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Abstract
Background: Alzheimer’s disease (AD) is a neurodegenerative dementia characterized by the decline of cognition
and the presence of neuropathological changes including neuronal loss, neurofibrillary pathology and extracellular
senile plaques. A neuroinflammatory process is also triggered and complement activation has been hypothesized
to have a relevant role in this local inflammatory response. C5a, a proinflammatory anaphylatoxin generated after
complement activation, exerts its chemotactic and inflammatory functions through the CD88 receptor while the
more recently discovered C5L2 receptor has been postulated to have an anti-inflammatory role. Previously, we
reported that a CD88 specific antagonist (PMX205) decreased the pathology and improved cognition in transgenic
models of AD suggesting that C5a/C5aR interaction has an important role in the progression of the disease.
Methods: The present study characterizes the expression of the two receptors for C5a in human brain with
confirmed post mortem diagnosis of vascular dementia (VD) or AD as well as age matched controls by
immunohistochemistry and Western blot analysis using several antibodies against different epitopes of the human
receptors.
Results: The CD88 and C5L2 antibodies revealed increased expression of both receptors in AD samples as
compared to age-matched controls or VD brain tissue by Western blot and immunohistochemistry, using multiple
antibodies and distinct cohorts of brain tissue. Immunostaining showed that both the C5L2 and CD88 antibodies
similarly labeled abundant neurofibrillary tangles, neuropil threads and dystrophic neurites associated with plaques
in the hippocampus and frontal cortex of AD cases. In contrast, little or no neuronal staining, tangles or dystrophic
neurites associated with plaques were observed in control or VD brains. CD88 and C5L2 receptors are associated
with both early (AT8) and mature (PHF1) neurofibrillary tangles and can be found either independently or
colocalized with each other.
Conclusions: The observed association of CD88 and C5L2 with neurofibrillary pathology suggests a common
altered pathway of degradation.
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Background
Fibrillar amyloid plaques and neurofibrillary tangles are
two characteristic lesions observed in Alzheimer’s disease (AD) brains (reviewed in [1]). In vitro studies have
demonstrated the activation of both classical and alternative complement pathways by fibrillar Aß [2-4]. C5a, a
fragment generated by activation of complement, is
chemotactic for glia [5]. Therefore, the association of
complement components and activation products as well
as reactive glia with fibrillar plaques and tangles [6-8] is
consistent with the hypothesis that complement activation contributes to and/or exacerbates a local inflammatory reaction around plaques. The detection of C5b-9
associated with dystrophic neurites in plaques and with
tangles [9] provides further evidence of complement activation and indicates that C5a anaphylatoxin has been
generated as well. Although there are reports of C5a
neuroprotective effects [10], increasing evidence suggests
that C5a-CD88 interaction has a detrimental effect in
neuroinflammatory diseases either directly on neurons
[11-14] or indirectly via microglia activation ([15] and
reviewed in [16] and [17]).
The classically described C5a receptor, also identified
as CD88, is a G protein-coupled, seven transmembranespanning receptor, and its binding to C5a results in
intracellular calcium mobilization and activation of several signaling pathways such as MAPK, ERK, DAG and
PI3K (for a review see [18,19]). C5L2 is a more recently
described C5a binding seven transmembrane receptor
that appears to be deficient in G protein coupling. Its
function is still not well defined although some evidence
indicates that it can be anti-inflammatory (for review see
[20]) and/or a modulator of the CD88 mediated signal
transduction through the ß arrestin pathway [21]. Expression of CD88 in the periphery has been shown to include not only myeloid but also non myeloid cells such
as endothelial and epithelial cells. C5L2 distribution is
similarly broad (reviewed in [18]). In the central nervous
system (CNS) (human, rat and mouse), CD88 receptor
protein and mRNA has been reported to be expressed in
astrocytes, microglia, subsets of neurons and neural progenitor cells. While there are more limited studies of
C5L2 expression, there is evidence for message in
human brain and protein expression in rat astrocytes
and subsets of neurons (reviewed in [22]). However, the
role of either receptor in neurons is not well established
and likely to be complex depending on the environmental signals as reviewed by Woodruff and colleagues [22].
Studies with mouse models of AD also show the association of complement factors and receptors with amyloid
plaques [23,24] demonstrating complement activation in
those models. More recently, our observation of a
neuroprotective effect of a CD88 antagonist [25] in two
mouse models of AD added support to the hypothesis that
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the consequences of C5a-CD88 interactions are detrimental
in the aging brain. The effect of specific C5aR antagonists
in decreasing the pathology and improving clinical
symptoms in animal models of other neurodegenerative
diseases [26,27] suggests that C5a-CD88 interaction
accelerates disease and can be a therapeutic target. In contrast, there is evidence suggesting that C5L2 receptors have
an anti-inflammatory function [28-30].
Reports of the relative expression of CD88 in neurons in
AD are conflicting. O’Barr et al. observed comparable expression in neuron populations of AD and normal control
brains [12], while Farkas and colleagues reported that the
neuronal expression of CD88 is decreased in AD, although
it was seen to be present in dystrophic neurites associated
with plaques [31]. At present, there are no reports of the
C5L2 distribution in the AD brain. Here we report the expression of both C5a receptors in cases of vascular dementia (VD) and AD as compared to age-matched
controls using several antibodies against different epitopes
of the receptors. These data show that CD88 and C5L2
protein levels are increased in AD and that these receptors
are associated with AD neurofibrillary pathology (neurofibrillary tangles, dystrophic neurites associated with
plaques and neuropil threads).

Material and methods
Subjects

Human brain tissue, including 5 VD, 11 AD and 9 agematched controls, was obtained from the Tissue Repository of the Institute for Memory Impairments and
Neurological Disorders at the University of California,
Irvine (UCI). Cases studied are shown in Table 1. Tissue
was collected within 1 to 13 hours of death and was
fixed in 4% paraformaldehyde or 10% formalin (used
for immunohistochemistry (IHC)) or frozen (used for
Western blots). This study also included 24 cases from
the Rush Religious Order Study [32] with ante mortem
clinical diagnoses of either no cognitive impairment
(NCI) (n = 12, Mini-Mental State Examination (MMSE)
Score = 27.6 +/− 1.4 (mean +/− SD)) or mild/moderate
AD (n = 12, MMSE = 19.9 +/− 6.4). The Braak tangle
stage was: NCI:3.0 +/− 1.35, AD:3.75 +/−1.14. The cases
were matched for age (total = 85.6 +/− 5.1 years) and
post mortem interval (total = 5.1 +/− 2.5 hours) [32].
Hippocampal samples from each case were dissected
and snap-frozen at −80°C until used for Western blot.
All the tissue obtained from Alzheimer Disease Centers
at UCI or Rush was acquired under approved Institutional Review Board protocols.
Immunohistochemistry

Tissue sections (50 um) (three to five per case from hippocampus or cortex) were immunostained, as described previously [33]. Briefly, sections were pretreated with 3%
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Table 1 List and information of cases studied
Case year

Case num

Age

Sex

MMSE

PMI

APOE

NPDx1

2003

9

81

M

27

6.4

2/3

N/MBC

NPDx2

2006

34

79

M

N/A

3.52

2/4

N/MBC

2005

32

89

F

24

3.58

3/3

N/MBC

2004

30

90

F

30

3.8

3/3

N/MBC

2005

12

78

M

12

2.8

3/4

N/MBC

2005

13

94

F

N/A

5.92

N/MBC

I

A

1997

27

66

M

N/A

13.37

N/A

N/MBC

N/A

N/A

1997

32

68

M

N/A

2.43

N/A

N/MBC

N/A

N/A

1999

10

70

M

N/A

5.2

N/A

N/MBC

N/A

N/A

2004

8

75

F

N/A

10.5

3/3

N/MBC

VD

II

0

2003

4

83

M

28

12.4

4/4

N/MBC

VD

III

0

2002

17

74

M

14

2.6

3/4

N/MBC

VD

II

A

2001

20

85

M

15

3.2

2/4

N/MBC

VD

III

0

2001

14

73

M

N/A

4.3

3/3

N/MBC

VD

0

0

2006

1

63

M

10

5.8

3/4

AD

VI

C

2006

21

82

M

16

4.7

3/4

AD

VI

C

2004

10

71

M

3

6.4

3/3

AD

VI

C

2004

44

96

F

N/A

4.3

3/4

AD

VI

C

2004

46

94

F

N/A

26.92

2/3

AD

VI

C

2005

31

79

M

6

6

3/4

AD

VI

C

2007

15

75

M

18

5.08

3/4

AD

VI

C

2008

3

72

M

0

8.25

4/4

AD

VI

C

2008

4

68

M

3

4.83

3/4

AD

VI

C

2001

12

61

F

N/A

2.8

3/4

AD

VI

C

2001

18

74

F

N/A

4.5

3/4

AD

VI

C

Other

Braak tangle stage

Braak plaque stage

II

0

V

B

III

B

Other

IV

B

DLBD

III

B

AD, Alzheimer’s disease; MMSE, score for the Mini Mental Status Exam; N/A, not available; N/MBC, normal mild Braak changes; NPDx1, neuropathological diagnosis;
NPDx2, secondary neuropathological diagnosis; PMI, post mortem interval in hours; VD, vascular dementia.

H2O2/10% MeOH/Tris buffered saline (TBS), pH 7.4 to
block endoperoxidase. For staining with antibodies that
needed antigen retrieval pretreatment, antigen unmasking
solution was used following the manufacturer’s instructions
(Vector, Burlingame, CA, USA). After blocking with 2%
BSA/10% normal goat serum/0.3%Triton/TBS, sections
were incubated with the corresponding antibodies (Table 2)
in blocking solution, overnight at 4°C. For C5L2 staining,
the following antibodies were used: rabbit anti C5L2 N–
terminal peptide 1–23 (4 ug/ml, Hycult Biotechnology,
Uden, The Netherlands), anti C5L2 N–terminal peptide
1–50 (5 ug/ml, Abcam, Cambridge, MA, USA), anti C5L2,
aa248-311 (Abcam), and anti C5L2 C-terminal peptide (aa
275–325) (5 ug/ml, Novus Biologicals, Littleton, CO,
USA), and mouse anti C5L2 clone 4C8 (5 ug/ml, gift of
Dr. T. Woodruff, raised against human C5L2 transfected
murine pre B L1.2 cells (Bamberg et al., 2010)) and anti C5L2
clone1D9M12 (Biolegend, San Diego, CA, USA). For CD88,
rabbit anti CD88 C-terminal peptide 300–350 (5 ug/ml,
Novus), anti C-terminal peptide around phosphorylation site

(ser338) and anti CD88 N-terminal peptide (both 5 ug/ml,
Abcam), as well as the monoclonal rabbit CD88 clone C852506 (BD Biosciences, San Jose, CA, USA) and mouse anti
CD88 N term1-31,clone S5/1 (Serotec, Raleigh, NC, USA)
were used. After incubation with primary antibody overnight,
sections were incubated with biotinylated anti rabbit or anti
mouse antibodies (Vector, Burlingame, CA, USA) (1 hour at
room temperature) followed by Vectastain ABC (Vector)
(1 hour at room temperature) and developed with DAB
(3-3’diaminobenzidine) substrate kit (Vector). Tissue was
dehydrated and mounted with DePeX (BHD Laboratory
Supplies, Poole England).
For immunofluorescent colocalization of the CD88 or
C5L2 receptors with markers of hyperphosphorylated
tau (AT8, PHF-1), sections were incubated first with the
anti CD88 or C5L2 antibody (overnight at 4°C), followed
by the corresponding Alexa 555 labeled anti rabbit secondary antibody (Invitrogen, Molecular Probes, Eugene,
OR, USA). After washes and a blocking step the
corresponding second primary antibody (AT8 1:50,
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Table 2 Antibodies tested in the study
Antibodies

Type and source

IHC

WB

C5L2 N 1-23

Rabbit polyclonal (Hycult)

+

+

C5L2 N 1-50

Rabbit polyclonal (Abcam)

+

+

C5L2 C-term peptide

Rabbit Polyclonal (Novus)

+

–

C5L2 248-311

Rabbit Polyclonal (Abcam)

–

+

C5L2 clone 1D9M12

Mouse monoclonal (Biolegend)

–

+

C5L2 clone 4C8

Mouse Monoclonal (T.Woodruff)

+

ND

CD88 C 300-350

Rabbit polyclonal (Novus)

+

–

CD88 N term peptide

Rabbit polyclonal (Abcam)

+

ND

CD88 C term peptide

Rabbit polyclonal (Abcam)

+

+

CD88 clone C85-2506

Rabbit monoclonal (BD Pharmingen)

–

+

CD88 clone S5/1 N1-31

Mouse monoclonal (Serotec)

–

ND

IHC, immunohistochemistry; ND: not done; WB, Western blot.

Pierce, Rockford, IL, USA or PHF-1 1:1000, a gift from
Dr. P. Davies, Albert Einstein College of Medicine,
Bronx, NY) was added (overnight at 4°C) and developed
with Alexa 488 labeled anti mouse secondary antibody
(Invitrogen, Carlsbad, CA, USA). Tissue was mounted
with Vectashield (Vector).
Colocalization of CD88 and C5L2 was done by sequential staining using first N1-50 C5L2 antibodies
(overnight incubation) followed by Alexa555 anti rabbit
secondary antibody (1 hour, 4°C). After washing and
blocking with normal rabbit serum for 30 minutes (to
saturate possible free sites of the secondary antibody),
anti CD88 antibody (Novus C300-350), fluorescently labeled with fluorescein isothiocyanate (FITC) using the
Lightning link antibody labeling kit (Novus Biologicals)
following the manufacturer’s instructions, was added
and incubated overnight at 4°C.
Specificity of staining was demonstrated by a lack of
reactivity when using rabbit immunoglobulin G (IgG; at
the same concentrations as the primary antibodies) or
no antibody instead of primary antibody plus the secondary antibodies as controls. In addition, anti C5L2
(N1-23) (5 ug/ml) was preabsorbed with 100 ug/ml
C5L2 (N1-23) (United Peptide, Bethesda, MD, USA)
and then used to validate the specificity of staining in
IHC. Pictures were taken under bright field or fluorescence optics with Zeiss Axiovert 200 (Carl Zeiss,
Thornwood, NY, USA). Images were captured with
Zeiss Axiovision 4.6 software. Confocal images were
obtained with Zeiss LSM 510 confocal microscope. To
evaluate the extent of colocalization between pairs of
images of C5L2 (red channel) and CD88 (green channel), the Mander’s coefficient was calculated using
ImageJ software with JaCoP plugin [34]. The values
of Mander’s coefficients range from 0 to 1, with 1
indicating 100% colocalization and 0 indicating nocolocalization.

Western Blot

Hippocampi were homogenized (10 to 12 strokes with a
glass homogenizer) in 2% SDS TBS (50 mM Tris–HCl
buffer, 150 mM NaCl, pH 7.4) (0.150 g tissue/ml),
containing a cocktail of protease inhibitors (complete
Mini) (Roche Diagnostics, Indianapolis, IN, USA).
Homogenates were centrifuged at 4°C at 15,000 g for 30
minutes. Protein concentration in the supernatants
was determined with the BCA protein assay (Pierce,
Rockford, IL, USA). Samples (40 ug protein per lane)
were run on 10% SDS polyacrylamide gel under reducing
conditions. Proteins were transferred to polyvinylidene
difluoride (PVDF, Millipore Corporation, Bedford, MA,
USA) membranes (300 mA for 2.5 hours). Membranes
were blocked with 3% dry milk in 0.1% Tween/TBS for
1 hour and then incubated for 2 hours at room
temperature with primary anti C5L2 or CD88 antibodies
(Table 2). In some cases, C5L2 N1-23 antibody (2 ug/ml)
with or without a preincubation with the blocking peptide
N1-23 peptide was used as the probe. After washing, blots
were incubated with horseradish peroxidase (HRP)-labeled
anti rabbit or anti mouse secondary antibodies (1:7500)
for 1 hour. Labeling was detected using the ECL system
(GE Healthcare, Pittsburg, PA, USA). Blots were treated
with stripping buffer (100 mM 2-mercaptoethanol,
2% SDS, 62.5 mMTris-HCl, pH 6.7) following the
manufacturer’s instructions (Amersham) (and verified to
lack any residual reactivity) and subsequently labeled with
anti CD88 antibodies (Table 2) (C terminal Abcam or C terminal Novus, 2 ug/ml, or clone C85-2506, BD 1.5 ug/ml),
followed by anti rabbit HRP-labeled secondary antibodies (1:7500 dilution, Jackson Immunoresearch,West
Grove, PA, USA) and detected with ECL. Finally, blots
were stripped and probed with anti ß actin antibody
(1:10,000 dilution, Sigma, St. Louis, MO, USA) followed
by anti mouse HRP-labeled secondary antibody (1:10,000
dilution, Jackson) and detected with ECL. Quantification
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of the bands was done using Image J (National Institutes
of Health) software. Each sample was tested in two Western
blots in independent experiments. Data were analyzed using
Student t-test statistical analysis.
Alternatively, samples from the Rush Religious Orders
Study were prepared as previously reported [32]. Briefly,
frozen hippocampi were homogenized with protease
inhibitors by sonication for 10 seconds and centrifuged
at 100 g for 10 minutes at 4°C. Supernatant proteins (25
ug/sample) were separated by SDS-PAGE, transferred to
Immobilon P membranes (Millipore), blocked in TBS
(pH.7.4)/0.1% Tween-20/5% milk and incubated overnight at 4°C with rabbit polyclonal C5L2 antiserum (aa248-311) (5 ug/ml Abcam #96808). Blots were
incubated for 1 hour with HRP-conjugated goat antirabbit IgG. The blots were then probed overnight with
a mouse monoclonal beta-actin antibody (1:20,000;
Millipore, Billerica, MA, USA). Reactivity was quantified
using Kodak one-dimensional image analysis software
(Perkin-Elmer, Waltham, MA, USA). C5L2 protein levels
were normalized to β-actin levels in each sample. Each
sample was analyzed on three different Western blots in
independent experiments. Data were analyzed using Student t-test. Correlation analysis between C5L2/ßactin
ratio and Braak tangle stage for UCI and Rush samples
was done using the Spearman rank test.
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Results
C5L2 distribution in control, vascular dementia and
Alzheimer’s disease brain

The distribution of C5L2 receptor in the brains of control
(n = 9), AD (n = 11) and VD (n = 5) cases was assessed by
IHC using three polyclonal antibodies, two against the
extracellular N terminus of the receptor and one against
the intracellular C terminus domain. N1-23 antibody
showed a light reactivity with what appeared to be healthy
neurons (mainly pyramidal) in frontal cortex and hippocampus of controls (Figure 1A,B) and VD cases (data not
shown). In hippocampus of some of these cases a few
neurofibrillary tangles (NFT) were stained (data not
shown). However, in AD brain, the antibodies strongly labeled a subset of mainly intraneuronal NFTs in frontal cortex (Figure 1C) in 9 of 11 cases, and more abundantly in
the CA area (mainly in the CA1 and CA2 subfields) of
hippocampus (Figure 1D and Additional file 1: Figure S1).
Some neuropil threads (NT) were also labeled (Figure 1D,
insert). C5L2 antibody N1-23 immunoreactivity in frontal
cortex or hippocampus was blocked by preabsorption of
the antibody with the N1-23 peptide (Figure 1E and F)
showing specificity of the anti-peptide antibody. The
antibodies against the N1-50 region of C5L2 showed
immunoreactivity in scarce dystrophic neurites associated
with plaques (DNP) in frontal cortex of some controls and

Figure 1 C5L2 is present in neurons of control brain and neurofibrillary tangles of AD brain. Immunostaining with anti C5L2 antibody
N1-23 shows labeling of a subset of neurons in frontal cortex (FC) (A) and hippocampus (B) of control cases and strong staining of tangles
(arrowheads) in frontal cortex (C) and hippocampus (D) of AD cases. Scale bar: 50 um. Arrow in insert (D) shows neuropil threads. C5L2 N1-23
antibody immunostaining in hippocampus of an AD case (E) disappears after antibody preabsorption with the peptide (F). Scale bars: A,B,C,D
(and insert): 50 um; E,F: 100 um. AD, Alzheimer’s disease.
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VD cases (Figure 2A and data not shown). In hippocampus,
these cases were either negative (Figure 2B) or showed very
few DNP or tangles labeled (Figure 2C). In contrast, in the
AD brains, similar to the N1-23 antibody, NFT and NT
were strongly immunoreactive with the N1-50 antibody
(Figure 2E, F) in hippocampus, although not in frontal
cortex. However, N1-50 abundantly stained DNP in frontal
cortex (Figure 2D) and in hippocampus (Figure 2E, and
insert).
Another antibody against the carboxy terminal region of
C5L2 (Novus), labeled DNP that were very abundant in
the AD brain compared to the control and VD cases (data
not shown), similar to the pattern of the N1-50 antibody.
In addition, this antibody showed some light neuronal
staining and reacted also with endothelial cells of blood
vessels in both controls and AD (data not shown).
Other anti C5L2 antibodies were also tested. A monoclonal antibody clone 4C8 [21]) showed light neuronal
staining that was similar in control and AD cases (data
not shown). No immunoreactivity was detected using
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polyclonal antibody against 248–311 or clone 1D9M12
monoclonal anti C5L2 (data not shown). These data indicate that the epitopes recognized by these antibodies
are not accessible in these fixed tissue samples.
The expression of C5L2 was assessed in SDS lysates
from hippocampus of the same control and AD cases
used for IHC by Western blot analysis. Both N1-23 and
N1-50 antibodies showed immunoreactivity with three
bands at 50 k, 45 k and 37 k Mr (Figure 3A and data not
shown). No other bands were observed in the blot. The
bands at 45 k Mr (expected for the native glycosylated
form of the C5L2 receptor) and 37 k Mr (expected size
of the receptor based on protein sequencing) were
stronger in all the AD cases tested than in control cases
where they were almost undetectable relative to comparable protein load as validated with actin labeling
(Figure 3A). Densitometric quantification of the 37 k Mr
band normalized to actin showed a statistically significant 158% (control, n = 4; AD, n = 5; P <0.01) increase
in the AD samples (Figure 3D). The 50 k Mr band was

Figure 2 C5L2 antibodies label dystrophic neurites associated with plaques as well as neurofibrillary tangles. Representative pictures of
C5L2 staining using antibody N1-50 in FC of VD (A) and hippocampus of control (B) and VD (C) brain, and FC (D) or hippocampus of two AD
cases (E, F). Arrowhead in D shows dystrophic neurites associated with plaques in cortex (DNP). Insert in E shows DNP in hippocampus. Scale
bars: 50 um. AD, Alzheimer’s disease; FC, frontal cortex; VD, vascular dementia.
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Figure 3 C5L2 and CD88 expression is upregulated in AD cases.
A. Control and AD extracts from hippocampus subjected to SDS
polyacrylamide gel and transferred to PVDF membranes were
probed sequentially with anti human C5L2 antibody (N1-23 epitope)
upper lane, anti human CD88 (Abcam, C terminal epitope) (middle
lane) and anti ß actin (lower lane). B. Western blot of hippocampus
lysates of AD case probed with C5L2 N1-23 antibody with (left lane)
and without (right lane) preadsorption of the antibody with the
N1-23 peptide. The 37 k Mr band is eliminated by preadsorption.
C. Western blot of hippocampus homogenates of control and AD
cases (from the Rush Religious Order Study) using Abcam polyclonal
antibody against aa248-311of C5L2 and ß actin antibody for further
densitometric quantification. D. Densitometric quantification of C5L2
immunoblots. Bars show average of ratio of C5L2/ßActin +/− SE
from Figure 3A which are AD (n = 5) 0.31 +/−0.05 and C (n = 4)
0.12+/− 0.03, P <0.01 (left) or from Figure 3C and data not shown
AD (n = 12) 1.05+/−0.05 and C (n = 12) 0.72+/− 0.03, P <0.01 (right).
AD, Alzheimer’s disease; C, control; n, number; PVDF,
polyvinylidene difluoride.

variable among the control and AD cases with no clear
differences between the groups. Probing with irrelevant
rabbit IgG gave no such bands. Preabsorption of the C5L2
antibody with the peptide N1-23 (100 ug/ml) eliminated
completely the 37 k Mr band (Figure 3A, 3D left panel)
validating the specificity of the antibody for the peptide in
solution. The 45 k Mr band was not included in the
Western blot quantification since its reactivity was not
reduced by preabsorption with the peptide. Although the
45 k Mr band could be a glycosylated state of the receptor,
we could not confirm the specificity of that band.
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These Western blot results were corroborated using
control (n = 12) and mild AD (n = 12) hippocampal
homogenates from a different source and probing with a
different anti human C5L2 antibody (anti C5L2 aa248311, Abcam, Table 2). Densitometric quantification of
the Western blot membranes of those samples similarly
showed a significant increase (46%, P <0.01) in the 37 k
Mr band of the AD relative to the control samples
(Figure 3C, 3D right panel). To corroborate these results
further, lysates from the UCI cases were tested with the
Abcam antibody used in the Rush cases. Similar to the
results shown in Figure 3C, only one band at 37 k Mr
was detected, further demonstrating that the 37 k Mr
band is C5L2 (Data not shown).
A Spearman correlation analysis between the C5L2/ß
actin ratio and Braak tangle stage indicated a positive
correlation for both UCI (r = 0.8, P <0.01) and Rush
cases (r = 0.4, P <0.06). In the UCI cohort the positive
correlation was strong and reached statistical significance since all the AD cases were late stage in contrast
with the Rush cohort that included mostly mild to moderate AD cases.
In summary, C5L2 receptors are mainly detected
associated with neurofibrillary pathology and are more
abundantly expressed or accumulated in AD brain correlating with Braak tangle stage.

CD88 distribution in control, vascular dementia and
Alzheimer’s disease brain

The CD88 distribution in brain was studied with antibodies against the C terminal intracellular (Novus) or N
terminal extracellular domains (Abcam) of the human
CD88 receptor in the same cases tested with the anti
C5L2 antibodies. Both CD88 antibodies reacted similarly, labeling abundantly NFT, NT and DNP mainly in
the CA1 and CA2 area of hippocampus of AD cases
(Figure 4B, C). In frontal cortex of AD, they labeled
similar structures but they were less abundant (data not
shown). VD and control cases showed scarce NFT
staining in hippocampus (Figure 4A and data not
shown). Some light neuronal CD88 staining was also
seen in frontal cortex of a few VD and AD cases (data
not shown). The degree of immunoreactivity paralleled
the severity of the tangle pathology in the AD cases, and
was similar to the staining pattern of the C5L2 antibodies (in particular the N1-50 anti C5L2) labeling
neurofibrillary pathology. As with the anti C5L2 antibodies, CD88 antibodies also variably stained endothelial
cells in blood vessels in control, VD and AD brain (data
not shown and Figure 5C). Two additional anti CD88
monoclonal antibodies (clone S5/1 (Serotec) and rabbit
monoclonal (BD) showed no reactivity in these same
samples (data not shown).
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DNP colocalized with AT8 (Figure 5B) and PHF-1 (data
not shown). However, not all AT8 or PHF-1 positive
neurofibrillary pathology was C5L2 or CD88 positive.
C5L2 and CD88 receptors colocalize in neurofibrillary
tangles

Colocalization of C5L2 and CD88 in human brain tissue was
assessed in control, VD and AD cases. These receptors have
a low overall sequence homology of 35%. Therefore, in order
to avoid any cross reactivity, two antibodies directed against
different epitopes with even lower sequence identity were
used for double labeling: the N terminus was selected for the
C5L2 antibody (N1-50, Abcam) and the C terminus (C300350, Novus) for CD88. These regions of the two receptors
lacked significant overlap (24% and 26% identity respectively
for CD88 and C5L2). Confocal images showed that while the
receptors could be seen independently expressed, they
exhibited a high degree of colocalization in NFTs (Figure 5C).
Evaluation of CD88 and C5L2 receptor colocalization
resulted in a Mander’s coefficient of 0.66 which is equivalent
to 66% colocalization in the hippocampal sections analyzed.
The coexpression of the receptors was consistent with
the similar patterns of distribution and colocalization
with hyperphosphorylated tau markers described above
(Figures 1, 2 and 4).

Figure 4 CD88 immunoreactivity is also abundantly present in
neurofibrillary tangles of AD cases. Immunostaining using two
antibodies against different CD88 epitopes: Novus carboxy terminal
(A, B) and Abcam amino terminal (C) in hippocampus of VD (A) and
AD cases (B, C). Arrow and arrowhead show neuropil threads and
tangles respectively. Scale bar: 50 um. AD, Alzheimer’s disease; VD,
vascular dementia.

The expression of CD88 also was assessed by Western
blot in the same cases as the C5L2 receptor with the
Abcam anti C-terminus antibody (Figure 3A). In AD
cases the 37 K Mr band was 143% of the control (P <0.001).
While the Novus anti CD88 did not recognize the denatured
CD88 on Western blot, the BD monoclonal anti CD88 also
showed increases in the 37 K Mr band in AD cases (data
not shown, Table 2).
C5L2 and CD88 receptors colocalize with
hyperphosphorylated tau markers

Immunofluorescent double labeling of C5L2 with early
(AT8) (Figure 5A) or mature (PHF-1) (data not shown)
tangle markers confirmed co-localization of C5L2 with
phosphorylated tau in structures which morphologically
appeared to be NFTs, DNPs or NTs in frontal cortex
and hippocampus in the AD brain. Similar to C5L2,
CD88 immunoreactivity was also found in NFTs and

Discussion
The two identified cell surface receptors for the complement activation peptide, C5a, designated CD88 and
C5L2, have been reported to be upregulated in mouse
models of several neurodegenerative (inflammatory)
diseases, suggesting a role in either disease pathology or
modulation or both (reviewed in [22,35]). The results
presented here show increased CD88 and C5L2 protein
expression in the brain of human AD cases as compared
with age-matched controls. CD88 and C5L2 were
associated with NFTs (mainly intraneuronal), DNPs, and
NTs in the hippocampus and frontal cortex of AD cases.
While CD88 and C5L2 were detected in the endothelial
cells lining vessel walls, CD88 and C5L2 receptors were
predominantly colocalized with both early (AT8) and
mature (PHF) tangle markers associated with degenerating neurons.
The detection of a quantitative enhancement of CD88
in AD brain differs from previous studies that showed
either similar neuronal expression of CD88 receptor between control and AD samples [12], or a decrease of the
CD88 receptor in neuron populations of AD brains
compared to controls [31]. These quantitative differences
observed in IHC studies could be attributed to differences
in tissue processing or in the epitopes recognized by the
antibodies. The antibodies in our study were raised against
an N terminus epitope similar to, but not identical with,
that used by O’Barr and colleagues [12]. In our study, the
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Figure 5 C5L2 and CD88 colocalize with markers of
hyperphosphorylated tau and can be expressed in the same
neurofibrillary tangles. Confocal pictures of hippocampus of AD
cases showing colocalization of (A) C5L2 (Abcam, anti N1-50, red)
and AT8 (green), (B) CD88 (Novus anti C300-350, red) and AT8
(green), and (C) CD88 (Novus anti C300-350, green) and C5L2 (anti
N1-50 red) colocalize in tangles. Scale bar: 50 um. AD,
Alzheimer’s disease.
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results were confirmed with an antibody raised against a
C terminal CD88 epitope which showed similar staining
patterns. In addition, Western blot analysis using brain
lysates from the same cases used for IHC also showed an
overall increase in reactivity of both the CD88 37 k Mr
and 45 k Mr bands in the AD samples compared to
controls, thereby validating our IHC data.
The C5L2 receptor distribution at the protein level in
the CNS of human samples has not been previously
reported, although Northern blot analysis demonstrated
mRNA expression in human frontal cortex, hippocampus, hypothalamus and pons [36]. In rat brain, C5L2 was
reported to be present constitutively in neurons and
astrocytes and also upregulated by noradrenaline correlating with a hypothesized anti-inflammatory role [28]. In
a rat model of amyotrophic lateral sclerosis (ALS) C5L2
receptor was upregulated at early stages of the disease in
motor neurons [26,37] and was shown to be colocalized
with ubiquitinated intracellular aggregates which are
characteristic of ALS [37]. In the present work, C5L2
was associated with NFTs, prevalent in AD brain. Protein levels were increased in hippocampal lysates from
AD brains compared to controls. These results were
validated by utilizing two distinct cohorts of AD and
control samples as well as antibodies to two different
C5L2 epitopes. Preabsorption of the anti N1-23 antibody
with the N1-23 peptide (N-terminus of C5L2) showed a
loss of immunostaining in cortex and hippocampus and
a blockade of reactivity of the 37 k Mr band in Western
blots confirming that the reactivity detected was indeed
against C5L2.
The role of C5a receptors in neurons, microglia and
astrocytes in neuroinflammatory diseases (for review see
[22]) is not clear. Some reports have suggested that C5a
induces neuroprotective pathways in some scenarios
[12,38], and enhanced recruitment of phagocytes to
plaques could be postulated to facilitate clearance of plaques
and cell debris [25,39]. While both beneficial and detrimental roles are not mutually exclusive, support for an overriding detrimental role for CD88 has been provided by the
improvement in pathology and clinical symptoms obtained
in animals models of AD, Huntington’s disease (HD) and
ALS treated with specific antagonists for this receptor
(PMX53 and PMX205) [25-27], as well as in ischemic stroke
[11]. In murine AD models, PMX205 was effective in reducing plaques, reactive glia, and improving neuronal integrity
as well as cognition [25]. While the exact mechanism is not
known, the protective effects of the antagonist could be due
to the blockade of C5a binding to CD88 in glia, although an
interaction of PMX205 with a neuronal CD88 is also possible. In the Tg2576 and Arc48 mouse models of AD, CD88
receptors were shown to be present in microglia polarized
towards plaques and were upregulated in parallel with
plaque and glia pathology [24]. The lack of glial CD88
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detection in our study with human tissue could be due to
the differential ability of the antibodies used to detect glial
CD88 in fixed tissue and/or a lower degree of inflammation
in the human AD brain at the time of death relative to that
in the inflamed brains reported by others [40,41]
The presence of C5aR in neurons suggest their involvement in functional roles that may differ from those in glia
and may also be different according to neuronal cell types
and/or stages of development. Several putative roles have
been attributed to the neuronal C5aR, such as cytoskeletal
plasticity, induction of adhesion molecules or neurotrophins
and clearance of anaphylotoxins (for reviews see [22,35,42]).
CD88 has also been proposed to have a role in the development of cerebellum [43] and to act as a guidance cue for
granule cells [44]. In contrast, C5aR might be involved in
apoptosis in neurons (15). Recently, C5a was shown to be
generated by CNS neurons and to induce neuronal apoptosis upon ligation of CD88 in murine systems [11]. However, the role of CD88 and C5L2 prior to their colocalization
accumulated in NFTs (as seen in our study) is unknown.
CD88 and C5L2 have been previously shown to colocalize
in human neutrophils, with CD88 mainly expressed
extracellularly and C5L2 mainly intracellularly. After ligand
binding, the CD88 receptors were internalized, and both
(CD88 and C5L2) colocalized and associated with ß arrestin.
It was postulated that the C5L2 receptor can negatively
modulate neutrophil CD88 receptor signaling [21] reflecting
an anti-inflammatory function. C5L2 has also been
postulated to have other roles, such as decoy receptors and
could even exert a proinflammatory function (for a review
[45]). However, at the stage where both C5L2 and CD88
colocalize with NFTs, these receptors are probably in a nonfunctional state.
The accumulation of the C5a receptors observed in AD
could be due to increased synthesis and/or decreased degradation. TNFα, a proinflammatory cytokine released by
microglia and astrocytes [46], is increased in AD brains
[47] and has been shown to mediate the upregulation of
CD88 receptor mRNA and protein in neurons in vivo
[48]. Region specific increases in CD88 mRNA that
reached statistical significance during aging and with AD
were shown by microarray analysis of a relatively large cohort of young, older and AD individuals [49]. However,
the observed increased levels and association of both
CD88 and C5L2 with tangles is also consistent with a
common altered pathway of degradation. Seven transmembrane receptors, like CD88, recruit ß-arrestin, and,
upon internalization, the receptor and ß-arrestin are
ubiquitinated leading to degradation (reviewed in [50]). In
PHF’s, tau is also ubiquitinated [51,52]. In AD a decreased
activity of the ubiquitin proteasome system (UPS) has
been observed, and PHF-tau was shown to inhibit UPS
mediated protein degradation [53]. Thus, it is possible that
the proteasome dysfunction observed in AD can cause
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tau, C5L2 and CD88 accumulation. In addition, deficits in
autophagy, another mechanism of protein clearance important for removal of aggregates and misfolded proteins,
are associated with AD [54,55]. Such defects could also
contribute to decreased turnover of CD88 and C5L2.
In summary, levels of the receptors for the complement activation fragment C5a, CD88 and C5L2 are
elevated in AD brain. Their colocalization with NFTs
suggests that this accumulation could predominantly be
a consequence of altered turnover of these receptors, rather than an increase in synthesis to contribute to, or
compensate for, an inflammatory environment. While
these findings are also consistent with a role of these
receptors in neuron degeneration, they do not rule out a
role for glial CD88 in AD pathology. Given the potential
therapeutic value of inhibiting CD88 function to prevent
or slow progression of AD as demonstrated in murine
models of AD, further study of these receptors in the
brain is warranted.

Additional file
Additional file 1: Figure S1. C5L2 immunostaining of AD brain using
C5L2 N-1-23 antibody (brown) and counterstained with cresyl violet
showing neurofibrillary tangle labeling in hippocampus. Scale bar 50 um.

Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
MF contributed to the design of the study, performed
immunohistochemistry, immunoblotting and quantification and analysis and
prepared the draft of the manuscript. SM and SC contributed to the
conceptual design, immunoblotting experiments and their densitometric
analysis, and preparation of the manuscript. AT contributed to the design of
the study and to the preparation of the manuscript. All authors have read
and approved the final version of the manuscript.
Acknowledgements
This work was supported by NIH grants NS35144 and AG 00538 to AT and a
grant from the Alzheimer’s Association, IIRG-08-91605, to SM. The authors
thank Dr. Trent Woodruff (University of Queensland, Australia) and Dr. P
Davies (Albert Einstein College of Medicine, Bronx, NY) for antibodies, Dr.
Wayne Poon and Mr. Tommy Saing from the Tissue Repository of the UCI
Institute for Memory Impairments and Neurological Disorders (NIH grant
AG015673) for preparing and providing the tissue samples, as well as ShuHui Chu and Alisia Berci for excellent technical assistance.
Author details
1
Dept of Molecular Biology and Biochemistry, Dept. of Neurobiology and
Behavior, Dept. of Pathology and Laboratory Medicine, and Institute for
Memory Impairments and Neurological Disorders, University of California,
Irvine 92697, USA. 2Rehabilitation Research, US Veterans Administration,
Edward Hines Jr. VA Hospital, Hines, IL 60141, USA. 3Department of
Anesthesiology, University of Illinois at Chicago, Chicago, IL 60612, USA.
4
Department of Neurological Sciences, Rush University Medical Center,
Chicago, IL, USA. 5Department of Molecular Biology and Biochemistry,
University of California, 3205 McGaugh, Irvine, CA 92697-3900, USA.
Received: 15 January 2013 Accepted: 28 January 2013
Published: 8 February 2013

Fonseca et al. Journal of Neuroinflammation 2013, 10:25
http://www.jneuroinflammation.com/content/10/1/25

References
1. Querfurth HW, LaFerla FM: Alzheimer's disease. N Engl J Med 2010,
362:329–344.
2. Rogers J, Cooper NR, Webster S, Schultz J, McGeer PL, Styren SD, Civin WH,
Brachova L, Bradt B, Ward P, et al: Complement activation by beta-amyloid
in Alzheimer disease. Proc Natl Acad Sci U S A 1992, 89:10016–10020.
3. Bradt BM, Kolb WP, Cooper NR: Complement-dependent proinflammatory
properties of the Alzheimer's disease beta-peptide. J Exp Med 1998,
188:431–438.
4. Jiang H, Burdick D, Glabe CG, Cotman CW, Tenner AJ: beta-Amyloid
activates complement by binding to a specific region of the collagenlike domain of the C1q A chain. J Immunol 1994, 152:5050–5059.
5. Yao J, Harvath L, Gilbert DL, Colton CA: Chemotaxis by a CNS
macrophage, the microglia. J Neurosci Res 1990, 27:36–42.
6. Eikelenboom P, Hack CE, Rozemuller JM, Stam FC: Complement activation
in amyloid plaques in Alzheimer's dementia. Virchows Archiv B Cell Pathol
1989, 56:259–262.
7. Afagh A, Cummings BJ, Cribbs DH, Cotman CW, Tenner AJ: Localization
and cell association of C1q in Alzheimer's disease brain. Exp Neurol 1996,
138:22–32.
8. Zanjani H, Finch CE, Kemper C, Atkinson J, McKeel D, Morris JC, Price JL:
Complement activation in very early Alzheimer disease. Alzheimer Dis
Assoc Disord 2005, 19:55–66.
9. Webster S, Lue LF, Brachova L, Tenner AJ, McGeer PL, Terai K, Walker DG,
Bradt B, Cooper NR, Rogers J: Molecular and cellular characterization of
the membrane attack complex, C5b-9, in Alzheimer's disease. Neurobiol
Aging 1997, 18:415–421.
10. Mukherjee P, Thomas S, Pasinetti GM: Complement anaphylatoxin C5a
neuroprotects through regulation of glutamate receptor subunit 2
in vitro and in vivo. J Neuroinflammation 2008, 5:5.
11. Pavlovski D, Thundyil J, Monk PN, Wetsel RA, Taylor SM, Woodruff TM:
Generation of complement component C5a by ischemic neurons
promotes neuronal apoptosis. FASEB J 2012, 26:3680–3690.
12. O'Barr SA, Caguioa J, Gruol D, Perkins G, Ember JA, Hugli T, Cooper NR:
Neuronal expression of a functional receptor for the C5a complement
activation fragment. J Immunol 2001, 166:4154–4162.
13. Kim GH, Mocco J, Hahn DK, Kellner CP, Komotar RJ, Ducruet AF, Mack WJ,
Connolly ES Jr: Protective effect of C5a receptor inhibition after murine
reperfused stroke. Neurosurgery 2008, 63:122–125.
14. Farkas I, Baranyi L, Takahashi M, Fukuda A, Liposits Z, Yamamoto T, Okada H:
A neuronal C5a receptor and an associated apoptotic signal
transduction pathway. J Physiol 1998, 507:679–687.
15. Ingersoll SA, Martin CB, Barnum SR, Martin BK: CNS-specific expression of
C3a and C5a exacerbate demyelination severity in the cuprizone model.
Mol Immunol 2010, 48:219–230.
16. Veerhuis R, Nielsen HM, Tenner AJ: Complement in the brain. Mol Immunol
2011, 48:1592–1603.
17. Brennan FH, Anderson AJ, Taylor SM, Woodruff TM, Ruitenberg MJ:
Complement activation in the injured central nervous system: another
dual-edged sword? J Neuroinflammation 2012, 9:137.
18. Monk PN, Scola AM, Madala P, Fairlie DP: Function, structure and
therapeutic potential of complement C5a receptors. Br J Pharmacol 2007,
152:429–448.
19. Ward PA: Functions of C5a receptors. J Mol Med 2009, 87:375–378.
20. Johswich K, Klos A: C5L2–an anti-inflammatory molecule or a receptor for
acylation stimulating protein (C3a-desArg)? Adv Exp Med Biol 2007,
598:159–180.
21. Bamberg CE, Mackay CR, Lee H, Zahra D, Jackson J, Lim YS, Whitfeld PL,
Craig S, Corsini E, Lu B, Gerard C, Gerard NP: The C5a receptor (C5aR) C5L2
is a modulator of C5aR-mediated signal transduction. J Biol Chem 2010,
285:7633–7644.
22. Woodruff TM, Ager RR, Tenner AJ, Noakes PG, Taylor SM: The role of the
complement system and the activation fragment C5a in the central
nervous system. Neuromolecular Med 2010, 12:179–192.
23. Zhou J, Fonseca MI, Pisalyaput K, Tenner AJ: Complement C3 and C4
expression in C1q sufficient and deficient mouse models of Alzheimer's
disease. J Neurochem 2008, 106:2080–2092.
24. Ager RR, Fonseca MI, Chu SH, Sanderson SD, Taylor SM, Woodruff TM,
Tenner AJ: Microglial C5aR (CD88) expression correlates with amyloidbeta deposition in murine models of Alzheimer's disease. J Neurochem
2010, 113:389–401.

Page 11 of 12

25. Fonseca MI, Ager RR, Chu SH, Yazan O, Sanderson SD, LaFerla FM, Taylor
SM, Woodruff TM, Tenner AJ: Treatment with a C5aR antagonist decreases
pathology and enhances behavioral performance in murine models of
Alzheimer's disease. J Immunol 2009, 183:1375–1383.
26. Woodruff TM, Costantini KJ, Crane JW, Atkin JD, Monk PN, Taylor SM,
Noakes PG: The complement factor C5a contributes to pathology in a rat
model of amyotrophic lateral sclerosis. J Immunol 2008, 181:8727–8734.
27. Woodruff TM, Crane JW, Proctor LM, Buller KM, Shek AB, de Vos K, Pollitt S,
Williams HM, Shiels IA, Monk PN, Taylor SM: Therapeutic activity of C5a
receptor antagonists in a rat model of neurodegeneration. FASEB J 2006,
20:1407–1417.
28. Gavrilyuk V, Kalinin S, Hilbush BS, Middlecamp A, McGuire S, Pelligrino D,
Weinberg G, Feinstein DL: Identification of complement 5a-like receptor
(C5L2) from astrocytes: characterization of anti-inflammatory properties.
J Neurochem 2005, 92:1140–1149.
29. Gerard NP, Lu B, Liu P, Craig S, Fujiwara Y, Okinaga S, Gerard C: An antiinflammatory function for the complement anaphylatoxin C5a-binding
protein, C5L2. J Biol Chem 2005, 280:39677–39680.
30. Scola AM, Johswich KO, Morgan BP, Klos A, Monk PN: The human
complement fragment receptor, C5L2, is a recycling decoy receptor.
Mol Immunol 2009, 46:1149–1162.
31. Farkas I, Takahashi M, Fukuda A, Yamamoto N, Akatsu H, Baranyi L,
Tateyama H, Yamamoto T, Okada N, Okada H: Complement C5a receptormediated signaling may be involved in neurodegeneration in
Alzheimer's disease. J Immunol 2003, 170:5764–5771.
32. Counts SE, Nadeem M, Lad SP, Wuu J, Mufson EJ: Differential expression of
synaptic proteins in the frontal and temporal cortex of elderly subjects
with mild cognitive impairment. J Neuropathol Exp Neurol 2006,
65:592–601.
33. Fonseca MI, Kawas CH, Troncoso JC, Tenner AJ: Neuronal localization of
C1q in preclinical Alzheimer's disease. Neurobiol Dis 2004, 15:40–46.
34. Bolte S, Cordelieres FP: A guided tour into subcellular colocalization
analysis in light microscopy. J Microsc 2006, 224:213–232.
35. Klos A, Tenner AJ, Johswich KO, Ager RR, Reis ES, Kohl J: The role of the
anaphylatoxins in health and disease. Mol Immunol 2009, 46:2753–2766.
36. Lee DK, George SR, Cheng R, Nguyen T, Liu Y, Brown M, Lynch KR, O'Dowd
BF: Identification of four novel human G protein-coupled receptors
expressed in the brain. Mol Brain Res 2001, 86:13–22.
37. Humayun S, Gohar M, Volkening K, Moisse K, Leystra-Lantz C, Mepham J,
McLean J, Strong MJ: The complement factor C5a receptor is upregulated
in NFL−/− mouse motor neurons. J Neuroimmunol 2009, 210:52–62.
38. Mukherjee P, Pasinetti GM: Complement anaphylatoxin C5a neuroprotects
through mitogen-activated protein kinase-dependent inhibition of
caspase 3. J Neurochem 2001, 77:43–49.
39. El Khoury J, Toft M, Hickman SE, Means TK, Terada K, Geula C, Luster AD:
Ccr2 deficiency impairs microglial accumulation and accelerates
progression of Alzheimer-like disease. Nat Med 2007, 13:432–438.
40. Gasque P, Singhrao SK, Neal JW, Gotze O, Morgan BP: Expression of the
receptor for complement C5a (CD88) is up-regulated on reactive
astrocytes, microglia, and endothelial cells in the inflamed human
central nervous system. Am J Pathol 1997, 150:31–41.
41. Muller-Ladner U, Jones JL, Wetsel RA, Gay S, Raine CS, Barnum SR:
Enhanced expression of chemotactic receptors in multiple sclerosis
lesions. J Neurol Sci 1996, 144:135–141.
42. Nataf S, Stahel PF, Davoust N, Barnum SR: Complement anaphylatoxin
receptors on neurons: new tricks for old receptors? Trends Neurosci 1999,
22:397–402.
43. Benard M, Raoult E, Vaudry D, Leprince J, Falluel-Morel A, Gonzalez BJ, Galas
L, Vaudry H, Fontaine M: Role of complement anaphylatoxin receptors
(C3aR, C5aR) in the development of the rat cerebellum. Mol Immunol
2008, 45:3767–3774.
44. Crane JW, Baiquni GP, Sullivan RK, Lee JD, Sah P, Taylor SM, Noakes PG,
Woodruff TM: The C5a anaphylatoxin receptor CD88 is expressed in
presynaptic terminals of hippocampal mossy fibres. J Neuroinflammation
2009, 6:34.
45. Li R, Coulthard LG, Wu MC, Taylor SM, Woodruff TM: C5L2: a controversial
receptor of complement anaphylatoxin, C5a. FASEB J, . in press.
46. Lue LF, Rydel R, Brigham EF, Yang LB, Hampel H, Murphy GM Jr, Brachova L,
Yan SD, Walker DG, Shen Y, Rogers J: Inflammatory repertoire of
Alzheimer's disease and nondemented elderly microglia in vitro. Glia
2001, 35:72–79.

Fonseca et al. Journal of Neuroinflammation 2013, 10:25
http://www.jneuroinflammation.com/content/10/1/25

Page 12 of 12

47. Akiyama H, Barger S, Barnum S, Bradt B, Bauer J, Cole GM, Cooper NR,
Eikelenboom P, Emmerling M, Fiebich BL, Finch CE, Frautschy S, Griffin WS,
Hampel H, Hull M, Landreth G, Lue L, Mrak R, Mackenzie IR, McGeer PL,
O'Banion MK, Pachter J, Pasinetti G, Plata-Salaman C, Rogers J, Rydel R, Shen
Y, Streit W, Strohmeyer R, Tooyoma I, et al: Inflammation and Alzheimer's
disease. Neurobiol Aging 2000, 21:383–421.
48. Stahel PF, Frei K, Eugster HP, Fontana A, Hummel KM, Wetsel RA, Ames RS,
Barnum SR: TNF-alpha-mediated expression of the receptor for
anaphylatoxin C5a on neurons in experimental Listeria
meningoencephalitis. J Immunol 1997, 159:861–869.
49. Cribbs DH, Berchtold NC, Perreau V, Coleman PD, Rogers J, Tenner AJ,
Cotman CW: Extensive innate immune gene activation accompanies
brain aging, increasing vulnerability to cognitive decline and
neurodegeneration: a microarray study. J Neuroinflammation 2012, 9:179.
50. Shenoy SK, Lefkowitz RJ: Multifaceted roles of beta-arrestins in the
regulation of seven-membrane-spanning receptor trafficking and
signalling. Biochem J 2003, 375:503–515.
51. Mori H, Kondo J, Ihara Y: Ubiquitin is a component of paired helical
filaments in Alzheimer's disease. Science 1987, 235:1641–1644.
52. Perry G, Friedman R, Shaw G, Chau V: Ubiquitin is detected in
neurofibrillary tangles and senile plaque neurites of Alzheimer disease
brains. Proc Natl Acad Sci U S A 1987, 84:3033–3036.
53. Keck S, Nitsch R, Grune T, Ullrich O: Proteasome inhibition by paired
helical filament-tau in brains of patients with Alzheimer's disease.
J Neurochem 2003, 85:115–122.
54. Kragh CL, Ubhi K, Wyss-Corey T, Masliah E: Autophagy in dementias. Brain
Pathol 2012, 22:99–109.
55. Ihara Y, Morishima-Kawashima M, Nixon R: The ubiquitin-proteasome
system and the autophagic-lysosomal system in Alzheimer disease.
Cold Spring Harb Perspect Med 2012, 2. doi:10.1101/cshperspect.a006361.
pii: a006361.
doi:10.1186/1742-2094-10-25
Cite this article as: Fonseca et al.: Complement activation fragment C5a
receptors, CD88 and C5L2, are associated with neurofibrillary pathology.
Journal of Neuroinflammation 2013 10:25.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• 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

