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Abstract Attention deficit hyperactivity disorder (ADHD)
is characterised by the typical behavioural core symptoms of
inattentiveness, hyperactivity and impulsiveness. ADHD is a
usually chronic health conditions, mostly diagnosed in
childhood, creating a significant challenge for youth, their
families and professionals who treat it. This disorder requires
long-term treatments, including psychotherapeutic and
pharmacological interventions, which in some cases may
lead to adverse effects. Understanding the mechanism by
which ADHD risk factors affect the biochemical processes in
the human brain and consequentially the behaviour will help
to identify novel targets for the development of therapeutics
with less adverse results and better efficacy including higher
responder rates. Although inflammatory responses in the
brain have been recognised for years as critical in neurode-
generation and behaviour in a number of neurological and
psychiatric disorders, their role for the development, treat-
ment and prevention of ADHD has been so far largely
overlooked, although historically, ADHD symptoms were
initially observed in patients who survived an ONJ infection,
i.e. inflammation. In this review, we discuss the interrela-
tionship between different ADHD risk factors and inflam-
mation with respect to the triggered molecular mechanisms
and the contribution they are likely to have to this disorder.
This paper provides a rationale for future studies on ADHD
with an intent to inspiring the development of new agents for
a more efficient management of this disorder.
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Introduction

Attention deficit hyperactivity disorder (ADHD) is one of
the most common and highly heritable childhood-onset
psychiatric disorders. A high degree of inattention with or
without hyperactive-impulsive behaviour often results in
impaired social and academic functioning. The estimated
worldwide prevalence of ADHD is 5.3% in children and
adolescents. The frequency of ADHD declines with age but
can persist into adulthood, affecting between 2.5 and 4.4%
of adults. At least 25% of adults with a history of hyper-
activity are the biologic parent of a child with hyperactive
symptoms (Sharp et al. 2009). At present, it iS uncertain
what the causes are for ADHD. Many studies suggest that a
number of genes play a large role. However, it is likely that
ADHD, like many other psychiatric disorders, does not
represent a so-called nosological entity, but rather results
from a combination of different factors, whose aetio-
pathogenetic role may differ among individual cases:

Genes

Studies estimate the mean heritability of ADHD to be 76%,
indicating that ADHD is one of the most heritable psy-
chiatric disorders. So far, more than thirty genes that are
involved in neurodevelopment have been implicated in
ADHD to some extent (Sharp et al. 2009). Deletion of
some of these genes in animals (e.g. SNAP25, TACR1)
results in phenotypes suggesting a strong association with
some of the ADHD symptoms (Mill et al. 2004; Yan et al.
2010). However, none of the genes implicated have been
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shown to be solely responsible for the complex behavioural
pattern in ADHD.

Environmental factors

Studies suggest a potential link between environmental
factors such as cigarette smoking and alcohol use during
pregnancy and ADHD in children (Linnet et al. 2003; Mick
et al. 2002).

Brain injuries

Children who have suffered a brain injury may show some
behaviours similar to those of ADHD (Kostrzewa et al.
2008). However, this is not likely to be a primary reason
because only a small percentage of children with ADHD
have suffered a traumatic brain injury.

Food additives

Recent research indicates a possible link between con-
sumption of certain food additives like artificial colours or
preservatives, and an increase in activity (McCann et al.
2007). However, the effect sizes found in this study are
very small and therefore it is not clear if could contribute to
the ADHD phenotype in a relevant extent. Alterations in
the amounts of essential fatty acids from the omega-3 and
omega-6 groups have been also found to be associated with
ADHD (Raz and Gabis 2009). Further research is under-
way to confirm the findings and to learn more about the
hyperactivity effect some food additives may have.

Atopic eczema

A number of recent studies demonstrated a significant
association between atopic eczema (AE) and ADHD in
children (Romanos et al. 2010; Schmitt et al. 2009, 2010).
Considering that the AE is the most prevalent chronic
inflammatory condition in children (Schmitt et al. 2009),
this strongly suggests a role for inflammation in develop-
ment of ADHD.

Here, we discuss the interrelationship between different
ADHD risk factors and inflammation with respect to the
triggered molecular mechanisms and their possible contri-
bution to this disorder. More specifically, the mechanisms
proposed here imply the role of inflammation in cell death,
neuronal damage and brain development, which may con-
stitute one possible mechanism among many others.
Inflammation can play dual role in the brain. It can promote
neurodegeneration or contribute to neuronal survival (Kolev
et al. 2009). Inflammation has been also implemented as an
important factor during brain development (reviewed by
Jonakait 2007). ADHD is a neurodevelopmental disorder
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and therefore, the emphasis of this review is on the role of
inflammatory responses on neurodevelopment and adult
neurogenesis, which has been shown to affect ADHD
phenotype.

Omega fatty acids and ADHD

Omega fatty acids are perhaps one of the most extensively
studied biomarkers for ADHD. There are three major die-
tary omega-3 (n-3) fatty acids: o-linolenic acid (ALA)
(C18:3 isomer), eicosapentaenoic acid (EPA) (C20:5 iso-
mer) and docosahexaenoic acid (DHA) (C22:6 isomer). In
the context of the modern human lifestyle and diet, the
eicosanoid metabolites of EPA are crucial to provide anti-
inflammatory effects by balancing the potentially pro-
inflammatory eicosanoid metabolites of the omega-6 (n-6)
arachidonic acid (ARA). It is important to stress that ARA
metabolites are not innately dangerous to health. The
organism requires ARA for systemic homoeostasis at
higher nutritional levels than n-3 fatty acids. n-6/n-3 ratios
of around 4/1 are considered to be optimal. In a study,
ADHD was associated with low red blood cell DHA and
high n-6 fatty acid levels (Riediger et al. 2009). This
association and the role of each of the fatty acids in
modulating the inflammatory responses suggest that
increased inflammation in ADHD as a result of altered ratio
n-6/n-3 may be a risk factor for this disorder. However, so
far there are no studies that address the role of different
ratios between n-6 and n-3 for the inflammatory responses
in the brain, which may elucidate the mechanisms by
which the altered levels of expression of these fatty acids
affect the behaviour. Recently, the pro-apoptotic role of
ARA was demonstrated, while DHA was shown to inhibit
this process (King et al. 2006). These findings correlate
very well with previous observations that neurobehavioural
deficits are associated with apoptotic neurodegeneration
and vulnerability for ADHD (Fredriksson and Archer
2004) and with the finding of decreased DHA and
increased ARA in patients suffering from this disorder.
Based on the disbalanced n-6/n-3 ratio in individuals
with ADHD, a number of clinical studies and trials on the
use of fatty acids for treatment in ADHD have been carried
out (reviewed by (Raz and Gabis 2009). Randomised
controlled trials, however, have generally been unsuc-
cessful in demonstrating any behavioural treatment effects.
It can be speculated that a reason for this is the higher
activity of enzymes involved in the fatty acids catabolism
in ADHD patients. Essential fatty acids are efficiently
transported via the blood brain barrier (Spector 1988) and
therefore their uptake by the brain should be well possible.
However, the essential fatty acids and glutathione defi-
ciency observed in ADHD (Bradstreet et al. 2010; Riediger
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et al. 2009) can cause malfunction of the blood brain
barrier.

Another important mechanism by which altered ratios
of essential fatty acids in ADHD may affect patients’
behaviour is their involvement in building the lipid raft in
neurons and other cell types. DHA has been shown to be
of particular importance for growth and function of ner-
vous tissue. Reduced DHA is associated with impairments
in cognitive and behavioural performance, effects which
are particularly important during brain development
(Fenton et al. 2001). Recent studies suggest participation
of DHA in neurogenesis (Coti Bertrand et al. 2006;
Kawakita et al. 2006), neurotransmission (Chalon 2006)
and protection against oxidative stress (Bazan 2006).
These functions relate to the roles of DHA within the
hydrophobic core of neural membranes, such as conferring
a high degree of flexibility and direct interaction with
membrane proteins, thus impacting speed of signal trans-
duction, neurotransmission and formation of lipid rafts
(Chalon 2006; Grossfield et al. 2006; Stillwell et al. 2005).
DHA has been shown to modulate the activity of major
signalling pathways in neurodevelopment controlled by
protein kinase A (PKA) (Tai et al. 2009) and protein
kinase C (PKC) (Massaro et al. 2006), which orchestrate
major pathways controlling inflammatory responses in the
brain.

Brain injury, protein kinases and ADHD

The critical role of protein kinases in brain development
has been known and extensively investigated for decades.
Surprisingly, the role of protein kinases for the develop-
ment of ADHD has not been studied comprehensively and
only recently researchers started to address this issue.
Haplotype-based association analysis for two single
nucleotide polymorphisms (SNPs) located in Intron 3
(rs402691) and Exon 6 (rs3745406) of the PKC-y
(PRKCG) gene indicated a significant overall association
of this locus with the ADHD hyperactive subscale scores in
Caucasians, suggesting a relation between impulsive
behaviours and the PRKCG gene (Schlaepfer et al. 2007).
Unfortunately, no follow-up studies have been carried out
to address in greater details the functional role of these
ADHD-associated SNPs in the PRKCG locus. Another
recent study found that PKA inhibition within the medial
prefrontal cortex of rats produces inattention and hyper-
activity, and thus might be useful in modelling human
attention disorders (Paine et al. 2009). Considering the
implication of these two protein kinases in ADHD, it is
important to know the effect of each one in inflammatory
responses in the brain and the alterations in their activity
upon brain injury, a possible risk factor for ADHD.

PKA controls the expression of some key cytokines,
such as IL-6 (Bergamaschi et al. 2006). IL-6 is an inter-
leukin that acts as both a pro-inflammatory and anti-
inflammatory cytokine. IL-6 role as an anti-inflammatory
cytokine is mediated through its inhibitory effects on TNF-«
and IL-1, and activation of IL-1ra and IL-10. Upon brain
injury, however, the activity of PKA is attenuated (Atkins
et al. 2007) and production of IL-6 increased (Shohami
et al. 1994; Taupin et al. 1993). It is now established that
IL-6 inhibits neurogenesis in the hippocampus through
blockade of the differentiation of neural progenitor cells
into neurons (Monje et al. 2003), which may create serious
problem in developing brains and could result in an
increased risk from ADHD. During brain injury, extracel-
lular adenosine and glutamate levels increase rapidly and
dramatically, which redirects the adenosine A2AR receptor
signalling from the PKA to the PKC pathway, resulting in a
switch in A2AR effects from anti-inflammatory to pro-
inflammatory (Dai et al. 2010). PKA has an anti-apoptotic
effect on neurons (Kholodenko et al. 2007) and its inhibi-
tion therefore results in increased neuronal death which is a
major feature in animal models of ADHD (Fredriksson and
Archer 2004). On the other hand, inhibited PKA results in
the dephosphorylation of C3, a central component of the
complement system, allowing enhanced activation of
complement cascade (Forsberg et al. 1990). It is now
established that different types of brain cells can locally
synthesise a fully functional complement system without
the need of transporting these proteins via the blood—brain
barrier. Both glia and nerve cells in the CNS can synthesise
immunoglobulins (Asghar and Pasch 2000) and comple-
ment components (Barnum 1995; Silva et al. 1985). Brain
cells can express all of the complement components and
should thus be considered as an important source of com-
plement (Emmerling et al. 2000). There is recent evidence
that besides the generation of inflammatory responses by
the complement system, it may also play a neuroprotective
role (reviewed by (Donev et al. 2009). The most con-
vincing data for the protective role of components of the
complement cascade demonstrate that the production of
C5a results in an activation of the neuroprotective p38
mitogen—activated protein kinases (p38 MAPK) and
reduced neuronal apoptosis (Osaka et al. 1999). Further-
more, animals genetically deficient in the complement
component C5 were found to be more susceptible to hip-
pocampal excitotoxic lesions (Pasinetti 1996). These find-
ings suggest that inflammatory responses in the brain can
be also beneficial in ADHD by generating non-inflamma-
tory molecules which at least in part could moderate the
negative effects. This issue, however, has not been dis-
cussed so far. Our unpublished data suggest that aug-
menting p38 MAPK by early stages of activation of
complement system is protective against ADHD pathology,
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particularly during childhood when the brain still develops
(Toga et al. 20006).

Smoking, inflammation and ADHD

It is believed that in general smoking is a risk factor for
ADHD, although some contradictive findings suggesting
that the previously observed association between maternal
smoking and ADHD might represent an inherited/familial
confound have recently been published (Thapar et al.
2009). Comprehensive analysis of the published in the
literature data shows that it promotes rather a complex
response, which is likely to have dual effects on the brain.
Cigarette smoke has been reported to have inflammatory
effects such as increasing peripheral leucocyte counts, and
recruitment of polymorphonuclear cells, monocytes and
macrophages (Costenbader and Karlson 2006). It has also
been shown to increase levels of C-reactive protein (CRP),
which is an acute phase inflammation marker (Hakobyan
et al. 2008). It is likely that such an increase would have a
dual role as a risk factor for ADHD. CRP is known to
induce apoptosis in different cell types (Nabata et al. 2008)
which should contribute towards brain dysfunction. On
the other hand, however, CRP binds to apoptotic cells,
protects the cells from assembly of the terminal comple-
ment components, i.e. form membrane attack complex to
which neurons are very vulnerable (Kolev et al. 2010), and
sustains an anti-inflammatory innate immune response
(Gershov et al. 2000). CRP, however, is only moderately
expressed in the brain. In recent years, an abundant and
brain-specific protein S100B was found to have similar
functions in the central nervous system (CNS) as the CRP
in the blood stream and tissues exposed to it (Sen and Belli
2007). S100B exerts both intracellular and extracellular
functions. Intracellular SI00B acts as a stimulator of cell
proliferation and migration and an inhibitor of apoptosis
and differentiation, which might have important implica-
tions during brain development and repair, activation of
astrocytes in the course of brain damage and neurodegen-
erative processes (reviewed by (Donato et al. 2009). The
effects caused by the intracellular S100B suggest that its
increased expression as a result of smoking (Morbini et al.
2006) may have both beneficial (anti-apoptotic) and
negative (dedifferentiation) effects within the pathophysio-
logical cascade of ADHD. The dual effect of smoking-
increased extracellular S100B, mediated via the S100B
receptor RAGE (receptor for advanced glycation and
products), is very similar to that observed for the intra-
cellular protein.

Cigarette smoke contains various free radicals including
nitric oxide (NO) (Church and Pryor 1985). Increased NO
plasma levels in smokers have also been reported in several
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studies (Miller et al. 1998; Sarkar et al. 1999; Zhou et al.
2000), although not confirmed in all studies (Node et al.
1997). NO is an important neurotransmitter and signalling
molecule that acts in many tissues to regulate a diverse
range of physiological processes including vasodilation,
neuronal function, inflammation and immune function
(Clancy et al. 1998; Vincent 2010). NO has also been
reported to cause axonal degeneration or block axonal
conduction especially in physiologically active or demye-
linated axons (Kapoor et al. 2003; Redford et al. 1997,
Smith et al. 2001). iNOS is the high-output isoform of the
nitric oxide synthase (NOS) (Encinas et al. 2005). iNOS
has been shown to be expressed in multiple cell types,
including astrocytes, and has been suggested to contribute
to vasodilation and damage to the blood-brain barrier
besides its immunoregulatory role (Liu et al. 2001). Fur-
thermore, NO has also been demonstrated to be involved in
the regulation of apoptosis (Kaur and Ling 2008). The
effects of apoptosis vary depending upon the dose of NO
and the cell type used and has been shown to be able to
both induce apoptosis and to protect from apoptosis in
different cell types. In neurons, however, it seems that high
NO levels have a pro-apoptotic effect mediated via the
neuronal NO synthase (Garcia-Nogales et al. 2003), which
further contributes towards classifying NO as a potential
risk factor for ADHD. Studies from the peripheral nervous
system indicate a key role for voltage-sensitive calcium
channels in regulating NO synthase activity. A similar
mechanism may also be essential in central neurons, and
it remains an important task to identify the precise
sources of calcium-regulated NO production in neurons.
Also, although cGMP production appears to mediate the
physiological signalling by NO, the specific roles of
cGMP-dependent ion channels, protein kinases and phos-
phodiesterases in mediating NO action remain to be
determined (Vincent 2010). Considering the above func-
tions of NO, it is not unexpected that a functional promoter
dinucleotide repeat length variation of the neuronal nitric
oxide synthase gene (NOS1 Ex1f-VNTR) was found to be
associated with impulsivity-related behavioural pheno-
types, including ADHD (Reif et al. 2009; Retz et al. 2010).

Another complex chain of events in the CNS triggered
by smoking starts with the up-regulated expression of the
serum intercellular adhesion molecule 1 (ICAM-1) and
E-selectin (Costenbader and Karlson 2006). The expression
of these two endothelial adhesion molecules in the CNS
facilitates the entry of T cells into the brain (Noseworthy
et al. 2000). S100B, also overexpressed by smoking, can
activate T cells via RAGE, resulting in their activation and
the generation of pro-inflammatory cytokines (e.g. IFNy)
and adhesion molecules (Hofmann et al. 1999; Yan et al.
2003). Activated T cells, some of which express IL-17
promoting blood—brain barrier disruption (Huppert et al.
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2010), could infiltrate via the blood-brain barrier contrib-
uting to the increased apoptosis observed in ADHD brains.
It is important to stress that IFNy secreted by T cells does
not alter the activity of p38 MAPK (Smith et al. 2007) and
therefore, no beneficial effect from an increased presence
of T cells would be expected.

Given the data presented up to here, it seems that
smoking could be a very serious risk factor for ADHD.
However, some other studies demonstrate a rather positive
consequence from nicotine for modifying symptoms rela-
ted to ADHD. Much of the scientific literature examining
the causes of ADHD points to the neurotransmitters
dopamine and norepinephrine and to frontal brain regions.
Those same brain regions also contain significant numbers
of nicotinic receptors when a person smokes. The receptors
have other functions, too, but among others they are
thought to be involved in nicotine’s addictive properties
and in the “positive effects” it provides. Some studies have
found that nicotine can increase attention span, in both
animals and adults with normal attention and in those with
ADHD (Min et al. 2001; Rushforth et al. 2010). It appears
that one possible reason why many of ADHD children
smoke is that they are “self” treating their attention
problems in a very specific, pharmacological way. How-
ever, nicotine has too many other side effects, as described
above, and therefore cannot be used therapeutically. A
recent study showed that activity levels of two major
components of cAMP signalling, cAMP-dependent PKA
and adenylate cyclase, were elevated in the nucleus
accumbens of smokers and in the ventral midbrain dopa-
minergic region of smokers as well as former smokers
(Hope et al. 2007). PKA expression levels were also found
to be over-expressed in smokers and former smokers.
These findings suggest that smoking-induced neuroadap-
tations in the brain can persist for significant periods in
former smokers. This study together with the finding that
PKA inhibition within the medial prefrontal cortex of rats
produces inattention and hyperactivity (Paine et al. 2009)
implies that the increased expression and activity of PKA
are likely to account, at least in part, for the “beneficial”
effect of nicotine on attention.

Alcohol, inflammation and ADHD

Alcohol and its metabolism can modulate the cellular
response to microflora-derived lipopolysaccharide (LPS), a
strong inducer of immune responses and activator of
numerous transcription factors, in the liver and indepen-
dently generate endogenous inflammatory inducers. Thus,
both alcohol and LPS act simultaneously to influence the
inflammatory response in the liver and other organs,
including the brain (Wang et al. 2010). Long-term alcohol

exposure impairs the liver’s ability to produce pro-
inflammatory, and more significantly, anti-inflammatory
cytokines. Circulating monocytes in patients suffering from
alcoholism show reduced IL-10 production in response to
LPS (Hill et al. 2002; Le Moine et al. 1995; McClain et al.
2002). The reduced IL-10 production in alcoholic patients
is associated with an increased production of TNF-« by
circulating monocytes (McClain and Cohen 1989). The
reduction of circulating IL-10 together with increased IL-6
levels is likely to account for a direct role in the appearance
of pro-inflammatory Th17 cells in circulation (Lemmers
et al. 2009) and their increased infiltration in the brain
(Huppert et al. 2010). Thus, chronic alcohol exposure
creates an imbalance in the cytokine environment favour-
ing systemic inflammatory conditions that can cause cell
injury. The central pro-inflammatory cytokines induced by
alcohol, in particular IL-6, inhibit neurogenesis in the
hippocampus through blockade of the differentiation of
neural progenitor cells into neurons (Monje et al. 2003).
Recent study underscored the involvement of adult hip-
pocampal neurogenesis in psychiatric disorders, including
ADHD (Lagace et al. 2007). Investigators showed that
methylphenidate, a drug use for treatment of ADHD,
administered during juvenile development produces long-
term behavioural changes in adult animals.

Even in the absence of specific neurological complica-
tions, excessive drinking can lead to regional structural
brain damage and cognitive dysfunction (Harper and
Matsumoto 2005), neuronal death and inhibition of neu-
rogenesis (Crews and Nixon 2009), resulting in a reduction
in brain volume, including white matter (Harper 1998).
Recently, a mechanism by which alcohol causes neurode-
generation was proposed. It was shown that TNF-« and the
pro-inflammatory chemokine MCP-1 are induced in the
brains of mice treated intragastrically with alcohol (Qin
et al. 2008). Separately, it has been suggested that alcohol
causes neurodegeneration by reducing the activity of the
pro-neuronal survival transcription factor CREB and by
activating the inflammation-promoting transcription factor
NF-kB (Crews and Nixon 2009). Previous studies however
gave conflicting data demonstrating that in vivo exposure
to alcohol increases GABA release via up-regulation of the
cAMP/PKA pathway (Bonci and Williams 1997; Melis
et al. 2002). This increase of the PKA activity implies that
alcohol should enhance the activity of CREB. Obviously,
more studies are necessary to clarify the exact processes
which lead to neurodegeneration by the alcohol. In sum-
mary, alcohol-promoted inflammation seems to contribute
to the ADHD development via multiple mechanisms such
as inhibition of neurogenesis and the pro-neuronal survival
transcription factor CREB, increased activity of the
inflammation-promoting NF-xB and T cells infiltration via
the blood—brain barrier.
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Atopic eczema, inflammation and ADHD

A number of recent studies indicated that comorbidities of
eczema are not limited to allergic reactions, but also that
children and adolescents with AE are diagnosed with mental
health problems such as ADHD significantly more frequent
than children with no history of eczema (Romanos et al.
2010; Schmitt et al. 2009, 2010). This intriguing finding for
the association between AE and ADHD could be explained
by the fact that AE is the most prevalent chronic inflam-
matory condition in children. An elevated pro-inflammatory
Th17 cell frequency has been found in patients with AE
(Aerts et al. 2010). These cells secret IL-17 that induces
blood—brain barrier disruption and allows their increased
infiltration in the brain (Huppert et al. 2010). There are now
compelling data to suggest that chronic cytokine activation
may contribute substantially to the phenotype and effector
function of T cells. The infiltrated and activated T cells can
contribute to the increased apoptosis found in ADHD brains,
a feature of ADHD (Fredriksson and Archer 2004).

Genetics of ADHD and inflammation signalling

A number of neurodevelopmental genes and SNPs/dele-
tions within them have been found to be possibly asso-
ciated with ADHD (Sharp et al. 2009). Here, we discuss
only those which alter inflammatory signalling in the
brain.

Recently, it was discovered that genomic region at
16p11.2 is subject to recurrent copy number variations in
patients with autism spectrum disorder and ADHD symp-
toms (Shinawi et al. 2009; Shiow et al. 2009). Patients with
a duplicated 16p11.2 region had microcephaly and ADHD.
This duplicated chromosomal region encompasses 25
genes, including MAPK3/ERK1. MAPK3 transduces sig-
nals from growth factors and is a key regulator of differ-
entiation and proliferation in many cell types, including
neurons. The inhibition of MAPK3 is thought to be bene-
ficial in a number of experimental models of neurodegen-
erative and chronic inflammatory disease. The MAPK3
signalling pathways have been found to be involved in
microglial/macrophage activation (Bhat et al. 1998; Choi
et al. 2003; Tikka et al. 2001). Previous studies show that
the expression of activated MAPK3 in microglia/macro-
phages may play a key role in the production of CNS
iNOS, cyclooxygenase-2 (COX-2), several pro-inflamma-
tory cytokines (e.g. IL-1f, IL-6) and TNF-a (Combs et al.
2001; Conrad et al. 2000). Therefore, the duplication of
16p11.2 found to possibly be associated with ADHD is
likely to contribute to a damage of the blood-brain barrier
and a pro-apoptotic effect mediated via iNOS and pro-
inflammatory cytokines (Garcia-Nogales et al. 2003).
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Another recent genetic study using single-marker and
haplotype-based analyses provided evidence of a possible
association between the Ciliary Neurotrophic Factor
Receptor (CNTFR) and both adulthood and childhood
ADHD and also suggested a childhood-specific contribu-
tion of neurotrophin 3 (NTF3) and neurotrophic tyrosine
kinase receptor type 2 (TYK2) to ADHD (Ribasés et al.
2008). Neurotrophins are a family of proteins which are
best characterised by their modulation of survival, differ-
entiation and apoptosis of cells in the nervous system. This
family includes nerve growth factor (NGF), brain-derived
neurotrophic factor (BDNF), NTF3 and neurotrophins 4/5
(NTF4/5). Neurotrophins signal through the high-affinity
tyrosine kinase receptors (TYK1/2/3), and the low affinity
receptor p75SNTR, a member of the tumour necrosis factor
receptor family (Barbacid et al. 1991; Levi-Montalcini
1987). Unfortunately, most of the identified polymor-
phisms in the genes associated with ADHD have not been
assessed for their functional effect on protein expression
and/or activity. Thus, it is not possible to accurately
understand the processes which may occur as a result of
these polymorphisms. However, it is expected that the
SNPs found in TYK2 would result in abnormal responses
to inflammatory challenges in a variety of cells. TYK2 is a
tyrosine kinase that acts upstream of STAT3 to induce
caspase-3-dependent neuronal death (Wan et al. 2010).
Therefore, the SNPs in the TYK2 would probably alter
apoptosis levels. TYK2 is a receptor for the BDNF whose
SNPs were to some degree associated with ADHD (Lasky-
Su et al. 2008). Exposure to BDNF results in increased
IL-6 gene and protein expression which is required for the
activation of ERK and p38 MAPK signalling pathways
(Rezaee et al. 2010). SNPs in BDNF and/or TYK2 will
lead to dysbalanced signalling which is difficult to be
accurately predicted with the information presently avail-
able. The other neurotrophic factor, CNTF, in whose
receptor SNPs associated with ADHD were found (Ribasés
et al. 2008), inhibits the production of TNF-« and therefore
has a neuroprotective role. There are only a few studies
investigating the role of CNTF on production of anti-
inflammatory cytokines (e.g. IL-10) and they are rather
inconclusive. Moreover, this issue has not been addressed
in neurons in vivo. However, it is likely that the SNPs in
the CNTFR found in ADHD patients would diminish the
neuroprotective effect of CNTF. Our recent study showed
that a SNP within NTF3 (rs6332) has a trend towards an
association with ADHD (Conner et al. 2008). Although
rs6332 is a silent Pro-Pro genetic variation, suggesting
limited biological relevance of the mutation itself, this
nucleotide replacement may have an effect on expression
levels of the NTF3 which would have an impact on the
CNTFR-controlled downstream signalling events and
cytokine production.
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IL-1, its antagonist, IL-1Ra and IL-1 receptors are all
present in the brain, and IL-1 has been shown to influence
both dopaminergic and noradrenergic function. The IL-1
superfamily consists of two members—IL-1o and IL-1p.
Both are pro-inflammatory cytokines involved in immune
defence against infection. The IL-1RA is a molecule that
competes for receptor binding with IL-lo and IL-1p,
blocking their role in immune activation. Polymorphisms
in IL-1Ra gene, IL1RN, have been directly associated with
ADHD (Segman et al. 2002). For the inheritance of alleles
of an intronic 86-bp VNTR polymorphism, investigators
reported significant evidence for biased transmission of the
4-repeat allele. This finding demonstrated the importance
of inflammatory responses in the brain for this disorder.
Again, no functional consequences from the polymor-
phisms that were found as risk factors for ADHD have been
determined. Another study that attempted to replicate these
findings, however, failed to find evidence for an association
of this ILIRN polymorphism with ADHD (Misener et al.
2004). The lack of sufficient data on the role of inflam-
mation in ADHD justifies further thorough investigations
in this direction.

We have been able to generate unpublished data clearly
demonstrating an association of SNPs in genes regulating
the activity of complement system with ADHD. The SNPs
found in patients result in inhibition of C5 cleavage by the
complement cascade, which decreases the amount of the
generated C5Sa, respectively. The lack of CS5a, therefore,
will act as a pro-apoptotic factor for neurons via main-
taining low activity of the p38 MAPK, resulting in neu-
ronal death.

Concluding remarks

It is becoming increasingly clear that inflammatory
responses in the brain as a result of different environmental
and genetics risk factors play a significant role in human
behaviour in general and, in particular, in ADHD. Envi-
ronmental factors have been shown to moderate the effects
of genes on psychiatric disorders such as ADHD (Reif et al.
2007). Studies of gene—environment interactions in ADHD,
that are still poorly understood, are essential to predict the
disease-risk in asymptomatic individuals. Although the
majority of data in the literature lead us towards the con-
clusion that inflammation in the brain seems to promote
neurodegeneration and therefore should be a risk factor for
ADHD, there are a rising number of examples that support
the beneficial role of certain levels of inflammation for
neuronal survival and function. Due to the exceptionally
complex nature of the inflammatory network and the
interrelationship between different inflammatory pathways,
it is very difficult to predict the exact outcome and level of

hazard each ADHD risk factor may have on different
individuals. Moreover, it is most likely that the inflam-
matory response in the brain of each individual will depend
on a very unique set of genetic factors. In order to obtain a
more realistic and complex picture on the effect of risk
factors on inflammatory processes in the brain, further
studies that integrate genetics, functional genomics, pro-
teomics, neuroimmunology and behavioural biology are
necessary. Such integrative studies will provide a dynamic
interpretation of biological processes in ADHD and new
targets for the development of therapeutics for more effi-
cient treatments for ADHD with less adverse effects.
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