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Abstract

We have previously demonstrated a neuroprotective mechanism of facial motoneuron (FMN)
survival after facial nerve axotomy that is dependent on CD4* Th2 cell interaction with peripheral
antigen-presenting cells, as well as CNS resident microglia. To investigate this mechanism, we chose
to study the Th2-associated chemokine, CCL11, and Thl-associated chemokine, CXCL11, in wild
type and presymptomatic mSOD1 mice after facial nerve axotomy. In this report, the results indicate
that CCL11 is constitutively expressed in the uninjured facial motor nucleus, but CXCL11 is not
expressed at all. Facial nerve axotomy induced a shift in CCL11 expression from FMN to astrocytes,
whereas CXCL11 was induced in FMN. Differences in the number of CCL11- and CXCL11-
expressing cells were observed between WT and mSOD1 mice after facial nerve axotomy.
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1. Introduction

Our lab discovered that facial motoneuron (FMN) survival is decreased in mice that lack
functional adaptive immune systems (Serpe et al., 1999). Using the recombination activating
gene 2-deficient mouse and adoptive transfer of CD4*, CD8" and B lymphocytes, we
demonstrated a neuroprotective role for CD4™ T cells in FMN survival after injury in the mouse
(Serpe et al. 2003). Additionally, previous studies found a maximum increase in T cell
infiltration of the axotomized mouse facial motor nucleus between 7-21 days after injury
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(Raivich et al., 1998). Furthermore, it has been demonstrated that CD4* T cells infiltrate the
facial motor nucleus after facial nerve injury (Ha et al., 2007). In support of these findings, our
laboratory has shown that CNS resident microglia are necessary to reactivate CD4* T cells
centrally (Byram et al., 2004), suggesting that a mechanism must exist for peripheral CD4* T
cell recruitment to the injured facial motor nucleus from the draining cervical lymph nodes.

After activation, naive CD4* T cells differentiate into T helper 2 (Th2) and Th1 cells, as
characterized by the production and/or secretion of the cytokines interleukin 4 (IL-4) and
interferon gamma (IFN-y), respectively (Stout et al., 1989). Additionally, we have found that
facial nerve axotomy induces the development of both Th2 and Th1 cells in draining cervical
lymph nodes (Xin et al., 2008) and that the Th2, but not the Th1, effector subset mediates
neuroprotection of FMN after injury (Deboy et al., 2006) following its re-activation centrally
(Byram et al., 2004). Armstrong et al. (2003) demonstrated increased mRNA levels for
pituitary adenylyl cyclase activating polypeptide (PACAP) mRNA levels in FMN after facial
nerve axotomy. Since murine microglia cultured in the presence of PACAP increase Th2-
associated chemokine expression (Wainwright et al., 2008), the data collectively suggest that,
following a peripheral nerve injury outside the blood-brain-barrier (BBB), microglia that are
capable of antigen presentation centrally (Carson et al., 1999) interact with neuroprotective
Th2 cells after their recruitment in a Th2-associated chemokine expression-dependent manner.

Chemokines, otherwise known as chemotactic cytokines, are grouped into a family of 8-14
kilodalton proteins capable of recruiting cells that express the cognate chemokine receptor
(Tanabe et al., 1997). Based on the amino terminal arrangement of cysteine residues, the 48
currently identified chemokines are classified as a, 3, 3, and y. Chemokines are further classified
into homeostatic and inflammatory tissue subsets, based on constitutive or inducible
expression, respectively (Gardner et al., 2004). Homeostatic chemokines that contribute to T
cell immunosurveillance in the lymph nodes, gut and skin have been identified and reviewed
(Kunkel and Butcher, 2002), while chemokines responsible for T cell recruitment to normal
CNS have not yet been identified.

Previous investigations using models of peripheral nerve injury, in which the BBB remains
intact, have demonstrated inflammatory chemokine expression in FMN (Flugel et al., 2001;
Harrison et al. 1998), dorsal root ganglion sensory and spinal neurons (Zhang et al., 2006), as
well as glia (Babcock et al., 2003). Furthermore, Zhang et al. (2007) have shown that
chemokine neutralization after peripheral nerve injury decreases leukocyte homing to the CNS
(Zhangetal., 2007), confirming the hypothesis that CNS-expression of chemokines contributes
to the mechanism of recruitment from peripheral to central compartments. However, few
chemokines have been studied in the context of motoneuron injury or as a result of
neurodegenerative disease progression.

Dysregulated expression of the T cell/monocyte-recruiting chemokine, CCL5, has been
reported to be elevated in serum and cerebrospinal fluid (CSF) of patients with the degenerative
motoneuron disease, amyotrophic lateral sclerosis (ALS) (Rentzos et al., 2007). Additionally,
the monocyte-recruiting chemokine, CCL2, has been demonstrated to be increased in spinal
cord and CSF of patients with ALS (Nagata et al., 2007; Henkel et al., 2004). Furthermore,
mutant superoxide dismutase 1 (mSOD1) mice that recapitulate familial-like ALS pathology
have also been shown to exhibit dysregulated CCL5 and CCL2 expression (Henkel et al.,
2006; Hensley et al., 2003), validating this model for the study of chemokines in the context
of ALS pathogenesis. Additionally, we have recently investigated chemokines that recruit
CD4* T cell subsets at the mRNA level in a mSOD1 mouse model after facial nerve axotomy,
focusing on the Th2-associated chemokine, CCL11, and the Thl-associated chemokine,
CXCL11 (Wainwright et al., 2009).
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Since lymphocytes upregulate the expression of specific chemokine receptors after
differentiation, polarized leukocytes can be selectively recruited to sites of chemokine
expression. Naive CD4* T lymphocytes that develop into the Th2 subset upregulate the Th2-
associated chemokine receptor, CCR3, which cells use to migrate toward the Th2-associated
chemokine, CCL11 (Sallusto et al., 1997). In contrast, Thl cells express the chemokine
receptor, CXCR3 (Bonecchi et al., 1998), which cells use to migrate toward the Th1-associated
chemokine, CXCL11 (Lord et al., 2005). Based on the neuroprotection of injured FMN by
Th2, but not Thl cells (Deboy et al., 2006), and the requirement for CD4* T cell activation by
microglia (Byram et al., 2004), as well as the accelerated motoneuron death in mSOD1 mice
during CD4* T cell deficiency (Beers et al., 2008), we hypothesized that Th2, but not Th1-
associated chemokines are expressed in the facial motor nucleus after peripheral facial nerve
axotomy in WT and mSOD1 mice.

In this report, we used immunohistochemistry to investigate Th2- and Thl-associated
chemokine expression in the facial motor nucleus after facial nerve axotomy at time points
reported to be associated with significant T cell infiltration (Raivich et al., 1998). Collectively,
these results demonstrate that the Th2-associated chemokine, CCL11, but not the Thl-
associated chemokine, CXCL11, is constitutively expressed in the WT and mSOD1 facial
motor nucleus. Unexpectedly, both chemokines were observed in the facial motor nucleus after
facial nerve axotomy, with differences being evident between WT and mSOD1 mice for the
number of CCL11* and percentage of CXCL11* cells after facial nerve axotomy. A hypothesis
with regard to the recruitment of neuroprotective CD4* T cells after motoneuron injury and its
relevance to the degenerative motoneuron disease, ALS, is discussed.

2. Materials and methods

2.1 Animals and surgical procedures

Seven-week old female C57BL/6 wild type (WT) and transgenic mice harboring the G93A
mutant of human superoxide dismutase 1 (mSOD1) (B6. CgTg(SOD1*G93A)1Gur) were
purchased from The Jackson Laboratory (Bar Harbor, ME). All mice were provided autoclaved
pellets and water ad libitum. Mice were permitted 1 week to acclimate to their environment
before being manipulated and used at 8 weeks of age in all experiments. All experimental
manipulations were performed ~4 hr into the light cycle under aseptic conditions. All surgical
procedures were completed in accordance with National Institutes of Health guidelines on the
care and use of laboratory animals for research purposes. Mice were anesthetized with 3%
isoflurane for all surgical procedures. Using aseptic techniques, the right facial nerve of each
animal was exposed and transected at its exit from the stylomastoid foramen (Jones and
LaVelle, 1985). The distal nerve stump was pushed away from the proximal nerve stump,
thereby preventing reconnection of the 2 transection ends of the facial nerve. Behavioral
observations were used to ensure that reconnection of the facial nerve was prevented. None of
the animals in the present study showed any signs of recovering from unilateral facial paralysis
after complete transection of the facial nerve.

2.2 Immunohistochemistry

WT and mSOD1 mice were uninjured (control), 7, 14 or 30 days post-axotomy (DPA) when
euthanized with CO», followed by flash freezing [in 62.5% n-Butyl Bromide (Fisher Scientific,
Pittsburgh, PA) + 37.5% 2-methylbutane (Fisher Scientific) surrounded by crushed dry ice].
Frozen brains were sectioned on the Leica CM3000 cryostat (Leica, Bannockburn, IL) with a
temperature of —24°C and immersed into Tissue Teck O.C.T. Compound (Sakura Finetek USA,
Inc., Torrance, CA) at 8 um intervals and thaw-mounted onto pre-cleaned SuperFrost slides
(Fisher Scientific). Sections were post- fixed with 4% paraformaldehyde, blocked for
endogenous biotin for 5 min. (1% H,0, in PBS), and blocked for non-specific staining with
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10% bovine serum albumin (A4503; Sigma-Aldrich; Saint Louis, MO) in PBS for 1 hr. Sections
were incubated overnight with rabbit anti-CCL11 (Ebioscience; San Diego, CA) or rat anti-
CXCL11 (131327; R&D Systems; Minneapolis, MN) antibodies that have previously been
used with mouse tissue (Kool et al., 2008; Fujita et al., 2007; Cruise et al., 2006), in PBS at
4°C. Sections were washed extensively (PBS) and incubated with the secondary antibodies,
donkey anti-rabbit HRP (Invitrogen; Carlsbad, CA) or biotinylated chicken anti-rat (Santa
Cruz; Santa Cruz, CA), respectively, at room temperature for 1 hr. Sections incubated with
biotinylated antibody were also incubated with an avidin-biotin HRP complex (Standard Ultra-
Sensitive ABC Staining Kit; Pierce; Rockford, IL). All sections were developed by
chromagenic reaction with 3, 3'-diaminobenzidine (Peroxidase Substrate Kit; Vector
Laboratories; Burlingame, CA). Sections were dehydrated through ascending concentrations
of ethanol:H,0 (30%, 50%, 70%, 95% and 100%), cleared in Hemo-De (Fisher-Scientific;
Houston, TX), mounted with Permount (Fisher-Scientific), coverslipped and viewed using an
Olympus 1X70 Fluoview microscope (Tokyo, Japan). As a negative control, adjacent sections
were processed with primary antibody omission (2° only). Furthermore, preliminary
experiments utilized a dilution series of 1:50, 1:100, 1:500, 1:1,000 and 1:10,000. The highest
signal to noise ratio for anti-CCL11 and anti-CXCL11 immunoreactivity was determined by
an independent blinded investigator. No signal was detected for either antibody at 1:10,000.
Finally, no signal was detected for sections processed with the isotype control antibodies, rabbit
IgG or rat 1gG2, [(Santa Cruz) (supplementary Fig. 1)].

2.3 Co-immunofluorescence

At 14 DPA, WT mouse brains were flash frozen, post-fixed, sectioned, blocked for endogenous
biotin and non-specific binding as described for immunohistochemistry. For CCL11 co-
immunofluorescence, rabbit anti-CCL11 (Ebioscience) was co-incubated with biotinylated
mouse anti-NeuN (A60, Millipore; Billerica, MA), mouse anti-GFAP alexafluor 488
(131-17719; Invitrogen; Carlshbad, CA) or rat anti-CD68 alexafluor 488 (FA-11; AbD Serotec;
Raleigh, NC) in PBS at 4°C overnight. Sections were washed extensively and donkey anti-
rabbit alexafluor 350 (for CCL11; Invitrogen) was co-incubated with streptavidin-alexafluor
488 (for NeuN; Invitrogen), PBS (for GFAP) or donkey anti-rat alexafluor 488 (for CD68;
Invitrogen) for 1 hr. For CXCL11 co-immunofluorescence, rat anti-CXCL11 (R&D Systems)
was co-incubated with biotinylated mouse anti-NeuN (Millipore), goat anti-GFAP (Santa
Cruz) or rabbit anti-CD68 (Santa Cruz) in PBS at 4°C overnight. Sections were washed
extensively and donkey anti-rat alexafluor 488 (for CXCL11; Invitrogen) was co-incubated
with streptavidin-alexafluor 555 (for NeuN; Invitrogen), donkey anti-goat alexafluor 555 (for
GFAP; Invitrogen) or donkey anti-rabbit alexafluor 555 (for CD68; Invitrogen) for 1 hr.
Following extensive washing, sections were covered with ProLong Gold Antifade reagent
(Invitrogen).

2.4 Image Analysis

Images of antibody-stained sections were captured using the I1X70 Fluoview (Olympus; Center
Valley, PA) microscope attached to a Retiga 2000R (QImaging; Surrey, BC) CCD camera and
image capturing system using Image Pro Plus software (v.6.3; Media Cybernetics; Bethesda,
MD). Light microscopic images of control and 14 DPA facial motor nucleus were captured
using the 10x and 60x objective, for 100x and 600x magnification, respectively. Fluorescent
images of control and 14 DPA facial motor nucleus were captured using the 60x objective, for
600x magnification.

2.5 Quantitative immunoreactivity

For each chemoking, five systematically random sampled sections of brain stem, throughout
the extent of the facial motor nucleus, with a minimum of 80 um between each section, were
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analyzed (n=4). Furthermore, all cell counts were performed by an independent blinded
investigator with no knowledge of the experimental conditions. For CCL11 immunoreactivity,
each sample was calculated as the average number of CCL11* FMN or CCL11" astrocytes per
section. Since FMN are the only neurons in the facial motor nucleus, a morphological-based
counting analysis was used that distinguished round FMN nuclei from stellate/spindle-shaped
astrocytes.

For CXCL11 immunoreactivity, each sample was calculated as the percent CXCL11* FMN
using the formula (CXCL11* FMN/thionin* FMN x 100). For each section tested for
immunoreactivity, adjacent sections were thionin-stained. This allowed a comparison of the
number of immunoreactive FMN compared to the total number of FMN identified with the
Nissl stain, thionin. A morphological-based counting analysis was used that distinguished large
multipolar cells as FMN.

2.6 Statistical analysis

3. Results

All data are presented as means £ SEM. The results from the experiments were analyzed using
GB-STAT School Pak (Dynamic Microsystems, Inc.; Silver Spring, MD). Data were analyzed
using the analysis of variance (ANOVA) method, followed by post hoc comparisons using the
Newman-Keuls test.

3.1 CCL11 is constitutively expressed in control FMN

To determine Th2-associated chemokine, CCL11, localization in the control (uninjured) WT
facial motor nucleus, CCL11 immunohistochemistry was performed on uninjured brainstem
sections (Fig. 1). CCL11 was observed in FMN nuclei throughout the facial motor nucleus as
shown at low and high power. In control experiments in which the primary antibody was
omitted, CCL11 immunoreactivity was abolished. To verify that CCL11 localized to FMN
nuclei, co-immunofluorescence for CCL11 and NeuN (neuronal nuclei marker) was
accomplished in the control facial motor nucleus. Colocalization of CCL11 with NeuN
demonstrated labeling overlap and confirmed that CCL11 localizes to the nucleus of FMN in
the uninjured facial motor nucleus. Similar qualitative results were observed in mSOD1 mice
(data not shown). Thus, there is expression of CCL11 in normal FMN nuclei.

3.2 CCL11 expression is induced in astrocytes after facial nerve axotomy

To determine CCL11 localization in the injured WT facial motor nucleus, CCL11
immunohistochemistry was performed on brainstem sections from animals 14 DPA (Fig. 2).
CCL11 was observed in astrocytes throughout the facial motor nucleus as shown at low and
high power. In control experiments in which the primary antibody was omitted, CCL11
immunoreactivity was abolished. To verify that CCL11 localized to astrocytes, co-
immunofluorescence for CCL11 and GFAP (astrocytic marker) was accomplished in the
injured facial motor nucleus. Colocalization of CCL11 with GFAP demonstrated labeling
overlap and confirmed that CCL11 localizes to astrocytes in the injured facial motor nucleus.
Additional immunofluorescent experiments with a microglial marker, CD68, demonstrated no
overlap of signal. Similar qualitative results were observed in mSOD1 mice (data not shown).
Thus, there is injury-induced expression of CCL11 in astrocytes, but not microglia.

3.3 Quantitation of cellular immunoreactivity for CCL11 in the control and axotomized facial
motor nucleus

To quantify CCL11* FMN immunoreactivity in WT and mSOD1 mouse facial motor nucleus,
CCL11 immunohistochemistry was performed on brainstem sections that were control
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(uninjured), or 7, 14, and 30 DPA (Fig. 3A). In the WT control facial motor nucleus, the number
of CCL11* FMN was 11.1 + 3.2 (Fig. 3B). At 7 and 14 DPA, the number of WT mouse
CCL11" FMN significantly decreased to 3.7 + 1.7 and 1.7 + 0.7 [F(3,11) = 5.13, p < 0.05],
respectively. By 30 DPA, the number of WT mouse CCL11* FMN returned to control levels
(10.3 £ 1.2). In the mSODL1 control facial motor nucleus, the number of CCL11* FMN was
11.0 £ 1.2. At 7 and 14 DPA, the number of mSOD1 mouse CCL11* FMN significantly
decreased to 3.7 £ 0.4 and 2.3 £ 1.5, respectively [F(3,11) = 13.75, p < 0.05]. By 30 DPA, the
number of mSOD1 mouse CCL11* FMN was 3.2 * 0.8, and remained significantly decreased
compared to control. No significant differences were found between WT and mSOD1 mouse
at control, 7 DPA and 14 DPA time points for the number of CCL11* FMN. At 30 DPA, the
number of WT mouse CCL 11" FMN was significantly increased, when compared withmSOD1
mouse [F(1,4) = 24.01, p <0.05]. Thus, facial nerve axotomy decreases the number of
CCL11*" FMN in WT and mSOD1 mouse facial motor nucleus. However, while WT
CCL11" FMN return to control values by 30 DPA, mSOD1 CCL11*" FMN remain decreased.

To quantify CCL11" astrocyte immunoreactivity in WT and mSOD1 mouse facial motor
nucleus, CCL11 immunohistochemistry was performed on brainstem sections that were control
(uninjured), or 7, 14, and 30 DPA (Fig. 3A). Inthe WT control facial motor nucleus, the number
of CCL11* astrocytes was 0 (Fig. 3C). At 7 and 14 DPA, the number of WT mouse CCL11*
astrocytes significantly increased to 14 + 1.5 and 54 + 7.3, respectively [F(3,11) =37.31, p <
0.05]. By 30 DPA, the number of WT mouse CCL11" astrocytes returned to control levels (2.7
+1.9). In the mSOD1 control facial motor nucleus, the number of CCL11* astrocytes was O.
At 7 and 14 DPA, the number of mSOD1 mouse CCL11* astrocytes significantly increased to
20 £ 2.8 and 66 + 12, respectively [F(3,11) = 18.65, p < 0.05]. By 30 DPA, the number of
mSOD1 mouse CCL11* astrocytes was 17 + 1.5, and remained significantly increased
compared to control. No significant differences were found between WT and mSOD1 mouse
at control, 7 DPA and 14 DPA time points for the number of CCL11" astrocytes. At 30 DPA,
the number of WT mouse CCL11" astrocytes was significantly decreased, when compared
with mSOD1 mouse [F(1,4) = 30.78, p < 0.05]. Thus, facial nerve axotomy increases the
number of CCL11* astrocytes in WT and mSOD1 mouse facial motor nucleus. However, while
WT CCL11* astrocytes return to control values by 30 DPA, mSOD1 CCL11* astrocytes remain
increased.

3.4 CXCL11 is not expressed in control facial motor nucleus

To determine Thl-associated chemokine, CXCL11, localization in the control WT facial motor
nucleus, CXCL11 immunohistochemistry was performed on uninjured brainstem sections (Fig.
4). CXCL11 was not present in the facial motor nucleus as shown at low and high power. In

control experiments in which the primary antibody was omitted, CXCL11 immunoreactivity
was not present. To verify that CXCL11was not present, co-immunofluorescence for CXCL11
and NeuN was accomplished in the control facial motor nucleus. There was no colocalization
of CXCL11 with NeuN. Similar qualitative results were observed in mSOD1 mice (data not

shown). Thus, there is no expression of CXCL11 in the normal facial motor nucleus.

3.5 CXCL11 expression is induced in FMN after facial nerve axotomy

To determine CXCL11 localization in the injured WT facial motor nucleus, CXCL11
immunohistochemistry was performed on brainstem sections from animals 14 DPA (Fig. 5).
CXCL11 was observed in FMN throughout the facial motor nucleus as shown at low and high
power. In control experiments in which the primary antibody was omitted, CXCL11
immunoreactivity was abolished. To verify that CXCL11 localized to FMN, additional
immunofluorescent experiments with a microglial marker, CD68, and an astrocytic marker,
GFAP, demonstrated no overlap of signal. Similar qualitative results were observed in mSOD1
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mice (data not shown). Thus, there is injury-induced expression of CXCL11 in FMN, but not
microglia or astrocytes.

3.6 Quantitation of cellular immunoreactivity for CXCL11 in the control and axotomized facial
motor nucleus

To quantify CXCL11* FMN immunoreactivity in WT and mSOD1 mouse facial motor
nucleus, CXCL11 immunohistochemistry was performed on brainstem sections that were
control (uninjured), or 7, 14, and 30 DPA (Fig. 6A). In the WT control facial motor nucleus,
the percent of thionin-stained FMN that were CXCL11* was 0% (Fig. 6B). At 7 and 14 DPA,
the percent of WT mouse thionin-stained FMN that were CXCL11* significantly increased to
67% + 14% and 88% + 14%, respectively [F(3,11) = 21.42, p <0.05]. By 30 DPA, the percent
of WT mouse thionin-stained FMN that were CXCL11* returned to control levels (0%). In the
mSOD1 control facial motor nucleus, the percent of thionin-stained FMN that were
CXCL11* was 0%. At 7 and 14 DPA, the percent of mSOD1 mouse thionin-stained FMN that
were CXCL11* significantly increased to 78% + 4.5% and 29% + 15%, respectively [F(3,11)
=38.11, p <0.05]. By 30 DPA, the percent of mSOD1 mouse thionin-stained FMN that were
CXCL11" returned to control levels (0%). No significant differences were found between WT
and mSOD1 mouse at control, 7 DPA and 30 DPA time points for the percent of thionin-stained
FMN that were CXCL11*. At 14 DPA, the percent of WT mouse thionin-stained FMN that
were CXCL11* was significantly increased, when compared with mSOD1 mouse [F(1,5) =
10.46, p <0.05]. Thus, facial nerve axotomy increases the percent of thionin-stained FMN that
are CXCL11* in WT and mSOD1 mouse facial motor nucleus. However, while the percent of
WT mouse thionin-stained FMN that are CXCL11" is maintained at increased values by 14
DPA, the percent of mSOD1 mouse thionin-stained FMN that are CXCL11" is decreased.

4. Discussion

We have previously established that mouse FMN survival after facial nerve axotomy depends
on peripheral APCs for initial CD4* T cell activation, as well as centrally-located microglia
for CD4* T cell reactivation (Byram et al., 2004). Additionally, we discovered that CD4* Th2
cells develop after facial nerve axotomy (Xin et al., 2007). Furthermore, PACAP mRNA is
expressed by injured mouse FMN after facial nerve axotomy (Armstrong et al., 2003) and
PACAP increases Th2-associated chemokine expression in cultured murine microglia
(Wainwright et al., 2008). Since CD4* T cells are present in the facial motor nucleus after
injury (Ha et al., 2007) and the Th2, but not the Th1, effector subset mediates FMN survival
(Deboy et al., 2006), we hypothesized that Th2-associated chemokines would be expressed in
the facial motor nucleus after facial nerve axotomy. To delineate this mechanism, we studied
the expression of Th2-associated chemokine, CCL11, and Th1l-associated chemoking,
CXCL11, in the facial motor nucleus after facial nerve axotomy. Additionally, we compared
the immunoreactivity for CCL11 and CXCL11 between WT and presymptomatic mSOD1
mice, given the previous studies that have reported dysregulated chemokine expression in mice
that develop ALS-like motoneuron pathology (Henkel et al., 2006; Hensley et al., 2003).

The results of the present investigation demonstrate that the Th2-associated chemokine,
CCL11, but not Thl-associated chemokine, CXCL11, is constitutively expressed in the facial
motor nucleus of WT and mSOD1 mice. Specifically, CCL11 expression was observed in the
nuclei of FMN. In contrast, both CCL11 and CXCL11 are expressed after facial nerve axotomy
in the facial motor nucleus of WT and mSOD1 mice. Facial nerve injury resulted in a CCL11
expression pattern change from the neuron to the astrocyte at time points associated with
significant T cell infiltration (Raivich et al., 1998). Interestingly, at a time point in which the
glial reaction has dissipated (30 DPA,; Streit, 2006), neuronal CCL11* expression returns in
WT, but not the mSOD1 facial motor nucleus. In addition, facial nerve axotomy induces the
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expression of CXCL11 in FMN, with the number of thionin-stained CXCL11* FMN
significantly greater in the WT vs. mSOD1 facial motor nucleus at the time of peak T cell
infiltration (14 DPA,; Ravich et al., 1998). The cause(s) of dysregulated CCL11 and CXCL11
expression in mSOD1 mice could be related to the enhanced neurotoxicity of mSOD1-
expressing glia (Yamanaka et al., 2008; Xiao et al., 2007; Boillée et al., 2006). Determining
whether the response is maladaptive, or simply a result of compensation to the combination of
FMN trauma and SOD1 mutation, is a critical question. Importantly, the data support the
hypothesis that at least one chemokine capable of recruiting Th2 cells (CCL11) is expressed
in the facial motor nucleus after facial nerve axotomy.

CCL11 was first characterized from guinea pig samples of bronchoalveolar lavage taken after
aerosol challenge with ovalbumin (Jose et al., 1994), a model that recapitulates the Th2-
mediated disease, asthma. Sallusto et al. (1997) then demonstrated that CD4* T cells that
develop into the Th2 subtype, upregulate the chemokine receptor, CCR3, which is the cognate
high affinity receptor for CCL11. Additionally, Th2 cells respond to CCL11 stimulation
through a rise in intracellular Ca?* and increased chemotaxis. Furthermore, while several
chemokine receptors are upregulated on differentiated Th2 cells, experiments with receptor
antagonists have demonstrated a critical requirement of CCR3 for Th2 cell accumulation after
antigenic challenge (Mori et al., 2007). Thus, the Th2-associated chemokine, CCL11, appears
to act as a critical chemokine for Th2 cell-mediated recruitment.

CCL11 has previously been demonstrated to be expressed by in vitro cultured human neurons,
as well as human airway nerves in vivo (Fryer et al., 2006). In agreement, this study found
CCL11 expressed by normal FMN. Unexpectedly, CCL11 localized to the nucleus of FMN.
While the significance of nuclear CCL11 localization remains to be determined, the nuclear
compartmentalization may be the result of a transcription factor-like function, involved with
maintenance and growth under normal conditions. Possibly, CCL11 undergoes
posttranslational modifications that target it toward the nucleus normally. When CCL11 was
discovered, laser desorption time of flight analysis gave four different signals, which the
authors postulated represented different forms of O-linked glycosylation (Jose et al., 1994)
shown to contribute to nuclear localization of proteins (Juang et al., 2002). Alternatively,
CCL11 may be trafficked to the nucleus from the plasma membrane as a result of chemokine
receptor interaction. It has previously been demonstrated that receptor mediated internalization
of chemokines results in nuclear localization (Gortz et al., 2002). It is also possible that CCL11
is alternatively spliced in FMN, giving rise to nuclear localization. It has previously been
demonstrated that chemokines can be alternatively spliced in the CNS relative to PNS, giving
rise to a nuclear- relative to secreted-isoform, respectively (Baird et al., 1999).

After facial nerve axotomy, the number of astrocytes in the facial motor nucleus that were
immunoreactive for CCL11 increased significantly at time points consistent with significant
T cell infiltration (Raivich et al., 1998; Ha et al., 2007). There is a growing literature
demonstrating chemokine expression by astrocytes as a result of neuronal injury (Katayama
et al., 2009; Khorooshi et al., 2008; Babcock et al., 2003). Since astrocytes are the most
populous cell within the CNS, it is logical that they would serve as amplifiers of an immune
response after neuronal injury. In the context of chemokine expression, astrocytes would be
the most effective cells at recruiting leukocytes to the injured CNS, since their processes
contribute the largest parenchymal proportion to the basement membrane of the perivascular
space (Rebenko-Moll et al., 2006) and thus, are strategically positioned for secreting molecules
that peripherally circulating leukocytes surveil.

In contrast to the Th2-associated chemokine, CCL11, the Thl-associated chemokine,
CXCL11, was not detectable in the normal facial motor nucleus. However, CXCL11
immunoreactivity was induced in FMN after facial nerve axotomy. CXCL11 was first
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characterized based on cDNAs from in vitro cultured human astrocytes exposed to interferon-
gamma (IFN-y) (Cole et al., 1998). Additionally, it was shown that interleukin 1 beta (IL-1f)
and IFN-y synergize to produce a 400,000 fold increase of CXCL11 mRNA expression, when
exposed to cultured astrocytes. Interestingly, we found maximal CXCL11 immunoreactivity
at 14 DPA in the WT facial motor nucleus, a time point when IL-1 and IFN-y mRNA are both
present (Raivich et al., 1998).

Since Th1 cells do not mediate FMN survival (Deboy et al., 2006), the presence of the Thi-
associated chemokine, CXCL11, was unexpected. However, since the BBB is not disturbed
by facial nerve axotomy (Raivich et al., 1998) and FMN are not in a strategic location for the
release of chemokines into the perivascular space, it is possible that the effects of CXCL11 are
entirely mediated within the CNS parenchyma. Perhaps CXCL11 is released by FMN to recruit
microglia, which have been demonstrated to express the cognate high affinity chemokine
receptor, CXCR3 (Rappert et al., 2002). Alternatively, CXCL11 may be expressed by injured
FMN to interact with the recently deorphanized high affinity chemokine receptor, CXCR7
(Burns et al., 2006), which has been shown to be expressed in rat brain stem motor nuclei using
in situ hybridization for CXCR7 mRNA (Schénemeier et al., 2008). Determining where
CXCL11 acts, what cell(s) it acts on and what function(s) it performs is a future direction of
this study.

Our lab first considered chemokines as important mediators of CD4* T cell recruitment based
on data suggesting that CD4* T cell interaction with microglia supports FMN survival after
injury (Byrametal., 2004). Coupled with evidence indicating decreased levels of FMN survival
in presymptomatic mSOD1 mice (Mariotti et al., 2002), we hypothesized that CD4* T cells
promote motoneuron survival in a mSOD1 mouse model. Recent studies have validated this
hypothesis, demonstrating a positive role for CD4* T cells during mSOD1-mediated disease
progression (Beers et al., 2008), as well as a profound and progressive immunodeficiency that
is linked to T cell dysfunction (Banerjee et al., 2008). While the data suggest that mSOD1 mice
have a defect in immune mediated-neuroprotection, investigation of chemokine expression in
the CNS of mice affected by ALS pathogenesis has been limited.

mSOD1 mice have altered levels of expression for the monocyte-recruiting chemokines, CCL2
and CCL5 (Henkel et al., 2006; Hensley et al., 2003). Furthermore, a recent report
demonstrated significantly greater levels of expression for CCL2 and the neutrophil-recruiting
chemokine, CXCLS, in CSF of patients with, or likely to have, ALS (ALS group), relative to
a patient population of non-inflammatory neurological disease (NIND group) (Kuhle et al.,
2009). The Th2-associated chemokine, CCL11, was significantly increased in serum of the
ALS group, relative to the NIND group. These studies collectively support the hypothesis that
mice or humans predisposed to ALS have dysregulated chemokine expression levels.

In summary, this immunohistochemical investigation has identified the presence of both Th2-
and Thl-associated chemokine expression in the facial motor nucleus after facial nerve
axotomy. Furthermore, the data indicate differences in chemokine-expressing cells between
WT and presymptomatic mSOD1 mice after facial nerve axotomy. From the work presented
in this study and evidence presented in the recent literature, we hypothesize that injury to an
otherwise healthy motoneuron provokes an immune response that is geared towards
neuroprotection. This model is dependent on a microenvironment within the injured facial
motor nucleus that is conducive to Th2 cell recruitment. With increasing information finding
an association between the presence of Th2 cytokines and increased lifespan in mSOD1 mice
(Garbuzova-Davis et al., 2008), there is increased hope that the effects of this CD4* T cell
subset may provide therapeutic relief to ALS patients in the near future. Given the important
role of Th2 cells after facial nerve axotomy (Deboy et al., 2006) and the profound
immunodeficiency in mSOD1-mediated disease (Banerjee et al., 2008), understanding the role
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of injury-induced CNS expression of Th2-associated chemokines may eventually lead to more
specifically targeted therapeutics in motoneuron diseases, such as ALS.
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Fig. 1.

CCL11 immunoreactivity in control mouse facial motor nucleus. (A) Low- (original
magnification, 100x) and high-power (original magnification, 600x) photomicrographs of
mouse facial motor nucleus. Sections were processed for CCL11 immunohistochemistry.
Control experiments include omission of CCL11 primary antibody (2° only). Tailed arrows
indicate positive CCL11 immunoreactivity. (B) High-power immunofluorescence
photomicrographs of mouse facial motor nucleus immunoreactive for NeuN (green) and
CCL11 (red).
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Fig. 2.

CCL11 immunoreactivity in 14 day post-axotomy (DPA) mouse facial motor nucleus. (A)
Low- (original magnification, 100x) and high-power (original magnification, 600x)
photomicrographs of mouse facial motor nucleus. Sections were processed for CCL11
immunohistochemistry. Control experiments include omission of CCL11 primary antibody (2°
only). Untailed arrows indicate positive CCL11 immunoreactivity. (B) High-power
immunofluorescence photomicrographs of mouse facial motor nucleus immunoreactive for
CD68 (green) and CCL11 (red; left column) or GFAP (green) and CCL11 (red; right column).
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Fig. 3.

CCL11 immunoreactivity in control or axotomized wild-type (WT) and presymptomatic
mutant superoxide dismutase 1 (mSOD1) mouse facial motor nucleus 7, 14 and 30 days post-
axotomy (DPA). (A) High-power (original magnification, 600x) photomicrographs of CCL11
immunoreactivity in control and axotomized mouse facial motor nucleus. Tailed and untailed
arrows indicate CCL11* FMN and astrocytes, respectively. (B) The average number of
CCL11* FMN in the control and axotomized WT (black bars) and mSOD1 (open bars) mouse
facial motor nucleus (+SEM). (C) The average number of CCL11* astrocytes in the control
and axotomized WT (black bars) and mSOD1 (open bars) mouse facial motor nucleus (+SEM).
* and # denote significant differences from WT control and mSOD1 control mice at p <0.05,
respectively. T denotes significant differences from WT 30 DPA mice at p < 0.05.
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Fig. 4.

CXCL11 immunoreactivity in control mouse facial motor nucleus. (A) Low- (original
magnification, 100x) and high-power (original magnification, 600x) photomicrographs of
mouse facial motor nucleus. Sections were processed for CXCL11 immunohistochemistry.
Control experiments include omission of CXCL11 primary antibody (2° only). (B) High-power
immunofluorescence photomicrographs of mouse facial motor nucleus immunoreactive for
NeuN (green) and CXCL11 (red).
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Fig. 5.

CXCL11 immunoreactivity in 14 day post-axotomy (DPA) mouse facial motor nucleus. (A)
Low- (original magnification, 100x) and high-power (original magnification, 600x)
photomicrographs of mouse facial motor nucleus. Sections were processed for CXCL11
immunohistochemistry. Control experiments include omission of CXCL11 primary antibody
(2° only). Tailed arrows indicate positive CXCL11 immunoreactivity. (B) High-power
immunofluorescence photomicrographs of mouse facial motor nucleus immunoreactive for
CD68 (green) and CXCL11 (red; left column) or GFAP (green) and CXCL11 (red; right
column).
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Fig. 6.

CXCL11 immunoreactivity in control or axotomized wild-type (WT) and presymptomatic
mutant superoxide dismutase 1 (mSOD1) mouse facial motor nucleus 7, 14 and 30 days post-
axotomy (DPA). (A) Low-power (original magnification, 100x) photomicrographs of
CXCL11 immunoreactivity in control and axotomized mouse facial motor nucleus. (B) The
average percent CXCL11" FMN in the control and axotomized WT and mSOD1 mouse facial
motor nucleus (xSEM). * and # denote significant differences from WT control and mSOD1
control mice at p <0.05, respectively. t denotes significant differences from WT 14 DPA mice
atp <0.05.
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