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1. Introduction

Activation of any of the complement pathways results in the downstream production of two
small protein cleavage products, C3a and Cba, collectively known as anaphylatoxins. C3a
and Cba are known to induce proinflammatory functions such as chemotaxis, upregulation
of cytokine and chemokine production, and enhanced phagocytosis (Haas and van Strijp,
2007). C3a and C5a mediate their effects by binding to their receptors, C3aR and C5aR
(CD88), which are expressed on a wide variety of cell types, including glial cells of the
CNS. Anaphylatoxins also bind C5a receptor-like 2 (C5L2), whose functions have not been
clearly defined, but may act as a decoy or scavenger receptor (Klos et al., 2009). Previous
studies have shown that astrocytes, microglia, neurons and oligodendrocytes express
anaphylatoxin receptors (Davoust et al., 1999; Gasque et al., 1997; Gavrilyuk et al., 2005;
Nataf et al., 2001). C3a and C5a signaling in the CNS can induce a wide range of functions
depending upon the cell type and local environmental stimuli. The overall effect of C3a and/
or Cha signaling on glial cell subsets and during CNS disease pathology can be complex,
because these proteins have proven to be both protective and harmful. For instance, C5a has
been shown to protect neurons against glutamate-mediated apoptosis both in vitro and in
vivo (Mukherjee et al., 2008; Osaka et al., 1999b). Additionally, C3a has been implicated in
neural stem cell regeneration and migration (Rahpeymai et al., 2006; Shinjyo et al., 2009).
In contrast, C3a and C5a have been shown to have exacerbating effects on CNS disease
severity in mouse models of Alzheimer’s (Fonseca et al., 2009), amyotrophic lateral
sclerosis (ALS) (Woodruff et al., 2008) and lupus (Jacob et al., 2010a; Jacob et al., 2010b).
Several studies have also suggested that complement may play a role in the
neurodegenerative disease, multiple sclerosis (MS) (Ingram et al., 2008).

LAbbreviations used in this paper: EAE, experimental allergic encephalomyelitis; LFB-PAS, Luxol Fast Blue-Periodic acid Schiff;
MS, multiple sclerosis; WT, C57BL/6 wild-type mice; IF, immunofluorescence; GFAP, glial fibrillary acidic protein; RCA, Rincinus
Communis Agglutinin I; Olig-2, oligodendrocyte transcription factor 2; C3a txg, C3a transgenic; C5a txg, C5a transgenic.
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MS is a chronic, inflammatory disease that targets the myelin sheath surrounding nerves,
affecting nerve conduction (Trapp and Nave, 2008). There have been several studies
showing that complement proteins, including C3a, contribute to the pathogenesis of
demyelination. Glial cells are able to produce complement proteins, so it is possible for
localized activation of complement pathways to occur in the CNS (Sospedra and Martin,
2005). C3aR and C5aR are expressed in areas of inflammation in the CNS of MS patients
(Gasque et al., 1997; Gasque et al., 1998; Muller-Ladner et al., 1996). In EAE, a mouse
model of multiple sclerosis, C3a and C3aR have been shown to play a role in exacerbating
disease severity (Boos et al., 2004). Interestingly, it has been shown that C5a and C5aR do
not play a role in EAE pathology (Reiman et al., 2005; Reiman et al., 2002). Results from
our lab have determined that complement plays a role in the murine cuprizone-mediated
demyelination and remyelination model. When a soluble CNS-specific form of the rodent
complement regulatory protein, Crry (sCrry) was expressed, mice were protected from
demyelination during cuprizone treatment, implicating a role for C3 and downstream
complement proteins in this model (Briggs et al., 2007). In our current studies, we utilized
the murine cuprizone model to assess the role of local C3a and C5a production in the brain
during demyelination and remyelination.

Cuprizone is a copper chelating drug that when given at low doses in the diet of C57BL/6
mice, leads to apoptosis of oligodendrocytes, the myelin producing cells of the brain (Mason
et al., 2000). The death of these cells results in demyelination in predictable, specific axonal
tracts of the brain, including the corpus callosum, cerebellum and the superior cerebellar
peduncle (Groebe et al., 2009; Matsushima and Morell, 2001). One attractive aspect of the
cuprizone model is the relative lack of blood brain barrier breakdown (Bakker and Ludwin,
1987; Kondo et al., 1987), which makes it possible to analyze the local response of glia to
C3a or C5a production. The primary effector cells in demyelination during treatment with
cuprizone are reactive astrocytes and microglia. Demyelination in this model shares some
characteristics with type I11 and 1V lesions described in MS (Lucchinetti et al., 2000),
characterized by oligodendrocyte death, microglial infiltration and lack of antibodies present
in areas of demyelination. After mice are returned to a normal diet, the affected areas in the
brain undergo remyelination, allowing for the investigation of events that occur during
remyelination pathogenesis. We utilized transgenic mice expressing C3a or C5a under the
control of the CNS-specific GFAP promoter to determine the role of C3a and C5a
production on demyelination and remyelination events.

C3a and Cba are able to act as chemotactic factors; therefore, we hypothesized that an
increase in the expression of C3a and C5a in transgenic mice being treated with cuprizone
would exacerbate demyelination severity by increasing the number of inflammatory cells
migrating into the corpus callosum. In contrast to results observed in the EAE model, we
found that both C3a and C5a played a role in increased demyelination pathology. Both C3a
and C5a transgenic mice had increased microglia in the corpus callosum during
demyelination. Interestingly, when cuprizone was removed from the diet, oligodendrocytes
returned to the demyelinated corpus callosum in higher numbers in C3a and C5a transgenic
mice, thus allowing for complete remyelination of the corpus callosum. When we
investigated the effect of C3a and/or C5a on individual subsets of glial cells, we found an
increase in proinflammatory cytokine and chemokine production, indicating an ability of
C3a and C5a to induce proinflammatory effects in glial cells.

2. Materials and Methods

2.1. Mice

Previously described C3a-GFAP (Boos et al., 2004) and C5a-GFAP (Reiman et al., 2005)
transgenic mice on the C57BL/6 background were provided by S. R. Barnum (University of
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Alabama). Five week old male C57BL/6 mice were purchased from Jackson Laboratories,
Bar Harbor, ME.

2.2. Induction of Demyelination and Remyelination

To induce demyelination, 8-12 week old male mice were fed a diet of NIH-31 Modified 6%
Mouse/Rat Sterilizable Diet-meal form (Harlan Laboratories, Madison, W1), containing
0.2% cuprizone (bis (cyclohexanone) oxaldihydrazone, Sigma-Aldrich, St. Louis, MO) for
six weeks. Mice were returned to a normal diet after six weeks of cuprizone treatment to
allow for remyelination (Briggs et al., 2007; Matsushima and Morell, 2001; Morell et al.,
1998).

2.3 Histological Analysis

Tissue processing and microscopy were carried out as previously described (Arnett et al.,
2001; Briggs et al., 2007). Briefly, mice were anesthetized and transcardially perfused with
PBS, followed by 4% paraformaldehyde. Brains were then removed and incubated in 4%
paraformaldehyde for seven days and embedded in paraffin. Five micrometer coronal
sections corresponding to Sidman sections 241-251 (Sidman, 1971) were used for
histological analyses. All demyelination and remyelination studies using Luxol Fast Blue-
Periodic acid Schiff (LFB-PAS) were done at midline of the corpus callosum. A
demyelination severity score of zero indicates no demyelination, while a score of three
indicates complete demyelination. Each section was scored blindly by three different
individuals and the scores averaged for each mouse. Because of the large number of mice
used in these studies, sections were stained in two separate groups. Untreated controls were
stained along with each group to ensure that staining was consistent between experiments.
WT, C3a-GFAP and C5a-GFAP mice from the same timepoint were stained together to
guarantee an accurate comparison between WT and the transgenic mice.

2.4. Immunohistochemistry

For immunohistochemistry, paraffin sections were rehydrated, heat-unmasked, and then
blocked with a solution containing 5% normal goat serum and 0.1% Triton X-100 (Sigma-
Aldrich) in PBS. Slides were incubated overnight with primary antibody diluted in blocking
solution. Appropriate fluorochrome-labeled secondary antibodies (Invitrogen-Molecular
Probes, Carlsbad, CA) were used for detection. The immunohistochemistry antibodies used
were: Biotinylated RCA-1 (Vector Laboratories, Burlingame, CA,; 1:100), a lectin used to
detect microglia/macrophages; the secondary reagent used was streptavidin-Alexa
Fluor-594; GFAP was detected using anti-GFAP antibody (Dako, Carpinteria, CA; 1:100);
the secondary antibody was goat anti-rabbit Alexa Fluor-488; antibody to the Olig-2
transcription factor (Ligon et al., 2004), a gift from C. D. Stiles (Harvard University), was
used at 1:10,000 to detect total oligodendrocytes; the secondary reagent was goat anti-rabbit
Alexa Fluor-488. Because of the large number of mice used in these studies, the sections
were stained in two separate groups. Untreated controls were stained along with each group
to ensure that staining was consistent between experiments. WT, C3a-GFAP and C5a-GFAP
mice from the same timepoint were stained together to guarantee an accurate comparison
between WT and the transgenic mice. For studies comparing different treatments, all
sections were digitally captured by microscopy using the same settings for each experiment.
All of the brains were analyzed at midline of the corpus callosum. RCA and GFAP images
were analyzed using ImageJ. Olig-2 and DAPI cells were quantified using NIS Elements 3.1
Imaging software (Nikon, Melville, NY). Manipulations of the digital images after capture
were performed equally on all pictures.
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2.5. Glial Cell Lines and Enrichment of Glial cultures

The BV-2 murine macrophage cell line was a gift from Jenny P.-Y. Ting (The University of
North Carolina at Chapel Hill). BV-2 cells were cultured in DMEM (Invitrogen) with
penicillin—streptomycin (Invitrogen) and 10% fetal bovine serum (Hyclone, Logan, UT).
Primary astrocytes were obtained from one to three day-old neonatal mouse brains based on
methods previously described (McCarthy and de Vellis, 1980; Nikcevich et al., 1999).
Briefly, the brains of one to three day-old mice were dissected, meninges removed and cells
dissociated in trypsin-EDTA. Mixed glial cells were cultured for 10-12 days at which time
the microglia and oligodendrocytes precursors were shaken off at 225 rpm overnight.
Following trypsin—-EDTA treatment, astrocytes were cultured on new plates. Enriched
astrocytes were >95% GFAP positive by FACS analysis (data not shown). Astrocytes were
cultured in DMEM (Invitrogen) with penicillin—streptomycin (Invitrogen) and 10% fetal
bovine serum (Hyclone). All animals were housed in the Laboratory of Animal Resources
facilities at lowa State University and all mouse protocols were approved by the lowa State
University Animal Care and Use Committee.

2.6. Adenoviral Infection and Purification of C3a- and C5a-FLAG protein

Sequences for murine C3a and C5a were cloned from mouse liver cDNA using reverse-
transcription-PCR. A FLAG-tag sequence was cloned at the 5’ end of both minigene
constructs for purification and identification purposes. The Genbank accession numbers
assigned to C3a and C5a sequences are HM105585 and HM 105584, respectively. Since both
C3a and C5a are internal sequences within the C3 and C5 genes, respectively, a
heterologous signal sequence from the murine IFN-y gene was included at the 5’ end. The
adenoviral vector (pacAd5) was provided by the University of lowa Gene Transfer Vector
Core (GTVC). Each construct included an internal GFP cassette so that transduction
efficiency could be monitored. The GTVC performed the adenoviral preparation. The
recombinant Ad vector is based on the human adenovirus serotype 5, from which the Ela
and E1b replication genes have been deleted in order to make virus replication defective
(Anderson et al., 2000). A549 human lung cells were transduced with the adenovirus at high
MOI in serum-free Hybridoma SFM media (Invitrogen). After 48 hours, supernatants from
transduced cells were collected, filtered and purified over an anti-FLAG-M2-agarose affinity
column (Sigma-Aldrich). Proteins were eluted with low pH buffer and eluted proteins along
with defined amounts of human C5a were run on a 15% SDS-PAGE gel and visualized by
silver stain to quantify the amount of murine C3a or Cha. These proteins were shown to be
functional by cell binding experiments and chemotaxis assays (data not shown).

2.7. Signaling Assays

Primary astrocytes and BV-2 microglia were treated with 50nM C3a or C5a for 0-60
minutes. At the indicated time, cells were lysed with RIPA buffer (50mM Tris-HCI, pH 7.5,
150mM NaCl, ImM EDTA, 1% NP-40 and 1% sodium deoxycholate) containing protease
inhibitor (Roche Diagnostics, Indianapolis, IN) and phosphatase inhibitor cocktails (Sigma-
Aldrich). Protein lysate concentrations were quantified using Bio-Rad Protein Assay reagent
(BioRad, Hercules, CA) and equal amounts of protein lysate were loaded and run on a 10%
SDS-PAGE gel for 1.5-2 hours. Gels were then transferred onto 45um PVVDF membrane
using a semi-dry transfer system. Blots were blocked in 5% fat-free dry milk (w/v) and then
incubated overnight in primary antibody (pERK1/2, pJNK or p-p38 MAPK) (Cell Signaling
Technology, Danvers, MA). Blots were developed on film using LumiGLO
chemiluminesence reagent (Cell Signaling Technology). Blots were then stripped using
Restore Western blot stripping buffer (Thermo Fisher Scientific Inc., Rockford, IL), re-
blocked and incubated with total ERK1/2, JNK or p38 MAPK antibodies (Cell Signaling
Technology). Films were scanned and the densities of the bands were measured using
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ImageJ analysis software. Phosphorylated band values were normalized to their respective
total band value to account for protein loading differences.

2.8. BioPlex and enzyme-linked immunosorbent assay (ELISA)

BV-2 microglia, primary astrocytes and mixed glial cells were plated in six-well tissue
culture treated dishes. Primary mixed glial cultures were allowed to mature for 10-12 days
before treatment. Cells were treated with 50nM C3a, 50nM Cba or a combination of 50nM
of both C3a and C5a for the indicated times. Supernatants were collected from each
treatment group and were run in duplicate using a 23-multiplex assay (BioRad). Supernatant
IL-6 levels were verified using an ELISA kit (BioLegend, San Diego, CA). CCL4 levels in
the supernatants were verified by ELISA (R&D Systems Inc., Minneapolis, MN). Untreated
cell supernatants were used as controls for each time point.

2.9. Statistics

Student’s unpaired t-test (two-tailed distribution, homoscedastic, Microsoft Excel) was used
to examine the probability that differences between treatment groups were statistically
significant. For the in vivo animal studies, one-way ANOVA was also used to verify the
significance in longitudinal studies between different treatment groups.

3. Results

3.1. Increased levels of C3a and C5a in the brain lead to exacerbated demyelination and
delayed remyelination

To determine the role of C3a and C5a in demyelination and remyelination, we used
transgenic mice expressing C3a or C5a under the control of the CNS-specific GFAP
promoter. Our results show that after four weeks on the cuprizone diet, both C3a and Cb5a
transgenic mice had worse demyelination severity compared to C57BL/6 wild type (WT)
mice (Fig. 1A and 1B). Demyelination severity was increased through seven weeks in both
transgenic groups (Fig. 1A). Although these mice showed worse demyelination severity at
seven weeks, we found that both transgenic groups were able to remyelinate completely by
the end of the ten week study (Fig. 1A), suggesting increased C3a or C5a production does
not affect the overall ability of these mice to undergo effective remyelination.

Along with increased demyelination severity in the corpus callosum of transgenic mice, we
also observed increased cellular infiltration and thickness of the inflammatory lesion within
and surrounding the corpus callosum. The increased thickness of the lesion is most likely a
result of increased cell migration or cellular proliferation within the demyelinating corpus
callosum. When we measured the thickness of the lesion below the midline of the brain, we
found that the corpus callosum and surrounding inflammation had almost doubled in width
compared to the WT mice at five weeks (Fig. 1B and 1C). We saw no differences in the
thickness of the corpus callosum in untreated transgenic mice compared to untreated WT
mice (Fig. 1C). Previous results from our lab (unpublished) and others have shown that mice
lose weight during cuprizone treatment and regain weight after cuprizone treatment is
discontinued (Hiremath et al., 1998; Torkildsen et al., 2008). Throughout the ten week study
we found that all groups of mice lost 10-20% of their original weight while on the cuprizone
diet. We observed that when mice were put back onto a normal diet after six weeks, the C3a
transgenic mice did not regain as much weight as the WT and C5a transgenic mice (Fig.
1D). Interestingly, untreated C3a transgenic mice started the study weighing significantly
more than untreated WT and C5a transgenic mice (data not shown). These results may
suggest that a currently unknown systemic effect is occurring in the C3a transgenic mice.
The C3a degradation product, C3a desArg, also known as acylation-stimulating protein, is
involved in lipid biology and can influence body weight (Cianflone et al., 2003). Potentially,
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this protein could be playing a role in the weight of C3a transgenic mice throughout
development; however it is unknown if C3adesArg is able to escape the blood brain barrier
in these mice. Further investigation of this phenomenon will be required to determine the
mechanism for overall increased weight over WT mice and decreased weight gain after
cuprizone removal in the C3a transgenic mice.

3.2 C3a and Cbha expression leads to increased cell infiltration into the corpus callosum
during cuprizone treatment

It was evident from the LFB-stained sections that there were greater numbers of cells in the
demyelinated corpus callosum of the C3a and C5a transgenics compared to WT mice. Using
DAPI nuclear stain to quantify the number of cells in the corpus callosum, we found that
after five weeks of cuprizone treatment, both transgenic strains had increased numbers of
cells compared to WT mice (Fig. 2A and 2B). The cell numbers in the corpus callosum
remained elevated in C3a and C5a mice through eight weeks (Fig. 2A). We found no
significant changes in the number of cells in the corpus callosum of untreated WT mice
compared to untreated C3a and C5a transgenic mice (Fig. 2A and 2B), suggesting there was
no preexisting inflammation in the corpus callosum of transgenic mice prior to the cuprizone
treatment.

Astrogliosis and microglial infiltration in the corpus callosum during demyelination are well
characterized events that occur at predictable time points during cuprizone treatment
(Matsushima and Morell, 2001). When GFAP antibody was used to detect astrocytes in the
corpus callosum, we found that the GFAP levels in the transgenic mice followed a similar
trend compared to the WT mice throughout the ten week study. The increase in GFAP
expression in all groups of mice started at three weeks and persisted through eight weeks
(Fig. 3A), which implied a rise in C3a and C5a transgene production in the transgenic mice.
At nine weeks, GFAP levels started to decrease in WT and transgenic mice (Fig. 3A). The
increased expression of GFAP at five weeks in the transgenic mice may suggest that C3a
and Cba are inducing proliferation, activation or migration of astrocytes; however five
weeks was the only timepoint where C3a and C5a transgenic mice showed a significant
difference in kinetics from WT mice (Fig. 3A and 3B). These results would suggest that C3a
and C5a are not playing a significant role in activation and/or proliferation of astrocytes
during the course of cuprizone treatment.

We found that microglial staining was greatly increased in C3a and C5a transgenic mice
beginning at five weeks (Fig. 3C and 3D) and continuing through seven weeks (Fig. 3C). At
five weeks, there was a 2.2-fold and 2.6-fold increase in C5a and C3a transgenic RCA
staining, respectively (Fig. 3C). Surprisingly, microglial infiltration in the C3a transgenic
mice surpassed levels found in C5a transgenic mice at five weeks (Fig. 3C and 3D). RCA
staining in the WT mice was greatest at four weeks and decreased throughout the rest of the
study (Fig. 3C). These findings were similar to what our lab has shown in previous
cuprizone studies (Briggs et al., 2007). Conversely, the peak of microglial infiltration
occurred at five weeks in both C3a and C5a transgenic groups (Fig. 3C). Again, we saw no
differences between untreated mice from WT and transgenic groups, suggesting there were
not increased levels of GFAP or microglia in the corpus callosum of the transgenics prior to
cuprizone treatment (Fig. 3A-D). The highly elevated levels of RCA staining in the corpus
callosum of C3a and Cba transgenic mice during demyelination, suggests both C3a and C5a
stimulate migration and/or proliferation of microglia during cuprizone treatment.

Mol Immunol. Author manuscript; available in PMC 2011 November 1.
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3.3. C3a and Cbha expression in the corpus callosum leads to increased oligodendrocyte
numbers during early remyelination

It has previously been shown that cuprizone treatment leads to oligodendrocyte apoptosis in
the corpus callosum beginning two weeks after initiation of cuprizone treatment (Mason et
al., 2000). Oligodendrocyte progenitors begin to increase in the corpus callosum at four
weeks, which is why some remyelination occurs before removal of cuprizone from the diet.
However, mature oligodendrocytes do not return to levels found in untreated mice until
eight to ten weeks of a typical cuprizone study (Mason et al., 2000). When we used an
antibody against the transcription factor Olig-2, which is present in both oligodendrocyte
progenitors and mature oligodendrocytes, we found that the decrease in oligodendrocyte
numbers during cuprizone treatment was similar in WT and both groups of transgenic mice
(Fig. 4A). These results would suggest that oligodendrocyte death is a function of the
cuprizone toxicity and was not affected by increased C3a or C5a levels. During early
remyelination events at week six of cuprizone treatment, we found that C3a and Cba
transgenic mice had increased numbers of oligodendrocytes in the corpus callosum
compared to WT mice (Fig. 4A and 4B). Oligodendrocyte numbers remained elevated in
C3a and C5a transgenic mice through week eight of the study (Fig. 4A). Increased
oligodendrocyte numbers may be required in the C3a and C5a transgenic mice for complete
remyelination, due to the increased severity of demyelination in the corpus callosum.
Interestingly, when we calculated the percentage of total cells that are Olig-2* cells, we
found that there was a significantly higher percentage of Olig-2* cells in the WT mice at
five weeks (Fig. 4C). These findings are most likely due to the increased number of
microglia in the corpus callosum of C3a and C5a transgenic mice at five weeks, thus making
the ratio of oligodendrocytes to total cells decrease in the transgenic mice. The percentages
of cells that are positive for Olig-2 began to increase at five weeks and were not
significantly different between WT and transgenic mice between six and ten weeks (Fig.
4C).

3.4. C3a and Cbhainduce cytokine and chemokine production in mixed glia and BV-2

microglia

Our in vivo data suggest that C3a and C5a are playing a role in glial cell activation and
migration. Previous findings have shown that C5a can induce downstream functions in glial
cells, such as chemotaxis and upregulation of cytokine expression (Armstrong et al., 1990;
Jauneau et al., 2003; Yao et al., 1990). To determine the role of C3a and/or C5a stimulation
on individual glial cell subsets, we treated cells with recombinant C3a and/or C5a. We also
treated mixed glia, which contain astrocytes, microglia and oligodendrocyte progenitors, to
gain insight on how cellular interaction may play a role in regulating the cytokine response
to C3a and/or Cha stimulation. We found that glial cells were capable of upregulating
proinflammatory chemokines and cytokines. Mixed glial cultures produced the
proinflammatory cytokine IL-6 in response to C3a or C5a 24 hours after treatment (Suppl.
Fig. 1 and Suppl. Table 1). These data were verified using an IL-6 ELISA (Fig. 5A). We
observed a significant additive effect when cells were treated with C3a and C5a in
combination. We also found that mixed glial cultures produced CCL4 (MIP-1p) in response
to C5a treatment (Fig. 5A). Interestingly, when cells were treated with C3a there was less
CCLA4 present in the supernatant after 24 hours compared to untreated cells (Fig. 5A). 72
hours after treatment, BV-2 microglial cultures treated with C5a, C3a or a combination of
C3a and C5a had increased expression of CCL4 in cell supernatants compared to untreated
control (Suppl. Fig. 1 and Fig. 5B). We did not detect any significant additive effects on
CCLA4 production when BV-2 cells were treated with both C3a and C5a (Fig. 5B).

When primary astrocytes were treated with C3a and/or C5a, we found that none of the
cytokines tested for were increased upon treatment with C3a and/or C5a; however, we found

Mol Immunol. Author manuscript; available in PMC 2011 November 1.



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

1duasnuey Joyiny vd-HIN

Ingersoll et al.

Page 8

that the presence of C3a and/or C5a decreased cytokine levels in astrocyte cultures. After
one day of treatment, IL-13 was decreased in astrocyte cultures treated with C3a, C5a, or
both proteins (Suppl. Fig. 1 and Suppl. Table 3). At day six we found decreases in IL-13,
IL-9 and CCL4 (Suppl. Fig. 1 and Suppl. Table 3). We verified the CCL4 multiplex data
using an ELISA and similar to our multiplex results, after six days we found CCL4 levels
were decreased in cultures treated with C3a and/or C5a (Fig. 5C).

3.5. C3a and Cba activate MAPK signaling pathways in primary astrocytes and BV-2

microglia

We demonstrated a direct role for C3a and C5a in stimulating cytokine and chemokine
production in mixed glia and microglia, therefore we were interested in how C3a and C5a
activate signaling pathways in individual subsets of glia. It has been shown that human
recombinant C3a and C5a activate MAPK proteins, ERK1/2, in a human astrocyte cell line
and human recombinant C5a stimulation can activate ERK2 in primary murine astrocytes
(Osaka et al., 1999a; Sayah et al., 2003). When BV-2 cells were stimulated with 50 nM Cb5a,
we found that ERK2 was phosphorylated as early as one minute after treatment (Fig. 6A and
6B). Both ERK1/2 were significantly activated after five minutes of stimulation with C5a.
Activation of ERK1/2 was short lived and by 15 minutes the phosphorylation levels of
ERK1/2 were equal to levels found in untreated cells (Fig. 6A and 6B). When these cells
were treated with 50 nM C3a, we did not see an increase in phosphorylated ERK1/2 at any
of the time points tested (data not shown), suggesting 50 nM C3a does not activate the ERK-
MAPK pathway in BV-2 microglia. We treated cells for five minutes with C3a
concentrations ranging from 0-100nM and still found no increase in phosphorylation of
ERK1/2. We also found that p38 and JNK MAPK pathways were not activated in BV-2
cells when stimulated with 50 nM C3a or C5a (data not shown).

When primary astrocytes were treated with 50nM C3a or 50nM C5a, we found that ERK
proteins were activated. In contrast to BV-2 cells treated with C3a, significant
phosphorylation of ERK2 occurred at 15 minutes (Fig. 6C and 6F). By 60 minutes,
PERK1/2 levels were decreased to levels seen in untreated control cells. When astrocytes
were treated with 50nM Cb5a, levels of pERK1 were higher than untreated control cells
starting at 15 minutes (Fig. 6D and 6F). Levels of pERK1/2 were not significantly higher
than untreated control cells at 30 minutes (p = 0.08 for both pERK1/2), but both ERK1/2
were significantly activated at 60 minutes. We found that the basal levels of ERK1/2
phosphorylation were higher in untreated primary astrocytes compared to BV-2 cells, thus
making the overall fold-increase less in primary astrocytes. We also looked for activation of
p38 and JNK proteins. We found that p38 MAPK was not phosphorylated in C3a or C5a
treated cells (data not shown). Interestingly, we found that JNK1 was phosphorylated in
primary astrocytes treated with C3a or Cba (Fig. 6C, 6D and 6E). Similar to ERK1/2
activation, significant activation of JNK1 occurred between 15 and 30 minutes. At 60
minutes after C3a or Cba treatment, INK1 phosphorylation was not significantly higher than
untreated cells. INK2/3 were not activated in C3a or C5a stimulated primary astrocytes.

4. Discussion

It has been previously established that C3a and C5a receptors are upregulated in patients
with MS (Gasque et al., 1998; Muller-Ladner et al., 1996) and complement deposition is
present within MS lesions (Ingram et al., 2008; Lucchinetti et al., 2000). These results would
suggest that C3a and/or C5a could potentially play a role in demyelination, lesion pathology
and subsequent remyelination. In the present study we have shown that the C3a and Cba
exacerbate demyelination severity in the murine cuprizone model. The expression of C3a or
C5a during demyelination amplified microglial staining in the corpus callosum. C3a
transgenic mice tended to have greater demyelination severity and higher microglial levels
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in the corpus callosum compared to C5a transgenic mice, although these results were not
statistically significant (Fig. 1 and Fig. 3). Previous in vivo data have suggested a role for
C3a and C3aR in diseases affecting the CNS, however it is not clear how C3a mediates its
effects within the CNS. There have been no published reports indicating C3a involvement in
glial cell migration and results from our lab suggest that recombinant murine C3a does not
induce significant migration of BV-2 microglia, primary astrocytes or mixed glia
(unpublished results), suggesting chemotaxis may not be the primary effector function of
C3a. Previous studies have shown that when astrocytes (Jauneau et al., 2006) and microglia
(Heese et al., 1998) are stimulated with C3a, production of growth factors are upregulated,
suggesting C3a has the potential to induce cytokine and chemokine production in glia. In the
present report, we found that when BV-2 microglia were treated with C3a, CCL4, CCL5 and
CCL11 were increased in cell supernatants (Suppl. Fig. 1 and Fig. 5). Microglia have
previously been shown to express CCR3 and CCRS, receptors for CCL4 and CCL5
(Albright et al., 1999). Astrocytes also express CCR3, in addition to CCR1, another receptor
for CCL5 (Flynn et al., 2003; Han et al., 2000). Additionally, previous cuprizone studies
have shown that chemokine mRNA transcripts are upregulated in the brain during cuprizone
treatment; including, CCL4 and CCL5 (Biancotti et al., 2008; McMahon et al., 2001). The
expression of chemokine receptors on glia in conjunction with upregulated chemokine
production by C3a stimulated microglia in vitro may be a potential mechanism by which
C3a indirectly induces migration of reactive microglia and astrocytes to the demyelinating
corpus callosum during cuprizone treatment. Overall, our in vivo data suggest C3a induces a
proinflammatory response, exacerbating demyelination. In contrast, previous data have
shown that C3a-GFAP mice are protected from LPS-induced shock (Boos et al., 2005),
suggesting that C3a expressed in the CNS is capable of inducing a protective response, as
well. Therefore, depending on the stimuli in the CNS, C3a can induce harmful or protective
outcomes.

It has been established that C5a mediates migration of microglia and astrocytes in vitro
(Armstrong et al., 1990; Nolte et al., 1996; Yao et al., 1990), which could explain the
increased levels of RCA staining and GFAP expression we observed in the corpus callosum
of Cba transgenic mice during demyelination (Fig. 3). Alternatively, cytokine and
chemokine production were upregulated in mixed glial and BV-2 cell cultures stimulated
with C3a or C5a (Suppl. Fig. 1 and Fig. 5). Similar to results found when cells were treated
with C3a, chemokines that were upregulated in these cell cultures included CCL4, CCL5
and CCL11. The ability of glia to produce chemokines in response to C5a presents another
possible mechanism for the observed increase in cellularity in the corpus callosum during
demyelination. Future studies will be required to determine if these chemokines are
necessary for demyelination events in the cuprizone model. Previous results showed that
C5a and C5aR do not exacerbate disease severity in the EAE model (Reiman et al., 2005;
Reiman et al., 2002). The disparity between our results and those found in the EAE model
most likely reflect the differences in the induction of demyelination and differing effector
mechanisms between the two models. There are different lesion types found in MS
(Lucchinetti et al., 2000) and both models address different aspects of lesion pathology.

In a recent report, it was found that CXCR2* neutrophils are necessary for demyelination in
the cuprizone model (Liu et al., 2010). This is the first report of neutrophils being present
within the brain during cuprizone treatment. Neutrophil numbers peaked in the corpus
callosum early at five days after initiation of cuprizone treatment. It has been well
established that C5a is a potent chemoattractant for neutrophils (Gerard and Gerard, 1994;
Guo and Ward, 2005), so it is possible that in addition to increased microglia, neutrophil
numbers may also be increased and mediating some effect on the exacerbated demyelination
observed in C5a transgenic mice during cuprizone treatment. It has not yet been established
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how CXCR2™* neutrophils mediate their effect within the corpus callosum during
demyelination in the cuprizone model.

In contrast to the proinflammatory cytokine and chemokine production we found in C3a
and/or C5a-stimulated microglia and mixed glia, astrocytes treated with C3a and/or C5a
exhibited regulatory characteristics. Untreated astrocyte supernatants had greater levels of
IL-9, IL-13 and CCL4 compared to astrocytes that were treated with C3a or C5a (Suppl. Fig.
1 and Fig. 5), suggesting C3a and C5a stimulation may result in down modulation of
cytokine production in these cells. Other studies have shown that when astrocytes are
stimulated with proinflammatory mediators, astrocytes can act in a regulatory manner
through production of regulatory cytokines (Bsibsi et al., 2006) or induction of regulatory
signaling pathways (Qin et al., 2008; Stark et al., 2004). Additionally, it has been shown that
when pituitary cell cultures are treated with C3a, the production of hormones involved in the
control of inflammation are increased (Francis et al., 2003). We found when primary
astrocytes were treated with C3a and/or C5a they did not upregulate any cytokines that are
considered to be anti-inflammatory, including the regulatory cytokine IL-10 (Suppl. Fig. 3).
Even though primary astrocytes are downregulating cytokine production, the ability of
mixed glial cultures to produce proinflammatory cytokines and chemokines in response to
C3a and/or Cba treatment in vitro would suggest that the proinflammatory response, which
is most likely due to microglial activation, overrides the regulatory response of astrocytes,
the most prevalent cell type in mixed glial cultures. Alternatively, astrocytes may require
cellular interaction with other types of glia to upregulate cytokine and chemokine production
in response to C3a and C5a stimulation. We found that MAPK pathways are differentially
activated in astrocytes and BV-2 microglia (Fig. 6), yet further investigation into C3a and
Cb5a-mediated activation of alternative signaling pathways are needed to determine which
signal transduction pathways are required for suppressing cytokine production by astrocytes.

We established that both C3a and Cb5a exacerbate demyelination pathogenesis; however
their role in remyelination is complex. Although transgenic mice had worse demyelination
severity through seven weeks, we found that C3a and C5a transgenic mice were able to
remyelinate as effectively as WT mice. Interestingly, we found that oligodendrocytes
returned to the corpus callosum of transgenic mice in greater numbers than WT mice at six
through eight weeks of the study. Previous studies have shown that C5a does not induce
chemotaxis of oligodendrocytes progenitors in vitro (Armstrong et al., 1990) and we did not
see significant increases of oligodendrocytes in the corpus callosum until six weeks of the
cuprizone study, suggesting chemotaxis to C3a or C5a is not the primary mechanism for the
increase in oligodendrocytes in the corpus callosum. There have been studies suggesting
some inflammation is necessary for microglia-mediated clearance of apoptotic cells and
myelin debris and subsequent remyelination to occur (Neumann et al., 2009). While
microglia are thought to be the primary effector cell during demyelination in the cuprizone
model, it has also been found that cytokines and growth factors most likely produced by
microglia are necessary for remyelination. For instance, IL-1p, LIF and TNF-q, all thought
to be produced by microglia and astrocytes, have been shown to enhance remyelination
(Arnett et al., 2001; Marriott et al., 2008; Mason et al., 2001). Additionally, growth factors
such as, insulin growth factor (IGF) are necessary for remyelination by oligodendrocytes in
the cuprizone model (Mason et al., 2003). Therefore, the increase in oligodendrocytes in
C3a and C5a transgenic mice could be explained by the increase in proinflammatory
microglia in the corpus callosum at five to seven weeks. In the present report, we did not
find upregulation of IL-1p or TNF-a when glial cells were stimulated with recombinant C3a
and/or C5a in vitro (Suppl. Tables). Whether or not C3a or C5a play a role in upregulation
of growth factor and cytokine production by glial cells that are necessary for
oligodendrocyte migration, maturation or proliferation after demyelination has occurred has
yet to be established. Inhibiting C3a and C5a in the CNS of patients with demyelinating
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lesions could potentially be of therapeutic value; however the importance of C3a and C5a
production during remyelination remains uncertain. Our results would suggest that C3a and
C5a enhance recruitment of oligodendrocytes into demyelinated areas, thus these proteins
could potentially be harnessed for their beneficial properties in remyelination pathology.
These studies are exclusively focused on C3a and C5a proteins and more studies will be
necessary to fully evaluate the complex role of the cascade and the various other
complement proteins in neuroinflammation.

Supplementary Material

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

Increased levels of C3a and C5a in the brain lead to exacerbated demyelination and delayed
remyelination in the cuprizone model. (A) Mice were treated with cuprizone for the
indicated times and the brains were harvested. 5um sections were stained using LFB-PAS
and evaluated by microscopy. The stained sections were blindly scored by three individuals
and averaged. Four to eight mice were analyzed per time point for each experimental group.
(B) Representative images of LFB-PAS staining at zero and five weeks of cuprizone
treatment. Four to eight mice were analyzed for each experimental group. (C) The extent of
inflammation in and surrounding the corpus callosum at zero and five weeks was measured
in um using NIS Elements 3.1 Imaging software. In this figure, 100% is the mean width of
the inflammatory lesion at midline of the untreated WT group. Four to eight mice were
analyzed for each experimental group. (D) Weight of WT and transgenic mice throughout
cuprizone treatment. Mice were weighed bi-weekly throughout the ten week study, n = 7-16
mice per group. Statistical significance was calculated using unpaired Student’s t-test and
one-way ANOVA, * p < 0.05. Error bars represent standard deviation.
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Figure 2.

C3a and C5a expression leads to increased cellular infiltration into the corpus callosum
during cuprizone treatment. (A) 5um sections were stained with DAPI nuclear stain and the
cell number was quantified NIS Elements 3.1 Imaging software. The results are presented as
percent increase over untreated WT control. (B) Representative images of DAPI staining at
zero and five weeks of cuprizone treatment. The scale bar equals 50um. Statistical
significance was calculated using unpaired Student’s t-test and one-way ANOVA, * p <
0.05, n= four to eight mice were used per time point for each experimental group in the
above experiments and the error bars represent standard deviation.
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Figure 3.

Transgenic expression of C3a or C5a in the corpus callosum leads to increased microglia
and GFAP expression. (A) Sections were stained with antibody against GFAP and the mean
fluorescence intensities measured. The results are shown as a percent increase over untreated
WT control. (B) Representative images of GFAP staining at zero and five weeks of
cuprizone treatment. (C) 5um sections were stained with RCA lectin and the mean
fluorescence intensities measured. The results are shown as the percent increase over
untreated WT control. (D) Representative images of RCA staining at zero and five weeks of
cuprizone treatment. The scale bars equal 50um. Statistical significance was calculated
using unpaired Student’s t-test and one-way ANOVA, * p < 0.05, n= four to eight mice were
used for each time point for each experimental group in the above experiments and the error
bars represent standard deviation.
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Figure 4.

Oligodendrocyte numbers are increased during early remyelination in C3a and C5a
transgenic mice. (A) Sections were stained with Olig-2 antibody. The numbers of Olig-2*
cells were quantified in a predetermined area of the corpus callosum below the midline of
the brain using NIS Elements 3.1 Imaging software. The results are presented as a percent
change from WT untreated mice. (B) Representative images of Olig-2 staining at zero and
six weeks of cuprizone treatment. (C) Olig-2* cells as a percentage of total DAPI* cells. The
same area of the corpus callosum was used for both DAPI and Olig-2 quantification. The
scale bar equals 50um. Statistical significance was calculated using unpaired Student’s t-test
and one-way ANOVA, * p < 0.05. At each time point four to eight mice were analyzed for
each experimental group and the error bars represent standard deviation.
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Figure 5.

C3a and C5a induce cytokine and chemokine production in mixed glia and BV-2 microglia.
(A) Mixed glia were treated with 50nM C3a, 50nM C5a or a combination of 50nM C3a and
Cb5a for 24 hours. After 24 hours of treatment, supernatants were collected and used in
ELISAs specific for IL-6 or CCL4 (B) BV-2 microglia were treated with 50nM C3a, 50nM
C5a or a combination of 50nM C3a and C5a for 72 hours. After 72 hours of treatment,
supernatants were collected and used in an ELISA specific for CCL4. (C) Primary astrocytes
were stimulated with 50nM C3a, 50nM C5a or a combination of 50nM C3a and Cb5a. After
144 hours, cell supernatants were collected from the cell cultures and analyzed using an
ELISA specific for CCL4. Samples from three experiments were used for ELISAs.
Statistical significance was calculated using unpaired student’s t-test, * p < 0.05. Error bars
represent standard deviation.
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Figure 6.
C3a and C5a activate MAPK signaling pathways in primary astrocytes and BV-2 microglia.

(A) BV-2 cells were stimulated with 50nM C5a for 0-60 minutes and whole cell lysates
were used to analyze ERK1/2 activation by immunoblotting. After pERK1/2 were detected,
all blots were stripped and re-probed for total ERK1/2. (B) The density of each band was
measured using ImageJ software. Phosphorylated values were normalized to total values to
account for any discrepancies in protein loading. Three blots from three different
experiments were used for measuring ERK1/2 activation. (C) Primary astrocytes were
stimulated with 50nM C3a or 50nM C5a for 0—-60 minutes. Whole cell lysates were used to
analyze phosphorylated ERK1/2 or JINK by immunoblotting. All blots were stripped and
reprobed for total ERK1/2 or total JINK. (D) Phosphorylated values for pJNK from primary
astrocytes treated with 50nM C3a or (E) 50nM Cb5a were normalized to total JINK values to
account for any differences in protein loading. (F) Phosphorylated values for pERK1/2 from
primary astrocytes treated with 50nM C3a or (G) 50nM Cb5a were normalized to total
ERKZ1/2 values to account for protein loading errors. Statistical significance was calculated
using unpaired student’s t-test, ** p < 0.001, * p < 0.05. Three or more blots were used for
measuring ERK1/2 or JNK activation in primary astrocytes. Error bars represent standard
deviation.
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