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Abstract

still lacking.

Background: Activation of the complement system has been implicated in both acute and chronic states of
neurodegeneration. However, a detailed understanding of this complex network of interacting components is

Methods: Large-scale global expression profiling in a rat F2(DAXPVG) intercross identified a strong cis-regulatory

influence on the local expression of complement receptor 2 (Cr2) in the spinal cord after ventral root avulsion (VRA).
Expression of Cr2 in the spinal cord was studied in a separate cohort of DA and PVG rats at different time-points after
VRA, and also following sciatic nerve transection (SNT) in the same strains. Consequently, Cr2”~ mice and Wt controls

complemented by astrocyte and microglia cell cultures.

were used to further explore the role of Cr2 in the spinal cord following SNT. The in vivo experiments were

Results: Expression of Cr2 in naive spinal cord was low but strongly up regulated at 5-7 days after both
VRA and SNT. Levels of Cr2 expression, as well as astrocyte activation, was higher in PVG rats than DA rats
following both VRA and SNT. Subsequent in vitro studies proposed astrocytes as the main source of Cr2
expression. A functional role for Cr2 is suggested by the finding that transgenic mice lacking Cr2 displayed
increased loss of synaptic nerve terminals following nerve injury. We also detected increased levels of
soluble CR2 (sCR2) in the cerebrospinal fluid of rats following VRA.

Conclusions: These results demonstrate that local expression of Cr2 in the central nervous system is part
of the axotomy reaction and is suggested to modulate subsequent complement mediated effects.
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Background

The complement system, a part of the innate arm of
immunity, is activated in various inflammatory condi-
tions [1]. A number of studies have also documented
complement activity in the CNS both in acute conditions
like stroke [2] and traumatic brain injury (TBI) [3], as well
as in chronic diseases like multiple sclerosis (MS) [4, 5]
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and Alzheimer’s disease (AD) [6], all characterized by
a varying degree of inflammatory features present in
the tissue. The complement system consists of a large
number of components, many of which are primarily
produced in the liver, but some are also expressed within
the central nervous system CNS [7, 8]. Activation of the
complement cascade is needed for a wide range of impor-
tant defense functions, including cell-lysis, chemotaxia,
opsonisation, and immune cell stimulation [9, 10] but
may also aggravate tissue damage [3, 5, 6, 11]. The
mechanisms underlying complement activation in the
CNS are complex and still not fully understood. The
intricate structure of the system not only offers flexibility
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and efficiency, but also provides a basis for multiple points
of possible dysregulation [12].A prerequisite for the agility
of complement responses is a wide distribution of com-
plement receptors, present on a range of cell types in-
cluding macrophages [13], T cells [14], B cells [15],
microglia, and astrocytes [16, 17]. Furthermore, many of
the complement receptors exist in both membrane-bound
and secreted forms, for instance, both complement recep-
tors 1 (CR1) and 2 (CR2) exist in soluble forms: sCR1 [18]
and sCR2 [19], respectively. Thus, the functional conse-
quences of complement receptor expression depends
not only on cellular localization, but also if the protein
is anchored to the membrane or released into the extra-
cellular space. Thus, soluble complement receptors can
inhibit the cascade by binding complement proteins
[12], a fact which has been explored in complement
directed therapies [20].

We have previously described strain-dependent differ-
ences in the local expression of the upstream complement
components Clq and C3 in the spinal cord of the inbred
DA and PVG rat strains following a standardized nerve
injury, where differences in expression of Clq correlated
with subsequent nerve cell loss [21]. Furthermore, we
recently identified distinct regulatory pathways of several
complement components, including Clq and C3, in a
F2(DAXPVG) intercross using the same nerve injury
model [22]. The aim of the current study was to
characterize and genetically map and characterize any
possible differences in the local expression of comple-
ment receptors in this F2(DAxPVG) intercross.

Methods

Animals and operations

The inbred MHC congenic rat strain Dark Agouti-RT1“"
(DA) and the inbred MHC congenic Piebald Viral
Glaxo-RTI*"! hereafter called PVG were bred and main-
tained in the in-house breeding facility under specific
pathogen-free conditions and climate-controlled environ-
ment with 12 h light/dark cycles and fed standard rodent
chow and water ad libitum. The F2(DAXxPVQ) intercross
has been described previously [22—24]. In brief, DA/PVG
males and females were crossed generating two groups of
offspring (F1), in turn mated reciprocally generating
four groups of F2 progeny from which a total of 144
animals were used. Both female and male rats and an
equal number of rats from each of the four groups
were studied.

All animals from the F2 intercross were at an age of
9-12 weeks subjected to unilateral avulsion of the left
lumbar L3-L5 ventral roots, as described in Additional
file 1. Five days post-operatively, the animals were eutha-
nized with CO, and perfused via the ascending aorta
with ice-cold PBS containing heparin (LEO Pharma AB,
Malmo, Sweden) (10 IE/ml). Spinal cords were dissected
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and examined using a dissection microscope to verify the
completeness of the lesion and exclude any visible signs of
hemorrhage or necrotic zones. After removal of the scar
on the superficial part of the spinal cord, the ipsilateral
ventral quadrant of L3, L4, and L5 was dissected out, and
then snap-frozen for subsequent mRNA extraction.

The G12 (DAxPVG) advanced intercross line (AIL)
was developed by continued structured breeding from a
G10 AIL previously established [25]. A cohort of 161
G12 animals were subjected to ventral root avulsion
(VRA), with a 5-day post-operative survival and the L3
segment used in the expression studies.

An additional cohort consisting of 72 DA and PVG
rats was used to analyze the kinetics following VRA. The
animals were divided into five experimental groups of
5-7 individuals with 1, 3, 5, 7, or 14 days post VRA sur-
vival and one naive (un-operated) control group. The L3
segments were taken for mRNA preparation and the
L4-L5 segments were taken en bloc and snap-frozen for
further preparation/sectioning.

DA and PVG animals (n = 22) were operated with left
sided sciatic nerve transection (SNT) below the obtu-
rator tendon. Half the group was euthanized and per-
fused with ice-cold PBS with heparin 5 days after
operation, and the left-sided L4 segment was taken for
further RT-PCR analysis, with the right L4 segment as
control. The remaining group was perfused with Lana’s
fixative at the same post-operative survival. These spinal
cords were dissected, kept in 4 % PFA overnight, and then
transferred to 10 % sucrose in PBS before mounting and
sectioning of the L3-L5 segments.

Cr2”~ mice (Balb/c background) were kindly provided
by Professor Birgitta Heyman, Department of Medical
Biochemistry and Microbiology, Uppsala University, and
have previously been described [26]. Control Balb/c mice
were purchased from Charles River (Wilmington, MA).
Cr2~~ mice and Balb/c mice (1 = 27) were operated with
left-sided SNT using the same surgical procedure as in
the rats. At 5 days post-operative survival, 11 animals
were euthanized with CO, and perfused with PBS, with
dissection of the L4 segments for RT-PCR analysis, as
in the rats. At the same post-operative survival, the
remaining 16 animals were perfused with Lana’s fixa-
tive and the L3-L5 segments taken as described for
the SNT rats.

CSF samples were obtained from seven PVG animals,
three naive and four animals with a 5-day post-operative
survival after VRA. The posterior cranial fossa was defined,
and a fine needle (BD Valu-set 23G, BD Pharmingen)
attached to a 1-ml syringe was used to carefully aspi-
rate CSF from the cerebellomedullary cistern using a
stereotactic frame. The CSF obtained (100-150 pl from
each animal) was immediately put on dry-ice and stored
at —80 °C. The CSF samples were diluted 1:4 and then
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analyzed for presence of rat sCD21 with sandwich ELISA
technique according to the manufacturer’s instructions
(USCN Life, Wuhan, China, cat.nr E0750r). All tissues
were stored at —80 °C.

DNA preparation and genotyping

Genomic DNA was extracted from rat tail tips according
to methods previously described [27]. Polymorphic micro-
satellite markers were selected from the Rat Genome
Database (http://rgd.mcw.edu) and the Ensembl database
(www.ensembl.org). The F2 intercross was genotyped
with 113 microsatellite markers evenly distributed
across the genome, with an average distance of 20 cM
based on previous knowledge of optimum spacing [28].
The successful genotyping rate was 95.3 %. Details of
the F2 genotyping have been described previously [22].
The G12 intercross was densely genotyped in the region
of the Cr2 gene and the peak marker from the F2 inter-
cross, using four microsatellite markers (D13Rat192,
D13Rat159, D13Rat141, and D13Rat49), with an average
marker distance of 4 cM. The Cr2 gene is located at the
end of RNO13 and all markers were located up stream of
Cr2, which is why four markers were considered to give
sufficient genomic resolution.

RNA and cDNA preparation
RNA and cDNA was prepared using standard method-
ology as previously described [22].

All steps were performed under RNAse-free conditions.
The tissue samples consisted of the injured L3 ventral
cord quadrant from VRA animals in the kinetic study
and the G12 cohort, while the corresponding L4 ventral
cord quadrant was used in the F2 cohort. From the
SNT animals, both mice and rats, both the ipsi- and
contralateral L4 segments were used.

RT-PCR
Real-time PCR was conducted using a three-step PCR
protocol using IQ5 and CFX384 software (Bio-Rad,

Table 1 Sequences for rat RT-PCR primers

Page 3 of 15

Hercules CA). All primers were designed with Beacon
Designer 5.0 software (Bio-Rad) and tested for speci-
ficity by running the amplified product on gels with
silver staining. Two house-keeping genes were used to
normalize the levels of mRNA expression of the studied
transcripts; hypoxanthine guanine phosphoribosyl transfer-
ase (Hprt) and glyceraldehyde 3-phosphate dehydrogenase
(Gapdh). Normalized expression levels were calculated
with the IQ5 or CFX 384 software. We chose Clgb as
a marker for Clq expression since it was previously
shown to correlate with nerve cell loss [21]. All primer
sequences are presented in Tables 1 and 2. The Cr2
gene is disrupted but not completely depleted in the
Cr2~~ which explains the small expression of the gene
seen even in the Cr2™".

Microarray hybridization

RNA from 144 L4 ventral cord quadrants from F2
animals were used for microarray hybridization using
Affymetrix Rat gene 1.0 ST Array chips (Affymetrix,
Santa Clara, CA). See Additional file 1 for details. The
microarray data is available in MIAME-compliant (minimal
information about a microarray experiment) format at the
ArrayExpress Database (http://www.ebi.ac.uk/arrayexpress)
under accession code E-MTAB-303.

eQTL analysis and gene expression network construction

An expression quantitative trait locus (eQTL) is a
gene region that regulates gene expression rather
than a functional trait or disease. eQTL mapping is
performed by combining expression data from global
gene expression profiling with a complete linkage map,
derived from whole-genome mapping using for instance
microsatellite or SNP markers dispersed throughout the
genome. This enables the identification of large num-
bers of expression QTLs and the study of co-regulated
transcripts at various positions of the genome. eQTLs
are classified into cis- or trans-acting according to the
distance between the locations of genetic marker and

Primer name Forward sequence Reverse sequence

Gapdh TCAACTACATGGTCTACATGTTCCAG TCCCATTCTCAGCCTTGACTG

Hprt CTCATGGACTGATTATGGACAGGAC GCAGGTCAGCAAAGAACTTATAGCC
Clgb TCATAGAACACGAGGATTCCATACA GACCCAGTACAGCTGCTTTGG

a3 GGGAGCCCCATGTACTCCAT GGGACGTCACCCTGAGCAT

Gfap AAGCACGAGGCTAATGACTATCG AAGGACTCGTTCGTGCCG

Mrf-1 GGAGGCCTTCAAGACGAAGTAC AGCATTCGCTTCAAGGACATAATA
CD11b ATCCGTAAAGTAGTGAGAGAAC TCTGCCTCAGGAATGACATC

Cr2 (CD21) GGCTACCTTATGGCTGGAGAG AGAGTCACAGTAGTCCCAAACC

Cr1 (CD35) GGCTTGAGACCGCTGTGAGG TGGATTCATCAGTTGGATTTATAGGTTTGG

cD19

CTGTTGAGGACTGGTGGATGGATAG

CTCGCTGTCTGGCTCTTCATAGG
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Table 2 Sequences for mouse RT-PCR primers
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Primer name Forward sequence Reverse sequence

Gapdh TCAACTACATGGTCTACATGTTCCAG TCCCATTCTCAGCCTTGACTG

Hprt CTCATGGACTGATTATGGACAGGAC GCAGGTCAGCAAAGAACTTATAGCC
Clgb AGAGCAAGAGGAGGTTGTTCAC GCAGGAAGATGGTGTTGGATAGG
C3 GCTGCTGTCTTCAATCACTTCATC GCCTCTTGCCTCTTCTCTATGC
CD11b CCCAGAGGCTCTCAGAGAATGTC CTTCATCTTCTGAAAGTCAATGTT
Cr2 (CD21) AACCTGGCTATTTGCTCACTGG ACTTTCCTGGATGTTCACACTGG
Gfap GGTAAGATGACTGAGCGGATGG TCGTGGTAAAGACTGTGGAGATG
Mrf-1 GGAGGCCTTCAAGACGAAGTAC AGCATTCGGTTCAAGGACATAATA

the affected transcript. For a cis-acting QTL, the
expression is regulated from the same position as the
gene is located in the genome.

The current eQTL mapping has been described
previously [22]. In brief, microarray gene expression
data were normalized using the RMA algorithm [29],
implemented in the Bioconductor package “oligo.”
Raw expression intensities were background corrected,
quantile normalized, log2 transformed, and summarized
on the level of transcript clusters. Transcript annotation
was taken from the biocondutor package “ragenelOsttran-
scriptcluster.db.” eQTLs were mapped for all transcript
clusters using the QTL reaper software [30] against the
113 genomic markers, and 10° permutations were per-
formed in order to assess genome-wide significance of
eQTLs; p<0.01 at genome-wide level was considered
significant. The eQTLs were classified into cis- or
trans-acting according to the distance between the
locations of genetic marker and the affected transcript.
If the distance was smaller than 20 Mb, we assumed
cis- and otherwise trans-regulation. The identified Cr2
cluster (D13Rat49) was analyzed for enrichment of
specific pathways and expression patterns using the
Biocondutor package GOstats [31]. To enable identifi-
cation of strongly connected hub genes in the eQTL
gene expression network, we applied a graphical
Gaussian model (GGM) and for each cluster of trans-
regulated transcripts, we constructed gene expression
networks as previously described reporting significant
edges with FDR < 0.1 [32].

Primary astrocyte and microglia cultures

Primary astrocytes and microglia were isolated from
adult PVG brains of 10-week-old rats. A detailed proto-
col can be found in Additional file 1. The astrocytes and
microglia were left unstimulated (only DMEM/F12
complete medium, supplemented with 10 % heat-
inactivated FCS, penicillin-streptomycin 100 units/ml,
100 pg/ml) or stimulated with recombinant rat TNF-«
(R&D Systems, Minneapolis, MN) at the concentration

20 ng/ml for 24 h after which the cells were lysed for
RNA extraction and subsequent RT-PCR expressional
analysis.

Immunohistochemistry and quantification of
synaptophysin immunoreactivity

Rat and mouse spinal cord sections were serially cut
(14 pm) on a cryostat (Leica Microsystems, Wetzlar,
Germany) at the level of the L4 segment. Detailed pro-
tocols can be found in the Additional file 1. For rat anti-
sera directed against synaptophysin (rabbit anti-rat 1:200,
Invitrogen, Carlsbad, CA), GFAP (mouse anti-rat, 1:400,
Sigma), Ibal (rabbit anti-rat, 1:200, Wako, Richmond, VA),
or C3 (mouse anti-rat, 1:100 Abbiotec, San Diego, CA) was
used together with appropriate flourophore-conjugated
secondary antibody (Cy3 donkey anti-rabbit 1:500, Jackson
Immuno Research, West Grove, PA; Alexa Fluor 488
donkey anti-rabbit, 1:150 and Alexa Fluor 594, goat anti-
mouse, 1:300, both from Invitrogen). For mouse, the
following antisera were used: GFAP (mouse anti-rat,
1:400, Sigma), CD68 (rat anti-mouse, 1:100, Abcam,
Cambridge, UK), and CD21 (rabbit anti-mouse 1:200,
Abcam) with the following secondary antibodies; Alexa
488 donkey anti-rat 1:150 and Alexa 568, donkey anti-
rabbit 1:300 (Invitrogen).

Sections were examined in a Zeiss LSM 5 Pascal
confocal laser scanning microscope (Carl Zeiss GmbH,
Gottingen, Germany) or a Leica DM RBE microscope
system (Leica). Semiquantitative measurements of immu-
noreactivity were carried out in Image] (NIH, Bethesda,
MD) on confocal images. The immunoreactivity in the
ventral horn of the spinal cord was compared to the
corresponding contralateral side in the same spinal
cord section. The images were captured in the optical
plane with the maximal immunoreactivity, and all settings
for compared images were identical. At least four spinal
cord sections from each animal were measured, and the
mean ipsilateral/contralateral signal ratio for each animal
was used for statistical analysis.
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Statistical analysis

The software program R 2.6.0 was used to carry out statis-
tical analyses and create all graphs depicting eQTL
localization using the package qtl1.14-2. LOD > 3.3
corresponds to p <0.0001 [33]. One-way ANOVA cal-
culated with GraphPad Prism 5.0 (San Diego, CA) were
carried out on RT-PCR and protein data; results are
represented as mean + SEM. Unpaired ¢ test was used to
assess differences in immunoreactivity (GraphPad Prism
5.0). Correlations between genes in the co-expression
network in the F2 intercross were calculated using
Pearson’s algorithm assuming equal distribution and vi-
sualized graphically using linear regression plots, also
in GraphPad Prism 5.0. In general, p < 0.05 was consid-
ered statistically significant, except for in the micro-
array analysis where p < 0.01 was used.

Study approval

All experiments in this study were approved by the eth-
ical committee for animal experimentation (Stockholms
Norra Djurforsoksetiska Namnd), Stockholm, Sweden,
under ethical permits N42/06, 225/08, N32/09, N343/10,
and N122/11.

Results

eQTL mapping of complement and complement

receptors in the rat spinal cord following ventral root
avulsion

By global expression profiling in an F2(DAxXPVQ)
intercross, we recently identified new pathways regu-
lating complement expression following a standard-
ized nerve injury model, ventral root avulsion (VRA)
[22]. This data set here was employed to analyze the
expression of the complement receptors Crl-4. In the F2
cohort (n=144), differences in expression of Cr2 (also
called CD21) displayed an extremely strong cis-regulation
from an expression quantitative trait locus (eQTL) on
chromosome 13. Indeed, the Cr2 transcript was one of
the most strongly regulated eQTLs in the whole data-
set, which contained more than 27,000 transcripts, with
a logarithm of odds (LOD) score of over 13 (genome-
wide p value <107°) for the peak marker D13Rat49
located at 104.4 Mb, with higher expression driven by
PVG alleles (Fig. 1la—c). Cr2 itself is located at 111.1 Mb.
Expression of the CD11b subunit of Cr3 (also called
Itgam) was cis-regulated from D1Arb21 on chromosome 1
(187.1 Mb) (p value <0.001) and was higher in animals
with DA alleles. Expression of the CD11c subunit of Cr4
(also called Itgax) was cis-regulated (p<0.001) from
D1Rat56, chromosome 1 at 172.9 Mb, with higher expres-
sion driven by PVG alleles. Differences in Crl (CD35)
expression did not map anywhere in the genome. Based
on these results, Cr2 was selected as a candidate for
further study given the extremely strong monogenic
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influence regulating its expression. In mice, but not
in rats or humans, Crl and Cr2 are splice variants of
the same gene [34]. Since mice are used in conse-
quent experiments, we characterized Crl expression
in the rats for comparative purposes.

Expression of Cr2 following VRA correlates positively with
anti-inflammatory and growth promoting genes and
negatively with pro-inflammatory genes

Thirty genes were co-regulated with Cr2 from D13Rat49,
and a co-expression gene network was constructed by ana-
lyzing pair-wise co-variation in expression between all
these transcripts (Fig. 2). The cluster was enriched for
genes involved in leucocyte activation (p <0.01) and co-
factor binding (p < 0.001). There were multiple transcripts
directly co-regulated with Cr2, where those associated
with pro-inflammatory action, such as lymphocyte acti-
vation, correlated negatively with Cr2 expression, for
example CD48, CD244, Fllr, and Fcgr2a (Additional
file 2: Table S1). Conversely, Sgpll, recently demon-
strated to have anti-inflammatory effects [35], and Meis3,
involved in neuronal development [36] and cellular sur-
vival [37], displayed a positive correlation with Cr2 expres-
sion (Additional file 2: Table S1).

Confirmation of a cis-acting control of Cr2 expression
Microsatellite markers in the F2 intercross were inter-
spaced with an average distance of 20 cM. In order to
both fine-map the cis-acting effect on Cr2 expression, as
well as to reproduce the microarray expression data in
an independent experiment, spinal cords from 161
animals from an advanced G12(DAxPVG) intercross
subjected to VRA were analyzed with RT-PCR. High-
resolution linkage analysis in the G12 animals was per-
formed by dense microsatellite mapping around the
peak marker from the F2 intercross. As the Cr2 gene is
located yet more downstream than the most distal
polymorphic marker available, the observed >2 LOD-
score drop corresponds to a CI of 99.8 % [38]. The rep-
lication of the finding that Cr2 expression is regulated
from the region of the microsatellite marker closest to
the Cr2 gene (D13Rat49, 104.4 Mb) confirms the cis-
regulatory effect (Fig. 1d). As in the F2 intercross,
D13Rat49 PVG alleles gave rise to higher Cr2 expres-
sion (Fig. le).

Kinetics of Cr1-2 expression and glial response following
ventral root avulsion

The kinetics of Cr2 expression following VRA was
assessed using RT-PCR in DA and PVG rats, demo-
nstrating peak expression 7 days after injury, with
significantly higher expression in PVG rats at most
time-points (Fig. 1f). Crl expression showed a late up
regulation in both strains at 14 days post-injury without
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Fig. 1 Genetic analysis of Cr2 expression following ventral root avulsion. Regulation of Cr2 expression following VRA is under strong genetic
control. Global expressional profiling of injured spinal cords from a F2(DAXPVG) rat intercross (n = 144) reveals a cis-acting expression QTL at

the end of chromosome 13 (a-b the black box marks the genetic area around D13Rat49 subsequently fine-mapped in the G12). D13Rat49 PVG
alleles are associated with higher Cr2 expression (c). The cis-acting control of Cr2 expression after nerve injury was confirmed in a G12(DAXPVG)
advanced intercross line (n=163) (d). Again, PVG alleles gave rise to higher expression (e). A kinetic study of the injury response in DA and PVG
animals with different post-operative survival following VRA revealed that Cr2 is expressed at very low levels in naive spinal cord but strongly up
regulated following injury, particular in PVG (f). n = 5-7 per strain per time-point following VRA. LOD > 3.3 corresponds to p < 0.0001, *p < 0.05,

**p <001, and ***p < 0.001. In ¢ and d, the results are presented as mean + SD and in f as mean + SEM

major strain differences (Additional file 3: Figure S1A).
Since Cr2 is highly expressed by B cells, in complex with
CD19, we also determined CD19 mRNA levels. Expres-
sion of CD19 was barely measurable and without discern-
ible strain differences, suggesting minimal infiltration of B
cells (Additional file 4: Figure S2A).

Glial activation occurring after injury was assessed
using glial fibrillary acidic protein (Gfap), microglia
response factor-1 (Mrf-1), and CD11b (a subunit of
Cr3) as markers of astrocyte and microglia activation,
respectively. Expression of both Gfap (Additional file 3:
Figure S1B) and Mrf-1 (Additional file 3: Figure S1C)
increased in a bimodal fashion, with an initial rise at 1
and 3 days, followed by a second increase 7 days after
injury. Expression of Gfap was higher in the PVG
strain at 3 and 7 days after injury (Additional file 3:
Figure S1B). Expression of Mrf-1 did not differ between
strains, suggesting a limited strain influence on general
state of microglial activation (Additional file 3: Figure

S1C). In contrast, expression of CD11b was significantly
increased in DA compared to PVG at most time-points,
suggesting an increase of a CD11b" microglia subset in
the DA strain (Additional file 4: Figure S2D).

Complement expression following sciatic nerve injury is
associated with loss of synaptic terminals

Sciatic nerve transection (SNT) induces a local, albeit
milder than after VRA, inflammatory response in the
area of axotomized cell bodies within the CNS [39, 40].
DA and PVG rats were subjected to SNT with quanti-
fication of multiple transcripts in the ipsi- and contra-
lateral side of the spinal L4 level 5 days after surgery.
Expression of Gfap was more pronounced in the PVG
strain (Fig. 3a—d), while microglial markers Mrf-1 and
CD11b were higher in DA (Fig. 3e, f), also confirmed by
more intense Ibal immunolabeling (Fig. 3g—j). Expression
of CD19 was not increased after SNT, but levels were
generally higher in DA (Additional file 4: Figure S2B).
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Fig. 2 Gene expression network of transcripts regulated from D13Rat49 in the F2(DAXPVG) intercross. A co-expression gene network was
constructed from all transcripts regulated from D13Rat49. All 31 genes regulated from D13Rat49 were closely interconnected; the association
between the genes is based on pair-wise co-variation of expression levels. Cis-regulated genes are marked with red circles, the other genes are
regulated in trans. The Cr2 transcript is surrounded by a green ring. Cr2 expression correlated negatively with expression of multiple genes with
pro-inflammatory action, for example CD48, CD244, F11r, and Fcgr2a all involved in lymphocyte activation. Conversely, Cr2 expression correlated
positively with Sgpl1 and Meis3, genes involved in anti-inflammatory and cellular survival processes. n = 144 F2(DAXPVG) rats

PVG but not in DA (Fig. 4d). Quantification of synaptic
density performed 5 days post SNT demonstrated a

Complement expression is associated with loss of synaptic
nerve terminals following both VRA and SNT [22, 41].

Clq and C3 were both up regulated following SNT, with
higher expression in DA compared to PVG rats (Fig. 4a, b).
Expression of Crl was not affected in either strain after in-
jury, but levels were generally higher in PVG (Fig. 4c). In
contrast, Cr2 displayed a conspicuous up regulation in

more pronounced loss of synaptic nerve terminals in
DA compared to PVG rats (Fig. 4e—g). Double labeling
with antisera against C3 and synaptophysin showed C3
deposition in close proximity to synapthopysin in juxta-
position to axotomized motor neurons (Fig. 4h—j).
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Fig. 3 Glial activation in DA and PVG rats following sciatic nerve transection. Sciatic nerve transaction in DA and PVG rats leads to increased Gfap
expression without discernible strain differences (a). Quantification of GFAP immunoreactivity in the dorsal spinal motor nucleus demonstrates more
pronounced astrocyte activation in the PVG compared to DA strain (b-d). More intense microglia activation occurs in the DA strain following SNT, as
assessed by expression of Mrf-1 and CD11b (e—f), as well as by quantifying Iba1 immunoreactivity (g—j). /L ipsilateral, CL contralateral. Scale bar equals
40 um. n=5+5RT-PCR, 6+ 6 IHG, *p < 0.05, **p < 0.01, and **p < 0.001. The results are represented as mean + SEM

Cr2 protects from synaptic loss following sciatic nerve
transection
As CR2 is known to bind different C3 fragments [42]
and C3 was up regulated after injury, we sought to
identify a functional role of the increased Cr2 expression
after nerve injury. Thus, Balb/c and Cr2™~ mice on
Balb/c background were subjected to SNT. There was
no difference in the up regulation of Gfap expression
between wild type and Cr2™~ animals 5 days after surgery
(Fig. 5a), but GFAP immunoreactivity was increased in
wild type compared to Cr2”~ (Fig. 5b—d). Both strains
displayed up regulation of Mrf-1 and CD11b, as signs of
microglia activation (Fig. 5e, f), with a trend for higher
expression levels of both genes and significantly more
intense Ibal immunolabeling in Cr2™~ mice (Fig. 5g—j).
Clq was strongly up regulated in both strains
(Fig. 6a), while C3 tended to be up regulated solely in
the Cr2”" strain (p=0.048, t test) (Fig. 6b). As
expected, expression of Cr2 was significantly up regu-
lated in wild-type Balb/c mice following SNT but not
in Cr2™/~ (Fig. 6¢c). Assessment of synaptic density in
the dorsolateral part of the ventral horn revealed
significantly increased loss of synaptophysin immuno-
reactivity following injury in Cr2™~ compared to wild
type, suggesting a more pronounced loss of synaptic
nerve terminals in the absence of CR2 (Fig. 6d—f).

Cr2 is expressed by astrocytes

In a recent study, 13 antibodies specific for CR2 were
evaluated for immunohistochemistry in the CNS; how-
ever, none yielded distinct stainings [43]. This is in line
with our experience, as also our immunohistochemical

assessments of CR2 gave a diffuse staining pattern
(not shown). Previous data has suggested astrocytes
as the source of CR2 in the CNS [17, 43]. We there-
fore established cultures of rat astrocytes, as well as
microglia which are known to express CR3/CD11b [44],
to assess comparative expression patterns. Cultured cells
were left unstimulated or stimulated with TNF-a with
determination of Cr2 expression assessed with RT-PCR.
Cr2 expression was readily detectable in astrocytes, but
not microglia, and was not affected by TNF-a (Fig. 7a).
In contrast, CD11b expression was much higher in
microglia compared to astrocytes, and increased follow-
ing TNF-a stimulation (Fig. 7b).

Soluble CR2 can be detected in CSF of rats following
ventral root avulsion

CR2 also exists in a soluble form, sCR2 (sCD21),
present in blood [45-48]. The existence of Cr2 in the
CNS, as demonstrated by RT-PCR, in combination with
the difficulty of staining for CR2 prompted us to inves-
tigate the presence of sCR2 also in the CSF. Protein
ELISA measurements of sCR2 in CSF from naive and
VRA-operated PVG animals showed detectable levels,
with up regulation following injury, in concordance
with expression data (Fig. 7c).

Discussion

Using an unbiased genetic approach, we find here a
strong naturally occurring cis-acting genetic influence
on the local expression of Cr2 in the spinal cord
following nerve root injury. Our experimental data
support the notion that CR2, previously mostly studied
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Fig. 4 Complement expression is associated with synapse loss following sciatic nerve transection in rat. Both C1g and C3 are up regulated in
DA and PVG rats following SNT but with significantly higher levels in DA (a and b). Similar to VRA, Cr1 was not regulated after injury in either

strain (c), whereas Cr2 was strongly up regulated in PVG (d). Increased complement expression following SNT is associated with loss of synaptic
terminals in the ventral horn, as measured by a ratio of synaptophysin immunoreactivity in the dorsal spinal motor nucleus of the injured and
control sides (e and f). Loss of synapses is more pronounced in the DA strain (g). C3 immunoreactivity is present as a diffuse labeling as well as
a more distinct signal on the cell bodies of some motor neurons (h). C3 labeling is found in close proximity with synaptophysin on the contour
of motor neurons visualized at higher magnification (i-j). White arrow heads show motor neurons distinguishable by their large nuclei (h—j).

IL ipsilateral, CL contralateral. Scale bar equals 40 um in e, f, and h and 10 umin i and j. n=5+5 RT-PCR and 6 + 6 IHC, all at 5 days post SNT,

*p < 0.05, *p <001, and ***p < 0.001. The results are represented as mean = SEM

in context of B cell biology, is an integral part of the
inherent CNS response to injury and that it may
modulate synaptic plasticity by regulating upstream
complement activity. Hypothetically, this could be
done by secreted/shed soluble CR2.

Mapping of the genetic effect was carried out in a
standardized nerve injury model, VRA, where motor
axons are severed at the interface between the peripheral
and central nervous systems, resulting in substantial loss

of injured nerve cells. For technical reasons, a more
peripheral nerve injury model, SNT, was used in mice.
SNT also induces inflammatory activation of microglia
and astrocytes in the vicinity of the lesioned motor
neurons, albeit with more limited loss of axotomized
cells than VRA [40, 49, 50]. The so-called axon reaction
has been a subject of study for more than a century,
initially focusing on the characteristic morphological
changes occurring in injured cells [51]. Subsequent
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Fig. 5 Glial activation in Balb/c and Balb/c Cr2”~ mice following sciatic nerve transection. Expression of Gfap increased in the spinal cords of both
Balb/c wild-type (WT) and Cr2”" mice following SNT but without strain differences (a). Quantification of GFAP immunoreactivity the dorsal spinal
motor nucleus demonstrates more pronounced astrocyte activation in WT compared to Cr2”~ (b—d). Expression of Mrf-1 and CD11b are strongly
up regulated in both WT and Cr27~, without significant differences between strains at the mRNA level (e—f). In contrast, quantification of Ibal in the
dorsal spinal motor nucleus demonstrates increased immunolabeling signal in Cr2”~ compared to WT thus opposite to GFAP (g—j). IL ipsilateral, CL
contralateral. Scale bar equals 40 um. n=6+5 RT-PCR, 8 + 8 IHC, *p < 0.05, **p < 0.01, and ***p < 0.001. The results are represented as mean + SEM
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research has shown alterations in electrical activity at
the level of the cell body believed to be the caused
by elimination of afferent synaptic input to lesioned
neurons [52]. After acute mechanical injuries, the elimin-
ation of synaptic input has been assumed to be beneficial,
perhaps by limiting excitotoxic stress [50, 53]. However,
more recent studies suggest that reduced loss of synapses
after SNT or VRA is associated with improved functional
outcome [41, 54]. Likely, the molecular systems regulating
plasticity of nerve terminals have to be finely tuned as
excessive loss of synaptic connectivity may be an impor-
tant biological substrate for chronic neurodegenerative
diseases, which has been demonstrated to occur as an
early disease-related phenomenon [55, 56]. An increasing
body of evidence suggests that the complement sys-
tem plays an important role for synaptic plasticity.
Thus, upstream complement proteins such as Clq
and C3 mediate synaptic remodeling during develop-
ment [57, 58]. They are also implicated in normal aging,
since a dramatic increase in C1q occurs in the brain of old
mice and humans [59], as well as in neurodegenerative
diseases such as AD and Parkinson’s disease, and also MS
[6, 60]. The notion that dysregulation of the complement
system occurs upstream rather than downstream of an
inherent neurodegenerative process is supported by the
observation that genetic variability in both Clusterin and
CRI is associated to risk of late-onset AD [61, 62].
Although the functional consequences of complement
activation in chronic neurodegenerative disease need to be

defined more in detail, it seems plausible that excessive
activation may exaggerate a neurodegenerative process.

The recent genetic association of CRI to AD [62] led
us to examine any possible naturally occurring strain
differences in expression of the four most studied comple-
ment receptors, Crl-4, after nerve injury. Cr2-4 could all
be shown to be regulated from distinct genetic regions,
with the most striking finding for Cr2, which was subject
to a very strong monogenic cis-acting regulation. In con-
trast, Crl was not regulated by injury in the rat.

CR2 has been studied mostly in context of B cell
immunology, where it is expressed on mature B cells
and forms a complex with CD19 and CD81. This tri-
molecular formation functions as a co-receptor complex,
where CR2 binds opsonized C3d and antigen-bound IgM
resulting in an enhanced antigenic B cell response [63].
However, it is unlikely that B cells cause the observed
strain differences in Cr2 expression due to the low
expression of its B cell binding partners. The role of
CR2 in the CNS has received little attention, but
expression of CR2 has been previously reported on acti-
vated astrocytes and has been demonstrated to regulate
neurogenesis in the mouse [17, 43].

Microglia are suggested to be involved in the emoval
of synapses occurring after CNS injury, and complement
is known to increase their phagocytic properties [58, 64].
In the rat strains studied here, the microglia response
was stronger in DA than PVG after both SNT and VRA.
Interestingly, only CD11b (Cr3), but not Mrf-1, displayed
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Fig. 6 Complement receptor 2 protects against synapse loss following sciatic nerve transection. Expression of C1q is up regulated in mice
following SNT, without discernible strain differences (a). C3 demonstrates a strong trend towards increased expression in the injured side
ofthe cord in Cr27~ but not WT mice (p=10.048, t test), but does not quite reach significance (b). Cr2 is significantly up regulated following
injury in WT mice (c). Assessment of synaptic density by quantification of synaptophysin immunolabeling signal demonstrates increased loss
in Cr2”", suggesting that CR2 protects from synapse elimination following nerve injury (d-f). The white box shows a motor neuron on the
control and injured sides, respectively, where the dense synaptic synaptophysin-labeled aura surrounding the cell body is lost on the
axotomized cell (e and f). IL ipsilateral, CL contralateral. Scale bar equals 40 um. n=6+5 RT-PCR, 8 + 8 IHC; *p < 0.05, **p < 0.01, and
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higher levels in DA, suggesting the possible existence of
microglia subsets with different phagocytic abilities. This
may have functional implications as mice deficient for Cr3
(CD11b/CD18) display reduced loss of synapses during
development of the visual system [58].

The similar expression pattern of Cr2 and Gfap, and
the Cr2 expression in the astrocyte cultures suggest

astrocytes as a source of locally expressed Cr2 in the
CNS. The existence primarily of a soluble form could
explain the difficulty to stain for CR2 in the CNS [43].
We examined this by measuring sCR2 levels with Elisa
in CSF, which verified the presence of soluble CR2 and
that levels increased following injury. The increase in
sCR2 may not only reflect increased transcription, but
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Fig. 7 Cr2 is expressed by astrocytes in vitro, and levels of soluble CR2 are increased in cerebrospinal fluid of rats following ventral root
avulsion. The expression pattern of Cr2 was similar to that of Gfap suggesting astrocytes as a likely source. To confirm that astrocytes and not microglia
were the main source of Cr2 expression, cultures of both glia types were generated from adult PVG rats and stimulated with TNF-a. Cr2 expression was
not detectable in microglia, whereas Cr2 was expressed by astrocytes although TNF-a stimulation did not lead to a significant increase
in levels (a). CD11b expression was 100- to 1000-fold higher in microglia as compared to astrocytes and increased following TNF-a
stimulation (b). CSF was collected from PVG rats subjected to VRA. Levels of soluble CR2, sCR2, were increased in injured compared
*p <0.05 *p<0.01, and ***p <0.001, the in vitro experiments were repeated three times
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can be the result of increased shedding of the CR2 ecto-
domain, which corresponds to sCR2, due to oxidative
stress triggered by VRA [24, 65].

The results presented herein suggest that activated
PVG astrocytes produce more CR2/sCR2, in turn of
possible relevance for protecting the integrity of synap-
tic networks. This interpretation is supported by results
obtained in Cr2™"~ mice, which display increased loss of
synaptophysin-labeled synaptic terminals after SNT.
Possibly, deficiency in CR2 also affects glial activation after
nerve injury, with enhanced microglia and reduced astro-
cyte activation, as supported by quantification of the
microglia immunolabeling signal in the axotomized sciatic
motor pool. This is also supported by the constructed
gene expression network, where Cr2 correlates posi-
tively with anti-inflammatory and negatively with pro-
inflammatory transcripts, and by previous findings,
where sCR2 was shown to modulate monocyte activity
[66]. CR2 binds to C3dg and iC3b, both breakdown
products of C3 [67]. Thus, increased sCR2 after injury
may serve a regulatory role as a binder of deposited C3
fragments in the area of inflammation. However, it is
also possible that CR2 could have a more complex role
in altering the balance or activation steps of the C3
activation/cleavage cascade, with multiple active break-
down products. For instance, iC3b is the primary ligand
for CR3 (CD11b/CD18) [68], whereas C3b is not bound
by CR3 [69], but instead by CR1 [70]. This suggests that
increased levels of sCR2 in context of nerve injury leads
to decreased iC3b generation, which in turn attenuates
the process of synaptic loss, as the CR3 (CD11b/CD18)
positive microglia have been shown to be involved in
removal of synapses [58]. It could also explain the
increased microglia activation seen in the Cr2™'~ mice,

as iC3b binding to CR3 can contribute to increased
microglia activation [44].

The complexity of complement activity is illustrated
by a recent study, which may at first seem contra-
dictory to ours, since Cr2”~ mice demonstrated
improved initial outcome after experimental TBI [71].
However, this model differs considerably from the ones
used here, since in TBI there is a dramatic loss of blood-
brain barrier function leading to influx of immune cells
and complement proteins from the systemic circulation.
Furthermore, it is difficult to dissociate the effect of
targeting both CR1 and CR2, since in mice, but not
in humans and rats, the two proteins are coded in
the same gene. It should also be underscored that the
presence or expression of complement proteins is not
synonymous with complement activation, as defined
by the release of complement protein fragments with
immune signaling properties and activation of the
complement cascade [12]. Lastly, it is also of import-
ance to note the different roles of soluble as com-
pared to membrane bound forms of complement
receptors, where they in one form may be activating
and in the other regulatory.

Conclusions

We identify here a strong naturally occurring genetic vari-
ation acting on Cr2 in the rat, which affects the local
expression of Cr2 in the spinal cord following both prox-
imal and peripheral nerve injury as well as the levels of
sCR2 in CSF. In mice lacking Cr2, peripheral nerve injury
leads to increased microglia activation and more pro-
nounced loss of nerve terminals. These results suggest a
role for CR2 in regulating complement-mediated effects
in the CNS. The role of CR2/sCR2 may also be relevant to
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explore in other settings of injury to the CNS as comple-
ment expression and/or activation is a common feature in
several both acute and chronic CNS diseases.

Additional files

Additional file 1. Additional information. (DOC 42 kb)

Additional file 2: Table S1. Genes in the co-expression network
regulated from D13Rat49. (DOC 61 kb)

Additional file 3: Figure S1. Glial activation in DA and PVG rats
following ventral root avulsion. In mice, Cr1 and Cr2 are splice variants
of the same gene, and for completeness, Cr1 expression was studied
following VRA, which revealed no consistent strain differences even if
expression was higher in PVG rats at a single time point, 7 days after
injury (A). Both astrocyte and microglia activation after VRA is biphasic, with
most pronounced activation of both glia types at 7 and 14 days after injury,
demonstrated with both RT-PCR (B-D) and immunohistochemistry (E-J).
Gfap expression is higher in PVG than DA rats at both 3 and 7 days after
VRA (B). Mrf-1 expression (C) and Iba1 immunoreactivity (H-J) were similar
between the strains, arguing against major differences in general microglia
activation. However, expression of CD11b, which could represent a subset
of microglia, was higher in DA than PVG at most time-points following
injury (D). IL ipsilateral, CL contralateral. Scale bar equals 40 ym. n=5-7

per strain per time-point. *p < 0.05, **p <001, and ***p < 0.001. The results
are represented as mean + SEM. (TIFF 16335 kb)

Additional file 4: Figure S2. Low CD19 expression following ventral
root avulsion and sciatic nerve transection in rats argues against B cell
infiltration. A slight up regulation of CD19 occurred after VRA injury in
both DA and PVG rats, but without significant strain differences, though
levels tended to be higher in DA (A) and thus opposite to the expression
pattern of Cr2, n=5-7 per strain per time-point. No difference in CD19
expression was evident between injured and control sides after SNT (B),
n=>5+5. The results are represented as mean + SEM. (TIFF 207 kb)

Abbreviations
CR2: complement receptor 2; CSF: cerebrospinal fluid; SNT: sciatic nerve
transection; VRA: ventral root avulsion.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

RL and FP conceived the experiments and wrote the manuscript. AB, RL, and
JZ performed the mouse experiments. RL and AB analysed the mouse data.
RL, MS, SA, FAL, NA, KH, and MD performed the rat experiments. SA and CD
performed the cell cultures. MH, MS, and RL performed the bioinformatics
analysis. NH provided the facilities for the bioinformatics studies. BN and KNE
provided reagents and edited the manuscript. SC provided the reagents and
facilities for the mouse experiments. FP provided the facilities and funding.
All authors read and approved the final manuscript.

Acknowledgements

We would like to thank Professor Birgitta Heyman for kindly providing
the Cr2~ mice. This work was supported by the 6th Framework Program
of the European Union, NeuroproMiSe, LSHM-CT-2005-018637, EURATools,
LSHG-CT-2005019015, and the 7th Framework Program of the European
Union, EURATrans, HEALTH-F4-2010-241504, by the Swedish Research
Council, the Swedish Brain Foundation, the King Gustaf V:s 80-years
foundation, Dr. Ake Olssons Stiftelse for utbildning, faculty grants from
the Linneaus University, and the Swedish Association of Persons with
Neurological Disabilities. The funders had no role in the study design, data
collection and analysis, decision to publish, or preparation of the manuscript.

Author details

'Department of Clinical Neuroscience, Neuroimmunology Unit, Karolinska
Institutet, Stockholm, Sweden. 2Department of Cardiothoracic Surgery and
Anaesthesia, Uppsala University Hospital, Uppsala, Sweden. *Department of
Neuroscience, Division of Neuronal Regeneration, Karolinska Institutet,

Page 13 of 15

Stockholm, Sweden. *Experimental Genetics of Cardiovascular Diseases,
Max-Delbriick Center for Molecular Medicine, Berlin, Germany. *Department
of Immunology, Genetics and Pathology, Rudbeck Laboratory, Uppsala
University, Uppsala, Sweden. ®Neuroimmunology Unit L8:04 CMM, Karolinska
University Hospital, 171 76 Stockholm, Sweden.

Received: 1 August 2015 Accepted: 16 October 2015
Published online: 26 October 2015

References

1. Merle NS, Noe R, Halbwachs-Mecarelli L, Fremeaux-Bacchi V,
Roumenina LT. Complement system part II: role in immunity.
Front Immunol. 2015;6:257.

2. Szeplaki G, Szegedi R, Hirschberg K, Gombos T, Varga L, Karadi |, et al.
Strong complement activation after acute ischemic stroke is associated
with unfavorable outcomes. Atherosclerosis. 2009;204:315-20.

3. Bellander BM, Singhrao SK, Ohlsson M, Mattsson P, Svensson M.
Complement activation in the human brain after traumatic head injury.

J Neurotrauma. 2001;18:1295-311.

4. Lucchinetti C, Bruck W, Parisi J, Scheithauer B, Rodriguez M, Lassmann H.
Heterogeneity of multiple sclerosis lesions: implications for the
pathogenesis of demyelination. Ann Neurol. 2000;47:707-17.

5. LiY,Qin Z Yang M, Qin Y, Lin C, Liu S. Differential expression of
complement proteins in cerebrospinal fluid from active multiple sclerosis
patients. J Cell Biochem. 2011;112:1930-7.

6. Wang Y, Hancock AM, Bradner J, Chung KA, Quinn JF, Peskind ER, et al.
Complement 3 and factor h in human cerebrospinal fluid in Parkinson’s
disease, Alzheimer's disease, and multiple-system atrophy. Am J Pathol.
2011;178:1509-16.

7. Gasque P, Fontaine M, Morgan BP. Complement expression in human brain.
Biosynthesis of terminal pathway components and regulators in human
glial cells and cell lines. J Immunol. 1995;154:4726-33.

8. Thomas A, Gasque P, Vaudry D, Gonzalez B, Fontaine M. Expression of a
complete and functional complement system by human neuronal cells in
vitro. Int Immunol. 2000;12:1015-23.

9. Carroll MC. The complement system in regulation of adaptive immunity.
Nat Immunol. 2004;5:981-6.

10.  Ricklin D, Hajishengallis G, Yang K, Lambris JD. Complement: a key system
for immune surveillance and homeostasis. Nat Immunol. 2010;11:785-97.

11.  Alexander JJ, Anderson AJ, Barnum SR, Stevens B, Tenner AJ. The
complement cascade: Yin-Yang in neuroinflammation—neuro-protection
and -degeneration. J Neurochem. 2008;107:1169-87.

12. Zipfel PF, Skerka C. Complement regulators and inhibitory proteins.

Nat Rev Immunol. 2009;9:729-40.

13. Griffin Jr FM, Mullinax PJ. Augmentation of macrophage complement
receptor function in vitro. lll. C3b receptors that promote phagocytosis
migrate within the plane of the macrophage plasma membrane.

J Exp Med. 1981;154:291-305.

14. Chen A, Gaddipati S, Hong Y, Volkman DJ, Peerschke El, Ghebrehiwet B.
Human T cells express specific binding sites for C1q. Role in T cell activation
and proliferation. J Immunol. 1994;153:1430-40.

15. Matsumoto AK, Kopicky-Burd J, Carter RH, Tuveson DA, Tedder TF, Fearon DT.
Intersection of the complement and immune systems: a signal transduction
complex of the B lymphocyte-containing complement receptor type 2 and
CD19. J Exp Med. 1991;173:55-64.

16.  Sedgwick JD, Schwender S, Imrich H, Dorries R, Butcher GW, ter Meulen V.
Isolation and direct characterization of resident microglial cells from the
normal and inflamed central nervous system. Proc Natl Acad Sci U S A.
1991,88:7438-42.

17. Gasque P, Chan P, Mauger C, Schouft MT, Singhrao S, Dierich MP, et al.
Identification and characterization of complement C3 receptors on human
astrocytes. J Immunol. 1996;156:2247-55.

18.  Khera R, Das N. Complement Receptor 1: disease associations and
therapeutic implications. Mol Immunol. 2009;46:761-72.

19. lsaak A, Prechl J, Gergely J, Erdei A. The role of CR2 in autoimmunity.
Autoimmunity. 2006;39:357-66.

20.  Wagner E, Frank MM. Therapeutic potential of complement modulation.
Nat Rev Drug Discov. 2010;,9:43-56.

21, Swanberg M, Duvefelt K, Diez M, Hillert J, Olsson T, Piehl F, et al. Genetically
determined susceptibility to neurodegeneration is associated with
expression of inflammatory genes. Neurobiol Dis. 2006,24:67-88.


dx.doi.org/10.1186/s12974-015-0413-6
dx.doi.org/10.1186/s12974-015-0413-6
dx.doi.org/10.1186/s12974-015-0413-6
dx.doi.org/10.1186/s12974-015-0413-6

Lindblom et al. Journal of Neuroinflammation (2015) 12:192

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Lindblom RP, Strom M, Heinig M, Al Nimer F, Aeinehband S, Berg A, et al.
Unbiased expression mapping identifies a link between the complement
and cholinergic systems in the rat central nervous system. Journal of
immunology 2013.

Lindblom RP, Aeinehband S, Parsa R, Strom M, Al Nimer F, Zhang XM,
et al. Genetic variability in the rat Aplec C-type lectin gene cluster
regulates lymphocyte trafficking and motor neuron survival after
traumatic nerve root injury. J Neuroinflammation. 2013;10:60.

Strom M, Al Nimer F, Lindblom R, Nyengaard JR, Piehl F. Naturally
occurring genetic variability in expression of Gsta4 is associated with
differential survival of axotomized rat motoneurons. Neuromolecular
Med. 2012;14:15-29.

Marta M, Stridh P, Becanovic K, Gillett A, Ockinger J, Lorentzen JC, et al.
Multiple loci comprising immune-related genes regulate experimental

neuroinflammation. Genes Immun. 2010;11:21-35. doi:10.1038/gene.2009.62.

Molina H, Holers VM, Li B, Fung Y, Mariathasan S, Goellner J, et al.
Markedly impaired humoral immune response in mice deficient in
complement receptors 1 and 2. Proc Natl Acad Sci U S A.
1996,93:3357-61.

Laird PW, Zijderveld A, Linders K, Rudnicki MA, Jaenisch R, Berns A. Simplified
mammalian DNA isolation procedure. Nucleic Acids Res. 1991;19:4293.
Darvasi A, Soller M. Optimum spacing of genetic markers for determining
linkage between marker loci and quantative trait loci. Theor Appl Genet.
1994,89:351-7.

Irizarry RA, Hobbs B, Collin F, Beazer-Barclay YD, Antonellis KJ, Scherf U, et al.

Exploration, normalization, and summaries of high density oligonucleotide
array probe level data. Biostatistics. 2003;4:249-64.

Wang J, Williams RW, Manly KF. WebQTL: web-based complex trait analysis.
Neuroinformatics. 2003;1:299-308.

Falcon S, Gentleman R. Using GOstats to test gene lists for GO term
association. Bioinformatics. 2007;23:257-8.

Schafer J, Strimmer K. An empirical Bayes approach to inferring large-scale
gene association networks. Bioinformatics. 2005;21:754-64.

Lander E, Kruglyak L. Genetic dissection of complex traits: guidelines for
interpreting and reporting linkage results. Nat Genet. 1995;11:241-7.
Jacobson AC, Weis JH. Comparative functional evolution of human and
mouse CR1 and CR2. J Immunol. 2008;181:2953-9.

Allende ML, Bektas M, Lee BG, Bonifacino E, Kang J, Tuymetova G, et al.
Sphingosine-1-phosphate lyase deficiency produces a pro-inflammatory
response while impairing neutrophil trafficking. J Biol Chem.
2011;286:7348-58.

Elkouby YM, Elias S, Casey ES, Blythe SA, Tsabar N, Klein PS, et al.
Mesodermal Wnt signaling organizes the neural plate via Meis3.
Development. 2010;137:1531-41.

Liu J, Wang Y, Birnbaum MJ, Stoffers DA. Three-amino-acid-loop-extension
homeodomain factor Meis3 regulates cell survival via PDK1. Proc Natl Acad
Sci U S A 2010;107:20494-9.

Mangin B, Goffinet B, Rebai A. Constructing confidence intervals for QTL
location. Genetics. 1994,138:1301-8.

Hu P, Bembrick AL, Keay KA, McLachlan EM. Immune cell involvement in
dorsal root ganglia and spinal cord after chronic constriction or transection
of the rat sciatic nerve. Brain Behav Immun. 2007;21:599-616.

Blinzinger K, Kreutzberg G. Displacement of synaptic terminals from
regenerating motoneurons by microglial cells. Z Zellforsch Mikrosk Anat.
1968,85:145-57.

Berg A, Zelano J, Stephan A, Thams S, Barres BA, Pekny M, et al. Reduced
removal of synaptic terminals from axotomized spinal motoneurons in the
absence of complement C3. Exp Neurol. 2012,237:8-17.

Schwendinger MG, Spruth M, Schoch J, Dierich MP, Prodinger WM. A novel
mechanism of alternative pathway complement activation accounts for the
deposition of C3 fragments on CR2-expressing homologous cells.

J Immunol. 1997;158:5455-63.

Moriyama M, Fukuhara T, Britschgi M, He Y, Narasimhan R, Villeda S, et al.
Complement receptor 2 is expressed in neural progenitor cells and
regulates adult hippocampal neurogenesis. J Neurosci. 2011;31:3981-9.
Ramaglia V, Hughes TR, Donev RM, Ruseva MM, Wu X, Huitinga |, et al.
(3-dependent mechanism of microglial priming relevant to multiple
sclerosis. Proc Natl Acad Sci U S A. 2012;109:965-70.

Toepfner N, Cepok S, Grummel V, Hemmer B. The role of the Epstein-Barr
virus receptor CD21 in multiple sclerosis. J Neuroimmunol.
2012,242(1-2):47-51. doi:10.1016/jjneuroim.2011.11.002.

46.

47.

48.

49.

50.

52.

53.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

Page 14 of 15

Tomita M, Kadono T, Yazawa N, Kawashima T, Tamaki Z, Ashida R, Ohmatsu
H, Asano Y, Sugaya M, Kubo M, et al. Serum levels of soluble CD21 in
patients with systemic sclerosis. Rheumatol Int. 2010;32(2):317-21.
Masilamani M, von Kempis J, lllges H. Decreased levels of serum soluble
complement receptor-Il (CR2/CD21) in patients with rheumatoid arthritis.
Rheumatology. 2004;43:186-90.

Singh A, Vastert SJ, Prakken BJ, lliges H. Decreased levels of sCD21 and
sCD23 in blood of patients with systemic-juvenile arthritis, polyarticular-
juvenile arthritis, and pauciarticular-juvenile arthritis. Rheumatol Int.
2011;32(6):1581-87.

Oliveira AL, Thams S, Lidman O, Piehl F, Hokfelt T, Karre K, et al. A role for
MHC class | molecules in synaptic plasticity and regeneration of neurons
after axotomy. Proc Natl Acad Sci U S A. 2004;101:17843-8.

Coggeshall RE, Lekan HA, White FA, Woolf CJ. A-fiber sensory input induces
neuronal cell death in the dorsal horn of the adult rat spinal cord. J Comp
Neurol. 2001;435:276-82.

Fawcett JW, Keynes RJ. Peripheral nerve regeneration. Annu Rev Neurosci.
1990;13:43-60.

Navarro X. Chapter 27: Neural plasticity after nerve injury and regeneration.
Int Rev Neurobiol. 2009;87:483-505.

Lindd H, Shupliakov O, Ornung G, Ottersen OP, Storm-Mathisen J,
Risling M, et al. Ultrastructural evidence for a preferential elimination of
glutamate-immunoreactive synaptic terminals from spinal motoneurons
after intramedullary axotomy. J Comp Neurol. 2000;425:10-23.

Barbizan R, Oliveira AL. Impact of acute inflammation on spinal motoneuron
synaptic plasticity following ventral root avulsion. J Neuroinflammation.
2010;7:29.

Centonze D, Muzio L, Rossi S, Cavasinni F, De Chiara V, Bergami A, et al.
Inflammation triggers synaptic alteration and degeneration in experimental
autoimmune encephalomyelitis. J Neurosci. 2009;29:3442-52.

Hilton KJ, Cunningham C, Reynolds RA, Perry VH. Early hippocampal
synaptic loss precedes neuronal loss and associates with early behavioural
deficits in three distinct strains of prion disease. PLoS One. 2013;8:e68062.
Stevens B, Allen NJ, Vazquez LE, Howell GR, Christopherson KS, Nouri N,

et al. The classical complement cascade mediates CNS synapse elimination.
Cell. 2007;131:1164-78.

Schafer DP, Lehrman EK, Kautzman AG, Koyama R, Mardinly AR, Yamasaki R,
et al. Microglia sculpt postnatal neural circuits in an activity and
complement-dependent manner. Neuron. 2012;74:691-705.

Stephan AH, Madison DV, Mateos JM, Fraser DA, Lovelett EA, Coutellier L,
et al. A dramatic increase of C1q protein in the CNS during normal aging.
J Neurosci. 2013;33:13460-74.

Ingram G, Hakobyan S, Hirst CL, Harris CL, Pickersgill TP, Cossburn MD, et al.
Complement regulator factor H as a serum biomarker of multiple sclerosis
disease state. Brain : a journal of neurology. 2010;133:1602-11.

Harold D, Abraham R, Hollingworth P, Sims R, Gerrish A, Hamshere ML, et al.
Genome-wide association study identifies variants at CLU and PICALM
associated with Alzheimer's disease. Nat Genet. 2009;41:1088-93.

Lambert JC, Heath S, Even G, Campion D, Sleegers K, Hiltunen M, et al.
Genome-wide association study identifies variants at CLU and CR1
associated with Alzheimer's disease. Nat Genet. 2009;41:1094-9.

Fearon DT, Carter RH. The CD19/CR2/TAPA-1 complex of B lymphocytes:
linking natural to acquired immunity. Annu Rev Immunol. 1995;13:127-49.
Webster SD, Park M, Fonseca MI, Tenner AJ. Structural and functional
evidence for microglial expression of C1gR(P), the Cl1q receptor that
enhances phagocytosis. J Leukoc Biol. 2000;67:109-16.

Aichem A, Masilamani M, lliges H. Redox regulation of CD21 shedding
involves signaling via PKC and indicates the formation of a juxtamembrane
stalk. J Cell Sci. 2006;119:2892-902.

Fremeaux-Bacchi V, Aubry JP, Bonnefoy JY, Kazatchkine MD, Kolb JP, Fischer
EM. Soluble CD21 induces activation and differentiation of human monocytes
through binding to membrane CD23. Eur J Immunol. 1998,28:4268-74.

Sahu A, Lambris JD. Structure and biology of complement protein C3, a
connecting link between innate and acquired immunity. Immunol Rev.
2001;180:35-48.

Bajic G, Yatime L, Sim RB, Vorup-Jensen T, Andersen GR. Structural insight
on the recognition of surface-bound opsonins by the integrin | domain of
complement receptor 3. Proc Natl Acad Sci U S A. 2013;110:16426-31.
Beller DI, Springer TA, Schreiber RD. Anti-Mac-1 selectively inhibits

the mouse and human type three complement receptor.

J Exp Med. 1982;156:1000-9.


http://dx.doi.org/10.1038/gene.2009.62
http://dx.doi.org/10.1016/j.jneuroim.2011.11.002

Lindblom et al. Journal of Neuroinflammation (2015) 12:192 Page 15 of 15

70.  Fearon DT. Human complement receptors for C3b (CR1) and C3d (CR2).
J Invest Dermatol. 1985,85:53s—7s.

71. Neher MD, Rich MC, Keene CN, Weckbach S, Bolden AL, Losacco JT, et al.
Deficiency of complement receptors CR2/CR1 in Cr2(-)/(=) mice reduces
the extent of secondary brain damage after closed head injury.

J Neuroinflammation. 2014;11:95.

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

e Thorough peer review

¢ No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

¢ Research which is freely available for redistribution

Submit your manuscript at ( =
www.biomedcentral.com/submit BiolVed Central




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Animals and operations
	DNA preparation and genotyping
	RNA and cDNA preparation
	RT-PCR
	Microarray hybridization
	eQTL analysis and gene expression network construction
	Primary astrocyte and microglia cultures
	Immunohistochemistry and quantification of synaptophysin immunoreactivity
	Statistical analysis
	Study approval

	Results
	eQTL mapping of complement and complement receptors in the rat spinal cord following ventral root avulsion
	Expression of Cr2 following VRA correlates positively with anti-inflammatory and growth promoting genes and negatively with pro-inflammatory genes
	Confirmation of a cis-acting control of Cr2 expression
	Kinetics of Cr1-2 expression and glial response following ventral root avulsion
	Complement expression following sciatic nerve injury is associated with loss of synaptic terminals
	Cr2 protects from synaptic loss following sciatic nerve transection
	Cr2 is expressed by astrocytes
	Soluble CR2 can be detected in CSF of rats following ventral root avulsion

	Discussion
	Conclusions
	Additional files
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

