e., the natural condition). Given that a certain
number of immune cells are present in the CNS, probably for
the purpose of immune surveillance, and that the CNS-resident
microglia is of bone-marrow origin, the increase of chemokines
at the L5 cord may function as a gate for their precursors from
the periphery to the CNS, although further studies are needed to
confirm this conclusion.

REGIONAL NEURAL ACTIVATION INDUCED BY GRAVITY PLAYS A ROLE

IN CHEMOKINE EXPRESSION AT THE L5 GATE

Why the L5 is the location of the gate was answered by inves-
tigating a neuro-immune interaction. It is known that sensory
neurons in the dorsal root ganglion (DRG) beside the L5 cord are
connected to the soleus muscles, the main anti-gravity muscles
(Ohira et al., 2004). We considered whether constant stimu-
lation of the soleus muscles by a gravity force might mediate
entry of the MOG-specific Th17 cells at the L5 cord. Indeed,
when mice were tail-suspended so that the hind limbs were
released from the gravity stimuli (Figure 2), MOG-specific Th17
cells no longer accumulated at the L5 cord. Instead, these Th17
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FIGURE 2 | Effects of regional neural activation on the invasion of Th17
cells into the CNS. Tail suspension and electric stimulation of the soleus
muscles (left). Tail suspension (TS) reduces CCL20 expression in the L5
dorsal vessel. Electric stimulations (ES) to the soleus muscles of TS mice
restore the chemokine expression in a time-dependent manner (right). See
Arima et al. (2012) for the original data.
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cells accumulated at cervical cords as if a new gate was opened
by a gravitational burden on the fore limb muscles (Arima
et al., 2012). Consistently, the tail suspension suppressed CCL20
mRNA expression in the L5 dorsal blood vessels and decreased
the expression of the neural activation marker c-fos in the
L5 DRG. Moreover, artificial electric stimulations to the soleus
muscles of the tail-suspended mice restored CCL20 expression
(Figure 2) and Thl17 accumulation at the L5 cord, as well as
c-fos levels in the L5 DRG (Arima et al., 2012). These results
strongly suggest that neural inputs from the soleus muscles
in response to the gravity force play a role in activating the
inflammation amplifier and lead to the expression of various
chemokines including Th17-attracting CCL20 in L5 dorsal blood
vessels.

A SENSORY-SYMPATHETIC INTERACTION IS CRITICAL FOR THE L5
ENTRY OF THE AUTOREACTIVE T CELLS

What mechanisms do afferent sensory neurons from the soleus
muscles use to regulate the status of blood vessels at L5? Although
a precise neural network remains elusive, we have shown sympa-
thetic nerves to be involved. Blood flow speeds at L5 dorsal vessels
become slower when mice are tail suspended, while electronic
stimulation of the soleus muscles increases the flow speed. These
results clearly suggest that autonomic nerves including sympa-
thetic neurons are involved in the response to the tail suspension.
In addition, blood flow speeds in blood vessels other than the L5
region, such as the femoral vessels, brain surface vessels, and the
portal vein, are not affected by tail suspension (Arima etal., 2012).
Furthermore, treatment with atenolol, a 1 adrenergic receptor
antagonist, or prazosin, an ol adrenergic receptor antagonist,
significantly inhibits CCL20 mRNA expression, NF-kB mRNA
expression, and MOG-reactive Th17 accumulation at L5 vessels
and also suppresses clinical signs of EAE (Arima et al., 2012).
Consistent with these in vivo results, the addition of NE, which
is a neurotransmitter from sympathetic neurons, to a culture of
endothelial cells enhances chemokine expressions mediated by
the activation of the inflammation amplifier (Figure 1A). Thus,
anti-gravity responses of the soleus muscles lead to sympathetic
nerve stimulation, creating a gateway for immune cells to pass
through the CNS via L5 dorsal vessels (Arima et al., 2012). Based
on these findings, we concluded that MOG-reactive, disease-
causing Th17 cells make use of the L5 gateway to infiltrate the
CNS and induce local inflammation by producing cytokines like
IL-17 and IL-6, which further induces chemokines via the inflam-
mation amplifier in parenchymal non-immune cells and results
in chronic inflammation in the CNS (Figure 3). Thus, the neu-
ral response triggered by the gravity force creates a gate for
immune cells to invade the CNS, although we also hypothe-
size that the clearance and/or apoptosis of immune cells in the
CNS may contribute to the feed-forward mechanism of contin-
ued neuroinflammation (Goldmann et al., 2006). Our findings
also imply that various types of neural activity affect the disease
status differently. Indeed, we found and are currently studying
the mechanism for how certain physical or mental stresses cause
the deterioration or relapse of EAE in mice, which will shed new
light on the molecular mechanism of the relapse and remission
of MS.

THE GATEWAY THEORY

Neuronal innervation occurs throughout the body and appropri-
ately controls all organs. One potential strategy to therapeutically
manage neuro-immune interactions is to find and stimulate the
appropriate peripheral neurons connected to the organs to be
treated. To test this theory, we selectively stimulated sensory neu-
rons via electric stimulations of different muscles and observed
local chemokine expressions in the vessels of spinal cords as a
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FIGURE 3 | Gateway for autoreactive T cells into the CNS. Continuous
stimulation of the soleus muscles by gravity leads to the constant activation
of L5 DRG sensory neurons, followed by the activation of sympathetic
neurons at the L5 region via unidentified circuits (?). NE, a neurotransmitter
from sympathetic neurons, augments the inflammation amplifier at the
dorsal vessels of L5, causing an elevation of CCL20 and subsequent Th17
infiltration into the CNS.
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FIGURE 4 | The gateway theory. Electric pulses to the upper arm, thigh,
and soleus muscles induce activation of the inflammation amplifier
(chemokine upregulation), thereby opening a gate in the dorsal vessels of
the fifth cervical to fifth thoracic (C5-T5), third lumbar (L3), and fifth lumbar
(LB) cords, respectively. Environmental stresses such as those from social
interactions and mental stresses might create a specific gate in the brain.
This effect is potentially an attractive target for manipulating immune cell
migration in vivo.
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marker of the inflammatory response. Thigh muscles including
the quadriceps are known to be regulated by L3 DRG neurons.
Interestingly, electronic stimulation of these muscles followed
by L3 DRG activation led to an increased expression of CCL20
in the L3 cord dorsal vessels of mice (Arima et al., 2012). In
a similar fashion, chemokine levels in the fifth cervical to fifth
thoracic cord vessels were upregulated by stimulations of the
epitrochlearis/triceps brachii and upper arm muscles, are con-
trolled by neurons located at the corresponding areas (Figure 4)
(Arima et al., 2012). Based on these results, we propose “the
gateway theory,” which describes blood vessels that act as gates
for immune cell infiltration into organs and is dependent on
regional neural stimulations. The theory is supported by empiri-
cal evidence that shows stresses from environments can affect the
disease status and trigger relapse in MS patients. Experimentally,
we have found that certain environmental stresses influence the
disease progression in EAE mice by creating gates for autoreactive
helper T cells to enter the CNS (manuscript in preparation). We
hypothesize that these stresses create gates at certain CNS vessels
via neural control of the inflammation amplifier to modify the
disease status at specific vessels (Figure 4).

FUTURE DIRECTIONS

Investigations on whether the gateway theory can be more gen-
erally applied to tissues beyond the CNS are currently ongoing.
If true, artificial manipulation of the gate should have signifi-
cant clinical benefits, as closing it in normal cells would dampen
autoimmune inflammation in a target organ without any sys-
temic immune suppression, while opening it in tumors could
enhance cancer immunotherapy. The precise molecular mecha-
nisms for gating still need to be studied, however, to confirm this
possibility.
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INTRODUCTION

For centuries after its first description by Galen, the thymus was considered as only
a vestigial endocrine organ until the discovery in 1961 by Jacques FAP Miller of its
essential role in the development of T (thymo-dependent) lymphocytes. A unique thymus
first appeared in cartilaginous fishes some 500 million years ago, at the same time or
shortly after the emergence of the adaptive (acquired) immune system. The thymus may
be compared to a small brain or a computer highly specialized in the orchestration of
central immunological self-tolerance. This was a necessity for the survival of species,
given the potent evolutionary pressure imposed by the high risk of autotoxicity inherent
in the stochastic generation of the diversity of immune cell receptors that characterize
the adaptive immune response. A new paradigm of “neuroendocrine self-peptides” has
been proposed, together with the definition of “neuroendocrine self.” Neuroendocrine
self-peptides are secreted by thymic epithelial cells (TECs) not according to the classic
model of neuroendocrine signaling, but are processed for presentation by, or in association
with, the thymic major histocompatibility complex (MHC) proteins. The autoimmune
regulator (AIRE) gene/protein controls the transcription of neuroendocrine genes in TECs.
The presentation of self-peptides in the thymus is responsible for the clonal deletion of
self-reactive T cells, which emerge during the random recombination of gene segments
that encode variable parts of the T cell receptor for the antigen (TCR). At the same
time, self-antigen presentation in the thymus generates regulatory T (Treg) cells that
can inhibit, in the periphery, those self-reactive T cells that escaped negative selection in
the thymus. Several arguments indicate that the origin of autoimmunity directed against
neuroendocrine glands results primarily from a defect in the intrathymic programming of
self-tolerance to neuroendocrine functions. This defect may be genetic or acquired, for
example during an enteroviral infection. This novel knowledge of normal and pathologic
functions of the thymus constitutes a solid basis for the development of a novel type of
tolerogenic/negative self-vaccination against type 1 diabetes (T1D).

Keywords: thymus, self-tolerance, autoimmunity, type 1 diabetes, neuroendocrine self-peptides, oxytocin, insulin-
like growth factor 2, AIRE

puberty. Then, at the beginning of the 20th century, Hammar

Galen (129-210 AC), who, with Hippocrates, is recognized as
one of the fathers of Western medicine, first observed, behind
the sternum and before the cardiac area, an organ that he named
“thymus” because of its resemblance to the leaf of the thyme plant
Thymus vulgaris. Galen also suspected that the thymus was the
seat of courage and affection because of its close vicinity to the
heart; in Ancient Greece, the word “thumos or thymos (Bupég)”
indicated a physical association between breath and blood, and
referred to one of Plato’s three constituent parts of human psyche.

The function of the thymus remained unknown for many cen-
turies and it was considered only as a vestigial organ that had
become redundant both during phylogeny and ontogeny after

(Sweden) published a series of important studies describing
hyperplasia of the thymus in various endocrine diseases including
acromegaly and Graves’ disease, and after castration (Hammar,
1921). A few years later, Hans Selye reported that massive thymus
atrophy is observed soon after administration of glucocorticoids
(Selye, 1941), and this dramatic decrease in thymus size soon
became a hallmark of the general adaptation and stress syndrome.
At that time, the thymus was thought to be an endocrine gland
but, despite the identification of several thymic “hormones,” the
model of endocrine signaling failed to characterize the molecu-
lar dialogue between thymic epithelial cells (TECs) and immature
thymic T cells (thymocytes). The hypothesis that the thymus had
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an endocrine nature then progressively faded, after Miller demon-
strated the immunological function of the thymus (Miller, 1961).
In this seminal paper, Miller postulated that lymphocytes leav-
ing the thymus are specially selected in an epithelial environment.
To the best of our knowledge, Burnet and Mackay published in
The Lancet the first hypothesis connecting autoimmune diseases
with histological abnormalities in the lympho-epithelial structure
of the thymus (Burnet and Mackay, 1963). Immunological toler-
ance was first shown to be induced by thymic epithelial grafts in
birds (Ohki et al., 1987), and the prominent role of the thymus in
the induction of central tolerance was established by investigating
the fate of developing thymocytes in response to superantigens
(Kappler et al., 1987) or in T cell receptor (TCR) transgenic mice
bearing a receptor for a HY-derived antigen (Kisielow et al., 1988).
The identification of thymus-derived regulatory T cells (tTreg)
(Sakagushi et al., 1995) completed our essential knowledge about
the physiological function of the thymus, i.e., the generation
of a diverse repertoire of TCRs that are self-tolerant and com-
petent against non-self. The central role of thymus-dependent
central self-tolerance has now become a cornerstone of immune
physiology (Mathis and Benoist, 2004; Kyewski and Klein, 2006).

THYMUS ORGANOGENESIS

Epithelial cells of the thymic cortex (cTECs, including thymic
“nurse” cells) and medulla (mTECs) constitute around 85% of the
thymus parenchyme. Other cells of the thymic stroma—dendritic
cells (DCs) and macrophages—derive from the bone marrow.
TECs arise from the endoderm of the 3rd pharyngeal pouch that,
at around day 9 of embryonic development in the mouse (E9.0),
contains thymic common epithelial progenitors (Blackburn and
Manley, 2004; Anderson et al., 2007). Further development of this
primitive epithelial rudiment between E9.5 and E12.5 depends on
mesenchyme derived from the cephalic neural crest, the role of
which extends beyond the early stages of thymus organogenesis
(Foster et al., 2008).

Some human diseases and animal models involve a defect
in thymus development, which leads to primary immune defi-
ciencies. Di George’s syndrome associates congenital absence or
hypoplasia of the thymus and parathyroid glands together with
defects in the heart and truncal vessels. This syndrome results
partly from a migration failure of the cephalic neural crest. More
recently, transgenic mouse models have revealed some of the
molecular mechanisms involved in thymus development. Thus,
Hoxa3~/~ mice present thymic aplasia, parathyroid hypopla-
sia, that are often accompanied by defects of the heart and
the great truncal vessels (Manley and Capecchi, 1995). In mice,
the “nude” phenotype results from mutations in the nude gene
locus on chromosome 11 that encodes the transcription factor
winged-helix nude (whn) or forkhead box N1 (Foxnl) (Nehls
et al., 1994). Foxnl is a master regulator gene of the TEC dif-
ferentiation programme; it controls lineage progression in cTECs
and mTECs, and regulates a series of genes implicated in TEC
function, although is not essential for medullary sublineage diver-
gence (Nowell et al., 2011). Importantly, the genetic mechanisms
responsible for murine thymus organogenesis are conserved in
humans (Farley et al., 2013) and this is important with regard
to current attempts to regenerate the thymus in aging, as well as

in many other clinical conditions associated with compromised
immune function (Hollinder et al., 2010). Indeed, contrary to
earlier dogma, the thymus is functional until an advanced age,
and thymopoiesis plays a central role in immune reconstitution
after intensive chemotherapy or anti-retroviral treatment (Douek
et al., 1998).

OVERVIEW OF T CELL DIFFERENTIATION IN THE THYMUS

The T cell immune system may be regarded as a 6th sensory
organ that responds to different kinds of danger signals that are
not detected by nerve cells. From the fetal liver, and later from
the bone marrow, T lymphocyte progenitors migrate through the
boundary between cortex and medulla into the thymic epithe-
lial rudiment in response to chemoattractant factors (Wilkinson
et al.,, 1999). They undergo many mitotic divisions in the outer
cortex, and then differentiate after presentation of peptides by
major histocompatibility complex (MHC) proteins expressed by
thymic antigen-presenting cells (essentially cTECs, mTECs, DCs,
and macrophages). The stochastic rearrangement of related p—
then a-chains generates an enormous diversity of TCRs, many of
which can bind self-antigen/MHC complexes with high affinity
and are subsequently deleted (negative selection). Clonal deletion
of thymocytes can occur both in the cortex and in the medulla
(McCaughtry et al., 2008), but is most effective in the medulla.
Self-antigen presentation by thymic MHC proteins determines
the whole process of T cell differentiation, which includes three
alternative and exclusive fates for developing thymocytes: (1)
Negative selection of self-reactive T cells generated during the
random generation of TCR diversity due to the activity of the
two recombination-activating enzymes RAG-1 and RAG-2; (2)
Generation of self-specific tTreg cells; and (3) Positive selection
of CD44 and CD8+ effector and self-tolerant T cells. The first
two events establish the establishment of the central arm of self-
tolerance, while the avidity-affinity of the TCR—self-antigen—
MHC interaction determines T cell negative or positive selection
(Ashton-Rickardt et al., 1994). A remaining question is how the
same MHC—self-peptide complexes can mediate either negative
selection of self-reactive T cells or generation of self-specific tTreg
cells (Klein et al., 2009; Stritesky et al., 2012). Another crucial
question concerns the precise biochemical nature of self-peptides
that are presented in the thymus, in particular during fetal life.

NEUROHYPOPHYSIAL FAMILY-RELATED PEPTIDES AND
RECEPTORS IN THE THYMUS NETWORK

At the beginning of the 20th century, English scientists reported
the galactogogue activity of thymus and corpus luteum extracts
after their injection into the goat (Ott and Scott, 1910). At that
time, oxytocin (OT) had not yet been identified as the specific fac-
tor of galactokinesis, which would be established in the late 50’s
by Vincent du Vigneaud and his team. In 1986, human thymus
extracts were shown to possess potent uterine oxytocic activity,
and OT was identified as the dominant member of the neuro-
hypophysial family synthesized by TECs and thymic nurse cells
in humans and different animal species (Geenen et al., 1986).
Thymic T cells also express the OT receptor (OTR) and the V1b
(or V3) vasopressin (AVP) receptor, which transduce nanomolar
concentrations of OT and, accordingly to the rules of signaling
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induced by OTR and V1b, these receptors transduce low con-
centrations of OT and AVP via the phosphoinositide pathway
in mitogenic signals for freshly isolated thymocytes (reviewed in
Martens et al., 1996a,b). Together, these data showed the exis-
tence of a functional signaling within the thymus mediated by
OT synthesized by TECs acting on functional OTR and V1b
receptors expressed by developing T cells. Further molecular char-
acterization of the neurohypophysial receptors present in the
murine thymus showed that Otr is transcribed by all thymic
T cell subsets, while VIb is expressed only in double positive
CD4+4-8+4 and single positive CD8+ T cells (Hansenne et al,
2005). Because intrathymic OT concentrations are in agreement
with the high affinity Kd (107°-107'° M) of neurohypophysial
receptors expressed by pre-T cells, the physico-chemical condi-
tions are conducive to a functional signaling within the thymus
network, which is not the case for the blood-borne OT and AVP,
due to their low plasma concentration (10~'-10712 M),

Despite the strong evidence for the presence of neurohy-
pophysial ligands and receptors in the thymus network, no secre-
tion of OT or neurophysin could be detected in primary cultures
of freshly isolated human TECs. Moreover, in the murine thy-
mus, OT is not located in secretory granules but is diffuse in
cytosol, in vesicles of the endoplasmic reticulum, and associated
with keratin filaments (Wiemann and Ehret, 1993). This posed
a fundamental problem, since the neuropeptide OT had been
the basis for the development of the neurosecretion model by
the Sharrer’s in the 40’s. However, in 1990, Funder proposed
a model of cell-to-cell cryptocrine (hidden secretion) signaling
to characterize the direct membrane-to-membrane exchange of
information between large epithelial nursing cells (like TECs in
the thymus and Sertoli cells in the testis) and immature ele-
ments that migrate and differentiate at their contact (respectively,
thymocytes and spermatocytes).

We thus proposed that, in the thymus, OT mediates a cryp-
tocrine signaling between TECs and pre-T cells (Geenen et al.,
1991). The observation of numerous points of focal adhesion
between OT+ TECs and immature T cells (Wiemann and Ehret,
1993) prompted us to investigate the hypothesis that thymic OT
could stimulate the activation of focal adhesion kinases (FAKs)
in thymocytes. Among the proteins phosphorylated by OT in
murine pre-T cells, two were precipitated with an anti-FAK mAb:
one was identified as the p125FAK, while the other was a copre-
cipitating 130-kD protein (most probably p130%%). In pre-T
cells, OT also phosphorylates paxillin, a 68-kD protein located at
focal adhesion sites and associated with p125FAK (Martens et al.,
1998). Together, these data establish the existence of a functional
OT-mediated cryptocrine signaling in the thymus network. The
OT-mediated promotion of focal adhesion may contribute to the
establishment of immunological “synapses” between TECs and
immature T cells, which is fundamental for the completion of the
T cell differentiation programme.

A PARADIGM SHIFT: FROM THYMIC NEUROPEPTIDES TO
“NEUROENDOCRINE SELF-PEPTIDES”

As discussed above, self-antigen presentation by thymic MHC
proteins is the essential mechanism that determines the whole
process of T cell differentiation. Because OT and its associated

neurophysin are self-peptides synthesized in TECs, we hypoth-
esized a processing of the thymic OT precursor that would be
related to antigen presentation rather than classical neurosecre-
tion. If true, such a processing would fit with the model of
cryptocrine signaling, which implicates a membrane targeting
of the ligand. Following affinity-chromatography with a mAb
against the monomorphic part of human MHC class I molecules,
we identified, in human TEC plasma membrane, a 55-kD protein
that was labeled by both anti-MHC class I mAb and a spe-
cific anti-neurophysin antiserum. Because this antiserum does
not cross-react either with MHC class I proteins, or with B2-
microglobulin, this 55-kD membrane protein could represent
a hybrid protein including a neurophysin domain (10kD) and
a MHC class I heavy chain-related domain (45kD). The for-
mation of this hybrid could reside at the post-transcriptional
level (such as a trans-splicing event) or at the post-translational
level (such as ATP-dependent ubiquitinylation). The MHC class
I domain could be implicated in the membrane targeting of
the hybrid, whereas the neurophysin domain would bind OT
for final presentation to pre-T cells. According to this expla-
nation, the neurophysin part of the OT precursor could fulfill
the same function in the thymus and in the hypothalamo-
neurohypophysial axis: binding of the peptide OT and trans-
port to the external limit of TECs or magnocellular neurons,
respectively. The tyrosine residue in position 2 of OT plays an
important role in its binding to neurophysin (Griffin et al,
1973) and, interestingly, the tyrosine residue in the same posi-
tion plays a crucial role in the binding of antigens to some
MHC class I alleles for their presentation (Maryanski et al.,
1991).

The antigenic behavior of thymic OT is also supported by
another type of experiment. The recognition of OT by specific
mAbs at the outer surface of TEC plasma membrane induces
a marked increase in the secretion of interleukin 6 (IL-6) and
leukemia inhibitory factor (LIF) in the supernatant of human
TEC primary cultures (Martens et al., 1996a,b). Given the nature
of the specific epitopes recognized by anti-OT mAbs, it was con-
cluded that OT is fully processed at the level of the TEC plasma
membrane. The absence of any effect of anti-AVP mAbs fur-
ther supports the conclusion that thymic OT behaves as the
self-peptide of the neurohypophysial family.

Because OT is a cyclic nonapeptide, and since antigen pre-
sentation mostly concerns linear sequences, the hypothesis of a
similar processing was investigated with the linear neurotensin
(NT). Primary cultures of human TECs contain around 5 ng of
NT/10° cells, of which 5% is associated with TEC plasma mem-
branes. Again, no NT was detected in the supernatant of human
TEC cultures. High performance liquid chromatography analy-
sis of NT present in human TEC revealed a major peak of NT
corresponding to intact NT;_13. Using the same affinity column
prepared with an anti-MHC class I mAb, NT, and NT-related
peptides were retained on the column and were eluted together
with MHC class I proteins (Vanneste et al., 1997). The C-terminal
sequence of NT includes tyrosine, isoleucine, and leucine residues
that all can be used to anchor most of MHC class I alleles.
Thus, NT and NT-derived C-terminal fragments could be natural
ligands for MHC class I alleles.
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At this point and in association with the characterization of
the thymic peptides related to different neuroendocrine fami-
lies (Geenen et al., 1998), the biochemical nature and properties
of the “neuroendocrine self” could be defined according to the
following features:

1. Neuroendocrine self-peptides are the dominant members of
neuroendocrine gene/protein families that are expressed in
TECs of many species and usually correspond to sequences
that have been highly conserved during the evolution of a given
family.

2. A hierarchy characterizes their expression profile. In the neu-

rohypophysial family, OT is the dominant peptide expressed

in TECs from different species. In the tachykinin family, neu-
rokinin A (NKA)—but not substance P—is the peptide gen-

erated from the processing in TECs of the preprotachykinin A

gene product (Ericsson et al., 1990). In the insulin family, all

members are expressed in the thymus network: IGF-2 (¢cTECs
and mTECs) > IGF-1 (cTECs, mTECs, and macrophages) >>

Insulin (rare subsets of mTECs). This hierarchical pattern is

important, because the strength of immunological tolerance

to a protein/peptide is proportional to its concentration in the
thymus (Ashton-Rickardt et al., 1994). Blocking thymic IGF-
mediated signaling at the level of IGF ligands (in particular

IGF-2) or IGF receptors interferes with the early stages of T

cell differentiation, while one mAb to proinsulin did not exert

any significant effect (Kecha et al., 2000).

The autoimmune regulator gene/protein (AIRE) controls the

degree of intrathymic transcription of the genes encoding

neuroendocrine self-peptides (Anderson et al., 2002).

4. In the thymus, neuroendocrine precursors are not pro-
cessed according to the model of neurosecretion but undergo
antigenic processing for presentation by—or in association
with—MHC proteins. This processing differs between thymic
antigen-presenting cells (APCs) and professional APCs (DCs,
B cells, and macrophages) in the periphery. For some neuroen-
docrine self-peptides (OT and NT), such differences imply
that their presentation in the thymus is not tightly restricted
by MHC alleles as much as presentation of nonself antigens
and autoantigens by dedicated APCs in the periphery.

For some precursors of neuroendocrine self-peptide pre-
cursors, their transcription in TECs precedes their ortho-
topic expression in peripheral neuroendocrine glands/cells
(Hansenne et al., 2005).

Therefore, depending on their behavior either as the source of
neuroendocrine self-peptides or cryptocrine signals, the thymic
repertoire of neuroendocrine precursors recapitulates at the
molecular level the dual role of the thymus in T cell negative and
positive selection.

INTEGRATED COEVOLUTION OF THE NEUROENDOCRINE
AND IMMUNE SYSTEMS (FIGURE 1)

Throughout evolution, the neuroendocrine and innate immune
systems have evolved in parallel, and coexist in all animal species
without any apparent aggression of the innate immune system
toward neuroendocrine glands. Indeed, Toll-like receptors, which
are the essential mediators of innate response, do not react against
normal or undamaged self. Some anticipatory immune responses
are present even in jawless vertebrates (agnathans), mediated by

Jawless
vertebrates
Invertebrates Protochordates (lamprey) Jawed vertebrates (shark, ray)
A ) | A
I \ [ V[ LI | 1
RAG-mediated adaptive
veep | [ wvir | immunity

Thymoids
(Foxn4)

Ancestral forms of anticipatory immunity

| RAGT and RAG2 |

| TCRa - TCRB - TCRy - TCR® |

| IgV germline diversity |

-450 Millions years

| Somatic hypermutation |

Polymorphic MHC |

|
\
—[R

First unique thymus (Foxnl)

| Innate immunity (TLR) I

| Neuroendocrine system |

FIGURE 1 | Integrated evolution of the immune and neuroendocrine
systems. Neuroendocrine principles are evolutionarily ancient and did not
evolve extensively except by gene duplication and differential RNA splicing.
A high risk of inherent autoimmunity toward the neuroendocrine tissues
resulted from the appearance of RAG-dependent adaptive immunity in jawed
cartilaginous fishes. Preceded by ancestor thymoids in lamprey larvae, the

first unigue thymus emerged in jawed vertebrates, and the intrathymic
presentation of neuroendocrine self-peptides (arrows) may be viewed a
posteriori as a very efficient and economical way to instruct the adaptive
T cell system in tolerating neuroendocrine functions as early as during
thymus-dependent cell differentiation. VCBF, variable region-containing
chitin-binding protein; VLR, variable lymphocyte receptor.
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diverse variable lymphocyte receptors (VLRs), with 4-12 leucine-
rich repeat modules assembled by some gene conversion process.
Some 500 million years ago, the emergence of transposon-like
genes coding for recombination-activating enzymes RAG-1 and
RAG-2 in cartilaginous fishes (sharks and rays, mainly) initi-
ated the development of adaptive immunity (Agrawal et al., 1998;
Boehm and Bleul, 2007; Hirano et al., 2011). The appearance of
these two genes in the genome of gnathostomes (probably via hor-
izontal transmission), and the subsequent appearance of the com-
binatorial immune system has been sometimes described as the
“Big Bang” of immunology. Gene recombination in somatic lym-
phoid cells is responsible for the stochastic generation of diverse
immune receptors for antigen, B-cell receptors (BCRs, &5 x 10'°
combinations) and T-cell receptors (TCRs, 108 combinations).
This extreme diversity of antigen receptors was directly asso-
ciated with a high inherent risk of autoxicity that threatened
survival of both species and individuals. This evolutionary pres-
sure was so strong that, in accordance with Paul Ehrlich’s concept
of horror autotoxicus, novel structures, and mechanisms appeared
with the specific role of protecting self against potential autoim-
mune attacks and orchestrating immunological self-tolerance.
The first unique thymus also appeared in jawed cartilaginous
fishes, concomitantly or very shortly after the emergence of adap-
tive immunity. The thymus did not abruptly appear but, as
elegantly demonstrated by Bajoghli et al. (2011), was preceded
by thymus-like lymphoepithelial structures in the gill baskets of
lamprey larvae. These “thymoids” express the gene encoding fork-
head box N4 (Foxn4), the ortholog of Foxnl, the transcription
factor responsible for the differentiation of TECs in higher ver-
tebrates as discussed above. FoxnlI thus stands at a crucial place
in the emergence of thymus epithelium that is essential for the
control of T cell differentiation and self-tolerance programming
(Boehm, 2011). The same study also provided strong evidence
for a functional analogy between VLR assembly in thymoids and
TCR recombination in the thymus, opening the hypothesis of
autoimmune-like phenomena in jawless vertebrates.

The hierarchic organization of the thymic repertoire of neu-
roendocrine self-peptides is also very significant from an evo-
lutionary point of view. Because major neuroendocrine prin-
ciples had been established before the emergence of the antic-
ipatory adaptive immune response, they had to be protected
from the risk of autoimmunity inherent to this immune lot-
tery. OT is a hypothalamic nonapeptide that is closely impli-
cated at different steps of the reproductive process, from social
affiliation and bonding to control of parturition and lacta-
tion. Thus, OT is fundamental for the preservation of ani-
mal and human species. Through its dominant expression in
TECs, OT is much more tolerated than AVP, its hypothalamo-
neurohypohysial homolog, which mainly controls water home-
ostasis and vascular tone. Interestingly, rare cases of autoim-
mune hypothalamitis with AVP deficiency and diabetes insipidus
have been repeatedly observed (de Bellis et al., 2004), but no
autoimmunity against OT has ever been reported. Similarly in
the insulin family, insulin is the primary autoantigen of type
1 diabetes (T1D) while there is no report of autoimmunity
against IGF-2, a growth factor fundamental for fetus develop-
ment and individual ontogeny. However, because of their close

homology, however, thymic neuroendocrine self-peptides pro-
mote immunological cross-tolerance to their whole family, and
tolerance to insulin is indeed lower in Igf2~/~ than in wild-
type mice (Hansenne et al., 2006). Despite IGF-2 ubiquitous
expression in extrathymic tissues, the deletion of Igf2 in murine
Foxnl+ TECs is also associated with a significant decrease in
immunological tolerance to IGF-2 and to insulin (unpublished
observations).

A DEFECT OF CENTRAL SELF-TOLERANCE AS THE PRIMARY
EVENT DRIVING DEVELOPMENT OF AUTOIMMUNITY
(FIGURE 2)

The evidence that T cells are programmed to recognize and tol-
erate the whole insulin family during their differentiation in the
thymus prompted us to investigate the hypothesis of a defect in
this education process as a potential source of self-reactive T cells
directed specifically against insulin-secreting B cells of the pan-
creas. In other words, instead of considering autoimmune T1D
as pathology of the pancreas, should we now consider the thy-
mus as the primary defective organ? Already in 1973, Burnet
theorized that the pathogenesis of autoimmune diseases first
depends on a failure of self-tolerance and the appearance of “for-
bidden” self-reactive immune clones in the peripheral repertoire
(Burnet, 1973), and even before the development of transgenic
mice, a number of studies had provided elegant data supporting
this hypothesis. Neonatal thymectomy prevents the emergence
of autoimmune diabetes in an animal model of human T1D,
the bio-breeding (BB) rat (Like et al., 1982). This benefit of
neonatal thymectomy may now be explained by the removal of
a defective thymus responsible for the continuous release and
peripheral enrichment of the peripheral T cell repertoire with
“forbidden” intolerant self-reactive T cells. Conversely, transplan-
tation of thymus from diabetes-resistant (BBDR) to diabetes-
prone BB (BBDR) rats prevents autoimmune diabetes in the
latter (Georgiou and Bellgrau, 1989). Grafts of pure TECs from
NOD mouse embryos to newborn C57BL/6 athymic nude mice
also induce CD4 and CD8 T cell-mediated insulitis and sialitis
(Thomas-Vaslin et al., 1997). Central tolerance and intrathymic
apoptosis of self-reactive T cells were suspected to be defective
in the NOD thymus (Kishimoto and Sprent, 2001; Zucchelli
et al., 2005). However, a very careful recent study has estab-
lished that thymic negative selection is functional in NOD mice
(Mingueneau et al., 2012).

Transcription of all insulin-related genes has been investi-
gated in the thymus of BBDR and BBDP rats. Ins and IgfI
transcripts were detected in all BBDP and BBDR thymi whereas
Igf2 transcripts were also detected in all BBDR thymi but in
only in 4 of 15 BBDP thymi. Such a defect of Igf2 transcrip-
tion in BBDP thymus could contribute both to their lym-
phopenia (including CD8+ T and RT6+ Treg cells) and to the
absence of central tolerance to islet B cells (Kecha-Kamoun et al.,
2001). In humans, INS transcripts are measured at a lower level
in the thymus from fetuses with short class I variable num-
ber of tandem repeat (VNTR) alleles, the second genetic trait
(IDDM2) of T1D susceptibility (Pugliese et al., 1997; Vafiadis
et al., 1997). A number of other genetic loci associated with sus-
ceptibility to T1D could certainly determine disturbances in the
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Thymus physiology

Thymus dysfunction

FIGURE 2 | Physiology of the thymus and the primary role of a thymus
dysfunction in the development of autoimmune endocrine diseases.
Throughout life, the thymus generates naive T cells that are self-tolerant and
competent against nonself-antigens, as well as self-specific
thymus-dependent regulatory T (tTreg) cells. Under AIRE control, thymus
epithelium (and mTECs particularly) transcribes genes encoding
neuroendocrine self-peptides, as well as other tissue-restricted antigens. The
absence or decrease in the intrathymic presentation of neuroendocrine

« AIRE-regulated transcription of neuroendocrine self-peptides in thymus epithelium.
* Deletion of T cells with high affinity for neuroendocrine-self-peptides.

* Selection of CD4+ CD25+ Foxp3+ tTreg, specific of neuroendocrine self-peptides.

« Absence or decrease in thymic expression/presentation of neuroendocrine self-peptides.
(APS-1, Graves’ disease, Down syndrome, BB rat, CVB4 infection, etc.)

* Enrichment of T-cell repertoire with ‘forbidden’ self-reactive effector T cells (Teff).

* Decrease in selection of tTreg with specificity to neuroendocrine self-peptides.

Bridge between self-reactive Teff and neuroendocrine target antigens

+ Role of environmental factors (viruses, diet, vitamin D deficiency, stress...)

. Thymus

/
\ /
\ [
£ ¢

Target antigens

self-peptides conducts to a continuous enrichment of the peripheral T cell
repertoire with “forbidden” self-reactive T cells (Teff) bearing a TCR directed
against neuroendocrine self-antigens, while thymic generation of specific
tTreg cells is severely impaired. This thymus defect results in the absence of
central self-tolerance to neuroendocrine tissues/cells, which is a condition
necessary but not sufficient to initiate an autoimmune endocrine disease.
Environmental factors also intervene in the promotion of a molecular bridge
between self-reactive Teff and target neuroendocrine antigens.

thymus-dependent programming of central self-tolerance toward
islet B cells.

In mice, where two genes code for (pro)insulin (InsI and Ins2),
Ins2 is predominantly transcribed in rare subsets of mTECs while
InsI is dominantly expressed in murine islet § cells, which leads
to a higher immunological tolerance to Ins2. This difference in
the topography of Ins2 and Ins1 expression explains why breeding
of Ins2~/~ mice onto the NOD background markedly acceler-
ates insulitis and diabetes onset (Thebault-Baumont et al., 2003),
while the incidence of insulitis and autoimmune diabetes is con-
siderably reduced in Ins1~/~ congenic NOD mice (Moriyama
et al., 2003). Susceptibility to autoimmune diabetes is also cor-
related with the level of Ins2 transcription in the murine thymus
(Chentoufi and Polychronakos, 2002). The role of thymic insulin
in mediating central tolerance to islet § cells was demonstrated
by the very rapid onset of autoimmune diabetes after a thymus-
specific Insl and Ins2 deletion resulting from the crossing of
Ins1™/~ mice with others presenting a specific Ins2 deletion in
Aire-expressing mTECs (Fan et al., 2009). Of note, Ins2 tran-
scription in mTEC clones is not regulated by glucose (Levi and
Polychronakos, 2009) and is increased about 20-fold by anti-
lymphotoxin $ mAb (Palumbo et al.,, 2006). Ins transcription
in mTECs uses a start site different than in pancreatic islet p
cells (Villasenor et al., 2008). In addition to Aire, the insulin
transactivator MafA also induces Ins transcription in the thymus;

targeted Mafa disruption reduces Ins2 expression in the thymus
and induces anti-islet autoantibodies (Noso et al., 2010).

The identification of the autoimmune regulator (AIRE)
gene, a member of the zinc-finger gene family, led to an
extremely important advancement in our knowledge of the cen-
tral role played by a thymus dysfunction in the pathogenesis
of organ-specific autoimmune diseases (The Finnish-German
APECED Consortium, 1997). AIRE mutations are responsible
for a rare recessive congenital syndrome called autoimmune
polyglandular syndrome type 1 (APS-1) or Autoimmune Poly-
Endocrinopathy, Candidiasis, Ectodermal Dystrophy (APECED)
syndrome. AIRE encodes a protein with structural characteristics
of a transcription factor: its transcription is maximal in thy-
mus epithelium, and Aire™/~ mice develop several autoimmune
processes associated with a marked decrease in the intrathymic
expression of numerous neuroendocrine self-peptides (Anderson
et al., 2002). It also appears that both VNTR alleles (IDDM2)
and the level of AIRE transcription in the thymus determine
the concentration of INS transcripts in the human thymus
(Sabater et al., 2005). The two plant homeodomains (PHDs)
are critical regions for Aire function (Peterson et al., 2008);
PHD?2 strongly influences the ability of Aire to control the
mTEC transcriptome and is therefore crucial for effective cen-
tral tolerance induction (Yang et al, 2013). RANK signals
from CD4+CD3— lymphoid tissue inducer (LTi) cells regulate
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the development and differentiation of Aire-expressing mTECs
(Rossi et al., 2007). Very recently, a mutual interdependence
between Aire and microRNAs (miRs) was evidenced in the thy-
mus since the profile of miR expression is severely affected in
isolated murine and human mTECs from Aire™/~ mice and
since, in turn, Aire expression is downregulated in mTECs
of Dicer null mutant mice (Macedo et al., 2012; Ucar et al.,
2013).

An additional level of protection against autoimmunity is
also provided by peripheral mechanisms of immunological toler-
ance that inactivate self-reactive T lymphocytes that have escaped
the thymic censorship. Interestingly, extrathymic Aire-expressing
cells were very recently identified as distinct bone marrow-derived
tolerogenic cells that anergize effector self-reactive CD4+ T cells
in secondary lymphoid organs (Gardner et al., 2008, 2013). These
data further demonstrate that the Aire gene/protein is an essential
shield against autoimmunity (Metzger and Anderson, 2011).

For several years, we have been investigating a novel hypoth-
esis according which an infection by the enterovirus Coxsackie
B4 (CVB4) could induce a thymus dysfunction and an impair-
ment of central tolerance to the insulin protein/gene family. CVB4
can directly infect the epithelial and lymphoid compartments of
the human and murine thymus, and promote a severe thymus
dysfunction with massive pre-T cell depletion and a marked-up
regulation of MHC class I expression by TECs and by double pos-
itive CD4+CD8+ immature thymic T cells (Brilot et al., 2002,
2004). CVB4 infection of murine fetal thymic organ cultures also
interferes with T cell differentiation (Brilot et al., 2008). Outbred
mice can be infected with CVB4 following oral inoculation, which
results in systemic spreading of viral RNA and a prolonged detec-
tion of CVB4 RNA in thymus, spleen, and blood up to 70 days
after inoculation (Jaidane et al., 2006). Moreover, CVB4 infection
of a murine mTEC line induces a dramatic decrease in Igf2 mRNA
and IGF-2 protein in this cell line, while Igfl transcripts were
relatively unaffected. In this mTEC line, Ins2 transcripts could
not be detected (Jaidane et al., 2012). Together, our data strongly
suggest that CVB4 infection of the thymus could disrupt central
self-tolerance to the insulin family, and could also enhance CVB4
virulence through induction of central tolerance to this virus.

With regard to autoimmune thyroiditis, which is the most fre-
quent autoimmune endocrine disease, all major thyroid-specific
antigens, i.e., thyroperoxydase, thyroglobulin, and thyrotropin
receptor (TSHR), are also transcribed in human TECs in nor-
mal conditions (Paschke and Geenen, 1995; Sospedra et al., 1998).
As first reported by Hammar, thymic hyperplasia is commonly
observed in Graves’ disease (Murakami et al., 1996), and homozy-
gotes for an SNP allele predisposing to Graves disease have
significantly lower intrathymic TSHR transcripts than carriers of
the protective allele (Colobran et al., 2011).

With regard to autoimmunity directed against peripheral
nonendocrine organs, a defect in a-myosin expression in TECs
was recently shown to exert a central role in the pathogenesis of
autoimmune myocarditis in mice and humans (Lv et al., 2011; Lv
and Lipes, 2012). Also, a defect in Aire-mediated central tolerance
to myelin protein zero promotes the development of an autoim-
mune Th1 effector response toward peripheral nerves (Su et al.,
2012).

THE CONCEPT OF “NEGATIVE/TOLEROGENIC
SELF-VACCINATION"

Although Ins2 is expressed at low levels in rare mTECs, thymic
(pro)insulin has an essential role in protecting islet p cells against
diabetogenic autoimmunity. However, insulin per se does not
exert any significant tolerogenic properties that could be exploited
to reprogram immunological tolerance to islet f cells. With the
exception of two studies (Fourlanos et al., 2011; Roep et al., 2013),
all the clinical trials based on insulin administration by different
ways failed to preserve the residual B cell mass once the autoim-
mune attack has induced patent T1D. On the contrary, the potent
immunogenic properties of insulin were revealed in different
studies (Blanas et al., 1996; Liu et al., 2002), and this immuno-
genicity could be related to the very low level of insulin gene
transcription in the thymus. Other studies have also evidenced the
risk of hypersensitivity or anaphylaxis following administration
of an autoantigen (Pedotti et al., 2001).

Nevertheless, the development of peptide-based therapeutic
vaccines remains an attractive approach because of the speci-
ficity of immune suppression or regulation directed to specific
pathogenic self-reactive T cells. In this context, infusion of a
strongly active insulin mimetope was recently shown to convert
naive T cells into Foxp3+ Treg cells in vivo and to prevent autoim-
mune diabetes in NOD mice (Daniel et al., 2011). We proposed
that IGF-2 could be a safer and more valuable basis for develop-
ing a specific “negative/tolerogenic self-vaccination,” on the basis
that Igf2 transcription is defective in the thymus of BBDP rats
(Kecha-Kamoun et al., 2001) and that IGF-2 mediates significant
cross-tolerance to insulin (Hansenne et al., 2006). The concept of
negative self-vaccination implies both the competition between
IGF-2 and insulin-derived epitopes for presentation by DQ2
and DQS8 alleles, as well as a tolerogenic response—including
recruitment of Treg cells—induced by MHC-presentation of IGF-2
self-peptides (Geenen et al., 2004, 2010).

CONCLUSION

Our studies have established that the thymus is not a classical
neuroendocrine gland, but an obligatory intersection between
the adaptive immune and neuroendocrine systems (Geenen,
2010). Moreover, they have elucidated how thymic epithelium is
responsible for the programming of immunological central self-
tolerance toward neuroendocrine functions through presentation
of neuroendocrine self-peptides. They have also helped to resolve
three major questions concerning the pathogenesis of autoim-
mune endocrine disorders: Why are the neuroendocrine glands so
frequently tackled by an autoimmune process? What is the origin
of the pathogenic effector self-reactive T cells? And what explains
the tissue/cell-specificity of the autoimmune processes? There is
no doubt that this novel knowledge will soon be exploited for
the development of innovative strategies to prevent and cure a
variety of organ-specific devastating autoimmune diseases such
as T1D.
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INTRODUCTION

Mexico City Metropolitan Area children chronically exposed to high concentrations of
air pollutants exhibit an early brain imbalance in genes involved in oxidative stress,
inflammation, innate and adaptive immune responses along with accumulation of
misfolded proteins observed in the early stages of Alzheimer and Parkinson’s diseases.
A complex modulation of serum cytokines and chemokines influences children’s brain
structural and gray/white matter volumetric responses to air pollution. The search for
biomarkers associating systemic and CNS inflammation to brain growth and cognitive
deficits in the short term and neurodegeneration in the long-term is our principal aim.
We explored and compared a profile of cytokines, chemokines (Multiplexing LASER
Bead Technology) and Cellular prion protein (PrPC) in normal cerebro-spinal-fluid (CSF) of
urban children with high vs. low air pollution exposures. PrP¢ and macrophage inhibitory
factor (MIF) were also measured in serum. Samples from 139 children ages 11.91 £4.2
years were measured. Highly exposed children exhibited significant increases in CSF MIF
(p = 0.002), IL6 (p=0.006), IL1ra (p = 0.014), IL-2 (p = 0.04), and PrP¢ (p = 0.039) vs.
controls. MIF serum concentrations were higher in exposed children (p = 0.009). Our
results suggest CSF as a MIF IL6, IL1Ra, IL-2, and PrP¢ compartment that can possibly
differentiate air pollution exposures in children. MIF, a key neuro-immune mediator, is
a potential biomarker bridge to identify children with CNS inflammation. Fine tuning of
immune-to-brain commmunication is crucial to neural networks appropriate functioning, thus
the short and long term effects of systemic inflammation and dysregulated neural immune
responses are of deep concern for millions of exposed children. Defining the linkage and
the health consequences of the brain / immune system interactions in the developing
brain chronically exposed to air pollutants ought to be of pressing importance for public
health.

Keywords: Alzheimer, air pollution, children, innate immunity, neurodegeneration, neuroinflammation, particulate
matter, prion cellular protein

Mexico City Metropolitan Area (MCMA) children with no

Air pollution is a significant health problem in megacities around
the world (Molina and Molina, 2004; Chen and Kan, 2008;
Bloom, 2011). In the first 50 years of this century (Bloom, 2011),
the projected world population will have a further increase of
2—4.5 billion making the issue of deteriorating environments and
their health impact critical.

known risk factors for neurological or cognitive disorders exhibit
significant deficits in a combination of fluid and crystallized
cognition tasks vs. low air pollution exposed children (Calderén-
Garciduenas et al., 2008a). Brain structural and volumetric
changes are seen in both MCMA children and young animal facil-
ity dogs (Calder6on-Garciduenas et al., 2008a, 2011a, 2012a). The
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canine frontal white matter lesions are characterized by vascu-
lar sub-cortical pathology associated with neuroinflammation,
gliosis, and ultrafine particulate matter deposition (Calderén-
Garciduenas et al., 2008a). Young MCMA residents exhibit
the neuropathological hallmarks of Alzheimer and Parkinson’s
diseases i.e., amyloid beta42 (AP42) plaques, tau hyperphos-
phorylation with pre-tangles and a-synuclein accumulation
(Calderéon-Garciduenias et al., 2012b).

The complex modulation of cytokines and chemokines that
influence children’s central nervous system (CNS) structural and
volumetric responses to air pollution obligate the search for
biomarkers associating systemic and CNS inflammation to brain
growth and cognitive deficits in the short term and neurodegen-
eration in the long-term (Calderén-Garciduenas et al., 2008a,b,
2011a,b, 2012b). A good candidate biomarker, macrophage
migration inhibitory factor (MIF) is a cytokine expressed in the
CNS and involved in innate and adaptive immune responses
(Bernhagen et al., 1993; Bacher et al., 2010; Edwards et al., 2010;
Moon et al., 2012; Savaskan et al., 2012; Bucala, 2013; Cox et al.,
2013; Freiria-Oliveira et al., 2013; Turtzo et al., 2013). MIF par-
ticipates in the induction of neural stem/progenitor cells (Ohta
etal,, 2012), the protection of mice female brains after experimen-
tal stroke (Turtzo et al., 2013), the mediation of the antidepressant
action of exercise (Moon et al., 2012), and of key importance for
this work, MIF plays a key role in neuroinflammatory responses
(Savaskan et al., 2012; Cox et al., 2013).

In clinical practice and in the experimental setting, MIF has
been used as a marker of neurological worsening in progres-
sive neurodegenerative processes including multiple sclerosis and
autoimmune-mediated neuroinflammation (Hagman et al., 2011;
Cox et al, 2013), as a key neuro-immune mediator linking
depressive symptoms with inflammation and HPA dysregulation
(Edwards et al., 2010), and as a predictor of lack of response
to antidepressants (Cattaneo et al., 2013). Moreover, in the sce-
nario of air pollution and the early hallmarks of Alzheimer’s
disease (AD) in Mexico City children (Calderén-Garciduenas
et al., 2008a, 2012a), two key issues are of utmost interest to
us: the increased concentrations of MIF in the cerebro-spinal-
fluid (CSF) of AD patients and the capacity of MIF to enhance
the ability of the tau/AB42 ratio to discriminate cognitively nor-
mal vs. mildly demented patients (Lee et al., 2008; Bacher et al.,
2010; Craig-Schapiro et al., 2011). In addition MIF promotes
the production of several inflammatory mediators including IL-6,
TNF «, and IEN y (Popp et al., 2009). Given the wide spectrum
of serum and CSF responses to pathological processes includ-
ing neuroinflammation and neurodegenerative diseases such as
AD and Parkinson’s disease (PD) (Dziedzic, 2006; Helmy et al.,
2012; Yan et al., 2012; Giralt et al., 2013; Martinez et al., 2013;
Mooijaart et al., 2013; Smolen et al., 2013), we have selected a 41
cytokine/chemokine panel and MIF to explore the CSF responses
to high air pollution residency.

Cellular prion protein (PrP®) is a conserved GPI-anchored
membrane protein located on the surface of neurons, at both
pre and post-synaptic sites, with a high abundance in the hip-
pocampus, frontal cortex and stratium (Stellato et al., 2011; Ding
etal., 2013; Watt et al., 2013). The PRNP gene located in chromo-
some 20 likely plays key roles in neuronal development, synaptic

plasticity, myelin sheath maintenance, cell adhesion, CNS devel-
opment, and neuroprotection via inhibition of the mitochondrial
apoptotic pathway (Mitsios et al., 2007; Altmeppen et al., 2012;
Bradford and Mabbott, 2012; Kaiser et al., 2012; Ding et al., 2013).

We are particularly interested in the critical role PrP® may play
in the integrity of the CNS under a neuroinflammatory insult,
precisely the key marker of air pollution exposure in urban chil-
dren (Bremer et al., 2010; Popko, 2010; Gourdain et al., 2012;
Scalabrino and Veber, 2012). The role of PrPC in cellular immu-
nity (Tsutsui et al., 2008), cognitive functioning (Breitling et al.,
2012), oxidative stress, and the impact of prion proteins upon the
toxic effect of environmental neurotoxic metals (Choi et al., 2007;
Oh et al., 2012) are at the core of our research.

The primary aim of this study was to measure the concen-
trations of PrPC and selected inflammatory mediators in normal
CSF from cohorts of children with high exposures to urban air
pollution vs. low pollution control children. Concurrently, we
also explored serum MIF and PrP€ in clinically healthy children
representing cohorts with high and low air pollution exposures.

Our results identify CSF as a MIF, IL6, IL-1Ra, IL-2, and Prp€
compartment that differentiates children with high vs. low air
pollution exposures. The MIF increases in CSF and serum com-
partments in highly vs. low exposed children strongly suggest MIF
could be a serum biomarker bridge to identify children at risk
for brain inflammation. Short and long term effects of dysregu-
lated neural immune responses and systemic inflammation are of
pressing importance for public health.

PROCEDURE

STUDY AREAS

Children’s cohorts were selected from the MCMA and several
small cities in Mexico, characterized by clean environments with
concentrations of the six criteria air pollutants (ozone, particu-
late matter, sulfur dioxide, nitrogen oxides, carbon monoxide and
lead) below the current US EPA standards.

PARTICIPANTS

This research was approved by the research ethics committee of
the Hospital Central Militar in Mexico City. Children gave active
assent and their parents gave written informed consent to partic-
ipation in the study. This work includes data from 139 children
74F, 65M (Meanage = 11.91 years, SD = 4.2), carefully selected
to represent comparable populations from a larger longitudi-
nal cohort research program. There were two groups of children
included in this study: Group 1 (n: 28, Meanage = 10.46 years,
SD = 4.2, low pollution 8F/6M; high pollution 6F/8M) corre-
sponded to children admitted to the hospital from either MCMA
or a low polluted city with a work up diagnosis of acute lym-
phoblastic leukemia entering a clinical protocol, which included
a spinal tap. Only cases with a normal CSF were included in
this study. None of the selected CSF samples belonged to chil-
dren with previous oncological and/or hematological treatments.
Group 2 (n: 111, 44 controls (24F/20M), 67 MCMA (33F/34M),
Meanage = 13.37 years, SD = 4.2) were clinically healthy chil-
dren from MCMA and control cities and their serum samples
were taken as part of their pediatric examination during a longi-
tudinal follow-up. Inclusion criteria for all participating children
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were: negative smoking history and environmental tobacco expo-
sure, lifelong residency in MCMA or a control city, residency
within 5 miles of the city monitoring stations, full term birth, and
unremarkable clinical histories prior to the hospital admission
(for the children CSF donors). Low and high pollution exposed
children were matched by age, gender, and socioeconomic
status.

CSF SAMPLES

Spinal tap was performed in the supine position from lum-
bar levels using a standard 22 spinal needle. CSF was collected
dripping in free air inl ml aliquot into Nalge Nunc polypropy-
lene CryoTubes. Lumbar puncture samples were collected dur-
ing non-traumatic, non-complicated procedures. CSF pleocytosis
was defined as CSF white blood cell (WBC) counts of >7 cells
per mm?>. CSF samples were used for the laboratory procedures
without dilution steps.

PERIPHERAL BLOOD ANALYSIS

Blood was collected from an antecubital vein using a 21-G
needle. After centrifugation at 3000 rpm for 10 min, aliquots
of 1.5ml serum were transferred to CryoTubes and sam-
ples were frozen at —20°C and then transferred to —80°C
and stored until further analysis. Blood samples were also
collected for a complete blood count (CBC) with differen-
tial. Serum samples were processed for Multiplexing LASER
Bead Technology (Eve Technologies, Calgary, Canada) that
included 41 cytokines and chemokines: EGF, Eotaxin, FGEF-
2, Flt-3L, Fractalkine, G-CSF, GM-CSF, GRO, IFNa2, IFNy,
IL-1a, IL-1B, IL-1ra, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-8,
IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-15, IL-17a,
IP-10, MCP-1, MCP-3, MDC, MIP-1a, MIP-18, PDGE-AA,
PDGF-AB/BB, RANTES, sCD40L, TGFa, TNFa, TNFf, and
VEGE. An ELISA was done for the quantification of PrPc
in serum and CSEF, BetaPrion®Human EIA (AJ RoboScreen
GmbH, Leipzig, Germany). Macrophage inhibitory factor (MIF)
was done using an ELISA procedure from R&D (Minneapolis,
MN 55413, USA). Serum samples were run without dilution
steps.

DATA ANALYSIS

First, we calculated the summary statistics (mean =+ stan-
dard deviation) of all relevant variables including age, inflam-
matory mediators and PrPc results. In the 28 CSF samples,
we worked with 42 variables and established with indepen-
dent samples t-tests which variables were statistically signifi-
cant between children with high exposures to air pollutants
(Mexico City) and children residing in low pollution cities
(Controls). Spearman correlations were run between the CSF
target inflammatory mediators and PrPc. In the 111 serum
samples, we worked with 2 variables and established with inde-
pendent samples t-tests which variables were statistically signif-
icant between Mexico City and control children. Significance
was assumed at p < 0.05 and data expressed as mean val-
ues = SD. All the statistical analyses described above were
performed on statistical software “R” (http://www.r-project.

org/).

RESULTS

CSF DATA

CSF samples were clear, colorless, with a normal opening pres-
sure, a mean WBC count of 2.1 £ 1 cells per mm? and no
RBC. Glucose was 55.9 & 6.7mg/100 ml in controls and 54.8
11.7 mg/100ml in Mexico City children (p = 0.3). Table 1 shows
the results of the 42 variables included in the analysis. Six variables

Table 1 | Cerebro-spinal- fluid inflammatory mediators in Control vs.
Mexico City children (values are shown in pg/ml).

Variables Mean SD Mean SD p-value
(controls) (controls) (Mexico City) (Mexico City)
EGF 1.627 2.258 2.416 2.665 0.396
FGF2 11.972 20.495 13.294 12.858 0.838
TGFalpha 2.810 1.637 1.800 1.667 0.111
GCSF 8.389 3.668 10.602 12.673 0.526
FIT3L 23.429 18.261 36.249 34.856 0.261
GM.CSF 4.327 2.253 2.907 1.500 0.060
Fractalkine  41.711 18.529 218.851 422.998 0.127
IFNa2 4.931 2.468 5.349 2.989 0.683
IFNy 0.278 0.148 1.296 2.006 0.070
GRO 8.057 13.421 19.084 22.972 0.125
IL10 0.259 0.258 2.593 4.966 0.091
MCP3 3.574 3.358 3.594 5.018 0.990
IL12p40 2.030 1.131 2.526 1.564 0.335
MDC 16.996 6.852 20.768 11.320 0.285
IL12 0.473 0.939 0.637 0.516 0.571
PDGFAA 4.351 4.690 3.210 3.483 0.467
IL13 0.516 0.229 0.477 0.255 0.673
PDGFBB 0.963 1.494 0.635 1.301 0.535
IL15 2.920 2.491 5.237 5.317 0.144
sCD40I 2.391 5.617 1.334 1.547 0.507
IL17a 5.165 18.595 0.225 0.021 0.338
ILTra 0.475 0.579 1.915 1.954 0.014
ILTa 0.323 0.365 0.905 1.329 0.122
IL9 0.996 1.229 0.952 0.861 0.913
ILTbeta 0.231 0.043 0.642 1.389 0.272
IL2 0.218 0.042 0.530 0.532 0.040
IL3 0.220 0 0.709 1.929 0.343
IL4 2.099 0.890 2.788 1.627 0.167
IL5 0.534 0.385 3.769 12.514 0.334
IL6 1.161 0.650 21.26 38.5 0.006
IL7 0.251 0.080 0.429 0.445 0.147
IL8 17.306 26.099 26.341 37.853 0.459
IP10 207.479  492.590 296.127 519.441 0.641
MCP1 1061.199 1159.217  1521.123 2698.525 0.553
MIPTa 1.130 1.846 6.497 9.129 0.041
MIP18 6.776 3.065 7.049 3.761 0.832
RANTES 2.121 1.720 8.667 13.963 0.093
TNFa 0.368 0.224 1.441 3.0208 0.191
TNFB 0.471 0.843 0.987 2.384 0.442
VEGF 4.542 4.494 24.503 43.563 0.099
PrPc 4.396 3.228 8.036 5.506 0.039
MIF 66.918 24.454 329.930 264.342 0.002
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were statistically significant, including: MIE, PrPC, IL-6, IL1Ra,
IL-2, and MIP1a (this is not an effect of the number of multiple
comparisons, i.e., inflation of Type I error, because the binomial
probability that 6 comparisons out of 42 would turn out to be
significant by chance is less than 0.0001). Relevant Spearman cor-
relations between CSF PrP® and target inflammatory mediators
are seen in Table 2. We found significant correlations between
PrPC and IL-15 (p = 0.025) and RANTES (p = 0.04), MIF and
IL-6 (p < 0.000) and IL-6 with IL-15 and RANTES (p = 0.03).

SERUM DATA

MIF and PrPC results in serum are seen in Table 3. MIF was sig-
nificantly higher (p = 0.009) in Mexico City children, while PrP®
showed no differences between cohorts.

DISCUSSION

Cerebro-spinal-fluid concentrations of Macrophage migra-
tion inhibitory factor MIF, IL-6, IL-1Ra, IL-2, Macrophage
Inflammatory Protein 1-o [MIPla,Chemokine (C-C Motif)
Ligand 3] and PrPC differentiate children with high vs. low air
pollution exposures and suggest a complex interplay of a net-
work of multipotent cytokines and normal cellular proteins with
known neuromodulatory actions participating in neuroinflam-
matory responses associated with exposures to air pollutants. Our
data also suggests that MIF in serum is a potential biomarker
bridge to identify children with CNS inflammation.

IL-6,IL-1Ra, IL-2, and MIF are important players in the patho-
genesis of neuroinflammation and the systemic inflammation
associated with chronic exposures to high concentrations of air
pollutants, while the increased CSF concentrations of PrP® could
potentially represent a neuroprotective response against oxidative
stress (Griffiths et al., 2007; Carnini et al., 2010).

IL-6 is a pleiotropic cytokine with key roles in inflamma-
tory responses and in directing T cell differentiation in adaptive
immunity. The elevation of IL-6 in the CSF of highly exposed chil-
dren and its significant correlation with other potent chemokines
and cytokines regulating and coordinating innate and adaptive
immune responses is important in the developing CNS.

IL-6 has been implicated in systemic and brain neo-
angiogenesis (Gertz et al., 2012). In traumatic brain injury the
presence of low concentrations of IL-6 [IL-6 knock-out (KO)
mice] is associated with poor behavior performance, and impacts

1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (Spittau
et al., 2012), and the significant attenuation of IL-6 concen-
trations and lower gray volume in old rhesus macaques by a
caloric-restricted diet (Willette et al., 2010) support a complex
interaction between IL-6, other inflammatory mediators and pro-
tective brain responses. The role of IL-6 in long-term potentiation
(LTP) and learning is well known (Del Rey et al., 2013). The
increased expression of IL-6 is causally related to an increase in
synaptic strength since it was abrogated when LTP was interfered
by blockade of NMDA-glutamate receptors (Del Rey et al., 2013).

Detrimental effects on the other hand, are described between
high concentrations of IL-6, reduced hippocampal volumes and
major depressive disorders (Frodl et al., 2012) and in chronic
systemic inflammatory conditions with increased risk of stroke
(Drake et al., 2011). In advanced HIV infection, CSF concentra-
tions of IL-6 show elevations in patients on suppressive combina-
tion antiretroviral therapy regardless of cognitive status, implying
the persistence of intra-thecal inflammation even in the absence
of clinical manifestations (Kamat et al., 2012).

Of utmost importance for this work and the higher con-
centrations of CSF IL-6 in Mexico City children is the fact we
are seeing the hallmarks of Alzheimer i.e., hyperphosphorilated
tau and AB42 amyloid plaques in 44 and 51%, respectively,
of highly exposed Mexico City teens vs. 0% in low pollution
control children. In the literature involving elderly individuals,
the associations between IL-6 and dementia are controversial
(Papassotiropoulos et al., 2001; Jellinger, 2010; Helmy et al.,
2012). Galimberti et al., reported the highest CSF IL-6 concentra-
tions in AD patients with mild cognitive deterioration, suggesting
to the authors a key role of IL-6 in the initial phases of neurode-
generation (Galimberti et al., 2008). Combarros et al., suggested
that dysregulation of IL-6 in some elderly people contributes to
the development of AD (Combarros et al., 2009). Oxidative dam-
age and neuroinflammation are crucial players in neurodegener-
ative diseases (Nunomura et al., 2001, 2006, 2012a,b), and both
are present in the context of air pollution exposures (Calderén-
Garciduenas et al., 2012a). Moreover, under experimental con-
ditions, exposures to different components of air pollutants

Table 3 | Serum MIF and PrPC in Control v Mexico City children.

the expression of IL1P, another powerful pro-inflammatory Variable Controls Mexico City p-value
cytol.dne (Ley et al.', 2011). Neuroprotective associations of 4251 1+ 188 7111 4 488.7 0.009
spec1f1c IL-6 SNP (i.e., the G-allele of the SNP rsl8007?5) prpC 1671 + 0.96 1647 4 1.465 021
on hippocampal volumes (Baune et al., 2012), the protection

of midbrain dopaminergic neurons by IL-6 in the model of Values are shown in pg/mi.

Table 2 | Spearman correlations in CSF target inflammatory mediators and PrPC Control v Mexico City children.

Mediator PrPC r/p-value MIF r/p-value IL-6 r/p-value IL-15 r/p-value RANTES r/p
PrpC 1000 0.307 /0.113 0.236/0.302 0.424/0.025 0.406/0.044
MIF 0.307/0.113 1000 0.773/0.000 0.233/0.232 0.236/0.256
I-6 0.236/0.302 0.773/0.000 1000 0.467/0.033 0.476/0.034
I-15 0.424/0.025 0.233/0.232 0.467/0.033 1000 0.692/0.000
RANTES 0.406/0.044 0.236/0.256 0.476/0.034 0.692/0.000 1000
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cause oxidative stress, neuroinflammation and neurodegenera-
tion (Calderén-Garciduenas et al., 2003, 2008a, 2012a,b; Levesque
etal, 2011, 2013). Thus, the CSF and brain inflammatory imbal-
ance observed in highly exposed children could represent an early
physiological reaction to chronic environmental stress contribut-
ing later to the establishment of neurodegenerative processes with
childhood clinical manifestations (Calder6n-Garciduenas et al.,
2008b, 2011b, 2012b, 2013). Of critical importance are the por-
tals of entry of air pollutants in the urban setting: (i) the nasal
pathway through the olfactory, trigeminal nerves and accessory
posterolateral nerve, (ii) the red blood cells and monocytes trans-
porting ultrafine PM and then delivering the particles to distant
organs including the brain, (iii) the direct access of PM organic
and inorganic components to the systemic circulation through
the alveolar-capillary interphase, (iv) the gastrointestinal and
vagal pathways (Calderon-Garciduenas et al., 2007; Block and
Calder6n-Garciduenas, 2009; Dhuria et al., 2010; Bleier et al.,
2012; Lucchini et al., 2012).

Thus, the association between IL-6 serum increases and
deficits in verbal memory (Grassi-Oliveira et al., 2011) obligates
us to explore the cognitive consequences of an inflammatory
imbalance and cognitive impairment in highly exposed cohorts
(Aung et al., 2011; Tsai et al., 2012; Uski et al., 2012; Wittkopp
et al., 2013).

Intrathecal inflammation in these children is counterbalanced
by the increased production of interleukin 1 receptor antago-
nist (IL-1Ra), a natural endogenous antagonist of IL-1, critical
for a variety of brain effects (Arend, 2002; Gadek-Michalska and
Bugajski, 2010; Akash et al., 2013; Peters et al., 2013). IL-1RA
exhibits low uptake in the normal brain, with rapid metabolism,
a short biological half-life (4—6 h), and excretion via the kidneys
(Cawthorne et al., 2011). IL-1Ra higher CSF concentrations in
highly exposed children, is a key observation since we have pre-
viously described a significant frontal up-regulation of IL-1f in
Mexico City children (Calderén-Garciduenas et al., 2008a). IL-
1Ra has clear neuroprotective effects in experimental perinatal
inflammation and hypoxic-ischemic injuries (Girard et al., 2012),
reduces ischemic brain damage and inflammation in co-morbid
rats (Pradillo et al., 2012), prevents postoperative cognitive
decline and neuroinflammation in older rats (Barrientos et al.,
2012), and plays a key anti-inflammatory role in AD (Rubio-Perez
and Morillas-Ruiz, 2012). Interestingly, experimental endotox-
emia in healthy male volunteers produces significant transient
increases in IL-1Ra and decreases in mood, likely reflecting a com-
pensatory strategy or a greater social cognitive processing as a
function of sickness (Kullmann et al., 2013). We interpreted the
CSF IL-1Ra increases as a neuroprotective response in Mexico
City children.

On the other hand, the increases in CSF IL-2 are in keep-
ing with the critical role of this pro-inflammatory cytokine in
both effector T-cell development and FoxP3(+) CD4(+) Treg-cell
homeostasis (Shameli et al., 2013). Of utmost interest in the con-
text of air pollution is the role of IL-2 in regulating inflammation
in an organ-specific manner through the migration and retention
of CD4(+) T-cells (both Th1 and Th2) (Ju et al., 2012). Since IL-2
is also required for regulating the Th2 cytokine response during
T-cell activation and participates in multifactorial autoimmune

responses (Wang et al., 2009; Baine et al., 2013), the issue of
autoimmunity to CNS components warrants full investigation
in exposed children especially those with extensive white mat-
ter hyperintense lesions (Calderén-Garciduenas et al., 2008b,
2012b).

Macrophage Inflammatory Protein 1-o [Chemokine (C-C
Motif) Ligand 3/CCR3] CSF increases in Mexico City children
relate to its well known role in inflammatory responses, angio-
genesis and tissue remodeling through binding with receptors
to other chemokines (i.e., CCR1, CCR4, CCR5) (Gaspar et al.,
2013).

MIF is a newly arrived player in the air pollution scenario, is
an active participant in innate and acquired immunity (Savaskan
etal., 2012), its association with the production of several inflam-
matory mediators including IL-6, TNF-a, and IFN-y, and the
identification of CSF MIF as a biomarker in AD and mild
cognitive impairment patients (MCI) (Popp et al., 2009; Craig-
Schapiro et al., 2011) has a great impact in air pollution-related
brain effects.

The role of MIF as a neuro-immune mediator linking
inflammation with depressive symptoms and HPA dysregulation
(Anisman and Hayley, 2012; Savaskan et al., 2012), and its con-
comitant increases in CSF and serum makes MIF a potential
biomarker to identify children with systemic and CNS inflamma-
tion. A facet of MIF of importance for us is the potentiation with
autoimmune-mediated neuroinflammation (Cox et al., 2013).
Cox et al. demonstrated that MIF is essential for microglial acti-
vation and the production of IL-6, IL-18, TNF-a, and inducible
NO synthase in an experimental autoimmune encephalomyeli-
tis model. Cox et al., work is important to us because the target
cytokines described in their paper are up-regulated in brain tis-
sues of highly exposed children, and the same cytokines exhibit
higher serum concentrations when compared with low pollution
exposed children (Calder6n-Garciduenas et al., 2008a,b, 2009,
2011a, 2012a,b).

The CSF increases of the normal cellular isoform of the prion
protein (PrPC) in exposed children deserve to be discussed under
three important headings:

1. The PrP® neuroprotective role related primarily to its antiox-
idant properties, its capacity as a radical scavenger, its key
role in signal transduction and cell survival, neuronal zinc
regulation, and its functional importance in the protection
against oxidative stress and metal toxicity (Brown et al,
1997; Kuwahara et al., 1999; Viles et al., 1999; Milhavet and
Lehmann, 2002; Hu et al., 2007; Westergard et al., 2007;
Carnini et al., 2010; Martins et al., 2010; Bertuchi et al., 2012;
Alfaidy et al., 2013; Watt et al., 2013).

2. The PrP® role in animal behavior suggesting that the absence
of the prion protein could result in altered neural processing
(Massimino et al., 2013).

3. The associations of PrP¢ with neuropathology apart from the
conventional prion diseases (Jiménez-Huete et al., 1998; Ferrer
etal., 2001; Voigtldnder et al., 2001; Checler and Vincent, 2002;
Aguzzi and Haass, 2003; Rezaie et al., 2005; Schwarze-Eicker
et al., 2005; Ramljak et al., 2008). Of interest to us are the
controversial issues in the literature linking AB oligomers and
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Prp€ (Laurén et al., 2009; Nygaard and Strittmatter, 2009;
Gunther and Striitmatter, 2010; Kessels et al., 2010; Barry
et al., 2011; Saijo et al., 2011; Larson et al., 2012; Um et al.,
2012; Chen et al., 2013; Kudo et al., 2013; Whitehouse et al.,
2013; Younan et al., 2013). A few specific examples to make
the point: Kudo et al. showed that Prnp (-/-) mice are resis-
tant to the neurotoxic effect of oligomeric AB in vivo and
in vitro (Kudo et al., 2013). Chen et al. have shown PrP€ over-
expression down-regulated tau protein and PrPC lacking the
AB oligomer binding site was incapable of rescuing the level of
tau reduction. These authors demonstrated that PrP¢ down-
regulated tau via Fyn pathway and the effect can be regulated
by AP oligomers (Chen et al., 2013). Whitehouse et al. mea-
sured PrP© in the frontal cortex of 24 sporadic AD brains vs.
24 age-matched controls and found a significant decreased of
PrPC in AD brains. Interestingly, PrP® significantly inversely
correlated with BACE1 activity, Ap load, soluble AB, and insol-
uble AP and with the stage of disease, as indicated by Braak
tangle stage (Whitehouse et al., 2013). The authors concluded
that brain PrPC level may be important in influencing the
onset and progression of sporadic AD (Whitehouse et al,
2013).

Why are all these papers relevant to our work? We recently
published a paper (Calderén-Garciduenas et al., 2012a) show-
ing a 15 fold frontal down-regulation of mRNA PrP® in Mexico
City residents (18 =£ 8.7 years) vs. low air pollution age matched
controls. In the same work, we showed frontal tau hyperphospho-
rylation and AP diffuse plaques in the exposed kids, but none
in low air pollution controls. Thus, the regional frontal PrP®
down-regulation shown by microarray analysis is of deep con-
cern given the age of the autopsy subjects (on average 8 years
older) than our CSF children in this study. PrPC might have
significant longitudinal variations in mRNA expression by brain
region (Rezaie et al., 2005; Velayos et al., 2009), age, gender, and
other factors in the setting of air pollution. Moreover, because
the CSF is produced and reabsorbed throughout the entire CSF-
Interstitial fluid (IF) functional unit (Chikly and Quaghebeur,
2013), our results highlight the need to define PrP® changes both
directly in different regions of the brain and in the CSF in low vs.
high pollution exposed children and young adults. Furthermore,
since PrPC likely plays a key protective role against sporadic AD
(Whitehouse et al., 2010; Griffiths et al., 2012) we will expect
age-related decreases in specific regional brain areas inversely
related to the development of AD hallmarks in highly exposed
individuals.

The second reason for concern is the impact of PrP€ in cog-
nition. Gimbel et al. showed that AD transgenic mice with intact
PrPC expression exhibit deficits in spatial learning and memory,
while mice lacking PrPC, but containing AB plaque derived from
APPswe/PSen1DeltaE9 transgenes, show no detectable impair-
ment of spatial learning and memory (Gimbel et al., 2010). Thus,
deletion of PrP® expression dissociates Ap accumulation from
behavioral impairment in AD mice, with the cognitive deficits
selectively requiring PrPC (Gimbel et al., 2010). Interestingly,
Schmidt et al. (2013) showed no association between CSF PrPC
and cognitive status in 114 AD patients, while Breitling et al.

reported in a 5 years follow-up study of 1322 elderly Germans
(aged 65+ years at baseline), an inverse association between
serum PrPc and cognitive functioning (Breitling et al., 2012). In
our study, CSF PrPC was significantly higher in exposed vs. low
pollution children, while serum PrP€ concentrations showed no
differences.

The significant correlations of PrP® with RANTES and IL-
15 deserve a comment. Regulated upon Activation, Normal
T-cell Expressed and Secreted (RANTES) is a proinflamma-
tory chemokine produced by neurons and capable of upreg-
ulating neurotrophic factors and extending cell survival after
ischemic stroke (Tokami et al., 2013), while IL-15 instructs the
generation of a distinct memory T-lymphocyte subset, inter-
mediate between naive and central memory cells (Cieri et al.,
2013). These findings highlight the complex link between nor-
mal brain proteins, powerful chemokines, and immune driven
cytokines.

It has been clear for a number of years that neuroinflamma-
tion has critical implications for cognition, behavior, altered brain
growth and neurodegeneration. Brain dysbalances in inflamma-
tory mediators and alterations of essential proteins with key roles
in CNS development and neuroprotection will inevitably have
detrimental consequences for young brains. We already described
some of these consequences in Mexico City youth: differences
in white matter volumes involving right parietal and bilateral
temporal areas and cognitive deficits consistent with impairment
of the targeted lobes, olfaction deficits, auditory and vestibular
nuclei accumulating o synuclein and/or B amyloid and signifi-
cant involvement of the medial superior olive neurons, critically
involved in brainstem auditory evoked potentials. Elevation of
indices of neuroinflammation and oxidative stress, and AD and
PD associated pathology completing the grim picture (Calderon-
Garciduenas et al., 2003, 2008a,b, 2010, 2011a,b, 2012a,b, 2013;
Calderdon-Garciduenas and Torres-Jardon, 2012).

At the core of our observations lies the complex dynamic inter-
action in different compartments of cytokines, chemokines and
brain proteins responding to the constant state of inflamma-
tion and oxidative stress resulting from unhealthy environmental
exposures. The short term consequences are having an impact
in the performance of children in school and in their violent
behavior (Calder6n-Garciduenas and Torres-Jardén, 2012), while
the longer effects are already seen in neuropathological studies
of children with accidental deaths (Calderén-Garciduenas et al.,
2008b, 2012b, 2013). There is no doubt of the close linkage
between the brain and the immune system particularly in the
developing brain (Bilbo and Schwarz, 2012). Brisk responses are
at hand both systemically and in the brain upon endogenous
and exogenous environmental signals, however, the developing
brain is delicately sensitive to chronic stimuli and the end result
could be a pathological process with deleterious outcomes for the
individual.

LOOKING FORWARD AND LIMITATIONS

Despite controversy regarding the mechanistic pathways involved
in the CNS damage associated with exposure to air pollutants,
we agree that oxidative stress, endothelial dysfunction vascular
damage and neuroinflammation are at the core of the pathology,
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and the same factors play a key role in neurodegenerative dis-
eases (Qin et al., 2007; Rivest, 2009; Levesque et al., 2011;
Castellani and Perry, 2012; de la Torre, 2012; Nunomura et al.,
2012a,b; Calderén-Garciduenas et al., 2013). We are looking
forward to bridging the gap between early neuroinflammation
and its neurodegenerative consequences, an issue of importance
in childhood and adolescence when cognitive performance is
critical.

There is a need for looking into the CSF early responses to
air pollution because we can connect with the knowledge avail-
able for elderly populations, i.e., the progression of Alzheimer
core biomarkers [AB(1-42), total tau and phosphorylated tau]
and inflammatory markers useful in the clinical practice to eval-
uate patients with mild cognitive impairment and their course to
AD. This is critical, given that implementation of early preven-
tive pathways (Castellani and Perry, 2012) in the developing brain
could ameliorate or drastically modified the pathology in later
years.

Our results are potentially limited by the fact our CSF normal
samples were taken from a population of children with a hemato-
logical workup for a neoplastic process, albeit no CNS involve-
ment, while our serum samples were from clinically healthy
children. As pediatricians we are totally aware of the ethical
issues in taking CSF samples from healthy children, so the read-
ily available normal CSF samples destined to be discarded are
a good initial source of exploratory samples. Nevertheless, the
robust CSF increase in the described inflammatory mediators in
highly exposed children warrants extensive investigations using
available normal CSF samples in Mexico and around the world.
Two issues are important here: the selection of multiplex plat-
forms and knowledge of their ability to accurately and sensitively
detect cytokines in CSF and blood (serum/plasma) (Malekzadeh
et al., 2012). The second one, the use of standardized operat-
ing procedures for the recollection of CSF samples, a key point
if we want to decrease the variability attributed to different pre-
analytical procedures between laboratories (del Campo et al,
2012).

SUMMARY

We have quantified CSF responses for a selected panel de
inflammatory mediators and PrP® in two groups of chil-
dren with contrasting air pollution lifetime exposures. Our
results identify MIF, IL6, IL1Ra, IL-2, and PrPC as poten-
tial CSF biomarkers differentiating the high vs. low air pollu-
tion exposed children, supporting the previous evidence of an
ongoing neuroinflammatory process in Mexico City children.
Serum MIF was identified as a robust biomarker in Mexico City
children.

Fine tuning of immune-to-brain communication is crucial to
neural networks appropriate functioning, thus the short and long
term effects of systemic inflammation and dysregulated neural
immune responses are of deep concern for millions of highly
exposed children.

A large body of work on PrP¢, IL-6, MIF, IL-2, and the IL-1
family already exists, thus expanding this knowledge in the sce-
nario of air pollution pediatric effects could greatly facilitate our

understanding of the downstream mechanisms of the complex
interaction of cytokines/chemokines/ PrP¢ immune responses in
the developing brain and the resulting short and long term brain
effects.

The role of PrP¢ in highly exposed children is an issue worth
investigating further as the field moves forward, since we believe
knowledge on PrP° responses in a developing brain will shed light
on neuroprotective mechanisms against the onset of Alzheimer
disease.

Although the two objectives of this study were accomplished:
(i) To evaluate the concentrations of PrP® and selected inflam-
matory mediators in normal CSF from cohorts of children with
high vs. low pollution controls and (ii) To explore serum PrP®
and MIF in clinically healthy children representing cohorts with
high and low air pollution exposures, our immediate goal will
be to assess whether the identified biomarkers will be useful
in the identification of children at higher risk for cognitive
deficits, behavioral disorders, and structural and volumetric brain
alterations.

Our ultimate goal is that following the identification of chil-
dren at the highest risk for detrimental brain effects, we pro-
tect them through multidimensional interventions yielding both
impact and reach. The prospective of our efforts is readily
apparent.

Defining the linkage and the health consequences of the
brain/immune system interactions in the developing brain chron-
ically exposed to air pollutants ought to be of pressing importance
for public health.
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BACKGROUND

Although autism is a behaviorally defined disorder, many studies report an association
with increased pro-inflammatory cytokine production. Recent characterization of the
BTBR T+tf/J (BTBR) inbred mouse strain has revealed several behavioral characteristics
including social deficits, repetitive behavior, and atypical vocalizations which may be
relevant to autism. We therefore hypothesized that, asocial BTBR mice, which exhibit
autism-like behaviors, may have an inflammatory immune profile similar to that observed
in children with autism. The objectives of this study were to characterize the myeloid
immune profile of BTBR mice and to explore their associations with autism-relevant
behaviors. C57BL/6J (C57) mice and BTBR mice were tested for social interest and
repetitive self-grooming behavior. Cytokine production was measured in bone-marrow
derived macrophages incubated for 24 h in either growth media alone, LPS, IL-4/LPS, or
IFNy/LPS to ascertain any M1/M2 skewing. After LPS stimulation, BTBR macrophages
produced higher levels of IL-6, MCP-1, and MIP-1a and lower IL-10 (p < 0.01) than C57
mice, suggesting an exaggerated inflammatory profile. After exposure to [L-4/LPS BTBR
macrophages produced less IL-10 (p < 0.01) than C57 macrophages and more [L-12p40
(p < 0.01) suggesting poor M2 polarization. Levels of IL-12(p70) (p < 0.05) were higher
in BTBR macrophages after IFNy/LPS stimulation, suggesting enhanced M1 polarization.
We further observed a positive correlation between grooming frequency, and production
of IL-12(p40), IL-12p70, IL-6, and TNFa (p < 0.05) after treatment with IFNy/LPS across
both strains. Collectively, these data suggest that the asocial BTBR mouse strain exhibits a
more inflammatory, or M1, macrophage profile in comparison to the social C57 strain. We
have further demonstrated a relationship between this relative increase in inflammation
and repetitive grooming behavior, which may have relevance to repetitive and stereotyped
behavior of autism.

Keywords: autism, BTBR, behavior, immune system, inflammation, macrophage, M1, M2

Immune abnormalities in autism spectrum disorders have

Autism is a behaviorally defined disorder without a known phys-
iological cause. This disorder is characterized by social deficits,
communication deficits, and the presence of repetitive or stereo-
typed behaviors (APA, 2000). Several studies have attempted
to identify a genetic cause for autism (Yrigollen et al., 2008;
Voineagu et al., 2011; Lintas et al., 2012); however, the major-
ity of autism cases remain idiopathic in nature (Abrahams and
Geschwind, 2008). Although the genetic cause for autism remains
undetermined, there is increasing evidence that immune func-
tion may play a role in the disorder. A number of studies have
identified trends in abnormal immune function in individuals
with autism including a trend toward high cytokine produc-
tion and atypical immune cell function (Ashwood et al., 2006,
2011a,b,c; Enstrom et al., 2010). There is further evidence sug-
gesting that many of these atypical immune profiles are associated
with worsening autism-associated behaviors (Onore et al., 2012).

been characterized in a number of studies, including evidence of
increased microglia and astroglia activation in the brain, as well
as increased levels of interferon (IFN)y, interleukin (IL)-1p, IL-6,
IL-12, tumor necrosis factor (TNF)-a, and macrophage chemo-
tactic protein (MCP)-1 in brain tissue and cerebral spinal fluid
(Vargas et al., 2005; Li et al., 2009; Morgan et al., 2010). In parallel
with findings within the central nervous system (CNS), increased
plasma levels of these cytokines including IL-18, IL-6, IL-12p40,
and MCP-1 have been reported as well (Ashwood et al., 2011b).
Of note, peripheral plasma levels of these cytokines were associ-
ated with worsening autism-associated behaviors in the areas of
communication and social interaction, suggesting a relationship
between peripheral immune activity and behavioral symptoms of
the disorder (Ashwood et al., 2011b,c).

Given the unknown pathophysiology of autism and highly
variable genetics of the disorder, an animal model that exhibits
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behavioral characteristics with relevance to autism-features rather
than a direct genetic link may be useful for examining potential
relationship between physiology and behavior. The BTBR T—+tf/]
mouse (referred to as BTBR here-in) is an inbred strain that has
recently been described to exhibit behaviors relevant to autism,
including asocial behavior, repetitive behavior, and atypical vocal-
izations (Moy et al., 2007; McFarlane et al., 2008; Scattoni et al.,
2008, 2011). There is also evidence to suggest that the BTBR
mouse exhibits increased ERK signaling (Zou et al., 2011), a com-
mon finding in individuals with Fragile X Syndrome, one of the
leading known genetic risk factors for autism. However, little is
currently known about the relationship between BTBR associ-
ated behavior and immunity in the BTBR mouse. Recent research
has outlined differences in immune function including increased
titers of immunoglobulin (Ig) and inflammatory cytokine lev-
els in brain tissue, and greater susceptibility to listeriosis than
C57Bl/6] mice (referred to as C57 here-in) (Heo et al., 2011).
Immunity against listeriosis is largely based on the ability of
macrophages to polarize to an inflammatory (M1) profile (Pfeffer
et al., 1993; Jouanguy et al., 1999; Benoit et al., 2008). This data
suggests immunological differences between the two strains and
may implicate aberrant macrophage function, but there is as yet
no direct evidence of a relationship between the function of the
immune cells and behavioral symptoms in the BTBR mouse.

We hypothesized that there are associations between myeloid
inflammation and autism relevant behaviors in the BTBR mouse.
To further elucidate the relationship between inflammation
and behavior, and to examine the role of M1/M2 polarization
in BTBR, we analyzed individual mice for social interaction
and repetitive grooming behavior and measured macrophage
cytokine production in vitro. Bone marrow-derived macrophages
were generated for each mouse and tested for inflammatory and
anti-inflammatory cytokine responses. In addition, we further
characterized immune function by testing the ability of BTBR
macrophages to polarize to pro-inflammatory IL-12 high (M1)
and anti-inflammatory IL-10 high (M2) macrophage subtypes
in vitro (Mantovani et al., 2005).

METHODS

MICE

C57Bl/6] (C57) mice (Jackson Laboratory-West, Sacramento,
CA), BTBR T™tf/] (BTBR) mice (Jackson Laboratory, Bar Harbor,
ME), and 129/SvIm] (129) mice (Jackson Laboratory) were main-
tained by the Campus Laboratory Animal Services, at University
of California, Davis at ambient room temperature on a 12h
light/dark cycle. Food and water were provided ad libitum. All
procedures were performed with approval by the University of
California, Davis Institutional Animal Care and Use Committee
and in accordance with the guidelines provided by the National
Institutes of Health for the humane treatment of animals. Social
approach and self-grooming assays were conducted in dedicated
behavioral testing rooms during the standard light phase, usu-
ally between 1000 and 1500 h. Mice of the 129 strain were used
as novel mouse controls in the social approach testing paradigm.
Mice were deeply anesthetized with isofluorane and euthanized
by decapitation. Femurs and tibia were aseptically removed and
stored in RPMI 1640 (Life Technologies) media supplemented

with 10% FBS, 100 IU/ml penicillin, 100 IU/ml streptomycin,
25 pg/ml gentimycin (Sigma) prior to processing. For this study,
nine C57 mice (male, age 10-12 weeks) and seven BTBR mice
(male, age 10—12 weeks), were utilized.

SOCIAL APPROACH

Social approach was assayed in an automated three-chambered
apparatus (NIMH Research Services Branch, Bethesda, MD)
using methods previously described (Crawley, 2007; Yang et al.,
2007, 2009, 2011a,b; Chadman et al., 2008; McFarlane et al.,
2008; Moy et al., 2008; Silverman et al., 2010, 2011). Briefly, the
apparatus was a rectangular, three-chambered box made of clear
polycarbonate. Photocells embedded in the doorways automati-
cally detected entries between chambers and the amount of time
spent in each chamber by the subject mouse. The test session
began with a 10 min habituation session in the center chamber
only, followed by a 10 min habituation to all three empty cham-
bers. At the completion of the second habituation phase, the
subject mouse was returned to the center chamber and a clean
novel object (wire cup) was placed in one of the side chambers
and a novel 129 mouse of similar age and weight was placed in an
identical wire cup located in the other side chamber. After both
stimuli were positioned, the subject mouse was allowed access
to all three chambers for 10 min. Trials were video recorded and
time spent sniffing the novel object and time spent sniffing the
novel mouse were later scored by a trained observer using a hand-
held stopwatch. Performance on social approach was plotted as a
“social score,” which is equal to the amount of time (in seconds)
the experimental animal spent sniffing the novel mouse minus
the time spent sniffing the novel object. Therefore, high positive
scores indicate high sociability, and low or negative scores indicate
low sociability.

SPONTANEOUS SELF GROOMING

Mice were scored for spontaneous self-grooming behaviors as
described previously (Yang et al., 2007, 2009; McFarlane et al.,
2008; Silverman et al., 2010). Briefly, each mouse was given a
10 min habituation in a clean, empty mouse cage and then video
recorded for 10 min. The video recorded session was scored for
cumulative time spent grooming all body regions by a trained
observer using a stopwatch. Differences in color and markings
between the inbred strains prevented fully blind ratings. However,
the distinguishing features of the strain were less visible in the
video recordings, which is why this method was chosen over live
scoring. The animals’ behavior in the spontaneous self-grooming
tasks was plotted as “grooming” which indicates the amount of
time (in seconds) the experimental animal spent grooming itself
during the 10-min observation phase.

GENERATION OF MACROPHAGE MEDIA

Confluent 1929 Cells (ATCC, Manassas, VA) were cultured for
7 days in complete Dubelcco’s modified Eagles media (DMEM)
F-12 (Life Technologies, Carlsbad, CA) supplemented with 10%
low endotoxin, heat inactivated fetal bovine serum (FBS) (Life
technologies), 100 IU/ml penicillin, and 100 IU/ml streptomycin
(Sigma, St Louis, MO). The resulting L929 conditioned media was
passed through a 2 pm filter (Millipore, Billerica, MA) to remove
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cellular debris and ensure sterility. To create macrophage media,
complete DMEM was supplemented 10% with filtered 1929 con-
ditioned media. L929 conditioned media was stored at —20°C for
less than 60 days before single thaw and use.

BONE MARROW-DERIVED MACROPHAGE GENERATION

Legs with fur and skin removed, including femur and tibia from
each mouse, were washed twice in sterile cold (4°C) Hanks
buffered saline solution (HBSS) (Mediatech, Herndon, VA).
Tissue was removed from the bones with sterile scissors and for-
ceps, and bones were washed in 10 mls cold HBSS. The proximal
and distal ends of both the femur and tibia were removed, and the
lumens of the femurs and tibia were flushed with 10 mls of cold
HBSS using a 25 gauge needle (BD Medical, Franklin Lakes, NJ).
Dislodged bone marrow was agitated by aspiration and ejected
with a 22 gauge needle (BD Medical). The resulting cell suspen-
sion was filtered through a 100 wm nylon mesh (BD Biosciences,
Carlsbad, CA). Cells were pelleted by centrifugation at 500 g for
5min and resuspended in macrophage media to a concentra-
tion of 1 x 10° cells/ml, plated in sterile non-cell culture treated
petri dishes (BD Biosciences) at a volume of 10 mls per dish and
incubated for 3 days at 37°C, 5% CO,. Five mls of macrophage
media was then added to each dish and cells were incubated for
a further 4 days at 37°C, 5% CO, for a total incubation time of
7 days. Petri dishes containing adherent, mature bone marrow-
derived macrophages were washed with 10 mls cold HBSS, and
incubated with 3 mls Cell Stripper™ buffer (Mediatech) per plate,
for 5min at 37°C, 5% CO;. Following incubation, cells were
dislodged from the petri dishes by gentle pipetting, diluted in
an equal amount of complete DMEM, and pelleted by centrifu-
gation at 400g for 5min. Cells were resuspended at 1 x 10°
cell/ml in complete DMEM, and 1ml was plated in 12-well
sterile tissue culture plate (Greiner Bio-One, Monroe, NC) and
allowed to adhere overnight at 37°C, 5% CO,. Following adhe-
sion of bone marrow-derived macrophages, complete DMEM
was aspirated and replaced with 1 ml/well of 1 x 10° cells with
the following eight conditions: media alone, 2 ng/ml recombi-
nant mouse IL-4 (R&D, Minneapolis, MN), 150 ng/ml recom-
binant mouse IFNy (R&D), 10 ng/ml lipopolysaccharide (LPS)
(Sigma), 2 ng/ml recombinant mouse IL-4 with 10 ng/ml LPS,
or 150 ng/ml recombinant mouse IFNy with 10 ng/ml LPS. Cells
were incubated under these conditions for 24 h, at which point
supernatants were collected and stored at —80°C until assayed.

CYTOKINE MEASUREMENT

The quantification of the cytokines Granulocyte Macrophage-
Colony Stimulating Factor (GM-CSF), IENy, IL-18, IL-6, IL-10,
IL-13, IFNYy induced protein (IP)-10 (CXCL10), MCP-1 (CCL2),
TNFa, macrophage inflammatory protein (MIP)-1a (CCL3), and
MIP-1f (CCL4) in supernatants was determined using mouse
specific Milliplex™ multiplexing bead immunoassays (Millipore,
Billerica, MA). The cytokines IL-12p40 and IL-12p70 were mea-
sured using Bioplex™ multiplexing bead immunoassays (Bio-Rad
Laboratories, Hercules, CA). Samples were run in accordance
with the instructions of the manufactures protocol. In brief, 25 uL
of supernatant was incubated with antibody-coupled beads. After
a series of washes, a biotinylated detection antibody was added to

the beads, and the reaction mixture was detected by the addition
of streptavidin conjugated to phycoerythrin. The bead sets were
analyzed using a flow-based Luminex™ 100 suspension array
system (Bio-Plex 200; Bio-Rad Laboratories). Unknown sample
cytokine concentrations were calculated by Bio-Plex Manager
software using a standard curve derived from the known refer-
ence cytokine concentrations supplied by the manufacturer. A
five-parameter model was used to calculate final concentrations
and values are expressed in pg/ml. The sensitivity of this multiplex
immunoassay allowed the detection of cytokine concentrations
with the following minimal detectable limits: IL-1f (2 pg/ml),
IL-6 (1.8 pg/ml), IL-10 (3.3 pg/ml), IL-12(p40) (1.53 pg/ml), IL-
12(p70) (1.62 pg/ml), IFNYy (0.9 pg/ml), IP-10 (0.6 pg/ml), MCP-
1 (5.3 pg/ml), MIP-1a (8.7 pg/ml), MIP-1f (10.1 pg/ml), and
TNFa (1 pg/ml).

STATISTICAL ANALYSIS

Statistical analysis to compare cytokine levels between BTBR and
C57 groups was conducted with Mann—Whitney test. Correlation
analysis was performed with Spearman correlation analysis. All
analyses were two-tailed, and values of p < 0.05 were con-
sidered statistically significant. Unadjusted p-values are pre-
sented for multiplex cytokine data (Rothman, 1990). Medians
and interquartile ranges (IQR) are reported for all measured
cytokines and chemokines. All analyses were conducted with
GraphPad Prism statistical software (GraphPad Software Inc., San
Diego, CA).

RESULTS

CYTOKINE RESPONSES

To determine the cytokine response to LPS (a gram negative bac-
terial endotoxin) with and without polarization, bone marrow
macrophages were incubated in media alone, IL-4 (a M2 polar-
izing cytokine), or IFNy (a M1 polarizing cytokine) with LPS.
Even without presence of polarizing cytokine or LPS stimulus,
BTBR macrophages exhibit a trend toward higher inflamma-
tory cytokine production, with significantly higher production
of IL-12(p40) [C57 median + IQR: 15.30 £ 7.56; median =+
IQR: 20.58 +7.56; p = 0.0485] (Table1). Following stimula-
tion with LPS, BTBR macrophages produce significantly higher
levels of inflammatory cytokines IL-6 [C57 median £ IQR:
1254 + 760.2; BTBR median £ IQR: 3112 £ 1189; p = 0.0003],
IL-12(p40) [C57 median £+ IQR: 446.4 & 322.5; BTBR median
+ IQR: 2779 + 1652; p = 0.0002], MCP-1 [C57 median +
IQR: 750.4 £ 442.6; BTBR median + IQR: 3117 £ 1036; p =
0.0002], IP-10 [C57 median =+ IQR: 8875 = 2859; BTBR median
+ IQR: 14535 £ 1294; p = 0.0007], and MIP-1a [C57 median
+ IQR: 1945 £ 713; BTBR median &+ IQR: 4342 +2828; p =
0.0002] and lower levels of anti-inflammatory cytokine IL-10
[C57 median + IQR: 448.4 &+ 307.6; BTBR median + IQR:
284.2 +195.2; p = 0.0229] (Table 1).

To determine whether BTBR macrophages are more inclined
toward a pro-inflammatory M1 phenotype, we measured the lev-
els of M1 and M2 associated cytokines following polarization with
IL-4 and LPS to induce a M2 phenotype or IFNy and LPS to
induce a M1 phenotype. Our initial experiments revealed treat-
ment with IL-4 alone was not sufficient to induce a cytokine
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Table 1 | Macrophage cytokine levels in unstimulated and LPS stimulated culture conditions.

Cytokines pg/ml Unstimulated: Median (IQR)

LPS: Median (IQR)

C57 BTBR p-value C57 BTBR p-value
IL-1B8 3.9 (14.39) BLD N/A BLD 16.56 (38.26) 0.351
IL-6 0.23 (2.22) BLD N/A 1254 (760.2) 3112 (1189) 0.0003*
IL-10 BLD BLD N/A 448.4 (307.6) 284.2 (195.2) 0.023*
IL-12p40 15.3 (7.56) 20.58 (7.56) 0.049* 446.4 (322.5) 2779 (1652) 0.0002*
IL-12p70 BLD BLD N/A BLD 56.81 (56.81) N/A
IP-10 65.45 (30.94) 70.17 (93.81) 0.142 8875 (2859) 14535 (1294) 0.0007*
MCP-1 BLD 15.63 (32.74) N/A 750.4 (442.6) 3117 (1036) 0.0002*%
TNF-a BLD 0.13 (56.1) N/A 448.3 (4075) 595.2 (217.2) 0.408
MIP-1a 39.27 (22.41) BLD N/A 1945 (713) 4342 (2828) 0.0002*
MIP-18 63.35 (36.58) 56.76 (83.06) 0.671 10214 (2530) 23060 (9262) 0.0003*

Median cytokine measurements and interquartile ranges (IQR) in pg/ml. All p-values were calculated by two-tailed Mann Whitney U-test.

*Significant p-values; BLD: Below level of detection; N/A: Not applicable, p-values could not be calculated.

response distinguishable from that of media alone. Following
stimulation with IL-4 and LPS, BTBR macrophages produce sig-
nificantly lower levels of IL-10 [C57 median + IQR: 641.9 +
164.2; BTBR median + IQR: 222.6 £ 83.4; p = 0.0.0003], a M2
cytokine, and higher IL-12p40 [C57 median 4+ IQR: 182.3 &+
102.6; BTBR median £ IQR: 613.8 4359.4; p = 0.001], IL-
6 [C57 median + IQR: 558.6 + 288.1; BTBR median £+ IQR:
1264 £ 330; p = 0.0052], and MIP-1a0 [C57 median £ IQR:
2551 £ 1150; BTBR median £ IQR: 4179 % 4467; p = 0.0021].
Following stimulation with IFNy and LPS, BTBR macrophages
produce significantly higher levels of IL-12(p40) [C57 median
+ IQR: 12496 £ 5494; BTBR median + IQR: 18607 4 326.6;
p = 0.0401], IL-12(p70) [C57 median &+ IQR: 251.9 £ 302.17;
BTBR median + IQR: 625.5 +477.1; p = 0.0108], and IP-10
[C57 median + IQR: 3464 & 1953; BTBR median &+ IQR: 7497 £+
3553; p = 0.0002] but also more IL-10 [C57 median £ IQR:
35.24 £ 15.36; BTBR median £ IQR: 74.8 £ 30.9; p = 0.0115]
and MCP-1 [C57 median 4+ IQR: 1238 & 802; BTBR median
=+ IQR: 1954 & 752; p = 0.0012] (Table 2). BTBR macrophages
appeared to exhibit an overall trend toward increased M1 polar-
ization (Figure 1).

BEHAVIORAL AND IMMUNE CORRELATIONS

To examine a potential relationship between the immune pro-
file observed in BTBR macrophages, and the impaired social
interaction and repetitive grooming associated with the BTBR
strain, we tested for associations by Spearman analysis. There
was very little association between cytokine profiles and social
behavior in the BTBR mouse; however, for macrophage cell cul-
tures, IL-1 demonstrated a negative association with sociability
after IFNy/LPS incubation [r = —0.56; p = 0.023] such that as
IL-1B levels increased social approach decreased (Figure2). In
contrast, grooming behavior was associated with a large num-
ber of cytokines including associations with IL-12(p40) [r =
0.58; p = 0.033] and IP-10 [r = 0.55; p = 0.032] in unstimu-
lated macrophages (Figure 3) suggesting that as cytokine levels
increased there was an increase in repetitive behaviors. Following
stimulation with LPS, inflammatory cytokines IL-6 [r = 0.77;
p=0.001] and MIP-18 [r = 0.67; p = 0.006] were positively

associated with grooming behavior, while the anti-inflammatory
M2 associated cytokine IL-10 demonstrated a negative associ-
ation with grooming [r = —0.63; p = 0.012] (Figure4). This
data suggests that inflammatory cytokines are associated with
more impaired repetitive behavior whereas anti-inflammatory
cytokines are associated with improvement in behaviors. In
polarization conditions such as IL-4/LPS incubation, IL-10
again was negatively associated with grooming [r = —0.86; p =
0.0001], while IL-6 [r = —0.63; p = 0.012], IP-10 [r = 0.775,
p = 0.0007], and MIP-1B [r = 0.5286, p = 0.0428] were pos-
itively associated with grooming time (Figure5). Macrophage
cytokines produced following incubation with the M1 polar-
izing IFNY/LPS condition including IL-12(p40) [r = 0.72; p =
0.004], IL-12(p70) [r = 0.77; p = 0.001], and TNF-a [r = 0.63;
p =0.011] also positively associated with increased grooming
behavior following incubation with the M1 polarizing IFNy/LPS
condition, such that M1 macrophage cytokine production was
associated with more impaired behavior. Interestingly, within the
BTBR strain alone, IL-12(p70) [r = 0.87; p = 0.03] and TNF-«a
[r =0.94; p = 0.005] levels were also positively correlated with
grooming (Figure 6).

DISCUSSION

In this study we describe several immune features in the aso-
cial BTBR mouse that differ from social C57 mice including
higher production of inflammatory cytokines and chemokines
in bone-marrow derived macrophages. BIBR macrophages pro-
duced increased levels of IL-6 after LPS stimulation. Even without
stimulation, BTBR macrophages produced higher levels of IL-
12(p40) and IP-10, suggesting a possible M1 polarization even
without the presence of M1 polarizing exposure to IFNy or LPS.
After stimulation with LPS, IL-12(p40) remained higher in BTBR
mice, while IL-10 was lower, again suggesting M1 polarization
even in the absence of IFNy. Levels of IL-12(p70) were unde-
tectable in C57 mice, but were detectable in the majority of
BTBR samples, suggesting IL-12(p70) levels may also be higher
in BTBR mice. However, given that IL-12(p70) were below levels
of detection in the C57, statistical analysis was limited and p-
values could not be calculated. In addition to evidence of M1
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Table 2 | Macrophage cytokine levels in IL-4/LPS and IFNy/LPS stimulated culture conditions.

Cytokines pg/ml

IL-4/LPS: Median (IQR)

IFNy/LPS: Median (IQR)

C57 BTBR p-value C57 BTBR p-value
IL-18 20.04 (32.39) BLD 0.252 BLD 46.36 (28.18) N/A
IL-6 558.6 (288.1) 1264 (330) 0.005* 10680 (8041) 10667 (5695) 0.919
IL-10 641.9 (164.2) 222.6 (83.4) 0.0003* 35.24 (15.36) 74.8 (30.9) 0.012*
IL-12p40 182.3 (102.6) 613.8 (359.4) 0.001* 12496 (5494) 18607(326.6) 0.040*
IL-12p70 BLD BLD N/A 251.9 (302.17) 625.5 (477.1) 0.011*
IP-10 3464 (1953) 7497 (3553) 0.0002* 18319 (7141) 16726 (10137) 0.351
MCP-1 2692 (682) 3373 (1065) 0.351 1238 (802) 1954 (752) 0.001*
TNFa 418.2 (292.6) 498.5 (282) 0.351 975.2 (451.8) 1393 (974) 0.071
MIP-1a 2551 (1150) 4179 (4467) 0.002* 872.3 (321.6) 1134 (330.2) 0.091
MIP-18 4264 (2097) 6136 (17675) 0.055 4019 (1492) 5791 (3024) 0.071
Medlan cytokine measurements and interquartile ranges (IQR) in pg/ml. All p-values were calculated by two-tailed Mann Whitney U-test.
*Significant p-values; BLD: Below level of detection; N/A: Not applicable, p-values could not be calculated.
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polarization, levels of chemokines MIP-1a and MCP-1 were also
higher in BTBR macrophages after LPS stimulation suggesting
chemotactic responses may also be enhanced in this asocial mouse
strain.

Macrophage polarization has many similarities to T helper
(Th) cell subtypes and can be divided into two major groups,

sclerosis and Alzheimer’s disease (Mikita et al., 2011), and recent
literature suggests that promoting an M2 phenotype may be ben-
eficial to cognitive function (Derecki et al., 2010a). Transplant
of wild-type IL-4 competent T cells in to IL-4~/~ mice results
in improved cognition (Derecki et al., 2010b), and transplant of
M2 polarized macrophages results in improved cognitive perfor-
mance in immune deficient mice (Derecki et al., 2011). Together,
this data suggests that M1 macrophage polarization may have
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FIGURE 3 | Grooming correlation in unstimulated macrophages.
Scatter graphs and linear regression of 1L-12(p40) (A) and IP-10 (B) in
unstimulated macrophages. Correlation coefficients (r-value) and p-values
were calculated with Spearman'’s correlation analysis. (A) C57 r-value: 0.27,
p-value: 0.493; BTBR r-value: 0.88, p-value: 0.033*; Across strains r-value;
0.58, p-value: 0.024* (B) C57 r-value: 0.23, p-value: 0.546; BTBR r-value:
0.43, p-value: 0.397; Across strains r-value: 0.55, p-value: 0.032%;
*significant p-values.
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FIGURE 4 | Grooming correlation in LPS stimulated macrophages.
Scatter graphs and linear regression of I1L-6 (A), IL-10 (B), and (C) MIP-18 in
LPS stimulated macrophages. Correlation coefficients (r-values) and
p-values were calculated with Spearman’s correlation analysis. (A) C57
r-value: 0.30, p-value: 0.433; BTBR r-value: 0.20, p-value: 0.704; Across
strains r-value: 0.77, p-value: 0.001* (B) C57 r-value: —0.22, p-value: 0.576;
BTBR r-value: —0.09, p-value: 0.872; Across strains r-value: —0.63, p-value:
0.012* (C) C57 r-value: —0.15, p-value: 0.708; BTBR r-value: 0.60, p-value:
0.241; Across strains r- value: 0.67, p-value: 0.006; *significant p-values.

detrimental effects on normal brain function whilst M2 can
ameliorate some of these effects.

To further examine the proclivity of BTBR macrophages to
polarize to an M1 phenotype, C57 and BTBR macrophages were
stimulated with LPS in the presence of IFNy (M1) or IL-4
(M2) (Zhang et al., 2008). Under M1 polarizing conditions,
BTBR macrophages produced significantly higher IL-12(p40)
and IL-12(p70), mirroring the enhanced M1 polarization. In
addition under M2 polarizing conditions, BTBR macrophages
produced significantly less IL-10, and significantly more IL-
12(p40) suggesting poor relative M2 polarization compared to
C57 mice (Figure 1). Collectively, these data suggest that BTBR
macrophages are innately M1 skewed, and more inclined to
produce M1 associated cytokines such as IL-12(p70).
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FIGURE 5 | Grooming correlation in IL-4/LPS stimulated macrophages.
Scatter graphs and linear regression of IL-6 (A), IP-10 (B), MIP-18 (C), and
IL-10 (D) in IL-4/LPS stimulated macrophages. Correlation coefficients
(r-value) and p-values were calculated with Spearman’s correlation analysis.
(A) C57 r-value: 0.43, p-value: 0.244; BTBR r-value: 0.09, p-value: 0.872;
Across strains r-value: 0.63, p-value: 0.012* (B) C57 r-value: 0.40, p-value:
0.291; BTBR r-value: 0.02, p-value: 1; Across strains r-value: 0.78, p-value:
0.0007* (C) C57 r-value: 0.38, p-value: 0.312; BTBR r-value: 0.71, p-value:
0.136; Across strains r-value: 0.53, p-value: 0.042* (D) C57 r-value: —0.48,
p-value: 0.188; BTBR r-value: —0.77, p-value: 0.072; Across strains r-value:
—0.86, p-value: 0.0001*; *significant p-values.
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FIGURE 6 | Grooming correlation in IFNy/LPS stimulated
macrophages. Scatter graphs and linear regression of 1L-12(p40)

(A), IL-12(p70) (B), TNFa (C), and MIP-1B (D) in IFNy/LPS stimulated
macrophages. Correlation coefficients (r-values) and p-values were
calculated with Spearman'’s correlation analysis. (A) C57 r-value: 0.26,
p-value: 0.536; BTBR r-value: 0.09, p-value: 0.919; Across strains r-value:
0.72, p-value: 0.004* (B) C57 r-value: 0.39, p-value: 0.291; BTBR r-value:
0.87, p-value: 0.033*; Across strains r-value: 0.77, p-value: 0.001* (C) C57
r-value: 0.02, p-value: 0.966; BTBR r-value: 0.94, p-value: 0.005*; Across
strains r-value 0.51, p-value: 0.005* (D) C57 r-value: 0.70, p-value: 0.036*;
BTBR r-value: 0.20, p-value: 0.704; Across strains r-value: 0.63, p-value:
0.011*; *significant p-values.

In this study, we have compared two inbred strains, which

were selected for their possession of autism-relevant features or
lack thereof (BTBR and C57, respectively) (McFarlane et al.,
2008). Given the potential genetic differences between these
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two inbred strains, it would be possible that these observed
immunological differences are circumstantial and unrelated to
behavior. To better understand the relationship between autism-
like behavior and immune phenotype, we measured social and
repetitive behavior in each mouse, and analyzed the correlation
between these behavioral measurements and cytokine profiles.
We observed only one cytokine correlation with social behav-
ior (Figure2), which may suggest that social behavior is not
heavily affected by immune function within BTBR mice as a
group.

Although we did not see strong correlations between social
behavior and immune measures in these experiments, the inflam-
mation in BTBR mice may have an impact on fetal development
in-utero. Maternal immune activation (MIA) in C57 mice results
in elevated expression of IL-6, IL-12(p40), IL-12(p70), IL-13, IL-
15, IFNy, TNFa, and IL-10 in pregnant dams (Arrode-Bruses
and Bruses, 2012), and leads to deficits in sociability in their off-
spring (Malkova et al., 2012). The data here-in suggest that BTBR
mice innately produce higher levels of many of these cytokines,
which may suggest that the maternal environment in which BTBR
embryos are exposed to naturally resembles that of the MIA C57
model in terms of increased inflammatory cytokine exposure in-
utero. Potentially, social impairment is more closely associated
with prenatal exposures, while repetitive grooming seems to be
related to ongoing elevated inflammation. Additional research,
such as prenatal cross-fostering, may help differentiate the roles
of the maternal BTBR environment and adult immune pro-
files in the development of autism-like symptoms in the BTBR
mice.

Unlike the social behavior, repetitive grooming behavior cor-
related with a number of cytokine profiles under all tested cul-
ture conditions. IL-12(p40) correlated with increasing grooming
behavior of BTBR mice in unstimulated macrophages, and this
correlation was also observed across the two strains (Figure 3).
Contrary to the positive correlation between IL-12(p40) and
repetitive behavior, macrophage derived IL-10 was negatively
associated with repetitive grooming across strains in both LPS
stimulated and IL-4/LPS stimulated conditions (Figures4, 5),
suggesting a relationship between M1/M2 polarization and repet-
itive behavior such that M1 was associated with more impair-
ment and M2 with less grooming behaviors. Moreover, both
IL-12(p40) and IL-12(p70) showed positive correlations with
repetitive grooming post IFNy/LPS exposure, further supporting
a relationship between M1 macrophage cytokines and repetitive
grooming.

Of note, a difference in IL-12(p40) was observed between
BTBR and C57 strains. We initially measured IL-12(p40) using
an allele specific capture antibody, which recognizes several
common strains such as C57, BALB/c, and CH3 mice, but
does not recognize IL-12(p40) in autoimmune prone strains
such as NOD or SJL strains of mice (Ymer et al., 2002).
IL-12(p40) from BTBR was also undetectable with this antibody,
but was detectable with a non-allele specific anti-IL-12(p40)
capture antibody (data not shown). Although we did not test
for IL-12(p40) allelic differences between these two strains,
an allelic difference may indicate a functional difference for
IL-12(p40) in-vivo. Interestingly, IL-10 production is also higher

in BTBR mice. The synergistic effect of functionally abnor-
mal IL-12p40 allele and high levels of IL-10 production in
response to IFNy may help explain how BTBR mice can both
express higher IL-12(p40) and IL-12(p70) than their C57 coun-
terparts, but also be more susceptible to Listeriosis (Heo et al.,
2011).

The relationship between repetitive grooming and immune
function, particularly in myeloid cells, has been recently illus-
trated by research in the Hoxb8 deficient mice. Hoxb8 is a myeloid
expressed gene associated with repetitive pathological grooming
in mice deficient for the gene and excessive grooming is reduced
with wild-type bone marrow transplant (Chen et al., 2010).
Given this data suggesting that peripherally derived immune cells
can have a profound effect on normal grooming behavior, it is
possible that ongoing myeloid inflammation may be related to
repetitive grooming behavior in animal models. Further evidence
that peripherally derived hematopoietic cells can improve behav-
ior was illustrated in a recent paper demonstrating that bone
marrow transplant arrested disease development in MeCP2*/~
mouse models of Rett’s syndrome (Derecki et al., 2012).

Research in children with autism also implicates the
role of myeloid cells in the pathology of the disorder.
Immunohistochemistry of postmortem brain samples have
revealed elevated numbers of microglia in brain parenchyma,
and increased perivascular macrophages as well as elevated
microglial and perivascular macrophage activation in the brains
of children with autism, and increased levels of MCP-1 (Vargas
et al, 2005; Morgan et al., 2010). Consistent with findings
in the brain, studies examining peripheral myeloid function
have revealed increased numbers of circulatory monocytes in
the blood and increased cytokine production following TLR4
stimulation in monocytes of children with autism includ-
ing increased levels of IL-1B, IL-6, and IL-23 and associa-
tions with behavioral assessment scores (Sweeten et al., 2003;
Jyonouchi et al., 2008; Enstrom et al., 2010). Similar to findings
in microglia and monocytes, there is also evidence of atypi-
cal distribution of dendritic cell populations in children with
autism (Breece et al., 2013), suggesting that many branches
of the myeloid system are affected in the disorder. The data
described here-in draws many parallels between previously
recorded immune phenomena in humans, and the immune pro-
file of the BTBR mouse and warrants a closer examination of
neuro-immune interactions in the development of autism spec-
trum disorders.

In this study, we have demonstrated an inflammatory immune
profile is displayed in the asocial BTBR mouse strain as well as
associations between inflammation and M1 associated cytokines
with repetitive grooming behavior. The immune phenotype of
BTBR mice draws several parallels to observation in children
with autism particularly high IL-12, IL-6, and MCP-1 production
observed in both children with autism and BTBR mice. Although
there are caveats in comparing the immunophenotype of two
different strains based on behavior, the observed correlations
between autism-relevant behaviors and immunological measures
suggest the inflammatory phenotype of the BTBR mouse is more
than circumstantial. Together these data suggests that the BTBR
mouse may possess more than a behavioral similarity to autism
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in humans, but may also share some physiological symptoms
associated with the disorder as well. Although it may not be pos-
sible to find a true animal model for autism, the BTBR mouse
may prove to be a useful model to study the relationship between
inflammation and behavior, the fruits of which may one day be
applied to autism and other inflammatory disorders that manifest

in behavioral deficits.
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