J Neural Transm (2010) 117:907-917
DOI 10.1007/s00702-010-0432-5

BASIC NEUROSCIENCES, GENETICS AND IMMUNOLOGY - REVIEW ARTICLE

Inflammation induced neurological handicap processes
in multiple sclerosis: new insights from preclinical studies

Klaus G. Petry - Bruno Brochet - Vincent Dousset *
Jean Rodolphe Vignes - Claudine Boiziau

Received: 26 February 2010/ Accepted: 26 May 2010/ Published online: 23 June 2010

© Springer-Verlag 2010

Abstract Multiple sclerosis (MS) is described as origi-
nating from incompletely explained neuroinflammatory
processes, dysfunction of neuronal repair mechanisms and
chronicity of inflammation events. Blood-borne immune
cell infiltration and microglia activation are causing both
neuronal destruction and myelin loss, which are responsi-
ble for progressive motor deficiencies, organic and cogni-
tive dysfunctions. MRI as a non-invasive imaging method
offers various ways to visualise de- and remyelination,
neuronal loss, leukocyte infiltration, blood-brain barrier
modification and new sensors are emerging to detect
inflammatory lesions at an early stage. We describe studies
performed on experimental autoimmune encephalomyelitis
(EAE) animal models of MS that shed new light on
mechanisms of functional impairments to understand the
neurological handicap in MS. We focus on examples of
neuroinflammation-mediated inhibition of CNS repair
involving adult neurogenesis in the sub-ventricular zone
and hippocampus and such experimentally observed inhi-
bitions could reflect deficient plasticity and activation of
compensatory mechanisms in MS. In parallel with cogni-
tive decline, organic deficits such as bladder dysfunction
are described in most of MS patients. Neuropharmacolog-
ical interventions, electrical stimulation of nerves, MRI and
histopathology follow-up studies helped in understanding
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the operating events to remodel the neurological networks
and to compensate the inflammatory lesions both in spinal
cord and in cortical regions. At the molecular level, the
local production of reactive products is a well-described
phenomenon: oxidative species disturb cellular physiology
and generate new molecular epitopes that could further
promote immune reactions. The translational research from
EAE animal models to MS patient cohorts helps in
understanding the mechanisms of the neurological handi-
cap and in development of new therapeutic concepts in
MS.
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Multiple sclerosis (MS) is a diffuse inflammatory autoim-
mune disease of the central nervous system (CNS). Acute
inflammatory relapses with the infiltrating autoreactive T
and B cells, monocytes and the activation of microglial
cells in CNS generating soluble compounds, i.e. free rad-
icals, chemokines contribute to MS-related disability by
inducing demyelinating and neurodegenerative lesions
throughout the CNS. A wide range of clinical MS symp-
toms include motor dysfunction, fatigue and cognitive
impairment (Noseworthy 1999; Bobholz and Rao 2003).
Usually MS begins as a relapsing-remitting process and
secondary evolves into a progressive stage with accumu-
lating disability. Primary progressive MS occurs in about
15% of cases. Acute inflammatory relapses and their
severity and long-term disability of the heterogeneous MS
disease (Lassmann et al. 2007) cannot be predicted.
Treatments are limited to anti-inflammatory therapies
during the acute disease and to immunomodulatory
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therapies causing often undesired side-effects, between the
relapses (Lopez-Diego and Weiner 2008).

Because the work of Thomas Rivers (1933) performed
in monkeys, a better understanding of MS mechanisms
was obtained by investigating major immunological
aspects in experimental autoimmune encephalomyelitis
(EAE) models of MS. The in vivo studies of the role of
inflammatory cells, T lymphocytes and monocytes of
blood circulation, and microglia in the development
of inflammatory lesions and the alterations of the blood—
brain barrier (BBB) were mostly performed in rodent
models. Upon immunization with CNS extracts, myelin
and neurofilament compounds or the transfer of T cells
stimulated by specific encephaloimmunogenic protein
compounds to induce, respectively, active or passive
EAE, the observed clinical symptoms recall the motor
dysfunction symptoms of MS. Mostly, the immune
physiopathological aspects were studied in EAE (for
review, Engelhardt 2008). Various immunological
mechanisms lead to axonal and neuronal injury, includ-
ing antigen-specific destruction by specific T cells and
auto-antibodies as well as injury induced by inflamma-
tory products of activated macrophages and microglia
(for review, Lassmann 2009) The comprehension of the
mechanisms, however, that in consequence of the
inflammation processes cause various symptoms of neu-
rological handicap was much less subject of investiga-
tions. Indeed, similar to clinical MS symptoms, in
animals suffering from EAE, demyelination and axonal
injury are causing the loss of normal nervous cell
functions which are reflected by many functional
impairments affecting sensitive-motor function, micturi-
tion reflex, cognitive capacities and optic nerve. Under-
standing the underlying molecular and cellular
mechanisms of these neurological impairments are
important for the development of new therapeutic strat-
egies in adaptation to the specific clinical symptoms.
Furthermore, recent MS studies showed the capacity of
the neuronal network to compensate inflammation
induced tissue damage and impaired capacities. There is
some preliminary evidence in EAE to understand these
mechanisms.

In this review, we will focus on experimental
approaches that have contributed to the understanding of
neuroinflammation induced processes of the neurological
handicap symptoms. In relevance to MS research, we
will focus on the development of major technical
breakthroughs of magnetic resonance imaging (MRI) to
monitor CNS tissue alterations. We will then review
experimental studies to elucidate more specific clinical
symptoms, such as cognitive impairment and spinal
cord neurological network alteration in micturition
dysfunction.
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Contribution of MRI to understand dynamic of lesion
development and tissue damage

Since the first neuropathological descriptions of MS by
Jean Martin Charcot, demyelination and axonal injury have
been considered as the main cause of the neurological
handicap of MS (for review, Lassmann et al. 2007). To
appreciate in vivo events of CNS tissue alterations,
demyelination and axonal injury in relation to BBB open-
ing, non-invasive approaches by MRI techniques, as
requested by clinicians treating MS patients have opened
new views of investigations.

In preclinical studies, demyelination and remyelination
have been investigated in vivo by magnetization transfer
(MT) imaging defining the MT ratio. This MRI technique
allows appreciating the interactions between water mole-
cules and macromolecular structures, in particular mem-
branes (Dousset et al. 1992). The study of various animal
models developing EAE and of toxic demyelination mod-
els induced by lysolecithine and cuprizone showed in vivo
the phases of demyelination followed by remyelination
(Brochet and Dousset 1999).

The in vivo measures of modulations in rodent demye-
lination/remyelination models by magnetic resonance
using MT ratio (Deloire-Grassin et al. 2000; Zaaraoui et al.
2008) and diffusion tensor imaging (DTI) sequences
(Harsan et al. 2008) in combination with histological
analyses allowed an accurate longitudinal assessment of
degree of structural myelin alterations, demyelination and
remyelination. DTI allowed defining affections of the optic
nerve and tract in mouse EAE. The suggested axon and
myelin injury was confirmed by immunohistochemical
defined quantitative myelin and axon loss (Sun et al. 2007).

The more recent MRI approach with a paramagnetic
myeloperoxidase (MPO) sensor could detect small and
very early active inflammatory lesions. The MPO signal
intensity correlated with histological findings of inflam-
mation and demyelination and the severity of clinical dis-
ease (Chen et al. 2008).

The increase in the choline/creatine ratio in inflamma-
tory acute EAE in guinea pigs lesions without demyelina-
tion suggests that inflammation alone can increase the
choline resonance. In these lesions, a decrease in N-acetyl
aspartate (NAA) without any ultrastructural evidence of
neuronal loss was observed suggesting that this decrease
may be due to dysfunction of neurons. Increased choline/
creatine ratios have been observed in acute EAE induced in
Macaque monkeys, even preceding the development of
T2w lesions (Richards et al. 1995). In acute EAE, the
observed NAA decrease in the lesions was correlated with
abnormal neuronal mitochondria presenting a reduced
NAA synthesis (Brenner et al. 1993). The mitochondrial
disturbances that are associated with an acute axonal or
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neuronal injury may account for the reversible decreases of
NAA peaks as seen in some new MS lesions.

The experimental data validate these MRI techniques for
the in vivo evaluation of myelin content during demye-
lination and remyelination, and associated axonal damage
and regeneration in MS that is occurring spontaneously or
after therapeutic interventions. Application of these in vivo
MRI parameters is thus of great support in defining the
inflammatory status of CNS lesions in MS (for review,
Bakshi et al. 2008).

Amongst the immune cells infiltrating the brain and
spinal cord, monocytes are thought to play a key role in
ongoing inflammation, demyelination and axonal damage
(Briick et al. 1996; Hendriks et al. 2005). To appreciate
inflammatory CNS lesion formation in EAE, MRI tech-
niques have been developed by using contrast-enhanced
monitoring of the increased permeability of the BBB with
gadolinium chelates (Gd) and of the immune cellular
infiltrates, in particular of monocytes using ultra small
superparamagnetic particles of iron oxide (USPIO)
(Dousset et al. 1999a).

The comparative application of these two in vivo
approaches combined with histopathological studies
allowed determining major events of neuroinflammatory
lesion formation. Accumulation of iron oxide nanoparticles
results in local magnetic field disturbances causing loss of
MR signal reflecting intraparenchymal clusters of cells that
have incorporated these particles (Dousset et al. 1999a;
Ladewig et al. 2009). The cellular infiltrates can be visu-
alised by MRI 24 h after intravenous injection of USPIO
(Schoepf et al. 1998; Dousset et al. 1999b; Floris et al.
2004).

An early event in the EAE model preceding clinical
symptoms is an increased permeability of the BBB, as can
be visualised by Gd-DTPA-enhanced MRI (Hawkins et al.
1990; Namer et al. 1992; Karlik et al. 1993). However, it is
also reported that macrophages can infiltrate the CNS
during immune-mediated inflammation independently of
the opening of the BBB as revealed, respectively, by dis-
criminative MRI with USPIO and Gd chelates (marker of
BBB integrity) in both EAE (Dousset et al. 1999c; Rausch
et al. 2003) and MS (Dousset et al. 2006; Vellinga et al.
2008).

Ultrastructural studies confirmed that monocytes can
cross the BBB and leave the tight junctions intact (Wolburg
et al. 2005). Since the BBB is compromised during
inflammation, intravenously injected USPIO may have
various ways of entering the CNS. USPIO may either be
taken up by circulating monocytes, captured by endothelial
cells of the BBB (Xu et al. 1998) or diffuse through the
disrupted BBB followed by uptake and accumulation in
infiltrated macrophages and activated microglia in the
brain. At early EAE, USPIO can enter the CNS rapidly

through an impaired BBB. Although many details of this
route and the underlying pathological events are still
unclear (Bendszus et al. 2008), USPIO accumulation con-
tributes to MR abnormalities that can be detected at later
stages. The main concept that USPIO-enhanced MRI
visualises the CNS infiltration of monocytes seems to be
confirmed by structural and ultrastructural studies reveal-
ing the presence of USPIO in macrophages within the brain
parenchyma. Strong evidence is provided with the larger
SPIO nanoparticles that blood macrophages are the prin-
cipal actors in the uptake route and in consequent MRI
signal changes due to accumulation of iron oxide nano-
particles in inflammatory CNS lesion sites (Oweida et al.
2007; for review, Petry et al. 2007). Furthermore, the
clinical and histopathological severity of relapsing EAE
disease can be predicted by MRI monitoring of macro-
phage infiltration with USPIO at onset of clinical symp-
toms (Brochet et al. 2006).

Classical and Gd-enhanced MRI monitoring at the first
peak and follow-up monitoring in a mouse EAE model
revealed tissue damage characteristics relevant to MS
lesion pathology. These in vivo MRI observations indicate
that the relapsing process is already set-up at this early
stage of EAE disease (Nessler et al. 2007).

Altered neurogenesis, impaired CNS repair
and cognitive deficit

Most EAE models recover spontaneously from the neuro-
inflammation induced demyelination and neurological
handicaps by intrinsic self-repair processes involving the
oligodendrocyte precursor cells and neuronal stem/precur-
sor cells (NPC). Although brain repair also occurs in MS,
complete and persistent remyelination is not achieved (for
review, Franklin and ffrench-Constant 2008).

There is conclusive evidence of the alteration of the
NPC compartment in the subventricular zone (SVZ) during
the CNS inflammation in EAE. Although NPC prolifera-
tion has been found after EAE induction (Picard-Riera
et al. 2002), the repair mechanisms are blocked during the
chronic and persisting EAE inflammation. Understanding
of the underlying mechanisms is important as it could open
new therapeutic approaches to support and enhance the
spontaneously occurring brain repair in MS (for review,
Pluchino and Martino 2008).

Several factors have been identified to be involved in
differentiation of oligodendrocytes precursors cells, that is,
chemokines (Kadi et al. 2006), growth factors (Lalive et al.
2005; Wilson et al. 2003), activated cAMP responsive
element binding proteins (Redondo et al. 2007) and thyroid
hormone (Gao et al. 1998; Fernandez et al. 2004). In par-
ticular, administration of thyroxine (T4) restores the
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impaired oligodendrocyte generation in EAE (Calza et al.
2002) and triiodothyronine (T3) has similar effects in
neurospheres derived from EAE rats (Fernandez et al.
2009). These observations suggest that an insufficient
bioavailability of the thyroid hormone in EAE inflamma-
tory lesions could be involved in insufficient remyelination
and such deficiency may be caused by local degradation of
the thyroid hormone within inflammation sites by the
expression of type 3 deiodinase (D3, a major enzyme
involved in the inactivation of thyroid hormone) in infil-
trating leukocytes. The D3 enzyme is specifically expres-
sed in a subpopulation of infiltrating macrophages and in
granulocytes and could play an important role in decreas-
ing local bioavailability of thyroid hormone (Boelen et al.
2009).

There is further evidence that the persistent chronic
neuroinflammation involves other immune modulating
factors that cause suppression of the NPC proliferation and
differentiation of neo-neurons (Wang et al. 2008; Pluchino
et al. 2008). The inhibition could originate via the consti-
tutive expression of chemokine CXCL10 by adult NPC
itself within the SVZ (Muzio et al. 2010). CXCL10 as
attractor for T cells could induce the machinery of an early
inflammatory action within the SVZ.

A similar inflammation loop might be operating in the
subgranular zone of the dentate gyrus affecting hippo-
campal neurogenesis. Indeed, in the search of cellular
mechanisms that may be involved in immune-based brain
pathologies, altered adult hippocampal neurogenesis has
been proposed as a new candidate (for review, Ziv and
Schwartz 2008a, b; Ekdahl et al. 2009). This novel form of
structural plasticity occurring in the dentate gyrus has been
described in adult mammals including humans (for review,
Abrous et al. 2005).

The demonstration of macrophage infiltration in the
CNS during relapses in EAE as monitored by MRI with
USPIO (Dousset et al. 1999b; Brochet et al. 2006) and in
particular revealing MRI signal alterations in the hippo-
campus (Abrous, Dousset, Boiziau, Brochet, Petry,
unpublished observations) confirmed by histology indicate
that this structure could directly be affected by inflamma-
tory alterations that persist after recovery of motor func-
tions. In severely affected relapsing EAE rats suffering of
major inflammation in the hippocampus formation as
monitored by MRI with USPIO and confirmed by histo-
pathology, the adult neurogenesis was suppressed. In par-
allel studies of severe relapsing EAE rats followed for
several weeks after recovery, the cognitive impairment
tested in the Morris Water Maze persisted several weeks
after recovery of motor functions (Abrous, Dousset, Boi-
ziau, Brochet, Petry, unpublished).

Macrophage attraction and migration are mediated by
the chemokine CCL2. On the one hand, increased
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production of chemokine CCL2 at sites of neuroinflam-
mation and brain damage accelerates the deleterious
inflammatory activity of macrophages. On the other hand,
increased CCL2 production attracts neural progenitor cells
to migrate into sites of tissue damage (Belmadani et al.
2006). Furthermore, CCL2 seems to be beneficial in neu-
rogenesis, development and migration of astrocytes and
oligodendrocytes (Chintawar et al. 2009) and may thus
counterbalance the deleterious action of macrophages by
generating neuroprotective effects.

In chronic and persisting EAE, the deleterious effect of
macrophages could predominate by the production of
proinflammatory cytokines and inhibit plasticity of the
hippocampus. Over the past two decades, it has been
shown that brain inflammation, microglia activation and
cytokine production are detrimental for neurogenesis and
memory function (for review, Ekdahl et al. 2009). The high
rate of natural cell death and their removal could represent
a predisposition of acting cells in CNS inflammation and
potentially initiate the loop of inflammation activity in
hippocampus to suppress neurogenesis and in consequence
resulting in impaired cognitive capacities. The drawn
conclusions are in line with recent data showing that adult-
borne neurons contribute to memory process (Dupret et al.
2008; Zhang et al. 2008). Indeed, data provide conclusive
evidence that cognitive deficits are associated with altera-
tions of NPC proliferation and differentiation occurring
within the hippocampus. Thus, the cognitive impairment
observed in EAE serves as a pathological model to illus-
trate a link between inflammatory immune activity, neu-
rogenesis and hippocampal-dependent memory. However,
the role of inflammation recently turned out to be much
more complex revealing the direct communication between
the immune system and CNS in healthy and disease pro-
cesses (for review, Wee Yong and Marks 2010). On the one
hand, enriched environment known to increase neurogen-
esis and spatial memory was shown to recruit immune
cells. On the other hand, neurogenesis was impaired in
immune-deficient mice or in mice devoid of T cells, defi-
cits that could be partially restored upon the reconstitution
of the immune system. To reconcile these different sets of
data, “inflammation” and “immune response” should be
distinguished, activation of microglia by mediators of
adaptive immunity having opposite effect of microglia
activated by mediators of innate immunity (Ziv and Sch-
wartz 2008a). Another possibility would be that microglia
cells have an early detrimental action that would be con-
verted into a supportive state during chronic phase (Ekdahl
et al. 2009) similar to MS lesions undergoing remyelination
where foamy immunomodulatory macrophages have been
observed (Oleszak et al. 1998; Boven et al. 2006).

The underlying immunomodulation of severity of EAE
development and spontaneous recovery seems to be



Inflammation induced neurological handicap processes in multiple sclerosis 911

orchestrated by a balance of proinflammatory M1 and
immunomodulatory M2 activation phenotypes of macro-
phages. A major distinction between severe relapsing and
monophasic mild EAE disease development is respectively
based on the ratio of M1 and M2 monocytes/macrophages
in circulating blood and CNS lesions. Furthermore,
administration of M2 monocytes to severely affected rats
suppresses the clinical disease evidencing the importance
of the balance of these two activation phenotypes (Boiziau,
Mikita, Brochet, Dousset, Petry, submitted). Such modu-
lation inducing the shift to M2 monocytes during sponta-
neous recovery might explain why neurogenesis recovers
several months after brain inflammation. Furthermore, in
hippocampal neurogenesis, angiogenesis is essential. EAE
neuroinflammation involves angiogenesis. Although angi-
ogenesis is a key element in wound healing and tissue
repair, the demonstrated increased angiogenesis in EAE
was considered as delaying factor in recovery from
inflammatory lesions (Kirk and Karlik 2003; Roscoe et al.
2009). Further work will be necessary to reconcile the CNS
repairing effect of neo-neurogenesis in association with the
beneficial or detrimental effect of angiogenesis in EAE.
The fact that an alteration of hippocampal plasticity
leads to deficits in hippocampal-dependent memory, raises
the question as to whether hippocampal plasticity is altered
in MS. In EAE, these aspects of hippocampus affection are
still poorly understood. The recent development of imaging
neurogenesis in human (Manganas et al. 2007; Pereira et al.
2007) which still needs confirmation, might generate new
insights on hippocampal plasticity in MS. The potential
mechanism of an inflammatory action with the NPC
compartment sheds new light on the long time underesti-
mated, cognitive dysfunction that has received over the last
two decades an increasing interest as important contributor
to MS disability. Cognitive impairment, including alter-
ation of episodic memory and visuospatial memory,
appears to be common across various disease stages, and
even early after diagnosis and correlate with diffuse brain
atrophy as shown by MRI (Deloire et al. 2005; for review,
Hoffmann et al. 2007; Lincoln and Radford 2008).
Diffuse hippocampal affection and atrophy in MS
patients revealed by MRI (Sicotte et al. 2008) correlated
with cognitive impairment and might be causally linked
to the suppressed NPC. In EAE, atrophy in the hippo-
campal CA1 could be linked to loss of inhibitory inter-
neurons and increased cell death of neurons and glia in
the presence of chronic microglial activation, although
only minor infiltration of blood-borne immune cells was
observed (Ziehn et al. 2010). Furthermore, the vulnera-
bility of cholinergic neurons in EAE is evidenced by the
decline in choline acetyltransferase activity and nerve
growth factor expression in cerebral cortex, hippocampus,
and basal forebrain suggesting impairment of neurological

networks involved in cognitive functions (D’Intino et al.
2005).

Some MS patients have the capacity to resist to cogni-
tive decline. The capacity of MS patients to activate
compensatory mechanisms while performing basic cogni-
tive tasks is based on a cognitive reserve that depends on
the level of scholar education (Bonnet et al. 2006, 2009).
Functional MRI studies revealed that MS patients per-
forming as well as matched healthy controls recruited more
cortical areas to perform the task, demonstrating brain
compensatory mechanisms. When the complexity of the
tasks increased, these compensatory mechanisms failed and
the performances of MS patients become slower than the
performances of controls (Bonnet MC, Dilharreguy B,
Allard M, Deloire MS, Petry KG, Brochet B, submitted).
The operating mechanisms that activate CNS neuronal
network to compensate deficient cognitive and attentional
performances are, however, difficult to define in experi-
mental MS models. Approaches to understand such net-
work modulations have been developed in inflammation
induced injury of spinal cord.

Neuroinflammatory spinal cord dysfunction

In MS, spinal cord inflammation correlates with many
neurological deficits. Molecular and neuropharmacological
understanding and treatment of such identified deficits are
still very sparse. Most of MS patients suffer from mictu-
rition dysfunction with urinary incontinence and difficulty
in emptying the bladder (Litwiller et al. 1999; Cianco et al.
2001). With disease progression, the vesicosphincter status
changes in many patients. About 30% of patients present-
ing detrusor hyperactivity change to areflexia, and half of
the patients with areflexia change to detrusor hyperactivity,
which is most prominent in prolonged disease evolution.
Cystometrogram follow-up studies defined similar
changes in abnormal detrusor activity in EAE (Mizusawa
et al. 2000). Cystometrograms monitoring of EAE rats with
increasing clinical severity and under neuropharmacologi-
cal interventions at glycine and GABA receptors in the
lumbosacral spinal cord and electrical stimulation of sacral
nerves revealed new insights to understand the transition
from normal to pathological alterations of bladder activity
(Vignes et al. 2007). Altogether the pharmacological data
in EAE rat model revealed an exaggerated descending
excitatory control in both detrusor reflex alterations. In
detrusor areflexia, a strong segmental inhibition dominates
this excitatory control. Inhibition predominates at the
segmental level in the dorsal horn, during presymptomatic
disease, as evidenced by the prevalence of detrusor are-
flexia and by the fact that detrusor overactivity, when
present, could be easily suppressed. At onset of clinical
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disease, a compensatory mechanism strongly favours
excitation in the dorsal horn leading to predominant
occurrence of detrusor hyperactivity and only partial inhi-
bition of overactivity by electrical stimulation. During
EAE progression, the equal occurrence of both phenotypes
of detrusor dysfunction, areflexia and overactivity, sug-
gested the installation of a dynamic balance between
inhibition and excitation. Pharmacological blocking of
glycine receptors in the lumbosacral spinal cord pushes the
balance towards excitation and presentation of overactivity.
Conversely, administration of glycine favours expression
of areflexia. Similar to MS, in EAE the areflexia phenotype
directly switches to overactivity without expressing the
normal phenotype of bladder activity. As local stimulation
did not induce bladder contraction in EAE rats with are-
flexia, development of a short local reflex loop is not
established and the exaggerated descending control pattern
seems to cause abnormal micturition reflex.

In this context of pharmacological interventions to
modulate the neurological function, major consideration
should be given to the direct interaction between immune
and nervous systems. Indeed, GABA, similar to its inhib-
itory action as neurotransmitter, has an inhibitory action in
the immune system. Increasing GABAergic activity ame-
liorates EAE manifestations via inhibition of inflammation.
GABAergic agents act directly on antigen presenting cells,
decreasing MAPK signals and diminishing subsequent
adaptive inflammatory responses to myelin proteins (Bhat
et al. 2010).

Most EAE animals spontaneously recover from neuro-
logical handicap induced by spinal cord lesions. The mic-
turition studies indicate that a remodelling of the
neurological network is very fast operating, although it
does not allow correct functioning. A detailed analysis of
the operating events that are activated to remodel the
axonal connections and to compensate the inflammatory
lesion of corticospinal tract has been documented (Kers-
chensteiner et al. 2004). These anatomical studies can
explain the pharmacological studies of bladder dysfunction
and recovery after EAE manifestation. The rewiring of
corticospinal connections is operating at multiple anatom-
ical levels involving the regenerative sprouting of sur-
rounding local interneurons near the lesion, the activation
of descending cervical axons to extend new collaterals
which establish a “detour” circuit of the damaged area, and
the distal increase of terminal branching by not affected
axons. In the motor cortex, the distribution of projections is
remodelled, as new neurons are recruited to the cortical
motor pool, to complete the compensatory reorganisation
of the neurological network.

In conclusion, the observed corticospinal tract modula-
tion in EAE by pharmacological intervention and histopa-
thological documentation of rewiring showed that the
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inflammation induced partial transection is different from
complete spinal cord section. Although the clinical phe-
notypes of the micturition reflex disturbances and neuro-
logical handicap are similar, their underlying mechanisms
are different (for review, Vignes et al. 2009). Under-
standing of the endogenous repair mechanisms in appli-
cation to inflammatory neurological micturition deficiency
with help of the non-invasive in vivo measure of bladder
function in EAE by high-resolution ultrasonography
(Al-Izki et al. 2009) will provide very sensitive approaches
to monitor and define the efficacy of therapeutic interven-
tions in preclinical MS research.

Molecular and subcellular alterations caused
by inflammatory actions

Besides the direct cellular action of the infiltrating and
resident cells at the inflammatory CNS lesion sites, the
locally liberated immune reactive products are of particular
importance as they might directly act on functional pro-
cesses of the nervous tissue. In the neuroinflammation
process, the high production of free radicals mainly by
macrophages, astrocytes and activated endothelial cells
which express the inducible isoforms of nitric oxide syn-
thase, cyclooxygenase and NADPH oxidase is considered
as main factor. Accumulating levels of diffusible nitric
oxide (NO) and superoxide anion (O, ) generate perox-
ynitrite and related reactive nitrogen species is well
documented.

The dual role of NO in the MS immune activity and
exposure to NO acting with proteins of cell membranes or
subcellular compounds in CNS has several deleterious
actions (for review, Smith and Lassmann 2002; Smith
2006) causing molecular alterations in CNS tissue, partic-
ularly undergoing acute inflammation processes (for
review, Sayre et al. 2008). The generated diffusible reac-
tants generate both oxidation and nitration reactions
(“nitrosative stress”) with residues of CNS proteins of
myelin and axons inducing axon and myelin damage and to
cause molecular alterations of the BBB (Phares et al.
2007). Peroxynitrite caused the accumulation of organelles
and the swelling of mitochondria in axons, evidence of
primary acute axonal suffering associated with myelin
lesions (Touil et al. 2001), but also on oligodendrocytes (Li
et al. 2005). Curative treatments with the peroxynitrite
scavenger uric acid suppressed EAE. Scavenging of per-
oxynitrite blocks efficiently macrophage infiltration sug-
gesting an action on their passage at the BBB. An in vitro
study suggested that glutamate, at non-toxic concentration,
via the activation of NMDA receptors could mediate the
formation of peroxynitrite by endothelial cells (Scott et al.
2007). When considering that glutamate kills nervous cells
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(for review, Matute et al. 2007), the inflammation-associ-
ated glutamate-mediated excitotoxicity has been shown to
contribute to axonal loss in EAE (Pitt et al. 2000; Qi et al.
2006) providing evidence for this mechanism in EAE and
MS (Vallejo-Illarramendi et al. 2006).

Nitrosative stress affects signal transport in spinal cord
axons (Redford et al. 1997) and causes irreversible damage
of electrically active axons (Smith et al. 2001). NO binds to
Na+ channels which are abnormally expressed in acute
inflammatory demyelinating lesions and during remyeli-
nation. Nitration of mitochondrial proteins occurring
before clinical disease suggests that the initiation of free
radicals in EAE induced animals was located in the CNS
itself.

The action of nitrosative stress on mitochondria limits
the respiratory rate and production of ATP (Qi et al. 2006).
In the context of nervous cell and signal transport functions
which are very ATP energy consuming, the compensatory
mechanisms to maintain function might in consequence
generate an even increased energy demand. The demon-
stration of the increased glucose uptake in EAE could be
related to higher metabolic demand in CNS tissue and such
demand might be further related to increased cell load of
perivascular immune cell infiltrates. In EAE, co-registra-
tion of metabolic and high-resolution anatomical images
with ['"®F]JFDG PET/CT in various spinal column segments
allowed serial quantification of glycolysis and detection of
the increased glycolysis associated with paralysis-causing
inflammatory infiltrates in the spinal cord (Radu et al.
2007). On the other hand, as observed in MS lesions, the
decreased energy supply might affect the mitochondrial
complex by diminishing its function (Dutta et al. 2006;
Mahad et al. 2008). Further evidence for energy deficit is
evoked by the hypoxia-like phenotype of CNS tissue
lesions in MS (Graumann et al. 2003; Aboul-Enein et al.
2003).

The molecular reactions of nitrosative radicals could
further cause modulations of the molecular structure of
target proteins which then could induce the loss of their
normal function, and secondly, the formation of nitroty-
rosine and SNO-cysteine epitopes on target proteins. In
inflammatory lesions, tyrosine modulations were indirectly
revealed by anti NO-tyrosine antibodies (Cross et al. 1997;
Hooper et al. 1998).

The formation of SNO—cysteine by nitrosative stress in
EAE and MS is reflected by an antibody immune response
against these newly generated epitopes. The anti-SNO-—
cysteine antibody titre correlated with EAE severity and
MS disease activity (Boullerne et al. 1995, 2002) and such
molecular modulations might induce or contribute to
functional loss, cell and tissue damage. In addition, several
studies have evidenced another role of protein nitrosation
being selective for S-cysteine to induce the functional

modulation of certain proteins (Choi et al. 2000; Huang
et al. 2005; Greco et al. 2006). The immune response
against the SNO-cysteine formation in EAE and MS could
disturb the physiological regulation of the involved cellular
processes.

Conclusion

Many rodent EAE models recover spontaneously. Under-
standing the mechanisms inducing the shift from the
inflammatory disease process to immune-modulated cure
could provide new insights in what is missing in MS
patients. During the inflammatory immune reaction, the
same classes of immune cells are acting; however, they are
presenting different phenotypes to which a different
immune function is associated. This ambivalence is found
in different phenotypes of activation that are, as example,
adopted by monocytes—macrophages. Besides, the well-
established proinflammatory M1 type, in some situations
therapeutic interventions might involve the immunomod-
ulation of macrophages to present alternative activation
and express the M2 phenotype (Weber et al. 2007). In this
context of immunomodulation, it is of further importance
to better understand the dynamic interaction of the nervous
system with the immune system to modulate humoral
mediators and neuronal pathways to identify new thera-
peutic interventions to treat acute and chronic inflammation
(for review, Rosas-Ballina and Tracey 2009a, b).

In future therapeutic strategies, it will be necessary to
take advantage of the complexity of neuroinflammatory
and spontaneously occurring recovery processes by deter-
mining the molecular interactions of both the immune and
nervous system. Such interaction involves the critical step
of the alterations at the BBB which will provide the
opportunity to target specifically the areas undergoing
inflammation, potentially at a very early stage of acute
inflammatory lesion formation. This could open new con-
cepts of therapeutic strategies at the lesion formation and
supporting healing processes. Besides these desirable
urgent interventions, preclinical studies of curative thera-
pies facing the neurological handicap will need to be
developed in perspective of both physical and cognitive re-
education to ameliorate daily life of MS patients.
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