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Abstract

An inflammatory response is a pathological hallmark of amyotrophic lateral sclerosis (ALS), a
relentless and devastating degenerative disease of motoneurons. This response is not simply a late
consequence of motoneuron degeneration, but actively contributes to the balance between
neuroprotection and neurotoxicity; initially infiltrating lymphocytes and microglia slow disease
progression, while later, they contribute to the acceleration of disease. Since motor weakness
begins in the hindlimbs of ALS mice and only later involves the forelimbs, we determined
whether differential protective versus injurious inflammatory responses in the cervical and lumbar
spinal cords explained the temporally distinct clinical disease courses between the limbs of these
mice. Densitometric evaluation of immunohistochemical sections and quantitative RT-PCR (qRT-
PCR) demonstrated that CD68 and CD11c were differentially increased in their spinals cords.
gRT-PCR revealed that protective and anti-inflammatory factors, including BDNF, GDNF, and
IL-4, were increased in the cervical region compared with the lumbar region. In contrast, the toxic
markers TNF-a, IL-1p and NOX2 were not different between ALS mice cervical and lumbar
regions. T lymphocytes were observed infiltrating lumbar spinal cords of ALS mice prior to the
cervical region; mRNA levels of the transcription factor gata-3 (Th2 response) were differentially
elevated in the cervical cord of ALS mice whereas t-bet (Th1 response) was increased in the
lumbar cord. These results reinforce the important balance between specific protective/injurious
inflammatory immune responses in modulating clinical outcomes and suggest that the delayed
forelimb motor weakness in ALS mice is partially explained by augmented protective responses in
the cervical spinal cords.
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1. Introduction

The central nervous system (CNS) has traditionally been considered immunologically
privileged, but there has been a re-evaluation of this tenet and neuroinflammation is now
recognized to be a prominent feature of many classic neurodegenerative disorders including
amyotrophic lateral sclerosis (ALS) (Carson et al., 2006; Barbeito et al., 2010). ALS is an
adult-onset, relentlessly progressive neurodegenerative disorder and although numerous
pathological processes appear to contribute to motoneuron injury in this inexorable disease,
there is a neuroinflammatory response, highlighted by the presence of activated microglia
and infiltrating lymphocytes at sites of motoneuron injury, that also contributes to this
pathogenic process (Engelhardt et al. 1993; McGeer and McGeer, 2002; Henkel et al. 2004;
Boillée et al. 2006; Kassa et al. 2009). Recent evidence suggests that this response is not
simply a late consequence of motoneuron degeneration, but actively contributes to the
balance between neuroprotection and neurotoxicity; initially activated microglia and
infiltrating lymphocytes slow disease progression, while later, they can contribute to the
acceleration of disease (Beers et al. 2006; Beers et al. 2008).

As a component of the innate immune system, microglia are of hematopoietic origin and
colonize the CNS during early development; microglia are resident macrophages that sample
the extracellular space through continuous extension, retraction, and remodeling of their
cellular processes (McKercher et al. 1996; Beers et al. 2006; Ransohoff and Perry 2009). As
primary intrinsic immune effector cells, microglia are involved in virtually all pathological
processes of the CNS including inflammatory, neurodegenerative, traumatic, neoplastic, and
vascular diseases, and as identified more recently, neuroprotection (Carson et al., 2006;
Appel et al., 2010). Cumulative data suggest that when activated, microglia can produce and
release an array of pro-and anti-inflammatory molecules, and may exert either a toxic or
protective effect on neurons depending on the physiologic conditions; earlier reports
proposed that microglial activation is detrimental to the CNS, but other evidence suggests
that inhibition of this activation does not improve neurological outcomes (Arvin et al., 2002;
Tsuji et al., 2004; Henkel et al., 2009; Appel et al., 2010; Polazzi and Monti 2010). In
response to injury, microglia undergo rapid morphological and functional activation which
includes phagocytosis, antigen presentation, as well as the production and secretion of ROS,
cytokines and growth factors (Kreutzberg 1996; Zhao et al. 2004; Hanisch and Kettenmann
2007; Ransohoff and Perry 2009). More recently, several studies have documented the
neuroprotective attributes of microglia that may enhance neuronal survival through the
release of the trophic factors BDNF and IGF-1, and anti-inflammatory factors I1L-4 and
IL-10 (Zhao et al., 2006; Lalancette-Hébert et al., 2007; Simard and Rivest, 2007). Although
there is considerable morphological and neurochemical evidence for the proliferation and
activation of microglia in ALS, it had remained unclear whether these innate immune cells
protect motoneurons or contribute to neuronal injury (Moisse and Strong 2006). The most
direct evidence that both outcomes are possible is the temporal association between
neuroinflammation and the progression of motoneuron disease observed in animal models of
ALS (Beers et al., 2006; Beers et al., 2008).

In addition to microglial involvement in the ALS pathogenic process, recent studies have
shown that the presence of T lymphocytes, while they have little influence on disease onset,
played a fundamental role in the rate of disease progression. CD4+ T lymphocytes
infiltrating ALS mice CNS slowed disease progression, prolonged survival, and enhanced
the levels of anti-inflammatory cytokines and trophic factors; T lymphocytes in ALS mice
play an endogenous neuroprotective function by augmenting the protective potentials of
microglia and attenuating their toxic responses (Beers et al., 2008; Chiu et al., 2008).
Another study demonstrated that passively transferred ex vivo activated T lymphocytes
delayed motoneuron loss, improved neurological function, and increased life expectancy of
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ALS mice (Banerjee et al., 2008). These results suggest that, in a model of chronic
neurodegeneration, T lymphocytes may play an endogenous neuroprotective role by
modulating beneficial microglial responses and supports the concept of a well-orchestrated
and complex dialogue among microglia, T cells, and neurons (Appel et al. 2010).

In ALS mice, motor weakness begins in the hindlimbs, culminating in hindlimb paralysis,
and slowly progresses to include forelimb weakness by end-stage (ES) disease. In this
report, we determined whether the temporal functional discrepancies between the onset of
disease and levels of disease burden in the limbs was associated with differences in
protective versus injurious inflammatory responses within the cervical and lumbar spinal
cord regions. We demonstrate that after disease onset and detectable pathology, there is a
toxic response in both the lumbar and cervical spinal cord regions of ALS mice, but the
cervical region had an augmented and sustained protective inflammatory response as disease
progresses.

2. Methods

2.1. Mice

ALS mice, on a C57BI/6 genetic background and overexpressing the G93A mutation in the
Cu?*/Zn2* superoxide dismutase gene (mSOD1), a transgenic animal model of inherited
human ALS (Gurney et al., 1994), were bred and maintained in The Methodist Hospital
Research Institute’s animal facility. All animals were housed in microisolator cages with
access to food and water ad libitum. All experimental procedures involving animals were
approved by The Methodist Hospital Research Institute’s Institutional Animal Care and Use
Committee in compliance with National Institutes of Health guidelines. ALS mice were
identified and mSOD1 copy number verified by quantitative PCR (qRT-PCR) as previously
described (Beers et al., 2008). Disease symptoms and course were assessed using the BASH
scoring system (supplementary materials, table 1; (Beers et al., 2006; Beers et al., 2008).
Specific cytokines/chemokines/neurotrophic factor mRNA levels were assessed at disease
onset (11 weeks), the stable disease phase (14 and 16 weeks), the point at which disease
progression rapidly accelerates (18 weeks), the rapidly progressing phase (20 weeks), and
end stage (ES) disease; age-matched wild-type (WT) mice served as controls.

2.2. Immunohistochemistry

The mice were lethally anesthetized and perfused with phosphate buffered saline (PBS: pH:
7.4) followed by 3% neutral paraformaldehyde. Thirty-micron thick sections were cut from
the spinal cord and washed three times in PBS. The sections were blocked for endogenous
peroxidase activity (0.3% H,O in distilled water, 30 min.). The sections were pretreated
with normal serum for 1 hour at room temperature (RT) to block the non-specific IgG
binding sites. The CD68, CD11c, CD3, and CD4 primary antibodies were diluted in PBS
containing normal serum and incubated overnight at 4°C. As a negative control the primary
antibodies were omitted during the reaction. After rinsing in PBS, the sections were
incubated with a biotinylated labeled secondary 1gG for 2 hours at RT. The immunostained
sections were examined using a Zeiss Imager-Z1m microscope equipped with a Zeiss
AxioCam MRc5 color camera and Zeiss digital image analysis system (Karl Zeiss,
Oberkochen, Germany).

2.3. Image analysis

CD68 and CD11c immunoreactivities in the cervical and lumbar spinal cords were analyzed
by densitometry. Photomicrographed immune-stained spinal cord sections (n = 3 sections at
each time point) were imported into Photoshop 6.0 (Adobe Systems Inc., San Jose, CA) and
assessed using quantitative densitometric analyses adapted from Lindley et al. (2008).
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Briefly, a constant ventral horn size in each section was captured and the total number of
pixels within that area was isolated, and the number and the average gray level of pixels
darker than background was determined for each section. The same constant ventral horn
size was captured and analyzed from WT mice spinal cords. The number of pixels darker
than WT background was divided by the total number of pixels within the isolated image, to
provide a relative signal.

2.3. gRT-PCR

RNA was isolated from homogenized frozen spinal cord tissue using Trizol (Gibco) and
purified using RNeasy (Qiagen) according to the manufacturers’ recommendations. The
RNA concentrations were determined spectrophotometrically (NanoDrop
Spectrophotometer ND-1000). qRT-PCR was performed on 10 ng of mRNA as previously
described (Beers et al., 2008; Henkel et al., 2006). Primer efficiency was assessed by
analyzing a dilution series of MRNA. The relative expression level of each mMRNA was
calculated using the AACt method normalizing to B-actin and relative to the control samples.
The presence of one product of the correct size was verified by gel electrophoresis and
melting curve analyses.

2.4, Statistical analyses

Data were analyzed using two-tailed Student's t-test using Excel software. Data are
expressed as mean + standard error of the mean (SEM); p < 0.05 was considered statistically
significant. Differences between groups were analyzed using a two-way ANOVA
(SigmasStat, Richmond CA).

3. Results

3.1. Morphological evaluation of microglia in the cervical and lumbar spinal cord regions
of ALS mice

Because motor weakness begins in the hindlimbs of ALS mice and slowly progresses to
include the forelimbs, we immunohistochemically assayed the cervical and lumbar spinal
cord regions from these mice to detect any observable differences in microglial
morphological activation states. The cervical and lumbar spinal cord sections of ALS mice
were stained at disease onset (11 weeks), the stable disease phase (16 weeks), and the
rapidly progressing phase (20 weeks), and at near ES disease, and compared with age-
matched WT mice. Using CD68 antibodies, a marker of phagocytic microglia, there
appeared to be relatively more signal in the cervical regions of ALS mice compared with
their lumbar regions; the signal increased in both regions of ALS mice spinal cords as
disease progressed (Fig. 1A). In contrast, when using antibodies to CD11c, a marker for
immature dendritic cell (DC), there appeared to be relatively more signal in the lumbar
regions of ALS mice compared with their cervical cords; there was no detectable CD11c
signal in WT mice and ALS mice at 11 weeks (Fig. 1A).

To quantitatively assess whether the observed immuno-signals in the cervical and lumbar
spinal cords of ALS were different, sections from each region were subjected to
densitometric analyses. The CD68 signal in immune-stained sections was increased in the
cervical cords of ALS mice at all assessed time points compared with their lumbar regions
(Fig. 1B). In contrast, the CD11c signal was similar between cervical and lumbar regions at
11 and 16 weeks of age, but increased in the lumbar spinal cords of ALS mice at 20 weeks
of age compared with their cervical regions, and remained elevated in this region through ES
disease (Fig. 1C).
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3.2. Expression levels for phagocytic and dendritic phenotypes are differentially elevated
in ALS mice

Since there were observable morphological differences in the activation states of microglia
from the cervical spinal cords of ALS mice compared with their lumbar regions, we used
gRT-PCR to accurately assess the levels of phagocytic and DC phenotypes in the cervical
and lumbar spinal cords of these mice at disease onset (11 weeks), the stable disease phase
(14 and 16 weeks), the point at which disease progression rapidly accelerates (18 weeks),
the rapidly progressing phase (20 weeks), and end stage (ES) disease (Fig. 2A). The mRNA
levels for CD68 were increased at 16 weeks in the cervical spinal cords of ALS mice
compared with their levels in the lumbar spinal cords (Fig. 2B). Although CD68 levels
increased in both regions as disease progressed, they increase at a more rapid rate in the
cervical cords than in the lumbar cords of these mice. On the contrary, CD11c mRNA levels
were differentially increased at 20 weeks in the lumbar spinal cords of these mice compared
with the cervical region of their spinal cords, at a time when disease rapidly accelerates in
these mice (Fig. 2C). There was a greater discrepancy, approximately 2 fold, between the
two regions at ES disease; although not observably detectable by immunohistochemistry,
CD11c expression was detected in the spinal cords of WT and 11 week ALS mice by gRT-
PCR. CCL2 mRNA, a cytokine involved in the recruitment of peripheral immune cells, was
also differentially increased in the lumbar spinal cords of ALS mice compared with the
cervical regions (Fig. 2D). The CCL2 mRNA expression levels were approximately 3.5 fold
greater in the lumbar region at 20 weeks and ES disease than the levels in the cervical
region. We have previously demonstrated that increased expression of DC markers was
associated with a more rapidly progressing disease in ALS patients, and that CCL2 was
elevated in ALS patient spinal cords, thus the current data support the involvement of
immune/inflammatory responses in amplifying motoneuron degeneration (Henkel et al.,
2004).

3.3. Protective inflammatory and neurotrophic factors are increased in the cervical cords
of ALS mice

Because morphological and gRT-PCR of microglial and DC markers were differentially
expressed between the cervical and lumbar regions of ALS mice spinal cords, and since we
previously demonstrated that morphological markers of microglial “activation” do not
accurately predict functional indicators of “activation,” we evaluated these discrete
anatomical areas for the differential expression of a neuroprotective microglial and cytokine/
neurotrophic markers (Cardona et al., 2006; Beers et al., 2008; Appel et al., 2010). Since
microglia are the only cells in the CNS to express CX3CR1, and since signaling through
CX3CR1 may ameliorate microglial neurotoxicity, we assessed the mRNA expression levels
of CX3CRL1 in the cervical and lumbar spinal cords of ALS mice; the replacement of
microglia by circulating monocytes/macrophages does not take place in ALS mice without
first subjected to y-irradiation, suggesting that maintenance and local expansion of microglia
in these models are solely dependent on the self-renewal of resident CNS cells (Cardona et
al., 2006; Ajami et al., 2007). CX3CR1 mRNA levels were increased at 14 weeks in the
lumbar spinal cords of ALS mice compared with the levels in the cervical region, but by 16
weeks, the levels in the two regions were equivalent (Fig. 3A). Although the increased
CX3CR1 levels were sustained over the remaining course of disease in the cervical spinal
cords in these mice, their levels precipitously dropped at 18 weeks in the lumbar regions at a
time when disease rapidly accelerates.

Recently, Liang et al. (2010) demonstrated that glutamate induced the release of
neurotrophic factors, such as BDNF, GDNF and NGF from microglia; Serpe et al. (2005)
demonstrated that CD4+ T lymphocyte derived BDNF protected facial motoneurons after
corresponding nerve axotomy. Furthermore, BDNF released by microglia has been shown to
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modulate the expression of proteins involved in neural plasticity following focal brain
ischemia (Madinier et al., 2009). In our study, BDNF was initially elevated only in the
cervical spinal cords of ALS mice at 11 weeks, but by 14 weeks, the increased levels of
BDNF mRNA were equivalent between the cervical and lumbar regions in these mice (Fig.
3B). At 16 weeks, the mRNA level of BDNF in the lumbar region began to wane and
dropped to WT levels at 18 weeks and remained at this level until ES disease. However, in
the cervical spinal cords of ALS mice, the increased mRNA levels of BDNF were sustained
until ES disease. Although there was a trend for GDNF to be increased in the lumbar spinal
cords of ALS mice at 11 weeks compared with the cervical region, by 14 weeks and through
the remaining course of disease, GDNF was increased in the cervical region of these mice
compared with the lumbar region; GDNF was increased throughout disease in the lumbar
spinal cords of ALS mice compared with the same region in WT mice (Fig. 3C).
Interestingly, TGF-B was only increased in the lumbar region of ALS mice at 18 weeks
compared with WT mice and increased in both cervical and lumbar spinal cords of these
mice at 20 weeks and ES disease compared with age-matched WT mice; there were no
difference between the two regions in ALS mice (Fig. 3D).

3.4. Messages for injurious inflammatory markers were similar between the cervical and
lumbar regions in ALS mice

Toxic microglia secrete increased pro-inflammatory cytokines such as tumor necrosis factor
(TNF)-o and interleukin (IL)-1p, and release the potent reactive oxygen species (ROS)
superoxide radicals (O,°") and nitric oxide (NO) (Benoit et al., 2008; Appel et al., 2010).
TNF-a mRNA was increased at 14 weeks in lumbar spinal cords of ALS mice compared
with age-matched WT mice, and increased to a similar extent in both regions over the course
of disease (Fig. 4A). IL-1p mRNA mirrored the expression profile for TNF-a; at 14 weeks,
IL-1p was increased in both anatomical regions of the spinal cords of ALS mice and
continued to increase as disease progressed (Fig. 4B). The mRNA for NOX2, the subunit of
NADPH oxidase found in microglia producing O,°~, also increased rapidly in both the
cervical and lumbar regions of ALS mice beginning at 14 weeks and was markedly elevated
in both regions at ES disease; both regions had similar temporal NOX2 expression levels
(Fig. 4C).

3.5. Astrocyte mRNA factors are elevated in the lumbar spinal cords of ALS mice

Glutamate-induced excitotoxicity may contribute to the pathogenesis of ALS; evidence of
abnormal glutamate handling in ALS arose from the detection of large increases in the levels
of glutamate in the cerebrospinal fluid of ALS patients (Cleveland and Rothstein, 2001). The
astroglial glutamate transporter EAAT?2 that is responsible for ~90% of the glutamate
clearance for motoneurons. Although GFAP mRNA levels, a marker of astrocytes and
astrocytosis, was increased in both the cervical and lumbar spinal cords of ALS mice
beginning at 14 weeks and increasing thereafter, EAAT2 was increased in the lumbar spinal
cord of these mice at 14 weeks, returning to WT levels at 16 weeks, then again at WT levels
at 20 weeks and ES disease; EAAT2 was not increased in the cervical region of these mice
at any age assayed (Fig. 5A and B). EAAT2 expression was reduced in the cervical and
lumbar spinal cords of ALS mice at 18 weeks (Lin et al., 1998; Howland et al., 2002).
GFAP levels increased in the lumbar region of ALS mice at 16 weeks compared with the
cervical region and remained elevated in this region until ES disease.

3.6. Lymphocytes are differentially increased in the cervical and lumbar regions of ALS

mice

To assess whether infiltrating T lymphocytes were differentially increased between the
cervical and lumbar spinal cord regions of ALS mice, sections from these respective regions
were immuno-stained for CD3, a pan T lymphocyte marker. At 11 weeks of age, at the
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initiation of disease onset, CD3+ T lymphocytes were present in the lumbar region (4.5 £
0.5 T lymphocytes/section) of ALS mice but were conspicuously rare in their cervical spinal
cord region (Fig. 6). At 16 weeks, during the stable disease phase, CD3+ T lymphocytes
were present in both the cervical and lumbar regions of ALS mice, but were increased in the
lumbar region compared with the cervical region of ALS mice (10.2+1.1and4.3+05T
lymphocytes/section, respectively). At 20 weeks, T lymphocytes were similarly increased in
the lumbar region of ALS mice (15.1 £ 0.6 T lymphocytes/section) compared with their
cervical region (6.8 £ 0.1 T lymphocytes/section) of the same mice. At ES disease, there
were fewer CD3+ T lymphocytes in the cervical region of ALS mice (10.6+£15T
lymphocytes/section) compared with their lumbar region (14.5 + 0.4 T lymphocytes/
section); the number of CD3+ T lymphocytes/section in the lumbar region of the ALS mice
was comparable the numbers previously reported (Beers et al., 2008).

3.7. Differential mRNA levels of preferentially expressed T lymphocyte transcription
factors and cytokines in ALS mice spinal cords

Since T lymphocytes were observed to infiltrate the spinal cords of ALS mice, we determine
whether T lymphocyte transcription factors were expressed in a temporally and regional
distinct manner. mRNA levels of gata-3, a master transcription factor preferentially
expressed by Th2 lymphocytes, were increased at 14 and 16 weeks in the cervical region of
ALS mice compared with the cervical region of WT mice or the lumbar region of ALS
mice; gata-3 expression was not elevated in the lumbar region of ALS mice at any time
point examined (Fig. 7A) (Zhu and Paul, 2010). Furthermore, gata-3 mRNA levels were
suppressed in both the cervical and lumbar regions of ALS mice beginning at 18 weeks, and
extending through ES disease, compared to the respective regions in WT mice.

We have previously demonstrated that T lymphocytes modulate microglial phenotypes and
slow disease progression in ALS mice, however, specific T lymphocyte factors were not
assessed (Beers et al., 2008). The prototypic cytokine secreted by Th2 lymphocytes is IL-4;
however, a recent study demonstrated by qRT-PCR that IL-4 mRNA can be expressed by
microglia in the CNS of WT mice and that its production is essential for controlling
autoimmune inflammation by inducing a protective microglial phenotype (Ponomarev et al.,
2007). In this study, IL-4 levels were elevated in the cervical cords of WT mice compared
with their lumbar regions; 1L-4 was expressed 2-2.5 fold more in WT cervical cords than
lumbar cords at all ages assayed (Fig. 7B). At 11 weeks of age, the IL-4 message level was
increased in the cervical region of ALS mice compared with their lumbar cords, but was
equivalently increased in both cervical and lumbar spinal cord region of these mice at 14 of
weeks, and continued to increase until 16 weeks. IL-4 levels dropped in both regions at 18
weeks, but were still elevated in the cervical cords of ALS mice at 20 weeks compared with
their lumbar regions. Another Th2 lymphocyte secreted cytokine is IL-10 and its mMRNA
levels were increased in the two regions of ALS mice at 14 and 16 weeks compared with
their two WT regions, but returned to WT levels as diseased progressed; 1L-10 levels were
not elevated in the cervical cords of WT mice compared with their lumbar regions at any age
assayed (Fig. 7C).

In contrast, t-bet, also known as T-box 21 (Thx21) and a master transcription factor
preferentially expressed in Thl lymphocytes, was first increased at 14 weeks in the lumbar
region of ALS mice compared with the respective region in WT mice or the cervical region
of ALS mice (Fig. 7D) (Zhu and Paul, 2010). The expression of t-bet was first elevated in
the cervical region of ALS mice at 18 weeks compared with their WT mice counterparts; t-
bet MRNA levels in the cervical region of ALS mice never increased to the same extent as in
the lumbar region of these mice. The mRNA for IFN-y, the prototypic pro-inflammatory
cytokine released by Th1 lymphocytes inducing a Th1 response, was increased in the lumbar
spinal cords of ALS mice at 18 weeks and thereafter; IFN-y was not increased in the cervical
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spinal cords of these mice compared with age-matched WT mice over the entire course of
disease (Fig. 7E). In addition, the relative expression levels of t-bet were similar to that of
IFN-y in the cervical and lumbar regions of ALS mice (Fig. 7B). Th1l lymphocytes also
release IL-6 and its levels were also increased only in the lumbar spinal cords of ALS mice
beginning at 16 weeks compared with levels in the cervical region of these mice and WT
mice; IL-6 expression in ALS mice returned to WT levels at ES disease (Fig 7F). In contrast
to IFN-y, IL-6 was not increased in the cervical regions of ALS or WT mice at any time
point assayed.

We next assayed for foxp3 mRNA levels, a transcription factor currently accepted as a
reliable marker of regulatory T (Tregs) lymphocytes, in the cervical and lumbar spinal cords
of WT and ALS mice; the suppressive effects of Tregs on the adaptive and innate immune
systems have been previously documented (Sakaguchi 2005; Tiemessen et al., 2007;
Sakaguchi et al., 2008). foxp3 was elevated in the cervical region of ALS mice at 14, 16,
and 18 weeks compared with WT mice; the levels returned to WT levels at 20 weeks and ES
disease (Fig. 7G). In contrast, foxp3 levels increased in the lumbar region of ALS mice at 11
through 16 weeks compared with WT mice, but returned to WT levels at 18 weeks through
ES disease.

4. Discussion

Early studies of ALS mice overexpressing mutations in the SOD1 gene reported that the
mice first developed hindlimb tremors, then progressive hindlimb weakness with rapidly
deteriorating gates, which eventually culminated in paralysis of one or both hindlimbs
(Gurney et al., 1994; Wong et al., 1995; Bruijn et al., 1997). Forelimb weakness occurred
later if at all in disease; in some ALS mice, disease progressed so rapidly that they were
sacrificed before any signs of forelimb involvement were observed (Bruijn et al., 1997). We
also reported a similar set of clinical signs in our mutant SOD1G9A ALS mice; limb onset
and involvement is more variable in the transgenic rat model of ALS (Howland et al., 2002;
Beers et al., 2006; Beers et al., 2008). Therefore, because motor weakness begins and is
more severe in the hindlimbs of ALS mice and only later involves the forelimbs, we asked
whether cervical spinal cord pathology with regard to protective versus injurious
inflammatory responses differed from their lumbar regions over the course of disease. The
current study demonstrates that the levels of BDNF, GDNF, and IL-4, specific
neuroprotective factors expressed by glia and lymphocytes, were either augmented and/or
sustained in the cervical spinal cords of these mice as disease progressed (Madinier et al.,
2009; Liang et al. 2010). Furthermore, T lymphocytes were observed first infiltrating the
lumbar region of these mice, and only later infiltrated the cervical region. The elevated
levels of gata-3, a master transcription factor preferentially expressed by Th2 lymphocytes,
suggest that Th2 lymphocytes infiltrate the cervical region of ALS mice. Thus, a potential
additional source of 1L-4, aside from that produced by microglia, may include infiltrating
Th2 lymphocytes in the cervical spinal cords of ALS mice; IL-4, the critical cytokine
driving Th2 lymphocyte differentiation, especially in vitro, and suppresses the development
of Thl lymphocytes (Zhu and Paul, 2010). Then, as disease progresses, there is an elevation
in both IFN-y and t-bet, a master transcription factor preferentially expressed in Thl
lymphocytes, suggesting that Th1 lymphocytes infiltrate the cervical region and augment a
toxic inflammatory response; with the increased expression of IFN-y, which is important for
inducing Thl lymphocytes and also inhibiting Th2 lymphocyte differentiation, there is a
concomitant decrease in mMRNA levels for IL-4. However, as recently reported by Hegazy et
al. (2010), fully differentiated Th2 lymphocytes can be reprogrammed into gata-3+/t-bet+
lymphocytes capable of producing both IL-4 and IFN-y. Thus, caution must be exercised in
attributing specific cytokine or chemokine signaling to any single cell type, including
subtypes of T lymphocytes as well as microglia or astrocytes.
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Cardona et al., (2006) showed using three different in vivo models that CX3CR1 deficiency
dysregulates the response of microglia, resulting in neurotoxicity and suggested that
augmenting CX3CR1 signaling may protect neurons against toxicity. Our data support this
concept, but that regionally specific microglia can be more efficient in upregulating
CX3CR1 and suppressing the effects of the concurrent toxic microglial responses. Toxic
microglia phenotypes are present in the cervical and lumbar spinal cords of ALS mice, and
are capable of expressing mRNAs for neurotoxic substances such as O," and producing the
injurious cytokines TNF-o and IL-1p. Interestingly, the message levels for CD11c, a marker
of DC, and CCL2, a chemokine that attracts peripheral immune cells, were augmented in the
lumbar region of these mice at a time when disease rapidly accelerates; they remained
relatively stable in the cervical region of ALS mice. These results suggest that after disease
onset and subsequently during disease progression, the cervical region may contain a
heterogeneous population of protective and injurious microglia, whereas the lumbar region
possesses a population of microglia that is predominantly of a toxic phenotype.

IL-4 is a well known immune regulatory cytokine that is able to suppress inflammation;
CNS-derived IL-4 ameliorates the resulting inflammation and clinical signs of experimental
autoimmune encephalomyelitis in mice, a model of multiple sclerosis, and induces a M2
microglial phenotype (Ponomarev et al., 2007). Thus, in addition to Th2 lymphocytes,
another possible cellular source of the CNS-derived IL-4 was microglia. We have previously
shown that exogenously applied IL-4 suppressed microglial release of O,*~ and NO, and
lessened the lipopolysaccharide-induced microglia-mediated motoneuron injury (Zhao et al.,
2006). In the current study, the constitutive level of IL-4 expression was more in the cervical
spinal cords of WT mice compared with their lumbar spinal cord regions; IL-4 was the only
factor assayed that was elevated in the WT cervical cord compared with their lumbar region.
The cellular source of the IL-4 was again probably microglia; few T lymphocytes are found
in the CNS under normal physiologic conditions. This result suggests that cervical region of
the mouse spinal cord is possibly predisposed to maintain a protective microglial response
and thus better able to modulate toxic inflammatory insults. Furthermore, IL-4 was recently
shown to induce BDNF mRNA expression in astrocytes and BDNF has been demonstrated
to attenuate facial motoneuron loss after axotomy, a peripheral nerve insult that initiates a
cascade of events that resemble the peripheral nerve “dying back” process detected in ALS
mice (Fisher et al., 2004; Serpe et al., 2005; Derecki et al., 2010).

Because we and others have demonstrated in different mouse models of CNS injury that
responses from specific subsets T lymphocytes are neuroprotective and elevate levels of the
anti-inflammatory cytokines IL-4 and IL1-10, and the neurotrophic factor BDNF, T
lymphocytes may act as an addition cellular reservoir for these cytokines and factor; these
responses do not occur in physiologically intact mice (Kipnis et al., 2004; Serpe et al., 2005;
Banerjee et al., 2008: Beers et al., 2008, Chiu et al., 2008). In ALS mice, the infiltration of
CD4+ T lymphocytes into their spinal cords contributes to the stable phase of disease
progression (Fig. 2A) (Beers et al., 2008). We determined that CD4+ T lymphocytes
enhanced the stable disease phase and prolonged survival and that they modulated the
functional attributes of the resident microglia at sites of motoneuron injury; the T
lymphocytes were associated with the induction of protective microglia and enhanced IGF-1
secretion. We further demonstrated that while microglia were functionally more activated
without T lymphocytes, they appeared morphologically less activated, indicating that
microglial function cannot be determined by traditional morphological markers of microglial
activation; morphological (CD68 and CD11c) markers of microglial “activation” do not
accurately predict the functional (TNF-o and NOX2) markers of “activation” (Beers et al.,
2008). Therefore, during the stable disease phase, T lymphocytes, through the release of
protective inflammatory cytokines and neurotrophic factors, augmented a protective

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



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

1duasnuey Joyiny vd-HIN

Beers et al.

Page 10

microglial response in the cervical cord and promoted their development in the lumbar cord
of ALS mice.

We have previously demonstrated that the state of microglia activation can directly
influence the extent of motoneuron injury and the rate of disease progression in ALS mice
(Beers et al, 2006; Zhao et al., 2006; Xiao et al., 2007; Beers et al., 2008). Microglia display
functional plasticity during activation, which involves changes in cell number, morphology,
surface receptor expression, and production of growth factors and cytokines (Ransohoff and
Perry, 2009). The changes reflect altered activation states induced by signals that arise from
injured neurons and surrounding glia, and possibly from peripheral targets. As with
macrophages, microglia exhibit a classically activated M1 phenotype or an alternatively
activated M2 phenotype (Greissmann et al., 2008; Martinez et al., 2008). Classically
activated M1 microglia secrete increased pro-inflammatory cytokines and potent ROS, and
reduced neurotrophic factors. The alternatively activated M2 phenotypes, as identified based
upon their gene expression profile and cover a continuum of functional states, enhance
neurotrophic factor release, reduce pro-inflammatory cytokines production, and assist in
inflammation resolution (Benoit et al., 2008). Classical microglial activation, alternative
activation and acquired deactivation are each found in the brain during chronic
neuroinflammatory diseases and may demonstrate regional differences in expression levels
(Colton and Wilcock, 2010).

The differences between the activation states of the microglia in these two spinal cord
regions of ALS mice after the initiation of disease may partially be due to the signals they
receive from the corresponding skeletal muscle targets of the respective motoneurons and
their axons. Denervation at the neuromuscular junction is observed prior to motoneuron loss
in the spinal cord, which suggests that motoneuron pathology begins at the distal axon and
proceeds in, as previously mentioned, a “dying back” process; we have recently
demonstrated that hindlimb denervation occurs prior to loss of neuromuscular junction
integrity of the forelimbs (Fisher et al., 2004; Kano et al., 2010). After peripheral nerve
injury, neurons are damaged outside the CNS and hence, are the only injured cells, and
while the blood-brain barrier remains essentially intact, this injury triggers a cascade of
microglia morphologic and metabolic processes within the affected areas; initial signals for
the activation of microglia surrounding the injured neurons therefore originate from these
neurons (Blinzinger and Kreutzberg, 1968; Kreutzberg, 1996; Raivich et al., 1998). Fliigel et
al. (2001) demonstrated that the recruitment of peripheral immune cells was in response to
the rapid up-regulation of neuronal CCL2 after nerve injury; CCR2, the constitutively
expressed receptor for CCL2, did not change after axotomy. We also demonstrated that
CCL2 mRNA and immunoreactivity were upregulated in the neurons and glial cells of ALS
mice early in disease followed by the upregulation of CD68 expression. Although it is not
clear if these responses were protective or injurious, the early increased CCL2 levels and
CD68+ cells suggest an early preexisting injury. In addition, following facial nerve
axotomy, BDNF, which can be released by microglia and T lymphocytes under pathological
conditions, protected the corresponding facial motoneurons from injury (Serpe et al., 2005;
Liang et al., 2010).

Regional differences in microglial reactivity have been reported in animal models studying
the neuropathologies underlying disease-, trauma- and chemically-induced
neurodegeneration. A recent study concluded that there are marked differences in the
regional density, distribution and/or activity of microglia in a MPTP-induced
neurodegenerative mouse model of Parkinson’s disease and that microglial-derived factors
influenced the region-specific role for this cell type (Sriram et al., 2006). Furthermore, in the
rat spinal cord, microglial population represents 7% of the white and 11% of the grey matter,
and after pathological intrathecal stimulation with IFN-y, the highest numbers of microglia
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were detected in the lumbar spinal cord, suggesting a region-specific microglial regulation
within the spinal cord (Ling, 1976; Vass and Lassmann, 1990). In this report, the detected
microglial heterogeneity may have been dictated by the local motoneuron/astrocytic/
lymphocyte microenvironments that the microglia encountered in the two anatomically
distinct regions of their spinal cord, which in turn induced a specific set of different MRNA
expression profiles in the respective resident microglia in these two regions; the distinct
phenotypes of activated microglia might result from this heterogeneity (Sawada, 2009).

Regionally specific cellular phenotype differences are not restricted to microglia. Astrocytes
also are a major component of the resident non-neuronal glial cell population of the CNS.
Mounting data suggests that astrocytes do not simply support neuronal activity but directly
contribute to it and that these glial cells are not a homogeneous population of cells; current
evidence supports the concept that astrocytes are remarkably heterogeneous and astrocytic
populations within functionally defined regions of the CNS also exhibit phenotypic
heterogeneity (Hewett, 2009). Astrocytes in various anatomically distinct regions of the
normal CNS possess unique phenotypic characteristics that may directly influence the
particular neuronal activities that define these regions (Bachoo et al., 2004). Many
phenotypic astrocytic traits are responsive to local microenvironmental cues, suggesting that
plasticity contributes to this diversity.

We have hypothesized that the default activation state of microglia is a protective phenotype
and is responsible for the maintenance of CNS homeostasis and prevention of neuronal
damage (Appel et al., 2010). The data presented in this report suggest that under
pathological stress there are regional and temporal differences in the population of microglia
and lymphocyte phenotypes in the spinal cord of mice. Although protective microglia are
present in the lumbar spinal cords of ALS mice at early stages of disease, there is a rapid
transition to microglia exhibiting a toxic response. However, in the cervical region of these
mice, there are anti-inflammatory microglia and infiltrating lymphocytes contributing to an
enhancement of a protective response which assists in maintaining this response for a longer
period of time. These results reinforce the importance of a balance between specific
protective and/or injurious inflammatory immune responses in modulating clinical
outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Immunohistochemical evaluations of CD68 and CD11c in the cervical and lumbar spinal
cords of ALS mice. (A) CD68 is relatively increased in the cervical region whereas CD11c
is relatively increased in lumbar region of these mice. (B) and (C) Densitometric analyses
confirm the relative difference of CD68 and CD11c immuno-signals. * < 0.05, ALS mice
cervical region compared with their lumbar region; T < 0.01, ALS mice cervical region
compared with their lumbar region. Scale bar: 50 pum.
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Fig. 2.

Quantitative RT-PCR analyses reveal differentially elevated markers for phagocytic and
dendritic cell phenotypes in ALS mice. (A) Graph of the disease progression curve and time
points (arrows) when gRT-PCR assays were performed on ALS mice; based upon the BASH
score. Each time point represents the mean of n = 3 mice. Notice the stable disease phase
from 14 to 18 weeks and the rapidly progressing phase subsequent to 18 weeks. (B) mMRNA
levels for CD68, a LAMP protein expressed on phagocytic cells CD68. (C) CD11c mRNA
levels. Notice the scale of the ordinate in this graph. (D) CCL2 mRNA levels. * < 0.05, ALS
mice spinal cord regions compared with the same regions from WT mice; t < 0.01, ALS
mice spinal cord regions compared with the same regions from WT mice; t < 0.05, ALS
mice cervical spinal cords compared with ALS mice lumbar spinal cords, $+ < 0.01, ALS
mice cervical spinal cords compared with ALS mice lumbar spinal cords.
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Fig. 3.

Anti-inflammatory and neurotrophic factors are increased in the cervical cords of ALS mice.
(A) CX3CR1 (fractalkine receptor) mRNA levels. (B) mRNA levels for BDNF. (C) GDNF
MRNA levels. (D) The mRNA levels of TGF-f. Each time point represents the mean of n =
3 mice. * £0.05, ALS mice spinal cord regions compared with the same regions from WT
mice; T < 0.01, ALS mice spinal cord regions compared with the same regions from WT
mice; ¥ < 0.05, ALS mice cervical spinal cords compared with ALS mice lumbar spinal
cords, 1 < 0.01, ALS mice cervical spinal cords compared with ALS mice lumbar spinal
cords.
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Fig. 4.

An equivalent up-regulation of mMRNA for toxic factors in the cervical and lumbar spinal
cords of ALS mice. (A) The mRNA for TNF-a. (B) IL-1p mRNA levels. (C) NOX2 mRNA
levels. Notice the scale of the ordinate in this graph. Each time point represents the mean of
n =3 mice. * < 0.05, ALS mice spinal cord regions compared with the same regions from
WT mice; t <0.01, ALS mice spinal cord regions compared with the same regions from
WT mice; ¥ < 0.05, ALS mice cervical spinal cords compared with ALS mice lumbar spinal
cords, 1 < 0.01, ALS mice cervical spinal cords compared with ALS mice lumbar spinal
cords.
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Fig. 5.

Expression of astrocyte mRNAs in the cervical and lumbar spinal cords of ALS mice. (A)
The mRNA for GFAP, a marker of astrocytes and astrocytosis. (B) The expression of
EAAT?2, the astroglial glutamate transporter responsible for the removal of glutamate from
the synaptic cleft. Each time point represents the mean of n = 3 mice. * < 0.05, ALS mice
spinal cord regions compared with the same regions from WT mice; t < 0.01, ALS mice
spinal cord regions compared with the same regions from WT mice; t < 0.05, ALS mice
cervical spinal cords compared with ALS mice lumbar spinal cords, 1 < 0.01, ALS mice
cervical spinal cords compared with ALS mice lumbar spinal cords.
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Fig. 6.
Immunohistochemical evaluations of CD3 in the cervical and lumbar spinal cords of ALS

mice. Scale bar: 50 pum.
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Fig. 7.

Expression of lymphocyte mRNAs is elevated in the lumbar spinal cords of ALS mice. (A)
mRNA for gata-3, a master transcription factor preferentially expressed in Th2 lymphocytes.
(B) IL-4 mRNA levels, the prototypic anti-inflammatory cytokine released by Th2
lymphocytes. There was 2—-2.5 fold more in the cervical cords of WT mice compared with
their lumbar regions at all time points assayed (insert); IL-4 was the only factor assayed that
was different in the two spinal cord regions of WT mice. (C) IL-10 mRNA expression
levels. (D) Expression levels of t-bet mMRNA, a master transcription factor for Thl
lymphocytes. (E) The mRNA for IFN-y, the prototypic pro-inflammatory cytokine released
by Th1 lymphocytes. (F) The expression level for IL-6, another Thl induced cytokine. (G)
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MRNA levels for foxp3, a transcription factor currently accepted as a reliable marker of
Tregs. Each time point represents the mean of n = 3 mice. * < 0.05, ALS mice spinal cord
regions compared with the same regions from WT mice; T < 0.01, ALS mice spinal cord
regions compared with the same regions from WT mice; 1 < 0.05, ALS mice cervical spinal
cords compared with ALS mice lumbar spinal cords, 1 < 0.01, ALS mice cervical spinal
cords compared with ALS mice lumbar spinal cords; # < 0.05, WT mice cervical spinal
cords compared with WT mice lumbar spinal cords; ¢ < 0.01, WT mice cervical spinal cords
compared with WT mice lumbar spinal cords.
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