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We are pleased to announce the publication of this special
issue in the journal “Clinical and Developmental Immunology.” We are happy to perceive the growing interest, from a
wide range of scientists, regarding the peculiar intercommunication between the immune system and the central nervous
system (CNS). We have finally reached a balanced compilation of papers that we collect in this special issue highlighting
recent fundamental advances in our understanding of brain
immunology with an emphasis on new therapeutic targets
covering such emerging topics as chemical suppression of
glial activation, inflammation following acute demylination,
Notch signalling as a potential therapeutic target in EAE and
a link between neuroinflammatory signaling and reproduction.
The idea that the CNS is an immune-privileged site is gradually vanishing. However, increasing evidence shows that
the relation between the CNS and the immune system is
special and in many aspects, different from the rest of the
organs and tissues [1].
One of the peculiarities of the CNS is the presence of
glial cells, which are the initial responders to brain injuries and degenerative processes [2]. Glial cells, especially microglia, get locally activated in the damaged brain areas and
are able to induce the recruitment of scavenger blood cells,
such as monocytes and lymphocytes to injured sites, contributing to the inflammatory reaction [3, 4]. In our special
issue, R. A. Taylor and L. H. Sansing, describe, in a comprehensive review, the role of microglial cells in ischemic stroke
and intracerebral hemorrhage. Importantly, authors highlight the distinct phenotypes of microglia, M1-inflammatory,

and M2-repairing microglia, which express different surface
molecules and releasing factors. They propose that understanding the mechanism of this switching phenotype will be
crucial for future therapeutic purposes. In line with this, E.
Assi et al., review the recent literature about the role of microglia in inflammatory signaling cascades in brain pathology,
but focusing their paper on the role of sphingolipids in
the inflammatory reaction, which is proposed as a potential
target to control glial-mediated neuroinflammation.
In this context, it is becoming more evident that glial
activation is a critical event that should be targeted to avert
inflammation in the CNS. B. Rocamonde et al. describe, in
an original study, using a rat model of brain injury, that
the reduction of glial activation by lipoic acid underlies the
restorative effects in the brain. F. Cloutier et al. suggest in
an interesting paper that the role of microglia and astrocytes during spinal cord injury and repair may be different
depending on the scenario of CNS damage. Authors report,
using a rat model of acute demyelination in dorsal funiculus,
how immunological using anti GalC demyelination triggers
macrophage/microglial cells activation in comparison of a
stab injury. Interestingly, in their model of axon regeneration,
the participation of astrocytes is limited, whereas microglia
and infiltrated macrophages have a prominent role, which
emphasize the potential of targeting microglial cells for
therapeutic purposes.
From this perspective, papers on CNS autoimmunity, MS
and MS’ experimental models have largely contributed to
our special issue. We have compiled extensive reviews and
original papers about the initial immune-pathogenesis of MS
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as well as the immunology and oxidative stress underlying the
disease. R. Bassil et al. provide a comprehensive reassessment
on the important function of Notch signaling in the activation
of T helper cells in experimental autoimmune encephalitis
(EAE). They propose targeting Notch signaling as a potential
strategy for MS therapy, but they also report the limitations
of this approach due to the wide range of functions of
Notch signaling, suggesting interesting new research avenues.
Hernández-N. Y. Pedro et al. discuss the innate immune
responses occurring during the immune-pathogenesis of MS,
which are hypothesized as a critical trigger of the chronic
inflammatory response. In line with this, G. G. Ortiz et al.
describe that oxidative stress and inflammation are important elements in the self-perpetuation inflammatory/immune
cycle of MS. These pathways may contain targets that could
be promising to avert the inflammatory responses in MS.
Concluding this MS section from a practical point of view,
S. F. Gonçalves Zorzella-Pezavento et al contribute to settle
down the potential controversy regarding the tuberculosis
(TB) vaccination protocols, suggesting that TB vaccination
does not trigger or worsen EAE pathology.
Immunotherapy is also an important topic covered by
this special issue. In the CNS, T-lymphocytes infiltrate into
the inflamed brain parenchyma and the manipulation of
different T-cell subpopulations may have beneficial effect on
neurodegenerative disorders and diverse brain injuries. T
cell infiltration is observed in many neurodegenerative diseases including Parkinson’s and Alzheimer’s disease and we
are getting to know more aspects on how T-cells may
affect neurodegeneration [5, 6]. Importantly, immunotherapy
based on targeting T cells (Tregs and Th17 cells) for autoimmunity disorders and cancer is becoming a rising field of
investigation [7]. However, the precise lymphocyte function
in the damaged brain parenchyma is still poorly understood.
S. Chen et al. propose, in a completed review, that the
modulation of Tregs may have a favorable outcome for stroke
patients. This is based on the fact that Tregs downregulates the
excessive brain immune-reaction, which could be favorable
for tissue restoration. In line with this, M. S. Zaborowski and
Michalak describe how the appearance of paraneoplastic neurological syndromes may be linked with the certain antitumor
responses triggered by T cells. Thus, authors suggest that the
manipulation of specific subpopulation of T cells, pondering
the balance between Tregs and CTLs through immunotherapy,
could be beneficial for these neurological disorders.
In this context of immunotherapy, the search for antigens
that may trigger autoimmune responses in the brain is a
crucial field of research. The review by A. Seppänen proposes collagen XVII as a candidate antigen. Autoantibodies
against different domains of collagen XVII are found elevated
in serum of patients within a wide range of neurological
disorders as well as in skin autoimmune disorders, suggesting that an autoimmune response may be the common
trigger of those disorders. On the other hand, increasing evidence indicates that immune system dysfunction
may also be underlying a number of psychiatric disorders.
K. Pathmanandavel et al. hypothesize in their thoughtprovoking review that some neuronal autoantibodies may
be linked with psychiatric symptoms and could open new
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immunomodulatory approaches for neuropsychiatric disorders in the near future.
We scarcely know the factors that trigger CNS diseases.
It is thought that genetic and environmental factors, which
include the exposure to chemical compounds or particular
pathogens, may contribute to the appearance of these disorders. T. T. Win-Shwe et al. discuss an interesting point regarding the immune-related inflammation that environmental
volatile compounds may induce. The review hypothesizes
how environmental volatile elements may affect respiratory
and immune system, having neurological consequences for
the population. On the other hand, T. Hautala et al. report
in our special issue how viruses, in this case Puumala virus, a
northern European type of Hantavirus, are important entities
that may seriously affect the CNS. Other pathogen infections,
such as Trypanosoma brucei, which causes sleeping sickness,
may also cause severe brain damage. Interestingly, D. N.
Maranga et al., members of a research group based in Kenya,
present in our special issue a research study performed in few
monkeys showing that the increase of the proinflammatory
cytokine IL-6 in spinal fluid may be a reliable marker to
manage human African trypanosomiasis in areas where the
diagnostic tools are very limited and derived neurological
consequences are frequent. Lastly, A. P. Herman et al. describe
how the inflammatory-mediated release of cytokines, such as
IL-1𝛽, may have consequences in the hypothalamic neurons
affecting the reproductive system. This highlights that it
is also important to consider the effect that neuroimmune
interactions and neuroinflammation may have in many other
systems.
We hope this collection of papers is helpful for readers
to understand better the peculiar relationship between the
immune system and CNS and may be a stimulus to continue
the research on this complex field.
Carlos Barcia
James Curtin
Jeffrey Zirger
Daniel Larocque
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Paraneoplastic neurological syndromes (PNS) are disorders of the nervous system that are associated with remote effects of
malignancy. PNS are considered to have an autoimmune pathology. It has been suggested that immune antitumor responses are
the origin of improved outcome in PNS. We describe cell-mediated immune responses in PNS and their potential contributions
to antitumor reactions. Experimental and neuropathological studies have revealed infiltrates in nervous tissue and disturbances
in lymphocyte populations in both cerebrospinal fluid and peripheral blood. A predominance of cytotoxic T lymphocytes (CTLs)
over T helper cells has been observed. CTLs can be specifically aggressive against antigens shared by tumors and nervous tissue.
Based on genetic studies, a common clonal origin of lymphocytes from blood, tumor, and nervous tissue is suggested. Suppressive
regulatory T (Treg) lymphocytes are dysfunctional. Simultaneously, in tumor tissue, more intense cell-mediated immune responses
are observed, which often coincide with a less aggressive course of neoplastic disease. An increased titer of onconeural antibodies
is also related to better prognoses in patients without PNS. The evaluation of onconeural and neuronal surface antibodies was
recommended in current guidelines. The link between PNS emergence and antitumor responses may result from more active CTLs
and less functional Treg lymphocytes.

1. Introduction
Paraneoplastic neurological syndromes (PNS) are defined as
disorders of the nervous system that are due to a neoplasm
but exclude tumor infiltration, compression, or metastasis [1].
The diagnostic criteria of definite PNS include the manifestation of the classical (typical) syndrome and the detection
of onconeural antibodies [2] that can be associated with
clinically evident malignant tumors [1]. Paraneoplastic reactions can affect both peripheral and central nervous systems.
The most common syndromes and associated tumors are
summarized in Table 1. Neurological syndromes frequently
precede the clinical manifestation of a tumor by months [3].
It appears that, in this group of patients, the neoplasms are
less advanced, metastases are less frequent, overall survival is

better [4, 5], and single cases of tumor regression have been
reported [6]. Such clinical observations suggest a naturally
occurring antitumor immune response in PNS patients [7].
PNS are regarded as autoimmune disorders. In this review, we
focus on the cell-mediated immune responses in the course
of PNS and neoplastic disease in order to show the potential
points of interplay between them that may have impact on
tumor progression.

2. Cell-Mediated Responses in PNS
The prevailing view on the pathogenesis of PNS is that
tumor cells share antigens with nervous tissue. As a result,
an immune response that is directed against the neoplasm
cross-reacts with neurons. These shared antigens are referred
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Table 1: The most common paraneoplastic neurological syndromes
and associated tumors [1, 17, 100].

Table 2: The most common onconeural antibodies and superficial
antigen antibodies [1, 17, 100].

Typical paraneoplastic
syndrome

Type of antibody

Limbic encephalitis

Paraneoplastic cerebellar
degeneration

Tumor

Anti-Hu

Small-cell lung cancer
Thymoma
Ovarian teratoma
Hodgkin lymphoma
Testicular seminoma
Ovarian cancer
Breast cancer
Small-cell lung cancer
Thymoma
Hodgkin lymphoma

Antibody

Anti-Yo

Anti-Ri
Well-defined
onconeural antibodies Anti-CV2

Tumor
Small-cell lung
cancer
Ovarian cancer
Breast cancer
Small-cell lung
cancer
Breast cancer
Small-cell lung
cancer
Thymoma

Breast cancer
Small-cell lung cancer
Thymoma

Anti-Ma/Ta

Subacute sensory
neuropathy

Testicular
seminoma
Small-cell lung
cancer

Antiamphiphysin

Opsoclonus/myoclonus
syndrome

Neuroblastoma (children)
Small-cell lung cancer
Breast cancer
Testicular seminoma

Breast cancer
Small-cell lung
cancer

Lambert-Eaton myasthenic
syndrome

Small-cell lung cancer
Thymoma

Anti-NMDA

Ovarian teratoma
Testicular teratoma
Small-cell lung
cancer

Anti-AMPA

Thymoma
Small-cell lung
cancer
Non-small-cell
lung cancer

Anti-GABA

Small-cell lung
cancer

Anti-LGI1

Small-cell lung
cancer

to as onconeural antigens, whereas antibodies against them
are also known as onconeural. The most common onconeural
antibodies and associated tumors are presented in Table 2.
A detection of onconeural antibodies plays a key role in
the PNS diagnosis [1]. However, the involvement of the
humoral response in the pathogenic mechanism remains
unclear. Studies on antibody transfer to animals have been
successful in inducing Lambert-Eaton myasthenic syndrome
[8] and cerebellar syndromes [9, 10]. The in vitro neurotoxicity of anti-Hu [11] and anti-Yo antibodies [12] has been
shown. Pathological studies have revealed the presence of IgG
deposits around neurons in dorsal root ganglia in patients
affected by paraneoplastic encephalomyelitis (PEM) that is
associated with anti-Hu antibodies [13]. IgG deposites have
also been identified in the cytoplasm and nuclei of neurons
of the dorsal root ganglia in the course of anti-Hu-positive
paraneoplastic subacute 4 sensory neuronopathy [14]. This
finding has been corroborated by the detection of the anti-Hu
antibodies in the nuclei of neurons in the central nervous system in patients with PEM/sensory neuronopathy syndrome
[15]. All of the abovementioned reports have focused on the
immune responses against intracellular antigens.
Recently, neuronal surface antibody-associated syndromes have been an object of intense research. They result
from the immune response against ion channels (e.g.,
leucine-rich glioma inactivated-1 protein (LGI-1) and contactin-associated protein 2 (CASPR2)) that are complexed
with voltage-gated potassium channels (VGKC), voltagegated calcium channels (VGCC), or neuronal receptors (e.g.,
NMDA, AMPA, GABA, and mGluR) [16]. These entities

Antibodies against
superficial antigens

Anti-CASPR

Anti-VGCC

Thymoma
Small-cell lung
cancer
Hodgkin
lymphoma
Small-cell lung
cancer

have been recognized as a separate clinical problem in which
antibody-mediated responses are perceived as a prevalent
pathogenic mechanism. This is consistent with the fact that
immunomodulatory treatments are often effective in these
patients, and this is reflected in clear therapeutic guidelines
[17]. In an animal model, the administration of anti-mGluR1
antibodies into the subarachnoid space induced severe ataxia
as a short-term effect [10]. Most of the neuronal surface
antibody-associated syndromes are not related to malignancy and respond to immune therapy [18]. Anti-NMDA
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Cell loss

Perivascular
infiltrates

Memory
Th cells

+

CD3
CD8+

Peripheral
blood

Retrograde
degeneration
CD68+
macrophages
CD8+
CD4+
NK
B lymphocytes
CSF

Figure 1: Lymphocytes of various subpopulations are found in affected regions of the nervous system, cerebrospinal fluid, and blood. The
regions of the infiltrates do not always coincide with the area of cell loss that presumably comes from the retrograde degeneration.

encephalitis has been reported to be associated with ovarian teratomas [19]. Clinical improvement in these patients
has been observed along with a simultaneous decrease in
antibody titers [20]. It has been demonstrated, however, that
in paraneoplastic limbic encephalitis that is associated with
neuronal surface antibodies, the intraneuronal antibodies
often coexist, and the response to immunotherapy is poor
[21]. Altogether, it seems that neuronal surface antibodyassociated syndromes are a distinct group of disorders with
an established pathogenic role of antibodies.
However, there have been studies that have not confirmed
the causal relationship between onconeural antibodies and
neuronal degeneration in the majority of PNS. The coculture
of neurons with the anti-Hu and anti-Yo antibodies did
not trigger cell death, but it induced the expression of
adhesion molecules and more intense nerve cell differentiation [22]. Thus, one may hypothesize that onconeural
antibodies influence the functional status of neurons and
do not necessarily lead to cell death. Moreover, studies on
the passive transfer of antibodies that were accompanied by
complement or mononuclear cells [23] or the intracerebral
injection of antibodies did not cause cell loss [23, 24]. The
immunization of mice with either Hu [9, 25] or Yo [26]
antigens induced only antibody production in the absence
of neurologic pathology. Pathological studies of nervous
tissue have revealed either no [27] or little [28] complement deposits, which is further evidence against isolated
antibody-mediated cytotoxicity. It should be considered that
blood-brain barrier breakdown might be a prerequisite for
antibody-mediated toxicity. Indeed, the disruption of this
barrier has been described in the course of an animal model
of paraneoplastic cerebellar degeneration (PCD) [29]. Taken
together, but excluding some surface antibody-associated
syndromes, it seems that antibodies take part in the pathogenesis of PNS as one factor among others, but they alone
are not a sufficient condition to induce the PNS. Hence, it

is worth explaining how cell-mediated immune responses
could contribute to the emergence of PNS.
2.1. Nervous System Infiltrates. Mononuclear infiltrates are
observed in the affected regions of the nervous system and
correspond to the clinical signs and symptoms in the course
of PNS [13, 30]. Thus, in PEM that is associated with sensory
neuronopathy, infiltrates were found predominantly in the
hippocampus, medulla, cortex, spinal cord, and dorsal root
ganglia [27]. They were localized both in the perivascular
space and in the parenchyma [31]. In PCD, the degeneration
of Purkinje cells in the cortex is found, but the infiltrate itself
is often present either within the dentate nucleus [32, 33] or in
the cerebellar white matter and pons [30]. It is hypothesized
that the cell body or axonal damage in the adjacent area
triggers, as a secondary process, neuronal loss in the cortex
as a result of a retrograde degeneration (Figure 1). The
transfer of T lymphocytes from experimental animals that
were previously immunized with paraneoplastic neurological
Ma protein (PNMA1) antigen from another mouse triggered
infiltration into brain tissue [34].
In immunohistopathological studies, the infiltrates consist mainly of CD3+ and CD8+ lymphocytes [32, 35] whereas
CD4+ cells are less numerous [14], indicating predominance
of cytotoxic T lymphocytes (CTLs) over T helper (Th) cells.
The plasma cells and B lymphocytes, however, have also been
identified at an early stage of PNS to be related to anti-Ma2
antibodies [36, 37]. An increased population of macrophages
(CD68+ ) has also been detected in paraneoplastic ganglionitis [38].
Regions of lymphocytic infiltration highly express intercellular adhesion molecule 1 (ICAM-1), which favors immune
cell diapedesis [27]. Within infiltrates in the nervous system,
no expression of MHC class I molecules has been identified.
This implies some other mechanisms of cell death than those
mediated by MHC class I restricted cytotoxic T cells [13]. Such
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a phenomenon supports the idea of the cross-presentation
of neuronal antigens on the tumor cells, which coexpress
class I MHC antigens and thus enable potentially excessive
lymphocyte activation. Indeed, although all small-cell lung
cancer (SCLC) and the majority of neuroblastoma tumors
express HuD antigen, the onconeural antibodies are found far
more frequently if the tumor cells express class I MHC at the
same time [33, 39]. The increasing extent of this antitumor
response may lead to the destruction of the nervous tissue
that shares the same antigen profile [40].
2.2. Lymphocytes in Peripheral Blood and Cerebrospinal Fluid.
Pleocytosis, along with increased protein concentrations and
oligoclonal bands, appears often in the course of PNS [41, 42].
Normal results of cerebrospinal fluid (CSF) analyses were
found in only 7% of the PNS patients. Increased cell counts
are especially present at early stages of the disease during the
first 3 months after the onset of neurological symptoms [42].
Thus, it can be hypothesized that, at the very beginning, PNS
have an inflammatory course that subsequently turns into
a noninflammatory or neurodegenerative phase. In patients
with PCD, lymphocytes constitute the majority of cells that
are found in the CSF [43]. Their identification presents a
similar profile to the populations that are found in the tissues.
The counts of T cells, CD8+ cells, CD4+ cells, natural killer
(NK) cells, and, especially, B cells are increased, whereas
natural killer T (NKT) cells are relatively decreased in the
CSF in PNS patients when comparing cancer and noncancer
patients [44] (Figure 1). The increased B cell count explains
the phenomenon of intrathecal antibody production. Indeed,
onconeural antibodies are present in the CSF in the majority
of patients, and, most often, their titer is higher than in serum
[3]. Interestingly, patients with anti-Hu syndrome and high
pleocytosis have a better overall survival rate [42].
The analysis of peripheral blood has revealed increased
memory Th cells (CD45RO+ CD4+ ) [45] and decreased NKT
cells [44]. The suppressive function of NKT cells is raised
in the naturally ineffective tumor immunity [46]. Their
influence, however, is ambiguous as they have been reported
to exert both inhibitory and antitumor promoting activities
[47].
2.3. The Specificity of Lymphocyte Reactions. The increased
number of particular cell types does not answer the question of whether these are the same lymphocytes that react
against both a tumor tissue and a nervous tissue. The
tumor-infiltrating lymphocytes have been shown to react
specifically with bioethylated HuD antigen [48]. It appears
that peripheral blood lymphocytes are also active against the
same antigens as the antibodies that are used in diagnostic
tests. Specific CTLs have been found in both acute and
chronic phases of PCD [43] and to coexist with ovarian
[49] and breast tumors [50]. The reactivity of these cells was
restricted to MHC class I signaling. Their existence was not
so evident in Hu syndrome that is associated with SCLC.
Peripheral blood mononuclear cells [51] and, specifically,
CD8 T lymphocytes [52] that are aggressive towards Hu
antigen-presenting fibroblasts have been detected only in
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a few cases. T lymphocytes that are derived from healthy
subjects may be potentially active during stimulation in the
presence of HuD-derived epitopes [53]. Similarly, in a study
with a normal murine T cell repertoire, the cytotoxic CD8
lymphocytes were reactive against HuD antigen, but only
after ex vivo stimulation [54]. The HuD immunogenicity that
is accompanied by inhibited cell-mediated reactions resulting
in antigen tolerance explains why PNS develops only in some
patients with SCLC, although HuD antigen is expressed by all
tumors. The presence of antigen-specific CTL in the course of
Hu syndrome has only been partially confirmed by another
study [55]. The incubation of peripheral blood lymphocytes
with HuD antigen led to the proliferation of memory Th cells
of the Th1 subtype (CD45RO+ CD4+ ) [45]. CSF analysis has
not revealed lymphocytes that are sensitive to HuD antigen
in PNS patients with anti-Hu antibodies [56]. Different SCLC
patients with anti-Hu antibodies did not share the same CD8
T lymphocyte responses, which may involve the following:
(1) typical cytotoxic T lymphocytes producing IFN-𝛾 or
(2) atypical CD8+ T cells secreting IL-13 and IL-5, without cytotoxic activity, that are missed in standard
functional assays [57].
Such a distinct modulation of immune response could be
responsible for the development of PNS symptoms in certain
patients, even though the HuD antigen is expressed in almost
all SCLC tumors. This discrepancy between the frequency
of onconeural antigen presentation in neoplasms and PNS
incidence can also be partially explained by the genetic
polymorphisms in the HLA system. It appears that HLADQ2 and HLA-DR3 alleles are more common in patients
with Hu syndrome [58]. These HLA types have also been
reported to be associated with autoimmune diseases, such
as Graves-Basedow disease, myasthenia gravis, Addison’s
disease, and celiac disease [59]. In patients with PCD that
is associated with the anti-Yo antibody, a high frequency of
HLA A24 has been demonstrated [60, 61]. Strong associations between nonparaneoplastic Lambert-Eaton myasthenic
syndrome and the HLA-B8, HLA-DQ2, and -DR3 types have
been found [62]. The presence of HLA-B8 was related to a
decreased incidence of SCLC, even among the population
at risk, smokers. When SCLC patients developed LEMS,
HLA-B8 positivity was associated with prolonged survival.
This relationship between particular HLA types and the
incidence of paraneoplastic reaction also supported the view
that cellular immune responses have an impact on PNS
emergence.
It is noteworthy that the lymphocytes that are detected
in peripheral blood, tumors, and affected nervous tissue
originate probably from the same clone population. Based on
an analysis of the TCR receptor gene [35] in Hu syndrome
patients, the lymphocyte populations of similar clones have
been identified. There were clones found in both blood and
nervous tissue but not in lymph nodes and in another case
in dorsal root ganglia and nodes, but they were absent in
blood at the same time. The spectratyping of complementarydetermining region 3 (CDR3) of the TCR receptor that
was performed in a patient with anti-Hu encephalitis in

Clinical and Developmental Immunology

5
Peripheral blood

Tumor cells

TCR specific
for Hu antigen

Nervous system

CTL

CTL

Hu antigen

CTL
Onconeural
antibodies

PCR analysis

Figure 2: The same Hu antigen is present in both nervous tissue and tumor tissue. Cytotoxic T lymphocytes (CTLs) recognizing it are found
in tumors and in the peripheral blood and nervous system. The clones of the TCR receptor appear to be similar in all three locations (based
on the findings reported in [35, 63]).

the course of adrenal neuroblastoma [63] has shown a
narrower repertoire of TCR in the CSF compared to the
polyclonal spectrum in peripheral blood or tumor tissue.
Even if TCR clones were different, some of them appeared
functionally identical. Thus, probably, immune reactions that
were initiated in one location were subsequently effective in
different tissues (Figure 2).
2.4. Lymphocyte Function. The CTLs induce cell death that
is mediated by at least three different mechanisms [32, 64]
involving the following:
(1) tumor necrosis factor (TNF) receptor,
(2) FasL receptor activation,
(3) granule excretion that destroys cells by the effects of
granzyme-B, perforin, and T-cell restricted intracellular antigen-1 (TIA-1).
The first two trigger a cell to launch apoptosis through
the caspase pathway. Granule excretions kill cells either by
mitochondria permeabilization or through caspase processing [65]. However, the markers of the apoptotic pathway
(FasL, Bcl-2, and caspase-3) are not present in infiltrates in
contrast to the excessive expression of TIA-1 molecule [32]
and granzyme B [36].
Functional studies have shown that T lymphocytes are
more active against particular antigens in the PNS [45, 55].
Lymphocytes that are isolated from patients with anti-Hu
syndrome are more reactive against 13 out of 19 selected
sequences of the antigen (Figure 3), whereas controls exhibit
such a response against only 3 epitopes only temporarily. It
was more intense in patients whose PNS were diagnosed less
than 3 months before. One year after the diagnosis of PNS,
the reactivity was significantly lower [55]. The lymphocytic

activation coexisted with the clinical presentation of Hu
syndrome. In contrast, in asymptomatic periods, such cell
activity was decreased. These findings support the idea of cellular responses that are involved in the pathogenesis of PNS.
In vitro studies have also confirmed the sequential nature of
the cytotoxic response. The activity of cytotoxic lymphocytes
against the recombinant Yo antigen and autologous dendritic
cells has already been found after 4 days of incubation, but it
increased significantly after 2 months of culture [49].
The particular lymphocyte subtypes differ in activity
when in contact with onconeural antigens. An in vitro
stimulation with HuD antigens has been shown to trigger
the proliferation of memory T cells [45] and increase the
interferon-𝛾/interleukin-4 ratio, which indicates an escalation of cell-mediated responses that are typical for the Th1
subpopulation rather than a humoral one.
In contrast, regulatory T lymphocytes (Treg ) are less
active in PNS patients [66] as is reflected by the significantly
decreased expression of mRNA for FOXP3, TGF-𝛽, and
CTLA4, indicating their dysfunction.

3. PNS-Associated Neoplasms and
Antitumor Responses in PNS
The PNS diagnosis is an indication for the search of an
underlying neoplastic disease [7, 67]. The algorithm of the
malignancy diagnosis in PNS, even if based on the guidelines
[68], however, remains a clinical challenge. It comes mainly
from the small-sized tumors that affect this group of patients.
Hysterectomies that are performed in Yo-syndrome patients
have shown that the tumors of female genital organs are
detectable solely during a laparotomy [69] or microscopically
[70]. The neoplastic disease is frequently limited and its
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Figure 3: Cytotoxic T lymphocytes that are derived from PNS patients appear to be more aggressive towards cells presenting the Hu antigen.

course is accompanied by either none or small-sized metastases, in contrast to the much more severe clinical forms
in patients without paraneoplasia [67, 69]. The frequency
of PNS in lung cancer patients may reach 30%, and the
presence of well-defined onconeural antibodies has been
observed in 20% [71]. The localization of the SCLC tumors
is often limited to the chest with the involvement of small
mediastinal lymph nodes, without any distant metastases [3].
Moreover, a few cases of spontaneous tumor regression have
also been reported [6, 72]. Nevertheless, sometimes a poor
survival in these patients results from the severe course of
the neurological syndrome itself [3, 67]. The PNS-associated
tumors do not differ histologically from those found in the
general population [73].
Onconeural antigens are found in tumor cells. They
are detected in many neoplasms, even though they are
not accompanied by a paraneoplastic reaction [74, 75].
Amphiphysin antigen is expressed in breast tissue [75],
and Cdr2 is expressed in normal ovarian tissue [76]. This
explains why humoral immune responses against normal
ovarian tissue can be observed in patients with ovarian
tumors [77]. In contrast, HuD antigen that is expressed by
all SCLC cells is found exclusively in the nervous system
in normal conditions [78]. Though onconeural antigens are
expressed in a wide spectrum of tumors, PNS develops only in
some patients. Most of the onconeural antigens are localized
intracellularly in neurons [79], and this is another argument
that underscores the importance of cell-mediated responses.
In tumor cells, however, the HuD antigen is found equally at
the cell surface, which facilitates its presentation to APC [80].
Hu is an RNA-binding protein [81], and it probably plays a
role in posttranslational modifications [48, 82]. Cdr2 protein
binds to c-Myc transcription factor, which is an oncoprotein,
and downregulates its activity [83]. An interaction of the Cdr2
antigen and anti-Yo antibodies may lead to the upregulation
of c-Myc and, consequently, to neuronal apoptosis. Thus,
it can be hypothesized that small-scale antibody-mediated
apoptosis leads to the facilitated antigen presentation to
APC cells that subsequently promotes a secondary and more

intense cell-mediated response. The Cdr2 antigen also has
a leucine-zipper motif, and, thus, it potentially functions as
a transcription factor that interacts with DNA [84, 85]. The
reaction directed against this protein may interfere with gene
expression, in both neurons and tumor cells [23]. In breast
cancer patients with anti-Yo antibodies, which bind to the
Cdr2 antigen, an overexpression of human epidermal growth
factor receptor 2 (HER2) has been found compared to antiRi subjects. This may suggest a possible role of HER2 in PNS
pathology [86]. Altogether, the most common onconeural
antigens, Hu and Cdr2 proteins, have been demonstrated to
take part in the regulation of gene expression and proliferation. Thus, an interaction between antibodies and those
proteins may lead to the disturbed function of tumor cells.
As PNS are rare disorders, there is a methodological
limitation in performing case-control studies on the role of
the immune response in tumor evolution. However, reports
are available which demonstrate that, in patients with PNS,
the neurological symptoms and survival vary with both the
type of associated onconeural antibody and the type of tumor
[87]. The tumors underlying PNS reveal hallmarks of immune
antitumor responses. First, high contents of onconeural
antibodies are found in the tumor area [78]. Moreover, the
antibodies are detected within tumor cells. Their concentration, however, is proportional to the levels in serum [30].
However, in vitro studies have not confirmed the toxic role of
antibody deposits that are found within the nucleus of tumor
cells [88]. Nevertheless, high serum titers of onconeural
antibodies have been associated with slower tumor progression and better survival in patients with SCLC and PNS
[5]. All patients in whom malignancies were not detected
had high antibody concentrations [89]. Interestingly, among
the patients with SCLC, individuals with anti-CV2/CRMP5
antibodies had better overall survival compared to the
individuals with anti-Hu antibodies [87]. Secondly, in the
course of Hu syndrome, the infiltrates were revealed in
the SCLC tumor tissue [32]. They were mainly composed
of CD8 lymphocytes. The intense plasma cells infiltrates
have been found in ovarian tumors in PCD [30, 41, 89].
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In some of these patients, no metastases were found [30].
Nonetheless, there were patients with few lymphocytes in
tumor tissue. This coincided with almost complete Purkinje
cell loss without immune infiltration in the cerebellum. In
patients without cerebellar and tumor infiltrates, the course
of the neoplastic disease was more severe [30]. Autopsies
have revealed disseminated and distant metastases. It can be
hypothesized that, initially, the majority of onconeural antigens had been destroyed, and an intense immune stimulation
could no longer be maintained. It is possible also that the
immunosuppressive influence that was exerted by the tumor
inhibited the immune reaction at that moment. The experimental model that mimics the antitumor response in PNS
is consistent with the clinical observations. Immunization
with the Hu-antigen DNA plasmid induced tumor growth
inhibition or even its rejection in mice. The infiltrate within
the tumor tissue contained predominant CD3+ lymphocytes
and a high CD8+ : CD4+ ratio [25]. The phenomenon of the
antitumor response in PNS requires, however, further studies.
As paraneoplastic disorders are relatively rare, it is difficult
to draw decisive conclusions about the beneficial effects of
immune response on the tumor evolution.
An effective antitumor immune response is also probable
in patients with onconeural antibodies who do not manifest
neurological symptoms. SCLC patients with low titers of antiHu antibodies more often had tumors that were limited to
lung and mediastinum [90–92]. Their survival, and their
response to therapy were better [90, 91]. Anti-Hu serum is
more toxic for human tumor cell lines than the serum that is
derived from SCLC patients without antibodies. Surprisingly,
its toxicity is not mediated by anti-Hu antibodies. Moreover,
the same toxic effects of anti-Hu sera were observed on
both cells expressing Hu and cells without this antigen. The
cytotoxic effects of TNF-𝛼 were also excluded [93]. Similarly,
serum anti-Hu antibodies in neuroblastoma patients were
associated with longer median survival [39]. Anti-Purkinje
cells and anti-Ri antibodies have also been found in ovarian
cancer patients without neurologic pathology [94, 95]. Their
detection, however, was not associated with improved outcome [95]. Their prevalence was found especially in advanced
stage ovarian carcinomas [96].

4. Discussion
The suggested pathomechanisms that may link antitumor
defense and cell-mediated immune response in PNS are
based on the following:
(i) increased number and upregulated CTL activity
as well as, at least temporarily, specificity against
onconeural antigens that are shared by tumors and
nervous tissue;
(ii) less functional Treg cells in PNS that enable more
aggressive antitumor responses;
(iii) the natural restriction of onconeural antigens to
immune privileged tissues, including the nervous
system, that may decide more aggressive attacks
mounted towards cells presenting them.
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The clinicopathological observations suggest the sequential evolution of PNS. The presence of infiltrates in the
nervous system, the cell activity, and specificity were more
intense if the investigation was conducted in the first months
of the disease. Positron emission tomography (PET) studies
have revealed hypermetabolism of glucose in acute stages of
the disorder that disappears in time [97]. It is possible that,
as long as there are many cells in the nervous system presenting onconeural antigens, such a reaction is intense. In a
subsequent phase, the antigen-stimulating response becomes
scarce, which renders the immune system less aggressive, and
the antitumor response becomes less effective. The gradual
course of PNS may also come from the influence that is
exerted by the tumor. The immunosuppressive cytokines
or the activation of regulatory T cells may influence the
repression of an initially intense immune attack. Once the
antitumor response is less effective, the malignancy manifests
clinically. This would be consistent with the fact that PNS
often antedate cancer diagnoses. These observations emphasize the significance of the urgent management of PNS. It
may reduce the severe neurologic implications and enable
the detection of malignancy at a very early stage. That is why
distinct guidelines for tumor screening have been introduced
in patients with PNS [68]. Moreover, the recommended diagnostic procedures in patients with epilepsy, psychosis, and
dementia that may result from autoimmune encephalopathy
as a remote effect of cancer also include the evaluation of
onconeural or neuronal surface antibodies [17].
The function of T regulatory cells should be further studied, including the previously described expression of CTLA-4
and FOXP3. It has already been shown that their expression
is diminished [66]. However, it is not clear whether such a
status is stable and whether it coincides with the emergence of
a tumor. Another important issue is the clinical application of
Treg cells in the treatment of PNS. Such a strategy is currently
under study in other autoimmune diseases. The transfer of
Treg cells that are multiplied ex vivo, FOXP3-transduced
lymphocytes, or the infusion of CTLA-4 like antibodies could
appear efficient.
However, the cell-mediated reaction is not always
involved in the neuronal damage in PNS. Pathological studies
have sometimes revealed significant cell loss without infiltrates [41]. Interestingly, in these patients, there are scarce
inflammatory infiltrates in the tumor tissue as well [30].
This suggests that, at the moment of autopsy, all of the cells
presenting onconeural antigens were already eliminated. One
should also consider that the paraneoplastic degeneration is
mediated by a different noninflammatory mechanism. An
immune response may appear as a result of a secondary
reaction to neuronal apoptosis that is induced by a different
factor. There is basis to suspect that paraneoplastic syndromes
emerge as a result of metabolic disturbances that are triggered
by malignancy. There are a number of patients with PCD
without any antibodies [98]. PET studies have demonstrated
impaired glucose metabolism in nervous tissue in PNS [97,
99]. In an experimental model of neoplastic disease, cerebellar degeneration with Purkinje cell loss may develop without
onconeural antibodies, but the involvement of chemokines
and blood-brain barrier disruption was observed [29].
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To conclude, the humoral response is an established
biomarker in the diagnostic procedures in cases of suspected
PNS. It can be promising, however, to use laboratory tests of
cellular immune responses in routine diagnosis and monitoring of patients undergoing remote effects of malignancy on
the nervous system.
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The Notch signaling pathway preservation across species hints to the indispensable role it plays during evolution. Over the last
decade the science community has extensively studied the Notch signaling pathway, with Notch emerging as a key player in
embryogenesis, tissue homeostasis, angiogenesis, and immunoregulation. Multiple sclerosis (MS) is an incurable yet treatable
autoimmune chronic inflammatory disease of the central nervous system. The aim of this review is to provide a brief description
of the Notch signaling pathway, and summarize the current literature implicating Notch in the pathogenesis of MS.

1. Introduction
The evolutionary conserved Notch signaling pathway is a
crucial player in cell fate decision from embryogenesis to
adult life and plays a key role in a broad range of cellular processes including activation, proliferation, differentiation, and
apoptosis. Notch signaling orchestrates normal cell and tissue
development and has been implicated in the pathogenesis of
some of the most challenging medical problems facing our
society. In this review, we are going to focus on the influence
of this pathway on autoimmune diseases.
The canonical Notch signaling cascade is initiated when
a Notch receptor engages a Notch ligand expressed on a
neighboring cell. This triggers a series of enzymatic reactions
leading to the release of the Notch receptor intracellular
domain, which translocates to the nucleus and forms an
active transcription complex regulating target genes expression [1–3].
Multiple sclerosis (MS) is a chronic, often disabling
autoimmune inflammatory demyelinating disease of the
central nervous system (CNS) affecting mostly the young
adult population. Unknown environmental factors still under
investigation are thought to trigger MS in genetically predisposed individuals. T-helper (Th) cells, so called for their
ability to coordinate and fine-tune the immune response,
initiate an attack against “self ” antigens expressed mainly on
oligodendrocytes (OLs) leading to chronic inflammation [4].
Notch signaling has been shown to regulate the development

and function of both Th cells and OLs, with several groups
reporting on the potential therapeutic implications of Notch
pathway targeting in MS.

2. Notch Signaling
In 1914, John S. Dexter described a heritable “beaded” wing
phenotype in the fruit fly Drosophila melanogaster. Twelve
years later, Thomas H. Morgan published his work The Theory
of the Gene in which he identified multiple mutant alleles
resulting in this heritable “notched” wings phenotype. The
gene was therefore appropriately called Notch. The Notch
signaling pathway is now recognized as a cornerstone of cellto-cell communication.
In humans, the classic Notch signaling pathway consists
of four heterodimeric transmembrane receptors (Notch 1,
2, 3, and 4) and their ligands (Delta-like 1, 3, and 4 and
Jagged 1 and 2) [1]. The Notch receptor engagement by
its ligand expressed on an adjacent cell is followed by
two consecutive proteolytic reactions mediated by ADAM
metalloproteases and the Presenilin family of 𝛾-secretases.
These enzymatic reactions lead to the cleavage of the receptor in its transcellular domain region, releasing the Notch
intracellular domain (NICD) which then translocates to the
nucleus. Once in the nucleus, NICD forms a transcriptional
complex with the recombination signal binding protein for
immunoglobulin kappa J region (RBP-J𝜅) and the coactivator
mastermind-like (MAML) proteins, thus converting RBP-J𝜅
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Figure 1: Schematic illustration of Notch signaling pathway. Binding of the extracellular part of Notch receptor to ligands of the
Delta and Jagged families induces proteolytic cleavage of Notch,
releasing the intracellular part of the protein (NICD). NICD is then
translocated to the nucleus and binds to the nuclear transcription
factor RBP-J𝜅 inducing its conversion from a repressor into an
activator to stimulate the transcription of Notch target genes.

from a transcriptional repressor to a transcriptional activator. The NICD/RBP-J𝜅/MAML complex then modulates the
expression of their target genes [2, 3] (Figure 1).

3. T-Helper Cell Differentiation
Three signals are required for efficient T cell differentiation.
The first is in the form of antigen presented by an antigenpresenting cell (APC), such as a dendritic cell (DC). The
second signal comes in the form of costimulatory receptors
on T cells engaging their cognate ligands on APCs. Small
signaling protein molecules, that is, cytokines, provide the
third signal [5]. Albeit an oversimplification, Notch signaling
falls under the third signal category and fine-tunes the T cell
response [6].
To date, numerous T-helper cell subsets have been defined
mainly based on the expression of master transcriptional
regulators and cytokine production profiles (Figure 2) [7].
Antigen presentation in the presence of IL-12 induces the
expression of T-bet and production of IFN-𝛾, therefore
promoting naı̈ve T cell polarization into the Th1 phenotype.
IL-4 induces GATA3 expression and IL-4 production and is
necessary for Th2 cell polarization. IL-6 and TGF-𝛽 induce
ROR𝛾t expression and IL-17 production in Th17 cells. TGF𝛽 is necessary for foxp3 expression and regulatory T cell
(Treg) differentiation. The IL-9 producing Th (Th9) cells
require both IL-4 and TGF-𝛽, which induce IRF4 and PU.1
expression, respectively [7].
While Th cell subsets are necessary for providing immunity against infectious pathogens, their aberrant response is
to blame in several medical problems such as autoimmune
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Figure 2: Schematic illustration of CD4+ T cell differentiation
into effector or regulatory T cells. Depending on the cytokine
milieu (shown above the arrows) present at the time of the initial
engagement of their TCR, naive CD4+ T cells can differentiate
into various subsets of T-helper cells (Th1, Th2, Th9, and Th17).
However, in the presence of TGF-𝛽1, naive T cells convert into
foxp3-expressing induced Treg (iTreg) cells. For each T-helper cell
differentiation program, specific transcription factors (shown below
the arrows) have been identified as master regulators (T-bet, GATA3
and ROR𝛾t) for Th1, Th2, and Th17, respectively. IRF4, PU.1, and
RBP-J𝜅 transcription factors have been shown recently to contribute
to the induction to Th9 cells.

diseases, allergies, and malignancies. Therefore, a Th cell type
could be either “good” or “bad” depending on the immunological context. Studies in humans as well as in animal models
of MS suggest that Th1 and Th17 cells are mostly pathogenic,
while Th2 and Treg cells are anti-inflammatory. The role of
Th9 cells in autoimmune diseases is still controversial as they
might be a plastic, nonterminally differentiated phenotype
[8].

4. Delta-Like Ligands and Th Subsets
Several in vitro studies support a role for Delta-like ligands
(Dll) in promoting Th1 cell differentiation [9–11]. Briefly,
APCs expressing Dll promote Th1 while suppressing Th2
cell differentiation. Concurrently, exogenous stimuli that
would enhance APCs polarizing potential of Th1 cells also
increase the APCs expression of Dll [9]. RBP-J𝜅 and NICD
were reported to bind to the Tbx21 and Ifng promoters,
respectively, two hallmarks of Th1 cells [10, 11].
With regard to Th17 cells, Mukerjee et al. show that
under Th17 polarizing conditions rDll4 treatment significantly enhances IL-17 production while 𝛾-secretase inhibitor
(GSI) mediated inhibition of Notch signaling abrogates it.
Furthermore, RBP-J𝜅 was found to bind to the Il17 promoter
and this was reduced in the presence of GSI [12].
Bassil et al. show that Dll4 mediated signaling inhibits
TGF-𝛽-induced Treg development as well as Janus kinase
3-induced STAT5 phosphorylation, a transcription factor
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known to play a key role in Foxp3 expression and maintenance [13]. The role of Dll4 in Treg development was
further confirmed by Billiard et al. by showing that antiDll4 Ab treatment converts early T cell progenitors to
immature tolerogenic DCs that promote Treg-cell expansion
[14]. Adding another dimension to the picture, Hue et al.
demonstrate that pretreatment with Notch ligands Dll4 and
Jagged1 sensitizes CD4+ CD25− effector T cells to Treg-cell
mediated suppression through increased TGF-𝛽RII expression and Smad3 phosphorylation [15].

5. Jagged Ligands and Th Subsets
What applies to the Dll and Th1/Th2 cells is almost opposite
to the findings seen with the Jagged ligands. APCs expressing
Jagged ligands promote Th2 cells while suppressing Th1 cell
differentiation. Concurrently, pathogens that enhance APCs
polarizing potential for Th2 cells also increase the APCs
expression of Jagged ligands [9]. Furthermore, Notch and
RBP-J𝜅 were found to bind the Gata3 promoter and the
HS5 site of the IL4 enhancer, both critical genes in Th2 cell
differentiation [9, 16, 17].
Jagged ligands are thought to enhance the development
and function of regulatory T cells. In a human in vitro study,
Vigouroux et al. report on the induction of an antigen specific
IL-10 producing regulatory T cell population (Tr1) following
stimulation by Jagged1 transduced B cells [18]. Kared et al.
show that a population of hematopoietic progenitor cells
(HPCs) highly expressing Jagged2 ligand activated Notch3
signaling in Treg cells enhancing their expansion and suppressive function. This signaling mechanism required cell-tocell interaction and was inhibited by GSI [19].
Asano et al. have demonstrated that Treg suppressor
cells express Jagged1 while the responder cells (CD4+ CD25− )
express Notch1. Anti-Notch1 and to a lesser extent antiJagged1 Abs inhibited the suppressive function of Treg cells.
Furthermore, they show that Jagged1-mediated Notch1 activation enhances TGF-𝛽-induced Smad3 transcription and
translocation to the nucleus, a key component of TGF-𝛽
mediated signaling [20].
With regard to Th9 cells, Elyaman et al. have found
Notch1 and Notch2 conditional ablation to significantly
reduce IL-9 production. In fact, Jagged2 mediated Notch
signaling promotes RBP-J𝜅/NICD1/Smad3 transcriptional
complex formation and binding and transactivation of the Il9
promoter [21].

6. Notch Intracellular Domain and
Noncanonical Signaling in Th Subsets
In addition to the data that has been generated involving
the Delta-like and Jagged ligands, a plurality of data has
been generated without regard to ligand to show Notch
involvement in T-helper subset differentiation, and more
work will need to be done to fully elucidate the specific ligand
pathway.
RBP-J𝜅 and NICD have been shown to bind the Gata3
promoter, without specific ligand activation [16, 17]. Similar

3
results have been shown for the Tbx21 and Ifng promoters as
well [8, 9]. Thus the specific ligand pathway of many aspects of
Notch signaling remains to be determined despite consistent
results showing involvement in Th development.
Another topic of active research is the role of noncanonical Notch signaling in Th differentiation. Perumalsamy
et al. found that NICD in the plasma membrane, rather
than the nucleus, was associated with improved survival
of Tregs [22]. Additionally Auderset et al. showed Notch
signaling independent of RBP-J𝜅 to be important for Th1
development during parasitic infections [23]. The increasing
body of evidence points to a significant role for noncanonical
Notch signaling in the differentiation and proliferation of Th
subsets (see Table 1), and this will likely be an active area of
research in the future.

7. Notch and Oligodendrocytes
Oligodendrocyte (OL) projections provide neurons with a
protective and insulating myelin sheath, which optimizes
nerve conduction speeds. The autoimmune response targeting this myelin sheath results in slowing nerve conduction
velocities and is responsible for the neurological deficits
in MS. Therefore, immunoregulatory approaches targeting
oligodendrocyte progenitor cell (OPC) proliferation and
differentiation would be invaluable. It is worth noting that
several groups have demonstrated that the timing of Notch
signaling differentially regulates OPC development, with
Dll1- and Jagged1-mediated signaling inhibiting OPC maturation while enhancing their expansion [24–26].

8. Notch and Animal Models of MS
Experimental autoimmune encephalomyelitis (EAE), the
most widely used model for MS [27, 28], is induced by active
immunization of mice with myelin antigens emulsified in
adjuvant [29]. Alternatively, EAE can be induced by passive
transfer of activated myelin-specific cellular clones or cell
lines [30]. Theiler’s murine encephalomyelitis virus-(TMEV-)
induced demyelinating disease (TMEV-IDD), another popular model for MS, is induced by intracerebral injection with
TMEV resulting in CNS inflammation [28].
Minter et al. nonspecifically inhibited Notch signaling
by oral or intraperitoneal administration of GSI in the
PLP/SJL EAE model. This resulted in a significant decrease
in clinical disease and Th1 associated cytokines reduction
[10]. Keerthivasan et al. followed up on this work by showing
that Notch plays a role in Th17 differentiation and GSI in the
PLP/SJL EAE model reduces IL-17 production [31].
Jurynczyk et al. provided compelling evidence that
Notch3 may play a significant role in EAE when they showed
that, by using GSI against specific Notch3 and not Notch1,
there is a significant decrease in clinical disease score as well
as Th1 and Th17 cytokines using the PLP/SJL EAE model [32].
Among all Notch ligands, the role of Dll4 in animal
models of MS has been the most studied role. In 2010,
Takeichi et al. showed that Dll4 expression is significantly
upregulated on DCs in the TMEV-IDD model. Dll4 blockade
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Table 1: Notch and Th subsets.
Ligand/pathway

Method

Results
↑Dll4 mRNA

Dll
Dll

BMDC LPS stimulation
Dll1 expressing APC/CD4+ T cells
coculture
−
CD8 DCs LPS stimulation
Dll4-mFc CD4+ T cell treatment

Dll

DCs TLR2/TLR9 ligation

Dll

CD4+ T cell recDll4 treatment

Dll
Dll

Dll
Dll
Jagged
Jagged
Jagged
Jagged
Jagged
NICD
NICD
NICD
NICD
NICD
NICD
NICD

+

CD4 T cell recDll4 treatment
CD4+ CD25− cells Dll4 and Jagged1
pretreatment
Jagged1 transduction of human APCs
HPCs expressing Jagged2
Notch1 or Jagged1 blockade
BMDC LPS stimulation
Jagged1 expressing APCs/CD4+ T cells
coculture
NICD forced expression in CD4+ T cells
RBP-J𝜅/NICD1/Smad3 forced expression
in CD4+ T cells
Cell line transduction
Splenocytes aCD3/aCD28 stimulation
NICD forced expression in CD4+ T cells
Notch1 blockade in Th17 cells
Cell line transfection

Noncanonical

In vivo notch ablation in CD4+ cells

Noncanonical

Mutant NICD in Notch1 KO Tregs

References
Amsen et al., 2004 [9]

↑IFN-g
↑Dll4 expression
↑IFN-g
↑DCs Dll expression, ↑T-bet, ↑IFN-g, and
↓IL-4 by CD4+ T cell
↑RORc activation, ↑IL-17
↓phospho-Jak3, ↓phospho-Stat5, and
↓Foxp3

Skokos and Nussenzweig,
2007 [33]
Sun et al., 2008 [34]
Mukherjee et al., 2009 [12]
Bassil et al., 2011 [13]

↑TGF-𝛽RII and phospho-Smad3

Hue et al., 2012 [15]

Induction of IL-10 producing Tr1 cells
↑Treg expansion and function
↓Treg function
↑Jagged1 mRNA

Vigouroux et al., 2003 [18]
Kared et al., 2006 [19]
Asano et al., 2008 [20]
Amsen et al., 2004 [9]

↑IL-4, ↑IL-5
NICD regulates IL4 transcription
RBP-J𝜅/NICD1/Smad3 complex binds
and transactivates Il9 promoter
RBP-J𝜅 binds Tbx21 promoter
NICD binds Ifng promoter
NICD binds the Gata3 promoter
↓Th17 associated cytokines
RBP-J𝜅 binds the Gata3 promoter
Notch1 and Notch2 redundantly essential
for Th1 development
NICD targeting plasma membrane
improves Treg survival

Elyaman et al., 2012 [21]
Minter et al., 2005 [10]
Shin et al., 2006 [11]
Fang et al., 2007 [17]
Keerthivasan et al., 2011 [31]
Amsen et al., 2007 [16]
Auderset et al., 2012 [23]
Perumalsamy et al., 2012 [22]

Table 2: Notch and animal models of MS.
MS animal model

Method

Results

References

EAE (PLP/SJL)
EAE (PLP/SJL)
EAE (PLP/SJL)
EAE (MOG/B6)
TMEV-IDD
TMEV-IDD
EAE (PLP/SJL)
EAE (MOG/B6)
EAE (MOG/B6)
EAE (MOG/B6)

GSI
Anti-Notch3
GSI
Anti-Dll1
Anti-Dll1
Anti-Dll4
Anti-Dll4
Anti-Dll4
Anti-Jagged1
Jagged1 peptide
Anti-Jagged2 signaling molecules prior to
immunization
Anti-Jagged2 signaling molecules at time
of immunization

↓Disease, ↓Th1
↓Disease, ↓Th1, and ↓Th17
↓Disease, ↓Th17
↓Disease, ↓Th1
↓Disease, ↓IFN-𝛾, and ↓IL-4
↓Disease, ↓IFN-𝛾, and ↓IL-17
↓Disease, ↓Th1, and ↓Th17
↓Disease, ↓Th1, ↓Th17, ↑Th2, and ↑Treg
↑Disease, ↓IL-10
↓Disease, ↓IFN-𝛾, and ↑IL-4

Minter et al., 2005 [10]
Jurynczyk et al., 2008 [32]
Keerthivasan et al., 2011 [31]
Elyaman et al., 2007 [35]
Tsugane et al., 2012 [36]
Takeichi et al., 2010 [37]
Reynolds et al., 2011 [38]
Bassil et al., 2011 [13]
Elyaman et al., 2007 [35]
Palacios et al., 2007 [39]

EAE (MOG/B6)

↓Disease, ↑Treg
↑Disease, ↑IL-17

Elyaman et al., 2012 [21]
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Table 3: Notch and animal models of immune mediated diseases.
Animal model
Allergic conjunctivitis
Allergic asthma
Allergic airway response
Autoimmune uveoretinitis
T1D
Graft versus host disease
Allogeneic cardiac transplant
Airway hyperresponsiveness
Murine cardiac transplant

Method
Anti-Dll4
Anti-Dll4
Anti-Dll4
Anti-Dll4
Anti-Dll4
Anti-Dll4
Anti-Dll1
Jagged1-Fc
Anti-Jagged2 signaling Ab

significantly ameliorated the clinical course of the disease,
which was attributed to a decrease in mononuclear cell
infiltration of the target tissues and reduction in IFN-𝛾 and
IL-17 production [37].
In 2011, in concordance with the TMEV-IDD study,
Reynolds et al. described an increase in Dll4 expression
on APCs in the PLP/SJL EAE model, with Dll4 blockade
alleviating clinical disease and decreasing IFN-𝛾 and IL-17
producing CD4+ T cells frequency and leukocyte infiltration
of the CNS, while having no effect on the Foxp3 mRNA
expression levels. Reynolds et al. attribute the effects observed
with Dll4 blockade to a downregulation of the chemokine
receptors CCR2 and CCR6 expression on CD4+ T cells,
leading to their differential migration and accumulation in
the CNS [38]. Also in 2011 and in agreement with the
previous studies, Bassil et al. showed that Dll4 blockade in
the MOG/B6 EAE model alleviates the clinical EAE severity
and shifts the immune balance from a Th1/Th17 mediated
response toward a Th2/Treg mediated response. In this study,
the effects were mainly attributed to the role Dll4 plays in
regulating Treg development, with Treg depletion prior to
EAE induction abrogating the anti-Dll4 mAb protective effect
[13].
Dll1 contribution to the EAE model has been described
by Elyaman et al. in 2007, showing DC upregulation of
Dll1 expression during the induction phase of the disease.
Dll1 blockade reduced the disease severity and CD4+ IFN𝛾+ cell frequency, while Dll1 ligation had the opposite effect.
Modulation of the Dll1 mediated signaling had no effect on
CD4+ Foxp3+ cell frequencies [35]. Tsugane et al. reported on
Dll1 blockade in the TMEV-IDD model in 2012. A decrease
in IFN-𝛾, IL-4, and IL-10 producing CD4+ T cells and an
increase in IL-17 producing CD4+ T cells were observed in
the spinal cords of treated mice. This resulted in a significant
suppression of the disease both clinically and histologically
[36].
The role of the Jagged ligands in animal models of MS
has not been studied as much as their Dll counterparts. Our
group has shown that the administration of anti-Jagged1 mAb
exacerbated EAE clinical disease and was associated with
a decrease in IL-10-producing CD4+ T cells in the CNS.
In contrast, the administration of Jagged1-Fc protected the
mice from disease and increased the frequency of IL-10producing CD4+ T cells [35]. Using a human Jagged1 agonist

Results
↑Disease, ↑Th2
↑Disease, ↓Treg function
↑Disease, ↑Th2
↑Disease, ↓Th17
↓Disease, ↑Treg
↑Survival, ↓Th1, and ↓Th17
↑Survival, ↓Th1, and ↓cytotoxic T cell
↑Disease, ↑Th2
↓Survival, ↑IL-2, and ↑IL-6

References
Fukushima et al., 2008 [40]
Huang et al., 2009 [41]
Jang et al., 2010 [42]
Ishida et al., 2011 [43]
Billiard et al., 2012 [14]
Mochizuki et al., 2013 [44]
Riella et al., 2011 [45]
Okamoto et al., 2009 [46]
Riella et al., 2013 [47]

peptide, Palacios et al. have also concluded that Jagged1
signaling ameliorates EAE course, which was associated
with an increase in CD25+ Foxp3+ T cell frequency [39].
In a recent study, Elyaman et al. reported that the timing
of Jagged2 mediated signaling differentially regulates EAE.
In that report, we show that Notch signaling is required
for optimal IL-9 production. Jagged2 signaling molecule
administration before antigen immunization promotes IL9-mediated Treg-cell expansion and suppresses EAE, while
Jagged2 signaling molecule administration concurrent with
immunization worsens EAE, with IL-9 favoring Th17 cell
expansion in this inflammatory milieu [21]. The role of Notch
signaling in animal models of MS is summarized in Table 2.
Notch signaling has been investigated in other models
of immune mediated diseases and the data complements the
findings in the EAE system. Not surprisingly, the effect on the
clinical disease was largely dependent on the immunological
context. The data is summarized in Table 3.

9. Notch and MS
Despite the overwhelming evidence supporting the role of
Notch signaling in Th cell development and in regulating
the outcome in animal models of MS, studies in the human
system remain scarce and mostly point to Jagged1 or were
ligand independent.
Zhang et al. studied chronic active MS lesions and
concluded that the expression of Jagged1 in remyelinated
MS lesions is nonsignificant. On the other hand, in active
MS lesions lacking remyelination, Jagged1 is highly expressed
by hypertrophic astrocytes, with Notch1 being preferentially
expressed in nondifferentiated OLs [26]. In a study of chronic
silent MS lesions, Nakahara et al. observed a high level
of activation of Notch1 through the noncanonical Notch
signaling pathway, while the classic Notch signaling pathway
is inhibited [48].
An analysis of gene networks regulating T cell activation in MS patients by Palacios et al. has concluded that
Jagged1 is consistently modified in the disease state making
it a potential therapeutic target in MS [39]. However, the
strongest inculpating evidence emerged in 2006 when a
meta-analysis of the Genetic Analysis of Multiple Sclerosis
in EuropeanS (GAMES) project involving 13,896 individuals
identified Jagged1 as a susceptibility gene for MS [49].
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These observations taken together with the data from
in vitro studies further highlight the key role of the Notch
signaling pathway in regulating the immune balance in MS.

10. Concluding Remarks
The scientific community has provided overwhelming evidence implicating the Notch signaling pathway in the
pathogenesis of autoimmune diseases including MS. Notchmediated signaling emerges as a key regulator of the development of Th cell subsets promoting autoimmunity, as well as
other Th subsets playing an anti-inflammatory role [4, 10, 13,
21, 35]. This dichotomy has also been demonstrated in OPCs
where the nature and timing of Notch signaling could either
enhance or inhibit OPC maturation and expansion [25, 26].
Therefore, Notch signaling regulates the development and
function of pathogenic cells as well as cells with regenerative and anti-inflammatory properties. This makes Notch
signaling targeted immunotherapy extremely promising yet
problematic for the same reason. To complicate the picture,
while it seems likely that Th subsets are a valid target for
Notch immunotherapy, APCs and other myeloid cells clearly
play a role in EAE and should not be excluded as potential
cell-specific targets.
The obvious challenges arise from the difficulties in delivering the right immunomodulatory signal to the right target
cell at the right time. To further complicate the picture, Notch
receptors and ligands are ubiquitously expressed making the
nonselective approach less than ideal. We believe that the
current literature supports and encourages a Notch signaling
targeted immunotherapy even in a noncell-specific targeting
system through the use of signaling pathway inhibitors such
as GSI or the use of mAbs and signaling molecules. However,
harnessing the immense therapeutic potential of the Notch
signaling pathway modulation lies in taking advantage of
future advances and breakthroughs in cell-specific targeted
drug delivery systems.
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The glial scar formed by reactive astrocytes and axon growth inhibitors associated with myelin play important roles in the
failure of axonal regeneration following central nervous system (CNS) injury. Our laboratory has previously demonstrated that
immunological demyelination of the CNS facilitates regeneration of severed axons following spinal cord injury. In the present
study, we evaluate whether immunological demyelination is accompanied with astrogliosis. We compared the astrogliosis and
macrophage/microglial cell responses 7 days after either immunological demyelination or a stab injury to the dorsal funiculus.
Both lesions induced a strong activated macrophage/microglial cells response which was significantly higher within regions of
immunological demyelination. However, immunological demyelination regions were not accompanied by astrogliosis compared
to stab injury that induced astrogliosis which extended several millimeters above and below the lesions, evidenced by astroglial
hypertrophy, formation of a glial scar, and upregulation of intermediate filaments glial fibrillary acidic protein (GFAP). Moreover,
a stab or a hemisection lesion directly within immunological demyelination regions did not induced astrogliosis within the
immunological demyelination region. These results suggest that immunological demyelination creates a unique environment in
which astrocytes do not form a glial scar and provides a unique model to understand the putative interaction between astrocytes
and activated macrophage/microglial cells.

1. Introduction
Myelin represents a nonpermissive substrate for neuronal
adhesion, sprouting, and neurite growth [1, 2], and several
myelin-associated inhibitor proteins have been identified
including the myelin-associated glycoprotein (MAG) [3, 4],
oligodendrocyte myelin glycoprotein (OMgp) [5, 6] and
Nogo-A [7–9]. Since then, numerous studies have been dedicated to understand the mechanisms underlying the action
of these inhibitory molecules [10–12]. Previous studies in
our laboratory and others have used immunological demyelination to address myelin-associated inhibition and provide
a permissive environment for axonal regeneration. Immunological demyelination involves the intraspinal injection of
antibodies to galactocerebroside (GalC), the major sphingolipid in myelin, plus complement proteins, and results in
a well-defined region of complete demyelination that spares

oligodendrocytes. This treatment paradigm has been shown
to promote axonal regeneration following spinal cord injury
in embryonic chicks [13], hatchling chicks [14], and adult rats
[15–18].
One major impediment for axon regeneration following
CNS injury is the formation of a glial scar [19, 20]. This
response is preceded by the transition of resident astrocytes into a reactive state rapidly following injury. Reactive
astrocytes are characterized by a cellular hypertrophy and
dramatic changes in gene regulation [21–24]. Notably the
upregulation of GFAP has been widely used as marker of
astrogliosis.
The role of reactive astrocytes in demyelinating diseases
is not fully understood and both protective as well as deleterious effects are being discussed [25–27]. The presence of
astrogliosis has been suggested to contribute with the failure
of remyelination in many demyelinating pathologies and
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experimental models of demyelination [28–33]. In our model,
remyelination begins 10 to 14 days following intraspinal
injection of antibodies to GalC and remyelination of all axons
is evident by 4 weeks [17]. Thus, the ability of immunological
demyelination regions to sustain axonal regeneration and
remyelination suggests that astrogliosis is not induced by
the catastrophic destruction of myelin in this model. Such
a possibility would seem paradoxical, given that astrogliosis
is a ubiquitous response to different insults to the adult
CNS including trauma, toxic lesion, genetic, and degenerative
diseases [21, 24, 34].
In the present study we first compared the astrogliosis and macrophage/microglial cells responses 7 days after
either immunological demyelination or a stab injury to the
dorsal funiculus. Secondly, we compared the astrogliosis
response following a stab or hemisection injury to the
spinal cord dorsal funiculus within regions of immunological demyelination. Our data shows that immunological
demyelination induced a robust macrophage/microglial cells
activation which is not accompanied by astrogliosis either
when induced alone or followed by an injury.

2. Materials and Methods
Adult female Sprague Dawley rats (200-220 g, 6–8 weeks old;
𝑛 = 40) were anaesthetized with an intraperitoneal injection
of 7.5 mg/kg Rompun (Phoenix Pharmaceutical Inc., St.
Joseph, MO) and 60 mg/kg Xylazine (Phoenix Pharmaceutical Inc., St. Joseph, MO). All procedures were approved
by the Institutional Animal Care and Use Committee of the
University of California at Irvine.
2.1. Experimental Groups. To determine whether immunological demyelination alone induced astrogliosis and activation of macrophage/microglial cells, 10 animals received
an injection of GalC antibodies plus serum complement
proteins into the dorsal column and were killed 7 days
later for immunohistochemical (𝑛 = 6) or immunoelectron
microscopic (𝑛 = 4) analyses of astroglial reactivity. To determine the extent of astrogliosis following injury, 6 animals
received a stab injury in the dorsal column and 6 animals
received laminectomy only and were killed 7 days later.
To determine whether astrogliosis will be induced within
regions of immunological demyelination accompanied with
a disruption of the blood brain barrier, 12 animals received
an injection of GalC antibodies plus serum complement
proteins into the dorsal column, followed by a spinal cord stab
wound injury to the dorsal column (𝑛 = 6) or dorsal spinal
cord hemisection injury (𝑛 = 6) 24 hours later, and were
killed after further 7 days. 6 uninjured, normally myelinated
animals served as a control group.
2.2. Immunological Demyelination. The dorsal region
between the neck and hindlimbs, extending approximately
2 cm bilaterally from the spine, was shaved and disinfected
with serial Providone iodine scrub and 70% ethanol scrubs. A
midline incision exposed the spinal column at the level of T8–
T11 and the paravertebral muscles were dissected bilaterally
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to visualize the transverse processes. Laminectomy was
performed at T10. After stabilization of the spinal column
by clamping the T9 and T11 vertebrae, direct injection
into the exposed dorsal funiculus was performed using a
silicon-coated glass micropipette (with outer diameter of
50–80 𝜇m) attached to a 10 𝜇L Hamilton syringe (Hamilton,
Reno, NV) mounted on a micromanipulator. Injections
consisted of polyclonal anti-GalC antibody (Chemicon
International Inc., Temecula, CA) at a dilution of 1 : 2 with
33% guinea pig complement (ICN, Aurora, OH) in artificial
cerebrospinal fluid (aCSF, Harvard apparatus, Holliston,
MA). Rats received a total volume of 4 𝜇L injected over 3
minutes. Muscle layers were then sutured and the superficial
tissue and skin were closed with wound-clips.
2.3. Spinal Cord Injury. In animals that received immunological demyelination, the laminectomy site was reexposed
24 hours after intraspinal injection. In animals that had not
previously received a demyelinating injection, laminectomy
was performed as outlined above. For stab injury, a sterile
25 gauge stainless steel needle (outer diameter of 0, 51 mm)
was inserted immediately next to the dorsal vein and lowered
1.2 mm into the dorsal funiculus. For hemisection injury, a
microlesion knife (Fisher Scientific, Pittsburgh, PA) marked
at 1.2 mm from the tip was lowered into the spinal cord at a
depth of 1.2 mm from the dorsal-most point and drawn laterally across the dorsal aspect of the spinal cord. This procedure
was then repeated in the opposite direction. Immediately
following surgery animals received subcutaneous saline and
were maintained on an isothermic pad until alert and mobile.
Animals were inspected for weight loss, dehydration, and
distress, with appropriate veterinary care as needed.
2.4. Histochemical Staining. Animals were sacrificed 7 days
following the injection of the demyelinating agent, or 7 days
following injury. Animals were terminally anaesthetized
and transcardially perfused with 50 mL of 0.1 M phosphate
buffered saline (PBS) containing 28 IU/mL heparin (Acros,
New Jersey, NY) followed by 250 mL of 4% paraformaldehyde
(Fisher Scientific, Pittsburgh, PA) in 0.1 M phosphate buffer
(PB) pH 7.4. Spinal cord regions extending 1 cm above and
1 cm below the injection/injury site were postfixed in 4%
paraformaldehyde in 0.1 M PB overnight then transferred to
25% sucrose (Fisher Scientific, Pittsburgh, PA) for 24 hours.
Spinal cords from stab-injured animals were cut into 1 mm
transverse blocks and processed so as to preserve the rostral caudal sequence and orientation. Spinal cords from
hemisection-injured animals were cut in the longitudinal
plane. 20 𝜇m transverse or longitudinal sections were cut on
a cryostat and mounted on gelatin-coated slides (Fisher Scientific, Pittsburgh, PA).
Rabbit anti-cow glial fibrillary acidic protein (GFAP)
antibodies (Dako, Carpinteria, CA) were used at a dilution of
1 : 2000 in 0.5% normal goat serum (NGS) in PBS (Chemicon
International Inc., Temecula, CA). Mouse anti-rat CD68
(ED-1 clone) antibodies (Serotec, Oxford, UK) were used at
a dilution of 1 : 200 in 0.5% NGS in PBS. Primary antibodies
were incubated overnight at 4∘ C. Goat anti-rabbit or goat
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anti-mouse secondary antibodies (Alexa Fluor 488 or 594,
Molecular Probes, Eugene, OR) were used at a dilution
of 1 : 200 in 10% NGS in PBS. Rabbit anti-goat secondary
antibodies (Alexa Fluor 546, Molecular Probes, Eugene, OR)
were used at a dilution of 1 : 400 in 10% rabbit serum in
PBS. After 2 hours of incubation, all sections were washed
in PBS and incubated for 5 minutes at room temperature in
Hoechst solution (1 : 5000 in PBS; Molecular Probes, Eugene,
OR). Standard immunohistochemical controls were included
in each run. Sections were viewed and digitally photographed
using an Olympus AX-80 microscope using OLYMPUS
MicroSuite B3SV software (Olympus America Inc., Melville,
NY).
Dorsal columns and demyelinated regions were delineated using cryostat-sectioned tissue stained with eriochrome
cyanine R for myelin. Serial sections to those used for
immunohistochemical staining were incubated at room temperature with eriochrome cyanine R (Sigma, St. Louis, MO)
for 10 minutes, rinsed, and then differentiated with a 10%
ferrous oxide solution (Sigma, St. Louis, MO) for 5 minutes.
Morphometric analysis of dorsal column and demyelinated
regions using eriochrome cyanine R-stained sections was
accomplished by tracing dorsal columns and demyelinated
regions within digitally photographed fields using the OLYMPUS MicroSuite B3SV software (Olympus America Inc.,
Melville, NY).
2.5. Electron Microscopy. Animals were transcardially perfused with 50 mL of 0.1 M PBS containing 28 IU/mL heparin
(Acros Inc., Geel, Belgium) followed by 250 mL of 4%
glutaraldehyde (Fisher Scientific, Pittsburgh, PA) in 0.1 M
phosphate buffer pH 7.4. Spinal cord regions extending 1 cm
above and 1 cm below the injection/injury site were extracted
and postfixed for 24 hours in 4% glutaraldehyde. Spinal cords
were cut into 1 mm transverse blocks and processed so as
to preserve their craniocaudal sequence and orientation. The
tissue blocks were rinsed in 0.1 M PB pH 7.4 for 30 min, then
exposed to 1% OsO4 (Electron Microscopy Sciences, Fort
Washington, PA), dehydrated in ascending alcohols, soaked
in propylene oxide (Electron Microscopy Sciences, Fort
Washington, PA), and embedded in Spurr resin (Electron
Microscopy Sciences, Fort Washington, PA) according to
standard protocols [17]. Transverse 1 𝜇m semithin sections
were cut from the cranial face of each block, stained with
alkaline toluidine blue to located the demyelinated regions
(Sigma, St. Louis, MO), cover-slipped, and examined by
light microscopy on an Olympus AX-80 microscope using
OLYMPUS MicroSuite B3SV software (Olympus America
Inc., Melville, NY).
2.6. Immunoelectron Microscopy. 40 𝜇m vibratome sections
of glutaraldehyde-perfused tissue (above) were cut and pretreated with 10% dimethyl sulfoxide (Fisher Scientific, Pittsburgh, PA) in PBS to enhance antibody penetration, incubated in 0.1% H2 O2 in PBS for 10 min, followed by incubation
in PBS containing 10% NGS. Sections were then incubated
overnight at 4∘ C in rabbit anti-cow GFAP antibodies (Dako,
Carpinteria, CA) at a dilution of 1 : 2000 in 0.5% NGS in PBS
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(Chemicon International Inc., Temecula, CA). After several
rinses with PBS the sections were incubated in biotinylated
goat anti-rabbit IgG (Vector Laboratories, Burlingame, CA)
at a dilution of 1 : 400 for 1 hour. Sections were rinsed
with PBS and incubated in avidin-biotin-peroxidase complex
(Vector Laboratories, Burlingame, CA) at a dilution of 1 : 100
for 1 hour, washed with PBS and postfixed with 2% glutaraldehyde (Fisher Scientific, Pittsburgh, PA) in PBS, rinsed
with PBS and visualized with the chromogen DAB (Vector
Laboratories, Burlingame, CA). Sections were postfixed in
1% OsO4 (Electron Microscopy Sciences, Fort Washington,
PA) for 1 hour, dehydrated, immersed in propylene oxide
(Electron Microscopy Sciences, Fort Washington, PA), flatembedded in Spurr resin (Electron Microscopy Sciences, Fort
Washington, PA) between two pieces of Aclar film (Electron
Microscopy Sciences, Fort Washington, PA), and polymerized at 60∘ C for 24 hours. The embedded sections were glued
onto cured resin blocks and 1 𝜇m semithin sections of the
dorsal column were cut with a Leica ultramicrotome (Leica,
Wetzlar, Germany), stained with toluidine blue (Sigma, St.
Louis, MO) and collected on glass slides. Ultrathin sections
were cut and collected on coated slotted copper grids (Electron Microscopy Sciences, Fort Washington, PA), stained
with lead citrate (Sigma, St. Louis, MO) for 10 min, and
examined using a Philips CM 10 electron microscope.
2.7. GFAP and ED-1 Positive Cell Counts. To quantify activated macrophages we used the macrophage-activation antigen (ED-1), which labels a glycosylated lysosomal cytoplasmic antigen believed to be coupled with lysosomal compartments in actively phagocytic macrophages and reactive
microglial cells [35–37]. To quantify astrocyte we used
the GFAP marker. Transverse ED-1-stained or transverse
GFAP-stained sections were viewed using an Olympus AX80 microscope (Olympus America Inc., Melville, NY). For
the epicenter of injuries, for regions of distal astrogliosis
or regions of immunological demyelination in the dorsal
columns were located at 200x magnification. Images were
digitally captured and a 50 × 50 𝜇m (2500 𝜇m2 ) grid was
overlaid on the images using OLYMPUS MicroSuite B3SV
software (Olympus America Inc., Melville, NY). Regions
sampled accounted for over 10 percent of the total region
of pathology for each section. For macrophages and reactive
microglial cells, cells that had a clearly stained nucleus,
exhibiting a rounded phagocytic morphology, and ED-1+
markers that clearly delineated the perimeter of the cell
were counted. For astrocytes, cells that had a clearly stained
nucleus and exhibiting GFAP markers were counted.
2.8. Semiquantitative Analysis of Distal Astrogliosis. The
amount of distal astrogliosis was measured using a semiquantitative method involving computer-assisted image analysis of
GFAP immunostaining (University of Texas Image Tool program V. 3). Transverse GFAP-stained sections were viewed
using an Olympus AX-80 microscope (Olympus America
Inc., Melville, NY). Slides contained obvious histological
artifacts including tears or holes were omitted from analysis.
The analysis was performed on spinal cord section 1 mm
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rostral to either the injury epicenter or the demyelinating
agent injection site (Figure 5(a)). The dorsal columns were
digitally captured at 200x magnification and a 100 × 100 𝜇m
(10,000 𝜇m2 ) grid was overlaid on the images using OLYMPUS MicroSuite B3SV software (Olympus America Inc.,
Melville, NY). Nine 10,000 𝜇m2 squares within the middle
of the dorsal column of control animals (𝑛 = 6), injured
animals without immunological demyelination (𝑛 = 6) and
injured animals (stab injury) with immunological demyelination (𝑛 = 6), were analyzed. Within each 10,000 𝜇m2
region, a threshold value was assigned for positive staining
by selecting genuine GFAP-positive cellular staining within
the region. This method allowed us to identify only the cells
and processes that stained intensely enough to fall within the
threshold range first selected manually and then the same
threshold range was used for all the sections. The ImageTool
program then automated pixel quantification.
2.9. Statistical Analysis. Results are expressed as mean ±
SEM. The software GraphPad Prism 4.0 (L a Jolla, CA,
USA) was used for all statistical comparisons. Comparison
between the numbers of activated macrophage/microglial
cells was analyzed using unpaired Student’s 𝑡 tests. Data
from the semiquantitative analysis of GFAP staining and the
quantitative analysis of GFAP-positive cells were analyzed
with a one-way ANOVA followed by a post hoc Dunnett’s
Multiple Comparison test. Statistical significance was set at
𝑃 < 0.05.

3. Results
3.1. Comparison of GFAP Immunoreactivity 7 Days following
Immunological Demyelination or following a Stab Wound
Injury to the Dorsal Column. In intact rats, regularly spaced,
radially oriented GFAP-positive astrocytes were numerous
within the dorsal white matter (Figure 1(a)). Stab injury
to the dorsal column induced a classic astrocytic reaction
characterized by hypertrophy and upregulation of GFAP
(green) expression at 7 days after injury (Figure 1(b)). A high
density of reactive astrocytes with intense GFAP expression
was present within white and gray matter at the level of the
injury (Figure 1(b)); the intensity of GFAP immunoreactivity
at the injury site was notably increased as compared to that
in the uninjured spinal cord (Figure 1(a)). Higher magnification revealed the intensely GFAP-immunoreactive white
matter surrounding lesion-induced cavities bordered by a
dense meshwork of reactive astrocytes with thick and long
processes, which were intensely labeled with GFAP (green)
(Figure 1(c)). Distal reactive astrocytes were also present
2 mm rostral and caudal to the injury epicenter (data not
shown).
Intraspinal injection of GalC antibodies plus serum
complement proteins induced a well-defined region of
demyelination (∗ ) within the dorsal column (Figure 1(d)).
The area of immunological demyelination extended 34 mm above and 3-4 mm below the site of injection as
previously reported [17, 18] (data not shown). Anti-GFAP
immunostained serial sections (Figure 1(e)) indicated that
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immunological demyelination did not induce widespread
reactive astrogliosis either within or adjacent to regions of
immunological demyelination. Higher magnification showed
that the edge of immunological demyelination area (hatched
line) contains small non-hypertrophic astrocytes with short
processes (arrows) (Figure 1(c)) which contrasted with the
edge of injury bordered by a dense meshwork of reactive
astrocytes (Figure 1(f)). Astrocytes were also found deeper
within the regions of immunological demyelination (arrow
in Figure 1(g)) and higher magnification showed nonhypertrophic astrocyte (arrows) and multiple GFAP positive
filaments (arrow heads) (Figure 1(h)). This contrasted with
the absence of GFAP positive cells and GFAP positive
intermediate filaments within the lesion site (I) produced
by the stab injury (data not shown). Quantitative analysis
of GFAP-positive cells revealed no difference between the
numbers of GFAP-positive cells within the normal white
matter in the dorsal column compared to those within regions
of immunological demyelination (Figure 1(i)). These finding
confirm that astrocytes survived within regions of immunological demyelination, indicating that the lack of reactive
gliosis within and surrounding regions of immunological
demyelination is not due to death of astrocytes.
Further support for the survival of astrocytes and lack
of astroglial reactivity within regions of immunological
demyelination was obtained from electron microscopic analyses (Figure 2). GFAP immunoreactive cells were present
within the regions of immunological demyelination either
close to the edge (Figures 2(a)-2(b)) or deeper within the
regions of immunological demyelination (Figures 2(c), 2(e),
2(f), and 2(g)). GFAP immunoreactivities were found within
the cytoplasmic compartment immediately adjacent to the
nucleus (arrows) and within processes (arrowheads). A lower
magnification view (Figure 2(a)) from Figure 2(b) indicates
a lack of astrogliosis within the region of immunological
demyelination or at the edge (hatched line) with myelinated white matter. For comparison, distal reactive astrocyte
1 mm rostral to the injury epicenter without immunological
demyelination possesses a hypertrophied cell body, numerous spread processes (Figure 2(d)), and thick bands of intermediate filaments within their processes (Figure 2(h)).
3.2. Macrophage/Microglial Cell Response following Spinal
Cord Injury and Immunological Demyelination. The presence
of activated macrophage/microglial cells within regions of
immunological demyelination has been previously reported
[17, 38]. Likewise, the response of macrophage/microglial
cells following hemisection, crush, or contusion injury of
the rat spinal cord has been thoroughly described [39–
42] and found to be maximal between 3 and 7 days
after injury. In the present study, we quantitatively compared macrophage/microglial cell response 7 days following
immunological demyelination or stab injury to the dorsal column. Eriochrome cyanine R staining revealed welldefined regions of immunological demyelination within
the center of the dorsal column (Figure 3(a)). Double
anti-ED-1 (red) and GFAP (green) immunostained serial
sections to A (Figure 3(b)) revealed that immunological

Clinical and Developmental Immunology

5

∗

∗

(a)

(d)

(g)

I

∗
∗

(b)

(h)
GFAP positive cells (mm2 )

(e)

I
∗

150
125
100
75
50
25
0
Within spinal cord dorsal column
Within the regions of
immunological demyelination

(c)

(f)

(i)

Figure 1: Comparison of the expression of GFAP 7 days after a spinal cord stab injury to the dorsal column or after an injection of GalC
antibodies plus complement proteins to the dorsal column. (a) The intensity of GFAP (green) immunoreactivity is low in the uninjured
spinal cord dorsal column. (b) A dense ring of reactive astrocytes with intense GFAP (green) expression is evident surrounding the lesion “I.”
(c) Higher magnification of the lesion edge: the double staining for GFAP and Hoechst reveals many reactive astrocytes tightly juxtaposed
each other. (d) Eriochrome cyanine R staining showing the region of immunological demyelination. (e) GFAP (green) staining of a serial
section to (d). (f) Higher magnification view within the region of demyelination showing double staining of GFAP (green) and Hoechst
(blue). Note the presence of GFAP positive astrocytes (arrows) close to the edge of immunological demyelination region (white∗ ). (g) GFAP
positive astrocytes (arrows) deeper within the region of demyelination. Note the absence of reactive astrocytes at the border zone between
normally myelinated and demyelinated area. (h) Higher magnification within the region of demyelination: the double staining for GFAP
and Hoechst reveals an astrocyte (arrow) and multiple intermediate GFAP filaments (arrow heads). (i) The numbers of GFAP-positive cells
within regions of immunological demyelination were similar compared to those within regions of normal dorsal column. Scale bars: (a) and
(b) 100 𝜇m; (d), (e), and (g) 50 𝜇m; (c), (f), and (h) 16.6 𝜇m.
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Figure 2: Localization of GFAP-immunoreactivity by immunoelectron microscopy within the region of immunological demyelination 7
days following intraspinal injection of GalC antibodies plus complement proteins. (a) Lower magnification of (b) showing a GFAP-positive
astrocyte and the nearby border zone between the normally myelinated and demyelinated region (hatched line). Note the lack of astrogliosis
at the border zone. (b)–(g) Astrocyte (A) with GFAP-immunoreactivity (arrows) within the cytoplasmic compartment immediately adjacent
to the nucleus and a GFAP-positive process (arrowhead). For comparison, (d) illustrates distal reactive astrocytes 1 mm rostral to the injury
epicenter. Note the hypertrophied process and multiple branches (arrowheads). (h) High magnification with focus on GFAP-positive process
(black∗ ). Note multiple dark GFAP-positive parallel lines corresponding to intermediate filaments. Scale bars: (a) 5 𝜇m; (b), (c), and (f) 2 𝜇m;
(d) 5 𝜇m; (e) and (g) 1 𝜇m; (h) 0,2 𝜇m.
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Figure 3: Macrophage-activation antigens (ED-1) 7 days following intraspinal injection of GalC antibodies plus complement proteins or
a spinal cord stab injury to the dorsal column. (a) Eriochrome cyanine R-stained transverse section showing the region of immunological
demyelination (∗ ). (b) Double stained GFAP (green) and ED-1 (red) serial section to (a). The inset highlights the numerous ED-1 positive cells
within the region of immunological demyelination (white∗ ) and the absence of astrogliosis. (c) Localization of ED-1 positive cells (arrows)
within the region of immunological demyelination (hatched line). Activated macrophages characterized by their large round cell bodies and
their high immunoreactivity for ED-1 are distributed homogeneously throughout the whole region of immunological demyelination. (d)
Eriochrome cyanine R-stained transverse section showing the injury site (I). (e) Double stained GFAP (green) and ED-1 (red) serial section
to (d). Numerous ED-1 positive cells are present within the injury site bordered by numerous GFAP positive-hypertrophic astrocytes. (f)
Quantitative comparisons between the number of ED-1+ cells per mm2 found within injury epicenters and within regions of immunological
demyelination (∗ ), 𝑃 < 0.05. Scale bars: (a), (d), and (e) 200 𝜇m; (b) and (c) 50 𝜇m.

demyelination is accompanied by a robust activation of
macrophage/microglial cells without astrogliosis response.
Numerous activated macrophages characterized by their
large round cell bodies and their high immunoreactivity for ED-1 were distributed homogeneously throughout the whole region of immunological demyelination
(arrows, Figure 3(c)). Notably, macrophage/microglial cells
were restricted almost exclusively to regions of immunological demyelination, with only a few cells outside of the

region of immunological demyelination (Figure 3(c)) or rostral and caudal to the region of immunological demyelination
(data not shown). Supporting our previous observations in
this study, the region of immunological demyelination was
accompanied by astrogliosis (Figure 3(b)).
For the stab injury to the dorsal funiculus, the trace of
the needle tract and accompanying damage to the dorsal
column were revealed by the eriochrome cyanine R staining
(Figure 3(d)). ED-1+ cells were found mainly at the injury
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Figure 4: Immunological demyelination prevents astroglial hypertrophy following dorsal hemisection injury. (a) Eriochrome cyanine Rstained parasagittal section showing the extent of the demyelination (∗ ) in the dorsal column rostral to the hemisection injury site (I). (b)
GFAP-stained parasagittal serial section to (a). Astroglial hypertrophy is evident surrounding the hemisection injury, but is absent within the
region of immunological demyelination (∗ ). (c) Higher magnification of box in (b) showing the edge of the region of gliosis within normal
white matter above the region of demyelination (hatched line indicates the border of the region of demyelination). The arrows demark a few
of the many astrocytes present within the region of demyelination. Note that these astrocytes are small and have short and thin processes
characteristic of quiescent astrocytes, which contrast with the hypertrophic astrocytes within the region of gliosis immediately above. Scale
bars: (a) and (b) 400 𝜇m; (c) 50 𝜇m.

epicenter in all cases (Figure 3(e)). Few ED-1 positive cells
were scattered throughout peripheral zones of ventral and
lateral white matter rostral and caudal to the epicenter
(data not shown). Quantitative analysis showed a statistically
significant difference between the number of ED-1+ cells
per mm2 found within the injury epicenters and within
regions of immunological demyelination without injury (∗ )
𝑃 < 0.05 (Figure 3(f)). These findings indicate that both
immunological demyelination and stab injury induce a
strong macrophage/microglial cell response despite differing
astrogliotic responses.
3.3. Combination of Immunological Demyelination and Spinal
Cord Injury. Previous studies by Silver group and others have
observed a correlation between the most significant blood
brain barrier (BBB) breakdown and the greatest astrogliosis
formation [43–46]. To determine whether a breakdown of
BBB within the regions of immunological demyelination
induced astrogliosis, we first created a region of immunological demyelination in the dorsal column and then 24 h later
an hemisection or a stab injury was performed.
Findings from hemisection are presented in Figure 4.
In hemisection-injured animals, eriochrome cyanine Rstained midline longitudinal sections clearly revealed the
dorsal and ventral white matter tracks (blue stain) within
the spinal cord (Figure 4(a)). Regions of immunological
demyelination appeared as white bands within the dorsal
column and extended several millimeters rostral and caudal

to the hemisection injury site (labeled I in Figure 4(a)).
Serial sections stained for GFAP revealed robust astroglial
hypertrophy and GFAP expression around the injury site
but not within regions of immunological demyelination;
astrocytes within regions of immunological demyelination
did not display the intense GFAP staining typical of reactive
astrocytes either at a distance from or immediately adjacent
to the base of the lesion (Figure 4(b)). Higher magnification
of the white matter adjacent to the injury site confirmed
robust astroglial hypertrophy and GFAP expression within
normally myelinated white matter, but a lack of astroglial
reactivity within regions of immunological demyelination;
GFAP immunostaining within regions of immunological
demyelination revealed astrocytes with short, thin processes
characteristic of quiescent cells (arrows in Figure 4(c)). The
number and distribution of astrocytes within regions of
immunological demyelination appeared similar to the number and distribution of astrocytes within normal white matter.
Quantitative analysis of GFAP-positive cells and semiquantitative analysis of GFAP staining are depicted in
Figure 5. Schematic drawing shows where the analyses were
conducted (Figure 5(a)). Since it was difficult to distinguish
regions of immunological demyelination at the injury epicenters due to the destruction and distortion of tissues, these
analyses were conducted 1 mm rostral to the injury epicenters
(stab injury) (Figures 5(b)-5(c)) where astrogliosis was still
predominant and clear delineated regions of immunological
demyelination with eriochrome cyanine R staining could
be identified (Figures 5(d)–5(g)). In animals that received a
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Figure 5: Immunological demyelination attenuates the induction of distal reactive. (a) Schematic drawing of different experimental groups
and where analysis of white pixel and GFAP-positive cell counts were conducted. (b) GFAP-stained serial section to (c). The injury site is
surrounded by wide spread astrogliosis in the gray and the white matter. (c) Eriochrome cyanine R-stained transverse section showing the
injury site (I). (d) GFAP-stained serial section to (e). Astrogliosis is still evident 1 mm rostral the injury epicenter. (f) GFAP-stained serial
section to (g). (f) Astrogliosis is markedly reduced within the region of demyelination (∗ , hatched line). (e) Eriochrome cyanine R-stained
transverse section showing the region of demyelination 1 mm rostral the injury epicenter. (j) Whereas there is a significant increase in % of
GFAP staining 1 mm rostral to the injury epicenter, regions of immunological demyelination showed a similar percentage of GFAP staining
compared to normal white matter. (k) The numbers of GFAP-positive cells within regions of immunological demyelination either alone or
1 mm rostral to the injury epicenter are similar compared to those of the normal dorsal column. ∗∗ : 𝑃 < 0.01. Scale bars: (b)-(c) 100 𝜇m;
(d)–(i) 50 𝜇m.
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stab injury without previous immunological demyelination,
GFAP stained transverse sections revealed a dense population
of distal hypertrophic reactive astrocytes intensely expressing GFAP in the dorsal column 1 mm rostral (Figure 5(d))
to the injury epicenter (Figure 5(b)). However, in animals
that underwent immunological demyelination, hypertrophic
astrocytes were absent within the demyelinated area (∗ )
but present in surrounding tissue (Figure 5(f)). GFAP pixel
quantification revealed a statistically significant decrease
within regions of immunological demyelination (hatched
line) compared to regions of astrogliosis without immunological demyelination 1 mm rostral to the injury epicenter;
16.74 ± 1.18% to 5.59 ± 0.82%, 𝑛 = 6, 𝑃 < 0.01 (Figure 5(j)).
No statistical difference was found between the pixel content
within regions of immunological demyelination and within
the dorsal column of control animals (Figure 5(j)).

4. Discussion
In this study we report that immunological demyelination
is not accompanied by astrogliosis despite causing intense
macrophage/microglial activation and document a novel animal model to understand the putative physiological response
of astrocytes during inflammation in the central nervous
system.
4.1. Survival of Astrocyte within Immunological Demyelination. The lack of astroglial reactivity within regions of
immunological demyelination raises the question whether
this treatment might just kill astrocytes. For instance, other
models of demyelination, such as intraspinal injection of
ethidium bromide, create a myelin-free region in which
astrocytes die and consequently no astroglial reactivity is
seen within the myelin-free region [47–49]. In the present
study, immunohistochemical and immunoelectron microscopic assays revealed GFAP positive cells within regions
of immunological demyelination, indicating that astrocytes
survived. Furthermore, our quantitative analysis indicated
that regions of immunological demyelination contained a
number of GFAP-positive cells that were not statistically
different compared to normal dorsal white matter. Similarly,
one previous study using intraspinal injection of anti-GalC
observed a survival of astrocytes but a reduction of GFAP
staining, although no quantitative data was presented [50]. It
is noteworthy that immunological demyelination is followed
by complete remyelination by oligodendrocytes [17] and
numerous studies showed that astrocytes are needed for
oligodendrocyte remyelination [51–55]. Although we showed
that immunological demyelination with anti-GalC does not
kill astrocytes, further investigation will be needed to clarify
whether regions of immunological contains newly formed
astrocytes or dying astrocytes.
4.2. Why Immunological Demyelination Is Not Accompanied
by Astrogliosis? Increased expression of GFAP is a hallmark
of astrogliosis and our semiquantitative analysis indicated
that regions of immunological demyelination contained a
GFAP density that was not statistically different from the
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GFAP density in normal spinal cords. Astrocytes are distributed throughout the whole CNS and become reactive in
response to essentially any disturbance, including trauma,
stroke, neurotoxic damage, genetic, and neurodegenerative
diseases, for reviews [21, 24, 34]. Regarding animal models of
demyelination, an increase in astrogliosis has been previously
reported during cuprizone-induced demyelination [56–58]
as well as with the lysolecithin demyelination model [59–
61]. Immunological demyelination itself represents as well
an insult to the CNS. Immunological demyelination involves
the targeting of antibodies against the major sphingolipid in
myelin (galactocerebroside) and the subsequent activation
of the complement cascade, leading to the formation of
membrane attack complexes and myelin destruction within
hours of administration [13, 38, 62].
Many different types of molecules that can be generated through a wide variety of different mechanisms are
able to trigger features of reactive astrogliosis. Molecular
mediators of reactive astrogliosis can be released by any
cell type in central nervous system tissue, including neurons, microglia, oligodendrocyte lineage cells, endothelia,
leukocytes, and astrocytes, reviewed in [23, 24]. Immunological demyelination is accompanied by a large population of activated macrophage/microglial cells. Activated
macrophage/microglial cells can release putative triggers of
astrogliosis [22] like IL-1𝛽 [63–68], IL-6 [69–71] and TNF𝛼 [67]. Conversely, the anti-inflammatory cytokine interleukin (IL)-10, a potent inhibitor of cytokine synthesis from
microglia and macrophages [72–76], has been reported to
reduce glial scaring [77]. Other evidence for a role of inflammatory mononuclear cell cytokines as mediators of astrogliosis is coming from studies on CNS development. Indeed,
one hypothesis to explain the lack of astrogliosis during CNS
development is the relative immaturity of the immune system
in neonates compared to adults [78–81]. Yong and coworkers
showed that the inability of neonatal astrocytes to become
reactive can be reversed by microinjection of gamma-IFN,
IL-1, IL-2, IL-6, TNF-𝛼, and macrophage colony stimulating
factor (M-CSF), which resulted in a significant increase of
astrogliosis in neonatal mouse brain, similar to that seen
in an adult [82]. In the cuprizone-induced demyelination
model, astrogliosis promptly followed macrophage/microglia
activation [57] and an increased expression of many inflammatory cytokines including TNF-𝛼 and IL-1𝛽 has been
demonstrated within regions of demyelination. Using the
same model, Skripuletz and colleagues demonstrated that
reactive astrocytes provide the signal environment that forms
the bases for the recruitment of microglia to clear myelin
debris [58]. With the lysolecithin demyelination model, many
cytokines triggers of astrogliosis including TNF-𝛼 and IL1𝛽 are release as well [61, 83, 84]. Therefore the presence
of a large population of activated macrophage/microglial
cells within regions of immunological demyelination and
the concomitant lack of astrogliosis is quite unique. Clearly
a different signaling occurs within regions of immunological demyelination which does not encourage astrocytes to
become hypertrophic and form a glial scar.
The lack of blood brain barrier (BBB) breakdown represents another hypothesis. Previous studies by Silver group
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and others have observed a correlation between the most
significant BBB breakdown and the greatest scar formation
[43–46]. These observations lead to the hypothesis that
extravasation of serum components might trigger astrogliosis. Supporting this view, Schachtrup et al. [85] demonstrated
that the blood protein fibrinogen, which leaks into the CNS
immediately after BBB disruption or vascular damage, serves
as an early signal for the induction of glial scar formation via
the TGF-𝛽/Smad signaling pathway [85, 86]. It is noteworthy
that we observed reactive astrocytes around the needle
insertion site for the injection of anti-galactocerebroside
antibodies and complement proteins serum suggests that
the lack of astrogliosis might correlate with the lack of
BBB breakdown. However, this hypothesis does not explain
why distal astrocytes do not become reactive with hypertrophied bodies within regions of immunological demyelination
overlapping the extended area of distal astrogliosis several
millimeters above or below the stab wound injury site. It is
likely that distal astrocytes caudal or rostral to the lesion are
exposed to all the astrogliosis mediators released following
the BBB breakdown and should become reactive and hypertrophied. Again, this observation raises the hypothesis that a
different signaling occurs within regions of immunological
demyelination compared to other experimental models of
demyelination.
In conclusion, our results indicate that immunological demyelination triggers a robust activated macrophage/
microglial cells response without inducing astrogliosis.
Nonetheless, several questions remain to be addressed.
How does immunological demyelination affect astrocyte
metabolism and expression of other markers of reactive
astrocyte? Has immunological demyelination simply slowed
the astrocyte response, killed a percentage of astrocytes, or
even metabolically damaged them so as to decrease their ability to generate GFAP? Immunological demyelination offers
a unique model to understand the putative physiological
response of astrocytes and their molecular interplay with
activated macrophage/microglial cells during inflammation
in the central nervous system.

11

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

Acknowledgments
[14]

The authors thank Gabriel Nistor for general advice and
assistance with imaging and Adriana Gutierrez, Emma Flores, Charlie Mendoza, Julio Espinosa, and Vadim Fedulov
for assistance with animal care. This project was supported
by NIH (R-01-NS-41484). Hans. S. Keirstead is Chairman of
the Scientific Advisory Board of and has financial interest in
California Stem Cell.

References
[1] P. Caroni and M. E. Schwab, “Antibody against myelin associated inhibitor of neurite growth neutralizes nonpermissive
substrate properties of CNS white matter,” Neuron, vol. 1, no.
1, pp. 85–96, 1988.
[2] P. Caroni and M. E. Schwab, “Two membrane protein fractions
from rat central myelin with inhibitory properties for neurite

[15]

[16]

[17]

growth and fibroblast spreading,” Journal of Cell Biology, vol.
106, no. 4, pp. 1281–1288, 1988.
L. McKerracher, S. David, D. L. Jackson, V. Kottis, R. J.
Dunn, and P. E. Braun, “Identification of myelin-associated
glycoprotein as a major myelin-derived inhibitor of neurite
growth,” Neuron, vol. 13, no. 4, pp. 805–811, 1994.
G. Mukhopadhyay, P. Doherty, F. S. Walsh, P. R. Crocker, and
M. T. Filbin, “A novel role for myelin-associated glycoprotein as
an inhibitor of axonal regeneration,” Neuron, vol. 13, no. 3, pp.
757–767, 1994.
V. Kottis, P. Thibault, D. Mikol et al., “Oligodendrocyte-myelin
glycoprotein (OMgp) is an inhibitor of neurite outgrowth,”
Journal of Neurochemistry, vol. 82, no. 6, pp. 1566–1569, 2002.
X. Wang, S.-J. Chun, H. Treloar, T. Vartanian, C. A. Greer, and S.
M. Strittmatter, “Localization of Nogo-A and Nogo-66 receptor
proteins at sites of axon-myelin and synaptic contact,” Journal
of Neuroscience, vol. 22, no. 13, pp. 5505–5515, 2002.
M. S. Chen, A. B. Huber, M. E. Van Der Haar et al., “Nogo-A is
a myelin-associated neurite outgrowth inhibitor and an antigen
for monoclonal antibody IN-1,” Nature, vol. 403, no. 6768, pp.
434–439, 2000.
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After trauma brain injury, oxidative substances released to the medium provoke an enlargement of the initial lesion, increasing
glial cell activation and, occasionally, an influx of immune cells into the central nervous system, developing the secondary damage.
In response to these stimuli, microglia are activated to perform upregulation of intracellular enzymes and cell surface markers to
propagate the immune response and phagocytosis of cellular debris. The phagocytosis of debris and dead cells is essential to limit
the inflammatory reaction and potentially prevent extension of the damage to noninjured regions. Lipoic acid has been reported
as a neuroprotectant by acting as an antioxidant and anti-inflammatory agent. Furthermore, angiogenic effect promoted by lipoic
acid has been recently shown by our group as a crucial process for neural regeneration after brain injury. In this work, we focus our
attention on the lipoic acid effect on astroglial and microglial response after brain injury.

1. Introduction
Traumatic brain injury (TBI) is a complex process involving
a broad spectrum of symptoms and long-term consequences
including disabilities [1]. As a consequence of the primary
insult, many molecules from injured and dead cells induce
microglial and astroglial activation [2] and disruption of
the blood-brain barrier (BBB) [3]. In addition to the direct
loss of tissue caused by the trauma, secondary mechanisms
leading to additional tissue injury are important for outcome and therefore constitute important therapeutic targets
[4].
Recently, interest has been focused on oxidative stress
as a mechanism involved in the development of secondary
brain damage [5]. After brain injury, a local increase in
glial cell activation occurs and, occasionally, an influx of
immune cells goes into the central nervous system (CNS).
Accumulation of blood born immune cells at the side of the
lesion is paralleled by activation of CNS-resident astrocytes
and microglia, where they latter transform into phagocytic
macrophages [6].

The use of lipoic acid (LA) on stroke and TBI animal
models seems to be effective, restoring the BBB disruption
and normalizing the astrocytic/microglial activation and
glutathione (GSH) levels [7–9]. LA is well known as a
natural cofactor for mitochondrial enzymes and is critical
in breaking down fatty acids, which further enhance cellular
energy efficiency. Recent findings obtained by our group
show that LA works as a good neuroprotectant by acting
as an antioxidant, increasing the antioxidant capacity of
the tissue, decreasing the astroglial reaction, as well as the
glial scar formation, promoting angiogenesis, and switching
the regulation of several genes linked to cell survival and
plasticity [10], but the microglial response is still unclear.
New controversies have also emerged such as the question
of whether microglia are active or reactive players in neurodegenerative disease conditions. Some studies have been
done to differentiate the inflammatory response from other
biochemical processes in the development of secondary brain
injuries and to explore what pathways in the inflammatory
response mediate detrimental and/or protective effects following TBI [5]. It is now accepted that microglial cells can
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be acutely blood-derived in the adults under certain pathological conditions [11]. In that sense, microglial cells have the
potential to develop into full-blown macrophages [12].
Since local microglia, astrocytes, and infiltrated
macrophages are the main effectors of the innate immune
response in the CNS [4], understanding the process of glial
response is critical for formulating effective preventive and
therapeutic strategies against brain injuries [13]. For that
reason, the aim of the present work is to study the long-term
astroglial and microglial response when LA treatment is
administered after brain injury.
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of pentobarbital (0.2 g/kg). Another pool was housed for 60
days and was sacrificed in the same way.
Once sacrificed, animals of 15 and 60 days (𝑛 = 6 for
each group) were intracardially perfused with 100 mL of
saline solution followed by 200 mL of 4% paraformaldehyde
(PFA) in saline solution pH 7.5. Brains were removed and
postfixed in the same fixative solution for 24 h at 4∘ C. Then,
brains were cryoprotected by immersion in sucrose 30% in
phosphate buffer saline (PBS) 0.01 M pH 7.1 solution for five
days also at 4∘ C. Sections of 20 𝜇m thickness were serially
obtained with a cryostat (Leica) and mounted in glass slides.
Sections were stored at −80∘ C.

2. Experimental Procedures
2.1. Experimental Animal Models. Adult male Wistar rats
(Harlan, Italy) weighing 250 ± 25 g were housed (two rats
per box) one week before starting the experiment. Rats were
housed in controlled conditions of temperature (20∘ C) and
humidity (60%), under constant light-dark cycles of 12 hours.
Handling and care of animals were done according to the
Real Decreto 1201/05 and supervised and approved by the
Committee of Ethics and Experimental Procedures of the
Universidad CEU-Cardenal Herrera. Unnecessary stress or
pain was avoided as possible.
2.1.1. Surgery and Brain Cryoinjury. Rats were anesthetized
with a mixture of ketamine (12 mg/kg), acepromazine
(0.4 mg/kg), and fentanyl (0.02 mg/kg) that was injected
intraperitoneally (i.p.). Once deeply anesthetized, rats were
placed in a stereotaxic frame. The dorsal part of the skull
was exposed and a craniotomy (2 mm of diameter) was
drilled on stereotaxic coordinates anteroposteriorly, 0 mm
from bregma, and laterally, 1.5 mm from medial line [14].
The brain cryoinjury was performed following the protocol
described by Quintana et al. [15]. Thus, the cryoinjury (1 mm
deep) was performed in the cerebral cortex by using a
stainless steel probe (1 mm ø) previously frozen in liquid
nitrogen. The frozen probe was maintained within the brain
tissue for 20 sec. Finally, animals were sutured with a skin
stapler (6.9 × 3.6 mm staples) and a mixture of buprenorphine
(0.015 mg/kg) and metamizol (20 mg/kg) was i.p. administered after surgery.
Another group of rats were anesthetized, and the protocol
described before was carried out (including the craniotomy),
but rats were not cryoinjured. This group was considered as
control group.

2.2. Cytological Study
2.2.1. Hematoxylin-Eosine Staining. Haematoxylin-eosin
staining was performed for histological characterization of
the injured area by using brain sections from LA treated
(CR + LA) and not treated animals (CR) at 60 days.
2.2.2. Immunofluorescence. Sections were selected and
washed three times with PBS 0.1 M for 5 min at room temperature, blocked for 2 h with 20% fetal bovine serum (FBS) in
PBS-Triton 0.1%, and incubated at 4∘ C overnight with primary antibodies: anti-Collagen IV (1 : 200, Abcam, UK);
anti-glial fibrillary acidic protein (GFAP) (1 : 500, Dako
Cytomation, Denmark); and anti-CD68 (ED1) (1 : 200, AbD
Serotec, UK).
Alexa Fluor 488 IgG (H + L) (1 : 200, Invitrogen, Spain)
and Alexa Fluor 555 IgG (H + L) (1 : 200, Invitrogen, Spain)
antibodies were used as secondary antibodies incubating for
2 h at room temperature in darkness. Afterwards, sections
were mounted with DAPI Vectashield (Vector Laboratories,
UK) and images were taken with a Leica Confocal Microscope.

2.1.2. Experimental Groups and LA Administration. Cryoinjured rats were randomly selected immediately after the
surgery. One group (𝑛 = 12) received a daily dose (100 mg/kg
i.p in NaCl 0.9%) of LA (Sigma Aldrich, Spain) for 7 days (CR
+ LA), starting the same day of surgery and the other group
(𝑛 = 12) received the same volume of saline solution (NaCl
0.9% i.p.) for the same period of time (CR). Noncryoinjured
rats (𝑛 = 12) received the same volume of saline (control).

2.2.3. Immunocytochemical Staining. Sections were selected
and rinsed for three times in PBS 0.1 M pH 7.5. In order to
block unspecific binding sites and endogenous peroxidase,
sections were incubated in darkness for 15 min in a solution
of 3% H2 O2 -10% Methanol in PBS-Triton 0.1%. Afterwards,
sections were incubated overnight at 4∘ C with specific primary antibody anti-rabbit Iba1 (Wako Chemicals, Germany)
and 20% FBS in PBS-Triton 0.1% (1 : 200). Then sections were
incubated with biotinylated goat anti-rabbit IgG antibody
(1 : 200, Vector Lab, UK) in darkness for 2 h. After being
washed three times in PBS, sections were incubated with
avidin-biotin-peroxidase complex (Vector Lab, UK) for 1 h.
Staining was developed with DAB (Vector Lab, UK) for time
enough to make visible the marked cells. The reaction was
stopped then by washing with distilled H2 O and sections were
washed with PBS to remove the excess. Finally, sections were
dehydrated and coverslipped and images were taken with a
Leica microscope.

2.1.3. Sacrifice and Tissue Preparation. One pool of animals
was housed for 15 days and then sacrificed by an i.p. overdose

2.3. Quantification and Statistical Analysis. Immunocytochemical and immunofluorescence images were quantified
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Figure 1: Hematoxylin-eosine staining of the injury area 60 days after the brain cryoinjury in untreated animals (a) and LA treated animals
(b). Arrows indicate the edge of the injury. Scale bar: 500 𝜇m.
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Figure 2: Immunofluorescence for GFAP (astrocytes in green) in nontreated animals (a) and LA treated animals (b), 60 days after the brain
cryoinjury. Nuclei become evident with Dapi (blue). Quantification of astrocyte cell density (n∘ cells/mm2 ) (c) Scale bar: 50 𝜇m. ∗ 𝑃 < 0.05.
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Figure 3: Immunofluorescence for GFAP (astrocytes in red) and Collagen IV (blood vessels in green) in control animals (a), nontreated
animals (b), and LA treated animals (c) Nuclei become evident with Dapi (blue). Quantification of the density of contacts (n∘ contacts/mm2 )
established between astrocytes and blood vessels (d) and the total length of the contacts (𝜇m). (e) Scale bar: 20 𝜇m. ∗∗ 𝑃 < 0.01; ∗∗∗ 𝑃 < 0.001.

with ImageJ 1.44i for Mac. The quantifications were performed in the first 500 𝜇m from the injury limit. Six images
were randomly taken of 4 sections of each animal (𝑛 = 6) and
the number of cells was determinate by the nuclei presence
and referred to the total area quantified (n∘ cells/mm2 ).
The number and length of the contacts were quantified
with the program Leica LAS AF Lite for Windows Vista.
Images were randomly taken of the first 500 𝜇m from the
injury limit of different zones around the injured area.
Regions of interest (ROIs) were identified when both colour
markers (red and green) were overlapped. Each ROI was considered as a contact and the number of contacts (number of
ROIs) referred to the total area measured (n∘ contacts/mm2 ).
Total length of contacts (𝜇m) was quantified by adding the
length of each individual ROI.
To perform the statistical analyses of the data, GraphPad
Prism 4 for Mac was used. Statistical significance was assessed
by one-way ANOVA followed by least significance differences
test. Data are represented as mean ± standard deviation, and
differences are considered significant at 𝑃 < 0.05. Asterisks
over the bars indicate statistically significant differences
versus control.

3. Results
3.1. Histological Analysis of Brain Injury. Haematoxylin-eosin
staining of the brains was done, at 60 days, in order to evaluate

the histology of the tissue. We found that untreated animals
showed a perfectly delimited cystic cavity (Figure 1(a)), while
LA treated animals showed an uneven edge of the injury
(Figure 1(b)). These results are in agreement with those
obtained previously by our group where we found that the
LA treatment avoided the formation of the glial scar and
produced growing of the neural tissue inside the cystic cavity
[10].
3.2. Glial Reactivity after Brain Injury. As has been seen
before, our group has previously reported that the short-term
effects of LA avoid the glial scar formation after the brain
injury [10]. With the aim of evaluating the long-term astroglial reactivity after the brain injury, immunohistochemistry
for GFAP (astrocytes) was carried out 60 days after the injury.
In this case, untreated group (Figure 2(a)) still showed a
marked astroglial scar in the injury limit while LA treated
group (Figure 2(b)) presented a few astrocytes randomly
distributed across de adjacent tissue. Moreover, a statistically
significant decrease (𝑃 < 0.05) in the density of astroglial
cells (Figure 2(c)) was shown in LA treated animals compared
with nontreated animals.
3.3. Blood-Brain Barrier Formation after Brain Injury. It has
been previously described that the BBB is affected after a
TBI [3]. In order to evaluate the organization of the BBB,
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Figure 4: Immunocytochemistry for Iba1 (microglia) at 15 and 60 days in nontreated animals ((a) and (c), resp.) and LA treated animals ((b)
and (d), resp.). Quantification of microglial cell density (n∘ cells/mm2 ) (e). Scale bar: 100 𝜇m. ∗∗∗ 𝑃 < 0.001.

immunohistochemistry for Collagen IV (blood vessels) and
GFAP (astrocytes) was done in control animals (Figure 3(a)),
untreated animals (Figure 3(b)), and LA treated animals
(Figure 3(c)) 15 days after the injury. The quantification of the
number of contacts (n∘ contacts/mm2 ) established between
astrocytes and blood vessels (Figure 3(d)) showed that both
untreated and LA treated groups presented a statistical
significant increase (𝑃 < 0.01 and 𝑃 < 0.001, resp.) compared
with control group. Moreover, LA treated group showed an
increase (𝑃 < 0.01) compared with untreated group.
In addition, when the total length (𝜇m) of the contacts
(Figure 3(e)) was measured, a statistically significant increase
was observed in both experimental groups (CR and CR + LA)
compared with control group (𝑃 < 0.001).
3.4. Microglial Response. Microglial cells are the cell brain
responsible of the immune response. Those were revealed by
immunostaining with the marker Iba1 in order to see cell
morphology (Figure 4). Images taken 15 days after the injury
showed ramified microglia in untreated animals (Figure 4(a))
but amoeboid microglia cells were present in LA treated
group (Figure 4(b)). On the other hand, images taken at
60 days revealed amoeboid microglial cells in both groups

(Figures 4(c) and 4(d)). The quantification of the density
of Iba1 positive cells (Figure 4(e)) showed a statistically
significant increase in both experimental groups 15 days after
the injury (𝑃 < 0.001) but showed no statistical differences
after 60 days.
In addition, phagocytic cells were evaluated through
immunohistochemistry for ED1 15 and 60 days after the
injury (Figures 5(a)–5(d)). The quantification of the density
of cells (n∘ cells/mm2 ) (Figure 5(e)) showed a statistically
significant increase in both experimental groups 15 days after
the injury (𝑃 < 0.01 and 𝑃 < 0.001, resp.). Moreover, these
phagocytic cells were statistically significantly increased in
LA treated group compared with nontreated group (𝑃 <
0.05). Despite that, after 60 days, an increase in the density
of ED1 positive cells was observed in untreated animals,
reaching the same values as LA treated animals.

4. Discussion
After a TBI, inflammatory molecules from injured and dead
cells are released to the extracellular medium, which elicits
microglia and astroglia activation [2, 10].
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Figure 5: Immunofluorescence for ED1 marker (red) at 15 and 60 days in nontreated animals ((a) and (c), resp.) and LA treated animals ((b)
and (d), resp.). Nuclei become evident with Dapi (blue). Quantification of cell density (n∘ cells/mm2 ) of activated microglia/macrophage (e)
Scale bar: 200 𝜇m. ∗∗ 𝑃 < 0.05; ∗∗ 𝑃 < 0.01.
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Astrocytes respond to all forms of CNS insults through
a process referred to as reactive astrogliosis [16]. It is well
documented that the reactive astrocytes undergo hypertrophy; upregulate intermediate filaments composed of nestin,
vimentin, and glial fibrillary protein (GFAP); and give rise to
the glial scar [17]. Previous studies of our group showed that
LA decreases the astroglial reactivity and avoids the glial scar
formation 15 days after the brain injury [10]. In the present
work we have shown that the glial scar still remains even 60
days after the injury while LA treatment avoids completely
the scar formation in the long term and astroglial cells are
randomly distributed across the adjacent tissue.
Moreover, it has been reported that the secondary damage
detached from TBI contributes to the BBB disruption [7].
Herein, we have seen that LA promotes the formation of
contacts between the endothelial cells and astrocytes, but we
have shown that the length of contacts is increased after a
TBI. Despite these findings were are not able to say if there
is a restoration of the BBB; however some authors affirm that
the use of LA on TBI and stroke animal models showed a
restoration of the BBB disruption and normalization of the
astrocytic/microglial activation and GSH levels [7–9].
Otherwise, activation of the immune system in the CNS
has become increasingly recognized as a key component of
the normal process of aging and also of the pathological
onset and progression of many neurological disorders including TBI and neurodegenerative diseases [18]. Engulfment
of apoptotic cells has traditionally been attributed to professional phagocytes, such as macrophages, microglia, and
dendritic cells [16]. Recent advances in microglial biology
have revealed that microglia may have important homeostatic
functions [19]; in normal brain they are very active in
surveillance of the normal neuronal environment and are
the first cells to respond to any subtle changes [20]. It is
well known that, under pathological conditions, microglia
are rapidly activated and expanded in population to respond
to the injury or stimulus. While ramified microglia are not
in physical contact to each other, some authors have argued
that their distribution within the brain allows them to “sense”
their immediate surroundings. Individual cells could then
respond to chemical or mechanical signals to activate the
response to injury [21].
Herein, we have identified microglia morphology, to
discriminate ramified microglia (resting) and amoeboid
microglia (phagocytic). We have seen that microglia
increased at 15 days and decreased at 60 days after the
brain injury. However, only untreated group at 15 days
showed ramified microglia. In addition, phagocytic cells
were significantly increased in LA treated group at 15 days,
while untreated group showed an increase at 60 days. In
view of these results, we hypothesize that LA administration
after brain injury avoids the glial scar formation, promoting
the restoration of the tissue through early immune response
developed by microglia.
Even though there is currently an open question about
the role of the microglial cells, in general, it is evident
that microglia play both detrimental and beneficial roles
in brain injury, depending upon the time and severity of
the inflammation. But on the other hand, there is also
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growing evidence showing that, under certain circumstances,
microglia could be neuroprotective [22–24] and promote
adult neurogenesis [25, 26]. However, it has been reported
that innate immune response can also be beneficial in brain
ischemia [27, 28]. Indeed, microglia have been shown to be
neurosupportive by the uptake of glutamate [29], the removal
of cell debris [30], and the engulfment of polymorphonuclear
neutrophiles [31].
These findings, supported by our previous results, sustain
LA treatment as a new regenerative strategy after brain injury
and maybe other neurodegenerative diseases. However more
studies should be done on the microglia response to clarify its
role in this field.

5. Conclusion
Herein, we have reported that LA administration avoids the
glial scar formation in the long term and promotes the BBB
formation. Moreover, increases the microglial population
early, but those decreases 60 days after the injury. In addition,
early phagocytic cell appears close to the injury when LA is
administered, while its absence delays the immune response
activation and restoration of the tissue. All these findings
lead us to better understanding of the immune response in
the CNS after brain injury and represent a crucial step to
the development of appropriate strategies against brain injury
and other degenerative diseases.
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A prime-boost strategy conserving BCG is considered the most promising vaccine to control tuberculosis. A boost with a DNA
vaccine containing the mycobacterial gene of a heat shock protein (pVAXhsp65) after BCG priming protected mice against
experimental tuberculosis. However, anti-hsp65 immunity could worsen an autoimmune disease due to molecular mimicry. In
this investigation, we evaluated the effect of a previous BCG or BCG/pVAXhsp65 immunization on experimental autoimmune
encephalomyelitis (EAE) development. Female Lewis rats were immunized with BCG or BCG followed by pVAXhsp65 boosters.
The animals underwent EAE induction and were daily evaluated for weight loss and clinical score. They were euthanized during
recovery phase to assess immune response and inflammatory infiltration at the central nervous system. Previous immunization did
not aggravate or accelerate clinical score or weight loss. In addition, this procedure clearly decreased inflammation in the brain.
BCG immunization modulated the host immune response by triggering a significant reduction in IL-10 and IFN-𝛾 levels induced
by myelin basic protein. These data indicated that vaccination protocols with BCG or BCG followed by boosters with pVAXhsp65
did not trigger a deleterious effect on EAE evolution.

1. Introduction
Tuberculosis (TB) is an infection caused by Mycobacterium
tuberculosis and this disease remains one of the most important causes of death worldwide [1, 2]. Factors as coinfection
with human immunodeficiency virus and emergence of
drug resistance in M. tuberculosis strains have hampered TB
control [3, 4].
The only available vaccine against TB is the attenuated M.
bovis Bacillus Calmette-Guérin (BCG) that is recommended
by the World Health Organization for all infants under 1 year
of age. Around 100 million newborn children receive this
vaccine and the global vaccine coverage is estimated to be

80% [5, 6]. In spite of this extensive use, numerous welldocumented trials showed significant variation, from 0 to
80%, in BCG protective efficacy [7]. This has been attributed
to variability in BCG vaccine strains and environmental factors as well as host genetic background [8, 9].
Although BCG seems to provide protection against
disseminated tuberculosis in newborns and children, the
induced immunity wanes with age, resulting in insufficient
protection against adult pulmonary TB [10, 11]. In this
context, there is a great interest in the development of new
vaccines against TB. Numerous alternative living and nonliving putative TB vaccines are being lately tested [12–14]. Experimental evidence indicated that DNA vaccines, due to their
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ability to induce a strong Th1 type of response, could contribute to TB control. DNA constructs encoding mycobacterial antigens as 65 kDa heat shock protein (hsp65), Ag85A,
Ag85B, and PstS3 induced significant protective immunity
[15–17]. We previously demonstrated that a DNA plasmid
encoding the Mycobacterium leprae 65 kDa heat shock protein exhibited prophylactic [18] and therapeutic activity in
a TB murine model [19, 20]. In spite of these successful
results with homologous vaccination protocols, heterologous
prime-boost regimens, capable to increase BCG or rBCG
efficiency, are considered more promising for future TB
control [11]. In this context, we observed that pVAXhsp65
and BCG similarly primed neonate mice for a strong immune
response to pVAXhsp65 boosters administered later, at the
adult stage [21]. Prime-boost strategies combining these two
vaccines were also able to protect mice and guinea pigs
against experimental TB [22, 23].
One of the arguments against the potential use of
pVAXhsp65 alone or combined with BCG is the fact that
hsp65 from M. leprae, whose gene is inserted in this DNA
vaccine, presents a high degree of homology with its equivalent mammalian protein [24]. Theoretically, an anti-hsp65
immunity started with BCG and boosted by pVAXhsp65
could provoke or worsen an autoimmune disease. In support
of this argument, many studies revealed immune response
against bacterial hsp65 in diabetes [25], atherosclerosis [26],
arthritis [27], and multiple sclerosis [28]. In addition, CpG
motifs that are frequently present in bacterial plasmid vectors
could trigger or exacerbate an autoimmune response [29, 30].
Even though BCG has been described as a safe vaccine, a few
publications suggested its implication as a possible trigger of
autoimmunity [31, 32]. In this context, the present study was
designed to investigate if a vaccination protocol against TB,
using BCG alone or a priming with BCG followed by boosters
with pVAXhsp65, could aggravate or accelerate experimental
autoimmune encephalomyelitis.

2. Material and Methods
2.1. Experimental Design. Female Lewis rats were immunized
with BCG or with BCG plus pVAXhsp65. The animals
underwent EAE induction by immunization with myelin
basic protein (MBP). The effect of BCG or BCG/pVAXhsp65
on EAE was evaluated by clinical follow-up (weight variation
and clinical score), histopathological analysis of the brain
and lumbar spinal cord, and also by cytokine production.
Nonimmunized and pVAX (empty vector) injected animals
were included as control groups.
2.2. Animals. Female Lewis rats (4–6 weeks old) were purchased from CEMIB (UNICAMP, São Paulo, SP, Brazil). The
animals were fed with sterilized food and water ad libitum and
were manipulated in accordance with the ethical guidelines
adopted by the Brazilian College of Animal Experimentation.
All experimental protocols were approved by the local Ethics
Committee (Ethics Committee for Animal Experimentation,
Medical School, Universidade Estadual Paulista).
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2.3. Genetic Vaccine Construction and Purification. The vaccine pVAXhsp65 was derived from the pVAX vector (Invitrogen, Carlsbad, CA, USA), previously digested with BamHI
and NotI (Gibco BRL, Gaithersburg, MD, USA) by inserting
a 3.3 kb fragment corresponding to the M. leprae hsp65 gene
and the CMV intron A. The empty pVAX vector was used as
a control. DH5𝛼 E. coli cells transformed with plasmid pVAX
or the plasmid carrying the hsp65 gene (pVAXhsp65) were
cultured in LB liquid medium (Gibco BRL, Gaithersburg,
MD, USA) containing kanamycin (100 𝜇g/mL). The plasmids
were purified using the Concert High Purity Maxiprep
System (Gibco BRL, Gaithersburg, MD, USA). Plasmid concentrations were determined by spectrophotometry at 𝜆 =
260 and 280 nm by using the Gene Quant II apparatus (Pharmacia Biotech, Buckinghamshire, UK).
2.4. Immunization with BCG and pVAXhsp65. Lewis rats
were immunized with BCG or with BCG followed by
pVAXhsp65 boosters. The M. bovis BCG Moreau-Rio de
Janeiro (2 to 10 × 105 UFC) was inoculated a single time
by subcutaneous route at the base of the tail. pVAXhsp65
was injected twice (300 𝜇g each) by intramuscular route
(quadriceps muscle), being the first dose administered 15 days
after BCG and the second one 15 days later. Control groups
received the same volume of saline or the same concentration
of pVAX (empty vector).
2.5. EAE Induction and Evaluation. EAE was induced as
previously described [33]. Briefly, 15 days after the last DNA
immunization, EAE was induced by inoculation of 25 𝜇g of
MBP (Sigma Aldrich, St. Louis, MO, USA) emulsified with
complete Freund’s adjuvant (CFA) containing 5 mg/mL of
Mycobacterium butyricum, in the hind left footpad. Animals
were daily evaluated for weight loss and clinical score. Signs of
disease were graded as 0 (zero): no disease; 1: loss of tonicity
in the distal portion of the tail; 2: total loss of tail tonicity; 3:
hind limb weakness (partial paralysis); 4: complete hind limb
paralysis and urinary incontinence; and 5: moribund.
2.6. Evaluation of Inflammatory Infiltrates in the Central Nervous System (CNS). A histological analysis was performed in
the CNS at the 20th day after EAE induction, that is, during
the recovery phase. After euthanasia and blood withdrawal,
brain and lumbar spinal cord samples were removed and fixed
in 10% formaldehyde. Tissues were dehydrated in graded
ethanol and embedded in a 100% paraffin block. Five-micron
thick sections were mounted over glass slides and stained
with hematoxylin and eosin. The perivascular inflammatory
infiltrates present in the brain and lumbar spinal cord
were quantified by using the KS300 software (Carl-Zeiss,
Germany). The images were analyzed with a computerassisted image system based on a Nikon Microphot-FXA
optical microscope connected, via a Sony Exwave HAD video
camera, to a computer. Total section area of each sample
was measured to avoid any interanimal variance. Further,
perivascular mononuclear infiltrated areas of the whole
sections were assessed by point-counting morphometry, as

Clinical and Developmental Immunology

3

10
5
0
−5
−10
−15
−20

Clinical score

Weight variation (%)

4
3
2
1
0
1 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Days after EAE induction
Control

Control

BCG

BCG pVAX

BCG
pVAXhsp65

EAE

Control
EAE
BCG/EAE

(a)

BCG pVAX/EAE
BCG pVAXhsp65/EAE
(b)

Figure 1: Effect of previous immunization with BCG and BCG/pVAXhsp65 in clinical EAE development. Female Lewis rats were immunized
with BCG alone or with BCG followed by pVAXhsp65 boosters and then underwent EAE induction by inoculation of MBP emulsified with
CFA. Animals were daily evaluated for weight variation (a) and clinical score (b). Data are presented by mean ± SEM for 4–6 rats.

described elsewhere [34]. The values were expressed as 𝜇m2
of cellular infiltrate per mm2 of organ section (𝜇m2 /mm2 ).
2.7. Cell Culture Conditions and IFN-𝛾 and IL-10 Production.
Control and immunized rats (BCG or BCG/DNA) were
euthanized eight weeks after initial BCG immunization.
Lymph node (popliteal + inguinal) and spleen cells were
collected and adjusted to 2.5 × 106 /mL and 5 × 106 /mL,
respectively. Cells were cultured in complete RPMI medium
(RPMI supplemented with 5% FCS, 20 mM glutamine, and
40 IU/mL of gentamicin), in the presence of 10 𝜇g/mL of
rhsp65, 10 𝜇g/mL of MBP, or 5 𝜇g/mL of Concanavalin A
(Sigma Aldrich). IFN-𝛾 levels were assayed in lymph node cell
cultures whereas IL-10 production was evaluated in spleen
cell cultures. Cytokine levels in culture supernatants were
evaluated 48 h later by ELISA according to manufacturer’s
instructions (R&D Systems). Briefly, ninety-six well plates
(NUNC) were coated with capture antibodies for IFN-𝛾
(DY 585) or IL-10 (DY 522) diluted in PBS at 2 𝜇g/mL and
4 𝜇g/mL, respectively. Plates were incubated overnight and
then blocked during 2 h with 1% albumin in PBS. Standard
rat cytokines and culture supernatants were added and the
plates were incubated during 2 h. Biotinylated anti-IFN-𝛾
and anti-IL-10 were added (150 and 100 ng/mL, resp.) and
plates were incubated for additional 2 h at room temperature.
After incubation at room temperature for 30 minutes with
streptavidin, the plates were revealed by adding H2 O2 + OPD
(Sigma Aldrich, St. Louis, MO, USA). Color development
was stopped with H2 SO4 and optical density was measured
at 492 nm.
2.8. Statistical Analysis. Statistical analysis was performed
using SigmaStat statistical software (Jandel Corporation, San
Rafael, CA, USA). Cytokine data was expressed as mean ±
standard error of the mean (SEM) and tested for statistical
significance by Kruskal-Wallis nonparametric test or oneway ANOVA followed by Tukey’s test. Morphometric analysis
of the brain and lumbar spinal cord was tested by one-way
ANOVA followed by Holm-Sidak method. A 𝑃 value of less
than 0.05 was considered statistically significant.

3. Results
3.1. EAE Evolution is Not Aggravated by Previous Immunization with BCG or BCG/pVAXhsp65. EAE development
caused, as expected, a weight loss that varied from 12 to
15% of the original weight. Previous vaccination with BCG
alone, associated with pVAXhsp65 or with the empty vector,
did not affect weight loss (Figure 1(a)). In the control EAE
group, that is, in the sick group that was not previously
immunized against TB, clinical symptoms appeared 11 or 12
days after MBP inoculation and clinical scores reached 2.5
to 3.0 (Figure 1(b)). A very similar clinical evolution was
observed in the groups that were previously immunized with
BCG, BCG/pVAXhsp65, or BCG/pVAX.
3.2. Both Vaccination Strategies Decreased Inflammation in
the Brain. The severity of the inflammatory reaction in the
CNS from the EAE group (positive control) clearly correlated
with the observed clinical symptoms. Sections from the
brain and lumbar spinal cord showed typical inflammatory
foci, dominated by mononuclear cells that were localized
around small vessels, as can be observed in Figures 2(b)
and 3(b), respectively. As expected, control animals without
EAE did not present any inflammatory foci in the brain
(Figure 2(a)) and lumbar spinal cord (Figure 3(a)). However,
a previous vaccination with BCG alone (Figure 2(c)) or
combined with pVAXhsp65 (Figure 2(d)) or pVAX, the empty
vector (not shown), clearly decreased inflammation at the
brain in comparison to the EAE group (positive control).
These results were further ascertained by a morphometric
analysis, which indicated the presence of significantly lower
inflammatory infiltrates in animals immunized with BCG
alone or combined with pVAXhsp65, in comparison to
the EAE group (positive control) (Table 1). The previous
immunization with BCG, associated or not with pVAXhsp65,
did not affect the intensity of inflammation in the lumbar
spinal cord as demonstrated in Figures 3(c) and 3(d) and in
Table 1.
3.3. Production of IFN-𝛾 and IL-10. The highest IFN-𝛾 levels,
in cultures stimulated with rhsp65, were found in the BCG
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Figure 2: Effect of tuberculosis vaccines in brain inflammation associated with EAE. Female Lewis rats were immunized with BCG alone or
with BCG followed by pVAXhsp65 boosters and then underwent EAE induction by inoculation of MBP emulsified with CFA. Animals were
euthanized during the recovery phase (20th day after MBP injection) and the brains were removed and further stained by haematoxylin and
eosin. Normal control (a), EAE control (b), rats immunized with BCG before EAE (c), and rats immunized with BCG/pVAXhsp65 before
EAE induction (d).

Table 1: Morphometric analysis of perivascular inflammatory infiltrate in the brain and lumbar spinal cord samples from rats immunized with BCG alone or associated with pVAXhsp65 before EAE
induction.
Lumbar
spinal cord
𝑛=4
2
2
(𝜇m of mononuclear infiltrate/mm of organ section)†
Brain
𝑛=4

Control
EAE
BCG EAE
BCG
pVAXhsp65
EAE

3.55 ± 0.72

6.56 ± 2.72

1.17 ± 0.38∗

7.38 ± 2.53

1.50 ± 0.71∗

4.46 ± 0.79

∗

𝑃 < 0.05 versus control EAE.
Morphometric analysis was done in 5-micron thick sections after haematoxylin and eosin stain using a Nikon Microphot-FXA optical microscope
connected to a computer and employing the KS300 software.
†

immunized group. In all experimental groups with EAE,
independently of a preceding immunization, IFN-𝛾 levels
were very low, that is, similar to the normal control group
(Figure 4(a)). As can be observed in Figure 4(d), IL-10 levels
in rhsp65 activated cultures presented a very distinct pattern:
the highest levels were found in EAE and BCG/pVAXhsp65

EAE groups. BCG group presented detectable but very low
IL-10 levels.
The production of these two cytokines, in cultures stimulated with MBP, followed the same pattern (Figures 4(b)
and 4(e)). In this case, the highest levels of both cytokines
were found in the EAE group. Previously immunized groups,
that were later submitted to encephalomyelitis induction
presented lower IFN-𝛾 (Figure 4(b)) and IL-10 (Figure 4(e))
levels in comparison to the control EAE group. IFN-𝛾 and IL10 were not detected in the BCG group.
IFN-𝛾 levels were similarly elevated in all groups stimulated with ConA (Figure 4(c)). On the other hand, even
though there was some IL-10 production by cultures from
the BCG group, the levels of this cytokine were significantly
high in all groups with encephalomyelitis, independently of a
previous immunization (Figure 4(f)).

4. Discussion
In this study, we investigated the effect of a previous immunization with BCG, associated or not with pVAXhsp65,
on the development of EAE. This kind of investigation is
relevant because a possible connection between vaccines and
autoimmune phenomena is surrounded by controversy. Some
literature reports indicate that BCG could be one of the
vaccines associated with autoimmune diseases. For example,
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Figure 3: Effect of tuberculosis vaccines in spinal cord inflammation associated with EAE. Female Lewis rats were immunized with BCG
alone or with BCG followed by pVAXhsp65 boosters and then underwent EAE induction by inoculation of MBP emulsified with CFA.
Animals were euthanized during the recovery phase (20th day after MBP injection) and the lumbar spinal cord was removed and further
stained by haematoxylin and eosin. Normal control (a), EAE control (b), rats immunized with BCG before EAE (c), and rats immunized with
BCG/pVAXhsp65 before EAE induction (d).

oligo and polyarticular arthritis were detected in approximately 3% of patients with bladder carcinoma that were
treated with intravesicular BCG [35]. It is also being described
that mycobacteria precipitates an SLE-like syndrome in NOD
mice [36].
Otherwise, the maintenance of BCG in a new prophylaxis
against TB is highly expected because this vaccine is widely
accepted in the developing countries, it has protective effect
against the most severe forms of TB in children and it is
also endowed with immunomodulatory properties [37–39].
In this scenario, safety aspects need to be experimentally
validated.
In the last years, our group analyzed a DNA vaccine
containing the hsp65 gene from M. leprae (pVAXhsp65).
The results showed that this vaccine, by itself or associated
with BCG, is able to confer protection in different TB
experimental models [22]. This genetic construction includes
the mycobacterial hsp65 gene that presents a high homology
degree with the corresponding hsp60 mammalian gene. A
specific immune response against this bacterial protein could
cross-react with the corresponding mammalian protein and,
therefore, trigger an autoimmune pathology.
In this context, the most relevant contribution of this
work was the demonstration that the previous contact with
BCG or BCG followed by pVAXhsp65 boosters did not deleteriously affect the clinical EAE development in Lewis rats.

This was initially demonstrated by the very similar clinical
evolution of the disease in vaccinated and nonvaccinated
animals; they equally lost weight, the average clinical score
was the same, and acute and remission phases occurred at
comparable time periods. In addition of this absence of a
detrimental effect, the previous immunization with BCG or
BCG/pVAXhsp65 also determined a clear anti-inflammatory
reaction in the brain. This anti-inflammatory activity did
not reach the spinal cord; this could explain the absence
of a beneficial clinical effect over EAE clinical score. The
mechanism of this differential protective effect over the
brain and the spinal cord was not investigated. However,
considering that interaction of circulating leukocytes with the
endothelium of blood-brain and blood-spinal cord barriers
is fundamental in inflammatory pathologies of the CNS
and that they differ in many aspects, we could hypothesize
that differences in adhesion molecules, chemokines, or their
receptors could explain this finding [40].
A similar protective ability of BCG towards autoimmunity was already described. Van Eden et al. in 1988 [41],
demonstrated that administration of BCG antigens to rats
determined resistance to subsequent induction of adjuvant
arthritis. A preceding contact with BCG also determined
protection against diabetes in NOD and streptozotocin diabetes models [42, 43]. More recently, in this same line
of research, Sewell et al. in 2003 [44], demonstrated that
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Figure 4: Effect of tuberculosis vaccines in IFN-𝛾 and IL-10 production. Female Lewis rats were immunized with BCG alone or with BCG
followed by pVAXhsp65 boosters and then underwent EAE induction by inoculation of MBP emulsified with CFA. Animals were euthanized
during the recovery phase (20th day after MBP inoculation) and spleen and lymph node cell cultures were stimulated with rhsp65 ((a) and
(d)); MBP ((b) and (e)); and ConA ((c) and (f)). IFN-𝛾 levels were evaluated in spleen cell cultures ((a), (b), and (c)) and IL-10 levels were
evaluated in lymph node cell cultures ((d), (e), and (f)). Data are presented by mean ± SEM for 4–6 animals. ∗ Represents the difference
between immunized and control groups. 𝑃 < 0.05.

previous immunization with live BCG clearly reduced clinical
severity in murine EAE.
The protective ability of hsp65 is even more widely
accepted and investigated. Heat shock proteins, especially
hsp65, are understood as targets for regulatory T cells due
to their enhanced expression in inflamed tissues. There are
also very strong evidence that they are able to induce antiinflammatory T cell responses [45, 46]. Our previous experience indicates that DNAhsp65 had a similar protective effect

over arthritis, diabetes, and encephalomyelitis. However, this
protective effect was clearly more accentuated in arthritis
and diabetes. In these two conditions, its immunomodulatory
effect was strong enough to determine clinical improvement
[47, 48]. In the case of EAE, DNAhsp65 determined less
inflammation but no improvement was detected in clinical
scores [49].
Considering this immunoregulatory ability of hsp65, we
could expect a more pronounced anti-inflammatory effect
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in the prime-boost, in comparison to the BCG immunized
group. However, these two groups presented similar clinical
evolution. This finding is in contrast to our recent experience
with a similar prime-boost in NOD mice. In this model,
priming with BCG followed by two boosters with pVAXhsp65
prevented pancreas inflammation and clinical diabetes development [50].
The analysis of IFN-𝛾 and IL-10 levels, produced by
peripheral lymphoid organs, answered some mechanistic
questions. We initially asked how BCG decreased inflammation in the brain. In this sense, the most interesting finding
was the accentuated drop of IFN-𝛾 and IL-10 levels induced
by MBP, in EAE experimental groups previously vaccinated,
in comparison to the EAE control group. A possible explanation for this finding could be the trapping of nervous
tissue-specific T cells in peripheral BCG inflammatory sites
as elegantly demonstrated by Sewell et al. in 2003 [44]. Alternatively, these autoreactive T cells could be in lower numbers
due to an apoptotic process occurring in the periphery. This
phenomenon was clearly demonstrated by O’Connor et al.
in 2005 [51]. These authors detected high levels of apoptosis among activated CD4+ T cells in BCG experimental
infection. Interestingly and concerning to the model used
by us, these authors also described that the high apoptotic
degree occurred simultaneously with a milder experimental
encephalomyelitis course. Even though we did not observed
improvement in clinical parameters, a significant drop in
brain inflammation was detected. This lower IFN-𝛾 and
IL-10 production could also be linked to the migration of
myelin-specific T clones to the brain, where they could exert
the detected anti-inflammatory activity. IFN-𝛾 is described
as able to shape the immune infiltration of the CNS by
controlling chemokine expression. In addition, this cytokine
accentuates apoptosis of infiltrating encephalitogenic T cell
clones [52, 53]. Additionally, the production of IL-10 by Tr1
regulatory cells has been widely accepted as one of the mechanisms responsible for MS and EAE downregulation [54].

5. Conclusion
These results indicate that immunization procedures with
BCG or BCG/pVAXhsp65, as used in this investigation, did
not deleteriously affect EAE development.
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Studies of unexplained symptoms observed in chemically sensitive subjects have increased the awareness of the relationship between
neurological and immunological diseases due to exposure to volatile organic compounds (VOCs). However, there is no direct
evidence that links exposure to low doses of VOCs and neurological and immunological dysfunction. We review animal model data
to clarify the role of VOCs in neuroimmune interactions and discuss our recent studies that show a relationship between chronic
exposure of C3H mice to low levels of formaldehyde and the induction of neural and immune dysfunction. We also consider the
possible mechanisms by which VOC exposure can induce the symptoms presenting in patients with a multiple chemical sensitivity.

1. Introduction
Indoor pollutants sometimes induce health problems. The
increase in neurological symptoms and immunological
abnormalities in some sensitive populations that live in
buildings with relatively high concentrations of volatile
organic compounds (VOCs) has been recognized as the sick
building syndrome (SBS) or multiple chemical sensitivity
(MCS). Recent prevalent research suggests that MCS has
a physiological and not a psychological etiology [1]. The
features of chemical sensitivity overlap with those of addiction, allergy, and toxicity [2]. Because the induction of MCS
might be related to VOCs in houses and offices, there may
be a relationship between immunological and neurological
abnormalities and inhalation of VOCs. Plausible mechanisms
of action to explain MCS and its susceptible subpopulations
are lacking. However, there is rapidly accumulating evidence
that environmental agents can modify health by disrupting the homeostatic mechanisms that regulate the nervous,
endocrine, and immune systems [3].
Neurogenic inflammation can be induced by air pollutants [4], and exposure to either an allergen or chemical

irritant leads to a sensory nerve impulse. Chemical irritants
directly trigger peripheral nerve receptors. Once the impulse
reaches the central nervous system (CNS), it is redirected
to another peripheral location leading to the release of neuropeptides that produce inflammation at the second site [5].
Neurogenic switching explains how antigen, stress, chemical
exposure, or damage at one body site might lead to diverse
symptoms at multiple distant sites. Sensory neuron sensitivity
to irritants and its interactions with airway tissues and other
peripheral tissues may be related to neurogenic disorders.
Toxic components and related compounds in air pollutants
can be transported from the nasal mucosa to the olfactory
bulb [6]. Therefore, we speculate that VOCs as indoor
pollutants can stimulate the sensory nerve terminal and
olfactory system release of neuropeptides and cytokines that
modulate neuroimmune interactions. Neurotoxic reactions
to air pollutants may secondarily result from the distraction
caused by sensory stimulation [7]. Common chemical sense
irritancy refers to sensations that arise from stimulation of
the trigeminal nerve endings in the skin and mucosal surfaces
of the head [8]. Primary irritant gases, such as formaldehyde
(FA), may evoke pungent sensations at subtoxic exposures.
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Subsequently, local nerves activate local reflexes, such as the
neurogenic reflex, whereby impulses transmitting toward the
CNS produce activity in the periphery along unstimulated
branches. This leads to the release of possible mediators of
irritation, such as substance P, or to impulses traveling to
more remote sites that induce reflexes such as momentary
dyspnea or cough [7].
MCS is an amplification of the nonspecific immune
response to low-level irritants in the upper airways [9]. Incidence of immunological symptoms such as asthma or wheezing, susceptible to infections, increased in MCS patients. It is
suspected that exposure to low levels of indoor air pollutants
modulates allergic and neurogenic inflammation [10]. In
high-responder rats, the cholinergic-response rate increases
upon exposure to organophosphate; however, there are no
appropriate animal models that describe the mechanisms of
MCS. FA is a toxic indoor air pollutant derived from furniture
and construction materials that is found at relatively high
concentrations in indoor environments [11, 12]. In this review,
we focus on the effects of low-level FA inhalation on neuronal
and immunological parameters and discuss the relationship
between MCS and FA inhalation. Although chronic exposure
to FA is not known to damage neurological functions, this
may be due to a lack of study.

2. Effect of Long-Term Low-Level FA Exposure
on the Mouse Olfactory System
MCS is a disease of unknown etiology. It has been hypothesized that MCS occurs from repeated exposure to low levels of
chemicals, particularly VOCs; therefore, the olfactory system
probably plays an important role in the initial expression
of MCS symptoms [13, 14]. Olfactory stimulation probably
represents the most likely route of exposure [15], and it
is reasonable to assume that a significant activation of the
olfactory epithelium (OE) cells can provide sufficient input
into the CNS limbic circuits to induce sensitization. There
may be a mechanism by which repeated olfactory stimulation
and other sensitization processes induced by some other
physiological process are exacerbated by prior, repeated
olfactory stimulation. The olfactory system consists of the
OE, the main olfactory bulb (MOB), and higher brain centers
such as the piriform cortex and the amygdala. FA is aversive
to mice at concentrations that approximate sensory irritation
in humans [16].
In our previous study, morphological analysis of the
mouse olfactory system was conducted after a long-term
exposure to low-level FA to examine the association between
olfactory function and the induction of MCS [17]. In that
study, the mice were divided into four groups and exposed
to 0, 80, 400, or 2000 ppb of FA vapor. After a longterm exposure (3 months), the mice were anesthetized and
perfused with fixative solutions. The OE and the brains
were removed and processed for morphological analysis.
When the ultrastructure of the OE surface was examined in
mice exposed to 2000 ppb of FA vapor, there were a slight
degeneration and injury of microvilli of the supporting cell in
several mice; however, most of the mice had no characteristic
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OE degeneration. Histological and immunocytochemical
analyses of the OE indicated that there was no difference
in the thickness and the expression of the olfactory marker
protein (a marker of mature olfactory neurons) between the
mice exposed to FA and control mice. Our results indicated
that the long-term exposure to low-level FA induced no
severe effect on the OE and that the OE was still functionally
capable of detecting and transmitting olfactory information.
We also found that there was no significant difference of
olfactory bulb size between the control group and FA exposed
groups [17].
Tyrosine hydroxylase (TH), which initiates dopamine
synthesis, is abundant in periglomerular (PG) cells in the
MOB, and its expression is a useful marker for monitoring
olfactory function [18, 19]. Immunocytochemical analysis of
TH-positive PG cells showed that long-term exposure to lowlevel FA induces an increase in the number of TH-expressing
PG cells [17]. These results suggest that MOB activity is
modulated by long-term exposure to low levels of FA.
The axons of olfactory neurons form synaptic contacts
with the dendrites of secondary neurons (mitral and PG cells)
in the olfactory bulb glomerulus, and it is well known that a
change in the size of a synapse is activity dependent. Results
of an electron microscopic analysis revealed a decrease in the
size of a synapse in mice subjected to a long-term exposure of
low levels of FA. Further studies are necessary to clarify the
biological significance of the synaptic changes in the present
study.
In the central olfactory system, MOB neurons mainly
project to the piriform cortex and amygdala. In these areas,
gamma-aminobutyric acidergic (GABAergic) inhibitory
neurons are colocalized with the calcium-binding proteins,
calbindin and parvalbumin [20]. Our preliminary results
indicated that a long-term exposure to low levels of FA
induced an increase in the number of parvalbumin and
calbindin expressing cells in the amygdale (unpublished
results). These results suggest that long-term exposure to a
low level of FA modulates the GABA inhibitory system in
the central olfactory areas. The functions of the amygdala
are variable but include the emotional, motivational, and
homeostatic functions of the brain [21]. The piriform cortex
is a higher center for processing of odor sensory information,
especially odor memory [22]. It may be that these brain
functions are altered by repetitive, low doses of FA. By the
repetition of low-dose chemical stimulation via olfactory
bulb, abnormal response in signal pathway of central nervous
system induced the persistence of activation.
The results of this morphological study indicate that the
olfactory system is influenced by a long-term exposure to
low levels of FA. Physiological and behavioral analyses are
necessary to clarify the relationship between MCS and the
olfactory system.

3. Estimation of the Effect of FA and Toluene
Inhalation on the HPA Axis
The hypothalamo-pituitary-adrenal gland (HPA) axis
responds to stress by initiating a cascade of endocrine events
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including the hypothalamic secretion of corticotrophin
releasing hormone (CRH), the release of adrenocorticotropic
hormone (ACTH) from the anterior pituitary, and the
secretion of corticosteroids from the adrenal gland [23–26].
Activation of the HPA axis by stress is dependent on the
characteristics of the stressor. We examined the effects of FA
inhalation on the HPA axis in female mice. Our study showed
that long-term exposure to low levels of FA and the allergic
condition induced by ovalbumin (OVA) sensitization may
act as an HPA axis stressor [27]. Briefly, we discovered a dosedependent upregulation (0, 80, 400, and 2000 ppb) of the
number of CRH-immunoreactive (ir) neurons and ACTH-ir
cells and ACTH mRNA expression in nonallergenic mice
exposed to FA. Furthermore, the allergic reaction and exposure to FA acted in a synergic manner on the hypothalamus
and pituitary gland. These values were all significantly higher
(𝑃 < 0.05) in control (unexposed) allergenic mice than in
control nonallergenic mice. These values were significantly
higher in the 80 ppb allergenic group mice compared with
the 80 ppb nonallergenic mice but significantly less in the
2000 ppb allergenic mice than in the nonallergenic mice,
suggesting that the 2000 ppb allergenic group mice suffered
from impaired HPA axis function. The appearance of SBS in
humans may result from a depressed HPA axis that is unable
to react to the secondary stress (headache, mental fatigue,
nausea, etc.) induced by FA [28]. Therefore, there may be a
synergistic effect between low-level FA-induced and antigenstimulated lesions of the hypothalamus and pituitary gland.
We used toluene as a chemical stressor to study whether
these effects of FA exposure on the HPA axis are specific
to FA. Toluene is an organic solvent that is widely used in
industrial glues, lacquers, and paint removers and induces
MCS in humans [29–31]. The toluene inhalation experiment
consisted of two related studies. To mimic the preinhalation
trigger produced by high-dose toluene, mice were exposed
to 500 ppm toluene for three consecutive days prior to FA
inhalation [32]. After the three days, groups of mice were
exposed to various doses of (0, 80, 400, and 2000 ppb) FA as
before [33]. The results showed that the number of CRH-ir
neurons, the proportion of ACTH-ir cells, and ACTH mRNA
expression were upregulated according to the inhaled dose of
FA. The same results were found for the number of ACTH
cells with the exception that the number of ACTH cells in the
2000 ppb subgroup was reduced compared with the 400 ppb
subgroup. We previously described that abundant dilatation
of the sinusoids was found in the anterior pituitary of the 80,
400, and especially the 2000 ppb subgroups compared with
the control group [33]. Although the proportion of ACTH
cells increased with the dose of FA inhaled, these results
explain the reduction in the number of ACTH cells in the
2000 ppb subgroup.
To compare the effect of FA inhalation with that of
toluene, each group was further divided into control and
50 ppm subgroups of 0 and 50 ppm with and without OVA
sensitization [33]. ACTH mRNA expression in the 50 ppm
toluene subgroup of nonallergenic mice was greater than in
the control nonallergenic group, and ACTH mRNA expression in the control allergenic group was greater than in the
control nonallergenic group. Furthermore, the ACTH mRNA
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expression in the 50 ppm toluene subgroup of allergenic
mice was greater than in the control allergenic mice. We are
currently investigating the number of hypothalamic CRH-ir
cells and the proportion and number of pituitary ACTH-ir
cells in these mice. It follows that the inhalation of low-level
toluene may have the same effect on the HPA axis as FA, with
the exception that there was an increase in number and size
of the sinusoids in the anterior pituitary of mice that inhaled
toluene.

4. Effect of Low-Level FA Inhalation on the
Expression of Neurotransmitter mRNAs in
the Mouse Brain
Patients suffering from MCS report hypersensitivity to a
wide variety of environmental chemicals including VOCs.
Because most of the common symptoms are extreme fatigue,
headache, gastrointestinal problems, depression, anxiety, irritability, and sensitivity to perfumes, it can be postulated that
these symptoms accompany brain dysfunction. Moreover,
recent studies indicate that neural plasticity is involved in the
initiation and the development of MCS [34]. This kindling
causes deterioration of long-term potentiation, which is a
mechanism of efficient learning and memory. Glutamateresponsive neurons are common in the limbic system, a site of
short-term memory and associated functions, and glutamate
levels correlate with kindling [35]. When toxic chemicals are
bound to the GABA𝛼 receptor, their response to glutamate is
disinhibited.
Thus, we studied the effect of low-level FA exposure,
which is highly suspected to initiate MCS and its symptoms,
on the expression of neural transmission-related mRNAs
in the mouse brain (400 ppb, daily for 16 h, 5 days per
week for 12 weeks). Semiquantification of mRNAs by RTPCR revealed that FA exposure caused an increase in the
glutamate receptor epsilon 1 subunit mRNA in the neocortex
and hippocampus and in the epsilon-1 and epsilon-2 mRNA
in the amygdala [36]. Exposure to FA also decreased the
epsilon-2 mRNA in the neocortex and hippocampus. In
the hypothalamus, FA increased 5-hydroxytriptamine 1Areceptor mRNA and GABA receptor 𝛼-1 subunit mRNA. The
continuous disruption of GABA and unstable ACTH action
through the synergistic effects of indoor chemical pollutants
lead to unanticipated threshold changes, time-dependent
sensitization [37] and may cause kindling.

5. Immunological Alteration in Mice
Exposed to Low Levels of FA
Exposure to FA elicits a variety of allergic signs and symptoms
and irritates the upper respiratory tract. There is a positive
relationship between worker exposure to FA and asthma
or asthmatic bronchitis [38, 39]. Long-term exposure to FA
significantly increases the numbers of CD26-IL-2-positive
cells, B cells, and autoantibodies in some patients with
multiple-organ symptoms that involve the CNS, upper- and
lower-respiratory systems, and gastrointestinal tract [40]. An
increase in the CD4/CD8 ratio, due to a low percentage
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of CD8 positive cells, has also been observed among MCS
patients [41]. However, another study found no indication of
immunologically mediated respiratory disease in a group of
workers exposed to FA, but some appeared to experience respiratory or ocular symptoms caused by an irritant mechanism
[42].
Exposure to low levels of FA affects various immune
functions in animals. In guinea pigs, an 8 h exposure to
300 ppb FA increased airway reactivity to acetylcholine [43],
and, after five consecutive days of exposure to 250 ppb FA,
OVA sensitivity was significantly enhanced, but there was no
effect of a 130 ppb exposure [44]. Exposure to 1600 ppb FA
for 10 days increased OVA-specific IgE production in mice
intranasally sensitized with OVA [45]. Therefore, short-term
FA exposure may directly enhance sensitization in airways
and aggravate allergic inflammatory reactions. However,
the long-term effects of low-level FA exposure on allergic
inflammation are largely unknown. We tried to identify the
presence or absence of hypersensitivity reactions in mice
exposed to low doses of FA. However, exposure of mice to
80 or 400 ppb FA alone resulted in no significant changes
in proinflammatory cytokine production in bronchoalveolar
lavage fluid and in the hippocampus, total antibody production and lymphocyte subpopulations in peripheral blood, or
infiltration of inflammatory cells to the lung; however, OVAimmunized mice exposed to 2000 ppb FA had significantly
more inflammatory cells in the bronchoalveolar lavage fluid.
Exposure to FA significantly increased hippocampal
nerve-growth factor (NGF) mRNA (80 and 400 ppb) and
NGF content (400 ppb) in OVA-immunized mice [46]. In
contrast, low levels of FA may act in concert with OVA stimulation to suppress NGF production in the plasma and bronchoalveolar lavage fluid [47]. Neurotrophins, including NGF,
and brain-derived neurotrophic factors play an important
role in the development of airway inflammation and hyperresponsiveness by inducing the production of tachykinins, such
as substance P, which are involved in allergic responses [47].
It is likely that exposure to FA stimulates vagus nerve endings
to release neuropeptides that can activate immunocompetent
cells and modulate allergic inflammation. Immunological
inflammation is induced at the local site by invading antigenic
substances or chemicals, whereas neurogenic inflammation
is induced at sites distant from stimulation. Although FA
is a potent contact allergen, it lacks the ability to cause
sensitization of the respiratory tract [48]. Our data suggest
that exposure to FA disrupts the regulatory mechanisms
of neurogenic and immunological inflammation that contribute to host homeostasis. In animal models, neurogenic
inflammation may contribute to the inflammatory response
to allergens, whereas chronic inflammation, which causes the
release of neurotrophins from inflammatory cells, may lead to
changes in innervation patterns [49].

6. Modulation of Neuroimmune Response in
Mice Exposed to FA
Recently, an investigation of the effect of repeated lowlevel FA on escape or cocaine-induced behavior in mice
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showed that 1000 ppb FA inhalation is aversive and produces
behavioral changes [16, 50]. FA inhalation induces tachykinin
release from sensory nerve endings in rats [51]. Sneezing can
be provoked by FA and can be evoked from C-fiber stimulation [52]. We found that sneezing frequency in mice dose
dependently increased by FA inhalation [53]. Because we have
shown the influence of long-term exposure to low levels of
FA in the olfactory neurons and in the Ca-binding proteins
in the amygdala and piriform cortex, low-level FA exposure
may stimulate olfactory and trigeminal pathways and result
in an abnormal response of CNS signaling pathways.
Concerning the roles of substance P, an increase in
the number of immunoreactive nerve fibers was found in
asthmatics compared to nonasthmatics, but less immunoreactivity was found in lung tissues of the asthmatics patients
[54]. Short-term inhalation of irritants exacerbates allergic inflammation due to the release of substance P and
related neuropeptides. However, the contribution of persistent inhalation of low-level irritant agents to neuroimmune
inflammation remains unknown. FA can activate the sensory
irritant receptor by reacting with a thiol group in the receptor
and produce a more potent effect than substances physically
adsorbed to the receptor [52]. During toluene diisocyanate
(TDI) exposure, TDI-induced release of NGF may mediate
substance P upregulation in airway-sensory neurons [55].
Not only the production of NGF but also the release of
substance P in CNS and immunogenic inflammation were
also modulated by low-level FA as well as TDI exposure.
Because ACTH suppresses the immune system [56],
chronic stress can modulate the HPA axis and alter the innate
and acquired immune response to infection [57]. CRH release
from the hypothalamus stimulates the production of neuropeptides that irritate sensory organs [58], and activation
of the HPA axis in FA-exposed mice directly and indirectly
affects innate and acquired immune responses in the brain.
A proposed central mechanism of MCS induced by
organic solvents involves the widespread stimulation of
NMDA activity in the limbic system followed by a widespread
increase in nitric oxide and peroxynitrite [59]. Our results
stating that low levels of FA increase hippocampal NMDAmRNA expression are in agreement with recent reports
showing the association of NMDA stimulation in formalininduced pain [60, 61]. Treatment with the NMDA receptorantagonist AP5 produced analgesia in a formalin pain test
[62]. Although our experimental design called for a different
time course and route of stimulation than the formalin pain
test, the phenomenon of NMDA receptor activation is a
common response to FA.
It is suggested that the interaction between the neural and
immune systems is an underlying cause of MCS. We conducted an experiment to examine the effects of FA exposure
in OVA-immunized mice [63]. In that study, the mice (C3H
females) were injected intraperitoneally with 10 𝜇g OVA and
2 mg alum before their exposure to FA (0 or 400 ppb). On
days 21, 42, 63, and 77 of the exposure period, each mouse was
booster challenged with OVA, and the brains were sampled
one day following the final FA inhalation. To determine the
effects of low-level FA exposure on the expression of neuronal
synaptic plasticity related genes in the hippocampus, we
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Figure 1: Possible target organs and biomarkers affected by formaldehyde exposure. FA exposure with or without OVA affects respiratory,
immune, and central nervous systems by modulating the cytokines (IL-1𝛽, CCL2), neuropeptides (NGF, substance P), hormones (CRH,
ACTH, and corticosterone), and enzymes (TH) and intracellular calcium-binding protein in the mouse model (green: FA, red: FA + OVA).

examined the mRNA expression of the NMDA receptorsubtypes NR2A and NR2B, dopamine D1 and D2 receptors, cAMP response element-binding (CREB)-1 and -2,
and FosB/ΔFosB. The mRNA levels of NR2A, dopamine
D1 and D2 receptors, and CREB-1 significantly increased in
400 ppb FA-exposed mice compared to the control mice,
but the levels of NR2B, CREB-2, and FosB/ΔFosB were not
changed [63]. We also found that treatment with MK-801, a
noncompetitive NMDA receptor antagonist, normalized the
NR2A, CREB-1, and dopamine D1 and D2 receptor mRNA
levels that were induced by FA exposure [63]. These results
suggest that stimulation by low-level FA exposure and OVA
immunization selectively affects synaptic plasticity-related
genes in the hippocampus and that the effects are mediated by
glutamatergic neurotransmission through NMDA receptors.
To the best of our knowledge, our serial reports showing
that exposure to low levels of FA alone can alter the molecular
basis of brain neural transmission and that a combination of
OVA immunization and FA exposure induces a significant
increase in hippocampal NMDA receptor mRNA levels. It is
well known that NMDA receptors are a key molecule for the
formation of neuronal memory. Because neuronal memory
formation is a major phenomenon in neural sensitization,
and neuroimmune interaction is thought to participate in
the development of MCS, it follows that the increase in hippocampal NMDA after OVA immunization and FA exposure
reflects, at least in part, the hypersensitivity underlying MCS.

We previously described the effects of FA on the expression of the Bcl-2 family, which regulate survival and death
of cells, and the NMDA receptors, which are associated
with hippocampal function, in mice [64]. In that study,
Western blot analyses were performed for Bcl-2, Bax, NMDA
receptors types 2A and 2B (NR2A and NR2B) of the hippocampus taken from C3H mice exposed to 0 or 400 ppb of
FA with or without OVA immunization [64]. We found that
the ratio of Bcl-2/Bax expression in OVA-immunized mice
significantly increased with 400-ppb FA exposure, although
the differences in the expression level of each protein were not
significant between the control and FA-exposed groups. The
NR2A and NR2B expression of FA-exposed OVA immunized
mice were sustained at levels comparable to the control;
however, there was no difference in NR2A, NR2B expression,
or Bcl-2/Bax expression ratio in mice that were not OVA
immunized and exposed to 400 ppb FA [64]. These results
suggest that the changes in the Bcl-2/Bax expression ratio that
occur with low-level FA exposure and OVA immunization
may follow enhanced NGF production and exert a protective
effect against apoptosis. We speculate that our putative
defense mechanisms are initially exerted in the hippocampus
in response to FA exposure and that adverse FA effects successively arise when the FA exposure reaches an intolerable
level. This mechanism does not account for the transition of
the influence of FA from “protective” to “adverse”; however, it
may be a key for understanding FA sensitivity in individuals
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that complain of unexplained symptoms following extremely
low-level FA inhalation.

7. Conclusion
Long-term exposure to low levels of FA can disturb normal
homeostatic responses by enhancing a neural network that
is abnormally activated by coexposure to immunological
stimuli and results in the induction of neurogenic and
immunogenic inflammation in the brain. These responses
may be related to the triggering of MCS. Possible target
organs and biomarkers affected by formaldehyde exposure
with or without OVA were shown in Figure 1.

Acknowledgments
The authors thank Drs. M. Ichikawa, F. Sasaki, H. Hayashi,
M. Kakeyama, and S. Tsukahara for invaluable support and
guidance. The authors also thank Drs. T. Ishidao, Y. Fueta,
and H. Hori for their excellent discussion for this paper. This
study is partly supported by the grant from the Ministry of
the Environment, the Health and Labour Science Research
Grants, and the Grant-in-Aid for Scientific Research.

References
[1] S. M. Caress and A. C. Steinemann, “A review of a two-phase
population study of multiple chemical sensitives,” Environmental Health Perspectives, vol. 111, no. 12, pp. 1490–1497, 2003.
[2] C. S. Miller, “Chemical sensitivity: symptom, syndrome or
mechanism for disease?” Toxicology, vol. 111, no. 1–3, pp. 69–86,
1996.
[3] D. A. Lawrence and D. Kim, “Central/peripheral nervous
system and immune responses,” Toxicology, vol. 142, no. 3, pp.
189–201, 2000.
[4] B. Veronesi, M. Oortgiesen, J. Roy, J. D. Carter, S. A. Simon,
and S. H. Gavett, “Vanilloid (capsaicin) receptors influence
inflammatory sensitivity in response to particulate matter,”
Toxicology and Applied Pharmacology, vol. 169, no. 1, pp. 66–76,
2000.
[5] W. J. Meggs, “Neurogenic switching: a hypothesis for a mechanism for shifting the site of inflammation in allergy and
chemical sensitivity,” Environmental Health Perspectives, vol.
103, no. 1, pp. 54–56, 1995.
[6] E. Persson, P. Larsson, and H. Tjälve, “Cellular activation and
neuronal transport of intranasally instilled benzo(a)pyrene in
the olfactory system of rats,” Toxicology Letters, vol. 133, no. 2-3,
pp. 211–219, 2002.
[7] W. S. Cain and J. E. Cometto-Muñiz, “Irritation and odor as
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Stroke is a leading cause of death worldwide. Ischemic stroke is caused by blockage of blood vessels in the brain leading to tissue
death, while intracerebral hemorrhage (ICH) occurs when a blood vessel ruptures, exposing the brain to blood components. Both
are associated with glial toxicity and neuroinflammation. Microglia, as the resident immune cells of the central nervous system
(CNS), continually sample the environment for signs of injury and infection. Under homeostatic conditions, they have a ramified
morphology and phagocytose debris. After stroke, microglia become activated, obtain an amoeboid morphology, and release
inflammatory cytokines (the M1 phenotype). However, microglia can also be alternatively activated, performing crucial roles in
limiting inflammation and phagocytosing tissue debris (the M2 phenotype). In rodent models, microglial activation occurs very
early after stroke and ICH; however, their specific roles in injury and repair remain unclear. This review summarizes the literature
on microglial responses after ischemic stroke and ICH, highlighting the mediators of microglial activation and potential therapeutic
targets for each condition.

1. Introduction
Microglia are the resident immune cells of the central nervous
system (CNS). The majority of our understanding about
microglial responses to injury comes from rodent models.
In mice, microglia arise from hematopoietic progenitors
in the yolk sac at E8 in development [1]. Under normal
physiological conditions, microglia self-renew and locally
expand to maintain their numbers. However, blood-derived
cells have been shown to regenerate microglial populations
under scientific manipulations [2]. Microglia survey the CNS
and phagocytose debris under homeostatic conditions as
well as in injury and disease [3]. Microglia express Toll-like
receptors (TLR) and NOD-like receptors (NLR), allowing
them to detect bacterial pathogens and molecular signatures of injury, leading to the transcription of proinflammatory cytokine genes. Local [4] and systemic [5] infections,

neurodegenerative conditions [6], and sterile injury [7] have
been reported to activate microglia.
Once activated, microglia retract their ramifications and
obtain an amoeboid morphology, becoming indistinguishable from activated macrophages. Both cell types derive from
primitive myeloid cells, causing them to express many of the
same markers (CD11b, F4/80, Iba-1) [1, 8], Due to this, studying microglial activity by immunohistochemistry has been
difficult, causing researchers to identify activated phagocytes
as microglia/macrophages. However, with the use of flow
cytometry, populations of microglia and macrophages can be
separated and studied individually due to their differences
in CD45 expression [9]. Like macrophages, microglia can
have either an M1, classically activated phenotype, or an M2,
alternatively activated phenotype (Figure 1). M1 microglia
are considered to be proinflammatory and secrete TNF-𝛼,
iNOS, and CCL2. They express CD80, CD86, and MHCII on
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Figure 1: Microglia polarization is characterized by distinct phenotypes.

their cell surface, possessing the capability to present antigens
to T cells [10]. They express IL-23, giving implications that
microglia T-cell crosstalk may occur [11]. Microglia also produce IL-1𝛽 and IL-18 through activation of the inflammasome
[11]. M2 microglia are interpreted to be healing cells that
are involved with neuroprotection and repair after injury
with arginase activity and upregulation of neurotrophic
factors [10, 12]. Because of their polarity, microglia have the
potential to be both injurious and neuroprotective in CNS
disease and injury. Here, we will review the role of microglia
in neuroinflammation and acute injury after ischemic and
hemorrhagic stroke.

2. Cerebral Ischemia
Stroke is the 4th leading cause of death in the United States,
affecting 7 million people [13–15]. Ischemic stroke constitutes
87% of all strokes and is caused by the occlusion of a blood
vessel due to either embolism or thrombus. As a result, brain
tissue is deprived of blood glucose and oxygen [13]. This leads
to neuronal death, release of reactive oxygen species, activation of complement, and upregulation of adhesion molecules
on endothelial cells. Dying cells release danger signals into
the environment, including HMGB1 and ATP, activating
microglia [16]. This cascade of events leads to glial toxicity
and infiltration of peripheral leukocytes [14, 16]. The treatment for ischemic stroke is tissue plasminogen activator (tPA)
which degrades the clot in the blood vessel in order to restore
perfusion to the brain. However, tPA can only be administered to patients within a 3-to-4.5-hour window after the
onset of stroke, and the majority of stroke patients are left with
some infarction despite treatment [17, 18]. With reperfusion
of the brain or collateral circulation, peripheral leukocytes
can infiltrate the brain to the area of injury and secrete proinflammatory cytokines, thus leading to secondary injury [14].
Microglial activation and proinflammatory cytokine production have been well characterized in rodent models of

ischemic stroke. Early studies using flow cytometry show
an increase in microglial populations in the ipsilateral
hemisphere, whereas the contralateral hemisphere remains
at basal levels [9]. As resident immune cells in the CNS,
microglia are known to both phagocytose debris and secrete
proinflammatory cytokines under ischemic conditions, contributing to tissue damage [19]. Under ischemic conditions,
microglia can become destructive and phagocytose tissues
as well. However, microglia have been reported to also
secrete anti-inflammatory cytokines such as IL-10 and TGF𝛽 [20–22], which act to quell inflammation. In studies where
microglia have been ablated, mice had larger infarctions and
a doubling of apoptotic neurons after ischemia, indicating
the importance of microglial activity after ischemic stroke
[23]. Thus, while microglia can be destructive in repair and
recovery, their presence is needed to alleviate injury. The
balance of these processes may depend on the location of the
microglia, the degree of ischemia, and the timing after injury.
2.1. Microglial Activation in the Ischemic Core. The location
of microglia in the ischemic brain changes their activation
and cell fate. In the ischemic core, where blood flow is
reduced to near zero, cell death is nearly universal by 24 hours
[24]. In a 90-minute transient ischemia model, degenerating
Iba1+ microglia are apparent 3.5–12 hours after reperfusion. Over 24–48 hours, round Iba1+ED1+ cells appear
throughout the core [25]. Immediately after 60 minutes of
focal ischemia without reperfusion, microglia/macrophages
in the striatum (ischemic core) significantly increased the
number of their processes. Twenty-four hours later, the
microglia/macrophages in the ischemic core showed a reduction in numbers of processes, had significantly shorter processes, and increased CD11b expression indicating activation and the formation of an amoeboid morphology [24].
Twenty-four hours after permanent MCAO, few double
positive CD11b+CD68+ (a marker for phagocytosis) cells
were found in the ischemic core; however, by day 7, CD68
expression increased. At 24 hours, M2 markers Ym1 and
CD206 were exclusively found in the ischemic core, suggesting that the microglia/macrophages in the ischemic core
promote tissue repair [26]. These findings were corroborated
by another study examining the location of M1 versus
M2 microglia/macrophages, which found M2 microglia/
macrophages infiltrating the ischemic core at 24 hours,
peaking at 5 days, and declining in the striatum by 14 days
[27]. In contrast, using the inflammatory marker CD16/32
(Fc𝛾 receptors), they found M1 cells increasing in number in
the striatum over time and outnumbering the M2 cells during
the second week. However, nonvital (measurement of vitality
undefined) cellular debris found in the ischemic core at 72
hours after photothrombosis in rats exhibited CD11b staining,
indicating that large numbers of microglia/macrophages in
the ischemic core are destined to die [28]. Likewise, at 7 days
after TiO2 sphere-medicated ischemia, CD11b+ cells in the
ischemic core “showed signs of disintegration” [29]. These
studies show that the microglia in the infarct core are initially
injured as a result of ischemia. M2 microglia/macrophages
then enter the area during the first week before declining
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in numbers, while M1 microglia/macrophages increase in
numbers over the first 2 weeks.
2.2. Microglial Activation in the Peri-Infarct Zone. Microglia
in the peri-infarct zone have different patterns of microglial
activation than those found in the ischemic core. After 90
minutes of transient ischemia, activated Iba1+ED1− cells
increased in number from 3.5 to 7 days after reperfusion but
were decreased by day 14 [25]. In another study, eight and
twenty-four hours after transient MCAO in mice, microglia/
macrophages in the border zone had shorter processes with
fewer endpoints indicating activation. CD11b and F4/80
expression were the greatest on those microglia/macrophages
closest to the infarct border, localizing their activation to
the site of injury [24, 30]. Ym1 and CD206+ cells were not
found in the peri-infarct zone at either 24 hours or 7 days
in one study [26], while another found CD206+ cells in the
cortex at the border zone of ischemia peaking at day 5 after
ischemia before being outnumbered by M1 cells [27]. In both
a photothrombosis model in rats and permanent MCAO in
mice, the majority of the microglia/macrophages expressing
CD68 were localized to the border zone and peri-infarct
region [26, 28]. Microglia in the peri-infarct zone proliferated
48 and 72 hours after middle cerebral artery occlusion
(MCAO); however, the amount of proliferation is reduced
after 60-minute compared to 30-minute ischemia [31]. This
work used CFSE and BrdU injection to distinguish between
microglia and blood-derived macrophages histologically and
determined that microglial proliferation, not macrophage
recruitment, led to the increase in peri-infarct myeloid cells.
By 72 hours after stroke, microglia/macrophages at the infarct
border and peri-infarct region coexpress CD68 and MHCII,
a marker of antigen presentation. By 7 days, the infarct
was demarcated by a GFAP+ glial scar and double positive CD68+ , MHCII+ phagocytic cells [32]. Together these
studies indicate that the peri-infarct region is dominated by
proinflammatory, proliferating, and activated microglia that
increase in number over the first week after ischemia. These
studies reveal that the dynamics of microglial phenotypes
change over time and that the location of the microglia (core
versus penumbra) is critical in determining that phenotype.
However, these studies have been limited by an inability to
differentiate between infiltrating macrophages and microglia,
which both likely contributed to the measured phenotypes.
Bone marrow chimeras have been helpful in distinguishing the activated microglia from macrophages after ischemia.
In this experimental paradigm, C57Bl/6 mice were irradiated and the hematopoietic system reconstituted with bone
marrow from mouse expressing GFP in leukocytes. Resident
microglia, due to their radioresistant nature, would remain
of host origin (GFP− ). Twenty-four hours after MCAO,
activated, GFP− microglia were seen in the infarct region
[33]. At 48 hours after stroke, GFP-Iba-1+ microglia ingested
neuronal debris [34]. By 4 days after infarct, numerous GFP+ ,
F4/80+ phagocytic cells were seen in the infarct area. These
studies indicate that the activated, phagocytic F4/80+ cells
identified in the early time points after ischemia are likely
microglia [33, 34]. While these studies help elucidate the role
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of microglia from monocytes after ischemia, it is important
to note that radiation may alter the blood brain barrier. In
a West Nile Virus infection model, bone marrow chimeras
reconstituted with bone marrow from a GFP+ mouse showed
resting, ramified microglial-like cells which were GFP+ , suggesting that blood-derived monocytes traffic into the brain
after radiation and obtain a microglial morphology [35]. In
order to properly study the role of microglia after stroke
using bone marrow chimeras, heads need to be protected
from radiation with a lead shield. Alternatively, a parabiosis
model may be employed, although this precludes the ability
to perform functional outcome testing.
2.3. Microglial Cytokine Production after Ischemic Stroke.
Microglial cytokine production can be seen as early as 1
hour after stroke. Microglia have been reported to be the
primary source of IL-1𝛽 in a biphasic time course peaking at
1 hour and 24 hours. IL-1𝛽 deficient mice have significantly
smaller infarct volume 24 hours after permanent MCAO [36].
Microglia have also been reported to be the main source of
IL-6, TGF-𝛽, and IL-10 after ischemia [37]. RhIL-6 treatment
30 minutes prior to and 15 minutes after permanent MCAO
notably reduced infarct size [38]. Within 4 hours after stroke,
TNF-𝛼 production can be seen within and surrounding the
infarct. Microglial/macrophage production of TNF-𝛼 can be
measured 6, 12, and 24 hours after ischemic stroke [19].
However, the role of TNF-𝛼 production in ischemic stroke
still remains controversial. While some studies found that
TNF-𝛼 antagonism resulted in improved outcomes [39, 40],
other studies found that TNF-𝛼 is important in hippocampal
and striatal neurogenesis [40–42].
2.4. Mediators of Microglial Activation. The identification
of specific mediators of microglial activation may provide a therapeutic target to alleviate microglial-mediated
injury (Table 1). Recent work has identified galectin-3 as an
important survival factor in microglial survival, proliferation, and migration [23, 43] after ischemic injury. In vivo,
microglia/macrophages upregulate galectin-3 72 hours after
MCAO. In culture, WT microglia upregulate Iba-1, TLR2,
CD68, and galectin-3. However, galectin-3−/− microglia were
only capable of upregulating Iba-1, indicating that galectin3 plays a role in the upregulation of TLR2 and CD68 [23].
The absence of galectin-3 led to larger areas of infarction
and enhanced neuronal apoptosis after MCAO [23]. The
role of Notch signaling has also been studied in microglial
activation. Notch signaling occurs during inflammation and
had been correlated to worse outcome after stroke. Transgenic
mice with an antisense Notch have less CD11 staining; in
the presence of LPS, microglia had less CD11b expression.
In culture exposed to oxygen glucose deprivation (OGD),
activated WT microglia upregulate Notch expression. Antisense Notch mice, when injected with LPS or subjected
to MCAO, produced less TNF-𝛼 and IL-1𝛽 and also had
attenuated NF𝜅B p65 activity, indicating that Notch signaling
may play a role in microglia toxicity after ischemia [44].
These studies indicate that galectin-3 provides a mechanism
for reducing cell death and infarction after cerebral ischemia,
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Table 1: Mediators of microglial activation after cerebral ischemia and intracerebral hemorrhage.

Mediator
Galectin 3
Notch
SPARC

HMGB1

CX3CL1

Thrombin
Heme

Measurements used

Results

Ischemic stroke
Galectin 3−/− mice subjected to 60-minute MCAO
followed by reperfusion for either 24 or 72 hours
Primary cell cultures and in vivo models of microglial
activation (LPS) and MCAO in antisense Notch mice
Focal photothrombotic model of ischemic stroke in
SPARC−/− mice

Galectin 3 reduces cell death and
infarct volume
Notch leads to increased
neuroinflammation
SPARC−/− microglia have increased
processes length and branching and
increased microgliosis

shRNA and HMGB1 inhibitor used to knock down
HMGB1 in ischemic stroke model and primary
HMGB1 promotes neuroinflammation
microglial cultures
Behavioral outcomes, edema, peripheral cell
CX3CL1-CX3CR1 signaling leads to
infiltration, cytokine production in CX3CR1 knockout
worse functional outcome and higher
mice in 30- and 60-minute MCAO
neuroinflammation
Intracerebral hemorrhage
Thrombin injection in rats and in culture caused
Activates microglia and promotes
neuronal apoptosis and increased cytokine production
cytokine production
Activates microglia and leads to
Blood or hemin injection
neuroinflammation

Citation
[23]
[44]
[45]

[46–48]

[49–54]

[55–60]
[61–63]

SPARC: secreted protein acidic rich in cysteine; HMGB1: high mobility group box 1.

while Notch signaling leads to enhanced inflammation and
increased microglial neurotoxicity.
Secreted protein acidic rich in cysteine (SPARC) is a
matricellular protein that regulates growth factors and the
assembly of the extracellular matrix. SPARC has been shown
to play a role in microgliosis after ischemia. Under homeostatic conditions, mature microglia express SPARC. In a focal
photothrombotic cortical ischemic stroke model, microglia
downregulate SPARC expression after injury. SPARC-null
mice show increased processes length and branching at
steady state in white matter. Microglial expansion is significantly increased in grey matter and reduced in white
matter in the SPARC-null mice, indicating that SPARC plays
a differential role in microglial expansion depending on the
location in brain. By immunohistochemistry, SPARC-null
mice had an increase in Gal-3 expression, indicating higher
levels of microgliosis, which correlated to better functional
outcome after cortical ischemia [45]. The evidence points to a
role for SPARC in microglial toxicity and poor outcome after
cerebral ischemia.
High motility group protein B1 (HMGB1) may act as a
cytokine to activate microglia after ischemia [46]. HMGB1
increases in the blood and cerebral spinal fluid in rats after
ischemia [46] and induces postischemia neurodegeneration
[47]. When HMGB1 was reduced using a shRNA transgene
injected into the striatum, the number of microglia in the
infarct was reduced. Those in the infarct maintained a ramified morphology and had less p38 MAPK activity and TNF-𝛼,
IL-1𝛽, COX2, and iNOS expression. In vitro, HMGB1 was
released after incubation of microglial cultures with NMDAtreated cortical cells. Cultured microglia remained quiescent
in this model when an HMGB1 inhibitor was introduced into
the media with the cortical cells, identifying HMGB1 as the
mediator of inflammation [46]. HMGB1 induces activation
via the RAGE receptor on both microglia and blood-derived

macrophages after ischemia [48]. Taken together, these studies indicate that HMGB1 may be a potential therapeutic target
for modulating microglial activation and mediated injury.
The chemokine receptor CX3CR1 is expressed at high
levels on murine microglia under homeostatic conditions.
Its ligand, CX3CL1 (fractalkine), is produced by neurons
and can be either secreted or membrane bound. When it
is membrane-bound, neuronal CX3CL1 binds to microglial
CX3CR1 and maintains microglia in a quiescent state
[64, 65]. Cleaved CX3CL1 acts as a chemokine to induce
microglial chemotaxis [49]. The CX3CL1-CX3CR1 interaction has been shown to regulate microglial toxicity in models
of Parkinson’s, ALS, and LPS activation—when the receptor
is nonfunctional, mice have worse functional outcome [65].
However, this neuroprotective role for microglial CX3CR1
signaling may not be preserved after ischemia. CX3CL1
expression is upregulated within 48 hours after MCAO
and decreases by 7 days, while CX3CR1 expression was
the highest on the microglia within the infarcted tissue at
7 days. These results suggest that this pathway may play
a role in microglia/macrophage cell recruitment into the
infarcted region [50]. However, mice genetically deficient
for either CX3CR1 or CX3CL1 have smaller infarct volumes after MCAO [51–54]. This was accompanied by fewer
blood-derived leukocytes infiltrating the brain at 72 hours
and improved functional outcomes [53]. After 30 minutes
of ischemia, CX3CR1−/− microglia remained in a ramified
state, whereas WT microglia/macrophages had amoeboid
morphology at 24 hours. WT microglia/macrophages had
a proinflammatory profile with elevated iNOS and CD68
expression, whereas CX3CR1−/− microglia/macrophages had
low expression of iNOS and CD68 but elevated Ym1 implicating a healing phenotype [52]. The addition of exogenous CX3CL1 intracerebroventricularly prior to MCAO in

Clinical and Developmental Immunology
WT resulted in smaller infarct [54]. These studies indicate that global deficiency of this signaling pathway in
both microglia and peripheral leukocytes is protective after
ischemia. Through the use of bone marrow chimeras, the specific role of microglial CX3CR1 in infarct volume, functional
outcome, and neuroinflammation can be better understood.
It is possible that the differences observed in these studies
were in part due to CX3CR1 deficiency on the peripheral
monocytes. It has recently been reported that human bone
marrow stromal cells transplanted into rats after MCAO
used the fractalkine-CX3CR1 pathway to migrate to area of
infarct [66]. In addition, in a clinical study, it was found that
patients with lower concentrations of plasma CX3CL1 had
worse outcome 6 months after stroke [67]. The apparently
conflicting roles of CX3CL1-CX3CR1 signaling may be due to
alterations in signaling pathways in genetically altered mice,
opposing roles of this pathway on microglia and CX3CR1+
macrophages or other factors.
2.5. Treatments Targeting Microglial Activation after Cerebral
Ischemia. While tPA is available to aid in reperfusion for
selecting patients with ischemic strokes, there is a necessity
for treatments to reduce injury and aid in repair after stroke.
Microglial activation is one potential target. Several studies
have investigated the role of minocycline on inhibiting or
altering microglial activation. In a mouse model of ALS,
minocycline attenuated microglial activation and reduced the
expression of M1, but not M2, microglia/macrophage markers suggesting that minocycline inhibits the proinflammatory
microglia/macrophages [68]. In mice, minocycline administered two hours after transient MCAO reduced infarct
volume by 25% [69]. Rats which received continual minocycline treatment for 4 weeks after ischemia had reduced
microglial activation by microscopy, which correlated with
increased neurogenesis and better functional outcome [70].
Transplantation of bone marrow mononuclear cells (BMMC)
is also being investigated as a possible treatment for ischemic
stroke [71–73]. In vitro, BMMCs reduced neuronal death due
to LPS and hypoxia activated mixed culture of microglia and
peritoneal macrophages. Microglial cultures in the presence
of BMMCs had higher levels of IL-10, VEGF, IGF1, and SDF1a [74]. Recent studies have investigated whether the addition
of minocycline can improve functional outcome and neuroprotection after BMMC transfer after ischemia in vivo. Rats
that received minocycline and BMMC treatment had reduced
CD68+ cells by immunohistochemistry and better functional
outcome [75, 76]. These studies suggest that microglia contribute to neuroinflammation after ischemia and that BMMC
therapy and minocycline have additive effects in reducing
poststroke microglial activation. However, the dosing of
minocycline is crucial for benefit; high doses induced toxicity
in both neurons and astrocytes [77]. Minocycline is a tetracycline antibiotic that is not specific for microglia [77], and
off-target effects may contribute to dose-limiting toxicities.
While many studies have focused on understanding
the mechanism by which microglia cause secondary injury
after stroke, other studies have shown that microglia are
essential for prevention of neuronal apoptosis [23]. Microglia
are needed for recovery and repair after ischemia. Rats
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transplanted with a human microglial cell line 48 hours after
MCAO had better functional outcome 7, 10, and 14 days
after stroke. The improved functional outcome correlated
with fewer apoptotic cells, fewer CD68 phagocytic cells, and
less GFAP glial scar in the ipsilateral hemisphere. Notably,
rats that received human microglia had less endogenous
microglial activation and upregulation of IL-4, IL-5, and
neurotrophic factors, thus decreasing their neurotoxicity.
Human microglial cells reduced ischemic injury and promoted repair in rats [78]. Therefore, microglia have potential
for augmenting repair after ischemia and studies on the
modulation of their phenotype towards healing processes
may identify new therapeutic targets for stroke.

3. Intracerebral Hemorrhage
Research on the mechanisms of injury and repair after ICH
has been more limited than after cerebral ischemia. ICH
occurs when a blood vessel in the brain parenchyma ruptures,
most commonly due to hypertension [79]. ICH has a high
mortality rate: 30–50% of patients die within the first 30 days
[79]. Of those who survive, only 20% regain independence
within six months [80]. Despite recent advances in ICH
research, no specific treatment for ICH currently exists [81].
The introduction of blood components, including thrombin,
heme, and leukocytes and platelets, into the brain creates the
basis for a secondary injury due to microglial activation and
neuroinflammation resulting in the recruitment of leukocytes
into a normally immune privileged site [82, 83].
The activation of microglia likely has dual roles after ICH.
While some microglial processes may be beneficial, microglia
have also been shown to play a role in the secondary injury
that occurs after ICH [82]. A major role of microglial cells
after ICH is to phagocytose the debris and erythrocytes left
in the brain after hemorrhage. They have been shown to
endocytose heme and hemoglobin. These processes are mediated through scavenger receptors, such as CD36, on their cell
surface [84]. They also produce proinflammatory cytokines
(TNF-𝛼, IL-1𝛽, IL-6) [85] and chemokines (CXCL2) [86],
which promotes neuroinflammation and the recruitment of
blood-derived leukocytes to the brain [8, 84].
3.1. Time Course of Microglial Activation after Intracerebral Hemorrhage. The activation of microglia/macrophages
occurs early in the timeline of neuroinflammation following
ICH. Microglial/macrophage activation within the perihematomal region was seen as early as 1 hour following ICH
by immunofluorescence staining in the collagenase injection
model of ICH and within 4 hours using the double injection
method of whole blood [62, 87]. Microglial/macrophage
production of IL-1𝛽 in rats can be seen as early as 6 hours
and can persist up to 24 hours. Interestingly, there was no
IL-6 or MMP-12 staining within the activated microglial/
macrophage population [88]. Twelve hours after a mouse
model of ICH, microglial numbers between the ipsilateral
and contralateral hemisphere did not differ, suggesting that
robust proliferation or migration has not yet occurred [89].
However, by 72 hours microglia reach their peak number
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in the perihematomal region [8, 90], which corresponds to
roughly a 40% increase in their numbers by flow cytometry
[91]. A week after ICH, microglial/macrophage numbers
begin to reduce; by 21 days, microglial/macrophage numbers
have returned to basal levels, although some reports find
that microglial/macrophage activation persists for 4 weeks
[8, 90]. A time course of functional study in rats has
shown a correlation between the resolution of microglial/
macrophage numbers in the ipsilateral hemisphere with
improvement in behavioral tests, suggesting that the presence
of microglia/macrophages contributes to neurological deficit
[90].
3.2. Mediators of Microglial Activation after ICH. Many studies have focused on the triggers of microglial activation after
ICH. Blood components directly activate microglia and initiate immune responses. Thrombin, a serine protease in blood
that is necessary for coagulation, causes apoptosis in neurons
and astrocytes, provoking researchers to investigate whether
thrombin plays a role in microglial activation after ICH [55].
In rats, direct injection of thrombin into the striatum caused
neuronal apoptosis. Microglia upregulated CD11b expression
and morphed from the ramified, resting state to an activated,
amoeboid shape with increased p-ERK within 4 hours. By
24 hours, the activated microglia stained positive for iNOS
and by 72 hours, the microglial/macrophage numbers in
the ipsilateral striatum increased [56]. Thrombin-mediated
activation of microglia is induced by MAPK signaling. Interestingly, MAPK inhibitors injected into the striatum prior to
ICH caused a large reduction in pERK 8 hours after ICH and
an increase of TUNEL positive microglia/macrophages [57].
It has also been reported that inhibitors of p38 MAPK and cJNK inhibitors not only caused microglial/macrophage apoptosis but also greatly reduced the TNF-𝛼 levels. These studies
suggest that the MAPK pathway in microglia/macrophages
is induced by thrombin and promotes cell maintenance,
allowing the production of TNF [58].
The effect of thrombin on microglial proinflammatory
cytokines and matrix metalloproteases (MMPs) has also
been described. In culture, microglia express thrombin
receptors and when stimulated with thrombin produce IL1𝛽 and TNF-𝛼. Cultures treated with tuftsin fragment1-3,
a microglial/macrophage inhibitory factor (MIF), had less
cytokine secretion. In vivo, mice treated with MIF had less
edema, suggesting that activated microglia are a cause of
blood-brain barrier dysfunction after ICH [59]. In vivo,
thrombin promotes the cleavage of pro-MMP9 to active
MMP9. MMP9−/− mice had less injury and microglial/
macrophage activation than wild-type mice [60]. Another
work identified neutrophils as the main source of MMP9 [92].
Interestingly, neutrophil depletion did not change microglia
numbers at 3 days after ICH [93] but was found to reduce
microglial/macrophage populations seven days after ICH, as
well as decrease the level of CD68 on microglial/macrophage
cells 3 to 14 days after ICH [92].
Products of erythrocyte lysis, including heme and iron,
are also active initiators of microglial activation and neuroinflammation. Heme is converted to ferric iron, biliverdin,
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and carbon monoxide by heme oxygenase (HO). Ironhandling proteins, including ferritin and hemosiderin, have
been found within activated microglia/macrophages after
ICH [59], suggesting that microglia are responsible for iron
clearance and processing. Metalloporphyrin resulted in a
decrease in ferritin deposition in microglia and less neuronal
loss [61]. In aged rats, treatment with deferoxamine, an iron
chelator, greatly reduced the number of activated microglia/
macrophages and the overall ROS production in the striatum
[94]. Unconjugated bilirubin and bilirubin oxidative species
are hypothesized to activate microglia in vivo, resulting in
production of proinflammatory cytokines [95]. However, in
a mouse animal model, unconjugated bilirubin infusion with
the whole blood to create the ICH, there was a reduction
in microglia but increase in neutrophils at 24 hours [96].
The role of unconjugated bilirubin in microglial phenotype
is yet unknown. Therapies modulating iron handling by
microglia may improve outcomes by reducing both ironinduced oxidative damage and inflammation.
Toll-like receptor 4 (TLR4) activation also leads to neuroinflammation after ICH. In the CNS, microglia are the most
prevailing cell type expressing TLR4 [97]. TLR4-deficient
mice were shown to have reduced peripheral myeloid cell
infiltration and fewer microglia in the perihematomal region
3 days after ICH, along with better functional outcome
[91]. Another recent study found that heme degradation
products lead to production of TNF-𝛼, IL-1𝛽, and IL-6 via
TLR4 in cultured microglia [63]; however, another work used
blood transfer experiments to localize the location for TLR4
signaling to the cells in the ICH itself, rather than microglia
[91]. Together, these studies indicate that TLR4 antagonism
may be a potential therapeutic target for reducing microglial
activation after ICH, either directly or by reducing leukocyte
recruitment that then contributes to further microglial activation.
A recent study expanded upon HMGB1 acting as a proinflammatory cytokine after ICH. In vitro, heme stimulates
cultured microglia to release HMGB1 [98]. After collagenaseinduced ICH in rats, the release of HMGB1 into the cytoplasm
in the brain was detected by 1 hour. The administration
of ethyl pyruvate reduced the number of HGMB1+ cells in
the ipsilateral hemisphere, improved functional outcome,
and reduced edema and the number of apoptotic cells. Rats
given ethyl pyruvate also had reduced numbers of activated
microglia by immunohistochemistry and immunofluorescence [99]. As in ischemic stroke, targeting HMGB1 production after ICH may serve as a potential target to attenuate the
immune response.
3.3. Treatments Targeting Microglial Activation after Intracerebral Hemorrhage. While there is currently no treatment for
microglial activation after ICH, investigation into therapeutic
targets is ongoing. Minocycline has been tested for neuroprotective qualities in ICH animal models as in ischemic
stroke. One study administered minocycline to rats 3 hours
after ICH to obtain clinical relevance. Minocycline had no
effect on hemorrhage volume in either short term (5 days)
or long term (28 days) survival but did reduce microglia/
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macrophages numbers surrounding the hematoma at 5 days
[100]. In other studies, animals were given minocycline
treatment 6 hours, 1 day, and 2 days after ICH. Minocycline
reduced the brain water content and increased intact blood
vessels 72 hours after ICH. TNF-𝛼 and MMP12 levels were
upregulated at 24 and 72 hours after ICH, respectively.
Minocycline treatment leads to a reduction in both TNF-𝛼
and MMP12 after ICH. However, the authors did not find
colocalization of these proinflammatory factors with activated microglia/macrophages, but with neutrophils, suggesting that microglia may not be the only target of minocycline
after ICH [101]. Thrombin-mediated activation of microglial
cultures caused an upregulation in TNF-𝛼 and IL-1𝛽 production; minocycline treatment greatly reduced the production
of both cytokines. In vivo, minocycline treatment reduced
edema and improved functional outcome by 14 days [102].
Taken together, minocycline may serve as a promising treatment for ICH.
Peroxisome proliferator-activated receptor 𝛾 (PPAR𝛾) has
also been investigated as a potential therapeutic for ICH. In
mice, PPAR𝛾 agonist treatment beginning 24 hours after ICH
enhanced the phagocytosis of the hematoma and reduced
IL-1𝛽, TNF, MMP-9, and iNOS expression. In microglial cultures, PPAR𝛾 increased CD36-mediated microglial phagocytosis of red blood cells [103, 104]. Targeting microglial function (i.e., phagocytosis) as a therapeutic for ICH may have
potential for modulating the immune response and enhancing recovery. Since recovery after ICH is at least partially
dependent on microglial responses, therapies that modulate
these responses towards repair have promise as treatments for
ICH.

4. Conclusions
Investigations on the role of microglia in the immune
response after ischemic stroke and ICH can advance our
understanding of the mechanisms of secondary injury and
repair. Interestingly, the mediators of microglial activation
differ between the two major types of strokes. In each
condition, however, microglia can contribute to injury via
the production of proinflammatory mediators and yet are
crucial for remodeling and repair. Therapies that inhibit the
injurious phase of microglial activation while augmenting
repair would offer great promise for stroke patients. However,
much of the work described above was performed on young,
male rodents. The translational potential of the findings
will be determined by the ability of therapies to improve
outcomes across age, sex, and species. Future advances will
also depend on differentiating the roles of microglia and
macrophages in poststroke responses. With advances in scientific techniques, such as flow cytometry and cell sorting, the
mechanisms by which microglia and macrophages contribute
to neuroinflammation can be further understood, opening
the possibility for new therapeutic targets.
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The management of human African trypanosomiasis (HAT) is constrained by lack of simple-to-use diagnostic, staging, and
treatment tools. The search for novel biomarkers is, therefore, essential in the fight against HAT. The current study aimed at
investigating the potential of IL-6 as an adjunct parameter for HAT stage determination in vervet monkey model. Four adult vervet
monkeys (Chlorocebus aethiops) were experimentally infected with Trypanosoma brucei rhodesiense and treated subcuratively at 28
days after infection (dpi) to induce late stage disease. Three noninfected monkeys formed the control group. Cerebrospinal fluid
(CSF) and blood samples were obtained at weekly intervals and assessed for various biological parameters. A typical HAT-like
infection was observed. The late stage was characterized by significant (𝑃 < 0.05) elevation of CSF IL-6, white blood cell count, and
total protein starting 35 dpi with peak levels of these parameters coinciding with relapse parasitaemia. Brain immunohistochemical
staining revealed an increase in brain glial fibrillary acidic protein expression indicative of reactive astrogliosis in infected animals
which were euthanized in late-stage disease. The elevation of IL-6 in CSF which accompanied other HAT biomarkers indicates onset
of parasite neuroinvasion and show potential for use as an adjunct late-stage disease biomarker in the Rhodesian sleeping sickness.

1. Introduction
Human African trypanosomiasis (HAT) is a tropical infectious disease caused by the protozoan parasites Trypanosoma
brucei rhodesiense and T. b. gambiense. T. b. rhodesiense causes
an acute illness in eastern Africa, while T. b. gambiense
causes a chronic disease in western and central Africa. The
disease is classified as a neglected disease of poverty with
60 million people at risk and only 5 million under active
surveillance or with health centre access [1, 2]. In Kenya,
recent cases of T. b. rhodesiense sleeping sickness have been
reported in tourists visiting the Maasai Mara Game Reserve
[3, 4] emphasizing the need for efficient disease surveillance
and control. Currently, the management of human African
trypanosomiasis (HAT) is mainly constrained by lack of
simple-to-use diagnostic, staging, and treatment tools. The

current criteria used in disease staging is primarily based
on the detection of trypanosomes in CSF and/or WCC >
5 cells/𝜇L and/or total protein > 37 mg/100 mL in CSF [5], the
validity of this criterion is, however, debated, and newer, more
specific markers are being developed [6–8].
After the infective tsetse fly bite, trypanosomes initially
proliferate in the blood and lymphatic system characterizing
the early stage. As the disease progresses, the trypanosomes
invade the central nervous system (CNS) leading to the latestage [9]. However, the earliest time of blood-brain-barrier
(BBB) penetration remains unknown. Late-stage disease is
characterized by parasite invasion of meninges and choroid
plexus with IL-6, known to be involved in BBB modulation,
also playing a role in the accompanied activation of astrocytes
in the brain and eventual inflammation of the brain (meningoencephalitis) [10, 11].

2
In late-stage T. b. rhodesiense human infections, abnormally high CSF IL-6 and IL-10 were observed, decreasing only
after treatment indicative of potential for use in staging and
treatment monitoring. Additionally, mouse model studies
have also shown significant increases in brain IL-6 expression
that correlated with astrocyte activation [12]. Vervet monkeys
have been shown to develop a disease clinically and immunologically similar to that in humans [13, 14] with three model
disease stages described [13]; early (0–14 dpi), transitional
(21–28), and advanced late-stage (35–61 dpi). Recent vervet
studies have shown immunological responses paralleling the
onset of CNS disease with peak levels coinciding with meningoencephalitis [14] and astrocyte activation [15].
The monkeys, unlike rodents, allow for sequential collection of CSF enabling study of changes in the CNS. A
more rapid late-stage laboratory animal model for HAT was
recently described [14]. The current study investigated the
profile of CSF IL-6, total protein, total white cell changes, and
activation of astrocytes in the lead up to pathological lesions
indicative of meningoencephalitis in this monkey model.

2. Materials and Methods
2.1. Trypanosomes. Trypanosoma brucei rhodesiense isolate
IPR 001 was used in this study. It was isolated from the cerebrospinal fluid of a late-stage HAT patient in Bugiri, Uganda,
in 2008 [14]. The isolate was passaged thrice in irradiated
(500 Rad) Swiss white mice before cryopreservation in liquid
nitrogen.
2.2. Experimental Animals. Seven vervet monkeys of both
sexes, weighing 2.0–6.0 kg, with males weighing between 4.05.0 kg, were recruited for the study. The animals underwent
a 90-day quarantine, during which they were screened for
zoonotic diseases and treated for ecto- and endoparasites
before being subjected to the experiment. They were trained
for ease of adaptation and maintained on commercial chow
(Goldstar Feeds Ltd., Nairobi, Kenya) supplemented with
fresh fruits and vegetables. Drinking water was provided ad
libitum. The monkeys were housed in stainless steel cages at
ambient room temperatures of 18–25∘ C, under biosafety level
II animal holding conditions and were allowed visual contact
with conspecifics.
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(Agrar Agrar Holland BV, Soest, the Netherlands) at dosage
of 10 mg/kg bwt. One mL of CSF was obtained via lumbar
puncture and examined for presence of trypanosomes and
white blood cells as previous described [14, 15]. Two mL of
blood for serum separation was also drawn from the femoral
vein. Upon euthanasia at the end of the study, brain tissue
from infected animals was harvested and preserved in 10%
formalin.
2.5. IL-6 Cytokine Cytometric Assay. The non-human primate Th1/Th2 Cytokine Cytometry Bead Array (CBA) kit
and the BD CBA software (BD Biosciences, USA) were used
to quantitatively measure IL-6 levels as previously described
[17]. After the acquisition of sample data using a flow
cytometer (BD Facscalibur, Santa Ana, USA), the sample
results were described in graphical and tabular format using
the BD CBA analysis software (BD Biosciences, USA).
2.6. Total Protein Assay. Total protein was analysed in the
CSF using the modified Coomasie Brilliant Blue Total Protein
test kit (BIORAD, USA) as previously described [18].
2.7. Brain Immunohistochemistry. The harvested brain tissues
from infected animals were trimmed and processed as previously described [14, 15]. Wax-mounted histological sections
were then cut on a microtome to 5 𝜇m thickness, mounted
onto slides, and stained with glial fibrillary acetic protein
(GFAP) as previously described [15].
2.8. Data Analysis. Data are presented as line graphs depicting means ± SEM. Differences between means were compared using the Student’s 𝑡-test and ANOVA. The differences
in means were considered statistically significant when 𝑃 <
0.05.
2.9. Ethical Review. All protocols and procedures used in the
current study were reviewed and approved by the Institutional Review Committee (IRC) of the Institute of Primate
Research (IPR), Kenya.

3. Results

2.3. Study Design. Four monkeys were infected intravenously
with approximately 104 trypanosomes, delivered in 1 mL
of phosphate saline glucose, while the noninfected control
consisted of three monkeys. The infected animals were
given subcurative treatment with diminazene aceturate (DA)
(Veriben, Sanofi, Paris, France) at 5 mg/kg body weight (bwt)
via intramuscular injection for three consecutive days, starting 28 days after infection (28 dpi). A daily clinical evaluation
of the appetite, clinical appearance, and disease symptoms
was conducted during the study. The parasitaemia was
scored daily using the method as previously described [16].
Upon relapse of trypanosomes, the infected animals were
euthanized, and postmortem examination was undertaken.

3.1. Clinical Signs and Parasitaemia. The early stage clinical signs in the infected animals included: fever, dullness,
enlarged lymph nodes and spleen, weight loss, increased
respiratory and pulse rates, and peri-orbital erythema. Latestage clinical signs included increased aggression, hind-leg
paresis and paralysis, and sleepiness, which were observed
between 42 and 56 dpi at which points the animals were
euthanised. One animal developed a fulminant disease and
was euthanised at 9 dpi. The necropsy features of this monkey
showed extensive petechiation of serosal membranes, grossly
enlarged heart, liver, spleen, and other organs indicating
development of an acute fulminant disease. In the remaining
monkeys, treatment with DA at 28 dpi cleared trypanosomes
in blood and relapse occurred in various animals between 49
and 56 dpi.

2.4. Sample Collection and Initial Analysis. The monkeys
were anesthetized weekly using ketamine hydrochloride

3.2. CSF Parasitosis and White Cell Count. The trypanosomes
were detected in CSF on 14 dpi. Treatment with DA 28 dpi
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Figure 1: Mean cerebrospinal fluid white cell count in control and
T. b. rhodesiense IPR 001 infected vervet monkeys. Monkeys were
treated with diminazene aceturate at 28 dpi.
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Figure 2: Mean CSF and serum IL-6 levels in T. b. rhodesiense
IPR 001 infected vervet monkeys. Monkeys were treated with
diminazene aceturate at 28 dpi.
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3.3. Interleukin-6 (IL-6). Prior to infection, the mean serum
concentration of IL-6 in all monkeys was 1.37 pg/mL (range:
1.12–1.43 pg/mL). Upon infection, the serum IL-6 levels
increased gradually and were significantly elevated above preinfection levels (𝑃 < 0.05) with highest levels of 13.7 pg/mL
attained on 21 dpi. By 35 dpi, IL-6 levels had decreased to
preinfection levels and within range of uninfected control
animals. A slight elevation in control animals at 56 dpi was
observed although levels remained within range of previous
time points. The CSF IL-6 concentrations of infected vervet
monkeys remained low within preinfection level range of
1.77–2.34 pg/mL up until 35 dpi. A steady rise resulting in a
significant increase of IL-6 (𝑃 < 0.05) over preinfection levels
was observed in the subsequent weeks with the highest level
of 69.22 pg/mL recorded on 56 dpi (Figure 2).
3.4. Cerebrospinal Fluid Total Protein (TP). A slight peak
in CSF protein was observed at 7 dpi with a mean value
of 0.47 g/L (range: 0.17–0.74) g/L. Significant elevation above
preinfection levels (𝑃 < 0.05) and normal CSF TP range of
0.11–0.5 g/L was observed starting 35 dpi with highest levels
of 1.4033 (Figure 3).
3.5. Brain Immunohistochemistry. The brain specimen of the
vervet (vervet 1) which was euthanized on 9 dpi showed astrocytes tiling the entire CNS in a contiguous and essentially
nonoverlapping manner that was orderly and well organized.
The territories of astrocyte processes did not overlap and
many astrocytes did not express GFAP. The brain tissues of
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resulted in parasite clearance in blood and CSF. Parasites reappeared in CSF by 42 dpi with an average of
50 trypanosomes/𝜇L observed. The mean CSF white cell
count prior to infection was 1 (range 0–5) cells/𝜇L. This
count increased steadily starting 35 dpi to a peak of 494
(range 10–1085) cells/𝜇L (𝑃 < 0.05), which occurred 42 dpi
(Figure 1). There were no changes in CSF white cell counts in
uninfected control vervet monkeys during the entire experimental period.
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Figure 3: Mean CSF total protein levels in control and T. b.
rhodesiense IPR 001 infected vervet monkeys. Monkeys were treated
with diminazene aceturate at 28 dpi.

monkeys euthanized in late-stage (vervet 2 at 42 dpi, vervets 3
& 4 at 56 dpi) displayed diffuse reactive astrogliosis characterized by pronounced upregulation of GFAP expression, astrocyte hypertrophy, astrocyte proliferation, and pronounced
overlap of astrocyte processes resulting in disruption of
individual astrocyte domains (Figure 4(a)). There was also
loss of ependymal lining around brain ventricles suggesting
BBB disruption and meningoencephalitis (Figure 4(b)).

4. Discussion
The current study showed that experimental infection of the
vervet monkeys with T. b. rhodesiense IPR 001 resulted in a
typical HAT-like infection characterized by fever, dramatic
muscle wasting, weight loss, enlarged lymph nodes, and
eventually insomnia, somnolence, and aggressiveness. Additionally, necropsy of the infected monkey euthanized at 9 dpi
revealed extensive petechiation of serosal membranes, grossly
enlarged heart, liver, spleen, and other organs indicating
development of an acute fulminant disease.
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(a)

(b)

Figure 4: (a) Immunohistological changes in monkey infected with trypanosomiasis and euthanized in late-stage disease. (a) Reactive
astrogliosis in (magnification ×100), (b) loss of ependymal lining around brain ventricles (magnification ×100).

In the vervet monkey model as described by Schmidt and
Sayer [13], late-stage is assumed to be achieved when relapse
parasitaemia occurs. Subsequent vervet monkey models such
as the T. b. rhodesiense KETRI 2537 model have shown meningoencephalitis (98 dpi) to occur before relapse parasitaemia
(112 dpi) [19, 20]. Studies using IPR 001 model indicate
acute infection with T. b. rhodesiense IPR 001 can result in
meningoencephalitis much sooner showing that the timing
of late-stage is dependent on the trypanosome isolate [14].
In this model, treatment with DA 28 dpi did not clear the
CSF trypanosomes, and this could have been responsible for
the shortened period to relapse. In spite of the reduction in
time of CNS parasitization in this model, late-stage signs as
well as brain lesions were distinct and uniformly observed
in the vervet monkeys starting around 42 dpi. Inflammationrelated brain pathology has been known to be associated
with elevated cytokine levels such as IL-6, TNF-𝛼, and IL-10
[12]. Similarly, late-stage HAT in humans is characterized by
increase in IL-6 and other inflammatory cytokines [8, 21–23].
In our study, a significant increase in CSF IL-6 concentrations
was observed to start 35 dpi coinciding with a marked
increase in white blood cell count in the CSF accompanied by
astrocytosis and total protein increase. A similar finding was
also reported in HAT patients, where significantly elevated
CSF IL-6 concentrations were detected in those characterized
as being in late-stage, with WCC of >20 cells/𝜇L [8, 23].
Activation of astrocytes in HAT has been linked to
trypanosome neuroinvasion in brain with astrocytes acting as
mediators of the inflammation process through antigen presentation and the secretion of immunomodulatory cytokines
such as IL-6 [24, 25]. Interactions between astrocytes and
brain endothelial cells have been shown to affect blood brain
barrier (BBB) permeability mediated by astrocyte-released
modulating factors [26, 27]. Studies have shown that IL-6
may also play a role in increasing BBB permeability through
direct action on endothelial cells leading to increased vascular
permeability [28]. Astrocyte activation and the upregulation
of IL-6 points towards a more refined timing of late-stage

disease in the HAT vervet monkey model. In the current
study, marked reactive astrogliosis was observed from 42 dpi
coinciding with significant pleocytosis and hyperproteinemia
as well as IL-6 increase in the CSF. Elevation of CSF white
blood cells and total protein, known indicators of CNS disease [18], and IL-6 is noted from 35 dpi indicative of parasite
neuroinvasion and early phases of the meninigoencephalitic
stage of the disease. Findings from T. b. brucei-infected mice
studies are in agreement with these results where a correlation
between IL-6 presence in the brain with meningoencephalitis
as well as astrocyte activation was observed [11, 12]. The gradual rise of CSF total protein with highest levels being observed
at 56 dpi may be explained by blood CSF-barrier (BSFB) dysfunction, observed to occur in the course of CNS disease [18].
Sleeping sickness is known to be characterized by a profound immune dysregulation where molecules involved in
the elicited immune response are being investigated for utility
as staging markers. A recent study showing IgM, MMP-9, and
CXCL13, alone or combined with CXCL10 as promising stage
determination markers of T. b. rhodesiense-infected patients
[29], highlights the potential usefulness of such markers in
HAT. IL-6 may prove useful as a staging marker and probably
more so in combination with panel of biomarkers which have
been shown to have increased accuracy [29].
Where the current study falls short in terms of experimental animal numbers, it is able to show a clear trend of
significant increase in CSF IL-6 alongside a WCC increase,
and the WHO recommended staging determinant, as well as
a strong association with astrocytosis in the brain. It is recommended that further characterization of the role of IL-6 in disease progression should be investigated and in a larger experimental group which would verify the current study’s results
and help to confirm the utility of IL-6 in stage determination.

5. Conclusions
The current study was conducted in a vervet monkey HAT
model which has shorter periods to relapse as well as induced
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meningoencephalitis induction and which can allow for
novel diagnostic marker testing and application. The study
shows that IL-6 in CSF is elevated in late-stage infection of
HAT and is accompanied by a rise in WCC, total protein
and reactive astrogliosis. Thus, IL-6 has potential for use as
an adjunct late-stage disease biomarker in the Rhodesian
sleeping sickness.
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Multiple sclerosis (MS) is an inflammatory, demyelinating, and neurodegenerative disease of the central nervous system. The
hallmark to MS is the demyelinated plaque, which consists of a well-demarcated hypocellular area characterized by the loss of
myelin, the formation of astrocytic scars, and the mononuclear cell infiltrates concentrated in perivascular spaces composed of T
cells, B lymphocytes, plasma cells, and macrophages. Activation of resident cells initiates an inflammatory cascade, leading to tissue
destruction, demyelination, and neurological deficit. The immunological phenomena that lead to the activation of autoreactive T
cells to myelin sheath components are the result of multiple and complex interactions between environment and genetic background
conferring individual susceptibility. Within the CNS, an increase of TLR expression during MS is observed, even in the absence
of any apparent microbial involvement. In the present review, we focus on the role of the innate immune system, the first line of
defense of the organism, as promoter and mediator of cross reactions that generate molecular mimicry triggering the inflammatory
response through an adaptive cytotoxic response in MS.

1. Introduction
Multiple sclerosis (MS) is probably the most enigmatic disease whose etiology remains in controversy. Although its
etiology consists in a chronic autoimmune-mediated disease of the central nervous system (CNS) characterized by
recurrent episodes of demyelination and axonal lesion, the
main pathological characteristic is the “MS plaque” that is
unique and different from that seen in other inflammatory
diseases [1]. The pathological features of MS plaques include
blood brain barrier (BBB) leakage, destruction of myelin
sheaths, oligodendrocyte damage, and cell death, as well as
axonal damage and loss, glial scar formation, and presence of
inflammatory infiltrates [2]. These infiltrates mainly consist
of autoreactive lymphocyte T cells, macrophages, microglial
cells, ependymal cells, astrocytes, and mast cells, which have
the capacity to enter the CNS and incite a proinflammatory

reaction, resulting in local tissue injury [3–5]. MS has been
recognized as a disease mediated by adaptive immune system where T cells specifically recognizing myelin fragments
induce tissue damage and contribute to lesion evolvement [6].
Most studies agree that the chronic production of innate
immune proteins and the presence of cells of the adaptive
immune system in the central nervous system environment
could play an essential role to induce neurodegenerative disorders [7]. Although the status of the innate immune system
and its relationship to the stages of MS is not well understood,
it has been proposed that components of the innate immune
system are involved in several deleterious steps in the
autoimmune cascade, including activation of myelin-reactive
T lymphocytes by antigen presenting cells (APCs) and the
development of membrane attack complexes in the CNS; furthermore, in MS patients it has founded inflammatory lesions
within the CNS surrounded by infiltrating T lymphocytes,
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monocytes, and macrophages, as well as activated microglia
and reactive astrocytes, suggesting that the innate immune
system plays a crucial role in mediating neuronal damage [8].

2. Experimental Autoimmune
Encephalomyelitis Model
The experimental autoimmune encephalomyelitis (EAE) was
developed as murine model to clarify the origin of “neuroparalytic accident,” a feared and common complication of vaccination against rabies virus. EAE is a complex condition in
which the interaction between a variety of immunopathological and neuropathological mechanisms leads to an approximation of the key pathological features of MS: inflammation,
demyelination, axonal loss, and gliosis. Moreover, EAE is
often used as a model of cell-mediated organ-specific autoimmune conditions in general. EAE has a complex neuropharmacology, and many of the drugs that are in current or
imminent use in MS have been developed, tested, or validated
on the basis of EAE studies [9]. This model has allowed identification of the important molecules that drive immunological
response in EAE. Some of them are the discovery of ROR-g
(RORC) as a master transcription factor for Th17 cell development [10], the identification of the aryl hydrocarbon receptor
(AHR) as an essential component in the development of both
regulatory T cells (Treg) and Th17 responses [11], and the
differential role of the related molecules IL-12 and IL-23 in
the susceptibility to autoimmune demyelination [12–14].
Actually, it has been induced in a variety of rodents and
monkeys, providing models of acute monophasic, relapsingremitting, and chronic progressive CNS inflammation. The
more efficacious models use myelin basic protein (MBP), proteolipid protein (PLP), and myelin oligodendroglial glycoprotein (MOG) as antigenic components of myelin sheath to
induce the disease in naive host (mainly nonhuman primates,
larger rodents, and mice). The major feature of this model is
that histopathology of EAE resembles that of MS [15].
In the 80s decade early studies in EAE demonstrated the
role of T lymphocytes in the pathogenesis of MS emerging
the TH1 paradigm and supported the evidence that it was
founded in MS patients, where TH1 cell induction is associated with a worsening of symptoms; the main evidence for
this belief is that relapses tend to be preceded by an increase
in the number of circulating IFN-𝛾-secreting T cells [16], in
which TH1 cells secreting IFN-𝛾 has high capacity to activate
macrophages inducing MHC antigens and promoting cell
homing [17] and those cells were accumulated in brain lesions
from mice with EAE and MS patients [18]. The exogenous
administration of IFN-𝛾, increase the exacerbations in MS
patients during treatment [19]. And more recently adoptive
transfer of autoreactive CD4 T cells has been used as a model
to induce EAE [20, 21]. However, both the purely Th1 origin
of the pathology in EAE and the extent of the similarity
between MS and EAE remain debatable. MS is a very complex
disease in which there are many other receptors and cell types
involved in the pathogenesis of the disease.
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3. Leukocyte Endothelial Crosstalk at the
Blood Brain Barrier in Multiple Sclerosis
The formation of focal inflammatory lesions within the CNS
is a crucial and integral component of the innate immune
system on relapsing-remitting MS. These processes are comprised of perivascular, particularly perivenular, cuffs consisting mainly of T lymphocytes and monocyte/macrophages,
besides dendritic cells (DCs) and B cells [22]. The migration
of these cells represents a key stage in the natural history of
the MS disease, but what initiates this event remains unclear.
Our understanding of leukocyte migration has been further complicated by the reemergence of the notion that leukocytes can transmigrate through the body of the endothelial
cells (ECs) via pore formation or a phagocytic-like process
(transcellular diapedesis) [23] as well as through the EC cellcell junction (paracellular diapedesis) [24]. Under normal
conditions antigen-activated lymphocytes are capable of lowlevel surveillance throughout the CNS and this limited entry
is regulated not by the presence of a vascular barrier but
largely by the restricted expression of endothelial cytokineinduced adhesion molecules (CAMs) required for leukocyte
capture from the blood [25].
The EC may in turn become activated in response to leucocyte engagement or to leucocyte-derived cytokines such
as tumor necrosis factor-alpha (TNF-𝛼), interferon-gamma
(IFN𝛾), interleukin (IL)-17, IL-22, and IL-1b, which induce or
upregulate CAM expression and hence further recruitment of
leucocytes leading to an escalation of the inflammatory cascade. Indeed, in EAE and MS the immunoglobulin superfamily (IgSF), molecules intercellular CAM-1 (ICAM-1/CD54),
vascular CAM-1 (VCAM-1/CD106) and activated leucocyte
CAM (ALCAM/CD166) are all upregulated by vascular
endothelium [26–28]. How these events unfold during the
initiating phase is not entirely clear; but leucocyte recruitment is undoubtedly of fundamental importance and continues to be a predominant feature during the active life of the
lesion.
Accordingly, the first stage of recruitment involves overcoming the shear forces imparted by blood flow and entails
the temporary capture of circulating leucocytes through
cell-cell interactions mediated by cell surface molecules. In
most tissues this initial step is performed by L-selectin,
expressed on the majority of leucocytes, and E- and Pselectin on activated ECs. These selectins bind to glycosylated
ligands, such as P-selectin glycoprotein ligand 1 (PSGL-1), and
mediate the early stage of recruitment characterized by the
formation of transient associations (tethering) resulting in
leucocyte rolling along the vessel wall in the direction of flow.
Migration of autoaggressive T cells across the BBB is
critically involved in the initiation of experimental autoimmune encephalomyelitis (EAE). The direct involvement of
chemokines in this process suggested promotion of Gprotein-mediated signaling and adhesion strengthening of
encephalitogenic T cells on BBB endothelium in vivo [29].
Expression of the lymphoid chemokines CCL19/ELC and
CCL21/SLC appears to play an important role during neuroinflammation [30]. Regulation of lymphocyte homing
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involves secondary lymphoid tissue which leads to T lymphocyte migration into the immunoprivileged central nervous
system during immunosurveillance and chronic inflammation [29]. Under homeostatic conditions CCL19 is expressed
at the BBB in human and mice and is upregulated during the
course of MS and EAE. CCL19 may mediate the activation of
T cells and antigen presenting cells expressing the receptor
CCR7 [31]. Moreover, human brain EC in vitro expresses
particularly high levels of CXCL10 and CXCL8; they may contribute to the predominant Th1-type inflammatory response
in MS [32].

4. Inflammatory Response in
Multiple Sclerosis
Four different patterns of pathology with resulting demyelination have been identified in MS lesions: type I is T cell
mediated where demyelination is induced by macrophages
either directly or by macrophage toxins. While Type II
involves both T cells and antibodies, and it is the most common pathology observed in MS lesions; in this case, demyelination is caused by specific antibodies and complement. Type
III is related to distal oligodendropathy, where degenerative
changes occur in distal processes and followed by apoptosis.
Type IV results in primary oligodendrocyte damage followed
by secondary demyelination [33].

5. Role of Innate Immunity in the Pathology of
Multiple Sclerosis
A number of observations have challenged the concept of an
“autoimmune reaction” against myelin and adaptive immune
response to self-antigens as an integral etiological explanation
[35]. These pieces of evidence include the following: (1)
pathological studies of the early events in MS show loss of
both oligodendrocyte and myelin and the absence of T cells
and B cells, suggesting that MS is a process where “other
than cell mediated immunity” might be involved [36–38];
(2) large areas of myelin loss are seen in pyramidal and
sensorial pathways ascribing this damage to the participation
of infiltrating immune cells [39–41]; (3) in some patients with
oligodendrogliopathy type III and in rarer cases of Balo’s
concentric sclerosis, have been found that the demyelinating
lesions show T and B cells infiltrates; and finally, (4) in MS
patients who received autologous bone marrow transplantation have been found expanding demyelinating lesions with
little or no T cells, suggesting that expansion of these lesions is
driven by an intrinsic pathological processes within the CNS
[42]. An interesting question is why immune response is only
focalized in specific plaques and not over all white matter.
According to the evidence, the innate immune system
plays an important role in both the initiation and the progression of MS, activating the effector function of T and B cells
similar to that process in which a pathogen is involved [43–
45]. Although toll-like receptor (TLR) ligands are generally
restricted to induce class-switch DNA recombination in T
cell-dependent and T cell-independent antibody responses
to microbial pathogens [46], they have also been ascribed as
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causative roles in autoimmune diseases such as EAE and MS.
Specific roles of TLRs have been found in EAE [47, 48] and in
MS brain lesions [49]; they act as several endogenous ligands
capable of inducing TLR signaling, leading to autoimmune
neurological diseases.
TLR is a family of immune system receptors localized
either in the cell surface or in endosomes of several cell types,
in both nonimmune and immune cells, where activation
through TLR is given most notably by macrophages and
other APCs such as DCs [50] and B cells [51]. Also, TLR are
involved in the recognition of pathogen-associated molecular
patterns (PAMPs) leading to the transcriptional activation of
genes encoding for proinflammatory cytokines, chemokines
and costimulatory molecules which subsequently trigger
innate immune responses and prime antigen-specific adaptive immunity [52, 53]. TLR1, 2, 4, 6, and 10 are expressed on
the cell surface and have been shown to detect and respond
primarily to bacterial surface associated to PAMPs, while
TLR3, 7, 8, and 9 are located in endosomes of immune system
cells and are able to recognize specific nucleic acid (both of
DNA or RNA) based on PAMPs [54].
TLRs also have potent functions outside the immune system. Toll and TLR have diverse roles in axonal path finding,
dorsoventral patterning, and cell-fate determination [55]. In
particular, TLR ligands inhibit the differentiation of several
cell types; for example, TLR2 ligands are capable of blocking
differentiation of mesenchymal stems cells into osteogenic,
adipogenic, and chondrogenic cells [56]; besides, TLR2 and
TLR4 differentially regulate hippocampal neurogenesis by
unknown ligand(s) [57]. Although, TLR2 is not directly
involved in the inflammatory process, its main role described
in MS is through the regulation of remyelination. Sloane et al.
2010 demonstrate that TLR2 is expressed in oligodendrocytes
and is upregulated in MS lesions. Additionally, TLR2 has
the same function as the hyaluronan receptor which is
capable of mediating the repressive effects of maturation
and remyelination in oligodendrocyte precursor cells (OPCs)
[58]. Increased levels of hyaluronan are observed in both
EAE lesions and in areas of complete demyelination in
MS, perhaps due to altered hyaluronan synthesis, partial
hyaluronan degradation, or particular stimulation of TLR2
on oligodendrocytes, events necessary to perform an adequate remyelination blockade [59, 60].
On the other hand, TLR9 was identified in B cells
and plasmacytoid dendritic cells (pDCs), and unmethylated
CpGDNA was identified as a TLR9 agonist [61]. Human
TLR9 is only found on pDCs and recognizes viral DNA
within the early endosomes at the initial phase of viral
infection [62]. It has been associated with the participation
of both TLR2 and TLR9 as response to several human viruses
infection, including herpes simplex viruses (types 1 and 2),
cytomegalovirus, hepatitis C, Epstein-Barr, and varicellazoster virus [63–65]. Activation of TLR2 is followed by the
production of inflammatory cytokines, including IL-6, IL8, and TNF-𝛼. In addition, the induction of IFN-𝛼 by HSV
involves TLR9 [66].
During the pathogenesis of MS, TLR9 is able to recognize
DNA within the early endosomes at the initial phase of viral
infection. Some studies have shown that TLR9 is capable
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of driving autoimmunity under different conditions; for
example, in mice where TLR9 was deleted from the radioresistant compartment, such as CNS, mice developed EAE
delayed kinetics and severity [67]. Current data on patients
confirm results obtained in EAE models, suggesting that
TLR9 and MyD88 modulate autoimmune process during the
effector phase of the disease and that endogenous “danger
signals” can modulate disease pathogenesis [68]. Besides, the
activation of APCs via TLR-9 and CD40, events that are
likely to occur during the course of an infection, reverses
tolerance against myelin antigens and breaks resistance to
EAE [67]. Furthermore, regulatory roles in EAE severity have
been proposed for TLR4 and TLR9 through altered IL-6, IL17, and IL-23 levels [48, 69].
On the other hand, TLR3 signaling is capable of suppressing relapsing demyelination in EAE. TLR3 is considered of
key importance to antiviral host-defense responses; in EAE
the stimulation of TLR3 with polycytidylic acid suppresses
relapsing demyelination [70]. Moreover, TLR3 triggers neuroprotective responses in astrocytes, while in controls it
induces the growth of axons and neuronal progenitor cells,
suggesting additional roles for TLR3-mediated signaling in
the CNS and MS [71]. TLR7 and TLR9 appear to upregulate disease severity, since at late stage of EAE, TLR7 and
TLR9 mRNA expression is further increased, also suggesting
that signaling through these receptors is involved in late
active lesions. Moreover, the common TLR adaptor molecule
MyD88 is necessary for induction of EAE [72]. Overall, these
data suggest that MyD88-dependent signaling through TLR2,
TLR4, TLR7, and TLR9 mediates MS progression, while
TLR3 activation protects from disease by activation of innate
immunity [68].
In addition, TLR7 has been also recently implicated in
autoantibody-mediated diseases such as MS. TLR7 is capable
of stimulating the maturation and differentiation status of
B lymphocytes into immunoglobulin (Ig) secreting cells.
Recent finding has shown deficient TLR7-induced IgM and
IgG production in MS patients; this might correlate with
worsening of disease or impaired immune responses against
infections with TLR7-recognized RNA viruses [73, 74]. The
modulation of TLR7 could be a potential therapeutic because
this is capable of blocking the humoral profile of the disease
(Figure 1).
Epidemiological data of developed countries emphasizes
the exponential growth on prevalence of autoimmune diseases; this is a plausible consequence of the relative diminution of hygiene conditions and vaccination, implicating a
lower contact with pathogens and immune challenges during
early life. During neonatal mice stage treated with LPS, it
is possible that a high microbial exposure expands antigen
repertories and enhances tolerance, delaying the onset and
diminishing the severity in EAE. LPS interacts through TLR4
and it seems that in early life it promotes changes in APCs,
as lower surface MHCII, CD83 and higher CD80/CD86
costimulatory molecules which elicit migration of Treg cells
and expression of immunoregulatory cytokines such as IL10 under inflammatory conditions of the CNS. Also, splenic
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APCs from LPS-exposed animals induce less T cell proliferation and selective differentiation of FoxP3+ phenotype in
response to MOG [75].

6. NOD-Like Receptor and Regulation on
Multiple Sclerosis
In addition to TLRs, in the past decade a new class of patternrecognition molecules known as the NOD-like receptors
(nucleotide-binding domain, leucine-rich repeat containing
family) (NLRs) family of molecules was discovered [76].
Similar to TLRs, NLRs also recognize pathogen-derived
molecules and are involved in the first line of defense during
infection [77, 78], they can recognize both pathogen- and
danger-associated molecular patterns being important sensors of cellular stress that results from infection and cellular
instability [79–82], but in contrast to TLR, NLRs sense diverse
signals such as reactive oxygen radicals, ultraviolet B (UVB),
and low intracellular K+ [83] within the host cytosol [84].
NLR proteins NLRP3, NLRP1, and NLRC4 as well as a
recently identified HIN-200 protein absent in melanoma 2
(AIM2) are activated by pathogen- and danger-associated
molecular patterns (PAMPs and DAMPs, resp.) results in the
recruitment of the inflammasome-adaptor protein, ASC (also
known as PYCARD), and procaspase-1 [66].
The inflammasome was characterized in 2002 as a cytoplasmic caspase-1 activating, self-oligomerizing signaling
complex greater than 700 kDa [85]. Three types of inflammasomes have been identified till date depending on the type
of NLR protein involved in its assembly. The NLR expression
occurs in macrophages, monocytes, DCs, neutrophils, and
cerebral endothelial cells, in the same way occurring either
in the membranes of nucleus or cytoplasm, or in the secreted
form in granulocytes, monocytes (very low levels), and B and
T cells. The NLRP1 inflammasome is composed of NLRP1,
ASC, the cysteine proteases caspase-1, and caspase-5 (in
mice); the second kind, NLRP2/3 inflammasomes contain
NLRP2 or NLRP3, CARDINAL, ASC, and caspase-1 [86]
and the third kind of inflammasomes consists of NLRC4
and caspase-1 [87]. NLRP1 and NLRP3 inflammasomes are
expressed in lymphocytes T and B; NLRP1 inflammasome is
also expressed in motor neurons and cortical neurons [88],
and at very high levels in pyramidal neurons and oligodendrocytes, but not in microglial cells or astrocytes [87].
DAMPs are host-derived danger signals released during
cell damage or metabolic stress. Factors that trigger inflammasome activation include the mammalian cytosolic dsRNA, low intracellular K+ [83], heat shock proteins (HSP)
Hsp60, Hsp70, Hsp90, and gp96; exogenous stress-inducing
agents (asbestos, silica, and alum), endogenous instigators of
cellular and metabolic distress (ATP, uric acid, fibronectin
and mitochondrial dysfunction), and obesity-related factors (fatty acids, lysosomal stress, ceramides, reactive oxygen species (ROS), and hyperglycemia) [83, 85, 86, 89–
92]. These multiprotein complexes mediate the proximityinduced autoactivation of caspase-1. Active caspase-1 subsequently cleaves pro-IL-1𝛽 and pro-IL-18, which is required
for their secretion and inflammatory properties. In addition
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Figure 1: Role of innate immunity in multiple sclerosis. Glial cells, astrocytes, and microglia express a wide variety of TLRs. Stimulation
with TLR ligands, dsRNA (TLR3), LPS (TLR4), peptidoglycans (PGN; TLR2 with TLR1/6), and viral CpG DNA (TLR9), promotes an array
of immune functions in glial cells, including the secretion of proinflammatory cytokines, chemokines, type I interferons (IFN-𝛼/𝛽), and an
increase in MHC classes I and II expression. TLRs activate macrophages, microglia, and dendritic cells (DCs) resulting in the production
of cytokines of the innate immune system such as IL-6, IL-1𝛽, and TNF𝛼. These cytokines participate in blood brain barrier disruption and
lymphocyte attraction to sites of inflammation, promote inflammation, and modulate adaptive immunity. For instance, IL-6 promotes Th17
and B cell differentiation. Th17 and Th1 cells and inflammation will contribute to tissue damage. Finally, MG, microglia, and DC also secrete
IFN𝛽 which, among other immunomodulatory functions, prevents leukocyte adhesion and extravasation across the blood brain barrier.
Modified by Carpentier et al. [34].

to tightly controlling the activation of IL-1𝛽 and IL-18,
inflammasome signaling can also influence other important
biological processes including autophagy and cell death [93].
IL-1𝛽 and IL-18 are produced rapidly under infection,
trauma, and stress or as consequence of virus reactivation
in the CNS. Both these cytokines share similar structure,
activation mechanism, organization of receptor complex, signal transduction pathways, and proinflammatory effects [94]
inducing changes in the BBB that bring as a consequence the
BBB permeabilization influencing the transport of substances
and infiltrating immune cells into the brain from systemic
circulation adding onto the neurotoxic effect by a delayed
secretion of IL-1 cytokines [86]. The IL-1𝛽 and IL-18 capture
and recognition by the specific receptors IL-1R and IL-18R
respectively, induce a signaling cascade via expression of

nuclear factor kappa B (NF-𝜅B) and mitogen-activated protein kinase (MAPK), multiple genes encoding inflammatory
molecules, namely, CXC-chemokine ligand 8, CX3CL1, IL-6,
TNF, endothelial cell selecting (E-selecting), get transcribed
[95]. And in hippocampal neurons IL-1𝛽 as endogenous
progeny activates the p38 MAPK signaling pathway and the
transcription factor cAMP response element binding protein
(CREB) and only NF-𝜅B pathway in hippocampal astrocytes
[96], also IL-1𝛽 is capable of activating resident immune cells
and endogenous glial cells [97]. Otherwise IL-18 induces upregulation of adhesion molecules and stimulates natural killer
cell activity [98].
Studies about the inflammasome activation in MS are
scarce, but clinical studies have identified an important
role for inflammasome-derived cytokines in MS disease
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Figure 2: Multiple sclerosis pathophysiology. Contact in early childhood with a pathogen plus other susceptibility factors as racial and
demographic background can elicit their reactivation, triggering innate mechanism of defense as toll-like receptors (TLRs), that signalizes
downstream through MyD88 (myeloid differentiation primary response 88), and phosphorylated I𝜅B which permits translocation of NF-𝜅B
and the transcription of IL-6, TNF, IL-1, IL-12, E-selectin, MCP-1, and IL-8. TLR through IRF7 (Interferon regulatory factor 7) gives the signal
to the transcription of IFN 𝛼/𝛽. Another important signal is given by NOD receptors (nucleotide-binding oligomerization domain) activated
also by potassium efflux-inducing agents such as ATP and TLR stimulation; PAMS, toxins, danger or stress triggers induce the inflammasome
via NLRP that form a complex with ASC (apoptosis-associated speck-like protein containing a CARD) and caspase-1, activating IL-1B, a major
factor inducing inflammation, autophagy and cell death, particularly necrosis. All these proinflammatory soluble factors activate microglia
and endothelial cells, upregulating expression of adhesion molecules as E-selectin, facilitating the migration of T cells into the SNC. Matrix
metalloproteinases (MMP) degrades BBB (blood brain barrier) enhancing further migration of autoreactive T cells and macrophages via
chemokines (CX3CL-1). The Th1 response evocated via IL-12 and IFN-𝛾 further activates macrophages that in turn do so to T cells CD8+.
Th2 response via IL-6 mainly stimulates maturation of B cells and production of autoantibodies. Cytotoxic damage to the oligodendrocyte
mediated myelin loss and exposure of the axon to reactive oxygen species, slowing or blocking action potentials and the production of
neurological spectrum. There are intents to remyelinate these lesions via OPCs (oligodendrocyte precursor cells), but neuronal factors such
as LINGO-1 or TLR2 inhibit their migration.

pathogenesis. For instance, IL-1𝛽 and IL-1R antagonist gene
polymorphisms were shown to be associated with MS disease
severity [99, 100], with main predisposition to develop MS
in patients with high ratio of IL-1𝛽 relative to the naturally occurring IL-1R antagonist and elevated expression of
caspase-1, that also it has been observed in MS lesions [101];
besides, caspase-1 and IL-1R are required for the development
of EAE [102, 103].
One of the most effective treatments in relapsing-remitting MS to date is IFN-𝛽 administration that has been used
for more than 15 years as a first-line treatment for MS and its
efficacy was demonstrated in the setting of EAE [104]. IL-18

is linked to raised IFN-𝛾 in MS patients induced by activated
CD4(+) T cells via CD40-CD40 ligand interactions [105]. A
recent report has suggested that IFN-𝛽 attenuates the course
and severity of MS by regulating inflammasome activation
and subsequent IL-1 production [106]; they found that type
1 interferon potently repressed the activity of the NLRP1
and NLRP3 inflammasomes, thereby suppressing caspase1 dependent IL-1𝛽 secretion in mice and MS patients; the
inhibitory effect of IFN-𝛽 is mediated by innate immune cells,
such as macrophages and DCs, which inhibit T helper 17
(TH17) responses through interleukin-27 (IL-27) [107, 108]
(Figure 2).
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7. Heat Shock Proteins and Multiple Sclerosis
The HSPs are a group of phylogenetically conserved proteins,
which their extracellular expression exerts immunomodulatory functions upon a stress stimulus (i.e., nutrient deprivation, irradiation, hypoxia, heavy metals, oxidative and toxic
stress, infections, and exposure to inflammatory cytokines).
They are named according to molecular weight, with six
families identify, HSP100, HSP90, HSP70, HSP60, HSP40,
and the small HSP. The relevance of these molecules relays
on being the most abundant soluble intracellular molecules
and upon their release; besides, it is given a strong and
unequivocal signal of cell death, particularly, necrosis, acting
like a danger signal to prevent further cell death by degrading
unstable and misfolded proteins. As a recent focus of interest, HSPs enhance immune responses through chaperone
activity, arising HSP-antigen complexes, allowing activation
of MHC class I stimulated by cross-priming cytotoxic T
lymphocytes. This process elicits the maturation of APC and
promotes the presentation of unrelated antigens [109]. In the
innate immune system, HSPs act as immune-stimulators, like
PAMPs, which are recognized by TLRs; this suggested that
HSPs can develop autoimmunity response after cell damage
[110].
In the brain tissue from MS patients, it has been detected
the presence of HSP70-myelin Basic Protein (HSP70-BMP)
[111, 112], and HSP70-PLP complexes, both putative antigens
with highly encephalitogenicity potential demonstrated in
EAE models [113]. Alternative mechanism of innate immune
response triggering by HSPs is stimulating the maturation
of professional APCs through interaction with the TLR-2,
TLR-4, and CD40; these complexes stimulate specific CD4+
T cell responses following the activation of immune system
via MHC class II molecules [72].
An other HSP that could play a crucial role in triggering
the immune response is Hsp70, which acts as a chemoattractant that elicits the cytolytic effects of NK cell by mediating
the interaction with CD94. Released Hsp70 leads to the
activation of the NF-𝜅B transcription factor on monocytes,
macrophages, and dendritic cells; the activation leads to
induction of: (1) proinflammatory cytokine production (IL12, IL-1𝛽, IL-6, TNF, and GM-CSF), (2) chemokine secretion
(MCP-1, RANTES, and MIP-1𝛼), (3) nitric oxide production
(NO) by macrophages (4) enhances the expression of CD83,
CD86, and CD40, as well as MHC class II on DC and the
migration of these cells to draining lymph nodes, priming
adaptive immune responses [114]. All those findings give
us evidence that HSPs could drive the switch between the
“initial event innate immune response and the perpetuation”
adaptive immune response in MS.

8. NK Cells in Multiple Sclerosis
Although the evidence suggested that NK cells might play
a role in the regulation of MS and EAE, the importance
of NK cells to immune regulation remains unclear. Some
studies suggest that NK cells enhance the MS due to cytolytic
activity, cytokine production, interaction with APCs and T
and B cells, while another study indicates that blockade of
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NK cell homing to the CNS results in disease exacerbation
[115, 116]. In EAE, it was found that depletion of NK cells
in C57BL/6 mice treatment with a monoclonal antibody
(mAb) against NK 1.1 resulted in an increased severity and
relapsing pattern of disease [117]. The disease enhancement
was associated with increase of T cell proliferation and
production of Th1 cytokines in response to the MOG35-55
peptide which induces a mild form of monophasic EAE [118].
NK cell homing to the CNS via germ-line deletion of
the chemokine fractalkine receptor CX3CR1 resulted in fatal
CNS inflammation and demyelination due to inhibition of
inflammatory Th17 cells [119]; besides, NK cells exerted direct
cytotoxic effect on newly stimulated myelin antigen-specific,
encephalitogenic T cells, as well as OVA-specific T cells and
Concanavalin A (ConA) stimulated T cells. However NK cells
are capable of regulating EAE through killing of syngeneic T
cells which include myelin antigen-specific, encephalitogenic
T cells and thus ameliorate symptoms [120]. NK cells are an
important regulator for EAE in both induction and effector
phases. In contrast, it has suggested that NK cells exacerbate
MS/EAE. It has been associated with the increase of NK
cell activity with higher risk of developing active lesions in
relapsing-remitting MS patients. During remission, NK cells
predominantly produce IL-5; this is indicative that the NK
cells share some properties with Th2 cells and suggested that
they are capable of competing with pathogenic autoimmune
Th1 cells. Furthermore, in the same cohort of patient higher
level of CD95 molecule on the cell surface was found; the
authors suggest that it is possible that soluble CD95 might
play some role in protection against the CD95-mediated
death of NK cells in MS. Interestingly, during relapse of
MS, the NK cell expression of IL-5 mRNA and CD95 was
significantly reduced. According to this data is interesting to
speculate that the functional change of NK cells may play a
key role in triggering clinical exacerbation of MS and it is not
associated with autoimmune T response [121].
On the other hand, genome wide association studies
(GWAS) have identified a number of potential genes associated with MS including receptors for IL-7 (IL-7RA) and IL2 (IL-2RA); besides, IL-2 and IL-7 pathways have previously
been demonstrated to regulate autoimmunity and EAE in
animal models [122]. IL2 has been associated with regulation of T-cell proliferation, survival, and differentiation of
effectors (Th1/Th2) besides; the function of IL-2 consists of
maintaining peripheral T-cell tolerance, and the impairment
of regulatory T cells is thought to be the underlying cause of
autoimmunity in the absence of IL-2 [123]. IL-2 receptors and
have potential suppressive functions, such as natural killer
T cells, CD8+ T cells, and CD4+CD25+ regulatory T cells,
which might also be altered by IL-2 or anti-IL-2 mAb based
therapies.
IL-7/IL-7R signaling is crucial for proliferation and survival of T lymphocytes in humans and in animal models
[124]; in humans, IL-7Ra deficiency results in the absence
of T cells, but B cell counts remain normal, while in mice
the lack of IL-7Ra is essentially devoid of T and B cells.
Some studies show that high levels of serum IL-7 predict
clinical responsiveness in MS patients undergoing IFN-b
therapy. When high IL-7 levels are paired with low IL-17F
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levels in serum, the prediction is stronger. IL-7 alone or in
combination with IL-12 can promote human and mouse T
helper 1 (Th1) cell differentiation. These results are consistent
with the notion that IL-7 drives a Th1 form of MS, which was
previously shown to respond better to IFN-b therapy than
the TH17 form of MS [125]. In addition, Axtell et al. show
that IL-7Ra–blocking antibodies given to EAE mice before or
after onset of paralysis reduced clinical signs of EAE without
affecting regulatory T (Treg), B, or NK cells [126]. Therefore,
blockade of IL-7 or IL-7Ra may be a potential therapeutic
strategy for treating MS.

9. Neutrophils in Multiple Sclerosis
Neutrophils are essential to contain and clear infectious
agents, but due to their indiscriminate histotoxic potential
they are tightly regulated by a mechanism that involves
“priming” before full activation [127]. Neutrophils can be
primed by a wide range of molecules including proinflammatory cytokines such as TNF𝛼, platelet activation factor
(PAF), IFN-𝛾, granulocyte-macrophages colony stimulation
factor (GM-CSF), IL-6, or IL-8 that can modify neutrophil
life span [128, 129]. Patients with relapsing-remitting multiple
sclerosis (RRMS) have an increased number of neutrophils
that regulated phenotypic changes such as reduction of
apoptosis and higher expression of TLR2, FPR1, CXCR1, and
CD43 [130]. Enhanced neutrophil activation during infection
in RRMS patients exacerbates and prolongs inflammation
that might explain an association between infection and
relapses of MS.
In patients with RRMS in relapse, was found a correlation
between high neutrophil count and up-regulation of GCS
and CXCR1 as well as an inhibition of apoptosis and induction of inflammatory response. Also, these patients present
an increase of IL-8; this cytokine prolongs the neutrophil
survival [111]. Neutrophils RRMS patients are not only more
abundant but also express higher levels of TLR2, CD43, FPR1,
and CXCR1, which support the hypothesis that neutrophils
in RRMS are primed by the chronic inflammatory milieu, as
these receptors are upregulated by priming agents [131, 132].
A higher release of granule proteins such as elastase and
cathepsin G by primed neutrophils could contribute to MS
pathogenesis not only by damaging tissue [133] but also by
enhancing T cell activation [134]. Furthermore, neutrophilic
granules also contain the matrix metalloproteinase 9 (MMP9), which participates in BBB impairment and is increased in
MS patients during relapse [135].
Not only the number of neutrophils is increased in
patients with MS, but also there is an oxidative burst of neutrophils from RRMS patients after in vitro stimulation with
Formyl-Methionyl-Leucyl-Phenylalanine (fMLP) [136]. The
enhanced oxidative burst could contribute to demyelination
and tissue injury in MS, although a paradoxical protective
role for oxygen species has been suggested [130, 137].

10. Mast Cells
Mast cells (MCs) are components of the innate immune
system arising from multipotent hematopoietic progenitors
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cells and are phenotypically identified for high expression on
their surface of the tyrosine kinase receptor c-kit (CD117)
and the high-affinity Fc receptor for IgE (Fc𝜀RI) that is the
main characterized mode of MC activation through IgEmediated immune reaction [138]. The cross-linking of Fc𝜀RIbound IgE with a multivalent antigen induces aggregation
of two or more Fc𝜀RI molecules and activates downstream
intracellular-signaling events leading to degranulation and
synthesis of new mediators [139].
MC-granules contain biogenic amines (histamine and,
only in rodents, serotonin), serglycin proteoglycans (heparin and chondroitin sulphate), serine proteases (tryptases,
chymases, and carboxypeptidases), cytokines (such as TNF𝛼), and growth factors (such as vascular endothelial growth
factor A (VEGFA)) [140]. Fc𝜀RI-mediated activation of MCs
induces also the ex novo synthesis of lipid mediators such
as prostaglandins (PGD2, PGE2) and leukotrienes (LTB4,
LTC4), cytokines (e.g., TGF-𝛽, IL-4, and IL-10), chemokines
(such as CC-chemokine-ligand 2), and growth factors (e.g.,
nerve growth factor (NGF)) [141, 142].
MCs in the CNS can be found in perivascular locations
more specifically in the leptomeninges forming part of the
BBB and in mice. MCs have been identified in perivascular
areas of leptomeninges, hippocampus, habenula, and thalamus [143, 144] which has led to speculation of a possible
contribution of these cells in regulating the trafficking of
immune cells through the BBB [145, 146].
Some pieces of evidence that support the role of the MCs
in the pathology of MS are as follows. (1) MCs have been
detected within demyelinated lesions, often in perivascular
areas associated with immune cell infiltrates, but also in
the CNS parenchyma and it is more frequently observed
in chronic-active plaques than in acute lesions [146–148].
(2) Myelin proteins such as MBP can activate rat MCs
through interaction with scavenger receptors [149, 150]. (3)
The concentration of MCs tryptase was found significantly
higher also in the cerebrospinal fluid of MS subjects [151].
Recently MC has also been implicated in the development of
MS and EAE [152]. However, today the exact role of MCs in
CNS autoimmune disease is highly debated.

11. The Mononuclear Phagocyte System
The mononuclear phagocyte system (MPS) comprises the
cell hematopoietic lineage derived from progenitor cells in
the bone marrow. These bone marrow myeloid progenitor
cells differentiate to form blood circulating monocytes and
then upon activation enter tissues to become resident tissue
macrophages. There are three main features of macrophages;
(1) evidence of endocytic activity and stellate morphology:
(2) expression of certain enzymes detected by histochemical
staining (esterases and lysosomal hydrolases), and (3) the
nonspecific uptake of particles (e.g., latex, colloidal carbon)
through endocytic receptors or complement-coated particles
[153].
Microglia is the principal effector cell of the innate
immune system that resides on CNS; it has a central role
of initiating the acute inflammatory response and clearance
of damage tissue; also, during the phase of scarring, the
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irreversible injury is associated with residual neurological
deficits. During inflammatory disorders, such as MS, monocytes are repeatedly recruited from the periphery, thereby
reinforcing the local inflammatory reaction within the CNS.
In MS macrophages act as APCs perpetuating epitope spreading upon T cell traffic on brain through BBB [153]. Animal
models evidence that inflammatory lesions are composed
principally of T cells with neural-antigens specific TCR;
however, the activation of APC pathways is required for the
maintenance of the continuity of this process, and microglia
has this capacity, enhancing homing signals.
In normal white matter there is low basal expression of
MHC class II that is upregulated after damage or immune
reactions originated in systemic compartments or local environment. Low levels of circulating endotoxins or PAMPs
could trigger the expression of MHC class II on the perivascular macrophages, this fact prompt us to hypothesized why
viral infections could be related with relapsed patients. The
initiation of a competent APC status for microglia set a cascade of infiltrating adaptive immune cells, specifically neuralspecific T cells, propagation and resolution of inflammatory
lesions [154].

12. Th17 Immune Response in
Multiple Sclerosis
Th17 cells are characterized by the production of a distinct
profile of effector cytokines, including IL-17A, IL-17F, IL6, IL-9, IL-21, IL-22, IL-23, IL-26, and TNF𝛼 [155, 156]. In
addition to CD4+ IL-17+ Th17 cells, a new putative subtype
of IL-17 producing CD4+ T cells with CD4+ IL-17+ IFN𝛾+
(Th17-1 cells) also, phenotype, has been identified [157]. While
Th17 cells express CCR6 and CCR4, Th17-1 cells express CCR6
and CXCR3 [158, 159]. The central role of Th17-produced
cytokines in the brain is the induction of inflammation; therefore, Th17-mediated inflammation is characterized by neutrophil recruitment into the CNS and myelin loss [160, 161].
In MS lesions, the presence of high levels of IL-17 induce
a strong inflammatory response, that could play an important
role in the pathogenesis and exacerbations of the disease
[162]. The IL-17-producing T cells (CD4+ or CD8+) have been
detected in both acute and chronic MS [163]. In the preclinical
stages of the disease, the autoreactive Th17 cells were found
in the peripheral blood mononuclear cells (PBMCs) but
not in the CNS. Moreover, the amount of Th17 cells was
significantly higher in the cerebrospinal fluid (CSF) of RRMS
patients during relapse, in comparison with same patients
during remission or in patients with other noninflammatory
neurological diseases [164]. The amount of production of IL17 correlates with the number of active plaques as seen on
magnetic resonance imaging studies (MRI) and the severity
of MS [165, 166].
Infiltrating T cells and glial cells inside of CNS induces
production of IL-17 [163] exerting pathogenic function by
enhancing the microglia activation; therefore, exposure to
microglial cells leads to increased generation of IL-6, MIP-2,
nitric oxide, neurotrophic factors, and adhesion molecules.
Furthermore, addition of IL-1b and IL-23 enhances the
production of IL-17 in microglia [167] and release of matrix
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metalloproteinase-3 (MMP-3) that disrupts the BBB and
enhances the local recruitment of neutrophils to the site of the
inflammation. The increase of protease activity allows homing a large number of monocytes and macrophages leading to
chronic myelin and axonal damage [168, 169].

13. Treatment by Immune Modulators
Over the last two decades a number of drugs, including
immunomodulatory and immunosuppressive agents such as
interferon-𝛽, glatiramer acetate, and the monoclonal antibodies such as natalizumab and daclizumab have shown beneficial effects in patients with MS. Although these therapies
are able to modulate the immune adaptive response, they
do not inhibit innate immune cells, such as microglial cells,
macrophages, and dendritic cells, that participated in the
progression of MS. IFN-𝛽 is one of several immunomodulatory drugs currently available to treat patients with relapsingremitting MS [170, 171], displaying significant beneficial
effects on disability progression and relapse rate [172]. The
mechanism(s) of action of IFN-𝛽 is clearly complex with
demonstrated effects on antigen presentation, costimulatory molecule expression, T-cell proliferation, and leukocyte
migration [173].
In conclusion, the autoimmunity mediated by autoreactive T cells activates the innate immune system (epithelial
barriers, receptors to pathogen associated patterns like tolllike receptors) as first line of defense of the host, eliciting the
immune tolerance. It has been demonstrateet that in so many
ways the innate immune system (TLR7, 3, 9, neutrophils,
macrophages) offerd the interface between adaptive response,
not only regulating the cellular damage, but also allowing that
autoreactive CD4+ T cells reacts against the oligodendrocyte.
A continuum effort should be given to the inhibition of the
initial triggering of the innate immune system.
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K. G. Häusler, M. Prinz, C. Nolte et al., “Interferon-𝛾 differentially modulates the release of cytokines and chemokines
in lipopolysaccharide- and pneumococcal cell wall-stimulated
mouse microglia and macrophages,” European Journal of Neuroscience, vol. 16, no. 11, pp. 2113–2122, 2002.
S. A. Luther and J. G. Cyster, “Chemokines as regulators of T
cell differentiation,” Nature Immunology, vol. 2, no. 2, pp. 102–
107, 2001.
R. Kitai, M.-L. Zhao, N. Zhang, L. L. Hua, and S. C. Lee,
“Role of MIP-1𝛽 and RANTES in HIV-1 infection of microglia:
inhibition of infection and induction by IFN𝛽,” Journal of
Neuroimmunology, vol. 110, no. 1-2, pp. 230–239, 2000.

Clinical and Developmental Immunology
[29] C. Alt, M. Laschinger, and B. Engelhardt, “Functional expression of the lymphoid chemokines CCL19 (ELC) and CCL
21 (SLC) at the blood-brain barrier suggests their involvement in G-protein-dependent lymphocyte recruitment into
the central nervous system during experimental autoimmune
encephalomyelitis,” European Journal of Immunology, vol. 32,
no. 8, pp. 2133–2144, 2002.
[30] S. Schlereth, H. S. Lee, P. Khandelwal, and D. R. Saban,
“Blocking CCR7 at the ocular surface impairs the pathogenic
contribution of dendritic cells in allergic conjunctivitis,” American Journal of Pathology, vol. 180, no. 6, pp. 2351–2360, 2012.
[31] S. Columba-Cabezas, B. Serafini, E. Ambrosini, and F. Aloisi,
“Lymphoid chemokines CCL19 and CCL21 are expressed in
the central nervous system during experimental autoimmune
encephalomyelitis: implications for the maintenance of chronic
neuroinflammation,” Brain Pathology, vol. 13, no. 1, pp. 38–51,
2003.
[32] P. Hillyer, E. Mordelet, G. Flynn, and D. Male, “Chemokines,
chemokine receptors and adhesion molecules on different
human endothelia: discriminating the tissue-specific functions
that affect leucocyte migration,” Clinical and Experimental
Immunology, vol. 134, no. 3, pp. 431–441, 2003.
[33] S. Sriram, “Role of glial cells in innate immunity and their role
in CNS demyelination,” Journal of Neuroimmunology, vol. 239,
no. 1-2, pp. 13–20, 2011.
[34] P. A. Carpentier, D. S. Duncan, and S. D. Miller, “Glial tolllike receptor signaling in central nervous system infection and
autoimmunity,” Brain, Behavior, and Immunity, vol. 22, no. 2,
pp. 140–147, 2008.
[35] C. Stadelmann, “Multiple sclerosis as a neurodegenerative
disease: pathology, mechanisms and therapeutic implications,”
Current Opinion in Neurology, vol. 24, no. 3, pp. 224–229, 2011.
[36] M. H. Barnett and J. W. Prineas, “Relapsing and remitting
multiple sclerosis: pathology of the newly forming lesion,”
Annals of Neurology, vol. 55, no. 4, pp. 458–468, 2004.
[37] C. Marik, P. A. Felts, J. Bauer, H. Lassmann, and K. J. Smith,
“Lesion genesis in a subset of patients with multiple sclerosis: a
role for innate immunity?” Brain, vol. 130, no. 11, pp. 2800–2815,
2007.
[38] A. P. D. Henderson, M. H. Barnett, J. D. E. Parratt, and J. W.
Prineas, “Multiple sclerosis: distribution of inflammatory cells
in newly forming lesions,” Annals of Neurology, vol. 66, no. 6,
pp. 739–753, 2009.
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Multiple sclerosis (MS) exhibits many of the hallmarks of an inflammatory autoimmune disorder including breakdown of the
blood-brain barrier (BBB), the recruitment of lymphocytes, microglia, and macrophages to lesion sites, the presence of multiple
lesions, generally being more pronounced in the brain stem and spinal cord, the predominantly perivascular location of lesions, the
temporal maturation of lesions from inflammation through demyelination, to gliosis and partial remyelination, and the presence of
immunoglobulin in the central nervous system and cerebrospinal fluid. Lymphocytes activated in the periphery infiltrate the central
nervous system to trigger a local immune response that ultimately damages myelin and axons. Pro-inflammatory cytokines amplify
the inflammatory cascade by compromising the BBB, recruiting immune cells from the periphery, and activating resident microglia.
inflammation-associated oxidative burst in activated microglia and macrophages plays an important role in the demyelination and
free radical-mediated tissue injury in the pathogenesis of MS. The inflammatory environment in demyelinating lesions leads to the
generation of oxygen- and nitrogen-free radicals as well as proinflammatory cytokines which contribute to the development and
progression of the disease. Inflammation can lead to oxidative stress and vice versa. Thus, oxidative stress and inflammation are
involved in a self-perpetuating cycle.

1. Introduction
Multiple sclerosis is a chronic inflammatory demyelinating
disease of the central nervous system and a common cause
of disability in young adults. The loss of myelin results in a
multitude of neurological impairments. Myelin is composed
of a lipid bilayer membrane that encircles itself around axons,
which is critical for neural signaling and transmission. Myelin
insulates the axon from potentially harmful exogenous factors while enhancing neural impulse transmission efficacy

from one part of the CNS to another. Myelin membrane and
its producing cell (oligodendrocyte) are destroyed in MS.
Typically, the disease affects the brain, spinal cord, and
optic nerves in the CNS and spares the nerve roots and
peripheral nerves in the peripheral nervous system. The
interplay between inflammatory and neurodegenerative processes in MS typically results in intermittent neurological
disturbance (episodes of acute worsening) followed by progressive accumulation of disability. During an MS attack,
inflammation occurs in areas of the white matter of CNS
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in patches called “plaques.” This process is followed by the
destruction of myelin in the brain and spinal cord, leading to
diminished or lost function. A wide range of clinical symptoms include motor dysfunction, fatigue, tremor, nystagmus,
acute paralysis, loss of coordination or balance, numbness,
disturbances in speech and vision, and cognitive impairment.
Usually MS begins as a relapsing-remitting process and
evolves into a secondary progressive stage with accumulating
disability. Most people experience their first symptoms of
MS between the ages of 20 and 40, but there have been
documented cases in young children and elderly adults. The
clinical heterogeneity of MS, as well as the finding of different
pathological patterns, suggests that MS may be a spectrum
of diseases that may represent different processes. This large
diversity of symptoms and their variability confound both the
diagnosis and understanding of MS [1–5].
The role of genetics and environmental factors in MS is
complex. Factors such as geographical location, ethnic background, and clustering in temperate climates all contribute to
susceptibility. Individuals with a North European heritage are
statistically more susceptible to MS than those from a more
tropical environment, and it is more common in women.
Genetic studies indicate that although MHC genes clearly
contribute to disease susceptibility and/or resistance, it is
probable that a combination of environmental factors may
additionally contribute to disease development. It develops
in genetically susceptible individuals after exposure to environmental factors such as vitamin D deficiency and EpsteinBarr viral infection. Multiple sclerosis may have effects that
extend beyond loss of the myelin sheath. Some axons are
destroyed, probably as a result of inflammatory processes in
the overlying myelin and/or loss of trophic support of the
axon by oligodendrocytes [6, 7].
Multiple etiologies including autoimmunity, infectious
agents, environmental triggers, and hereditary factors have
been proposed. However, there is substantial evidence to
indicate that dysregulated immune responses, including
immune mechanisms directed against myelin proteins, have
a role in triggering disease onset [1, 2, 8].

2. Multiple Sclerosis Trait
Multiple sclerosis trait is a systemic nonpathological condition not involving the nervous system parenchyma that may
affect some persons who are genetically susceptible to MS.
It results from the action of an antigenic challenge on the
immune system of a genetically vulnerable person, that does
not cause damage to the nervous parenchyma; it may never
evolve into MS disease. A subsequent environmental viralantigenic event in some people can change the trait into the
disease. The increased immune response that underlies the
pathogenesis of MS is the response to various antigenic challenges, either from infections, most likely viral, or possibly
also from some viral vaccinations [9].
This trait is characterized by an exaggerated response
to a number of viral antigens; the presence of oligoclonal
bands in the cerebrospinal fluid; an increased vulnerability
of the BBB; and being clinically and radiologically silent.
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Therefore, its time of activation is impossible to recognize.
The pathogenic mechanism of MS is initiated by an inflammatory phenomenon that results in a much more severe
alteration of the BBB. When people with the trait enter a
different environment, new antigens are encountered (viruses
or vaccine components), among which are some that exhibit
molecular mimicry with the original trait immune activator
and are also compatible with one of the person’s immune
receptors.
The critical age for acquisition of MS is around 15 years.
MS is almost twice more common in women, who have
a greater immune reactivity and stronger reactions against
infections and immunizations, than in men because of the
marked effect of sex hormones. Furthermore, women have
higher levels of circulating immunoglobulins and a more
frequent production of a variety of autoreactive antibodies.
Sex hormones have been shown to modulate a large variety of
mechanisms involved in the immune response, including cell
trafficking, cytokine production, lymphocyte proliferation,
expression of adhesion molecules, and HLA-class II receptors. Estrogens have stimulating effects on B-cell functions,
which seem to be dependent on the inhibition of suppressor
T-cell events preceding the clinical onset of MS which include
head and other traumas, tonsillectomy and appendectomy,
allergies, and ether anesthesia. Others were infections and
animal contacts. Epigenetic profiles may represent a link
between environmental factors and phenotypic differences
[2, 8, 10].

3. Immune Function in Multiple Sclerosis
Because of the altered immune function in patients with MS,
some questions arise, for example: (1) what is the nature
of immune dysfunction?; (2) what functional defects in
myelin contribute to the disease?; (3) are there any changes
in development and maturation of central nervous system
myelin in MS patients?; (4) what extrinsic factors triggers
an immune response?; (5) what causes axonal damage and
neuronal death?; (6) what novel treatments for multiple sclerosis are available? [1, 11]. It is likely that the immune system
presents a pathological demyelination generated by the loss of
tolerance to myelin. It under apoptosis of CD8(+) suppressor
myelin-specific and the presence of immunocompetent cells
that exhibited a destructive pattern to the appearance of
new immunocompetent cells against myelin or by-products
generated by the intraplaque macrophage activity. Activated
by two essential interleukins for this purpose: interleukin
12 and interleukin 23 (as we shall see below), there is
an immune response against antigens, included within the
healthy central nervous system [12, 13]. Confirmation of this
uncontrolled immune response based on the cooperation of
two types of lymphocytes (B and T) and their relationship
with neurons resulted in the cerebrospinal fluid by increasing
immunoglobulins; as a result, that gives the increase in the
kinetics of synthesis of immunoglobulin G, its index intrathecal, and the presence or oligoclonal distribution (oligoclonal
pattern) of IgG. The presence of free light chains (kappa or
lambda) and the mixed reaction MRZ2 (polyspecific and
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chronic) are additional parameters that contribute to this
understanding of the pathogenesis [3, 14].
At the cellular level, there is a slight pleocytosis showed by
flow cytometry and the persistence of a higher percentage of B
cells which act to amplify the immune reaction and generate
intrathecal IgG, IgA, and IgM [15]. Axonal transection and
loss in early lesions are recent, and there is even apoptosis
of cortical neurons, apparently for lack of trophic factors.
The initial immune-mediated and inflammatory mechanism
is followed by a neurodegenerative phenomenon that clearly
dominates in time, and it could be seen by the absence of
enhancement on MRI and immunomodulation failure [16–
18]. In this sense, the multiple sclerosis destructive process
is an autoimmunity mixture of immune dysregulation (regulatory failure or loss of tolerance) initiated by an infectious
agent of the environment (by molecular mimicry). Typically,
MS begins as an inflammatory process but later develops a neurodegenerative component, which may progress
independently of inflammation. An alternative view is that
MS is a neurodegenerative process that is exacerbated by
secondary inflammation that provokes demyelination. Thus,
the rational treatment of multiple sclerosis should be directed
towards all pathophysiological mechanisms and essentially be
multifaceted and multidirectional [19, 20].
Axonal demyelination makes the individual more vulnerable to environmental stressor agents. It has been shown
that acute lesions begin with phagocytosis of normal myelin
sheaths by macrophages (MQs) in the presence of infiltrating T cells [20–22]. It has been demonstrated in studies
with animal models of MS, the experimental autoimmune
encephalomyelitis (EAE), where the primary event is the
infiltration of lymphocytes and autoreactive CD4+ T cells
that destroy myelin sheaths [23]. However, in some cases
stress or death of oligodendrocytes could be an initial event in
the MS presentation [24, 25]. The death of oligodendrocytes
and the formation of new lesions may be triggered by a
viral infection, followed by microglial activation and the
recruitment of CD4, CD8 T cells, and macrophages (MQs)
within the lesions [26].
T cells, particularly CD4, are considered as the initiators
and primary drivers of disease. The evidence supporting
this hypothesis shows that the main genetic contribution to
multiple sclerosis susceptibility resides in the gene region
of the major histocompatibility complex class II (MHC-II)
which plays a key role in the development of the central
tolerance of the T cells [27, 28].
Focal inflammatory demyelinating lesions are characterized by perivascular infiltrates containing predominantly
clonally expanded CD8+ T cells (Tc), CD4 (Th) T cells, 𝛾𝛿
T cells, monocytes, and some B cells and plasma cells. These
active lesions contain a significant number of macrophages
with myelin debris in their interiors as well as a significant deposit of complement factors and immunoglobulins
[29]; while progressive inflammation is not observed at the
beginning of relapsing-remitting multiple sclerosis (RRMS),
progressing to a more advanced disease is characterized by
the gradual expansion of the lesions with the presence of
macrophages with myelin debris in the distal area of the
inflammatory plaques, diffused abnormal inflammation, and
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neuronal and axonal loss in the spine associated with the
degree of meningeal inflammation [29]. Potential mechanisms of induction of degenerative progression include
damage of Wallerian secondary degeneration demyelination
and axonal transection by reactive oxygen species and nitric
oxide, in addition to energy failure by mitochondrial dysfunction [30]. An alternative to this hypothesis suggests that the
progressive degeneration can also be caused by alterations in
the compartmentalization of the BBB, coupled with a severe
inflammatory response [31]. Although it has been shown that
the early RRMS is mediated by the adaptive immune system,
with waves of T cells entering to the CNS from the peripheral
immune system, it is also possible that inflammation of
the CNS in patients with secondary progressive multiple
sclerosis (SPMS) is mediated by the innate immune response.
SPMS has a slowly expanding demyelinating lesion with only
modest inflammatory cell cuffing and axonal damage is also
considered to be a major cause of secondary progression
with irreversible neurological impairment. The main effectors
to this process are microglia/macrophages and their toxic
products [32]. Over the past decade, there has been an important identified variety of defects related to the autotolerance.
Dysfunction in the central tolerance leads to the exit of the
thymus of potent T cells presenting alterations in the T-cells
receptor (TCR), which favors the appearance of autoimmune
reactions; in addition, the premature involution of thymus
results in a reduced export of naive T-regulatory (Treg) cells,
a clone of suppressor T cells. Recent data have demonstrated
the key role of the Tregs in suppressing responses of Th1 and
Th17 effector cells, and this immunosuppressive activity is
altered in patients with MS. These observations suggest that a
defect in the autotolerance homeostasis might be the primary
event of the onset of MS, which in turn induces the subsequent immune attack, inflammation, and neurodegeneration
[33–35].
The concept that MS is a primarily neuroimmune disease
is controversial. One of the characteristics that define an
autoimmune disease is the failure of the immune system
to keep the autotolerance against tissue-specific antigens
(TSAs). MS shares physiopathological mechanisms with
other autoimmune disorders, as well as an important genetic
predisposition and epigenetic and environmental factors [21].
It has been suggested that interactions between genetics,
epigenetics, and environmental risk factors can determine the
phenotype of a neuroimmune disorder [21, 36].
Central tolerance could be a direct result of the elimination, in thymus, of autoreactive T cells and of the bone
marrow of autoreactive B cells, which leads to a generation of
T cells and mature B cells that recognize exogenous pathogens
and are able to deploy auto-tolerance to autoantigens [33, 37].
Positive selection test of the ability of TCR for signaling in
response to MHC class II autopeptides was deployed by cortical thymic epithelial cells (cTECs). Thymocytes expressing
TCRs with few or no affinity for the MHC-II complex are sent
to apoptosis.
Surviving thymocytes pass to the thymus marrow area
where bone marrow thymic endothelial cells (mTECs)
express TSAs. Negative selection removes thymocytes, via
active apoptosis, through a strong signal in response to MHC

4
autopeptides; this negative selection is primarily mediated
by the gene of the autoimmune regulator which encodes for
the Aire protein, which in turn modulates the expression of
TSAs. Recently, Aire protein has been identified in peripheral
lymphoid organs which regulates the expression of TSAs,
different from those expressed in the thymus [33, 34].
Protection against autoimmunity in a specific organ
requires a minimum expression threshold relative to the TSA.
Thymocytes that receive signals just after the threshold of
negative selection may enter into a program of differentiation
toward natural regulatory T cells (nTreg), CD4+ CD25+
Foxp3+. It is important to highlight that the mTECs and
dendritic cells (DCs) contribute in the process of negative
selection of naive T cells and the generation of nTregs [33, 38,
39]. The presence of autoreactive T cells in the periphery of
MS patients and healthy controls shows that central tolerance
is not completely efficient, and the escape of negative selection
may be due to a dysfunction in the TCR or a weak bond
of the autopeptide to MHC-II, which destabilizes the TCR
complex. Alterations in the crystallographic structure of TCR
have been identified in MS patients. In these patients the Tcell receptor and peptide-MHC complex showed alterations
in its docking mode; the TCR was not aligned in the central
portion of the MBP-MHC complex, but it was aligned to
the N-terminal portion; consequently the stability of the
entire complex of TCR-MBP-HMC was markedly reduced,
its affinity was suboptimal, and self-reacting thymocytes
avoided negative selection [40].
Another important aspect of thymic dysfunction in
patients with MS is its inability to maintain the T-cell
homeostasis. Patients with RRMS showed a global defect in
T-cell naive output; these patients have levels below normal
of the newly exported naı̈ve T cells (TREC), suggesting
premature involution of the thymus in MS [38]. TREC levels
decrease to normal with age in healthy controls, while there is
no association between TREC decrease and increase of age in
patients with MS [35, 41]. Peripheral tolerance is regulated by
complex mechanisms intrinsic to T cells, like costimulation
pathways, transcriptional mechanisms, epigenetic, and other
extrinsic mechanisms such as the Treg cells [42, 43].
In addition to the TCR-peptide-MHC complex, costimulatory molecules are also necessary to activate T cells. In the
absence of these signals, T cells become anergic and induce
autotolerance. Cluster of Differentiation 28 (CD28) is one of
the molecules expressed on T cells that provide costimulatory
signals, which are required for T-cell activation. CD28 is the
receptor for CD80 (B7.1) and CD86 (B7.2). When activated by
Toll-like receptor ligands, the CD80 expression is upregulated
in antigen presenting cells (APCs). Stimulation through
CD28, in addition to the T-cell receptor (TCR), can provide
a potent costimulatory signal to T cells for the production
of various interleukins (IL-6 in particular). CD4 CD28 null
T cells have been found in peripheral blood of patients with
MS. They are less sensitive to the regulatory mechanisms and
produce high levels of IFN𝛾. Inducible costimulator protein
(ICOS) has recently been identified as a new member of the
CD28 family of T-cell costimulatory molecules; it binds to
B7H and modulates the production of Th1/Th2 cytokines.
Interestingly, RRMS patients have a lower expression of ICOS
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gene than in healthy controls. CD40 molecule plays a dual
role in MS pathology: binding of CD40 by its ligand (CD40L
= CD154) in mTECs can contribute to the development of
central tolerance, and CD40 promotes differentiation of naive
CD4+ T cells towards Th17. In brain lesions of patients with
MS, CD40L is expressed in CD4+ cells activated in SPMS,
but not in RRMS, and this higher expression in peripheral
lymphocytes could be associated with the change of RR to
SPMS. Cytotoxic T-lymphocyte antigen-4 (CTLA-4) binds to
its receptor similar to CD28, but with a negative regulatory
function. The expression of CTLA-4 is low both in SP and
RRMS, but the small percentage of cells that express CTLA4 could be associated with the primary transition of RR
to SPMS. An important molecule is programmed death
pathway-1 (PD-1); it is expressed by activated T cells. In
MS lesions there has been a significant overregulation of
its ligand, PD-L1. This molecule has been identified as an
important downregulator of T-cell response in MS. 4-1BB
(CD137) expression is downregulated in Tregs and DCs in
patients with MS. The soluble form of the ligand (s4-1BBL)
is very high in plasma and cerebrospinal fluid (CSF) in MS
patients [44–47]. CD58 mRNA expression is significantly
increased in patients with MS; its protective effect occurs in
part by an increase in the expression of Foxp3 transcriptional
factor in Treg cells [48]. In relation to the transcriptional
mechanisms, it has been demonstrated that Foxp3 is the
transcription factor responsible for the differentiation of
CD4 and CD8 cells towards T-regulatory cells (Tregs) CD4+
CD25+. Foxp3 represents a heterogeneous population that
lacks a specific marker of Treg cell phenotype. Besides CD25,
Foxp3 is a master regulator gene in these cells and is fundamental in the maintenance of homeostasis and autotolerance.
Foxp3 protein expression at the cellular level correlates with
the suppressor activity of Treg cells. The natural-Treg cells
(nTregs) are antigens functionally mature and primed in the
thymus before meeting antigens in the periphery to prevent
autoimmunity. They migrate to peripheral lymphoid organs.
Within, lymph nodes interact with DCs and block their ability
to prime the CD4 naive cells and to bring them to their
subsequent differentiation to autoreactive and autospecific
T cells; T cells exert their activity by cell-cell contact [39].
Foxp3 is able to send the CD4 naive cells into an inducible
regulatory T cells (iTreg) phenotype, which is functionally
similar to the nTreg but differs in the epigenetic regulation
of Foxp3, its effect does not require cell-cell contact, and
it is primarily mediated by cytokines such as IL-10, IL-35,
and TGF-𝛽. The differentiation of nTregs from iTregs can be
rescheduled by IL-6 through the lineage of Th17 cells [49].
Tregs number consistently increased in CSF of patients with
MS compared with healthy controls, but a defect was detected
in its suppressor function in RRMS patients associated with
a very low expression of Foxp3 mRNA; this is not presented
in SPMS patients, where the Tregs suppressor function and
Foxp3 expression are normal [28, 49].
A subtype of Tregs carries markers, like CD39 and CD73,
which are involved in the regulation of the suppression
of toxicity induced by IL-17. CD39 and CD73 are potent
immunosuppressive molecules. Patients with RRMS exhibit
a marked reduction in the number of CD39-circulating
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molecules [28, 49]. The Tregs express low levels of CD127
(IL-17 receptor 𝛼 chain), a marker of activation that is
negatively correlated with the expression of Foxp3 and its
suppressive activity. When the CD4+ CD25+ CD127 low
Tregs are segregated into naive T cells and memory T cells
(Tmem), activity of naive Tregs is reduced after costimulation
with CD3 in RR and SPMS patients [50].
Other types of T cells involved in the pathogenesis of
MS and EAE include the Tr1 cells. T cells are characterized
by secreting large amounts of IL-10. In patients with MS, a
marked defect in the induction of Tr1 cells has been observed.
Th3 cells are regulatory T cells producing TGF𝛽 generated in
patients after oral ingestion of myelin antigens. The HLA-G
represents a subtype of T-regulatory cells, CD25 and Foxp3,
which exert their suppressor activity independently of IL-10
and IFN-𝛽. Clinical correlation between levels of sHLA-G in
CSF and the severity of symptoms in MS has been reported
[49, 50].
Treg cells CD8+ CD25+ Foxp3+, as well as CD4, are a
heterogeneous population. They can be induced by T cells
CD8+ CD25− on a continuous antigenic stimulation. CD8Tregs cells specifically recognize and lyse activated myelinspecific T cells; this cytotoxic response is decreased in
peripheral blood and CSF of MS patients during episodes of
disease exacerbation. Historically, MS has been considered as
an autoimmune disease mediated mainly by CD4 T cells, and
associated, at least in part, with alleles, MHC-II. However, it
has also been described as having a significant association
with MHC-I molecules. In addition CD8 T-cell frequency
is much higher than that of CD4 cells in inflammatory
plates, and CD8 shows an oligoclonal expansion in plates,
CSF, and circulation. The CD8 T cells express CD45RA,
and the chemokine receptor CCR7 is in the peripheral
blood. Possible phenotypes for these cells include CD45RA+
CCR7+; another subtype, CD45RA− CCR7+, that represents
cells with antigenic experience but without effector functions
enabled has been defined as central memory T cells (TCM); a
subtype of memory T cells which CD45RA− CCR7−, shares
effector functions, and known as effector memory T cells
(Tem); finally a subtype CD45RA+ CCR7− are the most differentiated type of memory cells.
There is an association between HLA-A0301 of the MHCI allele and susceptibility to MS, and it has been suggested that
MHC-I is restricted to the CD8 T cells in the pathogenesis
of MS, but otherwise, the allele HLA-A0201 of the MHC-I
confers significant protection against disease [28, 49–51].
Most of the resident cells in CNS, such as astrocytes,
oligodendrocytes, and neurons, express MHC-I, at least in
inflammatory conditions. All these cells become potential
“targets” for the CD8 T cells. The upregulation of MHCI molecules can be observed during the early stages in
the course of the disease, after a demyelination episode.
In the postmortem material tissue of patients with RRMSCD8 T cells are detected in MS lesions, preferentially in
the parenchyma and in greater amount than their CD4
counterparts. Furthermore, CD8 T lymphocytes with polarized cytolytic granules are observed in close apposition to
oligodendrocytes and demyelinated axons, which suggests a
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positive correlation between the extent of axon damage and
the numbers of CD8 T cellls.
A recent report describes that the CD8 T cells producing
IL-17 (Tc17) are involved in the MS pathogenesis. This report
is based on the observation that the vast majority of the
CD8 T cells detected in vascular spaces of active MS lesions
produce IL-17, in contrast to the inactive lesions, where a
small amount of IL-17-producing T cells are present [28,
49–51]. The T cells expressing 𝛾𝛿 phenotype provide the
first line of defense against infections, especially on mucous
membranes, through the secretion of IFN-𝛾. The 𝛾𝛿 T cells
directly recognize ligands induced by stress, inflammation,
and infection. That latter phenomenon includes nonpeptidic
antigens, alkylamines, phosphoantigens, MHC-I nonclassic
molecules, like MIC-A and MIC-B, and heat shock proteins.
The 𝛾𝛿 T cells act as a source of cytokine in innate immunity and exhibit a potential influence on adaptive immune
responses. Expanded clones of 𝛾𝛿 T cells in acute brain lesions
of MS and in CSF of patients are found at the onset of the
disease, suggesting that the 𝛾𝛿 T cells do contribute to the
neuroinflammatory process. In contrast, in few models of
EAE, a protective role of 𝛾𝛿 T cells was observed [4]. During
infectious processes the 𝛾𝛿 T cells, as well as the 𝛼𝛽 T cells,
are able to produce IL-17, which opens up the possibility that
this IL-17 derived from 𝛾𝛿 T cells could contribute to the
pathophysiology of MS and EAE in CNS [11].
Homeostasis and function of the B cells in the CNS
are relevant in the development and clinical course of MS
defined as “clinically definite” (CDMS). In the 85% of patients
with MS, the initial presentation is defined as a clinically
isolated syndrome (CIS); approximately 60% of the cases of
CIS develop a second demyelinating event and are diagnosed
as CDMS in the course of the next 20 years. CSF B-cell
count is increased in patients with CIS, and B-cell subtypes
showed a marked expression of the 𝛼4 subunit of VLA-4
receptor, necessary for their migration through the BBB. The
abnormal activity of the B cells not only is present in the first
manifestations of disease, but also is present in its conversion
to CDMS [3].
Ectopic lymphoid follicle structures have been described
in the meninges of CDMS patients. These structures contain
proliferative B cells, suggesting germinal centers presence
surrounding the brain. Moreover, few immune patrolling
cells such as T cells and DCs have been identified in the CSF
and meninges of those CDMS patients. The subpial cortex
close to the meningeal follicles shows a high gradient of
neuronal loss and axonal degeneration, which suggests that
there might be cytotoxic elements partially responsible for
cortical demyelination in the gray matter pathology [52].
The presence of markers and B cell activation correlates
with the activity and progression of CDMS; CXCL13 levels
are increased in CIS, in RRMS, and in SPMS, and this
correlates positively with the total count of B cells in CSF,
with the intrathecal synthesis of IgG, and with the appearance of markers for demyelination [3]. Inflammatory B-cell
aggregates or germinal centers observed in the subarachnoid
spaces in cases of SPMS are indicative factors of disease
severity [14].
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4. Cytokines
MS is characterized by perivascular inflammation and high
levels of circulating T and B lymphocytes that assault to
myelin protein, thereby suggesting a role for immunoregulatory cytokines [53]. Interleukin (IL) 1𝛽, tumor necrosis
factor alpha (TNF𝛼), and IL-6 are cytokines which are
increased during immune activation and inflammation [54].
In MS, TNF𝛼 plays a role in the demyelination phenomenon,
IL-1𝛽 might be responsible for T-cell activation, and IL6 participates in the immunoglobulin (Ig) synthesis in the
central nervous system. The neuroinflammatory processes
of vascular cuffing, destruction of the blood-brain barrier,
reactivation of autoreactive lymphocytes, demyelination, and
neuronal toxicity have been studied in patients in the last
three decades; inflammation is based on histopathological
observations and the presence of cytokines in cerebrospinal
fluid and in serum.
Increased TNF𝛼 level precedes clinical manifestation
and is associated with the expanded disability status scale
(EDSS) [55–57]. Additionally, MS is associated with the
parallel upregulation of other proinflammatory cytokines
such as interferon-𝛾 (INF-𝛾), lymphotoxin-𝛼, IL-2, IL-6, IL12, IL-17, IL-23, IL-33, and downregulation antiinflammatory
cytokines such as transforming growth factor-𝛽 (TGF-𝛽), IL4, and IL-10. TGF-𝛽 plays an important role in the regulatory
T-cell synthesis; that inhibits the autoimmune response and
protects against inflammatory injury [58–62]. IL-17 decreases
in the progressive phase and could be considered to evaluate
the immunomodulatory therapy [63].
Cytokine levels have been useful to determine the grade
of inflammation and correlate with the progression of the
disease. Table 1 presents the cytokine levels in serum and
CSF. Many studies have led to understanding more about
MS pathology; because of this since the early 1990s, diseasemodifying drugs have been introduced for the MS treatment.
The standard treatment includes interferon-𝛽 (INF-𝛽) and
glatiramer acetate (GA); these are immunomodulator agents.
INF-𝛽 inhibits proinflammatory cytokines (TNF𝛼, IL-6, IL1𝛽, and IL-17) and T-cell proliferation and clinically reduces
the annual rate of relapsing [64, 65].
It is commonly accepted that nutrition is one of the
environmental factors involved in the pathogenesis of MS.
Table 1 shows the therapeutic strategies for multiple sclerosis.
The relationship between dietary omega-3 polyunsaturated
fatty acids (PUFAs) intake and progression of MS remains
unclear. Therefore, we developed a clinical trial in Mexican
patients with relapsing-remitting multiple sclerosis. Patients
were randomly assigned to either 4 g/day fish oil orally or a
placebo during 12 months. Fasting blood samples were taken
at 0, 3, 6, 9, and 12 months to measure TNF𝛼, IL-1𝛽, IL-6,
and nitric oxide catabolite levels. A significant decrease was
seen in serums TNF𝛼, IL-1𝛽, and IL-6 on catabolite levels at
3, 6, 9, and 12 months for patients in the fish oil group (see
Figure 1). Therefore, 4 g of fish oil seems to have an efficacy to
decrease inflammatory cytokines and nitric oxide catabolites
in relapsing-remitting multiple sclerosis.
Peripheral venous blood (10 mL) was collected from MS
patients at the indicated time, into sampling tubes without
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EDTA. Blood was centrifuged at 3500 rpm for 5 minutes separating the serum from the cellular residue. TNF𝛼, IL1b were
measured using kits from R&D Systems, TNF𝛼 DTA00C
(range of detection: 15.6–1000 pg/mL), IL-1b DLB50 (range
of detection: 3.9–250 pg/mL), and NO KGE001 (range of
detection: 3.12–200 𝜇mol/L).

5. Role of Oxidative Stress in MS
Free radicals (pro-oxidants) are highly reactive, unstable
molecules that have an unpaired electron in their outer shell
and react with several cellular molecules. Reactive oxygen
species (ROS) are both radical and nonradical, but reactive
species derived from oxygen and physiological concentrations of ROS are a part of cell-signaling mechanisms, but
much higher local concentrations are produced by immune
cells in order to kill pathogens [73]. ROS are produced
primarily by mitochondria as unavoidable by-products of
normal cell metabolism during conversion of molecular
oxygen (O2 ). The main by-products are superoxide (O2 −∙ )
and hydroperoxyl radical (HO2 −∙ ) [74]. H2 O2 is formed
as a by-product of the O2 −∙ detoxification by superoxide
dismutase (SOD). The largest portion of H2 O2 is converted
into H2 O and O2 by catalase, but some of it may escape
into the cell when the H2 O2 -metabolising capacity of catalase
is insufficient. Through Fenton reaction, H2 O2 will then be
converted to O2 −∙ , the most reactive oxygen radical. Under
certain conditions, formation of O2 −∙ will be perpetuated
through the nonenzymatic Haber-Weiss reaction, requiring
free intracellular iron and O2 −∙ or ascorbate [75].
Free radicals are also produced by cyclooxygenases, the
enzymes that catalyze the rate-limiting step in the biosynthesis of prostaglandins, prostacyclins, and thromboxane
A2, from their precursor arachidonic-acid [76]. Another
source of oxidative stress associated with arachidonic-acid
signaling in the CNS is the lipoxygenase (LOX) pathway
which catalyzes the conversion of polyunsaturated fatty acids
into conjugated hydroperoxides. Therefore, neuroinflammation can trigger oxidative stress by at least two different
mechanisms: production of high levels of ROS by activated
glia such as microglia and astrocytes and arachidonic-acid
signaling through the activation of cyclooxygenase and
lipoxygenase pathways [77]. On the other hand, cells have
developed a defense system against oxidative reactions by
generation of small molecules that can scavenge radicals,
and thereby prevent cellular damage; among these are uric
acid, 𝛼-tocopherol, ascorbate, carotenoids, and glutathione.
Furthermore, cells also have enzymes such as catalase, superoxide dismutase, glutathione peroxidase, and glutathione Stransferase to enhance the efficiency of the process [68].
Oxidative stress occurs when the generation of oxidants
exceeds the antioxidant capacity. Interestingly, expression of
antioxidant enzymes is under the control of the transcription factor nuclear factor-E2-related factor (Nrf2), which
upon oxidative stress translocates to the nucleus, where
it activates antioxidant response element (ARE) mediated
gene transcription [69]. Nrf2-ARE-driven genes include
superoxide dismutase 1 and 2 [78], glutathione peroxidase
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Table 1: Therapeutic strategies for multiple sclerosis.
Immunomodulator agent

Therapeutic action

Aire protein

Modulates the expression of tissue-specific antigens [33, 34].
INF-𝛽 inhibits proinflammatory cytokines (TNF𝛼, IL-6, IL-𝛽, and IL-17) and T-cell proliferation
and clinically reduces the annual rate of relapsing [64, 65].
Binds to B7.1 (CD80) and B7.2 (CD86). CD4(+)CD28null T cells+ have been found in peripheral
blood of patients with MS. These cells produce high levels of IFN-𝛾 and are less susceptible to
regulatory mechanisms [44–46].
Binds to B7H and modulates Th1/Th2 cytokine production [44–46].
CD40 is involved in the induction of IL-6 and subsequent IL-17 production [47].
Regulator of T-cell response [44–46].
Increases the expression of Foxp3 transcriptional factor in Treg cells [48].
Regulator gene in Treg cells and determines its role in the maintenance of homeostasis and
self-tolerance [39].
Potent molecules involved in regulating IL-17 toxicity suppression [28, 49].
Provides a first line of defense against infections, through the secretion of IFN-𝛾. Clonally
expanded 𝛾𝛿 T cells were found in acute MS brain lesions [4].
Source of cytokine in innate immunity and exhibit a potential influence on adaptive immune
responses. In models of EAE have both protective and pathogenic roles [4].
It has suppressive effects on both T- and B-cell-related immunity. The selective suppressive effects
of TGF-𝛽1 on proinflammatory cytokines such as IFN-y, TNF-𝛼, and LT support a potential role
for drugs that upregulate TGF-𝛽 in diseases with prominent Th1 immune response [58–62].
Potent proinflammatory cytokine. IL-17 induces the activation of enzyme matrix
metalloproteinase-3 and recruits neutrophils to the site of inflammation [63].
Enzyme able to hydrolyze preformed oxidized lipids. Exerts a protective role against oxidative
damage of cells and lipoproteins [66].
Decrease the serum levels of TNF𝛼, IL-1𝛽, IL-6, and nitric oxide catabolites of patients [67].

Interferon-𝛽
CD28
Inducible costimulator protein
CD40
PD-L1
CD58 mRNA
Foxp3
CD39 and CD73
T cells expressing 𝛾𝛿 phenotype
𝛾𝛿 cells
TGF-𝛽
IL-17
Paraoxonase
Dietary polyunsaturated fatty acids
Uric acid, 𝛼-tocopherol, ascorbate,
carotenoids, and glutathione
Transcription factor nuclear
factor-E2-related factor (Nrf2)
NF𝜅B
Glutathione peroxidase

Free radical scavengers [68].
Binds the antioxidant response element in various promoter regions, which increases the
transcription of a variety of cytoprotective genes [69].
Upregulates proinflammatory gene expression [70].
Antioxidant enzyme that scavenges hydrogen peroxide in the presence of reduced glutathione.
Inhibits cytokine-induced NF𝜅B activation [71, 72].

[79], NAD(P)H:quinone oxidoreductase 1 [80], and heme
oxygenase 1 [81]. Although representing only 2% of body
mass, brain uses 20% of glucose and oxygen supplied to body.
Postmitotic cells, such as neurons, accumulate oxidativedamaged products through the entire life. Brain is very susceptible to oxidative stress because of its high consumption
of oxygen in metabolic pathways, abundant content of more
easily peroxidizable fatty acids such as arachidonic acid,
docosapentaenoic acid, and other omega-3 fatty acids, and
low activity and quantity of antioxidant enzymes compared
to other tissues. At this regard, brain is low in catalase
activity containing about 10% of liver catalase. Additionally,
human brain has higher levels of iron (Fe) in certain regions
and in general has high levels of ascorbate. Thus, if tissue
organizational disruption occurs, the Fe/ascorbate mixture is
expected to be an abnormally potent pro-oxidant for brain
membranes [82].
Oxidative stress is commonly implicated in the development of brain damage, and ROS contribute to several
mechanisms underlying the pathogenesis of multiple sclerosis (MS) lesions [83]. It has been reported that ROS are

produced upon interaction of monocytes with brain endothelium, which leads to tight-junction alterations, cytoskeleton
rearrangements, loss of blood-brain barrier integrity, and
subsequent extravasation of leukocytes into the CNS [83, 84].
Furthermore, infiltrated leukocytes produce higher amounts
of ROS, which induce myelin phagocytosis and breakdown
by macrophages [85], oligodendroglial damage [86], and
neuronal and axonal injury [87]. Additionally, CSF levels
of end products of nitric oxide metabolism are correlated
with relapses, suggesting that nitric oxide plays a role in
inflammatory blood-brain barrier dysfunction [88].
The inflammatory environment in demyelinating lesions
may lead to the generation of oxygen and nitrogen free
radicals as well as proinflammatory cytokines that in turn
exacerbates the inflammatory response. It is clear that during
oxidative burst, activated macrophages produce elevated
levels of ROS and RNS by upregulation of NADPH oxidase
and inducible nitric oxide synthase (iNOS), respectively,
producing O2 −∙ and NO radicals [89]. Together, O2 −∙ and NO
form the very harmful peroxynitrite (ONOO∙ ). Peroxynitrite
decays to yield oxidizing and nitrating species that react in
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Figure 1: Cytokines and oxidative stress marker reduction in multiple sclerosis patients. (a) Correlation plot between TNF𝛼 and IL-1𝛽 serum
levels. (b) Correlation plot between TNF𝛼 and nitric oxide (NO) catabolites. Pearson correlation coefficients were calculated for all data sets:
IL-6 𝑅2 = 0.9585, TNF𝛼 𝑅2 = 0.9844, IL-1𝛽 𝑅2 = 0.9391, NO 𝑅2 = 0.9068. Modified from Rodrı́guez-Rodrı́guez V. (2013) PhD, thesis,
University of Guadalajara.

complex ways with different relevant biomolecules. These
reactive species not only induce lipid peroxidation and affect
DNA or polysaccharide structure, but they also react with cellular proteins by tyrosine nitration [90]. Interestingly, iNOS is
up-regulated in MS lesions [91] and in the cerebrospinal fluid
of patients with MS [92].

6. Lipid Peroxidation and
Protein Modification
Free radicals can cause oxidative modification of lipids and
initiate a process called lipid peroxidation (LPO). Polyunsaturated fatty acids (PUFAs) are most easily oxidized due to the
easily broken carbon-double bonds. Since lipid peroxidation
is a chain reaction, it can, if not rapidly inhibited, easily
destroy lipid-rich areas such as cell membranes or myelin
sheaths. In addition to the destruction of lipid layers, cleavage
of the fatty acid carbon chains of the lipid hydroperoxides,
in the presence of reduced metals or ascorbate, results in
the generation of highly reactive aldehydes such as malondialdehyde (MDA), acrolein 4-hydroxy-2-nonenal (HNE), and
4-hydroxy-2-hexenal (4-HHE) [93]. These have, compared
to ROS, a relatively long half-life (HNE up to 2 minutes in
tissue) and can therefore diffuse to sites distant from the
initial oxidative event, and they react to other molecules such
as proteins or DNA [94]. HNE is a 9-carbon molecule with
three reactive sites generated by cleavage of omega-6 PUFAs

and mainly reacts with the amino acids cysteine, histidine,
and lysine. Myelin, which surrounds the axons and is the
target of the immune attacks in MS, consists of 30% protein
and 70% lipids.
Because free radical peroxidation alters the structure of
biological membranes, and thereby affects their physical and
chemical properties such as permeability and resorption or
potential, it can be expected to play an important role in the
pathomechanism of MS [95].
4-HNE and nitrotyrosine are present in high amounts
in foamy macrophages and large hypertrophic astrocytes
throughout active demyelinating MS lesions. 4-HNE can
diffuse and is highly toxic to CNS cells, including oligodendrocyte precursor cells [9] and cerebral endothelial cells
[96]. Interestingly, it has been shown that 4-HNE and
other ROS induce tight-junction alterations, cytoskeleton
rearrangements, loss of blood-brain barrier integrity, and
extravasation of leucocytes into the CNS, thereby affecting
endothelial cell permeability [97]. Furthermore, the presence of abundant 4-HNE-positive macrophages surrounding
blood vessels suggests that enhanced perivascular 4-HNE
staining may contribute to impaired blood–brain barrier
functioning [98].
Cholesteryl ester hydroperoxides, the most abundant
lipid hydroperoxides in vivo, derive from the oxidation of
cholesteryl esters localized in the core of lipoproteins and
represent a useful marker of lipid peroxidation of lipoproteins
[99]. A significant increase in the plasma levels of cholesteryl
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ester hydroperoxides has been observed in MS patients
with respect to controls [100]. Additionally, Newcombe
et al. demonstrated the presence of oxidized low-density
lipoprotein and lipid peroxidative end products in early and
actively demyelinating plaques in postmortem MS brains
[101]. Bizzozero et al. found increased amounts of protein
carbonyls in the brain white and gray matter of patients with
MS [102]. Van Horssen et al. showed the presence of extensive
oxidative damage to proteins, lipids, and nucleotides [98, 103].
Studies performed in the CSF have shown increased levels of
lipid peroxidation markers such as pentane and ethane [104],
malondialdehyde (MDA) [92], and isoprostanes [105], while
advanced glycoxidation end-product levels have been found
normal. Nitrotyrosine, a marker for peroxynitrite formation,
was detected in active demyelinated MS lesions [106].

7. Antioxidants in MS
Antioxidant enzymes, such as superoxide dismutase 1 and 2,
catalase, and heme oxygenase 1, are markedly upregulated
in active demyelinating MS lesions compared to normal
appearing white matter and white matter tissue from nonneurological control brains. In particular, hypertrophic astrocytes and myelin-laden macrophages expressed an array of
antioxidant enzymes [98]. Enhanced antioxidant enzyme
production in inflammatory MS lesions may reflect an
adaptive defense mechanism to reduce ROS-induced cellular
damage.
Paraoxonase is an enzyme able to hydrolyse preformed
oxidized lipids, and it exerts a protective role against oxidative
damage of cells and lipoproteins. Paraoxonase activity is
significantly lower in the plasma of patients affected by
MS with respect to healthy subjects [66]. Previous studies
have reported that levels of uric acid were increased while
glutathione and 𝛼-tocopherol were decreased in plaques from
patients with multiple sclerosis. In addition, 𝛼-tocopherol
levels were increased in distant white matter, and normal
ascorbic acid, cysteine, tyrosine, and tryptophan levels were
found in plaques and in distant white matter of MS patients
when compared with controls [98, 103, 107]. Van Horssen
et al. reported a marked upregulation of the antioxidant
enzymes superoxide-dismutases 1 and 2, catalase, heme
oxygenase 1, and NAD(P)-quinone oxidoreductase 1 in
active demyelinating MS lesions [108] in MS patients when
compared with healthy controls. The activity of glutathione
reductase has been found increased in MS patients [92].
The role of glutathione peroxidase activity in peripheral
tissues of MS patients remains unclear; for example, it has
been reported as a decreased enzymatic activity in blood
cells [109], increased activity [110], or a normal activity in
lymphocytes, granulocytes, and platelets of MS patients [111].
Glutathione peroxidase is a free-radical scavenger
enzyme, and therefore it is an important part of the
antioxidant cellular defense system. The increase in its
activity found in the serum of MS subjects could be a
response to oxidative stress in order to minimize cell injury.
It has been reported that in the demyelinating plaques, there
were decreased glutathione and 𝛼-tocopherol concentrations,
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normal ascorbic acids, and increased uric acid levels [71].
It has been reported that cerebrospinal fluid 𝛼-tocopherol
levels and serum coenzyme Q10 levels were normal [112, 113].
Kastenbauer et al. [114] reported normal CSF levels of uric
acid and its oxidation product allantoin, while [115] Amorini
et al. reported increased CSF levels of uric acid and its
precursor’s hypoxanthine and xanthine. Lower serum uric
acid level in MS patients has been reported [116].
Serum levels of nitric oxide metabolites (nitrates/nitrites)
and lipid peroxidation products (malondialdehyde plus 4hydroxy alkenals) were significantly increased in subjects
with relapsing-remitting multiple sclerosis in comparison
with those of healthy controls [67]. The higher levels of
oxide nitric metabolites could be relevant in MS development
if there is a low concentration of serum uric acid. Recent
evidence suggests that nitric oxide contributes to the disease
process of MS by blood-brain barrier breakdown, by direct
tissue damage, blocking axonal conduction, and by inducing
axonal degeneration and plaque formation [117]. In addition,
peroxynitrite mediates several potentially destructive chemical reactions, including tyrosine nitration and lipid peroxidation, and its effects are consistently associated with active
lesions during the remitting phase. Peroxynitrite participates
in neuron and oligodendrocyte damage in association with
inflammatory processes [118]. In addition, lipid peroxidation
can trigger the process of apoptosis, activating the intrinsic
suicide pathway present within all cells [119].
It is believed that the inflammatory environment in
demyelinating lesions leads to the generation of oxygen- and
nitrogen-free radicals as well as proinflammatory cytokines
which contribute to the development and progression of
the disease [120]. Inflammation can lead to oxidative stress
and vice versa. Thus, oxidative stress and inflammation are
involved in a self-perpetuating cycle.

8. Role of NF𝜅B
NF𝜅B is a DNA-binding transcriptional factor complex that
interacts with promoter areas in proinflammatory genes.
Oxidative stress causes an activation of the transcriptional
factor NF𝜅B, which in turn upregulates proinflammatory
gene expression. Strong inducers of NF𝜅B activation are
the cytokines tumor necrosis factor alpha (TNF-𝛼) and
interleukin-1𝛽 (IL-1𝛽). Most of the identified stimuli for
NF𝜅B activation induce oxidative stress in cells [70]. Conversely, the overexpression of glutathione peroxidase inhibits
the cytokine-induced activation of NF𝜅B [72]. Furthermore, the TNF-𝛼 induced NF𝜅B activation is attenuated
by overexpression of 𝛾-glutamylcysteine synthase, the ratelimiting enzyme for GSH synthesis [121]. Activation of
NF𝜅B promotes transcription of proinflammatory genes
that include cell adhesion molecules, such as intercellular
adhesion molecule-1 and VCAM-1, enzymes, such as iNOS
and cyclooxygenase-2 (COX-2), cytokines, such as IL-1𝛽,
interleukin-6 (IL-6), and TNF-𝛼, and chemokines, such as
regulated upon-normal T-cell expressed and secreted protein (RANTES), monocyte chemoattractant protein-1, and
interleukin-8 [122]. COX-2 also produces ROS [123]. The

10
nitric oxide is generated by iNOS enzyme using arginine,
oxygen, and NADPH [124]. Nitric oxide acts by various
means. It can induce COX-2 enzyme [125].

9. Concluding Remarks
Multiple sclerosis is an autoimmune disease characterized
by recurrent episodes of demyelination and axonal injury
mediated primarily by CD4-positive T-helper cells with a
proinflammatory Th1 phenotype, macrophages, and soluble
mediators of inflammation. Activated T cells are able to
penetrate the blood-brain barrier, and they are then reexposed in the CNS to their respective antigen. This in turn
initiates both a cellular and humoral immune attack, finally
leading to demyelination and axonal loss.
There is significant evidence that the pathogenesis of
multiple sclerosis may involve the generation of reactive
oxygen species or reactive nitrogen species associated with
mitochondrial dysfunction. In the initial phase of lesion
formation, ROS are known to mediate the transendothelial migration of monocytes and induce a dysfunction
in the blood-brain barrier. Infiltrated monocyte-derived
macrophages which form the major cell type in perivascular
infiltrates produce a variety of inflammatory mediators like
ROS, nitric oxide, and proinflammatory cytokines, which
all contribute to neuroinflammation, demyelination, axonal
damage, and disease progression. The ROS enhance both
monocyte adhesion and migration across brain endothelial
cells. Thus, ROS are generally thought to be derived from
activated inflammatory cells and to play a role in demyelination and axonal damage in multiple sclerosis. Furthermore,
free radicals can activate certain transcription factors, such
as nuclear transcription factor-kappa B, which upregulate
the expression of many genes such as tumor necrosis factor𝛼, inducible nitric oxide synthase, intracellular adhesion
molecule 1, and vascular-cell adhesion molecule 1. Also, redox
reactions are involved in the activity of matrix metalloproteinases, which are important to T-cell trafficking into the
CNS.
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Sphingolipid metabolism is deeply regulated along the differentiation and development of the central nervous system (CNS),
and the expression of a peculiar spatially and temporarily regulated sphingolipid pattern is essential for the maintenance of the
functional integrity of the nervous system. Microglia are resident macrophages of the CNS involved in general maintenance of
neural environment. Modulations in microglia phenotypes may contribute to pathogenic forms of inflammation. Since defects
in macrophage/microglia activity contribute to neurodegenerative diseases, it will be essential to systematically identify the
components of the microglial cell response that contribute to disease progression. In such complex processes, the sphingolipid
systems have recently emerged to play important roles, thus appearing as a key new player in CNS disorders. This review provides
a rationale for harnessing the sphingolipid metabolic pathway as a potential target against neuroinflammation.

1. An Introduction to Sphingolipids
During the last decades, sphingolipids have come to the
fore for their involvement in signalling events that control
a variety of cellular activities [1]. All sphingolipids are
composed by a long-chain sphingoid base backbone (e.g.,
sphingosine), an amide-linked long-chain fatty acid and
one of various polar head groups, that defines the various
classes of sphingolipid subtypes, such as a hydroxyl group
in ceramide, phosphorylcholine in sphingomyelin (SM), and
carbohydrates in glycosphingolipids (GLSs). Sphingolipids
are mainly present at the level of the membranes, of which
they contribute to define physical and chemical properties.
Some of the intermediate molecules of the sphingolipids
metabolism (ceramide, sphingosine-1-phosphate (S1P), glucosylceramide and (GluCer), gangliosides) and their generating and modifying enzymes (neutral and acid sphingomyelinase (A-SMase), acid ceramidase, sphingosine kinase (SK),

GluCer synthase, glycosyltransferases, 𝛽-galactosidase, and
𝛽-hexosaminidase) contribute to regulate cellular growth,
differentiation, and apoptosis [2–6]. Sphingolipids have complex metabolic pathways that lead to the transformation of
many sphingolipids in other sphingolipids and vice versa
most often acting in concert to fine tune biological responses.
In this respect, a relevant system is the so-called “sphingolipid rheostat,” that is, the relative amounts of ceramide,
sphingosine, and S1P. Ceramide can be synthesised either
de novo by the sequential action of serine palmitoyltransferase, (dihydro) ceramide synthase, and (dihydro) ceramide
desaturase at the cytoplasmic leaflet of the membrane of the
endoplasmic reticulum [7] or through the breakdown of SM
by the activation of the catabolic enzymes sphingomyelinases.
This occurs in the endolysosomal compartment [8], at the
outer and inner leaflets of the plasma membrane [9–12] and
through the newly discovered salvage pathway, consisting in
the breakdown of complex sphingolipids into sphingosine
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and reacylation to produce ceramide [13]. Sphingosine can
also be phosphorylated by SK1 and SK2 to produce S1P.
Whereas ceramide is proapoptotic and inhibits autophagy,
S1P enhances cell survival [14–16]. The “sphingolipid rheostat” has thus been proposed as one of the mechanisms that
control the cell fate towards either apoptosis or survival. This
regulatory action occurs within and contributes to the overall
regulation of the inflammatory status as well as the vascular
and cardiac functions [17].
A complex aspect of the “sphingolipid rheostat” is that
ceramide can be converted to other sphingolipids with
signalling properties. The level of intracellular ceramide
is indeed controlled by its transformation in GluCer by
the microsomal enzyme, UDP-glucose: ceramide d-glucosyltransferase also known as GluCer synthase, a transmembrane
protein localised in the cis/medial Golgi. GluCer is involved
in many cellular processes such as cell proliferation, differentiation, oncogenic transformation, and tumour metastasis, and more recently, it has been implicated in venous
thrombosis and in the anticoagulant activity of protein C
[18]. Moreover, GluCer contributes to the physical properties
and physiological functions of membranes and serves as the
precursor for hundreds of species of GLSs found in different
mammalian cell types.
Among them relevant are gangliosides GLSs containing sialic acid synthesised starting from GluCer, lactosylceramide, and galactosylceramide. Biosynthesis of these
complex sphingolipids consists in the sequential addition
of carbohydrate moieties to the existing acceptor glycolipid
molecule and is catalysed by a series of specific glycosyltransferases localised in the Golgi apparatus [19]. The localisation
of gangliosides in the outer leaflets of plasma membrane
explains why they are involved in cell-cell recognition, adhesion, and signal transduction and are components of cell
surface lipid rafts alongside proteins, SM, and cholesterol [5,
20–22]. A schematic representation of sphingolipid metabolic
pathway is depicted in Figure 1.
Sphingolipid metabolism is deeply regulated along the
differentiation and development of the central nervous system (CNS), and the expression of a peculiar spatially and
temporarily regulated sphingolipid pattern is essential for the
maintenance of the functional integrity of the nervous system
[23–27].

2. Neuroinflammation and CNS
Resident Macrophages
There is a general agreement that neuroinflammation in
nervous system disorders has active role in pathophysiology
onset and progression, in conditions ranging from chronic
pain and epilepsy to neurodegenerative diseases such as
Alzheimer’s disease (AD), Parkinson’s disease (PD), lysosomal storage diseases, and amyotrophic lateral sclerosis and
may even contribute to schizophrenia, depression, and other
psychiatric disorders [28–30].
Many studies have focussed on the role of microglia
in neuroinflammation and neurodegenerative diseases [31–
35]. Indeed, in contrast to neurones and other glial cells,
microglia are of haematopoietic origin and constitute the
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immune cells of the brain responding to pathogen infections
and injuries. Microglial cells are specialised macrophages
of the CNS distinct from other glial cells, such as astrocytes and oligodendrocytes, because of their origin, morphology, gene expression pattern, and functions [36–38].
They express macrophage-associated markers indicating a
particularly close relationship with bone marrow-derived and
thioglycollate-elicited peritoneal macrophages [38]. Indeed
recent results in mice suggest that microglia originate from
yolk sac macrophages that migrate into the CNS during early
embryogenesis and are independent from cells that arise
by definitive haematopoiesis in the bone marrow and from
circulating cells [38].
Microglial cells are involved in phagocytosis and general
maintenance of neural environment. Although these cells are
quiescent under normal conditions, they are rapidly activated
in response to pathological stimuli. On activation, resting
microglia change their morphology immunophenotype and
expression pattern of inflammatory mediators, leading to
immune and inflammatory responses [35, 38–41]. In particular, activated microglial cells produce proinflammatory
mediators, including cytokines, chemokines, reactive oxygen
species (ROS), and nitric oxide (NO), which contribute
to the clearance of pathogen infections. If prolonged or
excessive, microglial cell activation may result in pathological
forms of inflammation that contribute to the progression
of neurodegenerative and neoplastic diseases [28, 38, 42].
Mechanisms that regulate the transition of microglia from
the activated state associated with acute inflammation to
phenotypes associated with tissue repair, and ultimately to
phenotypes associated with normal CNS homeostasis, are
poorly understood.
Although it is still difficult to define conditions under
which microglial cells are “good” or “bad,” strategies to
counter the harmful effects of macrophage/microglial activation are studied widely to improve and enhance potential treatment strategies for disease conditions linked to
neuroinflammation [28, 38, 43, 44]. In this respect, much
current research has focussed on the signalling pathways
that regulate inflammatory mediator production and subset
macrophage development [38, 45]. Studies are still needed
however to fully understand the role of these cells within
the contexts of normal homeostasis and acute or chronic
neuroinflammatory diseases [38, 45].

3. Sphingolipid Systems and Inflammation in
CNS Diseases
The brain is one of the richest organs in lipid content; hence
changes in the lipid levels may cause pathogenic processes.
Publications from late 1980s and early 1990s suggested that
decreased brain lipid levels and alterations in brain lipid
metabolism are connected with AD. At present, there is
a general consensus that, among CNS lipids, sphingolipid
metabolism has a key neuropathological impact and sphingolipids have begun to be investigated in major CNS
diseases [23, 24], including those related to inflammatory
states [24, 25, 29]. In this respect, experimental evidence
points to an important role for sphingolipids in inflammation
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Figure 1: Schematic representation of main sphingolipid metabolic pathway. SM: sphingomyelin; Cer: ceramide; A-SMase: acid
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GluCer: glucosylceramide; GCS: glucosylceramide synthase; GT: glycosyltransferase; GSL: ganglioside; Ser: serine.

[46, 47]. The contribution of sphingolipid metabolism to disease progression has received considerable attention because
of increased levels of ceramide in the CNS under AD [29],
X-adrenoleukodystrophy, and multiple sclerosis [48] and the
demonstration of the ceramide role in induction of neural cell
death [48, 49], proinflammatory gene expression [50, 51], and
oxidative stress [48, 49, 51]. Overall, in CNS sphingolipids
may be involved in regulating key intracellular events of
cytokine signalling, in the production of the proinflammatory molecules eicosanoids [35], and in modulating cellular
mechanisms as relevant as apoptosis, astroglial activation and
astrogliosis, increase of T-cell migration, and activation of
several receptor-mediated pathways [23, 25, 52, 53].
3.1. Alzheimer’s Disease. There is evidence indicating that the
increased brain-ceramide levels in AD lead not only to

neuronal dysfunctions [54] but may also promote inflammatory processes [55]. The neuropathologic characteristics
of AD are amyloid plaques (aggregates of amyloid-𝛽 peptides) and neurofibrillary tangles (formed by accumulation
of hyperphosphorylated tau protein), which firstly affect
the medial, temporal, and parietal lobes and part of the
frontal cortex of the brain [56]. In primary oligodendrocyte
cultures derived from neonatal rat brains A𝛽 peptide seems
to activate SM hydrolysis causing ceramide accumulation
[55]. Interestingly, ceramide influences the stabilisation of the
enzyme 𝛽-secretase (BACE1), responsible for the cleavage of
the amyloid precursor protein (APP) to form A𝛽 peptide
[57] in human neuroglioma cells. The accumulation of A𝛽
peptide is responsible for the activation of microglia with
subsequent release of large amounts of proinflammatory
cytokines and ROS, contributing to the neuroinflammation
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and neurodegeneration [58]. Recent works on BV2 cells, a
murine microglial cell line which is a suitable model for in
vitro study of microglia, hypothesized that the inflammatory
response of microglia in AD brains is mediated via S1P [59].
Recently, Tamboli and coworkers [60] have demonstrated a
very interesting link between the storage of sphingolipids
and the pathogenesis of AD, starting from the evidence
that the presence of autophagosomes in dystrophic neurites
is common to brains from patients affected by AD. The
authors indicate that the accumulation of sphingolipids plays
a dual role in autophagy; while promoting the induction
of autophagy, sphingolipid may also impair the turnover
of autophagic vesicles, leading to their accumulation and
consequently to the accumulation of APP.
3.2. Lysosomal Storage Disease Family. Other ceramide metabolites, that is, GLSs, are known to cause neurodegenerative
and neuroinflammatory diseases, such as Gaucher, Fabry,
mucopolysaccharidosis I and IIIA, and gangliosidosis [24,
29, 61]. Gangliosidosis is a GLS lysosomal storage disease
in which the storage lipid is a GLS containing one or more
sialic acid residue. It includes the GM2 storage disorders, TaySachs and Sandhoff disease, and the GM1 storage disorders.
Mouse models of the GM2 and GM1 gangliosidosis have
been studied to determine whether there is a common
neuroinflammatory component to these disorders. Of interest, Sandhoff disease mice treated with nonsteroidal antiinflammatory drugs (indomethacin, aspirin, and ibuprofen)
and antioxidants (L-ascorbic acid and-tocopherol acetate)
lived significantly longer than untreated littermates and
showed a slower rate of disease progression, thus suggesting that inflammation may play an important role in the
pathogenesis of gangliosidosis [62]. In this respect, both GM2
and GM1 gangliosidosis mouse models exhibit progressive
inflammatory reactions in the CNS which are characterized
by altered blood brain barrier, apoptosis, and microglial activation with consequent release of proinflammatory cytokine
[63]. It has been hypothesized that the microglial activation
observed in these pathologies occurs via the Toll-like receptor
4 and that gangliosides may be involved in this process [39,
64].
3.3. Parkinson’s and Huntington’s Diseases. Targeting sphingolipid metabolism may also represent today an underexploited yet realistic opportunity to design novel therapeutic
strategies for the intervention in PD. Indeed, it has been
reported that the treatment with the monosialoganglioside
GM1 restores at least partially neurochemical, pharmacological, histological, and behavioural parameters in different
animal models of PD; it also reverses the dopaminergic
deficits in nigrostriatal neurons of aged rats [27].
Several early studies suggested that altered sphingolipid
metabolism is associated with Huntington’s disease (HD)
[27]. Noteworthy, a disrupted pattern of glycolipids (acidic
and neutral lipids) and/or ganglioside levels was reported
in both the forebrain of the R6/1 transgenic mice (a mouse
model of HD) and caudate samples from human HD subjects
[65]. However, although R6/1 transgenic mice have severe
cerebellar GLS abnormalities that may account, in part, for

Clinical and Developmental Immunology
their abnormal motor behaviour, the same abnormalities
were not found in the cerebellum of human HD subjects
[66]. The potential benefits of using gangliosides for treating
the behavioural deficits associated with HD have also been
described [67]. In particular, the administration of GM1
restores ganglioside levels in HD cells and promotes activation of the protein kinase Akt and phosphorylation of mutant
huntingtin (htt) gene, leading to decreased mutant htt toxicity
and increased survival of HD cells [68]. More recently, in vivo
experiments demonstrated that intraventricular infusion of
ganglioside GM1 induces phosphorylation of mutant htt at
specific serine amino acid residues leading to attenuated htt
toxicity and restores motor function in already symptomatic
HD mice [69].

4. Sphingolipid Systems and
Macrophages/Microglia Inflammatory
Responses
Implications for sphingolipids as signalling molecules for
inflammatory responses come from various contexts [46, 47,
70]. Of interest, as comprehensively reviewed by Nixon [47], a
significant body of research now indicates that sphingolipids
are intimately involved in the inflammatory process and that
these lipids, together with associated enzymes and receptors, can provide effective drug targets for the treatment of
pathological inflammation. In some cell types sphingolipids
can have specific effects that are integral to regulation of
the inflammatory response. Sphingolipids themselves may,
in certain circumstances, initiate parts of the inflammatory
process [47]. However, at present, controversial reports have
been presented on the beneficial versus detrimental role
of sphingolipids and in particular ceramides in inflammation. Some studies have shown the proinflammatory role
of ceramides in pulmonary oedema, airway inflammation,
cystic fibrosis, and inflammatory bowel disease [71–76],
whereas others have reported the anti-inflammatory effects of
ceramides in macrophages, neutrophils, and corneal epithelial cells [74, 77–79].
As suggested before, modulation in macrophage/microglia phenotypes may contribute to pathogenic forms of
inflammation and neurodegenerative diseases. Among sphingolipids, short-chain ceramides, commonly used to mimic
the mechanisms of action of naturally occurring longchain ceramides, have been demonstrated to have an antiinflammatory effect in rodent macrophages. In particular, C2
to C8 short-chain ceramides reduce inflammation in cells
stimulated by lipopolysaccharide (LPS), a bacterial polysaccharide commonly used as a proinflammatory stimulus. This
anti-inflammatory effect was induced in part through the
inhibition of cytokine, such as tumour necrosis factor (TNF𝛼), and chemokines, such as macrophage inflammatory
protein 2, levels [78] and in part through the reduction of
inducible NO synthase (iNOS) and cyclooxygenase-2 (COX2) expression with consequent decrease of ROS level. These
actions are accompanied by inhibition of several protein
kinases, such as I𝜅B kinase, p38 mitogen-activated protein
kinase (MAPK), and protein kinase C [80, 81]. Ceramide
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inhibits TNF-𝛼 secretion by regulating TNF𝛼-converting
enzyme activity [79] in mouse primary macrophages. Moreover, A-SMase knock-out mice showed an upregulation of
serum TNF-𝛼 in response to LPS [82]. Noteworthy, C2
to C8 short-chain ceramides reduce inflammation in LPSstimulated rodent microglia (BV2 cells and primary cultures), interfering with the binding of LPS to its cell surface
receptors (i.e., TLR-4) and modulating intracellular pro/anti-inflammatory signalling molecules [74]. In particular,
C2 ceramide exerts its anti-inflammatory function also by
reducing inflammation induced by TLR-2 or TLR-3 agonists
and the phosphorylation of three types of kinases (MAPKs,
Akt, and JAK) [74].
The possibility that long-chain ceramides mediate a
proinflammatory effect in macrophages has been also
demonstrated, thus suggesting that the function of ceramides
differs depending on acyl chain length and cell types
[6, 52, 74]. For instance, TNF-𝛼 activation of A-SMase
results in the production of long-chain ceramides, C16–
C24, with the subsequent activation of the proinflammatory
transcription factor, nuclear factor-𝜅B (NF-𝜅B) [83]. NF𝜅B is a family of ubiquitous transcription factors inducing
more than 150 genes in different mammalian cells, including macrophages/microglia. Of interest, many of NF-𝜅Bdependent genes encode cytokines and chemokines, such as
interleukin-1𝛽 (IL-1𝛽), IL-6, IL-8, and monocyte chemoattractant protein-1, in addition to proinflammatory enzymes,
such as COX-2, all of which have important roles in inflammation [47].
A well-defined downstream effector of ceramide is S1P,
and also this sphingolipid participates in inflammatory
signalling cascades [84]. Besides recruiting lymphocytes to
blood and lymph, S1P may promote immune competent
cell survival and proliferation but also interferes with their
activation [47]. LPS activate the SK1/S1P signalling axis in
several cell types including mouse macrophages [85] leading
to translocation of SK1 to the plasma membrane where it
converts its substrate sphingosine to S1P. It is important to
note that in activated microglia SK1 expression is upregulated
[59]. In general S1P elicits a wide variety of cellular responses
including inflammation and can act intracellularly as a
second messenger or extracellularly by binding to the G
protein-coupled receptors S1P1 to S1P5 [86, 87]. The BV2
microglial cells and purified microglia from mouse primary
cultures have been shown to express all or some of the five
S1P receptors [59, 88]. Of interest, the reported role of S1P
in cell proliferation, migration, and changes in morphology
of rat astrocytes and microglia suggest a crucial role of S1P
in neuroinflammatory disease conditions [89]. Moreover,
it has been shown that the suppression of SK1 activity in
activated mouse microglia inhibited the expression levels
of TNF-𝛼, IL-1𝛽, and iNOS and release of TNF-𝛼 and
NO [59]. The addition of exogenous S1P to activated cells
enhanced microglia inflammatory responses, suggesting that
S1P acts as an upstream factor to induce the production of
proinflammatory cytokines and neurotoxic substances (such
as NO). Similarly to what occurs in peripheral immune cells
[90], these data suggest that the SK1/S1P pathway is involved
in the inflammatory response of activated microglia in an
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autocrine/paracrine signalling fashion in which the secreted
S1P can regulate the release of proinflammatory factors by
microglia.
Also gangliosides are capable of activating glia, thereby
leading to inflammatory responses in the brain [39]. In
particular, in rat brain microglia and astrocytes exposure to
gangliosides can induce the production of various inflammatory mediators, such as cytokines and iNOS [39, 91–93].
This gangliosides function is mediated through the activation
of different inflammation-associated signalling molecules,
including NF-𝜅B, JAK, STAT (signal transducer and activator
of transcription), and MAPK [39, 91, 93–95]. These results
suggest that ceramide may contribute to inflammatory signalling cascades in microglia through different derivatives
other than S1P.

5. Conclusion
The inflammatory function of microglia represents a rich field
of investigation for the understanding of neuropathophysiological processes. While it is important to remember that
many of neuroimmune actions of microglia are beneficial,
as well as necessary for a healthy CNS, research has been
particularly focussed on detrimental effects of neuroinflammation in association with CNS diseases. Defects in
macrophage/microglia activity may contribute to pathogenic
forms of inflammation and neurodegenerative diseases; it
will thus be essential to systematically identify the mechanisms of cell modulation in different neuroinflammatory/neurodegenerative disease states and the components
of the microglial cell response that contribute to disease
progression. The data summarised in this review clarify
that various sphingolipid systems play important roles in
CNS disorders. The information discussed in this review
makes us aware that much remains to be learned about
sphingolipid-dependent signalling mechanisms that regulate
neuroinflammation and that targeting sphingolipid pathways
may prove to be a useful therapeutic strategy capable of
affecting a diverse array of CNS disorders. Resolving this
issue, especially in response to specific microglia activitydependent mechanisms, will be an area of future focus that
deserves attention also in therapeutic perspective.
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The pathophysiology of psychosis is poorly understood, with both the cognitive and cellular changes of the disease process
remaining mysterious. There is a growing body of evidence that points to dysfunction of the immune system in a subgroup of
patients with psychosis. Recently, autoantibodies directed against neuronal cell surface targets have been identified in a range
of syndromes that feature psychosis. Of interest is the detection of autoantibodies in patients whose presentations are purely
psychiatric, such as those suffering from schizophrenia. Autoantibodies have been identified in a minority of patients, suggesting
that antibody-associated mechanisms of psychiatric disease likely only account for a subgroup of cases. Recent work has been
based on the application of cell-based assays—a paradigm whose strength lies in the expression of putative antigens in their natural
conformation on the surface of live cells. The responsiveness of some of these newly described clinical syndromes to immune therapy
supports the hypothesis that antibody-associated mechanisms play a role in the pathogenesis of psychotic disease. However, further
investigation is required to establish the scope and significance of antibody pathology in psychosis. The identification of a subgroup
of patients with antibody-mediated disease would promise more effective approaches to the treatment of these high-morbidity
conditions.

1. Introduction
Psychotic disorders are severe mental illnesses where
thoughts or behaviours are out of touch with reality. Common
symptoms include hallucinations (perceptions in the absence
of a stimulus), delusions (fixed false beliefs), and irrational
behavior [1]. The two highest prevalence psychotic disorders
are schizophrenia and bipolar affective disorder, but
generally psychotic disorders are heterogeneous and their
causes poorly understood. Patients with schizophrenia have
multiple medical comorbidities [2] and a ten-year reduction
in life expectancy [3]. The financial, social, and human costs
of psychotic disorders are high [4].
A number of hypotheses to explain the aetiology of
psychosis exist, and it is likely that the disease process is

multifactorial and complex. For the last few decades the
prevailing model for the pathogenesis of psychotic illness has
been neurodegenerative, with initial studies demonstrating
broad pathological changes in brain parenchyma, such as
ventricular enlargement, decreased gray and white matter
volumes, decreased overall brain volume [5], and cognitive
decline [6]. This model focuses on the dopaminergic system
[7, 8], and it is noteworthy that all clinically effective antipsychotics have some degree of dopamine-blocking capability
[9]. More recently the focus has shifted to a “disconnection
syndrome” [10], where incoming neural activity is poorly
integrated across wide regions of the brain. Drugs such
as phencyclidine and ketamine, both N-methyl-D-aspartate
(NMDA) glutamate receptor antagonists, mimic this syndrome and produce similar syndromes to schizophrenia
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[11, 12]. However, both theories have the dysfunction of
neuronal receptor populations in common, whether localised
or diffuse, transient or enduring.
The role of the immune system in the development of
psychotic psychiatric diseases has been extensively investigated [13]. In particular, some studies suggest that an
inflammatory autoimmune process may be of pathogenic
significance in a subgroup of psychotic patients [14, 15].
While the immune hypothesis has been gaining momentum for some time, recent developments in the study of
antibodies associated with central nervous system (CNS)
autoantigens have suggested a promising new focus for future
investigations. In particular, the detection of autoantibodies
against neuronal receptors [16–18] suggests a link between
the receptor dysfunction paradigm in psychosis and an as yet
unclear spectrum of immunological abnormalities.

2. The Immune Hypothesis in Psychosis
The immune hypothesis in psychosis has been evolving for
decades. Abnormal activation of the immune system may
be a feature of psychotic disease, in particular schizophrenia
[14, 15]. Immune hypotheses were motivated initially by the
clinical and epidemiological features of the disease [14, 19]
and then by accumulating serological evidence of changes in
immune system function [20, 21].
Historically, it is likely that a link was made between the
immune system and psychosis because of the perception that
infection had a causative role [22]. Interest in the epidemiology of psychotic disease has been nourished from 1845 [23]
to the present [24] by the description of correlations between
psychosis and infectious agents, pandemics, and autoimmune
disease. Recent epidemiological studies suggest that there is a
subgroup of patients who may have a shared predisposition
to both immune and psychiatric disease [25, 26].
Although initially grounded in circumstantial evidence,
the immune hypothesis of psychosis now encompasses many
related fields of investigation. Studies of serum samples have
demonstrated elevated levels of some cytokines, morphologically abnormal lymphocytes, and elevated C-reactive protein,
a nonspecific marker of inflammation [27, 28]. Elevated
immune-related gene expression has also been observed
in brain tissue [29]. Imaging studies have highlighted the
abnormal quantity and localisation of microglial populations
[27]. The paradigm of autoantibody-associated neuropsychiatric disease has found application in schizophrenia, with
the detection of anti-neurotransmitter receptor antibodies
in a subgroup of patients [16–18]. As is noted below, the
progress of research to substantiate the immune hypothesis
has demonstrated a trend towards greater consistency and
specificity of results.

3. Immunological Abnormalities in Psychosis
A wide range of immune effectors has been measured in
patients who suffer from psychosis [13, 20, 36]. Experimental work has made use of peripheral blood samples,
cerebrospinal fluid (CSF) samples, biopsies of brain, and
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a number of in vitro and animal models. A crucial link
between immunopathological findings in the CNS and the
periphery is the ability of immune effectors to traverse the
blood brain barrier. The role of the blood brain barrier in
influencing the passage of immune modulators has been
reviewed extensively elsewhere [37, 38]. The view of the
blood brain barrier as a substantially impermeable obstacle
to agents of the immune system has been replaced by a
model predicated on a more subtle, dynamic regulatory
process, in which a low level of lymphocytes survey the
brain parenchyma in an essentially random manner. Once
exposed to relevant stimulus, the lymphocytes are capable
of clonal expansion and executing effector functions. While
the passage of cytokines across the blood brain barrier is not
substantially impeded and is in fact crucial in mediating the
interaction between the immune system and the CNS, the
levels of peripheral lymphocytes in brain tissue are normally
low. Dysfunction of the blood brain barrier has been detected
in patients with psychosis [39] and may play a role in
perpetuating and exacerbating pathological immune system
activation. Disruption of the blood brain barrier may not,
however, be a necessity for immune-mediated mechanisms
to influence the brain parenchyma. It is generally agreed that
activation of inflammatory agents increases the permeability
of the blood brain barrier to immune effector cells [40,
41], potentially laying the foundation for immune-mediated
psychopathology.
Immune system dysfunction in psychosis may arise, in
part, from a genetic predisposition. Variants of immune
system genes have been associated with schizophrenia, as
demonstrated by a recent meta-analysis of genome-wide
association studies [42]. It should be noted, however, that not
all identified variants have been specifically associated with
schizophrenia [43, 44], raising the possibility that immune
activation may play a role in a broader range of psychiatric
disease. There may be common genetic risk factors that give
rise to psychotic disease and established atopic and autoimmune syndromes [25, 26, 45, 46]. Immune dysfunction could
define a shared vulnerability to psychiatric disease, which is
likely fully manifested in only a subgroup of individuals.
Many groups have examined the role of cytokines in
psychosis (reviewed in [47, 48]). However, it is only recently
that a suitably nuanced view of cytokine alterations has
emerged, following meta-analysis of a large number of
inconsistent studies [49]. Miller and colleagues reported that
two categories of cytokines emerged from meta-analysis [49].
IL-1𝛽, IL-6, and TGF-𝛽 were identified as state markers—
cytokines that were elevated in acute relapses of disease and
in the acute first episode of psychosis. IL-12, IFN-𝛾, TNF𝛼, and sIL-2R (soluble IL-2 receptor) were identified as trait
markers and as such were generally elevated, independent
of psychotic episodes, or antipsychotic treatment. The role
of these cytokines in the formation or maintenance of
the disease state remains unclear [50], but the prevalence
of these changes in patients with psychosis may be quite
high. For example, Fillman and colleagues recently reported
inflammatory pathway changes in approximately 40% of a
cohort of schizophrenic patients [29]. In the CNS, the modulatory effects of cytokines are thought to be important in
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dopaminergic, serotonergic, noradrenergic, and cholinergic
neurotransmission [36]. Therefore, one hypothesis holds that
cytokine-mediated events are the key pathogenic event in
schizophrenia [51]. Alternatively, cytokines may be expressed
as part of a broader immune response, and their main
usefulness in a clinical setting could be as biomarkers.
Changes in the number, function, and morphology of
immune cells have also been reported in psychosis. Recently,
Garcı́a-Bueno and colleagues reported a significant increase
in some components of the intracellular NF𝜅B-triggered
proinflammatory pathway in peripheral mononuclear blood
cells, coincident with a decrease in anti-inflammatory pathways [52]. Both increased numbers and abnormal localisation
of microglia in the CNS have also been reported [29, 53],
findings that are consistent with the hypothesis that aberrant
microglial activation plays a pathogenic role in schizophrenia
(reviewed in [54]). Analogous approaches to lymphocytes
in peripheral blood, despite being the subject of sustained
research interest, have yielded highly heterogeneous results
(reviewed in [20]), making it difficult to infer the pathogenicity of various cell lines from abnormal cell counts.
The immune hypothesis in psychosis is further supported
by the observation that anti-inflammatory therapy improves
clinical outcome in patients with schizophrenia [55]. A metaanalysis examining the use of nonsteroidal anti-inflammatory
drugs (NSAIDs) in schizophrenia found that augmentation
of antipsychotics with NSAIDs reduced symptom severity [56]. Antipsychotic drugs have been reported to have
immunomodulatory effects of their own that are still not
completely understood [57–59]. This phenomenon suggests
that some of the symptom relief provided by antipsychotics
may be a consequence of immune modulation, but also that
studies of the immune system are likely confounded by the
effects of antipsychotic medication on the immune system of
psychotic patients.
Patients with psychiatric disease frequently suffer from a
range of medical comorbidities [2]. While the most common
of these are cardiovascular, malignancies, and respiratory
diseases, often related to smoking or the metabolic syndrome
induced by psychotropic drugs [60, 61], there is also an
increase in infectious or inflammatory pathology in this
patient group [14, 15]. The effect of comorbidities in altering
immune system function is a significant confounding factor
in the analysis of the immune system parameters of patients
with psychosis.
A related hypothesis proposes that prenatal exposure
to infectious and inflammatory pathology causes neurodevelopmental injury, potentially manifesting as psychosis
[62]. The role of maternal infection as a causative factor
in infant pathology has been well established in a range
of nonpsychiatric diseases [63]. In pregnancy, a maternal
inflammatory state has been associated with an upregulation
of inflammatory markers, such as cytokines, which seem
to be capable of crossing the placenta and acting upon the
foetus [64]. Furthermore, prenatal exposure to infectious and
inflammatory pathology has been reported to be a risk factor
for adult schizophrenia in a systematic review of population studies [65]. Thus, neurodevelopmental abnormalities
following maternal inflammation may account for some of
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the observed genetic predisposition in schizophrenia. This
hypothesis has been reviewed thoroughly by Miller and
colleagues [62].

4. Autoantibodies in Psychosis
In the last decade, a number of studies have detected antibodies against neuroreceptors or synaptic proteins in a range
of syndromes, many of which feature psychosis (reviewed
in [30]). These studies have drawn strength from a robust
methodological paradigm based on cell-based assays, which
express receptors in their natural conformational state at the
cell membrane of live eukaryotic cells. Although the phenotype, pathology, and treatment of NMDAR encephalitis
[66] have been best characterized (see below), a number
of specific autoantibody-receptor associations have been
identified recently. Crucially, one of the classic and often early
features of NMDAR encephalitis is psychosis.
Antibody reactivity against neuronal cell surface proteins is an established neurological paradigm that is best
illustrated by the pathogenicity of autoantibodies against
acetylcholine receptor in myasthenia gravis [67]. The demonstration that there may be a subgroup of patients with psychosis whose disease is antibody-mediated is an intriguing
development, as it establishes a link between an accepted
model of neuroimmunological disease and the presumed role
of neurotransmission defects in the evolution of psychotic
disease. Recent reports demonstrating the pathogenic effects
of antibody binding to receptors and the clinical efficacy of
plasmapheresis and immunotherapy as treatment modalities
in NMDAR encephalitis have provided further incentive for
the continued exploration of autoantibodies in psychosis
[66, 68].
Antibodies to NMDAR [16–18] and the voltage-gated
potassium channel complex (VGKC) [16] have been
described in patients with schizophrenia. Although NMDAR
encephalitis and schizophrenia are clinically distinct
syndromes, the link between psychosis and antibodyassociated disease has been reinforced by the detection of
anti-NMDAR antibodies in patients with psychosis only.
Further studies are needed to assess the prevalence and
role of antibodies in disease pathogenesis and the extent of
clinical improvement upon immunotherapy.
4.1. Early Autoantibody Findings. In the context of schizophrenia, serum antibodies have been reported as early as
1937 [69], but attempts to detect antibodies against diffuse
CNS targets have yielded inconsistent and difficult-toreproduce results [20]. Likewise, the screening of patients
for systemic autoantibodies known to be present in other
conditions has not validated any particular hypothesis, and
measures of total immunoglobulin levels have provided
mixed results that are difficult to disentangle from
background physiological variation [20]. Investigation of
autoantibodies against neurotransmitter receptors in patients
with a range of psychiatric disease has resulted in greater
specificity [70]. Tanaka and colleagues reported antibodies
to muscarinic cholinergic receptor 1, 𝜇-opioid receptor,
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5-hydroxytryptamine 1A receptor (serotonin receptor), and
dopamine-2 receptor in 122 psychiatric patients, including
44 patients with schizophrenic disorders [70]. This study
was performed using a radioligand assay requiring the use of
isolated recombinant proteins. Although more recent assays
have used different methods to express putative autoantigens,
the authors’ findings foreshadowed current developments
in the field of antibody-associated psychiatric disease.
Autoantibodies against the dopamine-1 and dopamine-2
receptors have also been detected by Western blot and ELISA
in Sydenham chorea and other streptococcal-associated
neuropsychiatric disorders [71]. Our group has previously
reported immunoglobulin G (IgG) binding to the surface
of neuron-like and dopaminergic cells in Sydenham chorea,
measured by a cell-based assay utilizing flow cytometry [72].
4.2. Methods for Antibody Detection. As we have already
discussed, a key challenge in establishing immune-mediated
mechanisms of neuropsychiatric disease is the demonstration
that the immune mechanisms in question are specific. Specificity has been achieved in the context of surface antibodymediated hypotheses by application of the cell-based assay
paradigm [31, 32, 73]. Broadly, a cell line with low or no
expression of the antigen of interest is cultured. Cells are
then transfected or transduced to express the antigen of
interest. Export of the antigenic protein to the cell membrane
is confirmed, and then these antigen-expressing cells are
used to determine the immunoreactivity of patient samples.
Both fluorescence microscopy and flow cytometry have been
applied to detect various autoantigens of the CNS, yielding
reproducible results [74–79]. The autoantigens studied have
included proteins expressed on non-neuronal cells in nonpsychotic diseases, such as myelin oligodendrocyte glycoprotein
(MOG) and aquaporin-4 in inflammatory demyelinating
CNS disease [75, 77, 79]. The expression of the antigen of
interest on the surface of the cell membrane is critical, as
it allows determination of specific immunoreactivity to the
likely target epitope on the extracellular domain.
A range of methods other than cell-based assay have been
employed to screen for and validate the detection of autoantibodies in neuropsychiatric disease. Immunoblotting using a
range of protein extracts has been used to screen for possible
antigens but with controversial results. Immunohistochemistry on brain sections from animal models has demonstrated
that autoantibodies bind to CNS cells, sometimes in a regionspecific manner [80]. Immunocytochemistry on cultured
neurons has also been utilised to visualise antibody binding
on the cell surface [34, 74, 78]. Ideally, assays for the detection
of autoantibodies to cell surface structures should not use
denatured, linearized, or intracellular epitopes.
Although studies examining the frequency of autoantibodies in psychosis have used only cell-based assay for
antibody detection, validation of detected antibodies by
other methodologies is advisable [32]. In previous studies,
antibodies that are detected by cell-based assay have also been
visualised by immunocytochemistry and found to bind to
brain tissue by immunohistochemistry. An absence of binding of antibody-positive serum in knockout animal models
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can support the specificity of the proposed antigen [34, 81].
Robust detection paradigms can then lay the foundation
for further studies to explore the pathogenic potential of
autoantibodies, as has been well documented in the case of
NMDAR encephalitis [82, 83].
4.3. Autoantibodies Associated with Cell Surface Antigens:
A Spectrum of Neuropsychiatric Disease. A new class of
neuropsychiatric syndromes has emerged over the past five
years. These syndromes share some clinical features and are
thought to be mediated by the binding of autoantibodies
to antigens at the cell membrane of neuronal cells [84, 85].
There are many excellent reviews of this field [30–32], and we
will here only sketch key clinical features and experimental
findings relevant to the problem of psychosis.
In the context of these new neuropsychiatric syndromes,
a range of antigens involved in neurotransmission have
been identified in autoimmune forms of encephalitides,
or “inflammation of the brain parenchyma”. These include
the N-terminus extracellular domain of the NR1 subunit
of NMDAR, the 𝛼-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR), the 𝛾-aminobutyric
acid type B receptor (GABAB R), the metabotropic glutamate
receptor 5 (mGluR5), the glycine receptor (GlyR), and
various components of the voltage-gated potassium channel
complex (VGKC-complex), specifically, leucine-rich glioma
inactivated 1 (LGI1), contactin-associated protein-like 2
(CASPR2) and contactin-2 [30–33, 81, 86–89]. Antibodyassociated syndromes are a frequent cause of encephalitis,
with the incidence of NMDAR encephalitis exceeding
most viral causes [90, 91]. The existence and pathogenicity
of autoantibodies against CNS antigens were originally
established in the context of paraneoplastic disease [74, 92].
Indeed, tumours have been reported with varying frequencies
in recently described antibody-associated encephalitides,
and tumour removal can be partially therapeutic in those
cases where tumours are identified [31]. However, many
patients who present with these syndromes do not have a
tumour causing paraneoplastic phenomena, and tumour
identification is not required for diagnosis [30–32].
Antibody-associated neuropsychiatric disorders present
with a range of clinical features, some of which are more commonly associated with the presence of certain autoantibodies
[31]. Many clinical features are shared between phenotypes.
Examples of neurological symptoms include seizures, aphasia, movement disorders, dementia, peripheral nerve hyperexcitability, and rigidity. Psychosis has been described in
encephalitis associated with antibodies to NMDAR, CASPR2,
AMPAR, and GABAB R [30]. The psychiatric features of these
syndromes can dominate the initial presentation to the extent
that a patient’s first contact with health services may be
psychiatric. Indeed, it has been proposed that some diagnoses
of schizophrenia actually represent patients with undetected
NMDAR encephalitis [93]. Although the focus of this review
is psychosis, the other psychiatric symptoms present in
antibody-associated disorders may be more common and
more prominent [30–32]. So far, it has been difficult to
clarify the relationship between psychiatric symptoms and

Clinical and Developmental Immunology
Table 1: Psychiatric symptoms associated with antibodies to cell
surface autoantigens.
Psychiatric symptom

Reported antigens [30–35]
NMDAR, D2R, LGI1, CASPR2, AMPAR,
Psychosis
GABAB R, mGluR5
Mania
NMDAR
NMDAR, D2R, LGI1, CASPR2, AMPAR,
Agitation
GABAB R, mGluR5
Emotional lability
NMDAR, D2R, mGluR5
Anxiety
NMDAR, D2R, LGI1, CASPR2, mGluR5
Aggression
NMDAR, D2R
Compulsive behaviour NMDAR, D2R
Memory impairment, NMDAR, LGI1, CASPR2, AMPAR,
amnesia
GABAB R, mGluR5
Personality change
NMDAR, D2R, LGI1, CASPR2
Confusion
NMDAR, D2R, LGI1, CASPR2, mGluR5
D2R: dopamine-2 receptor; NMDAR: N-methyl-D-aspartate receptor; LGI1:
leucine-rich glioma inactivated 1; CASPR2: contactin-associated protein-like
2; AMPAR: 𝛼-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; GABAB R: 𝛾-aminobutyric acid type B receptor; mGluR5: metabotropic
glutamate receptor 5.

specific antibodies (Table 1). Further studies would improve
the specificity of proposed associations between psychiatric
phenotype and detected autoantibodies.
NMDAR encephalitis is associated with IgG autoantibodies against the NR1 subunit of the NMDAR. These
autoantibodies are detectable in both serum and CSF though
detection in CSF is thought to be more sensitive [94].
Intrathecal synthesis of antibodies likely plays a role in this
syndrome, as is suggested by the infiltration of plasma cells
into the CNS of affected patients [95]. Clinical improvement
has been observed with the use of steroids, intravenous
immunoglobulin, and plasmapheresis as first-line therapy,
with rituximab and cyclophosphamide as second-line if
necessary [90]. Furthermore, treatment directed only at
reducing antibody concentration in serum can be ineffective,
and for this reason immune therapies that depress or alter
lymphocyte function are probably required in all but the
mildest cases. It has also been suggested that intrathecally
delivered immune modulators such as methotrexate may be
useful as second- or third-line therapy although the side
effect profile may be problematic [96]. The role of other
monoclonal antibodies, such as alemtuzumab, is unclear.
Limited evidence is available to guide treatment in the event
that first- and second-line therapies fail [94].
The antibodies associated with these syndromes likely
have some pathogenic role, as is suggested by the clinical
improvement that typically follows immunotherapy [97] and
the relationship between serum antibody titers and clinical
status [84]. Evidence for pathogenicity has been provided
in the case of antibodies against NMDAR [82] but is otherwise scarce for the other autoantibodies. Autoantibody
binding to the NMDAR results in a selective decrease in
NMDAR surface density [83]. The mechanism involved is
likely antibody-mediated capping and internalisation of the
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receptor. Whilst this mechanism seems to be reversible, and a
substantial proportion of patients with NMDAR encephalitis
completely recover, there is a subgroup of patients who
are left with permanent disability, and in whom other irreversible pathogenic mechanisms may be more prominent
[97].
Our group has recently published data regarding antibodies to the dopamine-2 receptor (D2R) in patients with
autoimmune movement disorders [34]. Using a flow cytometry cell-based assay and immunocytochemistry, antibodies to D2R were detected in 12 of 17 paediatric patients
with basal ganglia encephalitis, a neuropsychiatric disorder
characterised by parkinsonism, dystonia, chorea, emotional
lability, attention deficit, and psychosis. These antibodies
were of the IgG class. No anti-D2R antibodies could be
found in 67 children with other inflammatory or genetic
brain conditions, nor in 22 patients with paediatric autoimmune neuropsychiatric disorders associated with streptococcal infection. However, elevated D2R antibody was detected
in 10 of 30 patients with Sydenham chorea and 4 of 44 patients
with Tourette’s syndrome. The detection of antibodies to the
D2R receptor in these cohorts is consistent with the wellsubstantiated role of dopaminergic pathways in movement
and psychiatric disorders [7, 98, 99].
4.4. Detection of Autoantibodies by Cell-Based Assay in Purely
Psychiatric Presentations of Psychosis. Cell-based assays have
been employed as a detection technique in patients whose
presentations feature psychosis and are purely psychiatric.
The first reported use of cell-based assay to identify antibodypositive schizophrenic patients was described by Zandi and
colleagues [16]. In a cohort of 46 patients presenting to an
early intervention for psychosis service, three patients were
identified as positive for NMDAR antibodies and one for
VGKC-complex antibodies. Cells were cotransfected with
multiple NMDAR subunits, that is, NR1 and NR2B, so the
specificity of binding is unclear. The authors noted that
they were unable to detect NMDAR antibodies in chronic
schizophrenia controls, suggesting that antibody-associated
mechanisms of disease may be a transient phenomenon in
schizophrenia. Plasmapheresis and oral prednisolone were an
effective treatment for one of the NMDAR antibody positive
patients described in this study.
Anti-NMDAR antibodies were also reported by Tsutsui
and colleagues [17] in patients with schizophrenia, schizoaffective disorders, and narcolepsy with severe psychosis.
Four of 51 patients with schizophrenia and schizoaffective disorders were antibody-positive, and three of five
patients with narcolepsy with severe psychosis. Of the latter
group, one antibody-positive patient suffered from comorbid
Parkinsonism, whilst the other two had no symptoms of
neurodegenerative disease. It is noteworthy that three of
the patients identified in this cohort as having psychiatric
disease also experienced seizures. Furthermore, two of the
three patients with seizures were antibody-positive, and
two antibody-positive patients had ovarian tumours. Both
seizures and ovarian tumours have been described extensively in antibody-associated neuropsychiatric disorders
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Table 2: Frequency of antibody detection in patients with psychosis.

Cohort

Autoantibodies detected

Paper

Antigen

Ig class

Frequency

First episode psychosis (𝑛 = 46)

NMDAR
VGKC

IgG
IgG

3/46 (6.5%)
1/46 (2.2%)

Zandi and
colleagues (2011) [16]

NMDAR encephalitis (𝑛 = 5), general
psychiatric disease (𝑛 = 5),
schizophrenia and schizoaffective
disorders (𝑛 = 51)

NMDAR

IgG

3/5 (60%) (NMDAR encephalitis)
3/5 (60%) (general psychiatric disease)
4/51 (7.8%) (SZ and schizoaffective disorders)

Tsutsui and
colleagues (2012) [17]

IgG
Schizophrenia, acutely ill, both first
episode and chronic (𝑛 = 121);
major depression, acutely ill (𝑛 = 70);
borderline personality disorder,
acutely ill (𝑛 = 38); matched healthy
controls (𝑛 = 230)

NMDAR

IgA

IgM

4/121 (3.3%) (SZ)
0/70 (MD)
0/38 (BLPD)
0/230 (healthy controls)
6/121 (5%) (SZ)
2/70 (2.9%) (MD)
0/38 (BLPD)
0/230 (healthy controls)
4/121 (3.3%) (SZ)
0/70 (MD)
0/38 (BLPD)
1/230 (0.4%) (healthy controls)

Steiner and
colleagues (2013) [18]

NMDAR: N-methyl-D-aspartate receptor; VGKC: voltage gated potassium channel; Ig: immunoglobulin, SZ: schizophrenia; MD: major depression; BLPD:
borderline personality disorder.

(see Section 4.3 above), and their presence warrants consideration of an autoimmune aetiology.
The largest cohort of schizophrenic patients assessed
for the presence of autoantibodies in serum, and CSF, was
described by Steiner and colleagues [18]. They compared
121 patients with acute presentations of schizophrenia to 70
patients with major depression, 38 patients with borderline
personality disorder, and 230 healthy matched controls.
The presence of autoantibodies to NMDAR and AMPAR
was assessed by cell-based assay after transfection of NR1
only, or NR1/NR2B subunits of the NMDAR. This study
also assessed different classes of antibody, with samples
assessed for IgG, IgA, and IgM positivity. 12 of 121 (9.9%)
schizophrenic patients were found to be antibody positive
in serum, but two were retrospectively deemed to have been
misdiagnosed cases of NMDAR encephalitis. This contrasts
with substantially fewer antibody-positive samples in the borderline personality disorder (0/38), major depression (2/70),
and healthy control (1/230) groups. Although autoantibodies
were detected in a number of cases in serum, only two
patients had antibodies in CSF, and both patients were
retrospectively diagnosed with NMDAR encephalitis. The
seropositive cases from the schizophrenia group exhibited
antibodies from all three of the immunoglobulin classes (IgG,
IgA, and IgM) that were tested. Although most antibodies
bound to cells transfected with the NR1 subunit construct,
two schizophrenia patients had serum that was immunoreactive against the NR1/NR2B construct, and not the NR1
subunit alone. These findings reinforce the hypothesis that
the spectrum of autoantibodies produced in patients with
schizophrenia alone is likely different to that to be found in
NMDAR encephalitis cohorts; the latter being characterized

by immunoreactivity against NR1 alone and autoantibodies
predominantly of the IgG1 subtype [31]. Indeed, Masdeu
and colleagues were unable to detect IgG antibodies against
NR1 in 80 patients diagnosed with schizophrenia [100],
leading to the argument that testing for IgG NR1 antibodies in schizophrenia is not indicated [94]. Rhoads and
colleagues also reported that none of seven patients with
chronic antipsychotic-treated schizophrenia had detectable
antibodies to NMDAR [101]. At this stage, it is likely that
IgG antibodies against the NR1 subunit of the NMDAR are
specific to NMDAR encephalitis rather than schizophrenia,
and IgG NR1 antibodies have yet to be found in patients presenting with psychosis alone. Furthermore, the pathogenic
potential of the novel antibodies identified by Steiner and
colleagues has not yet been explored and warrants further
investigation. These novel antibodies are summarized in
Table 2.
The detection of autoantibodies in some schizophrenic
patients [16–18] supports an association between autoantibodies against neuronal receptors in a subgroup of patients
with psychosis and purely psychiatric disease. Such a subgroup is likely associated with risk factors that have yet
to be identified and a phenotype that has yet to be
described. Although the cohort compositions and antigen
and immunoglobulin subclass vary between published studies (Table 2), they share the direct examination of the
frequency of autoantibodies in primary psychotic disease
and their use of a similar detection method. Further studies
should inform about the time point in the disease process
when antibodies likely appear, the pathogenicity of these
autoantibodies, and whether or not a range of antibodies lead
to a similar clinical phenotype.

Clinical and Developmental Immunology
Protocols for assessment of patients presenting with the
first episode of a psychotic disorder should always include
medical screening, to exclude treatable organic causes. This
is particularly important in those who present in an acutely
confused state and are possibly delirious from an encephalopathic process as opposed to a functional psychosis. Some
authors have reported elevated NMDAR antibodies in this
group, 3/46 in one study [16], and 12/121 in another
[18]. Steiner and colleagues have even suggested that 2/121
patients had NMDAR encephalitis that was misdiagnosed as
schizophrenia [18].
Corroboration of experimental findings with the clinical picture is crucial. The possibility of a subgroup of
antibody-positive patients with functional psychosis highlights the importance of considering the complete clinical
picture, including established investigations for organic disease, in order to differentiate between established antibodyassociated neuropsychiatric disease syndromes and purely
psychiatric pathology. The effectiveness of immune therapy
in antibody-positive patients should also be assessed, so as to
relate the proposed model to clinical reality and enable more
effective treatment.

5. Conclusions
Immunological disturbance in psychotic disease is complex.
Data about a range of immunological phenomena has only
recently started to coalesce into discernible trends and
move towards providing information that is useful in a
clinical setting. The application of cell-based assay as an
antibody detection system has provided clarity to this aspect
of neuroimmunological investigation. Although limited, the
success of immunotherapy in treating cases of antibodyassociated encephalitis and one case of antibody-positive
schizophrenia provides some optimism that a new treatment
paradigm may be developed based on immune modulation in
a subgroup of susceptible patients. Further studies assessing
the prevalence and significance of autoantibodies and the
effectiveness of immune therapy could potentially influence
our understanding and clinical management of the diverse
spectrum of psychotic disease.
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[6] C. Pantelis, M. Yücel, E. Bora et al., “Neurobiological markers
of illness onset in psychosis and schizophrenia: the search for a
moving target,” Neuropsychology Review, vol. 19, no. 3, pp. 385–
398, 2009.
[7] J.-M. Beaulieu and R. R. Gainetdinov, “The physiology, signaling, and pharmacology of dopamine receptors,” Pharmacological Reviews, vol. 63, no. 1, pp. 182–217, 2011.
[8] P. Seeman, “Dopamine receptors and the dopamine hypothesis
of schizophrenia,” Synapse, vol. 1, no. 2, pp. 133–152, 1987.
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Stroke is a common, debilitating trauma that has an incompletely elucidated pathophysiology and lacks an effective therapy.
FoxP3+ CD25+ CD4+ regulatory T cells (Tregs) suppress a variety of normal physiological and pathological immune responses
via several pathways, such as inhibitory cytokine secretion, direct cytolysis induction, and antigen-presenting cell functional
modulation. FoxP3+ CD25+ CD4+ Tregs are involved in a variety of central nervous system diseases and injuries, including
axonal injury, neurodegenerative diseases, and stroke. Specifically, FoxP3+ CD25+ CD4+ Tregs exert neuroprotective effects in acute
experimental stroke models. These beneficial effects, however, are difficult to elucidate. In this review, we summarized evidence of
FoxP3+ CD25+ CD4+ Tregs as potentially important immunomodulators in stroke pathogenesis and highlight further investigations
for possible immunotherapeutic strategies by modulating the quantity and/or functional effects of FoxP3+ CD25+ CD4+ Tregs in
stroke patients.

1. Introduction
Regulatory T cells (Tregs) play pivotal roles in the maintenance of immunological self-tolerance and immune homeostasis [1–3]. Tregs are involved in both normal physiological and pathological suppression of immune reactivity
[2, 4], including autoimmune diseases, inflammatory disorders, transplant rejection, tumorigenesis, and infections
[5–8]. There are several subpopulations of Tregs, such as
FoxP3+ CD25+ CD4+ Tregs, interleukin-10- (IL-10-) producing “Tr1” cells, transforming growth factor-𝛽- (TGF-𝛽-) producing T-helper type 3 cells, CD8+ T-suppressor cells, natural
killer T cells, CD4− CD8− T cells, and 𝛾𝛿 T cells [2]. Specifically, FoxP3+ CD25+ CD4+ Tregs acquired notable attention
because of their role in a variety of central nervous system
(CNS) and autoimmune pathologies, such as multiple sclerosis (MS), stroke, and glioblastomas [9–13].
Stroke is a leading cause of death and disability worldwide
[14, 15]. Although great efforts have been made, effective
therapeutic methods for significantly improving functional

outcomes of stroke patients are lacking [16]. Unfortunately,
our current understanding of stroke pathogenesis is incomplete [17]. Further elucidation of the pathophysiological
mechanisms in stroke trauma will be of great importance.
Immunity and inflammation are key elements in the
pathological progression of stroke [18, 19]. The immune and
inflammatory responses are involved in both acute brain
injury and subsequent brain rehabilitation after stroke, and
stroke-induced insult could adversely affect the function of
the peripheral immune system [20–23]. On the one side,
active immune cells amplify cellular damage within the
injured brain parenchyma [18, 24, 25]. On the other side,
they induce tissue reconstruction and repair via removing
dead cells and debris, developing an anti-inflammatory
milieu and generating prosurvival factors [26]. Particularly,
studies reported that FoxP3+ CD25+ CD4+ Tregs are important neuroprotective immunomodulators in stroke, but their
contributive effects towards stroke pathophysiology are still
controversial [12, 27, 28]. Although many review articles
have focused on FoxP3+ CD25+ CD4+ Tregs [9, 29, 30], a new

2
review is necessary for appraising recent research advances
in FoxP3+ CD25+ CD4+ Tregs after stroke. The objectives of
this review are (1) survey the evidence of the vital roles
played by FoxP3+ CD25+ CD4+ Tregs in stroke pathophysiology, (2) discuss further investigations to fully elucidate the
precise regulatory mechanisms of FoxP3+ CD25+ CD4+ Tregs
in stroke, and (3) evaluate the possible therapeutic application
and potential pitfalls of modulating the activity and quantity
of FoxP3+ CD25+ CD4+ Tregs in stroke treatment.

2. The Identification and Immunosuppressive
Mechanisms of FoxP3+ CD25+ CD4+ Tregs in
CNS Diseases
2.1. The Identification of FoxP3+ CD25+ CD4+ Tregs. Molecular markers are essential tools for defining Tregs. Various Treg
markers include interleukin-2 receptor (CD25), cytotoxic Tlymphocyte-associated antigen-4 (CTLA-4), glucocorticoidinduced tumor necrosis factor receptor family-related gene
(GITR), lymphocyte activation gene-3 (LAG-3), CD127, and
fork head transcription factor box P3 (FoxP3) [31, 32]. Identification of Tregs, however, remains problematic because
some evidence suggests the above listed Treg markers are
not strictly Treg specific and also appear to be expressed on
other T lymphocytes [31, 32]. Currently, FoxP3+ CD25+ CD4+
Tregs are distinguished by their expression of CD25 and
the transcription factor FoxP3 [33, 34]. FoxP3+ CD25+ CD4+
Tregs mainly arise from progenitor cells in the bone marrow
and develop in the thymus through the course of positive
and negative selection [1]. These natural FoxP3+ CD25+ CD4+
Tregs constitute approximately 5–10% of peripheral CD4+
T cells in both humans and mice [35]. FoxP3+ CD25+ CD4+
Tregs are also induced in the periphery from conventional
naive CD4+ T cells following antigenic stimulation under
certain conditions [1, 6]. CD25 is primarily described as a
Treg marker because Tregs constitutively express high levels
of CD25 and are dependent on IL-2 for their proliferation
and survival [33, 36, 37]. Nevertheless, CD25 is not unique
to Tregs since it is also expressed on activated effector T
cells [38]. Subsequent studies reported that transcription
factor FoxP3 was an exclusive intracellular marker and a
key player in Tregs development and function, especially for
natural FoxP3+ CD25+ CD4+ Tregs [39–41]. FoxP3 inhibited
transcriptional activation by forming both DNA-protein and
protein-protein complexes with molecular targets [42, 43].
FoxP3 blocks activation of two key transcription factors,
namely, nuclear factor-𝜅B (NF-𝜅B) and nuclear factor of
activated T cells (NF-AT), which are essential for cytokine
gene expression and normal functioning of target T cells, and
FoxP3 also antagonizes cAMP-responsive-element-bindingprotein- (CREB-) dependent gene expression [42–44]. The
functional significance of FoxP3 for Treg activity is further supported by such findings as the following: loss of
FoxP3 function caused autoaggressive lymphocyte proliferation, whereas excessive FoxP3 expression resulted in severe
immunodeficiency [45]. Moreover, some people with a mutation in the FoxP3 gene have multisystem autoimmune diseases with fatal consequences [41]. But the specificity of FoxP3
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for Tregs is challenged by the discovery of FoxP3 expression
in other cells [46]. Thus, a more reliable and unambiguous
marker for FoxP3+ CD25+ CD4+ Tregs is still needed.
2.2.
The
Immunosuppressive
Mechanisms
of
FoxP3+ CD25+ CD4+ Tregs. The exact mechanisms of
FoxP3+ CD25+ CD4+ Tregs in the immune response are
still not well defined. First, Tregs are characterized by their
constitutive expression of CTLA-4, a cell surface marker, suggesting that this marker constitutes a core mechanism driving
immune suppression [47]. CTLA-4 x Ig convert naive
CD4+ CD25− T cells into CD4+ CD25+ Tregs, which depends
on B7-2 signaling from antigen-presenting cell (APC) [48].
CTLA-4 is demonstrated to be an important factor in
Treg function [49–51], and CTLA-4 deficiency in Tregs is
sufficient to decrease their immunosuppressive function in
vivo and in vitro, which is partly mediated by downregulating
CD80 and CD86 on APCs [52–55]. In addition, it is entirely
expected that FoxP3+ CD25+ CD4+ Tregs exerted immune
inhibitory effects via several CTLA4-independent pathways,
such as secretion of inhibitory cytokines in peripheral blood
and brain, like TGF-𝛽, IL-10, and IL-35; granzyme/perforinmediated cytolysis; and direct modulation of APC function
[1, 2, 30]. TGF-𝛽, a multifunctional cytokine, may exert
pivotal functions in maintaining immune homeostasis
and suppressing autoimmunity [56, 57]. TGF-𝛽 plays an
important role in FoxP3 expression, FoxP3+ CD25+ CD4+
Treg differentiation, and Treg-mediated immune suppression
[57–60]. In addition, FoxP3+ CD25+ CD4+ Treg-secreted IL10 is another key anti-inflammatory cytokine that provides
neuroprotective effects after cerebral ischemia [61, 62]. IL-10
can inhibit inflammatory responses and limit inflammationmediated unnecessary tissue damage [63]. More recently, Li
et al. demonstrated Treg administration after ischemic stroke
decreased infiltrated peripheral immune cells and reduced
neutrophil MMP-9 production, ameliorating blood-brain
barrier disruption as a result [64].
To become functional, FoxP3+ CD25+ CD4+ Tregs may
require activation through T cell receptor (TCR) [37]. Once
activated, they suppress in an antigen nonspecific manner
[2, 65]. This phenomenon of FoxP3+ CD25+ CD4+ Tregmediated immunosuppression is known as “bystander suppression” [2]. Through the processes of bystander suppression, FoxP3+ CD25+ CD4+ Tregs effectively suppress various
immune responses [2].
2.3. The Role of FoxP3+ CD25+ CD4+ Tregs in CNS Diseases.
The importance of FoxP3+ CD25+ CD4+ Tregs in regulating
and maintaining homeostasis between both the immune
system and the brain is demonstrated by their roles in CNS
diseases, especially neurodegenerative diseases, such as MS,
Parkinson’s disease (PD) and Alzheimer’s disease (AD) [9,
10, 66, 67]. Dysfunction of FoxP3+ CD25+ CD4+ Tregs was
observed in the early stages of several neurodegenerative
diseases [10]. The loss of immunosuppressive activity from
CD25+ CD4+ Tregs has been described in MS patients [68].
Adoptive transfer of CD25+ CD4+ Tregs conferred significant protection against EAE induction and progression,
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which was associated with CD25+ CD4+ Treg-mediated promotion of the protective Th2 immune response and prevention of CNS inflammation via upregulation of specific
adhesion molecules [69]. In the 1-methyl-4-phenyl-1,2,3,6tetrahydropyridine (MPTP-) intoxicated mouse model of
PD, adoptive transfer of CD3-activated CD25+ CD4+ Tregs
alleviated microglial-mediated inflammation and promoted
expression of astrocyte-derived brain-derived neurotrophic
factor and glial cell line-derived neurotrophic factor, thus
conferring neuroprotective effects [70]. Additionally, proteomic studies reported that CD25+ CD4+ Tregs altered the
microglial proteome, which was linked to cell metabolism,
migration, protein transportation and degradation, redox
biology, cytoskeletal modulation, and bioenergetic activities,
thus beneficially altering microglia in response to nitrated 𝛼synuclein and slowing the progression of PD [71].
Research
demonstrated,
however,
that
FoxP3+ CD25+ CD4+ Tregs might inhibit the beneficial
immune responses in CNS diseases [72, 73]. Kipnis et al.,
demonstrated that depletion of CD25+ CD4+ Tregs enhanced
a T cell-mediated protective immune response and, hence,
improved neuronal survival after CNS injury in a mouse
model [74]. CD25+ CD4+ Tregs could exert both beneficial
and detrimental effects in neuronal survival after injury [73].
The actual role of CD25+ CD4+ Tregs in neurodegeneration
might correlate with the different immune statuses of individuals [73].
Treg-mediated antioxidative effects may be vitally important neuroprotective mechanisms. FoxP3+ CD25+ CD4+ Tregs
suppressed microglial reactive oxygen species (ROS) production, suggesting Tregs conferred neuroprotection against
microglial neurotoxic responses through their antioxidative
effects [70]. In a murine model of HIV-1-associated neurodegeneration, CD25+ CD4+ Tregs also significantly reduced
ROS production in virally infected bone marrow-derived
macrophages and promoted neuronal survival [75].
In summation, these findings demonstrated that
FoxP3+ CD25+ CD4+ Tregs play a possible vital role in the
pathogenesis of CNS diseases, whereas the detailed function of FoxP3+ CD25+ CD4+ Tregs in these diseases is still
inconclusive and requires further exploration.

3. FoxP3+ CD25+ CD4+ Tregs in Stroke
Our understanding of FoxP3+ CD25+ CD4+ Tregs in stroke
has advanced considerably, based on the following key findings (Figure 1). These new insights have not only been
provided from animal models, but also from clinical studies in stroke (Table 1). Uncertainties, however, remain in
FoxP3+ CD25+ CD4+ Tregs, such as their real functions,
specific targets, and underlying mechanisms. Further exploration for answers to these questions may yield more sophisticated and pleiotropic therapeutics for stroke treatment.
3.1. The Poststroke Temporal and Spatial Dynamics of
FoxP3+ CD25+ CD4+ Tregs. Identification of the poststroke
temporal and spatial distribution of FoxP3+ CD25+ CD4+
Tregs has assisted in elucidating their roles in stroke. In a
middle cerebral artery occlusion (MCAO) murine model,
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Gelderblom et al. demonstrated less than 5% of FoxP3+ T
cells (CD4+ 4.2%, CD8+ 1.3%) are observed in the ipsilesional hemisphere 3 days after reperfusion; however, a high
proportion of FoxP3+ CD4+ and FoxP3+ CD8+ lymphocytes
was found in the spleen [76]. Further studies reported that
FoxP3+ CD25+ CD4+ Tregs were detected in the ipsilateral
hemisphere at 3 days after MCAO by using flow cytometric
analysis, and they became visibly restricted to the peri-infarct
zone in immunohistochemically stained brain sections at 5
days after MCAO [12]. Additionally, a clinical study with a
total of 67 subjects (25 of them with acute ischemic stroke)
observed amplified T and B cell activation as well as an
increased number of CD25+ CD4+ Tregs in the peripheral
blood of patients after acute ischemic stroke in comparison
to age-matched healthy controls and patients with other
neurological diseases [77]. Although these findings in stroke
patients are noteworthy, they should be cautiously extrapolated, due to the small sample size, relatively mild disease
severity, and lack of assessment of the effects from other
risk factors, such as diabetes, hypertension, drinking, and
smoking, on the observed results [77]. Another prospective study in 46 consecutive patients with acute stroke,
however, reported that increased apoptosis correlated with
a decline in FoxP3+ CD25+ CD4+ Tregs and other types
of immune cells (e.g., Th, CTL, and B cells) after stroke,
but decreased FoxP3+ CD25+ CD4+ Tregs did not show any
correlation with the development of infections or stroke
outcomes [78]. Similarly, potential limitations of the present
study, such as the influence of therapies on immune system
function and a relatively small sample size, should not be
neglected. Also, the proportions of both activated T cells and
FoxP3+ CD25+ CD4+ Tregs were increased up to 3 weeks in
the peripheral blood following acute ischemic stroke, whereas
the suppressive effects of FoxP3+ CD25+ CD4+ Tregs from
stroke patients on T cell proliferation were markedly reduced
in female subjects [79]. In addition, significant differences
between male and female stroke patients in the frequency
and suppressive effects of FoxP3+ CD25+ CD4+ Tregs were
demonstrated in this study, but the underlying reasons for
these observed differences are unknown [79]. The lack of a
substantial number of severe stroke patients in this study,
however, may deceptively lead to overlooking the effects of
stroke severity on the number of FoxP3+ CD25+ CD4+ Tregs.
Furthermore, investigations concentrating on the long-term
modulation and activation of the immune system following
stroke showed that a strong accumulation and proliferation
of FoxP3+ CD25+ CD4+ Tregs in the ischemic hemisphere
were observed in the late phase (peaked around 14 days
and lasted up to 30 days) [80]. This paralleled with the
observed increased number of MHCII+ microglia, suggesting
microglia are relevant in maintaining Tregs at late time points
after MCAO [80]. Recently, an ex vivo analysis demonstrated
that both T cell receptor stimulation-induced CD4+ T cell
proliferation and CD25+ CD4+ Treg-mediated immunosuppression were unchanged, whereas costimulatory efficacy
(verified in animal models) of circulating costimulatory cells
decreased within the first three days after experimental
and human ischemic stroke onset, indicating the decrease
in circulating costimulatory cells may be responsible for
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Figure 1: FoxP3+ CD25+ CD4+ Tregs in the pathogenesis of stroke. Both natural and induced FoxP3+ CD25+ CD4+ Tregs migrate into the brain
parenchyma after stroke. The functional roles of FoxP3+ CD25+ CD4+ Tregs in modulation of neuroinflammation after stroke, including (1)
secreting anti-inflammatory cytokines to decrease proinflammatory cytokines in periphery and brain, such as transforming growth factor𝛽 (TGF-𝛽) and interleukin-10 (IL-10); (2) reducing Matrix metallopeptidase 9 (MMM-9) to prevent blood-brain barrier disruption; (3)
suppressing effector T cell both in periphery and brain; (4) inhibiting the activation of microglia. FoxP3+ CD25+ CD4+ Tregs suppress the
detrimental inflammatory responses after stroke.

stroke-induced immunosuppression [81]. The brain-specific
subset of costimulatory cells in this study, however, must be
identified and verified in future studies. Moreover, a randomized, prospective clinical cohort study of seven hundred subjects in the cardiovascular unit of the Malmö Diet and Cancer
Study declared that no correlation exists between low levels
of circulating FoxP3+ CD25+ CD4+ Tregs and an increased
risk for stroke development, suggesting more heterogeneous
causes of this disease [82]. These findings should be cautiously
interpreted due to the technical difficulties in defining human
FoxP3+ CD25+ CD4+ Tregs in that study [82]. Altogether, the
temporal and spatial dynamics of FoxP3+ CD25+ CD4+ Tregs
after stroke are still controversial. More studies are required
to further clarify the distribution of FoxP3+ CD25+ CD4+
Tregs in the CNS, peripheral blood, and lymphatic organs at
different phases following stroke.
3.2. The Roles and Relevant Mechanisms of
FoxP3+ CD25+ CD4+ Tregs in Stroke. Numerous studies indicated that FoxP3+ CD25+ CD4+ Tregs play multiple key roles
in CNS postischemic injury as immunomodulators, including regulating the immune inflammatory response, limiting
lesion development, and promoting tissue repair. Early studies showed that the possible production of Tregs occurs
after repetitive stimulation by low-dose antigen with active

tolerance [83, 84]. These cells modulated the immune
response and alleviated focal ischemic brain injury in a
permanent MCAO rat model by secreting anti-inflammatory
cytokines (e.g., TGF-𝛽1, and IL-10) [85]. Subsequent research
observed that preischemia induction of immunologic
tolerance to brain antigen myelin basic protein (MBP)
induced a regulatory T cell response, which prevented
development of a deleterious autoimmune response (Th1
response) to this antigen and eventually improved outcomes
after transient MCAO [86, 87]. Specifically, animals with a
regulatory response to MBP in the spleen showed decreased
inflammation and an increased number of FoxP3 positive
cells in the ischemic hemisphere [87]. In addition, a previous
study indicated that E-selectin-specific FoxP3+ CD4+ Tregs
increase neurogenesis efficacy and promote sensory-motor
functional recovery after ischemic brain injury [88].
In 2006, after evaluating the effects of postischemic
brain damage on the peripheral immune system, Offner
et al. observed an increased percentage of FoxP3+ CD4+
Tregs, macrophages, and dendritic cells in the blood and
spleen at 96 hours after ischemic injury [89]. Additionally,
a drastic loss of splenocytes (relatively selective reduction
in B cells) and decreased inflammatory cytokine levels (e.g.,
TNF-𝛼, IFN-𝛾, and IL-6) were consistently observed [89]. The
increased presence of FoxP3+ CD4+ Tregs might participate
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Table 1: Main findings of FoxP3+ CD25+ CD4+ Tregs in the pathogenesis of stroke.
Species

Model
Main findings
Transient MCAO Splenic atrophy; an increased percentage of FoxP3+ CD4+ Tregs in
C57BL/6J mice
(90 minutes)
blood and spleen
Accumulation of FoxP3+ lymphocytes in the ischemic hemisphere; a
Transient MCAO
C57/BL6 mice
high percentage of FoxP3+ CD4+ and FoxP3+ CD8+ lymphocytes in
(60 minutes)
splenic T-lymphocytes
Neuroprotective effects of FoxP3+ CD25+ CD4+ Tregs: inhibit
Transient MCAO
−/−
C57BL/6 mice; Rag1
inflammatory brain damage, restrain secondary infarct expansion,
(30 minutes or 90
mice; IL-10 knockout mice
and attenuate functional neurological deficit; IL-10 signal pathway is
minutes)
essential for their immunomodulatory effect
Increased apoptosis and a decline of FoxP3+ CD25+ CD4+ Tregs
46 consecutive acute stroke
Clinical study
poststroke; decreased FoxP3+ CD25+ CD4+ Tregs did not show a
patients
correlation with the development of infection or stroke outcome
67 subjects (25 of them
Clinical study
Increased number of CD25+ CD4+ Tregs in the peripheral blood
with acute ischemic stroke)
Deleption of CD25+ T cells suppressed generation of neural
CB-17 mice; SCID mice
Permanent MCAO
stem/progenitor cells and impaired functional recovery
Transient MCAO The suppressive effect of Tregs in the mouse and humans is unaltered
C57BL/6 mice; 22 patients
(90 minutes); an poststroke and reduced efficacy of circulating costimulatory cells after
with acute ischemic stroke
ex vivo analysis MCAO
Transient MCAO
DTR
FoxP3
mice
FoxP3+ CD4+ Tregs depletion did not affect stroke infarct volume
(60 minutes)
No correlation between low levels of circulating FoxP3+ CD25+ CD4+
700 subjects
Clinical study
Tregs and an increased risk for the development of stroke
Adoptively transferred CD25+ CD4+ Tregs ameliorated
neuroinflammation, reduced brain infarct, and improved both shortTransient MCAO
Sprague-Dawley rats
and long-term neurological functions after cerebral ischemia;
(120 minutes)
CD25+ CD4+ Tregs reduce brain infarct size via BBB protection
involving inhibition of neutrophil-derived MMP-9 production
FoxP3+ CD25+ CD4+ Tregs strongly promoted acute ischemic stroke in
DEREG mice; C57BL/6
Transient MCAO
mice by inducing dysfunction of the cerebral microvasculature;
wild-type mice; Rag1−/−
(30 minutes or 60
established immunoregulatory effects of FoxP3+ CD4+ Tregs had no
mice
minutes)
functional relevance
A strong accumulation and proliferation of FoxP3+ CD25+ CD4+ Tregs
EGFP
FoxP3
reporter mice;
Transient MCAO in the ischemic hemisphere in late phase (peaked around days 14 and
RAG1−/− mice; C57BL/6J
up to days 30); delayed depletion of CD25+ Tregs does not worsen
(30 minutes)
mice
long-term outcome

Authors
Offner et al.
(2006) [89]
Gelderblom et al.
(2009) [76]
Liesz et al. (2009)
[12]
Urra et al. (2009)
[78]
Yan et al. (2009)
[77]
Saino et al. (2010)
[90]
Hug et al. (2011)
[81]
Ren et al. (2011)
[27]
Wigren et al.
(2012) [82]
Li et al. (2013)
[64]

Kleinschnitz et al.
(2013) [28]

Stubbe et al.
(2013) [80]

MCAO: middle cerebral artery occlusion; MMP-9: Matrix metallopeptidase 9; BBB: blood-brain barrier; Tregs: regulatory T-cells.

in stroke-induced immunosuppression on the peripheral
immune system [89]. FoxP3+ CD4+ Tregs appear to exert
an unfavorable role as immunosuppressive modulators and
increase infection susceptibility following stroke. Liesz et al.,
however, reported that FoxP3+ CD25+ CD4+ Tregs restrained
secondary infarct expansion and attenuated functional neurological deficits after stroke [12]. FoxP3+ CD25+ CD4+ Tregs
inhibited excessive local and systemic production of proinflammatory cytokines (e.g., IL-1𝛽, IFN-𝛾) and reduced
invasion and/or activation of neutrophils, lymphocytes, and
activated microglia after acute focal brain ischemia via activating the cerebroprotective IL-10 signaling pathway [12].
Furthermore, depletion of CD25+ T cells, a cell population
including Tregs, suppresses the generation of neural stem
cells and progenitor cells as well as impairs functional recovery in CB-17 mice after ischemic injury, suggesting Tregs
have possible beneficial effects by promoting neurogenesis

[90]. The specificity of CD25 antibody-mediated depletion
of Tregs, however, is very questionable. Furthermore, it has
been reported that FoxP3+ CD25+ CD4+ Tregs may be a facilitator for Cocaine-and-amphetamine-regulated-transcript(CART-) mediated neuroprotection after stroke [91]. In an
MCAO model, 710 nm wavelength visible light irradiation
reduced brain infarction and enhanced functional recovery,
perhaps by altering cellular immunity, including increasing
the number of CD25+ CD4+ Tregs and decreasing microglia
activation in the ischemic core and the peri-infarct region
[92]. Moreover, intravenous albumin administration reduced
Toll-like receptor 4 expression but significantly increased
FoxP3+ CD25+ CD4+ Tregs expression levels and elevated IL10 and TGF-𝛽1 production, eventually conferring neuroprotective effects during postischemic stroke treatment [93].
While FoxP3+ CD25+ CD4+ Tregs have beneficial effects
after stroke, we should not ignore their possible detrimental
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effects. Recently, several findings do not support the neuroprotective effects of FoxP3+ CD25+ CD4+ Tregs in stroke
treatment. One study demonstrated that depletion of
FoxP3+ CD4+ Tregs by utilizing diphtheria toxin prior to
stroke induction failed to reduce infarct volume at 96 hours
after MCAO and reperfusion injury [27]. Moreover, another
study declared that FoxP3+ CD4+ Tregs greatly augmented
acute ischemic/reperfusion injury after stroke, and this
detrimental effect persisted into the later period of infarct
development in a DEREG mouse model [28]. Adoptive
transfer of FoxP3+ CD25+ CD4+ Tregs and CD25+ CD4+
Tregs into C57BL/6 wild-type mice and Rag1−/− mice verified
the observed injurious results [28]. The harmful effects from
FoxP3+ CD4+ Tregs in the present study were attributed to
FoxP3+ CD4+ Treg-induced cerebral microvascular dysfunction and thrombosis, as evaluated by 17.6 Tesla ultrahigh-field
magnetic resonance imaging [28]. In contrast, established
immunoregulatory effects of FoxP3+ CD4+ Tregs had no
functional relevance in this model [28]. FoxP3+ CD4+ Treg
could possibly be prone to adhering to the vascular endothelium via LFA-1/ICAM-1 binding under ischemic conditions
[28]. Furthermore, inconsistent with the previous findings
discussed above [90], one study showed that CD25 antibodymediated depletion of CD25+ Tregs failed to affect long-term
outcomes after MCAO, suggesting the differential participation of specific immune cell types under distinct experimental schemes [80]. The specificity of CD25 antibody-mediated
depletion of Tregs should be taken into consideration.
In conclusion, both beneficial and detrimental effects
of FoxP3+ CD25+ CD4+ Tregs in stroke have been currently
referenced. It is imperative to advance our understanding and
authenticate the roles of FoxP3+ CD25+ CD4+ Tregs and their
underlying mechanisms in stroke pathophysiology.

4. Future Direction
From the summary above, we proposed possible important functions of FoxP3+ CD25+ CD4+ Tregs in poststroke
immunological events. Considering the absence of other specific strategies or drugs for patients with stroke, modulating
the quantity and function of FoxP3+ CD25+ CD4+ Tregs may
be potential, novel avenues for developing new therapeutics that improve neurological outcomes after stroke. For
instance, we may increase the number of FoxP3+ CD25+ CD4+
Tregs in the poststroke brain by adoptive transfer via
intravenous injection, stimulation by pharmacological compounds, such as retinal and albumin, and genetic engineering techniques [32, 64, 93–95]. Since appropriate Treg
migration and retention are required for Treg-mediated
immune suppression, which can be modulated [96], we
also hypothesize that increase of FoxP3+ CD25+ CD4+ Treg
mobilization into CNS would be beneficial. Nevertheless, a
series of critical issues associated with FoxP3+ CD25+ CD4+
Tregs remain to be resolved. First and foremost, the complex
interaction between the brain and immune system during
stroke pathogenesis is not fully understood and requires
further elucidation. Secondly, the fundamental questions
regarding FoxP3+ CD25+ CD4+ Tregs, such as their temporal and spatial dynamics, significance, and underlying
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immunomodulatory mechanisms in stroke, need to be
answered. Importantly, FoxP3+ CD25+ CD4+ Treg-mediated
immunosuppression could be protective or harmful at different stages of stroke [12, 73, 74]. Therefore, the principle issue behind a therapeutic intervention based on
FoxP3+ CD25+ CD4+ Treg modulation is identifying the precise roles of FoxP3+ CD25+ CD4+ Tregs at specific stages of
stroke. Thirdly, future experiments should determine how
FoxP3+ CD25+ CD4+ Tregs infiltrate the brain and explore
the role of Treg migratory markers. Given ROS are key
mediators in stroke pathology, it is important to take into
account the potential endogenous antioxidative properties
Tregs may possess, which merit more investigation. Furthermore, since current Treg research mainly concentrated
on ischemic rather than hemorrhagic stroke, future studies should broaden their knowledge of FoxP3+ CD25+ CD4+
Tregs in hemorrhagic stroke, including subarachnoid hemorrhage, intracerebral hemorrhage, and hemorrhagic transformation. Moreover, because evidence acquired from animal
experiments is often difficult to transfer into clinical study
[97], more attention should be paid to the translational value
between basic research and clinical trials in the investigation
of FoxP3+ CD25+ CD4+ Tregs following stroke. Finally, in
view of the current technical difficulties in defining human
FoxP3+ CD25+ CD4+ Tregs [82], we suggest more efforts
should be undertaken to develop novel, specific detection
means for FoxP3+ CD25+ CD4+ Tregs.

5. Conclusion
Some
evidence
depicts
the
unique
role
of
FoxP3+ CD25+ CD4+ Tregs in stroke pathogenesis. Whether
FoxP3+ CD25+ CD4+ Tregs are friends or foes in stroke,
however, remains unclear. Therefore, future investigations
should focus on the reliable definition as well as the
further determination of the real roles and underlying
mechanisms of FoxP3+ CD25+ CD4+ Treg-mediated immune
regulation following stroke. Advancing our understanding of
FoxP3+ CD25+ CD4+ Tregs and utilizing FoxP3+ CD25+ CD4+
Tregs to selectively suppress the deleterious effects of
excessive brain immunoreaction after stroke may provide
novel therapeutic approaches for stroke patients.
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Nephropathia epidemica (NE) caused by Puumala hantavirus (PUUV) is the most common hemorrhagic fever with renal syndrome
(HFRS) in Europe. The infection activates immunological mechanisms that contribute to the pathogenesis and characteristics of the
illness. In this study we measured cerebrospinal fluid (CSF) neopterin concentration from 23 acute-phase NE patients. We collected
data on kidney function, markers of tissue permeability, haemodynamic properties, blood cell count, length of hospitalisation,
inflammatory parameters, and ophthalmological properties. The neopterin levels were elevated (>5.8 nmol/L) in 22 (96%) NEpatients (mean 45.8 nmol/L); these were especially high in patients with intrathecal PUUV-IgM production (mean 58.2 nmol/L,
𝑃 = 0.01) and those with elevated CSF protein concentrations (mean 63.6 nmol/L, 𝑃 < 0.05). We also observed a correlation
between the neopterin and high plasma creatinine value (𝑟 = 0.66, 𝑃 = 0.001), low blood thrombocyte count (𝑟 = −0.42, 𝑃 < 0.05),
and markedly disturbed refractory properties of an eye (𝑟 = 0.47, 𝑃 < 0.05). Length of hospitalisation correlated with the neopterin
(𝑟 = 0.42, 𝑃 < 0.05; male patients 𝑟 = 0.69, 𝑃 < 0.01). Patients with signs of tissue oedema and increased permeability also had high
neopterin concentrations. These results reinforce the view that PUUV-HFRS is a general infection that affects the central nervous
system and the blood-brain barrier.

1. Introduction
Nephropathia epidemica (NE) is an emerging infectious disease caused by Puumala hantavirus carried and spread by
bank voles (Myodes glareolus) (PUUV) [1]. This hemorrhagic fever with renal syndrome (HFRS) has an acute
onset of fever 2–5 weeks after the exposure. The typical
symptoms of the acute illness include impaired renal function, gastrointestinal symptoms, thrombocytopenia, blurred
vision, and occasionally hemorrhagic complications. Central
nervous system (CNS) symptoms are also common; many

patients experience headache, insomnia, vertigo, nausea,
nuchal rigidity, and confusion. Pituitary haemorrhage, generalized seizures, meningoencephalitis, and acute disseminated
encephalomyelitis have been reported [1]. Despite these
potential complications, in general the course of the illness
is mild and most patients recover without suffering any longterm complications.
Endothelial cells and monocytes are thought to be the
primary targets of hantaviruses. The infection may lead to
activation of monocyte/macrophage lineage and expression
of interleukin-6 (IL-6), interleukin-10 (IL-10), and tumour
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necrosis factor-alpha (TNF-𝛼) the serum levels of which have
been correlated with the severity of the infection [2–4].
It seems evident that immune-mediated mechanisms are
at least partly responsible for the symptoms of the illness;
activation of monocytes/macrophages followed by cytokine
production, complement activation, and a T-cell response
may contribute to the pathogenesis of HFRS [1]. Increased
vascular permeability and capillary leakage in acute NE
may be of immunological origin. In addition, there is a
genetic susceptibility to severe disease in individuals with
HLAB8DR3 haplotype [5].
In the present study, we investigated a marker of monocyte/macrophage lineage activation in the CNS during acute
NE. We analyzed the concentrations of neopterin, a proinflammatory factor produced mainly by macrophages, in
CSF samples of acute-phase NE patients and then searched
for associations between the CSF neopterin levels and other
clinical characteristics of the illness.

2. Materials and Methods
2.1. Patient Population. The patient population of this study
was described in detail elsewhere [6]. The CSF sample was
collected from 42 of the 58 patients. For this analysis, we
included 23 hospitalised NE patients from whom adequate
acute-phase CSF samples were available for the determination of neopterin concentration. The study protocol was
explained to each patient and they had the right to participate,
refuse, or withdraw from the study or any single examination
of the study according to the Helsinki Declaration. The
ethics Committee of the Oulu University Hospital approved
the study and all participants signed an informed consent
form.
2.2. Clinical Data. Patients were examined as previously
described [6]. The patients’ CNS symptoms were evaluated
and CSF samples were collected. Data of kidney function
(daily urine output and plasma creatinine), tissue permeability and tissue oedema (serum/CSF albumin ratio, weight
change during hospitalisation), and haemodynamic parameters (systolic blood pressure, heart rate) were collected. The
length of hospitalisation as a marker of disease severity was
recorded. In addition, blood haemoglobin (Hb) concentration, thrombocyte count, blood white cell count (BWC),
serum albumin concentration, plasma C-reactive protein
(CRP) concentration, CSF glucose, protein and albumin
concentrations, and CSF white cell count were determined.
The patients were also examined by an ophthalmologist as
described earlier [7]. In addition, the previously described
results of brain magnetic resonance imaging (MRI), electroencephalography (EEG), and human leukocyte antigen
(HLA) haplotyping were considered [6].
2.3. Virological and Immunological Analysis. The laboratory diagnosis of NE was based on PUUV serology that
was initially analysed using a commercial enzyme-linked
immunosorbent assay of IgM antibodies (Reagena Puumala
IgM EIA Kit, Reagena, Toivala, Finland). In selected cases,
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the samples were also analysed with an indirect immunofluorescence test for PUUV-IgG which displayed a granular
staining pattern in cases of typical acute infection [8]. CSF
and serum PUUV IgM and IgG antibody levels were titrated
as described earlier [6]. The CSF neopterin concentration was
analysed using a commercial enzyme-linked immunosorbent assay (Neopterin ELISA, IBM International GMBH,
Hamburg, Germany). Neopterin concentrations were calculated from optical density values of duplicate samples
using cubic spline interpolation with a not-a-knot condition
(http://www.akiti.ca/CubicSpline.html).
2.4. Statistical Methods and Data Analysis. Multivariate analysis of the results was not possible due to the low number
of patients. Instead, Pearson bivariate correlation test and
Mann-Whitney 𝑈 test were used to analyse the significance
of the findings. A 𝑃 value of <0.05 was considered significant. In the case of ophthalmological parameters, the values
measured from the right eye of each patient were used.
PASW Statistics 18 (SPSS Inc., Chicago, IL, USA) was used
for statistical analysis.

3. Results
3.1. CSF Neopterin. CSF samples from 23 patients with acute
NE were available for analysis of the neopterin concentration.
Most (𝑛 = 22, 96%) patients had an elevated CSF neopterin level compared to those seen in healthy individuals
(<5.8 nmol/L) [9, 10]. The CSF neopterin mean concentration
in male (𝑛 = 15) and female (𝑛 = 8) patients was 46.9 nmol/L
and 43.9 nmol/L, respectively. The neopterin concentration
was 63.6 nmol/L and 29.6 nmol in CSF in samples with
elevated (>500 mg/L, 𝑛 = 11) or normal (150–500 mg/L, 𝑛 =
12) protein level, respectively (𝑃 < 0.05, Mann-Whitney 𝑈
test) (Table 1). Patients with a positive CSF PUUV-IgM finding (𝑛 = 14) had higher CSF neopterin level (58.2 nmol/L)
than those negative for CSF PUUV-IgM (26.5 nmol/L, 𝑛 = 9,
𝑃 = 0.01). The CSF white cell count did not show any association with the neopterin level and there was no difference
in the CSF neopterin levels of different age categories. CSF
neopterin level correlated with the length of hospitalisation
(𝑟 = 0.42, 𝑃 < 0.05) (Table 2); this finding was most evident
among the male patients (𝑟 = 0.69, 𝑃 < 0.01).
3.2. CSF Neopterin and Blood Cell Count. There was a
correlation between the blood thrombocyte level measured in
the morning of the lumbar puncture and the CSF neopterin
concentration (𝑟 = −0.42, 𝑃 < 0.05) (Table 2). In addition,
the blood Hb concentration in the morning of the lumbar
puncture was lower in those patients with a high CSF
neopterin concentration (𝑟 = −0.44, 𝑃 < 0.05). There was no
association between the blood white cell count and the CSF
neopterin level.
3.3. Kidney Function, Tissue Oedema, and Permeability. The
highest plasma creatinine level (𝑃 < 0.01) and the plasma
creatinine concentration measured in the morning of the
lumbar puncture (𝑟 = 0.66, 𝑃 = 0.001) correlated with
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Table 1: Summary of statistical analysis of the CSF neopterin concentration and the CSF PUUV IgM, protein concentration, white cell count,
and CSF/serum albumin ratio.

CSF neopterin (nmol/L)
Significance

PUUV IgM
−
+
26.5
58.2
𝑃 = 0.01

CSF protein (mg/L)
150–500
>500
29.6
63.6
𝑃 < 0.05

Table 2: Summary of the statistical correlation between the CSF
neopterin concentration and plasma creatinine and blood thrombocyte count measured in the morning of lumbar puncture, duration
of hospitalisation, weight change during the hospitalisation, and
change in the refractory properties of an eye between the acutephase and one month later.
CSF neopterin
Plasma creatinine
Blood thrombocytes
Length of hospitalization
Weight change
Change in refraction of eye

𝑟 = 0.66
𝑃 = 0.001
𝑟 = −0.42
𝑃 < 0.05
𝑟 = 0.42
𝑃 < 0.05
𝑟 = −0.53
𝑃 < 0.05
𝑟 = 0.47
𝑃 < 0.05

the CSF neopterin concentration (Table 2). Weight change
during the hospitalisation correlated with the CSF neopterin
concentration (𝑟 = −0.53, 𝑃 < 0.05) indicating that patients
with the most evident tissue oedema had the highest CSF
neopterin level. CSF/serum albumin ratio as a marker of
tissue permeability was also associated with CSF neopterin
concentration (𝑃 = 0.01).
3.4. Ophthalmological Findings and CSF Neopterin. An elevated CSF neopterin concentration was associated with a
large difference in the refractory properties of the eye when
this was first measured during the acute phase and then
month after recovery (𝑟 = 0.47, 𝑃 < 0.05) (Table 2). None
of the other ophthalmological parameters were linked with
the CSF neopterin measurement.
3.5. Other Clinical Examinations. The patients were analyzed
for brain MRI, EEG, and HLA haplotype and the results are
described in detail in our previous paper [6]. The number of
patients or number of abnormal findings was too low to allow
statistical analysis.

4. Discussion
An elevated CSF protein concentration and a raised white
cell count are commonly seen in acute NE and many patients
display evidence of intrathecal antibody production against
PUUV [6, 11, 12]. In addition, PUUV RNA has been detected
in the pituitary gland and the CSF [13, 14]. A previous study
has also confirmed elevated levels of neopterin, IL-6, and

CSF white cells (×10e6/L)
0–3
>3
42.8
50.5
ns

CSF/serum albumin
<0.1
≥0.1
32.2
68.6
𝑃 = 0.01

interferon-gamma in the CSF of acute NE patients [12]. Based
on these data, it seems evident that the CNS is affected in
acute NE. However, it remains partly unclear whether the
clinical symptoms and the laboratory findings originate from
the direct viral invasion of the brain or from increased tissue
permeability due to activation of the immune system.
Activation of monocyte/macrophage lineage and subsequent cytokine expression leading to T-lymphocyte stimulation may contribute to the pathogenesis of acute NE [15].
The intensity of activation of these cells has been shown to
account for the course of the disease in individual patients
[2–4]. In our patient population, the CNS disease in acute
NE appeared to be dependent on these similar inflammatory
pathways. In addition, it can be concluded from our current
results that the activity of the same pathways may also play
a role in NE ocular involvement. The CSF neopterin level
was high in our patients with intrathecal PUUV antibody
production and those with high CSF protein concentration.
An analogous observation has been documented in the
occurrence of permanent neurological complications, and
even death, in human herpes virus (HSV) encephalitis [16].
In addition, elevated CSF neopterin concentrations have also
been detected in other CNS manifestations of viral infections,
for example, acute human immunodeficiency virus (HIV)
infection and chronic HIV encephalopathy [10, 17].
Elevated neopterin levels have been detected in acute
dengue fever and high neopterin levels were found especially
in those dengue patients with increased tissue permeability
[18]. A similar observation has been made in HIV infection
in which a high neopterin concentration indicated increased
blood-brain barrier (BBB) permeability [19]. Neopterin has
also been shown to play a role in the increased permeability
of the BBB in patients with cerebral small vessel disease [20].
In our patient cohort, we detected an association between the
CSF neopterin concentration and the weight change during
the hospitalisation. We also observed a correlation between
the CSF neopterin and the CSF/serum albumin ratio. These
results indicate that the inflammatory process with activated
monocytes/macrophages may play a role in the increased
tissue permeability also in acute NE. Further conclusions
regarding the mechanism of increased tissue permeability
based on our results are not warranted; a major limitation
of our study is that we were not able to examine additional
inflammatory markers from both CSF and blood due to
low sample volumes. Future studies should be designed to
evaluate broad range of indicators of activated pathways from
multiple locations.
In our study, high neopterin levels correlated with markers of disease severity: high plasma creatinine concentrations
and low blood thrombocyte counts were encountered in
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patients with high neopterin values. Moreover, the elevated
CSF neopterin level correlated with the length of hospitalisation especially in male patients. Interestingly, a previous study
has found a gender-dependent difference in the cytokine
responses to hantavirus infection [21]. It is also known that
the male gender is associated with a more severe clinical
course of NE and young male patients are at a special risk of
developing serious CNS complications during acute NE [22].
In summary, it seems possible that an inflammatory reaction of the CNS in acute NE is at least partly influenced by the
monocyte/macrophage activity. Increased tissue permeability
due to inflammatory reaction is most likely essential, but it
is also possible that direct PUUV invasion of the CNS may
play a significant role. Investigation of mechanisms leading
to the injury of the blood-brain barrier and the increased
tissue permeability, however, may further explain the biology
of CNS disease in acute NE.
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[3] T. K. Outinen, S. M. Mäkelä, I. O. Ala-Houhala et al., “The severity of Puumala hantavirus induced nephropathia epidemica can
be better evaluated using plasma interleukin-6 than C-reactive
protein determinations,” BMC Infectious Diseases, vol. 10, article
132, 2010.
[4] A. Saksida, B. Wraber, and T. Avšič-Županc, “Serum levels of
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Acting at the level of the brain, interleukin- (IL-)1𝛽 is considered to be one of the most potent downregulators of reproduction
processes during immune/inflammatory challenge. IL-1𝛽 suppresses gonadotropin-releasing hormone (GnRH) secretion from the
hypothalamus resulting in the inhibition of the luteinizing hormone (LH) release from the anterior pituitary (AP). However, the
presence of IL-1𝛽 receptors in the AP suggests the possible direct action of this cytokine on LH secretion. The study was designed to
determine the effect of IL-1𝛽 on the LH secretion from the AP explants collected from saline and LPS-treated ewes in the follicular
phase. It was found that IL-1𝛽 suppressed (𝑃 ≤ 0.01) GnRH-stimulated LH release and LH𝛽 gene expression in AP explants in both
groups. However, IL-1𝛽 action was more potent in the explants collected from LPS-treated animals. Pituitaries from LPS-treated
animals were characterized by increased (𝑃 ≤ 0.01) IL-1 type I receptor and decreased (𝑃 ≤ 0.01) GnRH receptor gene expression
level compared to the saline-treated group. IL-1𝛽 also affected the GnRH-R gene expression in explants collected from LPS-treated
animals. Our results show that direct action of IL-1𝛽 on the pituitary gonadotropes could be one of the reasons of the reproductive
processes disorders accompanying an inflammatory state.

1. Introduction
An immune/inflammatory challenge is considered as an
important factor inhibiting the reproduction process in
animals and human. The inflammation caused by peripheral
administration of bacterial endotoxin-lipopolysaccharide
(LPS) significantly decreases gonadotropin-releasing hormone (GnRH) and luteinizing hormone (LH) secretion [1–
3]. These interconnections existing between the immune and
the neuroendocrine systems are based on the mutual sharing
of receptors and mediators [4]. Numerous in vitro and in vivo
studies showed that the immune stress affects the GnRH/LH
secretion by the central action of proinflammatory cytokines
affecting the secretory activity of GnRH neurons in the
hypothalamus [4–6]. One of the most potent and pleiotropic
cytokines of the immune system is interleukin- (IL-)1𝛽 [7].
Its action at the level of the hypothalamus is considered as

an important mechanism via inflammation downregulates
GnRH/LH secretion [8–10]. However, the presence of IL-1
type I receptor (IL-1R1) in the pituitary [11, 12] suggests that
antigonadotropic action of IL-1𝛽 could be more complex and
may occur also at the level of this gland.
The present study was designed to determine the effect of
IL-1𝛽 on the LH secretion from the anterior pituitary (AP)
explants. Conducting ex vivo experiment on the pituitary
explants instead of more popular primary cell culture lets us
better imitate the reaction of AP under ex vivo conditions,
because without dispersion the AP cells preserved many
of their intercellular connections. Moreover, in the present
studies, the pituitary explants were collected form saline and
LPS-treated ewes. This should allow answering the questions
whether the pituitaries kept their “memory” of the events
triggered by LPS exposure and if that “immunological” status
of animals can modulate the pituitary response on IL-1𝛽.
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2. Materials and Methods
2.1. Animals. The studies were performed on 3-year-old
Blackhead ewes during the reproductive season (SeptemberOctober). The animals were maintained indoors in individual
pens and exposed to natural daylight. All ewes were healthy;
their condition was continuously monitored by a qualified
veterinarian. The ewes were well adapted to the experimental
conditions and always had visual contact with neighbouring
ewes, even during the experimental period, to prevent stress
due to social isolation. The animals were fed a constant diet
of commercial concentrates with hay and water available ad
libitum.
The ewes were synchronized by Chronogest CR method
(Merck Animal Health, Boxmeer, The Netherlands) using
an intravaginal sponge impregnated with 20 mg of synthetic
progesterone-like hormone. All ewes had Chronogest CR
sponges placed for 14 days. Following sponge removal, the
ewes received an intramuscular injection of 500 iu pregnant
mare’s serum gonadotropin (PMCS) (Merck Animal Health,
Boxmeer, The Netherlands). The experimental procedure was
started 24 h following PMSG injection.
All procedures on animals were performed with the consent of the Local Ethics Committee of the Warsaw Agricultural University.

3. Experimental Procedures
3.1. Inducing Immune Stress in the Experimental Animals.
Ewes (𝑛 = 12) were randomly assigned to two experimental
groups: control (𝑛 = 6) and LPS-treated groups (𝑛 = 6).
In treated ewes, an innate immune system response was
activated by injection of LPS (400 ng/kg of body weight)
from E. coli 055:B5 (Sigma-Aldrich, St. Louis, MO, USA)
dissolved in saline (0.9% w/v NaCl) (Baxter, Deerfield, IL,
USA) at a concentration of 10 mg/L intravenously (i.v.) into
jugular vein. The maximum volume of LPS solution (10 mg/L)
injected to any animals never exceeds 2.5 mL. The control
group received an equivalent to their body weight volume of
NaCl.
3.2. Incubation of the AP Explants Ex Vivo. The animals
from both groups were slaughtered by decapitation 2 hours
after i.v. injection of LPS (𝑛 = 6) or saline (𝑛 = 6). The
ovine brains were rapidly removed from the skulls and the
APs were dissected. Immediately after slaughtering, the APs
were divided into four fragments weighing from 50 to 60 mg
which were transferred to 24-well plates (Becton Dickinson
Labware, Franklin Lakes, NJ, USA). The ex vivo incubation
of the explants was performed in medium 199 HEPES
Modification (Sigma-Aldrich, St. Louis, MO, USA) suitable
for cell culture with Penicillin-Streptomycin at the dose of
10 mL/L (Sigma-Aldrich, St. Louis, MO, USA) and incubated
at 37∘ C, 87% O2 , and 5% CO2 . After the collection, all the
tissues were preincubated for 1 h in 800 𝜇L of “pure” medium
199. During preincubation, the medium was changed for the
fresh one four times every 15 min. The preincubation was
performed to wash out blood and hormones remains from
pituitary fragments. Then, the explants collected from each
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saline as well as LPS-treated ewe were divided into four
experimental groups as follows: control—AP explants (𝑛 =
6) incubated in 600 𝜇L of medium 199; GnRH control—AP
explants (𝑛 = 6) incubated in 600 𝜇L of medium 199 with
GnRH (100 pmol/mL) (Sigma-Aldrich, St. Louis, MO, USA);
IL-1𝛽—AP explants (𝑛 = 6) incubated in 600 𝜇L of medium
199 with IL-1𝛽 (100 pg/mL) (Sigma-Aldrich, St. Louis, MO,
USA); GnRH + IL-1𝛽—AP explants (𝑛 = 6) incubated in
600 𝜇L of medium 199 with GnRH (100 pmol/mL); and IL1𝛽 (100 pg/mL). The ex vivo experiment was carried out for
4 h. During 1 h of incubation, all explants were treated with
600 𝜇L of “pure” medium 199. The medium was changed
to fresh three times every 20 min. After 1 h, all the AP
explants were incubated in the experimental medium appropriate to each experimental group. The media were changed
every 20 min for the fresh one and 600 𝜇L samples were
collected. The dose of treatments, condition of incubation,
and time of the experiment were previously optimized in
the preliminary studies. After finished incubation, all tissues
were frozen in liquid nitrogen and stored at −80∘ C until
assay.

4. Assays
4.1. Radioimmunoassay for LH. The concentration of LH in
medium was assayed by the RIA double antibody method
using anti-ovine-LH and anti-rabbit-𝛾-globulin antisera and
ovine standard (NIH-LH-SO18) as described by Stupnicki
and Madej [13]. The sensitivity was 0.3 ng/mL, and intraassay
and interassay coefficients of variation were 8.9% and 12.3%,
respectively.
4.2. The Relative Gene Expression Assay. Total RNA from
the AP tissues was isolated using NucleoSpin RNA II Kit
(MACHEREY-NAGEL Gmbh and Co.; Düren, Germany)
according to the manufacturer’s instruction. The purity and
concentration of isolated RNA were quantified spectrophotometrically by measuring the optical density at 230, 260,
and 280 nm in a NanoDrop 1000 instrument (Thermo Fisher
Scientific Inc., Waltham, USA). The RNA integrity was
verified by electrophoresis using 1% agarose gel stained with
ethidium bromide. Maxima First Strand cDNA Synthesis Kit
for RT-qPCR (Thermo Fisher Scientific Inc., Waltham, USA)
was used to prepare cDNA synthesis. As a starting material
for this PCR synthesis, 2 𝜇g of total RNA was used.
Real-time RT-PCR was carried out using HOT FIREPol
EvaGreen qPCR Mix Plus (Solis BioDyne, Tartu, Estonia) components and HPLC-grade oligonucleotide primers
synthesised by Genomed (Poland). Specific primers for
determining the expression of housekeeping genes and
the genes of interest were designed using Primer 3 software. The sequences of the primers were as follows: LH𝛽
primers: 5 -AGATGCTCCAGGGACTGCT-3 (forward)
and 5 -TGCTTCATGCTGAGGCAGTA-3 (reverse) (GenBank accession no. X52488), generated product size 184bp; GnRH-R primers: 5 -TCTTTGCTGGACCACAGTTAT3 (forward) and 5 -GGCAGCTGAAGGTGAAAAAG-3
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(reverse) (GenBank accession no. NM-001009397), generated product size 150-bp; IL-1 receptor type I primers: 5 GAGGAAGACTTTATCACAGTGGA-3 (forward) and 5 GGCTAAACAGGTAAATGGATGC-3 (reverse) (GenBank
accession no. NM 001206735.1), generated product size 120bp; 𝛽-actin (ACTB) primers: 5 -CTTCCTTCCTGGGCATGG-3 (forward) and 5 -GGGCAGTGATCTCTTTCTGC3 (reverse) (GenBank accession no. U39357), generated
product size 168-bp; glyceraldehyde-3-phosphate dehydrogenase (GAPDH) primers: 5 -AGAAGGCTGGGGCTCACT3 (forward) and 5 -GGCATTGCTGACAATCTTGA-3
(reverse) (GenBank accession no. NM-001034034), generated product size 134-bp; cyclophilin C (PPIC) primers: 5 ACGGCCAAGGTCTTCTTTG-3 (forward) and 5 -TATCCTTTCTCTCCCGTTGC-3 (reverse) (GenBank accession
no. NM-001076910), generated product size 131-bp. One tube
contained 4 𝜇L PCR Master Mix (5x), 14 𝜇L RNase-free
water, 1 𝜇L primers (0.5 𝜇L each, working concentration was
0.25 𝜇M), and 1 𝜇L cDNA template. The tubes were run on
the Rotor-Gene 6000 (Qiagen, Duesseldorf, Germany). The
following protocol was used: 95∘ C in 15 min for activating
Hot Start DNA polymerase and finally the PCR including 30
cycles at 95∘ C in 10 sec for denaturation, 60∘ C in 20 sec for
annealing, and 72∘ C in 10 sec for extension. After the cycles,
a final melting curve analysis under continuous fluorescence
measurements was performed to confirm the specificity of the
amplification.

5. Data Analysis
5.1. LH Concentration Data Analysis. The results of LPS
treatments on the concentrations of LH in all types of
mediums were examined by two-way analysis of variance
(ANOVA) (STATISTICA; Stat-Soft, Inc., Tulsa, OK, USA).
The least significant differences post hoc test was used for the
comparison of LH concentration between the 20 min periods
of the ex vivo experiment within and between the groups. The
Mann-Whitney 𝑈 test was used to compare these values. All
data are expressed as means ± SEM. Statistical significance
was defined as 𝑃 ≤ 0.01.
5.2. PCR Data Analysis. Relative gene expression was calculated using the comparative quantification option of Rotor
Gene 6000 software 1.7. (Qiagen, Duesseldorf, Germany). The
second differential maximum method [14] was used in this
analysis to calculate reaction efficiencies and a set percentage
of the maximum fluorescence value to calculate the beginning
of the exponential phase. To compensate a variation in cDNA
concentrations and the PCR efficiency between tubes, an
endogenous control gene was assayed in each sample and
used for normalization. Initially, three housekeeping genes:
GAPDH, 𝛽-actin, and PPIC were tested. The BestKeeper
was used to determine the most stable housekeeping gene,
for normalizing genes of interest expression. The BestKeeper
is based on the pairwise correlation analysis of all pairs of
candidate genes [15] and calculates variations of all reference
genes (SD (± Ct)). GAPDH was chosen as the best endogenous control gene. They had the lowest SD (± Ct) value and
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Table 1: Summary release of LH from the AP explants collected
from saline and LPS-treated ewes during the 3 h incubation period.
Group
Control
GnRH control
IL-1𝛽
IL-1𝛽 + GnRH

Concentration of LH (ng/mg)
Saline treated
LPS treated
15.8 ± 3.6
18.5 ± 5.3
48.5 ± 4.6e
43.5 ± 4.1a
14.8 ± 3.2
19.3 ± 4.1
21.0 ± 3.4df
31.2 ± 3.0abc

a,b,c,d

𝑃 ≤ 0.01 (indicating values that differ significantly from the control,
GnRH control, IL-1𝛽, and IL-1𝛽 + GnRH groups of saline-treated explants,
respectively, according to the Mann-Whitney 𝑈-test).
e,f
𝑃 ≤ 0.01 (indicating values that differ significantly from the control and
GnRH control groups of LPS-treated explants, respectively, according to the
Mann-Whitney 𝑈-test).
Data are presented as a median value ± SEM.

a good correlation coefficient with the remaining analyzed
housekeeping genes.
The results are presented as relative gene expression of
the target gene versus housekeeping gene, relative expression
value, and median ± SEM. The significance of differences
between the experimental groups was assessed by the MannWhitney 𝑈 test. Statistical significance was defined as 𝑃 ≤
0.01.

6. Results
6.1. The Ex Vivo Effect of IL-1𝛽 on the LH Release. In the
explants collected from saline and LPS-treated ewes, the
GnRH significantly (𝑃 ≤ 0.01) stimulated LH release, and
there were no important differences in their response to
GnRH (Figure 1). IL-1𝛽 lowered (𝑃 ≤ 0.01) GnRH-induced
release of LH both in saline- and LPS-treated groups (Table 1).
However, LPS-induced inflammation potentiated the IL-1𝛽mediated reduction of LH secretion from the AP explants.
The effect of IL-1𝛽 was stronger (𝑃 ≤ 0.01) in organs collected
from LPS-treated ewes where the GnRH-induced rise of
LH was completely abolished than in explants from salineinjected ewes where temporary increase in the release of LH
was observed (Figure 1).
6.2. Effect of IL-1𝛽 on LH-𝛽, GnRH-R, and IL-1R1 Gene
Expressions in the AP Explants. In the AP explants collected
from saline-treated ewes, GnRH (𝑃 ≤ 0.01) stimulated LH-𝛽
gene expression (median exp. 1.25 ± 0.08) compared to the
control group (median exp. 1 ± 0.09). On the other hand,
IL-1𝛽 decreased (𝑃 ≤ 0.01) the level of LH-𝛽 mRNA when
added alone (median exp. 0.72 ± 0.17) and together with
GnRH (median exp. 0.81 ± 0.06) compared to both controland GnRH-treated groups. In AP explants collected from
LPS-treated animals, GnRH also (𝑃 ≤ 0.01) stimulated
LH-𝛽 gene expression (median exp. 1.69 ± 0.18) compared
to the control group (median exp. 1.12 ± 0.09). However,
IL-1𝛽 prevented the GnRH-induced increase of LH𝛽 gene
expression (Figure 2). There was no effect of GnRH on its
receptor gene expression in AP explants. However, GnRHR mRNA level was lower (𝑃 ≤ 0.01) in APs collected from
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Figure 1: LH release from the AP explants collected from saline- and LPS- treated ewes and incubated in four types of media (control—“pure”
medium 199 HEPES (a); GnRH control—medium with GnRH (100 pmol/mL) (b); IL-1𝛽—medium with IL-𝛽 (100 pg/mL) (c); GnRH + IL-1𝛽
medium with GnRH (100 pmol/mL) and IL-𝛽 (100 pg/mL) (d)). Each curve represents median ± SEM release of LH during the consecutive
20 min periods of incubation. † 𝑃 ≤ 0.01 (cross indicates values that differ significantly from the median LH release in the same group during
preincubation period according to the Mann-Whitney 𝑈 test) ∗ 𝑃 ≤ 0.01 (asterisk indicates values that differ significantly from the salinetreated group according to the Mann-Whitney 𝑈 test).

LPS-treated compared to saline-treated animals (Figure 3).
IL-1𝛽 only affected the GnRH-R gene expression in explants
collected from LPS-treated animals. The level of GnRH-R
mRNA (median exp. 0.43 ± 0.1) was lower (𝑃 ≤ 0.01) in APs
treated with IL-1𝛽 and GnRH compared to group incubated
only with GnRH (median exp. 0.9 ± 0.16).
IL-1𝛽 did not affect its type I receptor gene expression
in AP explants from control- and LPS-treated animals.
However, the level of IL-1R1 mRNA was significantly (𝑃 ≤
0.01) higher in the LPS-treated compared to saline-treated
explants (Figure 4).

7. Discussion
The results of our ex vivo studies prove that IL-1𝛽 is a potent
downregulator of LH secretion from the pituitary and suggest
that this direct action of interleukin could have a profound
effect on the suppression of LH release occurring during an
inflammatory state. However, obtained results are contrary to
the previous in vitro experiments. The study performed on
the pituitary cells collected from 8- to 14-month-old wethers

showed that both IL-1𝛼 and IL-1𝛽 exhibited stimulatory
effect on release of LH in vitro [16]. The results of studies
carried out on cultured rat pituitary cells showed that IL1𝛽 affects the secretory activity of these cells at the dose
dependent manner, inhibiting FSH secretion and stimulating
LH secretion [17]. Different results of our studies and cited
reports could be partially due to different in vitro model. The
present ex vivo studies were performed on the AP explants
where cells retain the structure of the gland. That allows
preserving many of intracellular interaction not available
in primary culture of the pituitary. These different in vitro
models may be crucial to explain these contradictory data,
because the inhibitory action of IL-1𝛽 on LH secretion does
not have to be an effect of its direct action on gonadotropes.
These cells form multiple connections to other pituitary cells
such as lactotrophs allowing cell-to-cell communication in
the form of adherens junctions [18] and gap junction [19].
The presence of lactotrophs in the incubated AP explants
could have a profound impact on the obtained results. It was
previously reported that proinflammatory IL-1𝛽, IL-6, and
tumor necrosis factor 𝛼 (TNF𝛼) stimulate prolactin release
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Figure 2: Inhibitory effect of IL-1𝛽 on LH𝛽 gene expression
in the AP explants collected from saline- and LPS-treated ewes
and incubated in four types of media (control—“pure” medium
199 HEPES; GnRH—medium with GnRH (100 pmol/mL); IL-1𝛽—
medium with IL-𝛽 (100 pg/mL); GnRH + IL-1𝛽 medium with
GnRH (100 pmol/mL) and IL-𝛽 (100 pg/mL)). Data are presented
as a median value ± SEM. a,b,c—𝑃 ≤ 0.01 (indicating values
that differ significantly from the control, GnRH, and IL-1𝛽 groups
of saline-treated explants, respectively, according to the MannWhitney 𝑈 test) and e,f—𝑃 ≤ 0.01 (indicating values that differ
significantly from the control and GnRH groups of LPS-treated
explants, respectively, according to the Mann-Whitney 𝑈 test).
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Figure 3: GnRH-R gene expression in the AP explants collected
from saline- and LPS-treated ewes and incubated in four types
of media (control—“pure” medium 199 HEPES; GnRH—medium
with GnRH (100 pmol/mL); IL-1𝛽—medium with IL-𝛽 (100 pg/mL);
GnRH + IL-1𝛽 medium with GnRH (100 pmol/mL) and IL-𝛽
(100 pg/mL)). Data are presented as a median value ± SEM. a,b,c,d—
𝑃 ≤ 0.01 (indicating values that differ significantly from the control,
and GnRH, IL-1𝛽, GnRH + IL-1𝛽 groups of saline-treated explants,
respectively, according to the Mann-Whitney 𝑈 test) and f—𝑃 ≤
0.01 (indicating values that differ significantly from the GnRH
group of LPS-treated explants, respectively, according to the MannWhitney 𝑈 test).

directly at the rat pituitary gland [20, 21]. In turn, in vitro
study showed that prolactin suppressed LH secretion from
cultured pituitary fragments and reduced their responsiveness to GnRH [22]. This modulatory effect of prolactin on LH
release may occur through the prolactin receptors existing
in the gonadotropes. The study performed on sheep showed
that pituitary gonadotropes exhibit expression of prolactin
receptor enabling a paracrine communication between these
cells and prolactin secreting lactotrophs [23]. Therefore, it

Figure 4: Stimulatory effect of LPS pretreatment on IL-1 type
I receptor gene expression in the AP explants collected from
saline- and LPS-treated ewes and incubated in four types of
media (control—“pure” medium 199 HEPES; GnRH—medium with
GnRH (100 pmol/mL); IL-1𝛽—medium with IL-𝛽 (100 pg/mL);
GnRH + IL-1𝛽 medium with GnRH (100 pmol/mL) and IL-𝛽
(100 pg/mL)). Data are presented as a median value ± SEM. a,b,c,d—
𝑃 ≤ 0.01 (indicating values that differ significantly from the control,
GnRH, IL-1𝛽, and GnRH + IL-1𝛽 groups of saline-treated explants,
respectively, according to the Mann-Whitney 𝑈 test).

is possible that IL-1𝛽 could suppress LH release from the
AP explants indirectly via induction of prolactin secretion
which in turn downregulates LH secretion. The effect of IL-1𝛽
on gonadotropes could be also mediated via folliculostellate
cells. Folliculostellate cells play an important role as a source
of paracrine factors that act locally to modulate pituitary
responses to hypothalamic and peripheral signals. One of
the paracrine factors that could mediate the IL-1𝛽 signal
from folliculostellate cells to gonadotropes could be IL-6.
It was found that IL-1𝛽 indirectly modulates the anterior
pituitary cells functioning via stimulating IL-6 production
from folliculostellate cells [24]. In turn, IL-6 is known as
a modulator of LH release and gonadotropes response to
GnRH-stimulation. However, the effect of IL-6 on pituitary gonadotropes is still ambiguous. The in vitro study
showed that IL-6 significantly suppressed GnRH-stimulated
LH release from male rats dispersed pituitaries throughout
the dose range but did not influence basal LH release. In
dispersed pituitaries from proestrus female rats IL-6 had no
effect on basal or GnRH-stimulated LH release [25]. The
other study showed stimulatory effect of IL-6 treatment on
LH release from the AP cells in vitro [26].
Our study showed that the pituitaries kept their “memory” of the events triggered by LPS exposure, and this affected
AP explants activity during in vitro culture. The analysis
of GnRH-R gene expression showed that the transcription
of this receptor was lower in the APs from LPS-treated
animals compared with explants collected from control one.
This fully supports the results of studies carried out on
anestrous ewes when an immune stress decreased the amount
of GnRH-R mRNA in the AP [1]. The in vivo study performed
on ovariectomized ewes showing that bacterial endotoxin
decreased the pituitary responsiveness to GnRH stimulation
[27]. It was found that LPS suppressed the amplitude of
LH pulses induced by artificial GnRH pulses. It is hard to
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compare the results of in vivo and in vitro studies. Our
results suggest that the used concentration of GnRH was
sufficient to stimulate LH secretion even in the pituitary cells
with decreased expression of GnRH-R. The immune stress
decreased GnRH-R mRNA content but did not decrease
the pituitary responsiveness to GnRH stimulation. GnRH
stimulated LH release from explants collected from both LPSand saline-treated animals. The lack of direct connection
between the expression of GnRH-R and LH release from
pituitary did not surprise. The study performed on ovariectomized ewes showed that the magnitude and direction of the
change in GnRH-R number do not account for the changes in
pituitary responsiveness to GnRH [28]. It is noteworthy that
although IL-1𝛽 did not affect the GnRH-R gene expression in
pituitaries collected from saline-treated ewes, IL-1𝛽 affected
the GnRH-R mRNA level in explants collected from LPStreated animals. That suggests that inflammatory challenges
increased pituitary sensitivity to this cytokine action.
It was found that the potency of IL-1𝛽 to affect the LH
secretion from pituitary cells seems to be dependent upon
the physiological status of the animal before collection of
organs. The effect of IL-1𝛽 treatment on LH release was
stronger in pituitaries collected from LPS-treated ewes LH
release in APs from LPS-treated ewes from the beginning
of the experiment. In APs explants collected from control
animals, IL-1𝛽 only reduced the GnRH-induced release of
LH during the first 200 min of incubation. However, at the
end of the experiment, the effect of IL-1𝛽 was considerable.
The increased sensitivity of pituitary cells collected from LPStreated ewes on IL-1𝛽 action seems to result directly from
higher expression of IL-1R1 in these cells. It was found that
the level of mRNA encoding IL-1R1 in LPS-treated animals
was significantly higher compared to saline-treated ewes.
The presence of membrane IL-1R1 is essential for a tissue
response on IL-1𝛽 action. Although IL-1R1-deficient mice
show no abnormal phenotype in health and exhibit normal
homeostasis, they do exhibit reduced responses to challenge
with inflammatory agents [29]. IL-1RI-deficient mice also
show an attenuated inflammatory response compared with
wild-type mice [30]. The stimulatory effect of immune stress
on IL-1R1 expression in the brain tissue has been previously
described both in rats and sheep [31, 32]. However, the effect
of endotoxin on the expression of IL-1R1 in the pituitary is
not clear. The in vitro study on the mouse AtT-20 pituitary
tumor cells showed that direct LPS treatment increases the
number of IL-1R1 in a dose-dependent manner [33]. The
studies carried out on mice [34] and sheep [31] also reported
the stimulating effect of LPS on IL-1R1 mRNA. However, the
other studies suggested the inhibitory effect of LPS on IL1R1 gene expression in the pituitary [35, 36], In the present
study observed elevation of sheep IL-1R1 mRNA does not
have to be an effect of direct action of LPS on pituitary cells.
It could be caused by stress of inflammatory response. Stress
is a profound upregulator of IL-1R1 expression. The study
performed on mice showed that ether-laparotomy stress
resulted in a selective increase in pituitary IL-1 receptors.
Moreover, an intraperitoneal injection of rat/human CRF
mimicked the effects of stress and resulted in a dramatic
increase of IL-1 receptor level in the pituitary [35].
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In conclusion, the study showed that IL-1𝛽 is a potent
modulator of LH secretion at the pituitary level. However,
the potency of IL-1𝛽 to affect the secretory activity of
gonadotropes seems to be dependent upon the physiological
status of animals. We also discovered that the pituitaries
“memory” of the events triggered by LPS exposure seems to
result from different expression of cytokines receptors. This
suggests that inflammatory stress affects the activity of the
pituitary in a prolonged manner, and it could affect its function even for many hours after deprivation of inflammatory
signals.
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Collagen XVII is a nonfibril-forming transmembrane collagen, which functions as both a matrix protein and a cell-surface receptor.
It is particularly copious in the skin, where it is known to be a structural component of hemidesmosomes. In addition, collagen
XVII has been found to be present in the central nervous system, thus offering an explanation for the statistical association between
bullous pemphigoid, in which autoimmunity is directed against dermal collagen XVII, and neurological diseases. In support of the
hypothesis that collagen XVII serves as a shared antigen mediating an immune response between skin and brain, research on animal
and human tissue, as well as numerous epidemiological and case studies, is presented.

1. Introduction
Collagens, the most abundant protein in the human body
[1], are a family of extracellular or transmembrane proteins
defined by a triple helical structure, which is formed by
hydrogen bonds between three polypeptide strands called 𝛼chains [2]. Collagens have previously been overlooked for
roles in the brain, since fibrillar collagens, the best known
subfamily of collagens, are not present in the mature central
nervous system (CNS), except in marginal structures such as
the meninges [3] and the basement membrane in the bloodbrain barrier [4]. However, gradually accumulated evidence
has made it apparent that collagens are not merely structural
proteins giving strength to tissue, but bioactive molecules
with a dynamic role within the nervous system [5, 6]. In fact, a
role in the CNS, albeit often transient, has now been identified
for nearly every type of collagen during some phase of CNS
development. Decisive functions, such as establishment of
brain architecture [7], neuronal differentiation [8], regulation
of axonal outgrowth [9] and targeting [10], and synaptic
differentiation [11], have been attributed to different collagens
during various stages of neural maturation [5, 12].

2. Molecular Structure and Expression of
Collagen XVII
Collagen XVII, also known as bullous pemphigoid antigen 2
(BPAG2) or BP180, due to its 180 kDa mass, belongs to the
subfamily of non-fibril-forming transmembrane collagens,
all four members of which function as both matrix proteins
and cell-surface receptors. These proteins exist in two different forms, one being a type II-oriented transmembrane
protein and the other being a shorter soluble molecule
derived by posttranslational proteolysis [13, 14].
The structure of collagen XVII and its binding ligands
have been previously described in detail [14, 15]. It is a
homotrimer of three 180 kDa 𝛼-chains, each with a long
intracellular N-terminal domain, a short transmembrane
stretch, and an extracellular C-terminus [16]. Collagen XVII
is known to be a structural component of hemidesmosomes,
which mediate adhesion of epidermal keratinocytes and
certain other epithelial cells to the underlying basement
membrane. The intracellular component of collagen XVII
interacts with the 𝛽4-integrin subunit, plectin, and BPAG1
[17, 18] to form a stable attachment of hemidesmosomes to
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keratin intermediate filaments within the cell. The 120-kDa
ectodomain of collagen XVII binds to both the 𝛼6 integrin
subunit [19] and laminin 332 and is shed from the cell
surface by the metalloproteases ADAM 9 and ADAM 10 [20],
yielding a soluble form of the molecule into the extracellular
matrix [21, 22]. Although the physiological implications of the
shedding are not certain, it has been proposed that this allows
the anchored cell to detach, migrate, and differentiate during
morphogenesis and during regeneration in wound healing
[15, 23].
In the nervous system, collagen XVII has been studied in
both animal and human studies. In bovine and rat tissue it
has been detected, often colocalizing with its epithelial ligand
BPAG1 and complexing with various laminins, in Muller
glial cells, photoreceptors and synaptic regions of the retina,
and the cerebellum [24]. In human brain tissue, collagen
XVII has been shown to localize predominantly to the soma
and proximal axons of neurons, the level of expression
varying from one brain structure to another; areas with a
strong presence of collagen XVII are the hypoglossal nucleus
(nucleus XII), oculomotor nucleus (nucleus III), nucleus
basalis of Meynert, supraoptic nucleus, subthalamic nuclei,
and pyramidal cells of the hippocampal regions CA 4-2 and
the ganglionic layer of the cerebral cortex, particularly Betz
cells [25, 26]. On an intracellular level, collagen XVII seems to
be concentrated in irregularly-shaped autofluorescent granules around the nucleus, which, using electron microscopy,
have been confirmed to be lipofuscin [27].

3. Collagen XVII, Bullous Pemphigoid,
and Neurological Disease
Lack of collagen XVII or the loss of its function results
in diminished epidermal adhesion and skin blistering in
response to minimal shearing forces. In non-Herlitz-type
junctional epidermolysis bullosa this can be caused by mutations in the gene coding collagen XVII, COL17A1 [28]; in the
pemphigoids, that is, bullous pemphigoid (BP), pemphigoid
gestationis, linear igA disease and mucous membrane pemphigoid, the cause of epidermal impairment is autoimmunity
against collagen XVII [29–31]. The autoantibodies are primarily directed against the immunodominant N-terminal of
the juxtamembranous NC16a domain [32], which is one of
the noncollagenous sequences of collagen XVII’s extracellular
part [33]. However, collagen XVII’s hemidesmosomal ligand
BPAG1 can also serve as an autoantigen in BP [34], which
is the most frequent pemphigoid; it has an annual incidence
varying in different studies from 2.6 to 42.8 per million
population [35]. It usually affects the elderly, and both
genders are similarly affected. Clinically, it is characterized by
tense blisters, variably associated with severe itching.
Interestingly, robust statistical associations between BP
and neurological disorders have been repeatedly published,
particularly in relation to dementia and cerebrovascular
disease (Table 1). Foureur et al. [36] found neurological
disorders in 65% (𝑛 = 30/46) of consecutive day-unit patients
with BP, chief amongst which were senile dementia and
cerebral stroke. Likewise, Cordel et al. [37] found that 36%
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(𝑛 = 123/341) of BP patients from French dermatology
departments had a neurological disorder: 55% of these were
dementia, primarily Alzheimer’s disease followed by vascular
dementia, and 42% were cerebral stroke. These findings were
repeated by Jedlickova et al. [38]. Their analysis showed
that psychoneurological disease, again primarily cerebral
stroke and dementia, was found in 42.7% of 89 BP patients
but only in 19.1% of controls. Similar figures were reported
by Taghipour et al. [39]: at least one neurological disease
was present in 46% of 90 consecutive BP patients from
an immunobullous referral centre, as compared to 11% in
controls. Identically, a significant association with BP was
found for cerebrovascular disease and dementia. Dementia,
or severe cognitive impairment, has since been consistently
reported in association with BP in three more studies [40–42]
and a case report [43]. What is more, a study of 138 elderly
subjects with no dermatological symptoms showed that the
presence of anticollagen XVII antibodies in the serum was
significantly correlated with a mini-mental test score of under
24/30, that is, the cut-off score for dementia [44].
Also, multiple sclerosis and Parkinson’s disease have been
associated with bullous pemphigoid. A retrospective study of
the discharge records of all hospitalized patients in a region
in northern Italy supported an association between bullous
pemphigoid, multiple sclerosis, and Parkinson’s disease [45].
In line with these findings, the literature reports several cases
of bullous pemphigoid developing in patients with multiple
sclerosis [46–48] and at least one in a patient with Parkinson’s disease [49]. The association of Parkinson’s disease
with bullous pemphigoid has been subsequently reported in
epidemiological studies others by as well [37, 40–42]. There
are also case reports of unilateral BP on the paralyzed side of
hemiplegic patients [36, 50, 51].
Psychiatric morbidity may also be associated with BP
[52]. Bastuji-Garin found that unipolar or bipolar mood disorders and the use of psycholeptics, particularly neuroleptics,
were a risk factor for BP in the elderly [41, 53]. One large study
has also associated schizophrenia with BP in females [42].
Although BP usually affects people over 65 years of age,
cases among younger people are not unheard of. Interestingly,
a retrospective study of 74 BP patients under the age of 60
found neurological disorders in 12 and use of psychiatric
drugs in 33 cases [54] (not included in Table 1 due to age
difference of cases as compared to the other studies).
In light of the association between BP and neurological impairment, it is notable that neurological symptoms
are not associated with junctional epidermolysis bullosa
[55]. This suggests that collagen XVII impairment in itself
does not explain the neurodermatological symptoms but,
rather, the pathological autoinflammatory reaction against
collagen XVII, feasibly by increasing vascular permeability
and favouring transendothelial migration of inflammatory
cells. In fact, it has recently been revealed that collagen
XVII itself has an important role in regulating inflammatory
chemotaxis: depending on the type of inflammatory stimuli,
the expression level of collagen XVII can have either an
enhancing or suppressing effect on IL-8, a proinflammatory
chemokine [56].
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Table 1: Epidemiological studies linking bullous pemphigoid and neurological morbidity.
Country of
study

Type of study

Foureur et al., 2001 [36]

France

Retrospective case control

Stinco et al., 2005 [45]

Italy

Retrospective

Cordel et al., 2007 [37]

France

Retrospective

Jedlickova et al., 2010 [38]

Czech Republic

Retrospective case control

Taghipour et al., 2010 [39]

UK

Retrospective case control

Langan et al., 2011 [40]

UK

Retrospective population
based case-control

Bastuji-Garin et al., 2011 [41]

France

Prospective case control

Chen et al., 2011 [42]

Taiwan

Retrospective population
based case control

Reference

4. The Possible Role of Collagen XVII as
a Common Antigen in Neurological and
Immunobullous Skin Disorders
The fact that collagen XVII is present in human brain tissue
raises the possibility of collagen XVII having a role in neurological disorders, particularly in association with subsequent
BP. Interestingly, BPAG1, the other antigen targeted in BP,
also has variants that are expressed in the nervous system
[57–59] and could thus also serve as an autoantigen in the
BP-associated neurological disorders. Indeed, antibodies in
the serum of patients with both BP and various neurological
diseases have been shown to recognize both a 180 kDa and a
230 kDa protein corresponding to collagen XVII and BPAG1,
respectively, in mouse and human brain extract [57, 60]
and human epidermal extract [61, 62]. What the relative
significance of these two antigens is in neurological disease is
unclear: previous studies have revealed only a low frequency
of reactivity in the immunoblotting of the cerebrospinal fluid
of MS patients (without BP) against BPAG1 [58, 62]. Also,
in a study of collagen XVII and BPAG1 autoantibodies in
the serum of 337 individuals with no signs of BP [63], of
the 25 found to be positive, 5 had neurologic diseases listed
in their medical records; in all but one case the amount of
collagen XVII antibodies was greater than the amount for
BPAG1 (correspondence [64]). On the other hand, Soni et
al. [65] found evidence of neither collagen XVII nor BPAG1
antibodies in a case of autoimmune encephalopathy with BP.

Number of BP
Neurological disorders associated to BP
cases in study
Senile dementia/Alzheimer
46
Cerebral stroke
Multiple sclerosis
238
Parkinson’s disease
Dementia
341
Cerebral stroke
Parkinson’s disease or parkinsonism
Dementia
89
Cerebral stroke
Cerebrovascular disease
90
Dementia
Dementia
Parkinson’s disease
868
Stroke
Epilepsy
Severe cognitive impairment (MMSE < 17)
Parkinsons’ disease
201
Uni- or bipolar disorder
Long-term neuroleptic drug use
Dementia
Stroke
3485
Schizophrenia
Epilepsy
Parkinson’s disease

In any case, when both BP and neurological disorder are present, neurological disease usually precedes BP
[40, 60] by months to years [37, 45]. This supports the
idea that neuronal antigen exposure, conceivably via a
compromised blood-brain barrier, is causatively involved
in subsequent development of BP. In light of this, the
hypothesis of immunoglobulin-mediated neurodegeneration
in Alzheimer’s disease [66] is intriguing, as dementia is the
disorder most consistently associated with BP. This hypothesis involves an age-related compromise of the blood-brain
barrier [67] and loss of the “immunological privilege” of the
brain. In a murine model of senescence, vascular permeability
to the brain has been shown to be particularly prevalent in
the hippocampal region [68], where the present author et al.
have shown strong collagen XVII expression [25, 26], and
which is a well-recognized predilection area for Alzheimer’s
disease- (AD-)related lesions [69]. It is also interesting that
our previous results, albeit based on samples from a single
brain (male, 68 years of age at death), show that collagen XVII
expression was confined to lipofuscin [27], as oxidative stress
is intimately associated with the aging process and AD [70].
Lipofuscin is primarily composed of nondegradable, oxidatively modified macromolecule residues which largely originate from autophagocytosed mitochondria [71], the organelle
most affected by the oxidative damage caused by free radicals
emanating from the respiratory processes [72]. Lipofuscin
has usually been considered waste material, the accumulation
of which has a detrimental effect on various cellular functions
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[73], although this view has been questioned as the variability
of lipopigments and sytosolic degradation pathways has been
expounded [74]. It has also been suggested that lipofuscin
actually benefits the neuron by incorporating potentially
damaging metabolites [75]. However, it is worth considering
that in a younger brain the intracellular location of collagen
XVII could be different, as lipofuscin accumulates in the
aging neuron; thus the findings concerning the intraneuronal
localization of collagen XVII must be viewed as preliminary.
The other condition most frequently reported in association with BP is cerebrovascular disease, or stroke (Table 1). Of
course, etiopathogenetically, this is not a neuronal disease but
vascular in origin. Therefore, it is interesting that in contrast
with neurological disease in general, stroke has been shown to
often occur after the onset of BP [76]. This could be explained
by the fact that the inflammatory state present in BP is not
confined to the skin but also involves vascular endothelium
[77], as does the pathogenesis of atherosclerosis, atheroma
plaque rupture, and thrombosis [78]. Also, the inflammatory
response in BP involves raised levels of eosinophils not only
in the skin lesions but also in peripheral blood [79] and it has
been shown that eosinophil granulocytes are an important
source of tissue factor, the initiator of blood coagulation, in
human blood [80, 81]. In addition, there is some evidence that
antiphospholipid antibodies are present in the serum of BP
patients [82]. Thus, the BP-associated inflammation, together
with the hypercoagulable state associated with eosinophilia
and antiphospholipid antibodies, could exacerbate preexisting atherosclerosis and promote thrombosis and stroke [76].
In terms of inflammation, the findings linking affective
disorder and schizophrenia with BP [41, 42] are interesting,
as there is evidence of upregulation of immune response
genes in these disorders [83]. In fact, for schizophrenia, a
neuroimmune hypothesis has been debated for decades [84],
most recently in terms of NMDA-receptor autoimmunity [85,
86]. Although the current consensus concerning the inflammatory etiology of schizophrenia involves the idea of a longlasting consequence of an infective-immune challenge during
early brain development, numerous other explanations have
been offered, including autoimmunity towards certain brain
structures [87], particularly in the hippocampus [88]. However, as inflammation is also closely linked with behavioral
parameters such as exercise, alcohol abuse, and smoking, as
well as with medical conditions including coronary artery
disease, obesity, and insulin resistance [89], interpreting the
inflammatory findings in psychiatric disease is exceedingly
complex. Added to this is the fact that collagen XVII itself
has now been shown to have a dynamic role in inflammatory
responsivity [56]; whether this can in any way be linked to BPassociated neuropsychiatric morbidity remains to be seen.
All in all, the findings presented previously support the
idea of collagen XVII being a worthwhile focus of study in
the area of neuroimmunology. Although the statistical studies
linking BP with neurological disorders are robust, further
biological studies are needed to answer questions relating
to both the physiological and pathogenetic roles of collagen
XVII in the CNS.
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