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Abstract

Neurons exist within a microenvironment that significantly influences their function and survival.
While there are many environmental factors that can potentially impact neuronal function,
activation of the innate immune system (microglia) is an important element common to many
neurological and pathological conditions associated with memory loss. Learning and memory
processes rely on the ability of neurons to alter their transcriptional programs in response to
synaptic input. Recent advances in cell-based imaging of plasticity-related immediate-early gene
(IEG) expression have provided a tool to investigate plasticity-related changes across multiple
brain regions. The activity-regulated, cytoskeleton-associated IEG Arc is a regulator of protein
synthesis—dependent forms of synaptic plasticity, which are essential for memory formation.
Visualisation of Arc provides cellular level resolution for the mapping of neuronal networks.
Chronic activation of the innate immune system alters Arc activity patterns, and this may be a
mechanism by which it induces the cognitive dysfunction frequently associated with
neuroinflammatory conditions. This review discusses the use of Arc expression during activation
of the innate immune system as a valid marker of altered plasticity and a predictor of cognitive
dysfunction.
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Introduction

Who we are is determined by our perceptions and actions, which are largely guided by our
memory; therefore, our ability to remember determines who we are as an individual. The
ability of our brain to form and store new memories involves modulation of the strength and
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efficacy of synaptic signalling and is mediated by de novo synthesis of genes and proteins.
Dysfunction of hippocampal synaptic plasticity results in loss of memory functions and is
characteristic of many neurodegenerative diseases, such as Alzheimer’s disease, HIV-
associated dementia, autism, Down syndrome and multiple sclerosis (Akiyama et al., 2000;
Akiyama et al., 2001; Banati et al., 2000; McGeer and McGeer, 1998; Mhatre et al., 2004;
Morganti-Kossmann et al., 2001; Vargas et al., 2005). Additionally, dysfunction of
hippocampal synaptic plasticity may be a long term consequence of traumatic brain injury
(TBI) (McAllister, 1992), therapeutic brain irradiation (Meyers et al., 2000) or normal aging.
Although neuronal dysfunction is the ultimate consequence of these disorders, alterations in
the neuronal microenvironment, by activation of the innate immune system, seems to be the
key factor for the progression of these pathologies (Akiyama et al., 2000; Akiyama et al.,
2001; Banati et al., 2000; McGeer and McGeer, 1998; Mhatre et al., 2004; Morganti-
Kossmann et al., 2001; Vargas et al., 2005).

Microglial cells are bone-marrow/mesenchymal-derived monocytes and constitute the
resident innate immune system of the brain as well as the key cellular mediators of
neuroinflammatory processes (Barger and Basile, 2001). Once activated, microglial cells
release potentially harmful molecules, such as proinflammatory cytokines, chemokines,
reactive oxygen species and complement proteins, leading to a self-propagating cycle and
resulting in chronic neuroinflammation, which may compromise synaptic plasticity.

Synaptic plasticity requires de novo gene expression and protein synthesis for the
development of enduring synaptic modifications and long-term changes in behaviour
(Deisseroth et al., 2003; Lee et al., 2005). The immediate early gene (IEG) Arc (activity-
regulated cytoskeleton-associated protein) is expressed in response to synaptic activity in the
principal neurons of different brain structures (cortex, hippocampus, amygdala and
striatum). Arc expression is required for the formation of durable plasticity processes that
underlie memory consolidation and correlates both temporally and spatially with the
stimulus that induced its transcription (Guzowski et al., 2000; Lyford et al., 1995). The
correspondence in circuit dynamics between electrophysiology and Arc expression has led to
the suggestion that expression of Arc may serve as a reliable monitor of cellular activity,
reflecting spatial and contextual information processing (Guzowski et al., 1999). As a result,
Arc could be used to study altered hippocampal circuits (Rosi et al., 2009). It has been
recently reported that dysregulation of Arc expression parallels cognitive dysfunctions
observed in several different inflammatory-related conditions (Frank et al., 2010; Hein et al.,
2010; Rosi et al., 2006). Arc dysregulation is also involved in the comorbidity of anxiety and
alcohol drinking and the neuro-adaptation of drug addiction (Hearing et al., 2010; Lucas et
al., 2008; Pandey et al., 2008). Understanding how neuroinflammation may affect synaptic
plasticity is one of the most important goals for basic and clinical neuroscience. This review
discusses the use of the plasticity-related behaviourally-induced Arc expression during
neuroinflammatory conditions as a reliable marker for studying altered hippocampal circuits.

Brain Inflammation

Neuroinflammation begins as a host defence mechanism associated with neutralisation of an
insult and restoration of normal structure and function, similar to inflammation in peripheral
organs. However, if neuroinflammation is not regulated, it can result in a self-propagating
and deleterious process. Microglial cells are considered to be the resident immune system of
the brain and react to various insults, such as viruses, bacteria, circulating pathogens,
physical injury, chemical insults, signalling molecules released by neurons and aggregation
of madified proteins though activation of Toll-like receptors (TLRs). Microglia, respond to
TLRs ligands and produce proinflammatory mediators, such as proinflammatory cytokines,
chemokines, reactive oxygen species and complement proteins, which lead to chronic
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neuroinflammation (Akiyama et al., 2000; Rivest, 2009). The released molecules can target
the deleterious agents (bacteria, pathogens, etc.) and remove the degenerating stimulus;
however, the proinflammatory mediators may also be deleterious and lead to astrocyte
dysfunction and excessive extracellular glutamate levels, resulting in excitotoxicity. If this
process does not resolve spontaneously, sustained neuroinflammation will result in altered
microglial cell function and impair the normal neuroprotective role of these cells (Vilhardt,
2005). Chronically activated microglia and their products are key mediators of the
neuroinflammatory cascade, which may lead to neuronal damage (Barger and Basile, 2001).
Therefore neuroinflammation (or activation of the brain’s innate immune system) can have
beneficial or harmful outcomes, and this is critically dependent on the duration of the
inflammatory response and the type of stimulus inducing it (Michelucci et al., 2009). The
classical activation of microglia, described above, is characterised by a phenotype called M1
(Michelucci et al., 2009); in contrast, alternative activation of microglia can lead to an anti-
inflammatory phenotype called M2 (Michelucci et al., 2009). These two phenotypes can be
distinguished based on their gene expression profile (Michelucci et al., 2009). For the
purpose of the present review, only the detrimental aspects of the classical activation will be
considered in the context of altered synaptic functions.

To study neuroinflammation and its consequences on neuronal functioning in vivo,
microglia can be activated by several compounds, including lipopolysaccharide (LPS), -
amyloid (AB), interferon-y and other proinflammatory cytokines. LPS is known to
preferentially activate microglial cells (Lehnardt et al., 2003). The innate immune response
induced by LPS is mainly mediated by microglia (Rivest, 2009) that are activated through
stimulation of TLR4/CD14 receptors (Lehnardt et al., 2003). Chronic LPS infusion leads to
a cascade of self-propagating cellular events including blockade of glutamate uptake by
astrocytes (Rothwell, 1997), increased levels of prostaglandins (Katsuura et al., 1989), nitric
oxide production (Morimoto et al., 2002; Perez-Capote et al., 2005), cytokine production
(Bernardino et al., 2005) and enhanced release of glutamate from astrocytes (Bezzi et al.,
2001; Emerit et al., 2004). Slow, chronic LPS infusion directly into the ventricular system
results in increased activation of microglia selectively within the dentate gyrus (DG) and
CA3 areas of the hippocampus and the piriform and entorhinal cortices (Hauss-Wegrzyniak
et al., 1998a; Rosi et al., 2005b). Chronic LPS infusion results in astrogliosis (Rosi et al.,
2005a), increases in tissue levels of interleukin-1beta (IL-1p) and tumour necrosis factor-a
(TNFa), elevated B-APP induction (Hauss-Wegrzyniak et al., 1998a) and increases in the
prominent component of the proinflammatory cytokine signalling cascade, nuclear factor
binding protein (Rosi et al., 2005a). The autocrine and paracrine effects of the
proinflammatory cytokine TNF-a up-regulate TLRs expression, spreading the inflammatory
process though the parenchyma (Rivest, 2009).

Similar patterns of activated microglia and brain inflammation have also been observed
during normal aging (Gavilan et al., 2007) and as a consequence of traumatic brain injury
(TBI), both in humans and in animal models (Holmin et al., 1995; Oehmichen et al., 2009).
Clinically relevant radiation therapy is also associated with stimulation of the innate immune
system (Schaue and McBride); similar to LPS-induced inflammation, ionising irradiation
induces an increase in TLR4/CD14 and expression of TNF-a (reviewed by: Schaue and
McBride, 2010).

The mechanisms by which activated microglia contribute to neuronal dysfunction are not
well understood and are still under study; however, altered communication between neurons
and glia have been suggested as a possible mechanism (Neumann, 2001). Recent findings
indicate that neurons are not simply passive targets of microglia; they are instead thought to
control microglia activity (Biber et al., 2007), which suggests that dialogue between neurons
and microglia is essential to the maintenance of physiologically normal neuronal
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functioning. The chemokine fractalkine (FKN; CX3CL1; neurotactin) is a neuronally
derived signal, which has been shown to regulate the neurotoxic effects of microglia.
Importantly, FKN binds and activates a single receptor, CX3CR1. In vivo, the FKN ligand is
principally expressed on neurons, whereas CX3CR1 is found on microglia (Cardona et al.,
2006). Disruption of FKN-CX3CR1 signalling has been shown to exacerbate neurotoxicity
in animal models of many neuropathological disorders, including AD (Cardona et al., 2006).
The FKN/CX3CR1 signalling pathway may mediate altered coupling of neuronal activity
with macromolecular synthesis, which has been implicated in plasticity and memory during
neuroinflammation (Fig. 1).

Arc, Learning and Memory

Memory formation is a temporally graded process, which requires transcription and
translation in the first hours after acquisition (learning). The hippocampus is a brain region
critical for the acquisition, consolidation and retrieval of declarative memories (for review
see: (Eichenbaum, 2001; Squire, 1994). This process involves modulation of the strength
and efficacy of synaptic signalling (i.e., synaptic plasticity), which in turn involves de novo
gene expression (Deisseroth et al., 2003). Gene expression induced during learning produces
proteins that alter the composition of networks and provides a mechanism for translating
synaptic plasticity into changes in synaptic strength (memory). A number of activity-
regulated genes have been identified for this function (Nedivi et al., 1993). While IEGs,
such as c-fos and zif268, are also involved in mechanisms associated with the maintenance
of memory (Guzowski et al., 2001b), Arc is the only known activity-induced gene that
correlates both temporally and spatially with the stimulus that induced its transcription
(Guzowski et al., 2001a) and that is essential for consolidation of synaptic plasticity and
memory (Plath et al., 2006). Arc is expressed at very low levels in the brains of caged
control animals. Following exploration of a novel environment, Arc is selectively expressed
in glutamatergic neurons in the forebrain (VVazdarjanova et al., 2006), where its expression
peaks around 30 minutes after behavioural induction (Ramirez-Amaya et al., 2005). Arc
protein is found in the postsynaptic density within the NMDA receptor complex, and its
induction requires NMDA receptor activation (Lyford et al., 1995; Steward and Worley,
2001). Shortly after its transcription, Arc mRNA is detected in the distal dendrites of
recently activated synapses (Steward et al., 1998; Steward and Worley, 2001). Once
translated, Arc mRNA and protein are usually rapidly degraded (for review see: Bramham et
al., 2010). This process is dependent on time, place and amount of protein expressed and
represents a specialised system able to mediate adaptive changes. Additionally, it requires a
variety of post-transcriptional mechanisms that are not yet totally understood (Bramham et
al., 2010).

Arc shows many unique and important characteristics, which make it a particularly attractive
IEG gene to assess in the context of altered synaptic plasticity. First, Arc is rapidly activated
by robust, patterned synaptic activity related to learning and memory behaviour (reviewed
in: Guzowski, 2002). Arc KO mice are only impaired in hippocampus-dependent functions
(Plath et al., 2006). The temporal dynamics of Arc expression in principal neurons are well
established. Arc mRNA is induced in the nucleus of neurons within 5 minutes of novel
environment exploration and can be visualised by fluorescence in situ hybridisation (FISH;
Fig. 2A). It disappears from the nucleus within 10-15 minutes and rapidly moves to the
cytoplasm and to the dendrites of activated synapses (Fig. 2B), where it is locally translated
(Fig. 2D) (Guzowski et al., 1999). Arc protein plays a fundamental role in the maintenance
of long-term potentiation (LTP) and spatial learning and memory processes (Guzowski,
2002; Guzowski et al., 2000; Steward et al., 1998). Given the established role of Arc in the
maintenance of LTP, it has been used as a reliable marker for functional integration of
newborn neurons into hippocampal networks (Kee et al., 2007; Ramirez-Amaya et al.,
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2006). Importantly, it has been reported that Arc is repeatedly induced in the same
pyramidal neurons in the hippocampus during exploration of the same environment, a
process than can be quantified using cellular-compartmental analysis of temporal activity
with FISH (catFISH; Fig. 2C; Fig. 5) (Guzowski et al., 2001a; Vazdarjanova and Guzowski,
2004; Rosi et al., 2009). These latter findings are compatible with parallel cell recording
experiments in the hippocampus of animals exposed to similar behavioural conditions
(Wilson and McNaughton, 1993). The temporal and spatial characteristics of Arc expression
corroborate neuronal activity profiles obtained using well-accepted electrophysiological
recordings in different hippocampal subfields (Guzowski et al., 1999; Ramirez-Amaya et al.,
2005; Rosi et al., 2005b; Rosi et al., 2006).

The hippocampus is formed by several anatomically distinct subregions (DG, CA1 and
CA3), and the functional relationships among them are essential for spatial learning and
memory encoding. Importantly, there is considerable evidence for functional heterogeneity
among the three subfields. The DG receives information from the entorhinal cortex and
projects to the CA3 area, which then transmits the information to the CAL region. In
addition to the inputs from CA3, CA1 also receives direct input from the entorhinal cortex
independent of the DG-CAZ3 circuit (for review see: Martin and Clark, 2007). Therefore, to
better understand the mechanisms of altered cognition during neuroinflammatory conditions,
it is important to separately analyse CA1, CA3 and DG regions. With the use of catFISH
and immunohistochemistry to detect the cellular expression of Arc (Fig. 2), it is possible to
independently study activation of the three different subregions at a cellular level. Therefore,
Arc expression has been utilised extensively to map neuronal networks that underlie
information processing and plasticity (Guzowski et al., 2001a; Ramirez-Amaya et al., 2005;
Rosi et al., 2005b; Rosi et al., 2009; Vazdarjanova and Guzowski, 2004).

Inflammation and Arc

Investigating how the hippocampus processes episodic memory information during
neuropathological conditions is important for understanding their influence on cognition.
Given the specificity and the well-characterised dynamics of behaviourally-induced Arc
expression and its critical role in synaptic plasticity and memory, Arc represents a unique
marker for assessing how pathological conditions affect specific neuronal functions
associated with cognitive performance.

Normally, Arc protein functions in a transient manner, and it has been proposed that
sustained Arc expression may generate synaptic noise and thereby inhibit long-term memory
formation (Guzowski et al., 2000). Supporting this prediction, observations on normal
animals have indicated that abnormally elevated Arc is linked to slow learning (Kelly and
Deadwyler, 2003). Subsequently, several studies have led to the conclusion that optimal and
transient levels of Arc are necessary for appropriate hippocampal functioning. Abnormal
increases (Lacor et al., 2004; Rosi et al., 2009; Rosi et al., 2005b; Rosi et al., 2006) or
reductions (Frank et al., 2010; Hein et al., 2010; Rosi et al., 2008; Rosi et al., 2010) of
behaviourally-induced Arc are associated with brain inflammation and result in altered
hippocampus-dependent cognitive functions.

Increased Arc and inflammation

To define the effects of microglia activation on cognition, we previously investigated
whether LPS-induced chronic neuroinflammation affects the overall hippocampal pattern of
rapid de novo gene expression associated with learning and memory. Using a well-
characterised animal model of chronic brain inflammation (Hauss-Wegrzyniak et al., 1998a;
Hauss-Wegrzyniak et al., 1998b; Rosi et al., 2005a; Rosi et al., 2004; Rosi et al., 2005b;
Rosi et al., 2006) produced by a long-lasting, slow infusion of LPS into the 4" ventricle of
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rats, we investigated the cellular changes within specific neuronal populations known to be
vulnerable in brains of AD patients. Chronic LPS infusion resulted in hippocampus-
dependent spatial memory deficits, detected by water maze testing (Rosi et al., 2006), along
with a decrease in the number of NMDA receptors, which was not accompanied by neuronal
loss (Rosi et al., 2004). By chronically infusing very small amounts of LPS (0.25 pg/h) into
the 4™ ventricle for 28 days, we observed that activated microglial cells, expressing major
histocompatibility complex Il (MHCII), alter the coupling of neural activity with de novo
synthesis of Arc (Rosi et al., 2005b) (Fig. 3). When animals were twice allowed to explore a
novel environment for 5 minutes (learning paradigm), separated by 30, 45 or 90 minute
intervals, both transcription and translation of behaviourally-induced Arc were significantly
altered by the presence of neuroinflammation (Rosi et al., 2005b; Rosi et al., 2006). The
increases in behaviourally-induced Arc occurred selectively in hippocampal CA3 pyramidal
and DG granule neurons, which are cell fields containing the highest number of activated
microglia induced by LPS infusion (Rosi et al., 2005b) (Fig. 3A). This alteration was
activity-dependent and occurred only in animals engaged in a learning paradigm; LPS-
induced inflammation did not affect basal levels of Arc expression.

In line with these reports of altered Arc, in vitro studies have shown that exposure of
dissociated hippocampal neurons to neurologically active AB oligomers induces an increase
in Arc expression (Lacor et al., 2004). This finding suggests that dysregulation of Arc
expression may contribute to cognitive impairment and memory loss in AD.

Decreased Arc and inflammation

Activated MHCII-positive microglial cells are also found in the DG of old animals (Gavilan
et al., 2007). Old animals show reduced numbers of neurons expressing Arc in the DG
(Small et al., 2004). When challenged with a peripheral immune stimulus that further
stimulates the innate immune system, old animals show dramatic reductions in the levels of
Arc together with significantly impaired cognition (Frank et al., 2010). These data suggest
that stimulation of the innate immune system plays, through central proinflammatory
cytokines, a salient role in the changes of Arc and impairment of cognitive functions.

MHCII antigens are upregulated in microglia both in experimental models of TBI and in
human TBI (Holmin et al., 1995; Oehmichen et al., 2009). Traumatic brain injury results in
both acute and chronic disruption of cognitive processes, which may be mediated through a
disruption of hippocampal circuitry and activation of the innate immune system (Dixon et
al., 1999; Pierce et al., 1998; Rosi et al., 2010). Long-term effects TBI result in a significant
reduction in the number of neurons expressing behaviourally-induced Arc in the DG in
hemispheres both ipsilateral and contralateral to the trauma (Rosi et al., 2010). The
reduction of Arc expression after trauma could explain the inability of animals to properly
recall the location of the platform during the probe trial of the water maze test (impaired
consolidation of long term memory) (Rosi et al., 2010).

Therapeutic cranial irradiation, commonly used to treat brain tumours, induces long-lasting
cognitive impairments that affect the quality of life (Butler et al., 2006; Meyers and Brown,
2006). Animal models of therapeutic irradiation show elevated hippocampal
neuroinflammation (Rosi et al., 2008), altered hippocampus-dependent cognitive functions
(Rola et al., 2004) and a significant reduction in the number of neurons expressing
behaviourally-induced Arc in the DG (Rosi et al., 2008). The changes in Arc were only
observed in animals engaged in a leaning paradigm, but not in animals resting in the home
cage, and developed only a long time after radiation exposure (Rosi et al., 2008). These
studies show that there is a time-dependent effect on the changes in Arc expression and the
development of neuroinflammation. One week after radiation exposure, only changes in the
translation of Arc were observed, but no changes in the translation machinery were
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observed. This effect was accompanied by slight changes in the number of activated
microglial cells. In contrast to what has been seen one week after irradiation, two months
after radiation exposure, both transcription and translation of behaviourally-induced Arc in
the DG were altered when the animals were exposed to a learning experience. At this time,
elevated numbers of microglial cells were observed in the DG (Rosi et al., 2008).

Overexpression of the proinflammatory cytokine IL-1p in a transgenic mouse model has
been associated with chronic, elevated microglia activation and high levels of MHCI|I in the
hippocampus (Hein et al., 2010). These animals show impaired contextual and spatial
memory, together with significant reduction of behaviourally-induced Arc levels. These data
further suggest that changes in the expression of behaviourally-induced Arc are a good
cellular monitor of cognition. The changes detected in IL-1p transgenic mice, however,
reflect the overall hippocampal levels of Arc and do not isolate possible regional differences.
Immunohistochemical analysis of behaviourally-induced Arc has the advantage of mapping
recently activated neurons and networks of neurons at the cellular level and allows for the
delineation of differences across different hippocampal subfields (Rosi et al., 2009; Rosi et
al., 2005h; Small et al., 2004).

Interestingly, reduced expression of the plasticity-related Arc, as a consequence of
chronically activated microglia, has also been observed outside the hippocampus (Centonze
et al., 2009). This observation further suggests that the effect of activated microglia upon
synaptic plasticity is not region-specific (i.e., the hippocampus), and the mechanisms
involved in alteration of synaptic plasticity during neuroinflammation may be common to
different brain regions.

increases and decreases of Arc in the DG

Although the percentage of Arc-expressing neurons in response to a behavioural paradigm
in the DG is low (<5%) (Ramirez-Amaya et al., 2005; Rosi et al., 2005a), this percentage
represent a relatively high number of neurons given the total number of granule cells. The
maintenance of a small fraction of active Arc during a behavioural experience is critical for
proper hippocampal functioning and is consistent with electrophysiological recordings
showing sparse activity in the DG during behaviour (Jung and McNaughton, 1993) and with
the principle of sparse distributed coding (McNaughton, 1987). This principle suggests that
the maximal efficient storage/function requires only a fraction of the total number of
neurons in the DG (McNaughton et al., 1996). Therefore, a modest change in the number of
cells expressing Arc in the DG may be sufficient to disrupt the finely regulated sparse
coding and thereby decrease the memory ability of the system. Together these data suggest
that an optimal level of Arc needs to be expressed in response to a behavioural experience,
and excessive increases or reductions would alter the principle of the sparse coding needed
for the storage of non-overlapping information.

Neurogenesis, Arc and inflammation

The mechanisms underlying the cognitive impairments associated with inflammatory
conditions are likely to be multifactorial, but one important possibility involves the process
of hippocampal neurogenesis. Evidence supports the role of adult neurogenesis in neural
plasticity underlying animal cognition. Neurogenesis in the DG has been shown to be
required for hippocampus-dependent memory functions (Dupret et al., 2008; Imayoshi et al.,
2008), and the number of newborn granule cells has been shown to correlate with
hippocampus-dependent memory (Shors et al., 2001). Moreover, newborn neurons develop
synaptic responsiveness and electrophysiological properties similar to those of existing
granule cells (Song et al., 2002; van Praag et al., 2002).
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Inflammation and microglia activation in the DG have been shown to be detrimental to the
survival of new and mature granule cells during the early stage of their formation (Monje
and Palmer, 2003). The increased excitatory drive in new and mature granule cells is
attributable to an increase in network activity in hippocampal neural circuits caused by
inflammation (Jakubs et al., 2008). Despite the constant formation of newborn neurons, only
a small percentage of these survive and functionally integrate into hippocampal networks
(Zhao et al., 2006). However, the mere number of newborn neurons is not an appropriate
predictor for functioning; increased neurogenesis has been reported in animal models of
epilepsy, stroke, trauma, Alzheimer’s disease, Parkinson’s disease and Huntington’s disease
(Parent, 2003). Given the established role of Arc in synaptic plasticity, Arc expression can
be used as a reliable marker for integration of newborn neurons in relevant hippocampal
networks (Fig. 4). Using this approach, it has been demonstrated that during a learning
experience, Arc is preferentially induced in newborn neurons (Ramirez-Amaya et al., 2006).
Inflammation regulates functional integration of these newborn neurons (Jakubs et al.,
2008). Although there is an elevated number of newborn neurons after traumatic brain
injury, there is no evidence for integration of these neurons into behaviourally relevant
networks (Rosi et al., 2010). Consistent with the hypothesis that integration of newborn
neurons is necessary for hippocampus-dependent memory formation, these animals show
reduced Arc expression and impaired cognition (Rosi et al., 2010). LPS-induced chronic
neuroinflammation significantly affects the functional integration of the newborn neurons
into relevant hippocampal networks (Belarbi K, Rosi S, unpublished observations).

Hippocampal circuits and activated microglia

Memory is a network phenomenon encoded by ensembles of neurons within specific brain
areas, among which the hippocampus plays a crucial role. Hippocampal network function is
essential for discrimination and retrieval of information and enables effective navigational
behaviour. Given the correspondence in circuit dynamics between electrophysiological
recordings and measurements of Arc, Arc expression can be used as a reliable monitor of
cellular activity, reflecting spatial and contextual information processing (Guzowski et al.,
1999). Using the immediate early gene-based brain-imaging method called catFISH, it is
possible to detect primary transcripts at genomic alleles (Fig. 2A,C). This technique
provides exceptional temporal and cellular resolution to map the activity history of an
individual neuron (Fig. 2), the spatial distribution of thousands of activated neurons and the
visualisation of neuronal ensembles activated by distinct behavioural experiences (Fig. 5)
(Guzowski et al., 1999; Rosi et al., 2009; Vazdarjanova and Guzowski, 2004). When rodents
are exposed to the same spatial learning environment twice, Arc transcription from each
experience occurs predominantly in a single population of neurons (Fig. 5A). By contrast,
when animals are exposed to two different environments, Arc transcription occurs in
statistically-independent neural populations (Fig. 5C) (Guzowski et al., 1999; Rosi et al.,
2009). catFISH provides cellular and temporal resolution for monitoring not only the
proportion of neurons activated by an experience but also the degree of overlap of
ensembles for similar or different experiences (Guzowski et al., 1999; Rosi et al., 2009;
Vazdarjanova and Guzowski, 2004). Both electrophysiological and Arc catFISH studies
have shown overlapping CA1 and CA3 neuronal populations after two consecutive
explorations of the same environment (pattern completion) (Fig. 5A). After exploration of
two distinct environments, the neuronal populations engaged in CAl and CA3 have a low
degree of overlap (pattern separation) (Fig. 5C). After a given behavioural experience, the
CA3 hippocampal neurons are able to form stable and independent neural representations,
also called spatial maps (Leutgeb et al., 2004). LPS-induced chronic neuroinflammation
disrupts the ability of the CA3 area to form these stable spatial maps. Using the catFISH
imaging technique, we demonstrated that during chronic neuroinflammation, the CA3
networks show disrupted ability to encode spatial information (Fig. 5B, D) and CA1 neurons
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can work independently of CA3 (Rosi et al., 2009). Furthermore, the size of the neuronal
populations activated by a learning experience in the CA3 area is significantly higher than
the size of neuronal populations activated in control animals. The reduced sparsity of CA3
networks, which refers to an abnormal number of neurons that are inappropriately activated
in response to an experience, may explain the cognitive impairment induced by chronic
treatment with LPS (Rosi et al., 2006). By studying hippocampal network activity, we have
demonstrated that neuroinflammation not only affects the sparsity of the CA3 networks
necessary to recognise similar environments, but also leads to the inability of neurons to
discriminate between different environments (pattern separation) (Fig. 5B, D) (Rosi et al.,
2009). The altered pattern separation induced by LPS in the CA3 area may impair the
normal ability of the system to discriminate between two different environments and to
ignore differences in an environment, enabling the recollection of the environment as
familiar. Therefore LPS-induced chronic neuroinflammation reduces the reliability of
information processing in hippocampal networks; this justifies the inability of the animals to
properly solve the Morris water maze task (Rosi et al., 2006). These results are similar in
some respects to changes observed in old animals (Barnes et al., 1997) that are unable to
accomplish pattern completion and separation (Burke and Barnes, 2006). Alterations in the
levels of Arc expression have been correlated with cognitive impairment during aging
(Blalock et al., 2003) and with amyloid deposition in AD transgenic mice (Dickey et al.,
2004). Interestingly, activation of microglia cells has been associated with aging (Gavilan et
al., 2007) in a similar pattern to that observed during chronic LPS infusion (Rosi et al.,
2005b). Increases in MHCII gene expression (activated microglia) have been reported
during the early stages of AD and in the hippocampus of subjects with mild dementia
(Parachikova et al., 2007). Importantly, in these subjects, the expression of MHCII has been
found to inversely correlate with cognitive functions (Parachikova et al., 2007). While the
changes in normal aging and the early stages of AD are distinct from those observed during
LPS-induced chronic neuroinflammation, they illustrate how, in the presence of activated
microglia, changes in network functions can contribute to changes in information
processing, resulting in cognitive deficits.

Neuroinflammation and transcriptional regulation and translation of Arc

The changes in behaviourally-induced Arc during inflammatory conditions could result from
1) a failure in its transcriptional regulation and/or 2) failures in post-transcriptional
mechanisms that control the amount of synthesis in response to synaptic input and/or 3)
altered degradation of Arc after its induction.

Transcriptional regulation of Arc is activity-dependent and requires NMDAR activation,
extracellular signal-regulated kinase (ERK) (Steward et al., 1998; Steward and Worley,
2001) and elevation of intracellular Ca2* and cAMP (Waltereit et al., 2001). During
inflammation, the chronic increase in proinflammatory cytokines (TNF-a and I1L-1p)
(Brown and Bal-Price, 2003 Bodles, 2004 #1393) leads to a cascade of self-propagating
cellular events (Emerit et al., 2004; Griffin et al., 1998), including a blockade of glutamate
uptake by glia (Robinson et al., 1993), enhanced release of glutamate from astrocytes (Bezzi
et al., 2001) and disruption of normal physiological activity within the hippocampus
(Angulo et al., 2004). Elevated levels of glutamate may act on non-NMDA type glutamate
receptors to cause chronic membrane depolarisation, which would partially relieve voltage-
dependent Mg2* block at NMDA receptors. Subsequent activation of NMDA receptors by
ordinary glutamatergic synaptic activity may thus permit a continuous influx of calcium ions
into neurons, theoretically overwhelming the endogenous mechanisms that regulate calcium
ion homeostasis. This scenario is known as the “weak excitotoxicity” model (Albin and
Greenamyre, 1992). Inflammation can also relieve the Mg2* blockade of voltage-gated
NMDA channels by increasing nitric oxide levels and continued membrane depolarisation
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(Brown and Bal-Price, 2003; Emerit et al., 2004; Willard et al., 2000). As Arc expression is
NMDA receptor-dependent (Steward and Worley, 2001), elevated intracellular levels of
calcium induced by elevated cytokines (Bodles and Barger, 2004; Viviani et al., 2003) may
affect the transcription of Arc and result in its induction in a larger than usual number of
neurons.

In support of this hypothesis, we demonstrated that partial antagonism of NMDARS, using
the low affinity uncompetitive NMDAR antagonist memantine, was able to restore
behaviourally-induced Arc expression to control levels, without affecting its basal
expression (Rosi et al., 2006). These results are consistent with the hypothesis that over-
activation of NMDAR channels and an increase in calcium influx contributed to the
alterations in inflammation-induced Arc at the transcriptional and post-transcriptional levels
(Rosi et al., 2009; Rosi et al., 2006) (Fig. 1).

The dysregulation of calcium ion influx due to the presence of chronic brain inflammation
may have significant consequences on neuronal-glia cross-talk and survival (Akiyama et al.,
2000; LaFerla, 2002) as well as gene expression (Toescu et al., 2004). Memantine treatment
was also able to indirectly reduce the activation of microglia and therefore improve
neuronal-microglia communication (Rosi et al., 2009).

Arc is involved in trafficking of AMPA glutamate receptors (Chowdhury et al., 2006), and
AMPA receptors regulate the transcription of Arc (Rao et al., 2006). NMDA receptors
initiate signalling pathways that modulate the number of AMPA receptors at the cell surface
to produce short-term changes in synaptic strength. NMDA and AMPA receptors regulate
long-term structural plasticity at the level of gene expression (Rao and Finkbeiner, 2007).
On the basis of these data, it was proposed that during synaptic plasticity, changes in the
ratio of NMDA/AMPA receptors may enhance the negative feedback control of Arc and
thus influence Arc transcription (Rao et al., 2006). A dynamic interplay between AMPA
receptors and Arc is necessary to maintain optimal functionality (Rao and Finkbeiner, 2007).
TNF-a regulates AMPA receptor trafficking (Stellwagen and Malenka, 2006); therefore,
prolonged increases in TNF-a levels, such as those seen during chronic neuroinflammation,
may perturb this dynamic interplay and affect Arc expression.

Decreased Arc expression may also interfere with intracellular trafficking and may impair
Arc translation at dendritic level. At this level, Arc is regulated by synaptic signals (Dong et
al., 2003; Yin et al., 2002). These effects could also be due to alterations in the turnover and/
or translation of regulatory RNA-binding proteins (Pullmann et al., 2007) or faster Arc
degradation caused by proinflammatory-induced effects (Rosi et al., 2008).

In vitro studies have shown that Arc regulation is translation dependent. Arc is a
physiological target for the process known as nonsense-mediated RNA decay (NMD)
(Giorgi et al., 2007; Peebles and Finkbeiner, 2007). NMD serves as control mechanism for
the rapid elimination of aberrant RNA (Giorgi et al., 2007), and through this mechanism,
NMD strictly limits Arc synthesis. The rapid degradation of Arc is a distinctive feature of its
effective maintenance of LTP, and if this process were altered, uncontrolled over-expression
and/or a reduced degradation of Arc could take place, as seen during the inflammatory
conditions described above. How this process is mediated by proinflammatory conditions is
still unclear, but it represents an important target for therapeutic intervention.

Summary and Conclusions

In summary, in vivo studies have shown that, during brain inflammation, changes in
hippocampus-dependent memory functions consistently correlate with the expression of
plasticity-related, behaviourally-induced, IEG Arc. The changes in expression of
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behaviourally-induced Arc, described during different inflammatory conditions, further
illustrate the strong link between activation of the innate immune system and altered
synaptic plasticity and support the use of Arc as reliable marker to study altered
hippocampal circuitry in vivo. Given that abnormal changes in Arc are only seen in response
to a learning paradigm, neuroinflammation seems to affect only the activity-dependent de
novo expression of the gene (Fig. 1). While the mechanisms of these changes are not clear,
the studies reviewed here demonstrate that overexpression or reduction of Arc impairs the
synaptic plasticity required for memory formation and that optimal levels of Arc are
necessary for proper memory processes (Fig. 6).
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Figure 1.

Proposed mechanism for the regulation of communication among microglia, neurons and
astrocytes during chronic neuroinflammation. In response to different CNS injuries,
microglial cells are activated, and they release proinflammatory factors, such as TNF-o and
IL-1; this characteristic phenotype of classically activated microglia is called M1
(Michelucci et al., 2009). Consequently, these proinflammatory compounds influence the
activity of surrounding astrocytes and neurons. This neuroinflammatory environment results
in altered glutamate transmission and indirectly promotes neuronal damage by increasing
glutamate. The immediate early gene Arc is expressed in response to synaptic activity in
cortical and hippocampal glutamatergic neurons, and the elevated levels of glutamate found
during inflammatory conditions may alter de novo synthesis of Arc. The chemokine
fractalkine (FKN; CX3CL1; neurotactin) is a neuronally-derived ligand principally
expressed on neurons, while the CX3CR1 receptor is found on microglia.
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Figure 2.

Qualitative characterisation of Arc mRNA and Arc protein expression in granule cell
neurons of the DG, following exploration of a novel environment. Arc was induced by two 5
min behavioural explorations of a novel environment, which were separated by 25 min.
Intranuclear foci of Arc mMRNA induced by the second exploration (A), 5 min before tissue
collection, and cytoplasmic Arc mRNA (B) induced by the first exploration, 30 min before
tissue collection, were detected using fluorescent in situ hybridisation. Both nuclear foci
(second exploration) and cytoplasmic Arc mRNA (first exploration) were seen in 90% of
cells immunoreactive for Arc (C). Arc protein, induced by the first 5 min exploration, was
detected 30 min later in the cytoplasm and dendrites. Digoxigenine-labelled Arc antisense

Brain Behav Immun. Author manuscript; available in PMC 2012 June 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rosi

Page 20
probe was detected with CY3 (red, A, B, and C), and immunofluorescence was used to

detect Arc protein (red, D). Cell nuclei were counterstained with FITC (green);
magnification for all images, x63.
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Figure 3.

A. Significant correlation between the number of activated microglia cells and the
percentage increase in the expression of behaviourally-induced Arc in LPS-treated rats
above control animals. [Adapted from (Rosi et al., 2005b)]. B. Double
immunohistochemical staining for Arc protein (red) and activated microglia (MHCII-
positive cells, blue) within the DG of LPS-infused rats. Nuclei were counterstained with
Sytox-Green. Scale bar = 100 um.
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Arc Merge

Figure 4.
Representative image of a newborn (BrdU+, FITC, green) neuron (NeuN+, CY5, blue) that

is functionally integrated (Arc +, CY3, red) into the granule cell layer of the dentate gyrus.
Arc expression was induced by exploration of a novel environment.
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Figure 5.
Samples of Arc catFISH images in area CA3. Confocal projection images showing Arc

expression following exploration of either the same (A, C) or different (B, D) environment
in control animals chronically infused with artificial cerebrospinal fluid (aCSF; A, B) or in
an animal infused with lipopolysaccharide (LPS; C, D). Digoxigenin-labelled Arc-intronic
antisense probe was detected with Cy3 (red). Fluorescein-labeled Arc antisense full probe
was detected with FITC (green) and cell nuclei were counterstained with DAPI (blue). The
nuclear Arc appears yellow as a result of the overlap of red digoxigenin and green FITC-
labelled Arc. Control animals exposed to exploration of the same environment primarily had
neurons stained for both nuclei (Arc-nuclei, from the second exploration) and cytoplasm
(Arc-cyto, from the first exploration), with only a small number of neurons containing only
Arc-cyto or Arc-foci (A). When, the aCSF-treated animals explored two different
environments showed similar numbers of neurons stained for Arc-cyto only (from the first
exploration), Arc-nuclei only (from the second exploration) or both (B). In contrast, animals
from the LPS-treated group showed similar population of neurons stained with Arc-nuclei,
Arc-cyto or both when exploring the same (C) or different environment (D). Scale bar = 50
mm.
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Figure 6.

Model summarising in vivo studies reporting reduced or increased Arc expression with
decreased cognitive functions. Together these studies suggest that there is an optimal level
of Arc expression in response to a learning paradigm, and changes in Arc expression may
affect cognitive functions.
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