Journal of Cellular Biochemistry 73:303-311 (1999)

Complement-Derived Anaphylatoxin C5a Protects
Against Glutamate-Mediated Neurotoxicity

Hiroshi Osaka, Piali Mukherjee, Paul S. Aisen, and Giulio Maria Pasinetti*

Neuroinflammation Research Laboratories of the Department of Psychiatry, Mount Sinai School
of Medicine, New York, New York 10029

Abstract Previous work from this laboratory indicates a role for the complement component C5 in neuroprotec-
tion against excitotoxicity. In the present study, we tested the hypothesis that the C5-derived anaphylatoxin C5a protects
against kainic acid (KA)-induced neurodegeneration and investigated the mechanism of C5a neuronal activity in vitro.
Brain intraventricular infusion of KA into adult mice caused neuronal morphological features of apoptosis in the
pyramidal layer of the hippocampal formation as indicated by counts of neurons with pyknotic/condensed nuclei
associated with cytoplasmic eosinophilia. Co-intraventricular infusion of human recombinant C5a with KA resulted in a
marked reduction of morphological features of apoptotic neuronal death. In vitro studies confirmed C5a neuroprotec-
tion: treatment of primary murine corticohippocampal neurons with human or mouse recombinant C5a reduced
glutamate neurotoxicity, as measured by trypan blue exclusion assay. This protection concurred with inhibition of
glutamate-mediated induction of the caspase-3-related cysteine protease and coincided with marked reduction of
neurons with morphological features of apoptosis, as found in vivo. Our studies indicate that C5a may inhibit
glutamate-mediated neuronal death through partial inhibition of caspase-3 activity. These findings suggest a novel
noninflammatory role for C5a in modulating neuronal responses to excitotoxins. J. Cell. Biochem. 73:303-311,
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The complement system, a major component
of the inflammatory response, plays a signifi-
cant role in neurodegeneration [Akiyama et al.,
1991; McGeer et al., 1991, 1996] and contrib-
utes to the pathophysiology of Alzheimer’s dis-
ease (AD) [McGeer et al., 1989; Pasinetti, 1996;
Shen et al., 1997; Walker and McGeer, 1992;
Rogers et al., 1996]. We have used mice with
genetically induced C5 deficiency to study the
role of this complement protein in neurodegen-
erative mechanisms. Surprisingly, C5-deficient
mice show more neuronal injury to excitotoxic-
ity, an effect that may be mediated by changes
in calcium-dependent alpha-amino-3-hydroxy-
5-methyl-4-isoxazole propionic acid (AMPA) re-
ceptor binding [Pasinetti et al., 1996; Tocco et
al., 1997]. These studies suggest that in addi-
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tion to their contribution to neurodegenerative
mechanisms, complement proteins may be neu-
roprotective.

During complement activation, anaphylatox-
ins are released and interact with cellular com-
ponents to amplify inflammatory processes. One
such peptide is C5a, a glycoprotein cleaved from
C5 by C5 convertase [Cochran and Mauller-
Eberhard, 1968; Gerard and Gerard, 1994,
Hugli, 1984]. In vitro, C5a is chemotactic for
astrocytes and brain-derived macrophage/mi-
croglia[Yao et al., 1990]. The response of inflam-
matory cells to C5a is mediated by binding to
the C5a receptor (C5aR) [Gerard and Gerard,
1994, 1991; Chenoweth and Hugli, 1978; Hop-
ken et al., 1996]. We and others have found that
Cb5aR is expressed in the neurons and glia of
mouse brain [Osaka et al., 1998; Stahel et al.,
1997], where itis regulated in response to kainic
acid (KA) excitotoxic lesions [Osaka et al., 1998].
This finding suggests that the influence of C5
on the response to excitotoxic insults could be
mediated by binding of C5a to its neuronal
receptor. In this study, we examined the neuro-
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protective role of C5a in excitotoxicity both in
vivo and in vitro.

MATERIALS AND METHODS
Anaphylatoxins

Purity of the human recombinant (hr)C5a
(Sigma Chemical Co., St. Louis, MO) and mu-
rine recombinant (mr)C5a (gift of Dr. Scott Bar-
num) was verified by polyacrylamide gel electro-
phoresis (PAGE)-Coomassie blue (BRL) staining
(see Results). All cultures and reagents were
demonstrated to be free of endotoxin (<10 pg/
ml) by Limulus lysate assay (Sigma, St. Louis,
MO).

Chemokinetic potency of hrC5a (ECsy: 1.2 X
101 M in human neutrophil) was assessed for
biological activity. In neuronal SH-SY5Y cells,
hrC5a demonstrated the ability to induce pro-
tein kinase Ca activity and mobilize Ca?* in
individual cells by fura-2 radiometric imaging
(H. Osaka and G.M. Pasinetti, unpublished ob-
servations). Biological activity of hrC5a was
also confirmed in astrocytes; hrC5a induction of
mitogen-activated protein kinase (ERK1) was
receptor mediated, as no activation was found
in astrocytes derived from C5a receptor knock-
out mice [Hopken et al., 1996; Osaka et al.,
1998].

Kainic Acid (KA) Lesions

For KA neurodegeneration studies, adult
B10.D2/nSnj mice (Jackson Laboratories, Bar
Harbor, ME) were used. KA lesions were ob-
tained by intraventricular (ICV, lateral ven-
tricle) infusion of KA (4.6 nmoles) and/or hrC5a
(Sigma, 4.8 uM) in 2 ul vol, as previously de-
scribed [Osaka et al., 1998]. The dose of hrC5a
for ICV infusion was selected to achieve a cere-
brospinal fluid (CSF) concentration similar to
the effective hrC5a concentration (100 nM) in
the in vitro studies below. Mice were monitored
for seizure activity; all the injected mice exhib-
ited an apparent homogeneity of seizure activ-
ity [Tocco et al., 1997]. Neuronal features of
apoptotic death were assessed by counting neu-
rons with evident pyknotic condensed nuclei
surrounded by cytoplasmic eosinophilia, using
H&E histochemistry as previously described
[Tocco et al., 1997].

Primary Neuron Cultures

Primary cortico-hippocampal cultures of
mouse embryonic neurons (gestational day 14—
16) were prepared as previously described

[Pasinetti et al., 1996] with minor modifica-
tions. Neurons were seeded at 2 X 10° per well
in poly-p-lysine (Sigma) coated 96-well plates
and cultured in serum-free chemically defined
medium Neurobasal/B27 (2%) supplement and
1% Penicillin-Streptomycin (Gibco-BRL, Gai-
thersburg, MD). The absence of astrocytes (<1-
2%) was confirmed by the lack of glial fibrillary
acidic protein (GFAP) immunostaining verified
in parallel studies (data not shown). Northern
blot hybridization of total RNA was used to
verify C5a receptor expression in these primary
corticohippocampal neurons as previously de-
scribed [Osaka et al., 1998].

Determination of Glutamate Neurotoxicity

For glutamate neurotoxicity, 7- to 8-day-old
cultures of primary mouse cortico-hippocampal
neurons were exposed to I-glutamate (Sigma)
for the appropriate time and dose. Neurotoxic-
ity was determined by the quantification of
trypan blue (Sigma)-positive neurons in 8-10
randomly selected fields. Assessment of morpho-
logical features of apoptotic damage was done
by counting neurons with evident pyknotic con-
densed nuclei surrounded by cytoplasmic eo-
sinophilia using H&E histochemistry as previ-
ously described [Tocco et al., 1997]. Damaged
neurons were quantified from 8-10 randomly
selected fields. Six independent lots of hrC5a
from Sigma were used in these studies; all lots
exhibited consistency for purity, biological activ-
ity, and neuroprotection in primary neuronal
cultures.

Caspase-3 Protease Activity

Treated primary cortico-hippocampal neuron
cultures were washed with phosphate-buffered
saline (PBS) and harvested in 100 pl cell lysis
buffer (50 mM HEPES pH 7.4, 0.1% CHAPS, 1
mM DTT, 0.1 mM EDTA, 0.5 mg/ml PEFAblock-
SC). Lysates were then incubated on ice for 15
min and centrifuged at 10,000g for 10 min at
4°C, and protein concentrations were deter-
mined. Lysates (soluble supernatants) were
used immediately or stored at —80°C. Aliquots
of protein (50 pg) were incubated at 37°C with
assay buffer (50 mM HEPES pH 7.4, 100 mM
NacCl, 0.1% CHAPS, 10 mM DTT, 1 mM EDTA,
10% glycerol) and 200 mM Ac-DEVD-pNA
(Biomol, Plymouth Meeting, PA). Caspase-3-
like activity was monitored colorimetrically (405
nm) by quantifiying the release p-nitroaniline
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from the cleaved caspase-3 substrate DEVD-
pNA at appropriate time intervals. The addi-
tion of the caspase-3 inhibitor Ac-DEVD-CHO
(0.1 uM) to reaction mixture blocked the gluta-
mate induced caspase-3-like activity, confirm-
ing specificity of the caspase-3 assay.

Statistical Analysis

Analysis of variance (ANOVA) was used to
compare three or more treatments. Bonferro-
ni's multiple comparison test was used to detect
differences between treatments.

RESULTS

hrC5a Protects Against Hippocampal
KA Neurodegeneration

To evaluate the role of hrC5a on hippocampal
KA neurodegeneration we counted visibly dam-
aged neurons in mouse brain after KA lesions.
By 72 h after ICV KA infusion (4.6 nmoles in
2 ul), we observed an increased number of dam-
aged neurons with morphological features of
apoptosis characterized by condensed pyknotic
nuclear morphology associated with cytoplas-
mic eosinophilia. Changes were most evident in
the CA3 pyramidal layer of hippocampal forma-
tion ipsilateral to the lesion compared with
saline-injected controls (Figs. 1A, 2A,B). Co-
ICV infusion of KA with hrC5a (final concentra-
tion of infused hrC5a: 4.8 uM) coincided with a
marked reduction in the number of damaged
neurons at 72 h postlesioning (Figs. 1A, 2C vs
2B). Protection was also observed in the CAl
subdivision of the pyramidal layer and in the
temporal/cingulate cortex ipsilateral to injec-
tion side (data not shown). No detectable gluta-
mate-mediated neuronal damage was found in
the granule cell layer of the dentate gyrus (Figs.
1B, 2D-F). ICV infusion of hrC5a alone had no
effect on basal level of neuronal survival in any
hippocampal region examined (Fig. 1A,B).

hrC5a Protects Against Glutamate
Neurotoxicity In Vitro

Exposure of primary cortico-hippocampal
neurons to glutamate (25-50 puM) resulted in
concentration- and time-dependent loss of neu-
ronal viability as assessed by vital dye trypan
blue assay (Fig. 3A,B). Neurotoxicity was as-
sessed by quantification of trypan blue-positive
neurons counted in 8-10 randomly selected
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Fig. 1. hrCb5a protects against hippocampal KA neurodegenera-
tion hematoxylin and eosin (H&E) histochemistry was used to
assess morphological features of apoptotic neuronal death in
(A) CA3 subdivision of the pyramidal layer and (B) granule cell
layer of dentate gyrus of the mouse hippocampal formation. For
each animal, 5-6 rostrocaudal tissue sections encompassing the
dorsal hippocampal formation were used for estimation of
damaged neurons characterized by condensed, pyknotic nuclear
morphology associated with cytoplasmic eosinophilia. Values
are mean =SEM; n = 3-4 per group, hrC5a n = 1; *P < 0.01 vs
control value and **P < 0.05 compared with KA lesion group.
CTL, control; KA, kainic acid; hrC5a, human recombinant C5a.

fields per group from two to three independent
studies.

To assess the role of C5a (hrC5a) in neuropro-
tection, neuronal cultures were pretreated for
24 h with either hrC5a or mrC5a and then
exposed to glutamate; neurotoxicity was as-
sessed by quantification of trypan blue-positive
neurons from four to five independent studies.
Neurotoxicity induced by exposure of cultures
to 50 uM glutamate for 24 h (Figs. 3C, 4C) was
significantly reduced by pretreatment with 100
nM of either hrC5a or mrC5a (Figs. 3C, 4D vs
4C). Neuroprotection by hrC5a was dose depen-
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Fig. 2. hrCb5a protects against hippocampal KA neurodegenera-
tion. Micrographs of the CA3 subdivision of the pyramidal layer
(A-C), and granule cell layer of the dentate gyrus (DG) (D-F),
from mouse brain tissue sections visualized by hematoxylin and

dent and was not detected in neuronal cultures
pretreated with 10 nM hrCb5a (Fig. 3C). Cul-
tures treated with hrC5a for 24 h did not differ
from control cultures (Figs. 3C, 4A,B).
Northern blot hybridization of total RNA (30
ug) from primary cortico-hippocampal neurons
(8-day-old cultures) was used to assess C5aR
mMRNA expression in primary cortico-hippocam-
pal neurons using a mouse specific [3?P]-C5aR
cRNA probe. Hybridization revealed a single
MRNA species with a molecular weight slightly
greater than 18S RNA (approximately 2.2 kb)

o Py
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B

eosin (H&E) histochemistry. A,D: Control vehicle-injected group.
B,E: Glutamate-treated. C,F: Glutamate/hrC5a-treated. Scale
bar = 30 um.

(Fig. 3A, inset). PAGE/Coomassie blue staining
confirmed purity of hrC5a and mrC5a and dis-
played a unique band of approximately 9-10
kDa, as expected (Fig. 3C, inset)

Glutamate-Mediated Activation of Caspase-3
in Cortico-Hippocampal Neurons

To assess the role of glutamate in activation
of caspase-3-like protease activity in primary
corticohippocampal neurons, we monitored the
release of p-nitroaniline from the caspase-3-
specific substrate Ac-DEVD-pNA from lysates
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of glutamate-treated cortico-hippocampal neu-
ron cultures as assessed by colorimetric assay
(Fig. 5A). We found that caspase-3-like prote-
ase activity in glutamate-treated neurons was
linear over a range of time (Fig. 5A) and protein
concentration (not shown). Caspase-3-like pro-
tease activity in lysates of glutamate-treated
neurons was inhibited by the addition of the
caspase-3 tetrapeptide specific inhibitor Ac-
DEVD-CHO to the lysate-substrate reaction
mixture (Fig. 5A).
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hrC5a Inhibits Glutamate-Mediated Induction
of Caspase-3-Like Activity
in Cortico-Hippocampal Neurons

Caspase-3-like protease activity in lysate ex-
tracts of glutamate-treated cortico-hippocam-
pal neuron cultures revealed four- to fivefold
elevation by 24 h after treatment with 50 uM
glutamate, as compared with untreated control
neuron cultures (Fig. 5B). Neuron cultures pre-
treated with hrCb5a for 24 h before glutamate
exposure showed marked reduction of caspase-
3-like protease activity in response to gluta-
mate treatment (Fig. 5B). Neuronal cultures
treated with hrCba for 24 h did not differ from
control cultures (Fig. 5B).

The neuroprotective role of hrC5a against
glutamate neurotoxicity in cortico-hippocam-
pal cultures was further assessed by changes in
nuclear morphology and cellular integrity us-
ing H&E histochemistry (Fig. 5B panels 1-4,
inset). By 24 h after exposure to glutamate (50
1M), we found greater than threefold elevation
in number of cortico-hippocampal neurons with
morphological features of apoptotic damage
which coincided temporally with the induction
of caspase-3-like activity (see above). Neuronal
damage was characterized by condensed pyk-
notic nuclear morphology associated with cyto-
plasmic eosinophilia (Fig. 5B, panel 3), as com-
pared with control untreated cultures (Fig. 5B,
panel 1). Neuron cultures pretreated for 24 h
with hrC5a (100 nM) showed a marked reduc-
tion in the number of damaged neurons coinci-

Fig. 3. hrC5aand mrC5a protect against glutamate-mediated neu-
rotoxicity. A: Dose curve. B: Time course of glutamate-mediated
neurotoxicity, as assessed by vital dye trypan blue exclusion assay.
C: Neuronal cultures were pretreated with hrC5a or mrC5a for 24 h
and then exposed to different concentrations of glutamate; neuronal
survival was assessed 24 h later. Trypan blue solution (Sigma, 0.02%
in culture medium) was added to cultures for 20 min. Cultures were
rinsed in phosphate-buffered saline, and trypan blue-positive cells
were counted per low magnification field, as indicated in Materials
and Methods. Neurotoxicity was determined by the quantification
of trypan blue-positive neurons, which were counted in 8-10 ran-
domly selected fields (premarked reticules of 1 mm?). Values repre-
sent means +SEM of determinations made in 4-5 separate cultures;
*P < 0.001, compared with control value in cultures exposed to
glutamate and **P < 0.01, compared with corresponding values for
cultures treated with glutamate. A (inset): Northern blot hybridiza-
tion of total RNA showing C5aR mRNA expression in parallel
cultures to those used for glutamate neurotoxicity. Lane 1, ethidium
bromide staining of total RNA; lane 2, C5aR mRNA hybridization
signal. C (inset): PAGE/Coomassie blue staining confirmed purity of
hrC5a (lane 1) and mrC5a (lane 2), showing a unique band of
approximately 9-10 kDa, as expected.
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Fig. 4. hrC5a protects against glutamate neurotoxicity as as-
sessed by trypan blue assay. A: Micrograph of control-untreated
corticohippocampal neuron cultures. B: Cultures treated with
hrC5a alone for 24 h. C: Loss of neuronal viability is visualized
by an increase in the number of trypan blue-positive neurons 24
h after exposure to 50 uM glutamate. D: Glutamate neurotoxic-
ity was significantly reduced by pretreatment with 100 nM of
hrC5a for 24 h. C,D: Large arrows, trypan blue-positive neurons.
Arrows, undamaged neurons. Scale bar = 30 pm.

dental to inhibition of caspase-3-like activity
(Fig. 5B, panel 4 vs panel 3). Neuronal cultures
treated with hrC5a for 24 h did not differ from
control cultures (Fig. 5B, panel 1 vs panel 2).

DISCUSSION

Our data suggest that hrC5a protects against
glutamate-mediated neurodegeneration in vivo
and in vitro. Co-intraventricular infusion of
hrC5a with KA markedly reduced the number
of neurons with morphological features of apop-
totic damage in the hippocampal formation.

Further, treatment of cortico-hippocampal cul-
tures with hrC5a and mrC5a resulted in sub-
stantial protection against glutamate toxicity.

Little is known about the role of C5a in the
normal and pathological brain. In this study,
we found that 100 nM hrCba is an effective
neuroprotective concentration with regard to
glutamate neurotoxicity. We note that a similar
range of human (h)C5a concentrations (60-80
nM) are required to induce interleukin-8 (IL-8)
secretion in human monocytes [Ember et al.,
1994]. Therefore, despite the different source of
Cba, cell type, and assay system, the C5a doses
required for cytokine secretion (inflammation?)
and neuroprotection are remarkably similar.

We recently found that C5a receptor (C5aR)
is expressed in neuronal (and glial) cells of the
mouse brain [Osaka et al., 1998]. Moreover,
using ligand binding autoradiography, we found
that C5aR is dynamically regulated in mouse
brain during responses to KA lesions [Osaka et
al., 1998]. Therefore, the level of C5aR expres-
sion may also play an important role in the
amplification of C5a-mediated responses dur-
ing neurodegeneration, as found in the present
study.

We found that hrC5a neuroprotection coin-
cided with marked inhibition of the activity of
the cysteine protease caspase-3. Caspase-3, a
member of the interleukin-18 (IL-1B) convert-
ing enzyme-like protease family [Alnemri et al.,
1996], has been shown to mediate apoptotic
death in many cell types and conditions [Jan-
icke et al., 1998; Cohen, 1997; Yakovlev et al.,
1997], including primary neuronal cultures af-
ter glutamate treatment [Du et al., 1997]. Coin-
cidental apoptotic neuron death and caspase-3-
like activity was demonstrated in AD brain
[Yang et al., 1998]. While controversial,
caspase-3 activity has also been linked to the
proteolytic processing of presenilin-1 and prese-
nilin-2, which may be important to the patho-
physiology of AD [Kim et al., 1997; Grunberg et
al., 1998].

Previous studies found that relatively low
concentrations of glutamate treatment leads to
induction of caspase-3 coincidental to apoptotic
neuronal death [Du et al., 1997]. Under similar
experimental conditions, we confirmed these
findings in corticohippocampal neurons and
found that C5a anaphylatoxin may be neuropro-
tective through the regulation of caspase-3 ac-
tivity. However, our studies do not provide spe-
cific information on the mechanism by which
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Fig.5. Inhibition of caspase-3 activity by hrC5a coincides with
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extracts of glutamate-treated cortico-hippocampal neuron cul-
tures (24 h after treatment with 50 uM glutamate) and inhibition
of the glutamate-mediated induction of caspase-3 like activity
by tetrapeptide-specific inhibitor Ac-DEVD-CHO. B: Pretreat-
ment of cortico-hippocampal cultures for 24 h with hrC5a (100
nM) showed marked reduction of caspase-3 like protease activ-

ity coincidental with reduction of neurons with morphological
features of apoptosis. B: Panels 1-4, micrographs of primary
corticohippocampal neuron cultures visualized by hematoxylin
and eosin (H&E) staining: panel 1, untreated control primary
cortico-hippocampal neuron cultures; panel 2, cultures treated
with hrC5a (100 nM for 24 hr); panel 3, neuronal cultures 24 h
after glutamate; panel 4, cultures pretreated for 24 h with hrC5a
showed marked reduction of damaged neurons (small arrow,
neurons with intact projection). Scale bar = 20 um.
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caspase-3 is activated by glutamate or con-
trolled by hrCb5a treatment. It has been sug-
gested that activation of the caspase-3 proen-
zyme may be associated with an imbalance of
Ca?" metabolism and oxidative stress during
glutamate receptor activation in the initial
phase of excitotoxic death cascades [Choi, 1995].
We note that C5a may play an important role in
Ca?* mobilization in astrocytes and neuroblas-
toma cells (G.M. Pasinetti, unpublished obser-
vation).

Complement is activated in the AD brain,
where it may potentiate neurodegeneration [Pa-
sinetti, 1996; Shen et al., 1997]. Amyloid B
peptide (AB) can activate complement in vitro
(Rogers et al., 1992a; Velazquez et al., 1997],
with potentiation of AR toxicity under specific
conditions [Oda et al., 1995; Rogers et al.,
1992b]. Thus, suppression of complement acti-
vation has been considered a therapeutic target
for AD [Aisen, 1997]. However, the present re-
sults suggest that C5a may have multiple ef-
fects relevant to neuronal survival. In view of
the evidence that in AD brain excitotoxicity
may be responsible for a widespread pattern of
neurodegeneration [Olney et al., 1997], our data
suggest that anaphylatoxin C5a may play an
important protective role against neurodegen-
eration in AD.

In conclusion, our results suggest that the
role of complement-derived peptides in neurode-
generative mechanisms is complex. Neuropro-
tection against glutamate excitotoxicity does
not necessarily mean that C5a is neuroprotec-
tive against other toxic mechanisms relevant to
AD. Further elucidation of the activities of ana-
phylatoxin in brain is essential to the search for
specific immunomodulatory/anti-inflammatory
strategies to promote neuronal survival in AD.
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