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Abstract

We have examined the effect of various chemokines on neuronal toxicity in culture. In mixed cortical cultures, challenged with a brief
pulse of N-methyl-p-aspartate (NMDA, 60 wM, 10 min), chemokines were either present for 2 h preceding the pulse or they were
co-applied with NMDA and then kept in the medium for the following 20—24 h. Interleukin-8 (IL-8), regulated on activation of normal T
cells expressed and secreted (RANTES) and macrophage,/ monocyte chemoattractant protein-1 (MCP-1), were neuroprotective under both
conditions, whereas stromal cell-derived factor 1o (SDF-1a) was protective only when applied during and after the NMDA pulse. Mixed
or pure neuronal cultures were also exposed for 48 h to atoxic fragment of the B-amyloid peptide (3-amyloid peptide-(25-35), 12.5 or 25
wM) in the absence or presence of chemokines. Among a number of chemokines, only RANTES was neuroprotective against 3-amyloid
peptide-(25-35)-induced neurotoxicity in both cultures. We conclude that activation of chemokine receptors differentially affects neuronal
degeneration induced by excitotoxins or 3-amyloid peptide in cortical cultures. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Chemokines congtitute a family of chemotactic cy-
tokines widely involved in the regulation of inflammation
and in the development of the immune system (reviewed
by Mennicken et al., 1999). Chemokines are subdivided
into four subfamilies based on the number and location of
cysteine residues in their primary structures. Members of
the *“CXC’" or o subfamily, such as interleukin-8 (IL-8),
stromal cell-derived factor 1la (SDF-1a), y-interferon in-
duced protein 10 (IP-10) and macrophage inflammatory
protein-2 (MIP-2), are characterized by the presence of
four cysteine residues, with the first two being separated
by one amino acid. In the chemokines of the **CC’’ or B
subfamily, such as regulated on activation of normal T
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cells expressed and secreted (RANTES), MIP-1a,
macrophage,/monocyte chemoattractant protein-1 (MCP-
1), -3, and -5, the first two cysteines are next to one
another; fractalkine belongs to the vy subfamily and has the
first two cysteines separated by three amino acids; the
subfamily includes lymphotactin, which possesses only
two cysteines (Miller and Meucci, 1999). Chemokines
interact with G-protein-coupled receptors named CXCR,
CCR or CX3CR. Within the CXC subfamily, MIP-2, IP-10
and SDF-1a interact with CXCR2, -3 and -4, respectively,
whereas |L-8 activates both CXCR1 and CXCR2. Most of
the members of the CC subfamily are promiscuous and
activate different CCRs. RANTES activates CCR1, -3, -4
and -5; MCP-1 activates CCR2, -4 and -9; MCP-3 acti-
vates CCR1, -2 and -3; MCP-5 activates CCR2; and
MIP-1a activates CCR1, -4 and -5 (Mennicken et al.,
1999; Miller and Meucci, 1999). How individual
chemokine receptors transduce the extracellular signal into
specific intracellular responses is unclear, athough the
activation of multiple transduction pathways has been re-
ported (Miller and Meucci, 1999). A number of chemokine

0014-2999,/00/% - see front matter © 2000 Elsevier Science B.V. All rights reserved.

Pll: S0014-2999(00)00367-8



118 V. Bruno et al. / European Journal of Pharmacology 399 (2000) 117-121

receptors, including CXCR4, CCR3, CCR5, act as co-re-
ceptors for the human immunodeficiency virus (HIV) coat
protein gp120, and their absence protects individuals other-
wise at risk against HIV infection (reviewed by Clapham
and Weiss, 1997). In the centrd nervous system (CNS),
chemokines are mostly expressed by astrocytes and mi-
croglia, whereas their receptors are also present in neurons
(Mennicken et a., 1999). How activation of chemokine
receptors affects neuronal function under normal and
pathological conditions is still unknown. Recently, Meucci
et al. (1998) have shown that chemokines of different
subfamilies, such as macrophage-derived chemokine
(MDC), RANTES, SDF-1a and fractalkine, protect hip-
pocampal neurons against gpl20 neurotoxicity, suggesting
a role for chemokine receptors in the pathophysiology of
neurodegeneration associated with acquired immunodefi-
ciency syndrome (AIDS). We were intrigued by the find-
ing that the same chemokines are also protective against
neuronal apoptosis induced by trophic deprivation (Meucci
et al., 1999) and that knock-out mice lacking the CXCR4
receptor show profound alterations in cerebellar develop-
ment and die perinatally (Zou et al., 1998). Thus, it
appears that activation of certain chemokine receptors
supports neuronal survival, independently of the presence
of gpl20 and is aso required for proper CNS development
(Mennicken et al., 1999). We now report the effect of
different chemokines on neuronal toxicity induced by N-
methyl-p-aspartate (NMDA) or 3-amyloid peptide in cul-
ture.

2. Materials and methods
2.1. Mixed cortical cultures

Mixed cortical cell cultures containing both neurons and
astrocytes were prepared from fetal mice at 14—16 days of
gestation, as described previoudy (Bruno et al., 1995). In
brief, dissociated cortical cells were plated on a layer of
confluent astrocytes in minimal essential medium (MEM)-
Eagle's salts (supplied glutamine free) supplemented with
5% heat-inactivated horse serum, 5% fetal bovine serum,
glutamine (2 mM), and glucose (final concentration 21
mM). After 3-5 days in vitro, non-neuronal cell division
was halted by 1-3 days of exposure to 10 wM cytosine
arabinoside. Mature cultures (13-14 days in vitro) were
used for the experiments.

2.2. Pure cultures of cortical neurons

Cultures of pure cortical neurons were obtained from
E15 rat embryos, as described by Copani et al. (1999). In
brief, cells were mechanically dissociated and plated in
Dulbecco’'s Modified Essential Medium (DMEM) /Ham’'s
F12 (1:1) supplemented with 10 mg/ml bovine serum

albumin, 10 wg/ml insulin, 100 wg/ml transferrin, 100
wM putrescine, 20 nM progesterone, 30 nM selenium, 2
mM glutamine, 6 mg,/ml glucose, 50 units/ml penicillin
and 50 pg/ml streptomycin. Cytosine-B-bp-arabino-
furanoside (10 w.M) was added to the cultures 18 h after
plating and was present for 3 days. This method yields
more than 99% pure neurona cultures (Copani et al.,
1999). Cultures at 8-10 days in vitro were used for the
study of B-amyloid peptide toxicity.

2.3. Exposure of mixed cortical cultures to NMDA

Exposure to NMDA (60 wM for 10 min) was carried
out in mixed cortical cultures at room temperature in a
HEPES-buffered salt solution (Bruno et al., 1995). At the
end of this incubation, cultures were extensively washed
and then incubated at 37°C for the following 24 h in
medium stock (MEM-Eagl€e's supplemented with 15.8 mM
NaHCO,; and glucose < 25 mM).

2.4. Exposure of mixed cortical cultures or pure neuronal
cultures

B-amyloid peptide-(25-35) was solubilized in sterile
water at a concentration of 2.5 mM and was stored frozen
a —20°C for at least 1 week prior to use. Cultures were
exposed to B-amyloid peptide-(25-35) (12.5 or 25 w.M) for
48 h in the presence of 30 wM 6,7-dinitroquinoxaline-2,3-
dione (DNQX) and 10 wM dizocilpine (MK-801). Under
these conditions, B-amyloid peptide-(25-35) induced apop-
totic neuronal death, followed by secondary necrosis
(Copani et al., 1995). DNQX and MK-801 were not toxic
per se when applied in combination in both mixed cortical
cultures or pure neuronal cultures.

2.5. Assessment of in vitro neuronal injury

NMDA and B-amyloid peptide-(25-35) toxicity were
estimated by counting dead neurons after Trypan blue
staining, 20-24 h after the insult. In pure neuronal cul-
tures, B-amyloid peptide-(25-35) toxicity was assessed by
the (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide (MTT) assay.

2.6. Materials

Tissue culture reagents were from Sigma (Milano, Italy).
NMDA, DNQX and MK-801 were purchased from Tocris
(Bristal, UK). B-amyloid peptide-(25-35) was obtained
from Bachem Feinchemikalien (Bubendorf, Switzerland).
Recombinant human IL-8, human SDF-1a, murine IP-10,
murine or rat RANTES, rat MCP-1, murine MCP-3, murine
MCP-5, murine MIP-1a, and rat MIP-2 were purchased
from Pepro Tech EC (London, UK).
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3. Results
3.1. Effect of chemokines on NMDA toxicity

A 10-min exposure of mixed cultures of mouse cortical
cells to 60 .M NMDA killed about 60% of the neuronal
cells (considered as 100% in Fig. 1). Chemokines belong-
ing to the CXC (IL-8, SDF-1«, IP-10) or CC (RANTES,
MCP-1, MCP-3, MCP-5, MIP-1a) subfamilies were either
applied 2 h before and washed out prior to the NMDA
pulse, or they were co-applied with NMDA and were
present for the following 20—24 h.

In the pre-exposure paradigm, only 1L-8 was neuropro-
tective in a wide range of concentrations (from 3 to 100
ng/ml; for expression in molarity, see legend of Fig 1).
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Fig. 1. (@ Concentration-dependent effect of 1L-8, MCP-1 or mouse
RANTES on NMDA toxicity in the pre-exposure paradigm. Chemokines
were present in the medium of mixed cortical cultures during the 2 h,
preceding the 10-min pulse with 60 wM NMDA. (b) Modulation of
neuronal toxicity by chemokines co-applied with NMDA and present in
the medium for the following 20-24 h. Values are means+ S.E.M. of
6-12 (a) or 6-9 (b) determinations. “P < 0.01 (One-way ANOVA +
Fisher's PLSD) vs. NMDA alone. When expressed in molarity, 10 ng,/ml
of chemokines corresponds to: 1.25 nM for IL-8 and SDF-1«; 1.36 nM
for 1P10; 1.44 nM for MCP-5; 1.33 nM for MCP-3; 2.19 nM for MCP-1;
and 1.22 nM for RANTES and MIP-1a.
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Table 1
Effect of different chemokines on B-amyloid peptide toxicity in mixed
cultures of cortical cells or in pure cultures of cortical neurons

% B-amyloid peptide-(25-35) toxicity

Mixed cultures Pure cultures

IP-10, 10 ng/ml 105+8.6 MCP-1, 100 ng/ml 104+11
SDF-1a, 10 ng/ml  1394+11* MIP-2, 50 ng/ml 89+ 16
IL-8, 100 ng/ml 9448 MIP-2, 100 ng/ml 125+ 21

MCP-1,100ng/ml  95+8  Rat RANTES, 10ng/ml 106+17
MIP-1e, 100 ng/ml 128+7.5 Rat RANTES, 100ng/ml 56+4.2*

Mouse RANTES, 58+2.1" Rat RANTES, 200ng/ml 11+15"
10 ng/ml
SDF-1a, 10 ng/ml 97+6.3
IL-8, 100 ng/ml 103+5.6

Values are means+ S.E.M. of 6 (mixed cultures) or 8—16 (pure cultures)
determinations. B-amyloid peptide-(25-35) was applied for 48 h in the
presence of 10 .M MK-801 and 30 .M DNQX at concentrations of 12.5
wM (mixed cultures) or 25 wM (pure cultures). B-amyloid peptide-(25-35)
toxicity was assessed by Trypan blue staining in mixed cultures and by
the MTT assay in pure neuronal cultures.

“P < 0.01 (ANOVA + Bonferroni’s t test) vs. B-amyloid peptide-(25-
35).

Inverse bell-shaped concentration—response curves were
obtained for mouse RANTES or MCP-1, with both
chemokines being protective only at 10 ng/ml (Fig. 1a).
Similarly, 1P-10 was slightly neuroprotective at 10 ng/ml
(77 4+ 6.5% of NMDA toxicity, n= 12, P < 0.05). SDF-1«
and MIP-1a(1-200 ng,/ml) did not affect NMDA toxicity;
MCP-3 and MCP-5 were only tested at concentrations of
100 ng/ml and were inactive (not shown).

Results were different when cultures were exposed to
chemokines both during and after the NMDA pulse. Under
these conditions, mouse RANTES was dlightly neuropro-
tective at 10 and 100 ng/ml, and substantial neuroprotec-
tion was observed with MCP-1, SDF-1a and IL-8. The
latter, however, was effective at 1 and 100, but not at 10
ng/ml, for unexplained reasons. MIP-la was inactive
(Fig. 1b).

3.2. Effect of chemokines on B-amyloid peptide toxicity

Chemokines were co-applied with B-amyloid peptide-
(25-35) to mixed mouse cortical cultures or pure cultures
of rat cortical neurons and were present in the medium for
the duration of B-amyloid peptide-(25-35) exposure (48 h).
In both culture models, only RANTES attenuated B-
amyloid peptide-(25-35)-induced neurotoxicity. Neuropro-
tection was observed with 10 ng/ml of mouse RANTES
in mixed cultures, and with 100 or 200 ng/ml of rat
RANTES in pure cultures (Table 1). SDF-1a amplified
neurotoxicity in mixed cultures (but not in pure neuronal
cultures), whereas all other chemokines were inactive (Ta
ble 1).

4, Discussion

Chemokine receptors, including CXCR2, CXCR4,
CCR1, CCR3 and CCR5, have been detected in the CNS,
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with at least CXCR4, CCR3 and CCR5 being expressed in
cortical neurons (Klein et al., 1999). A role for chemokine
receptors in neuronal death/survival is suggested by the
expression of CXCR2 in dystrophic neurites surrounding
amyloid plagues (Xia et al., 1997), and by the enhanced
expression of CCR5 after injection of NMDA in the rat
hippocampus (Galasso et a., 1998). The present results
provide the first evidence for a neuroprotective activity of
chemokines against NMDA or B-amyloid toxicity. The
action of chemokines, however, was not uniform, but
varied, in relation to the extracellular insult and to the
manner of exposure to chemokines. In cultures treated with
chemokines prior to the NMDA pulse, IL-8 was neuropro-
tective in a wide range of concentrations, whereas other
chemokineswere only active at 10 ng/ml. Because CXCR1
is not found in the CNS (Horuk et al., 1997), activation of
CXCR2 might mediate neuroprotection by IL-8. The speci-
ficity of IL-8 for NMDA vs. BAP toxicity and its efficacy
in the pre-exposure paradigm suggests that activation of
IL-8 receptors negatively modulates NMDA receptor func-
tion. This is a likely possibility, because many G-protein-
coupled receptors are functionally coupled to NMDA re-
ceptors. The bell-shaped concentration—response curve ob-
served for RANTES and MCP-1 suggests that these
chemokines activate high-affinity receptors that negatively
modulate NMDA toxicity, but also low affinity receptors
that subserve an opposite function. The use of receptor
subtype-selective antagonists is needed to examine this
possibility. When cultures were exposed to chemokines,
both during and after the NMDA pulse, SDF-1a became
neuroprotective and RANTES and MCP-1 were also pro-
tective at 100 ng/ml. This more generic form of neuropro-
tection suggests the existence of multiple chemokine re-
ceptors that control events triggered during and/or after
NMDA exposure. Based on electrophysiological data, it
has been hypothesized that some chemokine receptors are
presynaptically located and function by inhibiting gluta-
mate release (Meucci et al., 1998). This may explain our
results because an enhanced release of glutamate during
and after the NMDA pulse participates in the development
of neuronal death in culture (Monyer et al., 1992). Interest-
ingly, RANTES was protective against 3-amyloid peptide
toxicity (see also Kornecook et al., 1999), under conditions
in which endogenous activation of ionotropic glutamate
receptors was prevented by the presence of MK-801 and
DNQX. All other chemokines were inactive with the ex-
ception of SDF-1a, which dightly enhanced NMDA toxic-
ity. How can this be reconciled with the protective activity
of SDF-1a against NMDA toxicity is unclear at present.
We could also examine the effect of different chemokines
on B-amyloid peptide toxicity in pure cultures of rat
cortical neurons, which are virtually devoid of astrocytes
(Copani et al., 1999). These cultures could be used because
they are sensitive to the toxic action of B-amyloid peptide
as early as 8-10 days after plating, but are only partialy
sensitive to NMDA. RANTES was again the only

chemokine showing neuroprotective activity against B-
amyloid peptide toxicity in pure neuronal cultures, al-
though higher concentrations were required than in mixed
cortical cultures. This might reflect a lower potency of rat
RANTES vs. mouse RANTES or a contribution of astro-
cytes to the action of this chemokine. Among the receptors
activated by RANTES, CCR3 is a candidate for neuropro-
tection against B-amyloid peptide toxicity, because CCR1,
-4 and -5 are recruited by MCP-1 and MIP-1a, which
were inactive. This, however, can only be addressed by
using subtype-selective antagonists or cultures prepared
from knockout mice lacking individual chemokine recep-
tors.

In conclusion, our data suggest that chemokines re-
leased during neuroinflammation not only regulate the
traffic of leukocytes and monocytes in brain tissue, but can
also interfere with the development of neurona degenera-
tion in response to endogenous excitotoxins or to aggre-
gates of B-amyloid peptide present in amyloid plagues. To
what extent is this relevant for the pathophysiology of
neuronal death and be targeted by pharmacological treat-
ments remains to be established.
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