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Objectives: There is mounting evidence that inflammatory processes play a key role in emotional as well as
cognitive dysfunctions. In this context, research employing magnetic resonance imaging (MRI) and magnetic
resonance spectroscopy (MR spectroscopy) suggests a possible link between structural/functional anomalies
in the brain and an increase of circulating inflammation markers. The present paper reviews this research,
with particular focus on major depressive disorder (MDD), cognitive impairment in older adults, Alzheimer's
disease (AD) and schizophrenia.

i;}ifr\;vgords. Results: In MDD, cognitive impairment and AD, inflammatory processes have been found to be associated

Alzheimer's disease with both structural and functional anomalies, perhaps under the influence of environmental stress. Not

Inflammation enough research can suggest similar considerations in schizophrenia, although studies in mice and

Major depression non-human primates support the belief that inflammatory responses generated during pregnancy can affect

MRI brain development and contribute to the etiology of schizophrenia.

Schizophrenia Conclusions: The present review suggests a link between inflammatory processes and MRI detected anoma-
lies in the brain of individuals with MDD, older adults with cognitive impairment as well as of individuals
with AD and schizophrenia.

© 2013 Elsevier Inc. All rights reserved.
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1. Introduction

Experimental work has shown that exposure to an inflammatory
challenge can have effects on both cognitive functions and/or emotion
regulation. Studies suggest also effects of C-reactive protein (CRP),
microglia, cytokines, the glucocorticoid system and the tryptophan/
kynurenine pathway in the central nervous system (CNS), as well as
an involvement in Alzheimer's disease (AD), major depressive disorder
(MDD) and schizophrenia.

1.1. MDD

There is common agreement that neuroinflammation is linked
to depressive mood in healthy individuals and that it plays a critical
role in the onset as well as perpetuation of depressive symptoms
(Eisenberger et al., 2009; Miller et al., 2009; Reichenberg et al., 2001;
Wright et al, 2005). This might be consistent with animal research
showing that inflammatory activity can increase anhedonic-like behav-
ior (De La Garza, 2005) as well as research in humans demonstrating a
role for altered reward-related neural responding in depressive states
(Nestler and Carlezon, 2006).

The glucocorticoid system plays a central role in the pathophysiology
of MDD and there is evidence that specific neuronal circuits, particu-
larly in the developing brain, are damaged by environmental stress
inducing changes in the hypothalamic-pituitary-adrenal axis (HPA)
and inflammatory pathways (Krishnan and Nestler, 2008). Experimental
studies have shown that stress or cortisol administration may lead to
depressive-like states and atrophy of neurons in the hippocampus
(Duman, 2002). Therapy with antidepressants reverses these changes
(Santarelli et al., 2003). Moreover, chronic hypercortisolism has been
shown to enhance tryptophan breakdown in the brain and induce neu-
rodegenerative changes (Capuron and Miller, 2011). Importantly, chron-
ic social stress has been shown to induce glucocorticoid-mediated
pyramidal dendrite retraction in the hippocampus and changes in den-
drite arborization in the prefrontal cortex (PFC) (Kole et al, 2004;
Magarinos et al., 1996; Wellman, 2001; Woolley et al., 1990), which
might be associated with the behavioral manifestations of stress-
related disorders like MDD (Macqueen and Frodl, 2011). Other
research has shown that both physiological and psychological stress
can induce the production of pro-inflammatory mediators that can
stimulate tryptophan catabolism in the brain (Myint et al., 2012a),
with consequences on neurotransmitter metabolism, neuroendo-
crine function, synaptic transmission, and neurocircuits that regulate
mood, motor activity, motivation, anxiety and alarm (Capuron and
Miller, 2011).

Cytokines are known to have central effects, either crossing the
blood-brain barrier or through the transmission of signals across the
vagus nerve (Dantzer et al., 2008). Importantly, cytokines can affect
dopamine and serotonin levels in the brain more generally (Miller
et al., 2009) and in the striatum specifically. In this regard, it has been
suggested that cytokines could influence reward processing and
promote the increase of depressive symptoms through altered activity
of dopaminergic and serotonergic systems (Ikemoto and Panksepp,
1999; Ressler and Nemeroff, 2000). Interestingly, pro-inflammatory cy-
tokines can contribute to glutamate toxicity also stimulating microglial
cells to release IL-1 and TNF-« (reviewed in McNally et al., 2008). Both
IL-1 and TNF-o are expressed in the normal brain and play an active role
in cellular events that induce structural changes at the synaptic level.
However, increased levels of TNF-a have been found to inhibit LTP
and impair memory formation (reviewed in Khairova et al,, 2009).

In MDD (and also cognitive impairment), activity of the tryptophan/
kynurenine pathway has been shown to modulate inflammatory pro-
cesses, with kynurenine being directly associated with depressive
symptoms and/or cognitive loss (Oxenkrug, 2007). Products of the
“kynurenine” pathway include N-methyl-p-aspartate (NMDA) agonists
(e.g., quinolinic and picolinic acids) (Jhamandas et al., 2000) and antag-
onists as well as free radical generators—e.g., 3-hydroxykynurenine and
3-hydroxyanthranilic acids—(Forrest et al., 2004; Thomas and Stocker,
1999). The neurotoxic effects of these compounds are thought to be
implicated in the development of cognitive impairment in neurodegen-
erative disorders. Striatal injection of quinolinic acid in rats significantly
stimulates the activity of cytokine-inducible nitric oxide (NO) synthase
(INOS) (Perez-Severiano et al., 1998; Ryu et al., 2006) the enzyme that
is responsible of NO synthesis from arginine. While, at low concentra-
tions, NO is essential for maintaining normal physiological functions
in blood vessels (Oxenkrug, 2005), it can induce cellular death at higher
concentrations following iNOS activation (mainly) in response to in-
flammation (Brown, 2007; Brown and Neher, 2010). As a free radical,
NO damages metabolic enzymes and takes part in highly oxidative reac-
tions (Akhtar et al., 2012). Importantly, iNOS-derived NO is thought to
be capable of triggering pro-oxidant and proinflammatory changes in
the endothelium of brain microvessels, which MRI scans can detect as
white matter hyperintensities (WMHs) (Sloane et al., 1999). It has
been suggested that the iNOS-derived NO might be responsible for the
initial stage micro vessel inflammation in the brain, usually associated
with working memory deficits and WMH (Oxenkrug, 2007).

1.2. AD and cognitive impairment

Several studies suggest a link between cognitive dysfunctions and
inflammation. For example, increased levels of CRP are thought to be
implicated in memory loss in older adults (Gunstad et al., 2006;
Noble et al., 2010) by disrupting long-term potentiation (LTP) in the
hippocampus (Lin et al., 2009; Murray and Lynch, 1998; Semmler
et al., 2005; Terrando et al., 2010). This is consistent with the results
of previous research on the downstream consequences of inflamma-
tory processes in the brain (Allan and Pinteaux, 2003; Giovannini
et al., 2003; Teunissen et al., 2003; Yaffe et al., 2003).

Recent studies suggest an active role for microglia in the mediation
of amyloid toxicity and following tissue damage through the release
of cytokines and cytotoxic molecules (Barger and Harmon, 1997; Tan
et al,, 1999). For example, elevated levels of interleukin-1f (IL-1@3) are
observed in patients with mild cognitive impairment (MCI), specifically
in those with impairment in multiple cognitive domains (Forlenza et al.,
2009). Also, interleukin-6 (IL-6) is strongly associated with AD senile
plaques (Strauss et al., 1992) and there is evidence suggesting that
amyloid plaque formation in AD might be mediated by interleukin-1
(IL-1)/IL-6 acute phase reaction (Vandenabeele and Fiers, 1991). More
specifically, in AD, expression of IL-6 is increased in the parietal cortex
and decreased in the temporal cortex, occipital cortex and cerebellum
compared to age matched controls. Further, in individuals with AD,
expression of the IL-6 receptor has been found increased in frontal
and occipital cortices and decreased in the temporal cortex and cerebel-
lum (Hampel et al., 2005). A post mortem in vitro study that compared
AD and non-demented age matched controls has also found increases
in the production of pro-interleukin-1beta (pro-IL-1p), IL-6, tumor
necrosis factor-a (TNF-ot), monocyte chemo-attractant protein-1
(MCP-1), macrophage inflammatory peptide-lalpha (MIP-1),
interleukin-8 (IL-8), and macrophage colony-stimulating factor (M-CSF)
after exposure to pre-aggregated 3-amyloid peptide in microglia cultures
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