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Abstract The concept of neuroprotective autoimmunity
implies that immune cells, especially autoantigen-specific
T cells, infiltrate the central nervous system (CNS) after injury
and contribute to neuroregeneration and repair by secreting
soluble factors. Amongst others, neurotrophic factors and
neurotrophins such as brain-derived neurotropic factor
(BDNF) are considered to play an important role in this pro-
cess. New data raise the possibility that this concept could also
be extended to neuroinflammatory diseases such as multiple
sclerosis (MS) where autoantigen-specific T cells infiltrate the
CNS, causing axonal/neuronal damage on the one hand, but
also providing neuroprotective support on the other hand. In
this review, we summarize the current knowledge on BDNF
levels analyzed in MS patients in different compartments and
its correlation with clinical parameters. Furthermore, new
approaches in experimental animal models are discussed that
attempt to decipher the functional relevance of BDNF in
autoimmune demyelination.
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Introduction

Multiple sclerosis (MS) is a neurological disease which
preferentially affects young adults between 20 and 40 years
of age and is considered to be the foremost cause of dis-
ability of non-traumatic origin in this age group (Sospedra
and Martin 2005). Although its etiology and pathogenesis is
still incompletely understood, there is consensus that an
autoimmune component plays a predominant role in most
cases (Lutton et al. 2004; Noseworthy et al. 2000). Conse-
quently, current and future therapeutic approaches
including glucocorticoids, interferon (IFN)-f, glatiramer
acetate (GA), natalizumab, mitoxantrone, rituxan, ale-
mtuzumab and new oral drug developments such as
laquinimod, fingolimod and BGO0012 aim at immuno-
modulation, trying to reduce relapse rate and frequency to
delay disease progression and disability development
(recently reviewed in Buck and Hemmer 2011). However,
this reduction of relapse rate and frequency has sometimes
limited success in disability progression within the usual
2-year observation period of clinical trials, and the long
term efficacy in this regard is still questionable and a
definitive proof missing. Over the last decade, growing
evidence has been accumulating that neurodegenerative
processes are also involved in the pathogenesis of the dis-
ease (Trapp and Nave 2008). Axonal transection and loss as
well as progressive brain atrophy are frequently observed in
MS patients (Bjartmar et al. 2001; Lovas et al. 2000; Miller
et al. 2002; Siffrin et al. 2010; Trapp et al. 1998). Degen-
erative processes rather than infiltration of mononuclear
cells from the immune system correlate best with the dis-
ability status of individual patients (Wujek et al. 2002), and
it also has been shown that key features of neurodegener-
ation can be observed in early stages of MS (Herz et al.
2010; Trapp et al. 1998) and its animal model experimental
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autoimmune encephalomyelitis (EAE) (Herrero-Herranz
et al. 2008; Vogt et al. 2009). Therefore, new therapeutic
approaches directly aiming at neuroprotection or combining
immunomodulatory and neuroprotective aspects are
urgently warranted.

A potential therapeutic target is the group of neurotro-
phins and neurotrophic factors. Their classical function in
the central nervous system (CNS) is the support of neurons
and glia cells, including regulation of neuronal differenti-
ation, survival, neurite growth and plasticity, synaptic
structure and connections, neurotransmitter release and
synaptic plasticity (Huang and Reichardt 2001; Linker
et al. 2009). Most of the neurotrophins and neurotrophic
factors additionally modulate functions of the immune
system (Kerschensteiner et al. 1999; Kruse et al. 2007;
Linker et al. 2008; Schuhmann et al. 2005; Scuri et al.
2010; Vega et al. 2003), providing a link between the
nervous and immune system. Therapeutic intervention
using neurotrophins and neurotrophic factors as a target for
both immunomodulatory and neuroprotective drugs is a
positive challenge, but can also be dangerous when mod-
ulating the systems in opposite directions and may have
significant side effects at higher doses (Ochs et al. 2000).

This review focuses on brain-derived neurotropic factor
(BDNF), a neurotrophin influenced by the natural disease
course of MS as well as by several therapeutic approaches
and for which neuroprotective effects have recently been
shown in EAE.

BDNF as Neurotrophic Factor: Structure,
Function and Receptors

After nerve growth factor, BDNF was discovered as second
member of the neurotrophin family in 1982 (Barde et al.
1982). The protein is translated from the genome as a
32 kDa pro-form (Matsumoto et al. 2008) and recent evi-
dence suggests that different enzymes may be involved in
the conversion into its biologically active form of 14 kDa
including furin, certain matrix metalloproteinases and tis-
sue plasminogen activator (Lee et al. 2001; Mizoguchi
et al. 2011; Yeh et al. 2012). It can form not only homo-
dimers, but also heterodimers with NT3 and NT4/5
(Robinson et al. 1995; Wiesmann and de Vos 2001). Pro-
BDNF induces neuronal apoptosis and a reduction of
cholinergic fibers and hippocampal dendritic spines in
cultures of basal forebrain cholinergic neurons, which point
to an inhibitory role for pro-BDNF within the CNS
(Koshimizu et al. 2009; Lee et al. 2001). In contrast,
mature BDNF is more related to neuronal survival, dif-
ferentiation and synaptic plasticity (Lewin and Barde 1996;
Linker et al. 2009; Noble et al. 2011), playing a neuro-
promotional and protective role.
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BDNF binds to two receptors, these being the relatively
specific high-affinity tyrosine receptor kinase (Trk)B
receptor and the low affine p75N"™® receptor which is
shared with other members of the neurotrophin family.
TrkB can be expressed either as full-length receptor with
signaling capacity or as two different truncated forms with
limited signaling capacity and rather acting as decoy
receptors or dominant negative receptors by the formation
of heterodimers (De Santi et al. 2009a; Eide et al. 1996).
TrkB is a tyrosine kinase receptor that is able to activate a
number of intracellular signaling cascades, the most
important activated downstream transcription factors being
NF-xB and CREB (Favalli et al. 2012; Finkbeiner et al.
1997; Kaplan and Miller 2000).

BDNF is implicated in the pathogenesis of a number of
neurological diseases. In Huntington’s disease, BDNF
seems to play a central role in the pathogenesis inasmuch as
trophic support for striatal neurons by BDNF is disturbed by
mutant huntingtin (Linker et al. 2009; Zuccato and Cattaneo
2007). Consequently, direct application of BDNF into the
striatum 1is theoretically a possible therapeutic approach.
The symptoms of patients with Alzheimer’s disease (AD)
are considered to be due to altered cholinergic function as a
consequence of loss of cholinergic neurons and/or cholin-
ergic transmission (Winblad et al. 1993). BDNF may act
neuroprotectively on cholinergic neurons, and BDNF levels
are decreased in the hippocampus and neocortex of brains
from AD patients, but are up-regulated in activated glial
cells surrounding senile plaques (Schindowski et al. 2008).
Recently, it has been suggested that the onset of AD
pathology is closely related to BDNF axonal transport
deficits (Ye et al. 2012). It is hypothesized that abnormal
amyloid precursor protein processing and amyloid  pro-
duction in mitochondria disturb the axonal transport of
BDNF by impairing mitochondrial function (Ye et al.
2012). In Parkinson’s disease, BDNF levels are reduced in
the substantia nigra of patients, where the loss of dopami-
nergic neurons is held responsible for disease pathology
(Howells et al. 2000). Finally, BDNF has also been asso-
ciated with the pathophysiology of schizophrenia. Here,
topological differences of BDNF levels have been descri-
bed, patients with schizophrenia having a higher level of
BDNF expression in the neocortex and a lower expression
in the hippocampus (Durany et al. 2001), a result which was
corroborated later at the mRNA level where reduced BDNF
expression levels were observed in the prefrontal cortex
of schizophrenia patients (Hashimoto et al. 2005). In
animal experiments, electroconvulsive seizures—which are
applied as treatment for schizophrenia—resulted in
increased BDNF levels in different brain regions, whereas
the effects of electroconvulsive therapy and repetitive
transcranial magnetic stimulation in human patients were
less clear (reviewed in Favalli et al. 2012). Mechanistically,
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reduced BDNF levels in the hippocampus could lead to
hippocampal hyperactivity, resulting in a dysfunction of the
dopamine system, the latter being a dominant hypothesis for
the pathophysiology of schizophrenia (Favalli et al. 2012;
Grace 2012; Lodge and Grace 2011). Furthermore, because
of its central role in synaptic plasticity, BDNF is thought to
be involved in the pathophysiology of affective disorders
and used as biomarker for mood stages in bipolar disorders
(Balanza-Martinez et al. 2011; Fernandes et al. 2011;
Grande et al. 2010).

Although the most important functions of BDNF depend
on its expression and action in various cell types in the
CNS, BDNEF is expressed in a number of other cell types
including cells of the immune system. In addition, BDNF
exerts different pleiotropic functions in both systems. In the
thymus, BDNF mRNA is expressed in thymic stromal cells
which could contribute to the survival of thymocytes in
different developmental stages (Maroder et al. 1996). At
the cellular level, BDNF mRNA and protein were detected
in T cells, B cells and monocytes, predominantly in their
activated stage (Kerschensteiner et al. 1999; Kruse et al.
2007). Additionally, a block in B-cell development at the
Pre-BII stage was reported in young BDNF knock-out
mice, suggesting a role for BDNF in B-cell development
(Schuhmann et al. 2005). More recently, the expression of
pro-BDNF and mature BDNF in B cells and the up-regu-
lation of mature BDNF in stress culture conditions were
confirmed (Fauchais et al. 2008). Additionally, an anti-
apoptotic and survival-promoting effect of BDNF was
recognized for B cells, an effect which is dependent on the
intracellular transport protein and surface co-receptor sor-
tillin (Fauchais et al. 2008). BDNF mRNA was also found
in granulocytes, bone marrow cells (Laurenzi et al. 1998)
and mast cells (Tam et al. 1997) and has been implicated in
the regulation of eosinophilic inflammation in allergic
asthma (Nassenstein et al. 2003). This highlights the
potential of BDNF’s effects outside the CNS and places it
as a modulatory agent for cells of the immune system.

The importance of BDNF function is underscored by the
premature death of BDNF-deficient mice which die at an
age of 2-3 weeks after birth due to the degeneration of
viscero-afferent neurons and resulting aspiration problems.
For heterozygous BDNF™~ mice, a clear phenotype was
described including behavioral deficits such as aggres-
siveness and hyperactivity combined with hyperphagia,
obesity, loss of mechanosensitivity and loss of neurons of
the peripheral nervous system (Carroll et al. 1998; Ernfors
et al. 1994; Kernie et al. 2000; Rios et al. 2001). Based on
these early observations, BDNF was recently implicated in
regulating the energy balance and, therefore, impacting
feeding behavior and body weight (Cordeira and Rios
2011; Noble et al. 2011).

The Role of BDNF in MS and EAE

The Value of Studying Serum BDNF
Levels in Neuroinflammation

BDNF is mainly produced by neurons in the nervous system.
However, as early as in the mid 1990s, protein chemical
studies revealed that BDNF is also present in human serum
(Rosenfeld et al. 1995). Similar data are available for rats,
whereas the detection of BDNF in mouse serum is much
more difficult (Radka et al. 1996). Given the neuroprotective
properties of BDNF in neurobiological paradigms, the factor
soon became an interesting candidate as a possible marker
for several neuropsychiatric diseases as well as for the
analysis of hypothetical neuroprotective capacities of dif-
ferent therapies. Lower BDNF serum levels were found in
psychiatric diseases including depression, eating disorders
and schizophrenia (Green et al. 2011; Karege et al. 2002;
Nakazato et al. 2003). Several groups investigated serum
BDNF levels in MS patients with conflicting results,
describing in relapsing—remitting MS patients in the stable
phase of the disease compared to healthy controls either a
reduction of serum BDNF levels (Azoulay et al. 2005; Frota
et al. 2009) or increased BDNF protein and mRNA levels
(Liguori et al. 2009). In contrast, there is consistent infor-
mation pointing to an increase of serum BDNF levels during
MS relapses (Frota et al. 2009; Sarchielli et al. 2002). Fur-
thermore, BDNF serum levels in MS patients may be
modulated by therapeutic interventions like treatment with
GA and hematopoietic stem cell transplantation, but also
physical exercise (Azoulay et al. 2005; Blanco et al. 2005;
Gold et al. 2003). Some studies even tried to correlate BDNF
serum levels with magnetic resonance imaging (MRI) lesion
load (Comini-Frota et al. 2012).

However, it should be mentioned that there are several
caveats to the concept of correlating serum BDNF levels
with neurodegeneration or neuroprotective effects, at least
in MS. First, the source of serum BDNF needs some
attention: It has been shown in humans and rodents that
activated T cells, B cells and monocytes/macrophages
express bioactive BDNF (Kerschensteiner et al. 1999;
Kruse et al. 2007) which may contribute to BDNF levels in
serum. Even more importantly, human platelets also contain
significant amounts of BDNF (Yamamoto and Gurney
1990) and serum BDNF levels were shown to correlate with
platelet counts (Iughetti et al. 2011). Indeed, the amount of
BDNF produced by immune cells seems negligible to that
stemming from platelets (Gonul et al. 2005; Shimizu et al.
2003). Interestingly, there is a wide range of BDNF con-
centrations in platelets which does not directly correlate
with any baseline physiological parameter (Lommatzsch
et al. 2005). BDNF is not directly synthesized by platelets or
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their precursors, but rather actively taken up in these cells
(Fujimura et al. 2002). In different diseases, the amount of
platelet-stored BDNF is highly dynamic (Lommatzsch et al.
2007), thus contributing to the concept that platelets con-
stitute a buffer storage of BDNF in the blood. Most
importantly, platelet-derived BDNF may be released into
the blood after thrombocyte activation or during clotting
processes (Fujimura et al. 2002; Radka et al. 1996). Thus,
the release of BDNF from platelets by activation or clotting
(e.g. after contact with plastic material in syringes, tubes or
monovettes) during handling of blood ex vivo after drawing
may significantly alter measurable BDNF serum levels.
Consequently, BDNF amounts as analysed ex vivo may not
in all cases directly reflect the actual disease- or therapy-
associated neurotrophin levels in vivo. This concept is
underscored by an approximately 200-fold increase of
BDNF levels in serum relative to plasma. Data from
experiments using differential centrifugation indeed suggest
that the source of this increase is due to release from
platelets (Rosenfeld et al. 1995). In line with this, studies on
patients with depression suggest that reduced serum BDNF
levels are not due to direct changes in blood BDNF but are
rather governed by altered mechanisms of BDNF release
from platelets (Karege et al. 2005).

With regard to MS, it has not been shown that platelets
cross the blood-brain barrier (BBB), home into actively
demyelinated lesions and thus directly contribute to BDNF
release in the CNS in situ. This situation might be different
from inflammation in the periphery, where platelets may
directly interact with pathophysiologically relevant targets,
e.g. in the lung (Lommatzsch et al. 2007).

Second, BDNF is a very short-lived peptide with high
affinity to membranes and a rather paracrine mode of
action. While the target cells of BDNF in the circulation
still remain poorly defined to date, it is known that in
neurobiological paradigms, neurotrophins mainly act in a
paracrine or autocrine manner on neurons (Robinson et al.
1996). Thus it also seems likely that in the periphery
serum-derived BDNF acts on targets in the immediate
vicinity within a limited time frame rather than recircu-
lating for extended periods through the body. Therefore,
the probability that serum BDNF eventually accumulates
within the CNS is rather low, a conjecture underscored by
the finding that even after a parenteral bolus injection, only
a low amount of the neurotrophin is actually able to cross
the BBB (Dittrich et al. 1996; Kishino et al. 2001).
Recently, this concept was affirmed in a rodent ultrasound
study revealing activation of BDNF signaling pathways
after exogenous application of labeled BDNF only in CNS
regions with non-invasive, ultrasound-mediated BBB dis-
ruption (Baseri et al. 2012).

In summary, all these facts point to the need for utmost
caution when interpreting data on serum BDNF levels with
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regard to concepts of neuroprotective autoimmunity or
neuroprotection. Better, such studies should be corrobo-
rated by directly proving serum findings in independent
experimental paradigms. Such examples include effects of
the oral immunomodulator laquinimod on serum and
immune cell BDNF in MS patients and EAE knockout
models (Thone et al. 2012).

The Role of Genetic BDNF Variations in MS

In a different approach, studies analyzed the influence of
BDNF gene variations on clinical and MRI parameters in
MS. Among different polymorphisms in the human BDNF
gene, the Val66Met (rs6265) single nucleotide polymor-
phism (SNP) results in an exchange between valine and
methionine at codon 66 which directly affects activity-
dependent secretion of BDNF and consequently memory
and hippocampal function (Egan et al. 2003). In 2007, a first
study on the correlation of this genetic variant with MRI
pointed to a preservation of gray matter volumes in MS
patients (Zivadinov et al. 2007). These data were corrobo-
rated by different follow-up studies with variable group
sizes linking the Val66Met SNP to a working memory task
in a functional MRI study (Cerasa et al. 2010), regional gray
matter volume (Ramasamy et al. 2011) and brain volumes
(Dinacci et al. 2011), while the rs 2030324 BDNF SNP was
associated with visual cognitive processing (Weinstock-
Guttman et al. 2011). However, the clinical concept of such
correlations was brought into question by a recent large-
scale Norwegian study involving more than 2100 MS
patients which failed to delineate any correlation of the
Val66Met SNP with any demographic, clinical or neuro-
psychological parameters (Mero et al. 2012).

Studies on Immune Cell-Derived BDNF in Healthy
Controls and MS Patients

In 1999, Kerschensteiner and co-workers described BDNF
production by activated T cells, B cells and monocytes
(Kerschensteiner et al. 1999) (Fig. 1). This work fitted very
well into the previously described concept of neuroprotec-
tive autoimmunity which was based on improved neuronal
function and reduced neuronal degeneration in a spinal cord
injury model provoked by infiltration of CNS antigen-spe-
cific T cells or other immune cells (Hohlfeld et al. 2000;
Moalem et al. 1999; Schwartz and Kipnis 2001). In view of
these interesting data, investigations on BDNF production
of peripheral blood mononuclear cells (PBMC) from heal-
thy controls and MS patients were the focus of particular
neuroimmunological interest. In several studies using
GA-specific T-cell lines from healthy donors and
GA-treated MS patients, BDNF production was observed in
these T-cell lines at the mRNA and protein level
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Fig. 1 BDNF in the process of autoimmune demyelination. Auto-
reactive T cells are activated in the periphery, cross the blood—brain-
barrier (BBB) and pave the way for the subsequent infiltration of
monocytes/macrophages and also B cells into the CNS. All these
lymphocyte subpopulations are able to produce BDNF in their
activated stage. In the CNS, additional BDNF is available secreted by
neurons and astrocytes. BDNF acts via binding of its receptor 7rkB on

irrespective of their Thl and Th2 phenotypes (Chen et al.
2003; Ziemssen et al. 2002, 2005). In one study, GA-reac-
tive T-cell lines showed a higher capacity to produce BDNF
than MBP or tetanus toxoid-specific T-cell lines, but all
activated T cells seem generally to be able to produce
BDNF (Chen et al. 2003). In the animal model of EAE, GA-
specific T cells were also shown to secrete BDNF in the
CNS in situ (Aharoni et al. 2003).

Using more basic approaches, BDNF production from
immune cells was also assessed ex vivo in unstimulated and
stimulated peripheral PBMC from MS patients. Similar to
the inconsistent results on serum BDNF levels, some studies
on supernatants from cultured PBMC showed lower but
others higher BDNF production in samples from MS
patients compared to healthy controls (Azoulay et al. 2008;
Petereit et al. 2003). These discrepancies might be
explained by the higher BDNF levels in cell supernatants
from MS patients under relapse (Blanco et al. 2005;
Sarchielli et al. 2002). Significantly lower amounts of

s p75
.."'_,...--.-..p-

¥
e

demyelination

naked axon

CNS lesion

axons and oligodendrocytes in a presumably neuroprotective manner.
Additionally, BDNF binds to TrkB on astrocytes, provoking nitric
oxide production and leading to secondary neuronal degeneration.
BDNF may also bind to TrkB expressed on immune cell subpopu-
lations, but the outcome of this interaction is less clear. Arrows
indicate BDNF secretion, dotted arrows BDNF binding to its
receptors. OL oligodendrocytes, NO nitric oxide

BDNF were found in secondary progressive MS patients
(Hamamcioglu and Reder 2007; Sarchielli et al. 2002).
Several studies also evaluated effects of immunomodula-
tory therapies on BDNF production in PBMC. While some
investigations showed positive effects predominantly for
GA (Sarchielli et al. 2002) and no other immunotherapies
(Petereit et al. 2003), others also found effects in cells from
patients treated with IFN-B (Hamamcioglu and Reder
2007). Further studies even aimed at correlating PBMC-
derived BDNF levels with either cognitive performance
(Patanella et al. 2010) or white matter volumes (Weinstock-
Guttman et al. 2007). Recently, a comprehensive study
investigated the expression of neurotrophic factors in cul-
tured immune cells from MS patients treated in a phase II
clinical trial with the anti-CD52 monoclonal antibody
alemtuzumab. After therapy, T cells in PBMC culture
produced increased concentrations of BDNF. Supernatants
from these cultures promoted survival of neurons and
increased axonal length, but also enhanced oligodendrocyte
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precursor cell survival, maturation and myelination in vitro
(Jones et al. 2010).

While there is a consensus about BDNF expression by
immune cells, there is far less information available about
its effect on immune cells as targets in the context of
neuroinflammation. There are few studies describing den-
dritic cell activation and maturation mediated by BDNF
binding to its receptor TrkB (Bratke et al. 2007; Noga et al.
2007). Studies on thymocytes show that expression of the
high-affinity receptor TrkB in T cells is negatively corre-
lated with their maturation stage (Maroder et al. 1996).
Nevertheless, full-length TrkB could be detected in some
human T-cell lines (Besser and Wank 1999; De Santi et al.
2009b) with a higher expression level reported in T-cell
lines derived from relapsing—remitting MS patients com-
pared to healthy controls (De Santi et al. 2009b). This was
negatively correlated with the propensity of activated
T cells to undergo apoptosis which would prevent the
development of autoimmunity (De Santi et al. 2009b).
These findings were interpreted to suggest that BDNF can
rescue autoreactive T cells from apoptosis, thus contrib-
uting to their maintenance in the periphery and thereby
rather promoting the development of autoimmune diseases
(De Santi et al. 2011). However, direct protective effects of
BDNF on T-cell apoptosis have not been shown to date
(own unpublished observations). Finally, BDNF may also
act in similar ways on granulocytes, as it was described as a
survival and activation factor in eosinophilic granulocytes
from asthma patients (Nassenstein et al. 2003).

Investigating the Functional Role BDNF in Animal
Models of Autoimmune Demyelination

Secretion of BDNF by immune cells has also been shown
in situ by immunohistochemical studies of MS lesions,
where perivascular T cells and macrophages produce BDNF
in the vicinity of TrkB positive neurons (Stadelmann et al.
2002). Whereas these studies strongly speak for the concept
that BDNF may be a molecular basis for the concept of
neuroprotective autoimmunity, the data are mainly
descriptive in nature. Functional studies in animal models
need to be carried out to better investigate the functional
role of BDNF in autoimmune demyelination.

The first functional studies on BDNF in animal models
were focused on the exogenous application of the factor.
Negative data on the systemic application of BDNF in an
experimental model of neuritis may be explained by the fact
that the compound has a short half-life and does not readily
cross the BBB (Felts et al. 2002). The next step saw
application of genetically engineered bone marrow stem
cells (BMSC) with BDNF over-expression in EAE (Makar
et al. 2004).This strategy of neurotrophin over-expressing
cell transfer had already been applied successfully
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beforehand to nerve growth factor in experimental auto-
immune neuritis (Kramer et al. 1995) and EAE (Fliigel et al.
2001). Intravenous application of BDNF over-expressing
BMSC led to beneficial effects not only including reduced
demyelination and increased remyelination, but also a
reduction of inflammation and apoptotic cells in the CNS
(Makar et al. 2008, 2009). Yet, this paradigm is somewhat
complex since it requires the irradiation of mice, and BDNF
may already alter the properties of immune cells derived
from BMSC before effects on the CNS can be elucidated.

The most widely used murine animal model for MS is
myelin oligodendrocyte glycoprotein-induced EAE in the
C57BL/6 strain which mimics many degenerative features
of MS (Gold et al. 2006; Herrero-Herranz et al. 2008). In
this paradigm with axonal loss and extensive myelin dam-
age, BDNF levels in the spinal cord are significantly
reduced after EAE induction (Linker et al. 2010) and several
knockout models on the C57BL/6 background are available
for functional studies of neurotrophic factors (Linker et al.
2002, 2008). Conventional BDNF knockout mice cannot be
used for EAE studies, since these mice die before or shortly
after birth, depending on their genetic background (Korte
et al. 1995). While studies in BDNF heterozygous knockout
mice are feasible and show a less severe course of EAE
(Javeri et al. 2010), these data are somewhat hampered by
the complex behavioral and metabolic phenotype of these
mice characterized by hyperactivity and obesity which may
per se influence the immune response (Kernie et al. 2000).
These problems can be overcome by the use of conditional
knockout mice in which loxP sites flank the single coding
exon, resulting in the deletion of BDNF when these mice are
crossed with mice expressing Cre recombinase under con-
trol of a tissue-specific promotor or in an inducible manner
(Matsumoto et al. 2008). In such a system, where BDNF is
deleted in the CNS by Cre expressed by the tau locus, it
could be shown that CNS-derived BDNF is not essential for
prolonged postnatal survival of the animals, and that it is not
a major factor either for the survival of most CNS neurons
or for myelination (Rauskolb et al. 2010). To investigate the
functional role of CNS-derived BDNF during autoimmune
demyelination, floxed BDNF mice were bred with mice
expressing Cre under the control of the glial fibrillary acidic
protein (GFAP) promoter or timely regulated after tamox-
ifen injection (Lee et al. 2012; Linker et al. 2010). Mice with
GFAP-Cre-driven BDNF deletion show a more severe
course of the disease with increased axonal damage not only
in demyelinated lesions, but also in the peri-lesional area
and the normal appearing white matter. There was no
influence on the immune reaction. In mice with timely
regulated, tamoxifen-mediated BDNF deletion, early dele-
tion of BDNF before the maximum of disease was needed to
delineate similar clinical and histopathological effects (Lee
et al. 2012; Linker et al. 2010). These data show that



Arch. Immunol. Ther. Exp. (2013) 61:95-105

101

CNS-derived BDNF is an important protective factor in
autoimmune demyelination (Fig. 1). BDNF may particu-
larly play a role early in the disease when functional axonal
changes like focal axonal degeneration prevail (Nikic et al.
2011), but global neurodegeneration is not yet extensively
present (Herrero-Herranz et al. 2008). In a setting of mas-
sive axonal loss, gliosis and tissue destruction at later
disease stages, protective effects of BDNF may no longer be
as pronounced since its regenerative capacity may be
limited.

While data from mice with GFAP-Cre-mediated BDNF
deletion suggest a protective role for astrocyte-derived
BDNF in EAE, a recent study on mice lacking TrkB spe-
cifically in astrocytes showed that TrkB-mediated pathways
in astroglia may also play a detrimental role involving nitric
oxide production and secondary neuronal degeneration in
EAE (Fig. 1) (Colombo et al. 2012). Given the wealth of
data on the protective effect of BDNF in different settings
(Linker et al. 2009), these results are surprising and not
easily explained at the first glance. In general, when inter-
preting BDNF effects one has to consider that this
neurotrophin may play a dual or Janus-like role, depending
on the receptor involved. It is well known that binding of
BDNF to TrkB or p75™'® has opposite effects, e.g. con-
cerning cellular survival, axonal outgrowth, hippocampal
synaptic plasticity and dendritic spine density and mor-
phology (Chapleau and Pozzo-Miller 2012; Lu et al. 2005).
This is due to the activation of different BDNF-receptor
pathways, suggesting that the interplay of BDNF and other
related neurotrophic factors and their precursors with dis-
tinct receptors on different CNS cell types may be complex
and hard to predict. Additionally, different BDNF receptors
are also expressed on peripheral cells, e.g. immune cells,
and are subject to regulation by diverse factors. Therefore,
the actual BDNF action is always the result of its binding to
a certain receptor on a particular target cell. In the setting of
TrkB deletion on astroglia, counter-regulatory up-regula-
tion both of detrimental p75™"R-mediated pathways and/or
actions of pro-BDNF, the latter having been shown earlier
to be important for neurodegeneration, may play a role.

In a next step, the role of immune cell-derived BDNF in
EAE was investigated. Interestingly, the single conditional
knockout of BDNF in T cells or cells of the myeloid lineage
alone did not result in any effects on the course of EAE
(Linker et al. 2010). These data are in line with a recent
study showing that conditional lack of BDNF in T cells did
not influence neuroprotection in a mouse model of facial
nerve axotomy (Xin et al. 2012). Yet, effects in single
conditional knockout mice may be masked by the persistent
BDNF expression from other infiltrating immune cells:
Mice lacking BDNF both in T cells and myeloid cells
experienced a more severe clinical EAE course accompa-
nied by a pronounced axonal loss specifically in

demyelinated lesions in the chronic phase of the disease, but
not in the perilesion or the normal appearing white matter in
this stage (Linker et al. 2010). In a supplementary approach,
co-injection of autoantigen-specific, non-activated T cells
overexpressing BDNF in mice with ongoing myelin oligo-
dendrocyte glycoprotein (MOG)-EAE led to an ameliorated
disease course with axonal preservation, again without
significant influences on the immune response (Linker et al.
2010). In summary, these data argue for the functional
relevance of the concept of neuroprotective autoimmunity
in neuroinflammatory conditions, with BDNF being an
important molecular correlate.

Interestingly, BDNF may not only exert axon-protective
effects, but also influence cells of the oligodendroglial
lineage. Studies on the model of cuprizone-mediated
demyelination in BDNF heterozygous knockout mice
revealed that BDNF may play a role in regulating the
number of oligodendrocyte progenitors as well as the
expression of myelin proteins (VonDran et al. 2011). These
data are well in line with a previous study on embryonal
BDNF knockout mice and naive BDNF heterozygous
knockout mice which already disclosed deficits of oligo-
dendrocytes in the basal forebrain in these mice (VonDran
et al. 2010).

Finally, mice with a conditional BDNF deficiency may
be employed to test the functional relevance of BDNF for
the mechanism of action of MS therapies. Studies in mice
lacking BDNF in immune cells or mice with a timely
regulated BDNF deletion show that at least part of the
effects of the immunomodulators GA and laquinimod
involve BDNF produced by immune cells (Lee et al. 2012;
Linker et al. 2010; Thone et al. 2012).

Concluding Remarks

There is increasing evidence that the concept of neuro-
protective autoimmunity can be extended from injury
conditions of the CNS to neuro-inflammatory conditions
where the infiltration of autoantigen-specific T cells and
other immune cells is part of the pathogenetic process. In
such a situation, immune cells seem to play a dual role. On
the one hand, they are clearly pathogenic by secreting pro-
inflammatory cytokines, directly attacking neuronal struc-
tures and supporting glial cell populations. On the other
hand, they secrete some factors which support regeneration
and self-limit the on-going destructive inflammation.
Neurotrophic factors and neurotrophins, among them
BDNF, seem to play a pivotal role in the latter process.
Whereas many studies have been conducted trying to
correlate BDNF levels in the serum of MS patients and the
amount of BDNF produced by their immune cells to
clinical outcome, these results are partly contradictory and
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have to be interpreted with caution. Sophisticated experi-
mental studies in animal models in principle support the
neuroprotective activity of BDNF in neuroinflammatory
and demyelinating settings, presumably via BDNF-TrkB-
mediated signaling pathways. While these data are very
suggestive, the neuroprotective role of BDNF and its
receptor pathways in neurological disease has not been
definitely proven in humans so far. In particular, the short
half-life of BDNF, restrictions in its distribution across the
BBB and behavioral side effects at higher doses may limit
the easy translation of experimental findings into clinical
practice.
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