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Microglial cells are activated in response to brain insults; the
mechanisms of this process are not yet understood. One of the
important signaling mechanisms that might be involved in mi-
croglia activation is related to changes in the intracellular cal-
cium concentration ([Ca21]i). Using fluo-3 microfluorimetry, we
have found that external application of the complement frag-
ment C5a (4–10 nM) induced [Ca21]i elevation in microglial cells
in situ in corpus callosum slices. Similarly, application of com-
plement fragments C5a (0.1–10.0 nM) or C3a (100 nM) generates
biphasic [Ca21]i transients composed of an initial peak followed
by a plateau in cultured microglia. Incubation of microglial cells
for 30 min with pertussis toxin (PTX; 1 mg/ml) inhibited both
C5a- and C3a-triggered [Ca21]i responses, suggesting the in-
volvement of PTX-sensitive G-proteins in the signal transduc-

tion chain. Removal of Ca21 ions from the extracellular solution
eliminated the plateau phase and limited the response to the
initial peak. The restoration of the extracellular Ca21 concen-
tration within 30–60 sec after the beginning of the complement
fragment-induced [Ca21]i elevation led to the recovery of the
plateau phase. Inhibition of the endoplasmic reticulum Ca21

pumps with 500 nM thapsigargin transiently increased the
[Ca21]i and blocked the [Ca21]i signals in response to subse-
quent complement fragment application. Our data suggest that
complement factors induce [Ca21]i responses by Ca

21 release
from internal pools and subsequent activation of Ca21 entry
controlled by the filling state of the intracellular Ca21 depots.
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Microglial cells are the resident brain macrophages that deter-
mine the immune responses of the CNS. Damage in the nervous
system leads to activation of the resting microglia, resulting in a
sequence of morphological, immunological, and functional
changes (Thomas, 1992; Perry et al., 1993). The intimate nature of
the signaling events underlying microglial activation is still un-
known. Various pathological processes in the CNS (e.g., multiple
sclerosis, inflammatory processes, Alzheimer’s disease) involve
the activation of the complement signaling system (Morgan,
1994). The generation of complement fragments (anaphylatoxins)
C3a and C5a is associated with complement activation, which
plays an important role in immunological responses (for review,
see Goldstein, 1988). Both C3a and C5a complement fragments
act as specific chemotaxins for leukocytes and in addition may
affect other immunocompetent cells, such as microglia. The action
of anaphylatoxins is achieved via activation of specific receptors,
coupled presumably with pertussis toxin (PTX)-sensitive
G-proteins (Gerardy-Schahn et al., 1989; Gerard and Gerard,
1991, 1994). Activation of C5a and C3a receptor subtypes evoked
elevation of cytoplasmic free calcium concentration ([Ca21]i) in
neutrophiles (Monk and Partridge, 1993; Norgauer et al., 1993).
The activation of C5a receptors was reported to initiate phospho-
lipase C-controlled inositol (1,4,5)-trisphosphate (InsP3) produc-
tion, with subsequent Ca21 release from internal pools (Norgauer
et al., 1993). The intimate mechanism underlying C3a-triggered

[Ca21]i elevation remains controversial: one study revealed the
stimulation of InsP3 turnover with subsequent intracellular Ca

21

release (Klos et al., 1992), whereas other studies demonstrated
that C3a activates plasmalemmal Ca21 influx (Norgauer et
al., 1993).
It is widely accepted that one of the important and ubiquitous

determinants of intracellular signaling is closely associated with
the fluctuations of [Ca21]i (Berridge, 1993; Clapham, 1995a; Ko-
styuk and Verkhratsky, 1995). The mechanisms of calcium signal
generation have been characterized in detail for various mamma-
lian cells, including secretory cells, blood cells, myocytes, neu-
rones, and various populations of glial cells (Kostyuk and Verkh-
ratsky, 1994, 1995; Petersen et al., 1994; Pozzan et al., 1994;
Verkhratsky and Kettenmann, 1996); however, the mechanisms of
[Ca21]i homeostasis in microglial cells are not well characterized.
A limited number of observations demonstrate that some ago-
nists, including ATP (Walz et al., 1993), carbachol (Whittemore et
al., 1993), and bacterial endotoxins (Bader et al., 1995), elevate
[Ca21]i in cultured microglia, whereas platelet-activating factor
was reported to induce [Ca21]i elevation in both primary-cultured
and immortalized microglial cells (Righi et al., 1995). Conceptu-
ally, Ca21 ions might be delivered into the cytoplasm via (1)
opening of ligand- or voltage-activated plasmalemmal Ca21 chan-
nels (Hofmann et al., 1994), (2) liberation of Ca21 from internal
pools attributable to the activation of intracellular Ca21 release
channels (Kostyuk and Verkhratsky, 1994, 1995; Pozzan et al.,
1994), and (3) activation of newly discovered plasmalemmal cal-
cium permeability, controlled by the filling state of internal Ca21

pools (“capacitative calcium entry”) (Putney, 1990; Penner et al.,
1993; Fasolato et al., 1994).
In the present work we have used microfluorimetric [Ca21]i

recordings to examine the mechanisms involved in the agonist-
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induced [Ca21]i signaling in microglial cells. We have found that
complement fragment C5a transiently elevated [Ca21]i in ame-
boid microglial cells on the surface of acutely prepared corpus
callosum slices; the similar [Ca21]i elevation was observed in
microglial cells in culture that were challenged with com-
plement fragments C5a and C3a. This complement fragments-
induced [Ca21]i signaling was composed of Ca

21 release from
thapsigargin-sensitive internal calcium stores, and additional plas-
malemmal Ca21 entry activated the depletion of internal Ca21

depots.
Preliminary results have been published previously in abstract

form (Möller et al., 1996)

MATERIALS AND METHODS
Culture of microglial cells. Microglia cells were prepared from cortex of
newborn Naval Medical Research Institute-mice, essentially as described
previously (Giulian and Baker, 1986; Frei et al., 1986). In brief, cortical
tissue was carefully freed from major blood vessels and meninges. Tissue
was trypsinized for 2 min, triturated with a fire-polished pipette, and
washed twice. The cortical cells were cultured in DMEM supplemented
with 10% fetal calf serum, with change of medium every third day. After
9–12 d, microglia were separated from the underlying astrocytic mono-
layer by gentle agitation, taking advantage of their differential adhesive
properties. Microglial cells in the supernatant were washed once and
plated on poly-L-lysine-coated glass coverslips at a density of 2 3 104

cells/cm2. Microglial cells were allowed to settle for 20 min. Nonadhesive
cells were removed by washing in PBS, and cells were cultured in
serum-free medium (Macrophage-SFM, Life Technologies, Gaithers-
burg, MD) supplemented with 20% astrocyte-conditioned medium.
Astrocyte-conditioned medium was collected from astrocytic monolayers
maintained in DMEM without serum for 3 d. Supernatant was pooled,
centrifuged, filtered, and stored at2708C until use. Plated cells were kept
in the same medium 1–4 d before being used for experiments. To test for
the purity of the cultures, the cells were stained withGriffonia simplicifolia
isolectin-B4 (IL-B4) (Streit, 1990). Briefly, cultures were fixed in 4%
paraformaldehyde in PBS for 5 min and after two washes in PBS were
incubated with biotinylated IL-B4 for 20 min. Cell-bound lectin was
visualized by streptavidin-bodipy. The staining showed that the cultures
contained .98% microglia. As described previously (Giulian and Baker,
1986), two different morphological forms of microglial cells could be
distinguished: ramified cells and ameboid cells with a flat halo around the
soma.
[Ca21]i measurements in cultured microglial cells. Cultured microglial

cells were loaded with Ca21 indicator by incubation of glass coverslips
with adhered cells in normal physiological bathing solution supple-
mented with 5 mM fluo-3 acetoxymethylester and 0.02% pluronic F-127
for 30 min at room temperature. For measuring the intracellular
calcium concentration, a confocal laser scanning microscope (Sarastro
2000; Molecular Dynamics, Sunnyvale, CA) was used. The scanner was
mounted on the upright microscope (Axioscope, Zeiss, Oberkochen,
Germany) equipped with a 403 magnification, numerical aperture
0.75, water immersion objective. Fluo-3 was excited at the 488 nm line
of an argon laser, and the fluorescence was measured at emission
wavelength above 510 nm selected with a longpass filter. Images were
constructed from 128 3 128 pixels and were acquired every 3 sec.
Fluo-3 is a nonratiometric Ca21 indicator and does not provide abso-
lute Ca21 concentrations. Therefore, the Ca21 concentration changes
are depicted as fluorescence intensity ratio F/F0. The resting fluores-
cence value F0 was determined at the beginning of each experiment by
averaging 10 images. To exclude possible influences associated with
changes in cell volume and/or position of the cell, both of these
parameters were monitored throughout the experiments. No obvious
changes in shape and location of cells were detected within the time
windows used for our experiments. Acquisition of the fluorescence data
and image analysis were performed using the Imagespace (Molecular
Dynamics) and standard PC evaluation software.
[Ca21]i recordings from microglial cells in brain slices. The prepara-

tions for recordings from microglial cells in situ were prepared essen-
tially as described by Brockhaus et al., 1993. Briefly, forebrain hemi-
spheres were taken from 6- to 9-d-old mice, and coronal slices (200 mm
thick) were cut using the vibratome (Vibracut, Plano). For loading the
cells with Ca21-sensitive dye, slices (1 hr after preparation) were

incubated in carbogen (95% CO2/5% O2)-gassed bicarbonate-buffered
physiological solution supplemented with 5 mM fluo-3 acetoxymethyl-
ester and 0.02% pluronic F-127 for 30 min at 378C. For microfluori-
metric recordings, slices were placed into chambers mounted on the
stage of an upright microscope connected with a confocal laser scanner.
The chamber was perfused continuously with bicarbonate-buffered
solution; substances were introduced by changing the perfusate.
Changes in fluo-3 fluorescence were measured as described above.
Cells were visualized with a 403 magnification water immersion ob-
jective (numerical aperture 0.75). Microglial cells on the surface of the
corpus callosum slice were identified by their morphological appear-
ance, as described previously (Brockhaus et al., 1993).
Solutions and reagents. All solutions were freshly prepared from refrig-

erated stock solutions. The standard bathing solution for experiments
with cultured cells was composed of (in mM): 150 NaCl, 5.4 KCl, 2 CaCl2,
1 MgCl2, 10 HEPES, 10 glucose, adjusted with NaOH to pH 7.4. The
bicarbonate-buffered solution for experiments with corpus callosum slices
contained (in mM): 135 NaCl, 5.4 KCl, 2.5 CaCl2, 1 MgCl2, 25 NaHCO3,
1.6 NaH2PO4, 10 glucose, pH 7.4, when continuously gassed with 5%
CO2/95% O2. To obtain calcium-free solution, CaCl2 was omitted, MgCl2
was increased to 2 mM, and 5 mM EGTA was added. Fluo-3/AM and
pluronic F-127 were obtained from Molecular Probes (Eugene, OR).
Recombinant human C5a complement fragment as well as all other
chemicals were obtained from Sigma (St. Louis, MO).
Preparation of C3a complement fragment. C3a and its desaminated

analog C3a-desaminoarginine (C3a-desArg) were purified from human
plasma as described previously (Kreitzschmar et al., 1992). Briefly,
fresh plasma containing 10 mM EGTA and 1.5 mM DL-2-
mercaptomethyl-3-guanidinoethyl-thiopropanoic acid was incubated
for 1 hr with zymosan (10 mg/ml) in the presence of 6-aminohexanoic
acid (50 mM) and MgCl2 (10 mM) and then adjusted to pH 5.0 with 1
N HCl followed by the addition of the same volume of boiling NaCl
solution (150 mM). After cooling, centrifugation, and cation exchange
chromatography on S-Sepharose Fast Flow, the C3a/C3a-desArg-
containing fractions were identified in a dot-blot assay using the C3a/
C3a-desArg-specific monoclonal antibody (mAb) H13 (Burger et al.,
1987) and pooled for further purification on a Mono S-column. The
eluted fractions gave a single band with a molecular weight of 9 kDa in
SDS-PAGE and Western blot. Biological activity was measured with
guinea pig platelets in the ATP release assay using luciferin-luciferase
in a luminometer. C3a activity was completely blocked by preincuba-
tion with mAb H13. C3a-desArg was prepared by the same procedure,
but in the absence of the inhibitors, and caused no detectable ATP
release. These preparations contained no detectable C5a signal as
measured by an ELISA using a mAb to human C5a (kindly provided by
Dr. Opperman, Göttingen).

RESULTS

Complement fragment C5a induces complex [Ca21]i
responses in microglia

We have investigated the effects of complement fragment C5a
on [Ca21]i in microglial cells using two experimental models,
namely ameboid microglial cells on the surface of acutely
prepared early postnatal brain slices and microglial cells in
primary culture. In both experimental models, external appli-
cation of C5a initiated transient increases in [Ca21]i. In mice at
postnatal days 6–10, microglial cells appear specifically at the
surface of the corpus callosum slices in the region of the
cingulum (Brockhaus et al., 1993). These cells on the surface
were preferentially loaded after the slice was incubated with
the membrane-permeable form of the Ca21 indicator fluo-3.
Using a confocal scanning system, we could selectively record
the fluorescence changes in individual microglial cells, because
the cells sat on top of the slice surface (Fig. 1A). The applica-
tion of complement fragment C5a (4–10 nM) triggered a tran-
sient elevation in [Ca21]i (Fig. 1B) in 9 of 48 cells studied. The
C5a-induced [Ca21]i transient was characterized by an initial
fast peak followed by a slowly decaying plateau.
In cultured microglial cells, C5a-triggered changes in cytoplas-
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mic Ca21 concentration were observed more frequently, namely
in 85% of the cells (2 nM, 30 sec application; n 5 451). In some
cases (5 of 72 preparations), we observed that none of the cells
within a given culture preparation responded to C5a; these cells
also did not respond to any of the other the agonists that micro-
glial cells commonly respond to, such as ATP (Walz et al., 1993),
and were weakly stained with fluo-3. We suspected that these
cultures were not in a healthy condition and excluded these data
from our analysis. Figure 2A shows a micrograph of a microglial
culture as used for the experiments. Complement fragment-
induced [Ca21]i transients were observed regardless of the mor-
phological variability of the microglial cells. Figure 2B shows a
representative trace of the [Ca21]i responses triggered by C5a in
80% of the cells (n 5 451). It consisted of a fast initial increase

followed by a second, plateau-like phase of [Ca21]i elevation. A
longer (60 sec) application of C5a substantially prolonged the
plateau phase in 92% of the responding cells, whereas the char-
acteristics of the initial peak component of [Ca21]i response were
not changed significantly (n 5 63; 83% responding to C5a)
(Fig. 2C).
These experiments demonstrate that microglial cells in situ and

in culture express receptors for complement fragments. In the
following experiments, we studied the mechanism of the
complement-induced Ca21 response. We performed these exper-
iments in culture only, because (1) this preparation allowed us to
analyze several cells in one experiment, (2) the probability of cells
to respond was higher, and (3) we were limited to our supply
of C5a.

Figure 1. C5a-induced [Ca21]i signals in microglial
cells in brain slices. A, Phase-contrast (left) and fluores-
cence image (right) taken from the same microglial cell
visualized on the surface of a brain slice. Note that the
cells sit on top of the slice surface. The focal plane was
chosen to selectively record the fluorescence from the
microglial cells. B, Representative examples of [Ca21]i
recordings from two different microglial cells in the
brain slices in response to bath application of 5 nM C5a.
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The C5a response is mediated by G-proteins and
shows a steep concentration dependence
The incubation of microglial cells with PTX (1 mg /ml, 30 min)
completely inhibited the generation of the C5a-triggered [Ca21]i
signal (n 5 51), indicating the involvement of PTX-sensitive
G-proteins. As a control for the responsiveness of the cell, we
applied 100 mM ATP, which is known to elevate [Ca21]i in micro-
glial cells via P2 purinoreceptors coupled with PTX-insensitive
G-protein subtypes (Dubyak and El-Moatassim, 1993; Walz et al.,
1993). As demonstrated in Figure 2D, PTX pretreatment com-
pletely abolished the [Ca21]i response to C5a, whereas the ATP-
induced [Ca21]i elevation remained unaffected (n 5 51).
The threshold concentration for C5a-induced [Ca21]i elevation

was found at 0.5 nM. Figure 3A shows the representative examples
of the [Ca21]i transients measured from the same cell in response
to increasing C5a concentrations, and the dose–response curve is
given in Figure 3B. When the cells were challenged by low C5a
concentrations (0.5–1.0 nM), oscillatory [Ca21]i responses were
often recorded (Fig. 3C). The appearance of these [Ca21]i oscil-
lations in complement-stimulated microglial cells was reversely
concentration dependent. At 0.5 nM C5a, the oscillatory [Ca21]i
responses were predominant, being observed in 67% of the cells

(n 5 117); at 1 nM, C5a oscillatory [Ca21]i responses were re-
corded in only 11% of cells (n5 96) and at 2 nM C5a in 5% of cells
tested (n 5 451). [Ca21]i oscillations were never observed at C5a
concentrations exceeding 2 nM (n 5 137).

The complement factor C3a triggers a similar
[Ca21]i elevation
Application of 100 nM C3a complement fragment induced [Ca21]i
elevations (Fig. 4) in 80% of cultured microglial cells (n5 117; we
were not able to test C3a effects on an in situmodel because of the
limited supply of the substance). The [Ca21]i elevation was spe-
cific to C3a; the external application of 100 nM C3a-desArg (the
form of C3a with reduced biological activity) did not change
[Ca21]i (n 5 34; Fig. 4B). Similar to C5a, application of C3a
induced a complex [Ca21]i response showing an initial peak fol-
lowed by a plateau phase. The C3a-induced [Ca21]i elevation
involved the G-protein signal transduction step as revealed by its
sensitivity to PTX (n 5 29; Fig. 4C).

C5a- and C3a-triggered [Ca21]i signals are modified by
external Ca21

Removal of extracellular calcium (Ca21o) substantially modified
the kinetics of the C3a- and C5a-triggered [Ca21]i response: the

Figure 2. Representative examples of C5a-induced [Ca21]i signals as recorded from different cultured microglial cells. A, Morphological appearance of
cultured mouse microglial cells. B, Application of 2 nM C5a for 30 sec induced a biphasic [Ca21]i transient, with an initial peak [Ca

21]i increase and a
subsequent plateau phase of the [Ca21]i elevation. C, Prolonged [Ca

21]i elevation triggered by 60 sec application of 2 nM C5a, which elicited a sustained
plateau phase that did not recover to the resting level during the 5 min recording time. D, Blockade of the 2 nM C5a-induced [Ca21]i signal by
preincubation of cells with PTX (1 mg /ml, 30 min). Note that application of 100 mM ATP was still able to induce a [Ca21]i elevation.
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application of both ligands in Ca21-free external solution still
evoked an increase in [Ca21]i, but it was limited only to the initial
peak response (Fig. 5B,C). This was observed in all experiments
when complement fragments were applied in Ca21-free extracel-
lular solution (n 5 67 for C5a; n 5 21 for C3a). The fast peak in
[Ca21]i elevation recorded in Ca

21-free external solution was
usually followed by a long-lasting “undershoot” when [Ca21]i
dropped to a subresting level (Figs. 5, 6). Furthermore, in Ca21-
free extracellular solution, complement fragments were able to
induce [Ca21]i elevation only with the first application; each
successive application of either C5a or C3a was ineffective (Fig.
5B,C; the control [Ca21]i transients, in response to successive
application of C5a in Ca21-containing external solution, are
shown on Fig. 5A).
To characterize the Ca21o-dependence of the plateau phase of

the [Ca21]i transients, we removed Ca
21 ions from the bath at

different time points with respect to C5a application (Fig. 6). The
brief removal of Ca21 ions from the external solution immediately
after C5a application terminated the development of the plateau
phase of the response; reintroducing physiological Ca21o concen-
tration led to the restoration of the sustained component of the
[Ca21]i response (n 5 67; Fig. 6A). Similarly, if the Ca21 ions
were removed from the extracellular space before C5a application
and external Ca21 concentration was restored immediately after
the end of C5a application, we observed the plateau phase (n 5
56; Fig. 6B). In contrast, if Ca21 ions were removed during C5a

application and the external solution was kept Ca21-free, or if C5a
was applied while the cell was bathed continuously in Ca21-free
conditions, we always observed only the peak [Ca21]i increase
(n 5 54, Fig. 6C; n 5 67, Fig. 6D). It has to be noted that removal
of external Ca21 by itself for 2–5 min sometimes (,10% of
observations) caused a small decrease in basal fluo-3 fluorescence;
however, this decrease never exceeded 10% in the F/F0 ratio, and
therefore it cannot be responsible for the phenomena described
above. After the physiological Ca21 concentration was reestab-
lished, fluo-3 fluorescence returned to the basal level; no obvious
increase in [Ca21]i after Ca

21-free periods were observed.

Thapsigargin blocked the effects of complement
fragments and induced plasmalemmal Ca21 influx
To clarify the mechanisms responsible for the plateau phase of
complement fragment-triggered [Ca21]i responses, we used thap-
sigargin to selectively suppress the [Ca21]i signal component
associated with Ca21 release from intracellular stores. Figure 7A
illustrates the effect of thapsigargin on complement fragment-
induced [Ca21]i responses in microglial cells. Bath application of
500 nM thapsigargin induced [Ca21]i elevations with both a fast
initial rise and a prominent plateau phase. After the recovery to
the basal level, applications of 100 nM C3a (n 5 32) or 2 nM C5a
(n5 56) were not able to induce [Ca21]i responses, indicating that
both the peak and the plateau phase of complement-triggered
[Ca21]i elevation are crucially dependent on Ca

21 release from

Figure 3. Concentration dependence of the C5a-mediated [Ca21]i transients in cultured microglial cells. A, Examples of [Ca
21]i transients recorded from

a microglial cell in response to application of 0.5 nM, 1 nM, 5 nM, and 10 nM C5a for 30 sec. B, Average values of the amplitudes of C5a-induced [Ca21]i
transients were obtained from nine experiments, similar to those described in A, and normalized to the amplitude of the response to 10 nM C5a. Error
bars represent SD. C, Example of oscillatory [Ca21]i response triggered by application of 0.5 nM C5a.
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internal stores. Furthermore, manipulation with extracellular
Ca21 modified thapsigargin-triggered [Ca21]i transients in a sim-
ilar way as described above for C5a. When thapsigargin was
applied in Ca21-free external solution (Fig. 7B), only a small
transient [Ca21]i elevation was observed (n 5 52). Moreover,
brief removal of extracellular Ca21 during the development of
thapsigargin-triggered [Ca21]i transient led to an immediate drop
in [Ca21]i, whereas restoration of external Ca

21 concentration
caused the recovery of the plateau phase of the [Ca21]i transient
(n 5 73) (Fig. 7C). These results indicate that the plateau phase
of both thapsigargin and complement fragment-induced [Ca21]i
responses might be associated with plasmalemmal Ca21 influx
activated by, or as a consequence of, the depletion of internal
calcium stores.

DISCUSSION
Microglial cells express complement anaphylatoxin
receptors linked to second-messenger pathways
Here we show that the anaphylatoxins C3a and C5a induce the
generation of cytoplasmic calcium elevation in microglial cells.
The complement fragments C5a and C3a triggered [Ca21]i in

cultured microglial cells; similarly, C5a induced [Ca21]i elevation
in situ. The considerably smaller proportion of cells responding to
C5a in situ might reflect differences in experimental techniques,
e.g., limitations for bath application attributable to irregular slice
surface or C5a inactivation by factors released from the tissue.
Alternatively, differences in the activation stages of the cells in situ
versus in vitro could determine their sensitivity to C5a. Neverthe-
less, our study demonstrated clearly that microglial cells in situ are
capable of expressing C5a receptors that may carry relevant func-
tions in brain microglia.
Receptors for C5a and C3a anaphylatoxins have been found

previously and characterized molecularly in various immune cells,
vascular endothelial cells, hepatocytes, epithelial cells, lung vas-
cular smooth muscle cells, etc. (for review, see Wetsel, 1995). The
molecular cloning of the C5a receptor revealed its similarity with
the superfamily of seven-transmembrane segment G-protein-
coupled metabotropic receptors (Gerard and Gerard, 1994). Re-
cently, the expression of C5a receptors was demonstrated in
human astroglial and microglial cells (Lacy et al., 1995), and a
possible functional significance was revealed, based on C5a-
induced changes in microglial motility (Yao et al., 1990; Nolte et

Figure 4. C3a-induced [Ca21]i signals in cultured microglial cells. A, Application of 100 nM C3a for 30 sec induced [Ca
21]i elevation composed of an

initial peak [Ca21]i increase and a subsequent plateau phase of the [Ca
21]i elevation. B, Similar to A, [Ca

21]i was recorded from a single microglial cell
in response to bath application of 100 nM C3a-desArg (nonactive analog of C3a) and 100 nM C3a. C, Blockade of the C3a-induced [Ca21]i signal after
preincubation of cells with PTX (1 mg /ml, 30 min). Control application of 100 mM ATP still induced [Ca21]i elevation.
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al., 1996). It was shown previously that the activation of comple-
ment fragment receptors triggers [Ca21]i responses in both neu-
trophiles (Monk and Partridge, 1993; Norgauer et al., 1993) and
eosinophils (Elsner et al., 1994). These [Ca21]i signals resulted
from either InsP3-mediated intracellular Ca

21 release or plas-
malemmal Ca21 influx (cf. Klos et al., 1992; Norgauer et al.,
1993). In this paper, we demonstrate that microglial cells express
functionally active receptors for C5a and C3a linked to the gen-
eration of intracellular Ca21 signals. In concordance with previ-
ous observations in immune cells (Gerard and Gerard, 1994;
Vanek et al., 1994), the complement fragment-induced [Ca21]i
response in microglia is preceded by the activation of PTX-
sensitive G-proteins. Our data suggest that both the C5a and the
C3a receptors converge to the same intracellular signaling path-
way and initiate cytoplasmic Ca21 signaling. Similar to that de-
scribed for purino- and adrenoreceptors in astrocytes (Shao and
McCarthy, 1995), the C5a- or C3a-induced Ca21 signal in the
microglial cells is characterized by a steep concentration
dependence.

Complement fragments trigger two distinct
mechanisms for [Ca21]i elevation
The two components of the complement fragment-induced
[Ca21]i signals, namely the initial peak and the plateau phase,
are distinguished by their sensitivity to extracellular [Ca21].
The plateau phase depended on the presence of Ca21 ions in
the external milieu in contrast to the initial peak. This implies
that complement fragments activate two distinct mechanisms
for Ca21 delivery into the microglial cytoplasm: the peak
response is associated with Ca21 release from internal struc-
tures, and the plateau phase depends on plasmalemmal Ca21

entry. The thapsigargin sensitivity of the initial peak indicates
that it is attributable to Ca21 release from InsP3-sensitive Ca

21

stores, as described for many types of nonexcitable cells (Pe-
tersen et al., 1994). The transient nature of this Ca21 response
presumably reflects the rapid depletion of the internal stores.
Indeed, only the first application of C3a or C5a in a Ca21-free
external solution induced a Ca21 transient, whereas subsequent

Figure 5. Complement fragments induced [Ca21]i elevation in Ca
21-free external solution. A, C5a (2 nM)-induced [Ca21]i transients were recorded in

control conditions (left) and after removal of Ca21 ions from the bath (right). Note that in Ca21-free extracellular solution, C5a was able to induce [Ca21]i
transients only once. B, The representative example of C3a (100 nM)-induced [Ca21]i elevation as recorded in Ca

21-free external solution.
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ligand applications were ineffective, indicating the exhaustion
of the stores.
The second component, the plateau phase, was dependent on

extracellular Ca21, suggesting that the [Ca21]i increase was caused
by an influx through the plasma membrane. Two possible signals
could trigger the plasmalemmal Ca21 conductance: (1) the comple-
ment receptors could directly activate Ca21- channels or carriers, or
(2) the depleted Ca21 stores could release a signal to activate a
plasmalemmal Ca21 influx. Our data support the secondmechanism.
(1) The intracellular Ca21 release is a prerequisite for the generation
of the plateau, and (2) the plateau phase could be transiently inter-
rupted by removal of extracellular Ca21. The entire response was
prolonged by the time of Ca21 removal, indicating that a defined
amount of Ca21 is required to refill the stores, and (3) a Ca21

increase with a similar behavior could be elicited by depleting stores
with thapsigargin. Similarly, transient removal of extracellular Ca21

prolonged the thapsigargin response.
Agonist-induced [Ca21]i responses consisting of initial transient

peak followed by a plateau-like phase have been found in various

nonexcitable cells. Several lines of evidence have demonstrated that
the first phase of the [Ca21]i response is determined by Ca

21 release
from internal stores. The depletion of the internal Ca21 pools, in
turn, activates the Ca21 entry pathway (capacitative Ca21 entry)
(Putney, 1990). Ca21 channels controlled by the filling state of
intracellular Ca21 pools have been identified recently in various
nonexcitable cells (Hoth and Penner, 1992, 1993). These Ca21

release-activated membrane Ca21 channels (code named CRAC
channels) represent a family of channels with conductances varying
from tens of femtosiemens (Lückhoff and Clapham, 1994) to several
picosiemens (Vaca and Kunze, 1994). The signaling pathway be-
tween the depleted stores and the CRAC channels is still conjectural.
Several possible mechanisms have been hypothesized, including re-
lease of a specific diffusable messenger from the depleted stores
(Randriamampita and Tsien, 1993; Clapham, 1995b), Ca21 release-
dependent activation of cytoplasmic NO synthase with subsequent
generation of cGMP (Xu et al., 1994), or a direct interaction between
InsP3-gated Ca

21 release channels and plasma membrane (Fasolato
et al., 1994). Other, so far unknown mechanisms, however, might be

Figure 6. Modification of the C5a (2 nM)-induced [Ca21]i signal by external Ca
21. A, Brief removal of the external Ca21 immediately after C5a

application leads to an instant drop in [Ca21]i; reestablishing the external Ca
21 caused the recovery of the sustained component of [Ca21]i signal. B,

Restoration of the physiological external Ca21 concentration immediately after C5a application in Ca21-free medium leads to the generation of the
plateau phase. C, Persistent removal of the external Ca21 after C5a application totally abolished the development of the plateau phase of [Ca21]i signal.
D, Application of C5a in Ca21-free medium evoked only the peak component of the [Ca21]i signal.
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responsible for the generation of the Ca21 entry activated by the
depletion of the intracellular stores. Whatever the mechanisms are,
we assume that microglial cells also possess the capacitative Ca21

entry pathway that plays an important role in shaping the cytoplasmic
Ca21 signals.

Possible functional significance of the complement
anaphylatoxin receptors in microglia

The activation of microglia plays a crucial role in the reaction
of the brain tissue to damage (Streit et al., 1988; Gehrmann et
al., 1995). This activation from the resting form is a multi-step

process resulting at the end point in a cytotoxic, phagocytotic
cell (Gehrmann and Kreutzberg, 1995). Complement anaphy-
latoxins may play a role as early activating messengers in brain
pathologies, including damage occurring during multiple scle-
rosis or Alzheimer’s disease (Morgan, 1994). Interestingly,
b-amyloid, which accumulates in the plaques during Alzhei-
mer’s disease, activates the complement system in vitro, and
there are indications that such activation indeed occurred in
this pathology (Rogers et al., 1992; Schultz et al., 1994). Mi-
croglial cells accumulate at the plaques, and complement fac-
tors could trigger this activation. Components of the comple-

Figure 7. Thapsigargin inhibits [Ca21]i mobilizing ef-
fects of C5a. A, In control conditions, external application
of 2 nM C5a evoked a [Ca21]i transient in a microglia cell.
Subsequently, the cell was incubated with 500 nM thapsi-
gargin. Application of thapsigargin induced [Ca21]i ele-
vation that returned to the basal level. The succeeding
application of 2 nM C5a failed to induce the [Ca21]i
response. B, Similar to A, C5a and thapsigargin were
applied while the cell was bathed in Ca21-free extracel-
lular solution. C, Effect of brief removal of extracellular
Ca21 on a thapsigargin (500 nM)-induced [Ca21]i tran-
sient. Note that changing to the Ca21-free extracellular
media caused an immediate drop in the [Ca21]i level,
whereas restoration of the external Ca21 concentration to
physiological levels resulted in recovery of the plateau
phase of a thapsigargin-triggered [Ca21]i transient.
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ment system can be produced directly by CNS cells, mainly by
astrocytes (Barnum, 1995). Microglial cells, in turn, secrete
factors such as cytokines, which affect astrocytes. Thus, the
complement factors could be a part of the complex paracrine
system, which will come into play during pathological events or
during immune responses in the CNS.
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