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The effects of the recombinant chemokine human RANTES (hRANTES) on the release of glutamate from human neocortex glutamatergic
nerve endings were investigated. hRANTES facilitated the spontaneous release of d [ 3H]D-aspartate ([ 3H]D-ASP) by binding Pertussis
toxin-sensitive G-protein-coupled receptors (GPCRs), whose activation caused Ca 2� mobilization from inositol trisphosphate-sensitive
stores and cytosolic tyrosine kinase-mediated phosphorylations. Facilitation of release switched to inhibition when the effects of hRAN-
TES on the 12 mM K �-evoked [ 3H]D-ASP exocytosis were studied. Inhibition of exocytosis relied on activation of Pertussis toxin-sensitive
GPCRs negatively coupled to adenylyl cyclase. Both hRANTES effects were prevented by met-RANTES, an antagonist at the chemokine
receptors (CCRs) of the CCR1, CCR3, and CCR5 subtypes. Interestingly, human neocortex glutamatergic nerve endings seem to possess all
three receptor subtypes. Blockade of CCR1 and CCR5 by antibodies against the extracellular domain of CCRs prevented both the hRAN-
TES effect on [ 3H]D-ASP release, whereas blockade of CCR3 prevented inhibition, but not facilitation, of release. The effects of RANTES on
the spontaneous and the evoked release of [ 3H]D-ASP were also observed in experiments with mouse cortical synaptosomes, which may
therefore represent an appropriate animal model to study RANTES-induced effects on neurotransmission. It is concluded that glutamate
transmission can be modulated in opposite directions by RANTES acting at distinct CCR receptor subtypes coupled to different trans-
duction pathways, consistent with the multiple and sometimes contrasting effects of the chemokine.
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Introduction
Chemokines are small proteins widely expressed in human body,
including the brain. First investigated for their involvement in
central neuroinflammation, they have more recently attracted
attention as potential neurotransmitters/neuromodulators (Ba-
jetto et al., 2002; Cho and Miller, 2002; Cartier et al., 2005).

Among the chemokines so far identified, the compound
termed “regulated upon activation normal T cell expressed and
secreted” (RANTES) seems particularly relevant to CNS diseases
secondary to viral infections like AIDS-related dementia (van der
Meer et al., 2000; Alvarez Losada et al., 2002; Bajetto et al., 2002;
Cartier et al., 2005), or involving neuroinflammatory processes
like multiple sclerosis (Sørensen et al., 1999; Bajetto et al., 2002).

RANTES is a 68 amino acid protein, able to bind as a promis-
cuous ligand to different G-protein-coupled receptors (GPCRs)
that are constitutively expressed in the CNS of normal individu-
als (Klein et al., 1999; Bajetto et al., 2002; Cartier et al., 2005;
Ubogu et al., 2006) and to the recently identified G-protein-
coupled receptor 75 (Ignatov et al., 2006). RANTES was found to
control the mobilization of cytosolic Ca 2� and the production of
different second messengers in cultured neurons (Meucci et al.,
1998; Boutet et al., 2001; Oh et al., 2001, 2002; Gillard et al.,
2002), astrocytes (Klein et al., 1999), and microglia (Hegg et al.,
2000).

Despite the expression of chemokine receptors (CCRs), RAN-
TES can hardly be detected in cerebral spinal fluid of normal
individuals; however, its levels can increase dramatically when
HIV-1 infection occurs (Kelder et al., 1998; Kolb et al., 1999;
McManus et al., 2000) or during the initiation and the relapsing
phases of multiple sclerosis (Ransohoff et al., 1993; Karpus and
Ransohoff, 1998; Sørensen et al., 1999; Iarlori et al., 2000).

Considering that excitotoxicity caused by excessive glutamate
is believed to play major roles in neurodegenerative conditions,
we investigated the effects of hRANTES on the release of gluta-
mate from human neocortex nerve endings, which were isolated
from tissue samples removed during neurosurgical procedures to
reach deeply located tumors. Our results highlight a dual role of
RANTES in glutamate transmission: the chemokine can potenti-
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ate the basal release of glutamate, but it can inhibit the
depolarization-evoked release of the excitatory amino acid. Per-
tussis toxin (PTx)-sensitive CCRs coupled to different intrater-
minal transduction mechanisms account for the opposite effects.

In an attempt to investigate the effects of RANTES in a prep-
aration devoid of potential confounding factors (i.e., production
of proinflammatory agents) possibly present in the human brain
biopsies, we studied the effects of recombinant mouse RANTES
(mRANTES) on the release of [ 3H]D-ASP from mouse cortical
synaptosomes. As in human nerve endings, RANTES facilitated
the spontaneous release but inhibited the K�-evoked release of
excitatory neurotransmission.

Materials and Methods
Human brain tissue samples. Samples of human cerebral cortex were
obtained from informed and consenting patients undergoing neurosur-
gery to reach deeply seated tumors. The samples represented parts of
frontal, parietal, and temporal lobes obtained from 14 women and 21
men (ages 21–70 years). Patients were treated with phenytoin (10 mg/kg)
24 h before neurosurgery. After a premedication with midazolam (2
mg/kg), anesthesia was induced with propofol (2 mg/kg), cisatracurium
(10 –14 mg), and fentanyl (0.1 mg) and maintained with propofol (5
�g/kg/h) and remifentanil (0.005– 0.008 �g/min) during neurosurgery.
Immediately after removal, the tissues were placed in a physiological salt
solution at 2�4°C, and purified synaptosomal fractions or slices were
prepared within 30 min. The experimental procedures were approved by
the Ethical Committee of the University of Genoa.

Mouse brain tissue samples. Adult male mice (Swiss; 20 –25 g) were
housed at constant temperature (22 � 1°C) and relative humidity (50%)
under a regular light/dark schedule (light 7.00 A.M. to 7.00 P.M.). Food
and water were freely available. The animals were killed by decapitation,
and the cerebral cortices were rapidly removed. The experimental pro-
cedures were approved by the department’s Ethical Committee, in accor-
dance with the European legislation (European Communities Council
directive of 24 November 1986, 86/609/EEC). Experiments were per-
formed in accordance with the Guidelines for Animal Care and Use of the
National Institutes of Health.

Preparation of synaptosomes. Purified synaptosomes were prepared ac-
cording to Dunkley et al. (1986), with some modifications. Briefly, the
tissue was homogenized in 10 vol of 0.32 M sucrose, buffered to pH 7.4
with Tris (final concentration, 0.01 M) using a glass/Teflon tissue grinder
(clearance 0.25 mm); the homogenate was centrifuged at 1000 � g for 5
min to remove nuclei and debris, and the supernatant was gently strati-
fied on a discontinuous Percoll gradient (6, 10 and 20% v/v in Tris-
buffered sucrose) and centrifuged at 33,500 � g for 5 min. The layer
between 10 and 20% Percoll (synaptosomal fraction) was subsequently
collected and washed by centrifugation. In a set of experiments, the tissue
was homogenized in buffered sucrose containing 1 mM 1,2-bis-(2-
aminophenoxy) ethane- N, N,N�,N�, tetra-acetic acid (BAPTA) or 5 nM

PTx, to entrap these agents into subsequently isolated synaptosomes
(Raiteri et al., 2000). The synaptosomal pellets were always resuspended
in a physiological solution (standard medium) with the following com-
position (in mM): 125 NaCl, 3 KCl, 1.2 MgSO4, 1.2 CaCl2, 1 NaH2PO4, 22
NaHCO3, 10 glucose (aeration with 95% O2 and 5% CO2); pH 7.2–7.4.
Synaptosomal protein contents were determined according to Bradford
(1976).

Preparation of slices. Slices of human brain samples (0.4 mm thick)
were prepared from the parietotemporal or from the frontal cortex (ei-
ther left or right) using a McIlwain tissue chopper (Mickle Laboratory
Engineering) and then placed in a standard medium at 2– 4°C and rinsed
by changing the physiological solution every 20 min.

Experiments of release from synaptosomes. Synaptosomes were labeled
with [ 3H]D-ASP; final concentration 60 nM), at 37°C, for 15 min, in a
rotary water bath and in an atmosphere of 95% O2 and 5% CO2. When
indicated, synaptosomes were incubated for 85 min in presence of the
following antibodies: rabbit anti-CCR1 (1:1000), mouse anti-CCR3 (1:
1000), mouse anti-CCR5 (1:1000), mouse anti-�-tubulin 3 (1:1000);
rabbit anti- GluR1 (1:1000) or rabbit anti-mGluR5 (1:1000); in these

experiments the radioactive tracer was added at t � 70 min of incubation.
After the labeling period, identical portions of the synaptosomal suspen-
sions were layered on microporous filters at the bottom of parallel cham-
bers in a Superfusion System (Raiteri and Raiteri, 2000) (Ugo Basile)
maintained at 37°C. Synaptosomes were superfused at 0.5 ml/min with
standard physiological solution aerated with 95% O2 and 5% CO2, at
37°C.

During examination of the effect of RANTES on the spontaneous
release of [ 3H]D-ASP, synaptosomes were first equilibrated during 36
min of superfusion, and then eight consecutive 1 min fractions (termed
b1 to b8) were collected. hRANTES or mRANTES, as indicated, and
met-RANTES were introduced at the end of the first fraction collected
(b1; t � 39 min); enzyme inhibitors or the glutamate transporter blocker
DL-threo-ß-benzyloxyaspartic acid (DL-TBOA) were present starting
from 8 min before the RANTES stimulus. In a set of experiments per-
formed to evaluate the Ca 2�-dependency of the induced [ 3H]D-ASP
release, the superfusion medium was replaced, starting from t � 20 min,
with a medium containing 0.1 mM Ca 2� and 500 �M EGTA. When
studying the effect of RANTES (hRANTES or mRANTES, as indicated)
on the [ 3H]D-ASP release evoked by high K � or by the presence of
forskolin, synaptosomes were transiently (90 s) exposed, at t � 39 min, to
12 mM KCl-containing medium (NaCl substituting for an equimolar
concentration of KCl), or to the adenylyl cyclase activator. Fractions were
collected according to the following scheme: two 3-min fractions (basal
release), one before (t � 36 –39 min) and one after (t � 45– 48 min) a
6-min fraction (t � 39 – 45 min; evoked release). In these experiments,
synaptosomes were exposed to RANTES and to met-RANTES concom-
itantly with the depolarizing stimulus. Enzyme inhibitors or the cAMP
analog 8-Br-cAMP were added 8 min before RANTES and maintained
throughout the superfusion. In a set of experiments, synaptosomes were
exposed to RANTES prior (from t � 30 min to t � 38 min) or after (from
t � 40 min to t � 48 min) the K � stimulus. Superfusion was always
performed with media containing dialyzed 0.1% Polypep to avoid stick-
ing of peptides to glass walls and tubing. Fractions collected and super-
fused synaptosomes were counted for radioactivity. The amount of ra-
dioactivity released into each superfusate fraction was expressed as a
percentage of the total synaptosomal tritium content at the start of the
fraction collected (fractional efflux). When expressed as “% of b1” (see
Fig. 1), the RANTES-induced effect was evaluated as the ratio between
the percentage of tritium released into each fraction after the first (b2 to
b8) and that in the first (b1) fraction collected. When expressed as “%
induced overflow,” drug effects were estimated by subtracting the neu-
rotransmitter content into the fractions corresponding to the basal re-
lease from those corresponding to the evoked release.

Experiments of release from slices. Slices were labeled with 90 nM [ 3H]D-
ASP (20 min at 37°C) in standard medium in an atmosphere of 95% O2

and 5% CO2. After washing with tracer-free medium, slices were trans-
ferred to parallel superfusion chambers (one slice/chamber) and super-
fused (1 ml/min at 37°C). After 60 min of superfusion to equilibrate the
system, six 5-min samples were collected. Slices were exposed to hRAN-
TES or met-RANTES in absence or in presence of the depolarizing stim-
uli (30 or 50 mM KCl) for 5 min, starting from t � 70 min of superfusion.
Samples collected and solubilized slices (Soluene; Canberra Packard)
were counted for radioactivity. The amount of radioactivity released into
each superfusate fraction was expressed as fractional efflux (see above).
Drug effects were expressed as “% induced overflow” and were estimated
by subtracting the neurotransmitter content into the second and the fifth
fractions collected from that in the third and in the fourth fractions
collected.

Isolation of detergent-soluble fractions from crude synaptosomes. Synap-
tosomes were washed twice with standard medium and then collected by
centrifugation (14000 � g, 15 min at 4°C). The pellet was lysed in ice-cold
Tris solution (20 mM Tris/HCl, 10 mM NaCl, protease inhibitor cocktail,
pH 7.4). After 15 min at 4°C, the lysate was centrifuged at 200,000 � g for
15 min at 4°C and the pellet (synaptosomal membranes) was diluted in
Tris solution containing 5 mM EDTA. The synaptosomal membranes
were then solubilized with Triton X-100 (0.2% v/v final concentration)
and then centrifuged at 200,000 � g for 15 min at 4°C; the supernatant
(detergent-soluble membrane fraction) was collected and quantified for
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protein content with Lowry Assay. SDS-PAGE was carried out using 25
�g of detergent-soluble membrane proteins/lane.

Immunoblotting. Proteins were separated by SDS-PAGE, 12.5% poly-
acrylamide, and then transferred onto polyvinylidene fluoride mem-
branes. Membranes were washed with phosphate buffer (20 mM sodium
phosphate buffer, 140 mM NaCl, 5% w/v nonfat dry milk, 5% v/v Tween-
20; pH 7.4) and incubated 60 min at 4°C with one of the following
primary antibodies: rabbit anti-CCR1 (1:1000), mouse anti-CCR3 (1:
1000), mouse anti-CCR5 (1:1000) rabbit anti-CCR1 (1:1000), mouse
anti-synaptophysin (anti-Syph; 1:2500), mouse anti-syntaxin-1A (anti-
Stx-1A, 1:5000), mouse anti-glial fibrillary acidic protein (anti-GFAP;
1:1000). After extensive wash, membranes were incubated for 1 h at 20°C
with the appropriate horseradish peroxidase-linked secondary antibod-
ies (1:4000) and immunoreactivity was detected by using an enhanced
chemiluminescence Western blotting detection system.

Calculations. ANOVA was performed, followed by Dunnett’s test or
Newman–Keuls multiple-comparisons test as appropriate; direct com-
parisons were performed by applying Student’s t test. Data was consid-
ered significant for p � 0.05 at least.

Drugs. 1-[7,8 3H]D-ASP (specific activity, 16.3 Ci/mmol) was from
Amersham Radiochemical Center. BAPTA was from Fluka Biochemika.
Xestospongin C, Pertussis toxin (PTx) and Ac-RQIKIWFQNRRMK-
WKKKKKLRRQEAFDAL-OH (ANT-Aip-II) were from Calbiochem.
DL-TBOA, 2-[1-(3-dimethylaminopropyl)indol-3-yl]-3-(indol-3-yl)-
maleimide (GF109203X), and 3-(4-chlorophenyl)1-(1,1-dimethylethyl)-
1H-pyrazolo[3,4-d]pyrimidin-4-amine (PP2) from Tocris Bioscience. 1-(6-
[([17�]-3-methoxyestra-1,3,5[10]-trien-17-yl)amino]hexyl)-1H-pyrrole-2,5-
dione (U73122), cis-N-(2-phenylcyclopentyl)-azacyclotridec-1-en-2-amine hy-
drochloride (MDL-12,330A), N-(2-[p-bromocinnamylamino]ethyl)-5-
isoquinolinesulfonamide hydrochloride (H89), Forskolin, monoclonal anti-�-
tubulin isotype III (clone SDL.3D10) mouse IgG2b, mRANTES,
8-bromoadenosine cAMP (8-Br-cAMP), and anti-GFAP monoclonal
mouse were from Sigma-Aldrich; Met-RANTES was purchased from
R&D Systems, and polyclonal anti-CCR1 rabbit IgG (recognizing the
amino acid sequence 7–24 of the human CCR1) was from Genetex.
Monoclonal anti-CCR3 mouse IgG2a was from Abcam; polyclonal anti-
mGluR1 rabbit IgG and polyclonal anti-mGluR5 rabbit IgG were from
Upstate, anti-synaptophysin monoclonal mouse was from Millipore Bio-
science Research Reagents, and anti-syntaxin-1A monoclonal mouse IgG
was from Synaptic Systems.

Results
Effect of hRANTES on the spontaneous release of [ 3H]D-ASP
from human neocortical synaptosomes
Figure 1A shows that hRANTES, added to the superfusion me-
dium at 1 nM, increased the basal release of [ 3H]D-ASP, an un-
metabolizable glutamate analog routinely used in release studies
as a marker of the endogenous excitatory amino acid transmitter
(Rousseau et al., 2005; Raiteri, 2006). Differently from what ob-
served in human fetal neurons (Klein et al., 1999), pre-exposure
of human neocortical synaptosomes to a depolarizing stimulus
was not required to unveil the effect of hRANTES. The release
evoked by hRANTES reached its maximum after 4 min and re-
mained above basal release at least until the eighth fraction col-
lected. The effect of hRANTES was concentration-dependent; the
maximal potentiation of basal release was observed when the
protein was applied at 1 nM (Fig. 1B). Of note, the concentrations
of hRANTES able to elicit glutamate release are in the range of
those found in the CSF of patients during HIV-1 infection
(Kelder et al., 1998).

Calcium dependency of the hRANTES-evoked
[ 3H]D-ASP release
The [ 3H]D-ASP release provoked by hRANTES was analyzed for
its dependency on Ca 2� ions. Reduction of Ca 2� (from 1.2– 0.1
mM) in the superfusion medium and simultaneous addition of

500 �M EGTA failed to affect the hRANTES-evoked [ 3H]D-ASP
release (Fig. 2), excluding release by classical external Ca 2�-
dependent exocytosis. However, entrapping the membrane-
impermeant Ca 2� chelator BAPTA into synaptosomes (1 mM

BAPTA present in the homogenization medium (see Raiteri et al.,
2000) abolished the hRANTES effect (Fig. 2), suggesting that the
release of [ 3H]D-ASP evoked by the chemokine occurs through
an exocytotic-like mechanism triggered by Ca 2� ions originating
from internal stores. Omission of external Ca 2� or entrapping of
BAPTA did not modify, the spontaneous release of tritium (not
shown).

Figure 1. Effects of hRANTES on the [ 3H]D-ASP release from human neocortical synapto-
somes. A, Time course of [ 3H]D-ASP release. Dotted line, Spontaneous release. Gray square, 1 nM

hRANTES-evoked [ 3H]D-ASP release. Results are expressed as percentages of the first superfu-
sion fraction collected (b1). Data are means � SEM of three experiments run in triplicate (3
superfusion chambers for each experimental condition). B, Concentration– effect relationship
of hRANTES on the release of [ 3H]D-ASP from human neocortical synaptosomes. Results are
expressed as percentage of induced overflow. Data are means of four experiments run in tripli-
cate. *p � 0.05 versus control.

Figure 2. Ca 2� dependency and sensitivity to PTx and DL-TBOA of the hRANTES-induced
release of [ 3H]D-ASP from human neocortical synaptosomes. Results are expressed as percent-
age of induced overflow. Data are means � SEM of three to seven experiments run in triplicate.
*p � 0.05 versus control.
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RANTES is known to exert its biological effects via activation
of G-protein-coupled receptors. Since some of the chemokine-
evoked responses were found to be prevented by PTx (Cartier et
al., 2005), we verified the sensitivity to PTx of the hRANTES-
induced elevation of [ 3H]D-ASP basal release. To avoid pro-
longed preincubation with the toxin, synaptosomes were staffed
with PTx during brain tissue homogenization, as previously de-
scribed (Longordo et al., 2006). Figure 2 shows that entrapped
PTx, unable on its own to modify the spontaneous release (not
shown), totally prevented the effect of hRANTES.

Mobilization of intracellular Ca 2� by phosphoinositide me-
tabolites was proposed as one of the intracellular signals activated
by RANTES (Baggiolini et al., 1994; Bajetto et al., 2002, Ignatov et
al., 2006). The possible involvement of inositoltrisphosphate
(IP3)-mediated mobilization of Ca 2� in the hRANTES-induced
release was therefore investigated with xestospongin C, a
membrane-permeant IP3 receptor antagonist (Gafni et al., 1997).
As shown in Figure 2, xestospongin C (0.5 �M) significantly pre-
vented (by 72.8 � 6.3%) the hRANTES-evoked release. Finally,
the effect of 1 nM hRANTES was totally insensitive to the gluta-
mate transporter blocker DL-TBOA, which excludes exit of
[ 3H]D-ASP by carrier-mediated release (Levi and Raiteri, 1993).
At the concentration applied, xestospongin C and DL-TBOA
failed to affect, on their own, the spontaneous release of tritium
(data not shown).

Transduction mechanisms involved in the hRANTES-evoked
facilitation of [ 3H]D-ASP release
To identify the intraterminal enzymatic pathways participating
in the hRANTES potentiation of [ 3H]D-ASP release, we tested a
number of enzyme inhibitors: MDL-12,330A, a broad spectrum
inhibitor of adenylate cyclase (AC) activity; H89, a protein kinase
A (PKA) inhibitor; Autocamtide-2 related Inhibitory peptide II
(ANT-Aip-II), an inhibitor of Ca 2�/calmodulin-dependent pro-
tein kinase II; U73122, a phospholipase C (PLC) inhibitor;
GF109203X, a protein kinase C (PKC) blocker and PP2, a ty-
rosine kinase (Src) inhibitor.

As illustrated in Figure 3, the hRANTES (1 nM)-induced re-
lease of [ 3H]D-ASP from human neocortical synaptosomes
seemed not to depend on the activation of the AC/cAMP/PKA-
pathway, since neither MDL-12,330A nor H89 modified the ef-
fect of the chemokine. CaMKII also was not involved, because
ANT-Aip-II was ineffective. On the contrary, U73122 largely pre-

vented the release of [ 3H]D-ASP, consistent with a primary role
of PLC; however, the release of [ 3H]D-ASP caused by hRANTES
was insensitive to GF109203X, suggesting that PKC did not par-
ticipate in the releasing effect. Finally, the hRANTES effect was
significantly prevented by 1 �M PP2, consistent with an involve-
ment of Src (Fig. 3). Interestingly, U73122, xestospongin C, and
PP2 inhibited to the same extent (71.41 � 5.4%, 72.8 � 6.3% and
66.7 � 6.7%, respectively) the 1 nM hRANTES-evoked [ 3H]D-
ASP release (Figs. 2, 3), suggesting that the corresponding targets
(PLC, IP3-sensitive Ca 2� pool, and Src) constitute the likely
pathway involved. At the concentrations used, the enzyme inhib-
itors were unable, on their own, to modify the spontaneous re-
lease of tritium (data not shown).

Effect of hRANTES on the K �-evoked overflow of [ 3H]D-ASP
from human neocortical synaptosomes
Exposure of human neocortical synaptosomes prelabeled with
[ 3H]D-ASP to 12 mM KCl has been reported to elicit release by
external Ca 2�-dependent exocytosis (Raiteri, 2006). Figure 4,
shows that the K�-evoked overflow of [ 3H]D-ASP was
concentration-dependently (0.1–3 nM) inhibited by hRANTES
added contemporary to the depolarizing stimulus. The inhibition
was already significant when hRANTES was added at 0.3 nM.
Notably, the K�-induced exocytosis was not significantly af-
fected when the chemokine was added immediately before or
after the depolarizing stimulus (12 mM K�: 1.24 � 0.06; pre-
exposure to 1 nM hRANTES: 1.18 � 0.04; post-exposure to 1 nM

hRANTES: 1.38 � 0.08).
The inhibitory effect of 1 nM hRANTES was prevented by

entrapping PTx into synaptosomes. PTx failed to affect, on its
own, the 12 mM K�-evoked release of [ 3H]D-ASP (Fig. 5A).

Depolarization-evoked [ 3H]D-ASP release, adenylyl cyclase
activity and effects of hRANTES
To shed light on the transducing mechanisms involved in the
RANTES-induced inhibition of glutamate exocytosis, we first in-
vestigated the effects of U73122, ANT-Aip-II PP2 and MDL-
12,330A on the K�-induced release of [ 3H]D-ASP. Selective in-
hibition of PLC, CaMKII or Src failed to affect the overflow
caused by 12 mM K�. On the contrary, the selective AC blocker
MDL-12,330A significantly inhibited the depolarization-evoked
release of [ 3H]D-ASP, suggesting an involvement of the enzyme

Figure 3. Effects of enzyme inhibitors on the hRANTES-induced release of [ 3H]D-ASP from
human neocortical synaptosomes. Results are expressed as percentage of induced overflow.
Data are means � SEM of three to five experiments run in triplicate. *p � 0.05 versus control.

Figure 4. Concentration– effect relationship of hRANTES on the release of [ 3H]D-ASP evoked
by high K � from human neocortical synaptosomes. Results are expressed as percentage of
induced overflow. Data are means � SEM from three experiments run in triplicate. *p � 0.05
versus 12 mM K �.
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(Table 1). Inhibition of PLC, CaMKII or Src also failed to affect
significantly the inhibitory effect of hRANTES (Table 1).

Chemokine receptors are known to couple to different intra-
cellular pathways. In addition to stimulatory effects brought
about through PLC/IP3-dependent Ca 2� mobilization, the che-
mokine was found to exhibit inhibitory activities mediated by the
AC/cAMP/PKA pathway (Myers et al., 1995; Zhao et al., 1998;
Blanpain et al., 2002; Amella et al., 2005; Cartier et al., 2005). To
clarify this aspect, experiments were carried out with forskolin, a
direct activator of AC, in absence of depolarization. As shown in
Figure 5B, forskolin (1–10 �M) concentration-dependently po-
tentiated the spontaneous release of [ 3H]D-ASP. When added at
varying concentrations (0.1–3 nM), hRANTES inhibited the re-
lease of [ 3H]D-ASP caused by 10 �M forskolin. At the maximal
concentration applied (3 nM), hRANTES prevented the release of
glutamate caused by forskolin by �70%. The figure also shows
that MDL-12,330A (10 �M) depressed to a similar extent the
release caused by 10 �M forskolin. In line with the proposed

negative coupling to AC, we found that 8-Br-cAMP, a stable per-
meant analog of cAMP was able to abolish the inhibitory effect
exerted by hRANTES on the [ 3H]D-ASP overflow (Fig. 5A). The
cAMP analog did not modify on its own the exocytosis of the
excitatory amino acid.

Antagonism by met-RANTES of the hRANTES effects on
[ 3H]D-ASP release
Met-RANTES is a RANTES derivative which was shown to an-
tagonize the effects of the chemokine in different experimental
paradigms (Elsner et al., 1999; Proudfoot et al., 1999). Met-
RANTES (0.1–1 nM), unable on its own to affect the spontaneous
release of [ 3H]D-ASP, prevented the enhancing effect of hRAN-
TES (1 nM) on the release of [ 3H]D-ASP under basal conditions
(Fig. 6A). When added alone, met-RANTES (1 nM) failed to
affect the release of [ 3H]D-ASP occurring in the presence of 10
�M forskolin (Fig. 6B); however, it abolished the inhibitory effect
of 1 nM hRANTES on this release. As expected, met-RANTES left
unchanged the inhibition caused by 10 �M MDL-12,330A (Fig.
6B).

Effects of hRANTES on the release of [ 3H]D-ASP from human
neocortical slices
It was important to verify whether the effects seen in synapto-
somes, a relatively simplified preparation that facilitates interpre-
tation of results, could be reproduced in brain slices, a more
complex, but more intact, preparation. Human neocortical slices
were prelabeled with [ 3H]D-ASP and exposed in superfusion to
hRANTES. As shown in Table 2, hRANTES (1 nM) increased the
spontaneous release of [ 3H]D-ASP. We also investigated the ef-
fect of the chemokine on the release evoked by depolarization.
Exposure of slices to 30 or 50 mM KCl caused concentration-
dependent overflows of [ 3H]D-ASP. Similarly to what we ob-
served in synaptosomes, 1 nM hRANTES significantly inhibited
the overflow evoked by 30 mM K� (by 48.3 � 7.1%, n � 3) or by
50 mM K� (by 39.5 � 8.2%, n � 4).

Figure 5. The inhibitory effect of hRANTES on glutamate release from human neocortical
synaptosomes involves adenylyl cyclase activity. A, Effects of PTx and 8-Br-cAMP on the K �-
evoked release of glutamate from human neocortical synaptosomes in absence or in presence of
hRANTES. Results are expressed as percentage of induced overflow. Data are means � SEM of
four experiments run in triplicate. *p � 0.05 versus control; #p � 0.05 versus 12 mM K �/1 nM

hRANTES. B, Effects of hRANTES and MDL-12,330A on the release of glutamate elicited by
forskolin from human neocortical synaptosomes. Results are expressed as percentage of in-
duced overflow. Data are means � SEM of three experiments run in triplicate. *p � 0.05 versus
control.

Table 1. Effects of enzyme inhibitors on the K�-evoked release of 	3H
D-aspartate
from human neocortical synaptosomes in the absence or presence of hRANTES

	3H
D-aspartate release (% induced overflow)

12 mM K� 12 mM K�/1 nM hRANTES

Control 1.83 � 0.09 1.29 � 0.07*
0.1 �M U73122 1.90 � 0.25 1.43 � 0.12*
1 �M ANT-Aip-II 1.92 � 0.15 1.46 � 0.08*
1 �M PP2 1.78 � 0.05 1.32 � 0.05*
10 �M MDL12,330A 1.39 � 0.08* n.d.

Synaptosomes were exposed to the chemokine at t � 38 min of superfusion; enzyme inhibitors were added 8 min
before. Results are expressed as a percentage of induced overflow; data are means � SEM of three experiments run
in triplicate. *p � 0.05 versus respective control. n.d., Not determined.

Figure 6. Effects of met-RANTES on the hRANTES-mediated modulation of [ 3H]D-ASP from
human neocortical synaptosomes. A, Effects of met-RANTES on the release of [ 3H]D-ASP in-
duced by hRANTES. Results are expressed as percentage of induced overflow; data are means �
SEM from four experiments run in triplicate. B, Effects of met-RANTES on the hRANTES-
mediated inhibition of the forskolin-evoked release of [ 3H]D-ASP. Results are expressed as
percentage of induced overflow; data are means � SEM from five experiments run in triplicate.
*p � 0.05 versus at least 1 nM hRANTES-induced release of tritium; #p � 0.05 at least versus 10
�M forskolin; §p � 0.05 at least versus 10 �M forskolin/1 nM hRANTES.
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A set of experiments was also performed to investigate the
effects of the broad-spectrum CCR antagonist met-RANTES on
the basal and the K�-evoked release of [ 3H]D-ASP from human
neocortical slices. The antagonist failed to significantly modify
basal and depolarization-evoked release (Table 2), suggesting
that the endogenous concentrations of RANTES (or of other che-
mokines acting at CCRs) were insufficient to modify the release
of glutamate in our experimental condition.

Human neocortical nerve ending membranes possess CCR1,
CCR3, and CCR5 proteins
RANTES is a promiscuous ligand of the chemokine receptors
CCR1, CCR3, and CCR5. Activation of these receptors usually
triggers G-protein-coupled PTx-sensitive intracellular pathways,
leading to facilitation or inhibition of cellular responses (Zhao et
al., 1998; Klein et al., 1999; Boutet et al., 2001; Mueller et al.,
2002). Because the effects of hRANTES on [ 3H]D-ASP release are
PTx sensitive, CCR1, CCR3, and CCR5 might have mediated the
observed effects on basal and depolarization-evoked release. We
therefore sought to determine whether CCR1, CCR3, or CCR5
receptor proteins could be identified by Western blot analysis in
the detergent-soluble membrane fractions of synaptosomal prep-
arations. To validate the purity of the synaptosomal membrane
preparations, we also investigated the presence of selective neu-
ronal (Stx-1A, Syph) and glial (GFAP) markers. Figure 7 shows
that selective antibodies recognized immunoreactive protein
components with an appropriate apparent mass corresponding
to that of the three chemokine receptors. Of note, GFAP immu-
noreactivity was barely detectable, suggesting that in our synap-
tosomal preparations, glial contamination was very low. The
above findings do not imply that functional receptors for RAN-
TES exist on presynaptic membranes or on other structural com-
ponents present in synaptosomal preparations. Functional evi-

dence was therefore required to show that chemokine receptors
indeed mediate the effects of hRANTES on glutamate release.

CCR1, CCR3, and CCR5 antibodies differentially affected the
RANTES effects on [ 3H]D-ASP release
It has been shown that antibodies raised against chemokine re-
ceptors can prevent cellular responses by favoring receptor inter-
nalization (Wells et al., 2006) and/or by mimicking selective che-
mokine receptor antagonists (Heath et al., 1997). We therefore
investigated whether antibodies raised against the extracellular
domain of the chemokine receptors potentially targeted by RAN-
TES (CCR1, CCR3, and CCR5) would interfere with the
hRANTES-releasing effects here characterized. To exclude possi-
ble artifacts caused by a specific binding of antibodies onto syn-
aptosomal membranes, we also tested antibodies raised against
the cytosolic protein �-tubulin III, as well as antibodies raised
against the metabotropic glutamate receptor 1 or 5 (mGluR1 or
mGluR5, respectively). We focused on these receptors because
preliminary results (V. Musante, F. Longordo, and A. Pittaluga,
unpublished observations) had shown that the selective
mGluR1/5 receptor agonist 3,5-DHPG facilitated the K�-evoked
release of glutamate from human neocortical synaptosomes, sug-
gesting the existence of presynaptic mGluR1/5 receptors in this
synaptosomal preparation.

Figure 8A shows that pretreatment of synaptosomes with
anti-CCR1 or with anti-CCR5 antibodies almost totally pre-
vented the effect of 1 nM hRANTES on the spontaneous release of
[ 3H]D-ASP, whereas preexposure to antibodies raised against
CCR 3 (or control antibodies, i.e., anti-�-tubulin III, anti-
mGluR1 or anti-mGluR5 antibodies) left unchanged the effect of
the chemokine. Antibodies failed to affect, on their own, the
spontaneous release of [ 3H]D-ASP (control: 0.03 � 0.07; anti-
CCR1: 0.06 � 0.08; anti-CCR3: 0.11 � 0.08; anti-CCR5: 0.02 �
0.05; anti-�-tubulin 3: 0.09 � 0.08; anti-mGluR1: 0.10 � 0.09;
anti-CCR1: 0.06 � 0.08; anti-mGluR5: 0.03 � 0.04).

We finally investigated the effects of CCR1, CCR3, and CCR5

Table 2. Effects of hRANTES and met-RANTES on the spontaneous and the K�-
evoked release of 	3H
D-aspartate from human neocortical slices

	3H
D-aspartate release (% induced overflow)

Control 1 nM hRANTES 1 nM met-RANTES

Basal 0.02 � 0.04 0.31 � 0.13 0.08 � 0.07
30 mM K� 1.24 � 0.20 0.64 � 0.11* 1.07 � 0.11
50 mM K� 10.69 � 1.11 6.47 � 0.68* 9.22 � 0.45

When studying the effect of hRANTES or met-RANTES on basal release, the compounds were applied starting at t �
70 min for 5 min. When the effects of hRANTES or met-RANTES on the K�-evoked release were analyzed, the
depolarizing stimulus was applied in absence or in presence of the peptides at t � 70 min for 5 min, then replaced
with standard medium. Results are expressed as percent induced overflow; data are means � SEM of three to four
experiments run in triplicate. *p � 0.05 versus respective control.

Figure 7. Western blot analysis of CCR1, CCR3 and CCR5 proteins in detergent-soluble syn-
aptosomal membrane fractions. Western blot compares the CCR1, the CCR3, and the CCR5
immunoreactivities in a fraction enriched in human neocortical synaptosomal membranes.
Anti-Stx-1A, anti-Syph, and anti-GFAP were used as selective markers of the neuronal and glial
components to evaluate the purity of our preparations. Twenty-five micrograms of proteins
were applied to the SDS PAGE gel. Protein weights are in kilodaltons. The blot in the figure is
representative of four blots from synaptosomal preparations obtained from different patients
on different days.

Figure 8. Effects of anti-CCR1, CCR3, and CCR5 antibodies on the hRANTES-induced changes
in the spontaneous and the K �-evoked release of [ 3H]D-ASP from human neocortical synap-
tosomes. A, Effects on the spontaneous release of [ 3H]D-ASP in absence (white bar) or in pres-
ence (gray bar) of hRANTES. B, Effects on the release of [ 3H]D-ASP evoked by 12 mM K � in
absence (white bar) or in presence (gray bar) of hRANTES. Results are expressed as percentage
of induced overflow. Data are means � SEM from 10 experiments run in triplicate. *p � 0.05
versus respective control; #p � 0.05 versus 1 nM hRANTES.
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antibodies on the inhibition by hRANTES of the overflow of
[ 3H]D-ASP elicited by depolarization with high K�. As shown in
Figure 8B, pretreatment with the three antibodies abolished
completely the effect of 1 nM hRANTES, whereas control anti-
bodies were ineffective; the chemokine maintained its activity in
synaptosomes pretreated with anti-�-tubulin III antibodies. The
figure also shows that the antibodies failed to affect, on their own,
the release of [ 3H]D-ASP evoked by 12 mM K� from human
neocortical synaptosomes.

Effects of RANTES on the spontaneous and on the K �-evoked
initiation of [ 3H]D-ASP release from mouse cortical
synaptosomes
Experiments were performed to ascertain whether the observed
effects of hRANTES in human neocortex could be reproduced in
an experimental animal model. To this aim, we studied the effects
of mRANTES on the spontaneous and the 12 mM K�-evoked
release of [ 3H]D-ASP from mouse cortical synaptosomes. As il-
lustrated in Figure 9, mRANTES, added to the superfusion me-
dium at 1 nM and significantly potentiated the spontaneous re-
lease of [ 3H]D-ASP (Fig. 9A); moreover, the chemokine strongly
inhibited the 12 mM K�-evoked overflow of [ 3H]D-ASP when
applied at 0.1–1.0 nM (Fig. 9B).

Discussion
This is the first functional study of the effects of the chemokine
RANTES in human brain. The work was focused on the modu-
lation by RANTES of glutamate release from nerve endings of
human neocortex isolated from fresh samples removed during
neurosurgery to reach deeply located tumors. The most relevant
finding is that RANTES can modulate bidirectionally the release

of glutamate by acting at PTx-sensitive receptors located on glu-
tamatergic nerve endings.

The presynaptic nature of the hRANTES effects is strongly
suggested by the characteristics of the technique used to study
release. Indeed, the superfusion of synaptosome monolayers has
long been considered an approach particularly appropriate to
investigate presynaptic receptors located on axon terminals and
regulating neurotransmitter release (Raiteri and Raiteri, 2000)
and their activation by selective ligands. In particular, the possi-
bility that RANTES-induced releasing effects could be due to
indirect events caused by aspartate released from one synapto-
some acting at neighboring synaptosomes seems unlikely. Actu-
ally, as shown in several reports from our and other laboratories,
the continuous up-down superfusion of a monolayer of synapto-
somes causes immediate removal of any compound released, be-
fore it can activate targets located on neighboring nerve terminals
(Raiteri and Raiteri, 2000). Thus, the effects of RANTES can only
reasonably be attributed to a direct action of the chemokine at
chemokine receptors located presynaptically on glutamatergic
terminals.

Our results unveil a dual role of RANTES on central glutamate
transmission: the chemokine, under basal conditions, can elicit
an internal Ca 2�-dependent, exocytotic-like release of gluta-
mate. On the other hand, RANTES can inhibit glutamate exocy-
tosis evoked by depolarization. These effects depend on the acti-
vation of distinct PTx-sensitive receptor-mediated pathways.
The RANTES effects were also observed in neocortical slices,
where the intimate connections between neurons and glial cells
are maintained.

The release of glutamate induced by RANTES under basal
conditions depended on PLC activation and mobilization of
Ca 2� from IP3-sensitive intraterminal stores. As previously
shown in isolated human neocortex noradrenergic nerve termi-
nals, activation of glutamate metabotropic 1 receptors also in-
volved PKC and Src (Longordo et al., 2006). In contrast, Src, but
not PKC, seems to participate in the RANTES effect. Of note, PLC
activation, Ca 2� mobilization from IP3-sensitive stores and Src-
mediated phosphorylation contributed equally (Figs. 2, 3), sug-
gesting that these events occur simultaneously. The contempo-
rary involvement of PLC and Src could be explained by assuming
that RANTES induces the dissociation of G-protein heterotrimer
into � and �� subunits. If this is the case, � subunits could acti-
vate Src (Cartier et al. 2005) to trigger a phosphorylative cascade
of events that contributes, together with the ��-evoked PLC/IP3-
induced Ca 2� mobilization, to glutamate release.

The second relevant finding of this study is that hRANTES was
able to inhibit the exocytosis of glutamate evoked by moderate
K� depolarization of human neocortical nerve endings. This
finding was unexpected. In fact, if RANTES can activate chemo-
kine receptors coupled to mobilization of internal Ca 2� from
IP3-sensitive stores, the depolarization-evoked exocytosis of glu-
tamate should be potentiated. Meanwhile it is worth reminding
that some receptors, like the serotonin 5-HT2 receptors, were
reported to mediate inhibition of the depolarization-evoked glu-
tamate exocytosis, despite their positive coupling to the phospho-
inositide pathway (Wang et al., 2006).

On the other hand, the inhibition of the K�-evoked release of
glutamate brought about by hRANTES was mimicked by an in-
hibitor of AC and reverted by 8-Br-cAMP, suggesting that the
chemokine could have inhibited glutamate exocytosis through a
blockade of terminal AC. Phosphorylative processes mediated by
AC were previously shown to play a role in glutamate exocytosis
from rat (Wang and Sihra, 2003) and mouse (Grilli et al., 2004)

Figure 9. Effects of mRANTES on the release of glutamate from mouse cortical synapto-
somes. A, Effect of mRANTES (1 nM) on the spontaneous release of [ 3H]D-ASP. Synaptosomes
were exposed to 1 nM mRANTES at the end of the first fraction collected (b1). Results are
expressed as percentages of the first superfusion fraction collected (b1). Data are means � SEM
of three experiments run in triplicate. B, Effects of mRANTES (0.1–1 nM) on the 12 mM K �-
evoked release of [ 3H]D-ASP. Results are expressed as percentage of induced overflow. Data are
means � SEM from three experiments run in triplicate. *p � 0.05 versus 12 mM K �.
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cortical glutamatergic synaptosomes. Similarly, the external
Ca 2�-dependent exocytosis of glutamate evoked by high K�

from human neocortical glutamatergic terminals may depend on
similar events, as suggested by the findings that blockade of AC
inhibited in part the K�-induced glutamate release, while AC
activation by forskolin caused release of the amino acid.

Most interestingly, hRANTES not only inhibited the K�-
evoked overflow of glutamate to the same extent as the adenylyl
cyclase inhibitor MDL-12,330A, but it also mimicked this en-
zyme blocker by inhibiting the release of the excitatory amino
acid occurring in the presence of forskolin. The inhibitory effect
of hRANTES on the depolarization-evoked glutamate overflow
was PTx-sensitive, compatible with the idea that the chemokine
acted through G-protein-coupled receptors negatively linked to
AC. As mentioned above, the chemokine receptors preferentially
targeted by RANTES are CCR1, CCR3 and CCR5, which can
mediate a number of PTx-sensitive effects. Based on our Western
blot experiments, the proteins of the three chemokine receptors
are present in our synaptosomal preparations and may be ex-
pressed on the plasma membranes of nerve terminals. Although
synaptosomal preparations contain many families of nerve end-
ings, glutamatergic nerve terminals in the mammalian cerebro-
cortex were found to be extremely abundant (�80% of the total)
(Millán et al., 2003); therefore chemokine receptors are likely to
exist on glutamatergic terminals. Nonetheless, convincing evi-
dence that the chemokine receptors are present on human gluta-
matergic terminals could only come from experiments in which
one function of these terminals, i.e., glutamate release, was
examined.

The effects of RANTES on the release of glutamate were then
challenged against met-RANTES, a chemokine receptor antago-
nist, unable, however, to discriminate among CCR1, CCR3 and
CCR5 subtypes (Proudfoot et al., 1999). As clearly illustrated in
Figure 5, met-RANTES was able to antagonize both the
hRANTES-induced augmentation of basal glutamate release and
the inhibition of glutamate exocytosis brought about by the che-
mokine. These results indicate that CCR1, CCR3 and CCR5 alone
or in combination are localized on glutamate-releasing nerve
endings in human neocortex. The coupling of the receptors to
different transducing pathways, PLC/IP3 under basal conditions
and adenylyl cyclase/PKA under depolarizing conditions, may
have a number of explanations. For instance, it was shown that
the chemokine receptors exist as homodimers or heterodimers
and that the dimer composition can direct the coupling to differ-
ent transducing pathways (Mellado et al., 2001; El-Asmar et al.,
2005; Springael et al., 2005).

Trying to circumvent the problem of the lack of selective che-
mokine receptor antagonists, we used antibodies raised against
the extracellular domains of chemokine receptors (Heath et al.,
1997; Wells et al., 2006) as potential antagonists. Pretreatment
with CCR1 or CCR5 antibodies prevented both the effects of
hRANTES on basal and K�-evoked release, while pretreatment
with CCR3 antibodies only abolished the RANTES inhibition of
the depolarization-evoked glutamate overflow. The loss of func-
tion of RANTES in the antibodies pretreated synaptosomes gives
further support to the existence of presynaptic CCRs in human
neocortical glutamatergic nerve terminals. Whether these recep-
tors localize on the same terminals or on different subpopula-
tions of glutamatergic terminals cannot be predicted, although
functional results seem to favor the hypothesis of colocalization.
The differential block of the RANTES effects by CCR3 antibodies
can only be matter of speculation. For instance, oligomerization
processes unveiled by the depolarizing stimuli may favor a CCR1/

CCR5-dependent activation of presynaptic CCR3, colocalized
with CCR1/CCR5 complex.

To conclude, we here show for the first time that glutamater-
gic nerve endings in human neocortex are endowed with chemo-
kine receptor subtypes (CCR1, CCR3 and CCR5) whose activa-
tion by RANTES can differentially modulate glutamate release.
Several authors reported the ability of RANTES to mobilize Ca 2�

ions in cultured neurons (Bolin et al., 1998; Meucci et al., 1998;
Boutet et al., 2001; Oh et al., 2001; Gillard et al., 2002; Mueller et
al., 2002; Watson et al., 2005; Ignatov et al., 2006), an observation
consistent with release of glutamate evoked by RANTES. The
facilitation by RANTES of glutamate release may, by one side,
explain the pathogenic effects that the chemokine can produce
under some pathological conditions associated with neuroin-
flammation (i.e., HIV-1 infection, multiple sclerosis), including
the regulation of T-cell chemotactic migration in CNS. Actually,
the glutamate released by RANTES may contribute to the recruit-
ment, the transmigration and the penetration in the CNS of
T-lymphocytes bearing glutamate receptors, an event proposed
to occur in defined phases of multiple sclerosis (Ganor et al.,
2003; Sarchielli et al., 2007). On the other hand, RANTES has
been reported to protect neurons from neurotoxic insults medi-
ated by the HIV-1 viral protein gp120 (Kaul and Lipton, 1999;
Kaul et al., 2007). Since the gp120-induced neuronal death de-
pends on glutamate-dependent excitotoxic events, the
hRANTES-mediated inhibition of the evoked glutamate release
may be considered as one of the mechanisms underlying neuro-
protection. Of particular interest is the finding that, while recep-
tors of CCR1 and CCR5 subtypes can both mediate stimulation
and inhibition of release, CCR3 appear to selectively mediate
inhibition of glutamate efflux, suggesting that a selective CCR3
agonist may exhibit neuroprotective activities.

One may wonder if the present data have physiological or
pathological implications. As RANTES can hardly be detected in
the CSF of normal subjects, the effects on glutamate release elic-
ited by exogenous RANTES may better reflect a pathological con-
dition. On the other hand, the results obtained with mouse brain,
very similar to those with human brain, suggest that the presence
of tumors does not cause major changes in the functional re-
sponse of CCRs here considered.

It is known that RANTES, normally present extracellularly in
minimal amounts, is released by activated glial cells (Thellung et
al., 2007) and the glial production/release of the chemokine can
be controlled through group III metabotropic glutamate recep-
tors (Besong et al., 2002). These observations, together with the
findings reported here enrich the scenario of the neuron-glia
interactions by adding the possibility that glial RANTES modu-
lates glutamate release from nerve endings while glutamate con-
trols glial production/release of RANTES. Since the neuron-glia
interaction seems crucial to neuronal plasticity as well as to neu-
rodegenerative processes, the knowledge of the mechanisms un-
derlying the RANTES-glutamate system could be helpful in de-
veloping new therapeutic approaches.
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