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Abstract—In the CNS, chemokines and chemokine receptors are involved in pleiotropic physiological and pathological

activities. Several evidences demonstrated that chemokine signaling in the CNS plays key homeostatic roles and, being

expressed on neurons, glia and endothelial cells, chemokines mediate the bidirectional cross-talk among parenchymal

cells. An efficient communication between neurons and glia is crucial to establish and maintain a healthy brain environ-

ment which ensures normal functionality. Glial cells behave as active sensors of environmental changes induced by neu-

ronal activity or detrimental insults, supporting and exerting neuroprotective activities. In this review we summarize the

evidence that chemokines (CXCL12, CX3CL1, CXCL16 and CCL2) modulate neuroprotective processes upon different

noxious stimuli and participate to orchestrate neurons-microglia-astrocytes action to preserve and limit brain damage.
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INTRODUCTION

About twenty years ago chemokines (chemotactic cytokines)
and their receptors (G-protein coupled receptors) were
described in the central nervous system (CNS) in the context
of inflammatory diseases, such as Multiple Sclerosis (MS)
and Acquired Immuno-Deficiency Syndrome (AIDS) asso-
ciated dementia, but also in normal brain (Hesselgesser and
Horuk, 1999). While the expression of chemokines asso-
ciated with neuropathological events led researchers to
investigate their role in mediating neuroinflammatory and
apoptotic events, the expression of these molecules in devel-
oping and adult brain suggested homeostatic, physiological
roles (Xia and Hyman, 1999; Bajetto et al., 2001; Cartier et
al., 2005). At that time, one study already demonstrated that
the stromal-cell derived factor-1 SDF-1 (CXCL12), fractalkine
(CX3CL1), and regulated upon activation, normal T cell
expressed and secreted RANTES (CCL5) counteracted the
apoptosis induced by Human Immunodeficiency Virus type
I (HIV-1) envelope protein gp120 in cultured hippocampal
neurons (Meucci et al., 1998). Moreover Limatola et al.
(2000) reported that growth-regulated oncogene beta Groβ
(CXCL2) reduced the apoptotic cell death in cerebellar gran-
ule cells. These data suggested that chemokines might drive
neuroprotection. Since then, the discovery that several che-
mokines and chemokine receptors are expressed by
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neurons, microglia, astrocytes and oligodendrocytes sug-
gested they might have a modulatory role in cell to cell com-
munication in the brain (Adler et al., 2006; Biber et al., 2007;
Ludwig and Mentlein, 2008; Réaux-Le Goazigo et al., 2013)

Glia-neurons cross-talk sustains brain functions

Despite the neuron-centric view of the brain dominated over the
last century, it is now clear that the interplay between neurons
and cells within the brain parenchyma (mainly microglia and
astrocytes) is determinant for brain functioning, to maintain
homeostasis and/or to counteract pathological events in the
CNS. Among the glial cells interacting with neurons, microglia
(5–12% of brain cells) are highly ramified cells that through
the high motility of their branches constantly monitor the brain
to sense local alterations (Nimmerjahn et al., 2005). Usually
defined as cells of the “innate-immunity” that protect the
CNS from pathogens, microglia senses signals of danger,
such as PAMPs (pathogen-associated molecular patterns
molecules) and DAMPs (damaged-associated molecular
patterns molecules) and react to modulate an inflammatory
response. Despite their myeloid origin, highly differentiated
microglia interact with neurons to regulate homeostatic
plasticity (Masgrau et al., 2017). In recent years, it became
evident that the so called “resting” microglia are fully active
cells that participate to brain functions controlling pruning,
elimination and maturation of synapses (Paolicelli et al.,
2011; Schafer et al., 2012). Microglial cells play a role during
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development promoting programmed cell death and remov-
ing apoptotic neurons and glia (Marín-Teva et al., 2004; Wak-
selman et al., 2008). In adult brain, microglia contribute to
neurogenesis promoting neural precursor proliferation, neu-
roblast migration, and neuronal differentiation via the secre-
tion of trophic factors (Choi et al., 2008; Yan et al., 2009;
Ribeiro Xavier et al., 2015). Astrocytes are specialized cells,
organized in non-overlapping domains within the CNS par-
enchyma and coupled into multicellular networks via gap
junctions (Sofroniew and Vinters, 2010). Astrocytes are
essential for brain homeostasis affecting: i) the blood–brain-
barrier (BBB) integrity; ii) the cerebral blood flow, fluid, ion,
pH and transmitter homeostasis; iii) the synaptic function,
being components of the (tripartite) synapsis and releasing
gliotransmitters; iv) the CNS metabolism regulating energy
supply to neurons (Sofroniew and Vinters, 2010). Upon acute
brain insults or chronic brain diseases (such as neurodegen-
erative disease, brain tumor, epilepsy) astrocytes become
reactive and undergo morphological, transcriptional and func-
tional changes that can be either beneficial or detrimental
(Sofroniew and Vinters, 2010; Liddelow and Barres, 2017).
Recently, gene profile analysis of reactive astrocytes revealed
at least two subtypes of reactive astrocytes, named A1 and A2
(in analogy to M1-M2 microglia/macrophages definition),
depending on the nature of the inducing stimuli (LPS or middle
cerebral artery occlusion MCAO) (Zamanian et al., 2012).
A1 astrocytes lose the ability to promote synapses formation,

are defective in phagocytosis, and release soluble factors that
induce apoptosis of neurons and oligodendrocytes (Zamanian
et al., 2012; Liddelow et al., 2017). A2 reactive astrocytes
might have protective/reparative functions, since they upre-
gulate neurotrophic factors and thrombospondins (which pro-
mote synapses repair) (Liddelow and Barres, 2017). These
and other evidence support the notion that the interplay
among neurons, microglia and astrocytes orchestrates the
endogenous response to limit brain damage upon toxic insult.
Chemokines in healthy brain

Chemokines are small pro-inflammatory cytokines with che-
moattractant and regulatory activities (Baggiolini, 1998). Che-
mokines are important regulators of both the peripheral and
central immune response, which largely explains how they
contribute to controlling inflammatory processes in the brain.
Indeed, in pathological processes, chemokines represent

important neuro-inflammatory mediators that drive leuko-
cytes trafficking and activation into the CNS, facilitating the
immune responses, targeting cells of the innate and adaptive
immune system (Williams et al., 2014). However, chemokine
expression in the CNS is not only related to pathological con-
ditions. Constitutive brain expression of chemokines and their
receptors on endothelial cells, neurons and glia, suggests a
role for such molecules in mediating homeostatic cross-talk
between cells of the brain parenchyma (Williams et al.,
2014). The cross-talk among neurons and glia is determinant
to establish and maintain a normal brain function. During
brain development, chemokines represent signaling mole-
cules that drive the correct migration and axonal path-
finding of neuronal progenitor cells (Tran and Miller, 2003):
in particular, CXCL12/CXCR4 pair modulates cerebral cortex
(Bagri et al., 2002; Lu et al., 2002; Stumm et al., 2003; Stumm
and Höllt, 2007) and cerebellar (Ma et al., 1998; Zou et al.,
1998) development. In adult brain, high expression of
CXCR4 has been reported in neuronal progenitor cells in
the subventricular region and in the subgranular zone of the
hippocampus, the two major niches of neuronal stem cells
in the adult brain (Stumm et al., 2002; Berger et al., 2007).
The expression of CXCL12 in the hippocampal granular layer
regulates the generation and the positioning of new granule
neurons (Abe et al., 2018), as well as axonal elongation
and sprouting (Pujol et al., 2005; Lysko et al., 2011; Su et
al., 2012). According to its role in neurogenesis, the up-
regulation of CXCL12 upon stroke (Wang et al., 2012), or
demyelination (Carbajal et al., 2011; Patel et al., 2012; Wil-
liams et al., 2014) contributes to generate new cells and to
restore normal CNS functions. Postnatal development of
neurons in the cortical layer V depends on CX3CL1 signaling,
which regulates the release of insulin-like growth factor (IGF-
1) by microglia, important for survival of these neurons (Ueno
et al., 2013). In addition, in the postnatal critical period,
CX3CL1 signaling on microglia is important for the phagocy-
tosis and removal of synaptic elements (Paolicelli et al.,
2011), a mechanism important to refine neuronal connec-
tions (Zhan et al., 2014). The disruption of CX3CL1/CX3CR1
signaling in young rats decreases hippocampal neurogen-
esis, and CX3CL1 administration reverts the age-related
decrease of hippocampal neurogenesis through IL-1β
(Bachstetter et al., 2011). Neuronal progenitor cells (NPs) in
the SVZ express CCR2 andmigrate in response to monocyte
chemoattractant protein 1 MCP1 (CCL2) gradient (Ji et al.,
2004; Widera et al., 2004). However, while no alterations in
neurogenesis have been reported in CCL2KO mice (Kiyota
et al., 2013), a role for CCL2 in neurogenesis has been docu-
mented upon brain injury. In 2006 Belmadani et al. demon-
strated that NPs engrafted in hippocampal slices could
migrate towards area of inflammation/injury and this effect
was CCL2/CCR2 dependent. CCL2 expression increased in
glial cells in a mouse model of cerebral ischemia (transient
MCAO), likely correlated with NPs migration towards the
ischemic area (Yan et al., 2007). Impairing CCL2 signaling
only affected post-ischemic neuroblast migration, not prolif-
eration (Yan et al., 2007). CCL2 is also involved in NPs differ-
entiation into neurons: Liu et al., 2007 reported that CCL2
increased the neuronal differentiation of NPs (measured as
TuJ1-positive cells) without altering their proliferation. Finally,
in a mouse model of Alzheimer disease, CCL2 deficiency
affects the progressive neurocognitive dysfunctions, also
reducing neurogenesis and differentiation in the subgranular
zone (SGZ) of the dentate hippocampal gyrus (Kiyota et al.,
2013).
Apart from neurons, chemokine signaling is also important

in glia development. CXCL1 expressed by astrocytes and
CXCR2 expressed by oligodendrocyte progenitor cells
(OPC), drive the correct positioning of OPC in the spinal cord
during development (Tsai et al., 2002), important for the
maintenance of oligodendrocytes lineage and myelination
(Padovani-Claudio et al., 2006). Moreover, CXCL1/CXCR2
signaling plays a role in OPC proliferation (Robinson et al.,
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1998), also in response to injury, in postnatal spinal cord (Wu
et al., 2000; Hosking et al., 2010). In vitro, CXCL12 regulates
OPC migration and survival (Dziembowska et al., 2005).
Furthermore, CXCL12 is determinant for the re-myelination
of the corpus callosum in a mouse model of MS (Patel et
al., 2010, 2012) and of the spinal cord in a mouse model of
demyelination (Carbajal et al., 2011). Another chemokine
involved in olygodendrocytic differentiation is CX3CL1
(Voronova et al., 2017). In the developing cortex, the
CX3CL1 expressed by interneurons of the medial ganglionic
eminence drives glial precursor cells differentiation into oligo-
dendrocytes (Voronova et al., 2017). Moreover, authors
speculated that CX3CL1, released by neurons, might repre-
sent a signal that contributes to oligodendrogenesis and
myelination associated with neuronal activity (Gibson et al.,
2014).
Chemokines affect synaptic transmission in several brain

regions. Modulation of both glutamatergic and GABAergic
neurotransmission, often with opposite effects, as well as
regulation of neuronal excitability have been reported
(Rostène et al., 2011a). Pioneer experiments demonstrated
that IL8 and CXCL1 potentiate the spontaneous and evoked
excitatory transmission in cerebellar neurons by increasing
the cytosolic Ca2+ levels, whereas CXCL12 depresses the
evoked input of the parallel fibers to Purkinje neurons (Gio-
vannelli et al., 1998; Ragozzino et al., 1998, 2002). CXCL12
also induces a presynaptic increase of both glutamatergic
and GABAergic neurotransmission onto serotoninergic neu-
rons in the dorsal raphe, onto cortical immature neurons upon
transient MCAO and onto dopaminergic neurons of substan-
tia nigra (SN) (Guyon et al., 2006; Heinisch and Kirby, 2010;
Ardelt et al., 2013). Post-synaptic modulation of GABA-A
receptors has been reported for CX3CL1 onto serotoninergic
neurons in the dorsal raphe and cortical neurons (Heinisch
and Kirby, 2009; Roseti et al., 2013). At Schaffer's
collateral-CA1 pyramidal neurons CX3CL1 depresses
AMPA-mediated currents with a mechanism that involves
inhibition of forskolin-induced Ser-845 GluR1 phosphoryla-
tion (Ragozzino et al., 2006), whereas it enhances NMDA-
mediated neurotransmission via adenosine A2A subtype
activation and D-serine release by glial cells (Maggi et al.,
2009; Scianni et al., 2013). In the same area it has been
reported that: i) CCL2 exerts pre-synaptic effects increasing
the release of glutamate onto CA1 pyramidal neurons
(Zhou et al., 2011); ii) CXCL16 enhances both the release
of glutamate and GABA, requiring adenosine type 3 receptor
(A3R) and microglia activation (Di Castro et al., 2016).
Effects on excitability have been also reported for CXCL12

onto vasopressin neurons in the hypothalamus and onto
dopaminergic neurons in substantia nigra, the latter being
mediated by modulation of high-threshold calcium currents
(Callewaere et al., 2006; Skrzydelski et al., 2007; Guyon et
al., 2008). CCL2 also modulates excitability of dopaminergic
neurons in SN by closure of background channels, mainly
selective to potassium ions, whereas on CA1 pyramidal neu-
rons it increases excitability by enhancement of excitatory
transmission (Guyon et al., 2009; Zhou et al., 2011).
Chemokines also play a role in the nociceptive process,

modulating neuropathic pain through the cross-talk with
opioid receptors (White et al., 2007; Mélik Parsadaniantz et
al., 2015; Jayaraj et al., 2018), and modulate the functioning
of the hypothalamus-pituitary axis being involved in the regu-
lation of body temperature, feeding, water balance and stress
responses (Rostène et al., 2011b). These huge amounts of
evidence support a homeostatic modulatory role of chemo-
kines in the adult CNS.

Chemokines and neuroprotection

CXCL12
As a potent chemoattractant for T- and B-lymphocytes and
inflammatory monocytes, CXCL12 was long considered only
a mediator of CNS inflammation (Calderon et al., 2006;
Krumbholz et al., 2006; McCandless et al., 2008). However,
the discovery that CXCL12 guides the homing of neuronal
progenitor/stem cells into brain damaged regions, contribut-
ing to recovery both in ischemia and in neurodegenerative
disorder, highlighted the neuroprotective effects of this che-
mokine (Robin et al., 2006; Li et al., 2012). Besides acting
as a recruiting molecule, CXCL12 acts on cells of the brain
parenchyma, such as neurons, astrocytes or microglia that
do express its receptor CXCR4 (Meucci et al., 1998; van
der Meer et al., 2000; Banisadr et al., 2002; Baudouin et al.,
2006; de Haas et al., 2007; Reaux-Le Goazigo et al., 2012).
The first evidence that CXCL12 has effects on neurons and

promotes neuroprotection were given by Meucci et al. (1998)
when, for the first time, the authors demonstrated that
CXCL12 reduced the apoptotic death of hippocampal neu-
rons induced by gp120 or by glia deprivation. Following glia
deprivation, neuroprotection was promoted by administration
of CXCL12 specifically to neurons highlighting a direct activ-
ity of the chemokine on these cells. Further, stimulation of
hippocampal neurons with CXCL12 was able to induce Akt
phosphorylation and p65NF-kB nuclear translocation, both
signaling implicated in pro-survival cell fate (Khan et al.,
2004). Apoptotic cell death due to K+ deprivation was also
reduced by CXCL12 in primary cerebellar neurons, where it
regulates the activity of cell-cycle proteins (Rb, E2F-1),
involved in neuronal apoptosis (Khan et al., 2003). Accord-
ingly, in primary cortical neurons, CXCL12 promotes Rb func-
tion increasing its expression, nuclear localization, and
transcriptional activity and reducing the excitotoxic cell death
due to NMDA receptors over-activation (Khan et al., 2008). In
addition, CXCL12 promotes neuronal survival against gp120
neurotoxicity, increasing p53 acetylation and p21 expression
(Khan et al., 2005). CXCL12 neuroprotection is also sus-
tained by an increase in the pro-survival signaling of synaptic
NMDA receptor, and in the down-regulation of the extra-
synaptic NR2B-NMDA receptor subunit (whose activity is
known to mediate neurotoxicity) (Nicolai et al., 2010). Since
all the experiments presented in the above cited papers were
performed using neuronal cultures with a separate astrocytes
layer, it cannot be excluded that the neuroprotective effects
might be also mediated by glial cells. Indeed, CXCL12 stimu-
lates astrocytes promoting Akt phosphorylation (Khan et al.,
2004), G-protein-PI-3Kinase-ERK1/2 signaling cascade lead-
ing to cell proliferation (Bajetto et al., 2001b), NF-Kb activa-
tion with consequent TNF-α (Han, 2001) and glutamate
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release (Bezzi et al., 2001; Calì et al., 2008). In vivo, cerebral
CXCL12 administration to ischemic animals has neuropro-
tective activity (Shyu et al., 2008). Accordingly, the over-
expression (using adenoviral vector) of CXCL12, three days
before but also one week after transient MCAO, reduced
ischemic damage (Yoo et al., 2012). In line with these find-
ings, in a permanent MCAO mouse model, virus-mediated
over-expression of CXCL12 in the peri-infarcted area, one
week after the insult, reduced brain atrophy and behavioral
deficits, likely through Akt, ERK, P38 pathway, without elicit-
ing inflammatory responses (Li et al., 2014).
Recently it has been reported that gliptin (Dipeptidyl-pepti-

dase 4 DPP-4 inhibitor) improves motor functions and
reduces tissue damage upon MCAO, increasing the cerebral
level of CXCL12 (Chiazza et al., 2018). Since CXCR4
antagonist reduced gliptin induced functional recovery
(Chiazza et al., 2018), it was speculated that CXCL12 repre-
sents an endogenous modulator counteracting brain
damage. The upregulation and the release of CXCL12 from
astrocytes was also observed in the ischemic penumbra
(Stumm et al., 2002; Hill et al., 2004; Miller et al., 2005). In
vitro, ischemia alters the expression of miRNAs associated
with CXCL12 regulation, leading to increased CXCL12
expression and release from astrocytes (Shin et al., 2014).
In addition, acting on microglial cells, CXCL12 activates sig-
naling pathways that trigger the release of IL-6 (Lu et al.,
2009), which has neuroprotective properties in ischemia
(Loddick et al., 1998; Ali et al., 2000; Ohtaki et al., 2006).
Another novel neuroprotective activity of CXCL12/CXCR4

signaling has been identified in its ability to increase dendritic
spine numbers (Pitcher et al., 2014). In particular authors
found that, in opiate abuser and in neuroAIDS patients,
deregulation of CXCL12/CXCR4 is determinant to cognitive
dysfunction associated with dendritic spine loss. The authors
also demonstrated that CXCL12/CXCR4 regulates dendritic
spine density both in vitro, in pure neuronal cultures, and in
vivo, in a rat model of opiate abuse.
CXCL12-CXCR4 signaling plays a role in neuroprotec-

tion also in Alzheimer disease: CXCL12 protected neu-
rons from Aβ-induced apoptosis through the activation of
Akt, ERK1/2 and the maintenance of metalloproteinase
ADAM17 and, in vivo, counteracted the oxidative damage
and the loss of spine density in the hippocampus (Raman
et al., 2011). Furthermore, a decreased expression of
CXCL12 was observed in the brain of Tg2576 and in 3XTg
AD animal models at the stage of cognitive decline, as well
as in brain tissue from AD patients (Parachikova and
Cotman, 2007).

CX3CL1
CX3CL1 is a trans-membrane chemokine highly expressed
by neurons and present in a soluble form upon cleavage by
metalloproteases such as ADAM10, 17 (Garton et al., 2001;
Hundhausen et al., 2003), catepsin-S and γ-secretases
(Clark et al., 2007; Schulte et al., 2007; Fonovic et al.,
2013). Both trans-membrane and soluble CX3CL1 forms
bind a unique receptor CX3CR1, with possible differences
in affinity and activity (Biber et al., 2007). The discovery of
the specific expression of CX3CR1 in microglial cells
(Cardona et al., 2006) opens to the perspective that CX3CL1
is implicated in neuron–microglia cross-talk and in the control
of microglia activity (Biber et al., 2007). In 2000, Zujovic et al.
reported for the first time that exogenous CX3CL1 restrained
LPS-microglia activation in vitro, and that neutralization of
endogenous CX3CL1 in hippocampal cultures increased
the neurotoxic action on neuronal cells. Accordingly, in vivo
neutralization of endogenous CX3CL1 potentiated LPS
effects in the brain (Zujovic et al., 2000). Later, Mizuno et
al. (2003) reported the reduction of IL-6, NO and TNF-α pro-
duction by microglia stimulated with LPS upon CX3CL1 treat-
ment, and a reduced neuronal cell death. Boehme et al.
(2000) showed that CX3CL1 reduced FAS-mediated micro-
glia cell death activating PI-3 kinase/PKB pathway, and mod-
ulating both the levels and the activation states of Bcl-2 family
member proteins. In animal models, knocking down CX3CR1
signaling exacerbated microglia over-activation, increasing
the release of IL-1β and apoptotic neuronal cell death in mice
injected with LPS, and increased neuronal cell loss in PD and
ALS mouse models (Cardona et al., 2006). In cx3cl1−/−
mice, the Adeno-Associated Virus (AAV)-mediated gene
insertion of either soluble or membrane bound synthetic var-
iant of CX3CL1 demonstrated that, in a MPTP- model of PD,
only the soluble form rescued motor coordination, reduced
neurodegeneration and microglia activation (Morganti et al.,
2012). A role for endogenous CX3CL1 in the attenuation of
a pro-inflammatory phenotype was also reported in a mouse
model of Tauopathy (Lastres-Becker et al., 2014). Recent
data show that only the over-expression of a specific clea-
vage variant of the soluble CX3CL1 reduced Tau-pathology
(Finneran and Nash, 2019). In addition to restrain inflamma-
tory microglia, other neuroprotective effects are mediated by
CX3CL1 signaling. In hippocampal cultures, CX3CL1
reduced neuronal cell death due to gp120- or glutamate over-
exposure (Meucci et al., 2000; Limatola et al., 2005). Micro-
glial cells treated with CX3CL1 release soluble factors that
promote neuroprotection in mixed hippocampal neuron–glia
cultures. Among them adenosine modulates CX3CL1 neuro-
protection through the activation of adenosine A1 receptor
subtype (A1R) (Lauro et al., 2008, 2010). Acting on microglia,
CX3CL1 indirectly modulates the activity of glutamate-
transporter 1 (GLT-1) on astrocytes, with higher glutamate
removal from the extracellular space, and this effect requires
the function of A1R (Catalano et al., 2013). In a pMCAO rat
model, i.c.v. injection of soluble CX3CL1, 30 min after ische-
mia, has long lasting protective effects, reducing lesion
volume and neurological deficits, again with the involvement
of active A1Rs (Cipriani et al., 2011).
CX3CL1-mediated neuroprotection and neuromodulation

may also require the activity of adenosine-type 2 a receptors
(A2ARs). Scianni et al. (2013) demonstrated that CX3CL1
modulates the NMDA glutamate receptor function and that
this effect involves the release of D-serine from glial cells,
and the activity of A2AR subtype. Altogether these data
describe a mechanism by which CX3CL1, via A2AR and D-
serine, and likely modulating synaptic NR2A/NMDARs,
induced CREB phosphorylation, upregulation and release of
BDNF, resulting in neuroprotection and neuromodulation
(Lauro et al., 2015).
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CXCL16
CXCL16 is another transmembrane chemokine that, upon
cleavage by metalloproteases (ADAM 17, 10), can be
released in a soluble form and stimulates its unique receptor
CXCR6. Until recently, it was only known that, in the brain,
CXCL16 levels increased upon inflammatory conditions,
and that both microglia and astrocytes release CXCL16
(Ludwig et al., 2005). In patients affected by inflammatory dis-
orders, such as MS, soluble CXCL16 is upregulated in the
cerebrospinal fluid (CSF) (Le Blanc et al., 2006), and in the
EAE mouse model CXCL16 plays a major role in recruiting
immune cells, mainly neutrophils, across the BBB
(Wojkowska et al., 2014). All these data suggest a specific
role of CXCL16 in mediating neuro-inflammatory and neuro-
toxic events in the brain. However, its constitutive expression
in different CNS cells (Ludwig et al., 2005; Rosito et al., 2012)
suggests additional roles in mediating cell-to-cell communi-
cation. In vitro experiments, by Rosito et al. (2012), demon-
strated that in mixed hippocampal neuron-glia cultures the
administration of soluble CXCL16 led to neuroprotection
against glutamate-excitotoxicity and oxygen glucose depriva-
tion (OGD) insults. Specifically, CXCL16 acts on astrocytes
to induce the release of soluble mediators that concur to neu-
roprotection, with a mechanism that requires functional activ-
ity of Adenosine A3 Receptor subtype (A3R). One of these
mediators is the chemokine CCL2, since the neutralization
of soluble CCL2 reduced the protective effect of CXCL16
(Rosito et al., 2012). Further, i.c.v. injection of soluble
CXCL16 in a pMCAO mouse model reduced ischemic brain
damage in wt mice but was less effective in A3R −/− mice
(Rosito et al., 2014). The observation that in cxcr6−/− mice
the ischemic lesion was significantly increased compared to
wt animals suggests that endogenous CXCL16/CXCR6 sig-
naling is important to counteract brain damage. Furthermore,
CXCL16 was upregulated in hippocampal cultures upon
recovery from OGD, and in the ipsilateral ischemic hemi-
sphere in pMCAO animals leading to the hypothesis that
the release of CXCL16 is an attempt of the brain to limit neu-
ronal damage (Rosito et al., 2014). In chronic or acute neuro-
degenerative diseases, both excitotoxicity (Lipton, 2005;
Hallett and Standaert, 2004; Shaw et al., 1995; Castillo et
al., 1996; Zauner et al., 1996), and neuroinflammatory condi-
tions exacerbate brain damage and dysfunction (Ransohoff,
2016). Considering the key role of microglia in sensing neuro-
nal microenvironment (Davalos et al., 2005), it was not sur-
prising to discover that some of the effects of CXCL16 are
also mediated by these cells. Recently, Lepore et al. (2018)
demonstrated that primary microglial cells respond to
CXCL16 stimulation acquiring an anti-inflammatory pheno-
type and, in the context of an inflammatory environment
(LPS-IFNγ), CXCL16 attenuates the pro-inflammatory micro-
glia phenotype, thus suggesting a role in contrasting
neuroinflammation.

CCL2
Although CCL2 plays a key role in leucocyte transmigration
across the blood–brain barrier (Weiss et al., 1998) promoting
brain inflammation (Chang et al., 2016; Varvel et al., 2016;
Cédile et al., 2017), other reports indicated that high levels
of CCL2 in the brain are not directly correlated with inflamma-
tion (Kolb et al., 1999; Little et al., 2002).
The first evidence of a neuroprotective activity of CCL2

against NMDA toxicity in mixed cortical cultures were pre-
sented by Bruno et al. (2000). They reported that CCL2
was neuroprotective at different doses when applied before
or during the toxic insult, suggesting that receptors with differ-
ent affinity could be involved. CCL2 also reduced apoptotic
cell death induced by NMDA and tat-protein in human mixed
neuron-astrocytes cultures (Eugenin et al., 2003). The
authors found that CCL2 reduced the extracellular level of
glutamate and the intracellular trafficking of tat and NMDA
receptor 1 in neurons. In addition, they found that CCL2,
applied after the toxic insult, did not induce neuroprotection,
suggesting that CCL2 is required as an early signal in neu-
rons and/or astrocytes. The release of CCL2 by astrocytes
also mediates the neuroprotective effects of RANTES
against tat toxicity (Eugenin et al., 2003), and the neuropro-
tective effects of noradrenaline against NMDA excitotoxicity
and OGD damage (Madrigal et al., 2009). The mechanism
of this protective activity was investigated in midbrain primary
neuronal cultures (Yao et al., 2009). The authors reported
that CCL2 stimulates the PLC/IP3R pathway which, in turn,
activates the transient receptor potential channel (TRPC),
with consequent increase of intracellular calcium. Calcium
elevation triggers the MEK/ERK pathway, leading to CREB
activation and neuronal survival. In addition, CCL2 activates
PI3K/Akt/NF-kB pathway, which also potentiates neuronal
survival.
CXCL12/CX3CL1/CXCL16/CCL2: a quartet of
endogenous modulators that drive neuron–glia
communication to counteract brain damage

Awareness that self-endogenous protective mechanism can
act in the brain to counteract or restrain toxic insult derives
from the concept of tolerance and preconditioning in ische-
mia, where precondition is able to trigger endogenous protec-
tive mechanisms that limit the effects of subsequent injuries
(Stevens et al., 2014). Although the activation of destructive
pathways induces cell death, the induction of simultaneous
protective mechanisms limits the resulting damage and set
the stage for tissue repair and reorganization in ischemia
(Iadecola and Anrather, 2011).
Damaged neurons respond to neurotoxic insults releasing

soluble factors that can be sensed by surrounding glia: one
of this factors is CX3CL1, that is upregulated (Tarozzo et
al., 2002; Zhu et al., 2009), cleaved and released from neu-
rons upon ischemia, excitotoxic insult and traumatic brain
injury (Chapman et al., 2000; Limatola et al., 2005; Noda et
al., 2011; Gaetani et al., 2013). In addition, the up-
regulation and release of CXCL12 from astrocytes has been
reported in the ischemic penumbra upon ischemic insult (Hill
et al., 2004; Miller et al., 2005; Shin et al., 2014). Recently
CXCL16 has been found to be over-expressed following
pMCAO and in in vitro OGD (Rosito et al., 2014), and
increased CCL2 expression after brain ischemia has been
reported (Kim et al., 1995; Wang and Feuerstein, 1995;
Guo et al., 2014).



Flavia Trettel et al. / Neuroscience 439 (2020) 230–240 235
Since, as reported in this review, all the cited chemokines can
trigger different mechanisms of neuroprotection, limiting apop-
totic and excitotoxic cell death as well as inflammatory condi-
tions, it can be speculated that upon noxious insult
endogenous protective programs, such as the chemokine-
induced-chemokine release, might orchestrate neurons-
microglia-astrocytes action to preserve and limit brain damage.
It has been shown that in neurons CXCL12 triggers intra-

cellular pathways (Khan et al., 2005, 2008) that can up-
regulate the transcription of cx3cl1 gene such as NF-Kb
and p53 (Shiraishi et al., 2000). Cook et al. (2010) showed
that CXCL12 increases the shedding of neuronal CX3CL1,
likely via up-regulation of neuronal ADAM17, suggesting that,
in addition to the direct neuroprotective activity of CXCL12, its
ability to induce CX3CL1 release may further facilitate neuro-
nal recovery after excitotoxic insults. CX3CL1, in turn, can
Fig. 1. Summary of the main effects orchestrated by CXCL12/CX3CL1/CXCL
damage. The effects of CXCL12 (pink), CX3CL1 (blu), CXCL16 (green), and CCL2
release CXCL12 that promotes neuroprotection directly acting on neurons and mod
tosis regulating cell cycle protein (Rb) and regulating NMDA (NR2B) receptor sub
butes to neuroprotection. CXCL12 also promotes the neuronal shedding of CX3C
acts onmicroglia to reduce cell activation and to release adenosine. CX3CL1 and a
dent on A1R activity, and induce the release of D-serine from glial cells depending
receptor functions, and induce the up-regulation of pro-survival pathways such as p
(Blu pathway).CXCL16 is upregulated upon brain damage. With a mechanism th
CCL2, important to mediate neuroprotection. In addition CXCL16 contrasts mic
CCL2, is upregulated upon ischemia, and directly acts on neurons leading to act
kB (Brown pathway).All these mechanisms contribute to neuroprotection.
elicit the release of soluble CXCL16 from astrocytes and
microglia, and A3R and CCL2, mediators of CXCL16 neuro-
protective activity, represent active player in CX3CL1 protec-
tion against excitotoxic-insult (Rosito et al., 2012). In line with
these data, the neuroprotection induced by CX3CL1 against
ischemic insult is significantly reduced in mice that lack
CXCL16 signaling (Rosito et al., 2014).
The above mentioned findings strongly corroborate the

concept that, in the CNS, chemokines could represent key
endogenous modulators of the cross-talk between neurons
and glia cells aimed at preserve brain functioning (Fig. 1).
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ivation of pro-survival pathways via TRPC channels, or via PI3K/Akt/NF-

Image of Fig. 1


236 Flavia Trettel et al. / Neuroscience 439 (2020) 230–240
REFERENCES

Abe P, Wüst HM, Arnold SJ, van de Pavert SA, Stumm R. (2018)
CXCL12-mediated feedback from granule neurons regulates generation
and positioning of newneurons in the dentate gyrus. Glia 66:1566-1576.

Adler M, Geller E, Chen X, Rogers T (2006) Viewing chemokines as a
third major system of communication in the brain. AAPS J.7:E865–
E870.

Ali C, Nicole O, Docagne F, Lesne S, MacKenzie ET, Nouvelot A, Buis-
son A, Vivien D. (2000) Ischemia-induced interleukin-6 as a potential
endogenous neuroprotective cytokine against NMDA receptor-
mediated excitotoxicity in the brain. J Cereb Blood Flow Metab
20:956-966.

Ardelt AA, Bhattacharyya BJ, Belmadani A, Ren D, Miller RJ. (2013) Stro-
mal derived growth factor-1 (CXCL12) modulates synaptic transmis-
sion to immature neurons during post-ischemic cerebral repair. Exp
Neurol 248:246-253.

Bachstetter AD, Morganti JM, Jernberg J, Schlunk A, Mitchell SH, Brew-
ster KW, Hudson CE, Cole MJ, Harrison JK, Bickford PC, Gemma
C. (2011) Fractalkine and CX3CR1 regulate hippocampal neurogen-
esis in adult and aged rats. Neurobiol Aging 32:2030-2044.

Baggiolini M (1998). Chemokines and leukocyte traffic. Nature.392:565–8.
Bagri A, Gurney T, He X, Zou YR, Littman DR, Tessier-Lavigne M, Plea-

sure SJ. (2002) The chemokine SDF1 regulates migration of dentate
granule cells. Development 129:4249-4260.

Bajetto A, Bonavia R, Barbero S, Florio T, Schettini G. (2001) Chemo-
kines and their receptors in the central nervous system. Front Neu-
roendocrinol 22:147-184.

Bajetto A, Barbero S, Bonavia R, Piccioli P, Pirani P, Florio T, Schettini G.
(2001) Stromal cell-derived factor-1alpha induces astrocyte prolifera-
tion through the activation of extracellular signal-regulated kinases 1/
2 pathway. J Neurochem 77:1226-1236.

Banisadr G, Fontanges P, Haour F, Kitabgi P, RostèneW, Mélik Parsada-
niantz S. (2002) Neuroanatomical distribution of CXCR4 in adult rat
brain and its localization in cholinergic and dopaminergic neurons.
Eur J Neurosci 16:1661-1671.

Baudouin SJ, Pujol F, Nicot A, Kitabgi P, Boudin H. (2006) Dendrite-
selective redistribution of the chemokine receptor CXCR4 following
agonist stimulation. Mol Cell Neurosci 33:160-169.

Belmadani A, Tran PB, Ren D, Miller RJ. (2006) Chemokines regulate the
migration of neural progenitors to sites of neuroinflammation. J Neu-
rosci 26:3182-3191.

Berger O, Li G, Han SM, Paredes M, Pleasure SJ. (2007) Expression of
SDF-1 and CXCR4 during reorganization of the postnatal dentate
gyrus. Dev Neurosci 29:48-58.

Bezzi P, Domercq M, Brambilla L, Galli R, Schols D, De Clercq E, Vescovi
A, Bagetta G, Kollias G, Meldolesi J, Volterra A. (2001) CXCR4-
activated astrocyte glutamate release via TNFalpha: amplification by
microglia triggers neurotoxicity. Nat Neurosci 4:702-710.

Biber K, Neumann H, Inoue K, Boddeke HW. (2007) Neuronal 'On' and
'Off' signals control microglia. Trends Neurosci 30:596-602.

Boehme SA, Lio FM, Maciejewski-Lenoir D, Bacon KB, Conlon PJ. (2000)
The chemokine fractalkine inhibits Fas-mediated cell death of brain
microglia. J Immunol 165:397-403.

Bruno V, Copani A, Besong G, Scoto G, Nicoletti F. (2000) Neuroprotec-
tive activity of chemokines against N-methyl-D-aspartate or beta-
amyloid-induced toxicity in culture. Eur J Pharmacol 399:117-121.

Calderon TM, Eugenin EA, Lopez L, Kumar SS, Hesselgesser J, Raine
CS, Berman JW. (2006) A role for CXCL12 (SDF-1alpha) in the patho-
genesis of multiple sclerosis: regulation of CXCL12 expression in
astrocytes by soluble myelin basic protein. J Neuroimmunol 177:27-
39.

Calì C, Marchaland J, Regazzi R, Bezzi P. (2008) SDF 1-alpha (CXCL12)
triggers glutamate exocytosis from astrocytes on a millisecond time
scale: imaging analysis at the single-vesicle level with TIRF micro-
scopy. J Neuroimmunol 198:82-91.

Callewaere C, Banisadr G, Desarménien MG, Mechighel P, Kitabgi P,
Rostène WH, Mélik Parsadaniantz S. (2006) The chemokine SDF-1/
CXCL12 modulates the firing pattern of vasopressin neurons and
counteracts induced vasopressin release through CXCR4.Proc. Natl
Acad Sci U S A 103(21):8221-8226.
Carbajal KS, Miranda JL, Tsukamoto MR, Lane TE. (2011) CXCR4 sig-
naling regulates remyelination by endogenous oligodendrocyte pro-
genitor cells in a viral model of demyelination. Glia. 59:1813-1821.

Cardona AE, Pioro EP, Sasse ME, Kostenko V, Cardona SM, Dijkstra IM,
Huang D, Kidd G, Dombrowski S, Dutta R, Lee JC, Cook DN, Jung S,
Lira SA, Littman DR, Ransohoff RM. (2006) Control of microglial neu-
rotoxicity by the fractalkine receptor. Nat Neurosci 9:917-924.

Cartier L, Hartley O, Dubois-Dauphin M, Krause KH. (2005) Chemokine
receptors in the central nervous system: role in brain inflammation
and neurodegenerative diseases. Brain Res Brain Res Rev 48:16-42.

Castillo J, Dávalos A, Naveiro J, Noya M. (1996) Neuroexcitatory amino
acids and their relation to infarct size and neurological deficit in
ischemic stroke. Stroke 27:1060-1065.

Catalano M, Lauro C, Cipriani R, Chece G, Ponzetta A, Di Angelantonio
S, Ragozzino D, Limatola C. (2013) CX3CL1 protects neurons against
excitotoxicity enhancing GLT-1 activity on astrocytes. J Neuroimmu-
nol 263:75-82.

Cédile O, Wlodarczyk A, Owens T. (2017) CCL2 recruits T cells into the
brain in a CCR2-independent manner. APMIS 125:945-956.

Chang AL, Miska J, Wainwright DA, Dey M, Rivetta CV, Yu D, Kanojia D,
Pituch KC, Qiao J, Pytel P, Han Y, Wu M, Zhang L, Horbinski CM,
Ahmed AU, Lesniak MS. (2016) CCL2 produced by the glioma micro-
environment is essential for the recruitment of regulatory T cells and
myeloid-derived suppressor cells. Cancer Res 76:5671-5682.

Chapman GA, Moores K, Harrison D, Campbell CA, Stewart BR, Strijbos
PJ. (2000) Fractalkine cleavage from neuronal membranes repre-
sents an acute event in the inflammatory response to excitotoxic brain
damage. J Neurosci 20:87-91.

Chiazza F, Tammen H, Pintana H, Lietzau G, Collino M, Nyström T, Klein
T, Darsalia V, Patrone C. (2018) The effect of DPP-4 inhibition to
improve functional outcome after stroke is mediated by the SDF-1α/
CXCR4 pathway. Cardiovasc Diabetol 17:60.

Choi YS, Cho HY, Hoyt KR, Naegele JR, Obrietan K. (2008) IGF-1 recep-
tor-mediated ERK/MAPK signaling couples status epilepticus to pro-
genitor cell proliferation in the subgranular layer of the dentate
gyrus. Glia 56:791-800.

Cipriani R, Villa P, Chece G, Lauro C, Paladini A, Micotti E, Perego C, De
Simoni MG, Fredholm BB, Eusebi F, Limatola C. (2011) CX3CL1 is
neuroprotective in permanent focal cerebral ischemia in rodents. J
Neurosci 31:16327-16335.

Clark AK, Yip PK, Grist J, Gentry C, Staniland AA, Marchand F, Dehvari
M, Wotherspoon G, Winter J, Ullah J, Bevan S, Malcangio M. (2007)
Inhibition of spinal microglial cathepsin S for the reversal of neuro-
pathic pain. Proc Natl Acad Sci U S A 19:10655-10660.

Cook A, Hippensteel R, Shimizu S, Nicolai J, Fatatis A, Meucci O. (2010)
Interactions between chemokines: regulation of fractalkine/CX3CL1
homeostasis by SDF/CXCL12 in cortical neurons. J Biol Chem
285:10563-10571.

Davalos D, Grutzendler J, Yang G, Kim JV, Zuo Y, Jung S, Littman DR,
Dustin ML, Gan WB. (2005) ATP mediates rapid microglial response
to local brain injury in vivo. Nat Neurosci 8:752-758.

de Haas AH, van Weering HR, de Jong EK, Boddeke HW, Biber KP.
(2007) Neuronal chemokines: versatile messengers in central ner-
vous system cell interaction. Mol Neurobiol 36:137-151.

Di Castro MA, Trettel F, Milior G, Maggi L, Ragozzino D, Limatola C.
(2016) The chemokine CXCL16 modulates neurotransmitter release
in hippocampal CA1 area. Sci Rep 6:34633.

Dziembowska M, Tham TN, Lau P, Vitry S, Lazarini F, Dubois-Dalcq M.
(2005) A role for CXCR4 signaling in survival and migration of neural
and oligodendrocyte precursors. Glia 50(3):258-269.

Eugenin EA, D'Aversa TG, Lopez L, Calderon TM, Berman JW. (2003)
MCP-1 (CCL2) protects human neurons and astrocytes from NMDA
or HIV-tat-induced apoptosis. J.Neurochem. 85:1299-1311.

Finneran DJ, Nash KR. (2019) Neuroinflammation and fractalkine signal-
ing in Alzheimer's disease. J Neuroinflammation 16:30.

Fonovic UP, Jevnikar Z, Kos J. (2013) Cathepsin S generates soluble
CX3CL1(fractalkine) in vascular smooth muscle cells. Biol Chem
394:1349-1352.

Gaetani P, Pisano P, Solinas G, Colombo P, Destro A, Levi D, Aimar E,
Rodriguez R, Baena Y, Allavena P. (2013) Immunohistohemical
expression of the chemokine fractalkine and its receptor in the human

http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0005
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0005
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0005
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0010
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0010
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0010
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0010
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0010
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0015
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0015
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0015
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0015
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0020
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0020
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0020
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0020
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0025
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0025
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0025
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0030
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0030
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0030
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0035
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0035
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0035
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0035
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0040
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0040
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0040
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0040
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0045
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0045
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0045
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2200
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2200
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2200
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0050
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0050
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0050
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0055
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0055
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0055
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0055
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2205
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2205
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0060
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0060
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0060
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0065
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0065
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0065
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0070
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0070
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0070
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0070
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0070
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2210
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2210
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2210
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2210
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0075
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0075
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0075
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0075
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0075
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0080
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0080
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0080
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0085
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0085
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0085
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0085
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0090
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0090
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0090
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0095
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0095
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0095
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0100
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0100
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0100
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0100
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0105
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0105
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0110
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0110
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0110
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0110
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0110
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0115
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0115
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0115
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0115
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0120
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0120
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0120
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0120
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2215
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2215
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2215
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2215
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0125
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0125
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0125
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0125
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0130
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0130
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0130
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0130
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0135
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0135
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0135
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0135
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2220
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2220
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2220
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2225
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2225
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2225
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0140
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0140
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0140
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0145
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0145
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0145
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0150
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0150
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0150
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0155
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0155
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0160
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0160
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0160
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0165
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0165
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0165


Flavia Trettel et al. / Neuroscience 439 (2020) 230–240 237
brain cortex after severe traumatic brain injury and brain hemorrhage.
J Neurosurg Sci 57:55-62.

Garton KJ, Gough PJ, Blobel CP, Murphy G, Greaves DR, Dempsey PJ,
Raines EW. (2001) Tumor necrosis factor-alpha-converting enzyme
(ADAM17) mediates the cleavage and shedding of fractalkine
(CX3CL1) J. Biol Chem 276:37993-38001.

Gibson EM, Purger D, Mount CW, Goldstein AK, Lin GL, Wood LS, Inema
I, Miller SE, Bieri G, Zuchero JB, Barres BA, Woo PJ, Vogel H, Monje
M. (2014) Neuronal activity promotes oligodendrogenesis and adap-
tive myelination in the mammalian brain Science 344:1252304.

Giovannelli A, Limatola C, Ragozzino D, Mileo AM, Ruggieri A, Ciotti MT,
Mercanti D, Santoni A, Eusebi F. (1998) CXC chemokines interleukin-
8 (IL-8) and growth-related gene product alpha (GROalpha) modulate
Purkinje neuron activity in mouse cerebellum. J Neuroimmunol
92:122-132.

Guo YQ, Zheng LN, Wei JF, Hou XL, Yu SZ, Zhang WW, Jing JM. (2014)
Expression of CCL2 and CCR2 in the hippocampus and the interven-
tional roles of propofol in rat cerebral ischemia/reperfusion. Exp Ther
Med 8:657-661.

Guyon A, Skrzydelsi D, Rovere C, Rostene W, Parsadaniantz SM, Nahon
JL. (2006) Stromal cell-derived factor-1alpha modulation of the excit-
ability of rat substantia nigra dopaminergic neurones: presynaptic
mechanisms. J Neurochem 96:1540-1550.

Guyon A, Skrzydelski D, Rovère C, Apartis E, Rostène W, Kitabgi P,
Mélik Parsadaniantz S, Nahon JL. (2008) Stromal-cell-derived factor
1alpha /CXCL12 modulates high-threshold calcium currents in rat
substantia nigra.Eur. J Neurosci 28(5):862-870.

Guyon A, Skrzydelski D, De Giry I, Rovère C, Conductier G, Trocello JM,
Daugé V, Kitabgi P, Rostène W, Nahon JL, Mélik Parsadaniantz S.
(2009) Long term exposure to the chemokine CCL2 activates the
nigrostriatal dopamine system: a novel mechanism for the control of
dopamine release. Neuroscienc. 162:1072-1080.

Hallett PJ, Standaert DG. (2004) Rationale for and use of NMDA receptor
antagonists in Parkinson's disease. Pharmacol Ther 102:155-174.

Heinisch S, Kirby LG. (2009) Fractalkine/CX3CL1 enhances GABA
synaptic activity at serotonin neurons in the rat dorsal raphe nucleus.
Neuroscience. 164(3):1210-1223.

Heinisch S, Kirby LG. (2010) SDF-1alpha/CXCL12 enhances GABA and
glutamate synaptic activity at serotonin neurons in the rat dorsal raphe
nucleus. Neuropharmacology. 58(2):501-514.

Hesselgesser J, Horuk R. (1999) Chemokine and chemokine receptor
expression in the central nervous system. J Neurovirol 5:13-26.

Hill WD, Hess DC, Martin-Studdard A, Carothers JJ, Zheng J, Hale D,
Maeda M, Fagan SC, Carroll JE, Conway SJ. (2004) SDF-1
(CXCL12) is upregulated in the ischemic penumbra following stroke:
association with bone marrow cell homing to injury. J Neuropathol
Exp Neurol 63:84-96.

Hosking MP, Tirotta E, Ransohoff RM, Lane TE. (2010) CXCR2 signaling
protects oligodendrocytes and restricts demyelination in a mouse
model of viral-induced demyelination. PLoS One 5e11340.

Hundhausen C, Misztela D, Berkhout TA, Broadway N, Saftig P, Reiss K,
Hartmann D, Fahrenholz F, Postina R, Matthews V, Kallen KJ, Rose-
John S, Ludwig A. (2003) The disintegrin-like metalloproteinase
ADAM10 is involved in constitutive cleavage of CX3CL1 (fractalkine)
and regulates CX3CL1-mediated cell–cell adhesion. Blood
102:1186-1195.

Iadecola C, Anrather J. (2011) Stroke research at a crossroad: asking the
brain for directions. Nat Neurosci 14:1363-1368.

Jayaraj ND, Bhattacharyya BJ, Belmadani AA, Ren D, Rathwell CA,
Hackelberg S, Hopkins BE, Gupta HR, Miller RJ, Menichella DM.
(2018) Reducing CXCR4-mediated nociceptor hyperexcitability
reverses painful diabetic neuropathy. J Clin Invest 128:2205-2225.

Ji JF, He BP, Dheen ST, Tay SS. (2004) Expression of chemokine recep-
tors CXCR4, CCR2, CCR5 and CX3CR1 in neural progenitor cells
isolated from the subventricular zone of the adult rat brain. Neurosci
Lett 355:236-240.

Khan MZ, Brandimarti R, Musser BJ, Resue DM, Fatatis A, Meucci O.
(2003) The chemokine receptor CXCR4 regulates cell-cycle proteins
in neurons. J Neurovirol 9:300-314.

Khan MZ, Brandimarti R, Patel JP, Huynh N, Wang J, Huang Z, Fatatis A,
Meucci O. (2004) Apoptotic and antiapoptotic effects of CXCR4: is it a
matter of intrinsic efficacy? Implications for HIV neuropathogenesis
AIDS Res Hum Retroviruses 20:1063-1071.

Khan M.Z., Shimizu S., Patel J.P., Nelson A., Le MT Mullen-Przeworski
A., Brandimarti R., Fatatis A., Meucci O.. (2005) Regulation of neuro-
nal P53 activity by CXCR4. Mol Cell Neurosci 30:58-66.

KhanMZ, Brandimarti R, Shimizu S, Nicolai J, Crowe E, Meucci O. (2008)
The chemokine CXCL12 promotes survival of postmitotic neurons by
regulating Rb protein. Cell Death Differ 15:1663-1672.

Kim JS, Gautam SC, Chopp M, Zaloga C, Jones ML, Ward PA, Welch
KM. (1995) Expression of monocyte chemoattractant protein-1 and
macrophage inflammatory protein-1 after focal cerebral ischemia in
the rat. The Journal of Neuroimmunology 56:127-134.

Kiyota T, Gendelman HE, Weir RA, Higgins EE, Zhang G, Jain M. (2013)
CCL2 affects beta-amyloidosis and progressive neurocognitive dys-
function in a mouse model of Alzheimer's disease. Neurobiol Aging
34:1060-1068.

Kolb SA, Sporer B, Lahrtz F, Koedel U, Pfister HW, Fontana A. (1999)
Identification of a T cell chemotactic factor in the cerebrospinal fluid
of HIV-1-infected individuals as interferon-gamma inducible protein
10. J Neuroimmunol 93:172-181.

Krumbholz M, Theil D, Cepok S, Hemmer B, Kivisäkk P, Ransohoff RM,
Hofbauer M, Farina C, Derfuss T, Hartle C, Newcombe J, Hohlfeld
R, Meinl E. (2006) Chemokines in multiple sclerosis: CXCL12 and
CXCL13 up-regulation is differentially linked to CNS immune cell
recruitment. Brain. 129:200-211.

Lastres-Becker I, Innamorato NG, Jaworski T, Rabano A, Kugler S, Van
Leuven F. (2014) Fractalkine activates NRF2/NFE2L2 and heme
oxygenase 1 to restrain tauopathy-induced microgliosis. Brain
137:78-91.

Lauro C, Di Angelantonio S, Cipriani R, Sobrero F, Antonilli L, Brusadin V,
Ragozzino D, Limatola C. (2008) Activity of adenosine receptors type
1 is required for CX3CL1-mediated neuroprotection and neuromodu-
lation in hippocampal neurons. J Immunol 180:7590-7596.

Lauro C, Cipriani R, Catalano M, Trettel F, Chece G, Brusadin V, Antonilli
L, van Rooijen N, Eusebi F, Fredholm BB, Limatola C. (2010) Adeno-
sine A1 receptors and microglial cells mediate CX3CL1-induced pro-
tection of hippocampal neurons against Glu-induced death.
Neuropsychopharmacology 35:1550-1559.

Lauro C, Catalano M, Di Paolo E, Chece G, de Costanzo I, Trettel F,
Limatola C. (2015) Fractalkine/CX3CL1 engages different neuropro-
tective responses upon selective glutamate receptor overactivation.
Front Cell Neurosci 8:472.

le Blanc LM, van Lieshout AW, Adema GJ, van Riel PL, Verbeek MM,
Radstake TR. (2006) CXCL16 is elevated in the cerebrospinal fluid
versus serum and in inflammatory conditions with suspected and
proved central nervous system involvement. Neurosci Lett 397:145-
148.

Lepore F, D'Alessandro G, Antonangeli F, Santoro A, Esposito V, Lima-
tola C, Trettel F. (2018) CXCL16/CXCR6 Axis drives microglia/macro-
phages phenotype in physiological conditions and plays a crucial role
in glioma. Front Immunol 9:2750.

Li M, Hale JS, Rich JN, Ransohoff RM, Lathia JD. (2012) Chemokine
CXCL12 in neurodegenerative diseases: an SOS signal for stem
cell-based repair. Trends Neurosci 35:619-628.

Li Y, Huang J, He X, Tang G, Tang YH, Liu Y, Lin X, Lu Y, Yang GY,
Wang Y. (2014) Post acute stromal cell-derived factor-1alpha expres-
sion promotes neurovascular recovery in ischemic mice. Stroke.
45:1822-1829.

Liddelow SA, Barres BA. (2017) Reactive astrocytes: production, function,
and therapeutic potential. Immunity 46:957-967.

Liddelow SA, Guttenplan KA, Clarke LE, Bennett FC, Bohlen CJ, Schir-
mer L, Bennett ML, Münch AE, Chung WS, Peterson TC, Wilton
DK, Frouin A, Napier BA, Panicker N, Kumar M, Buckwalter MS,
Rowitch DH, Dawson VL, Dawson TM, Stevens B, Barres BA.
(2017) Neurotoxic reactive astrocytes are induced by activated micro-
glia. Nature 541:481-487.

Limatola C, Ciotti MT, Mercanti D, Vacca F, Ragozzino D, Giovannelli A,
Santoni A, Eusebi F, Miledi R. (2000) The chemokine growth-related
gene product beta protects rat cerebellar granule cells from apoptotic
cell death through alpha-amino-3-hydroxy-5-methyl-4-isoxazolepro-
pionate receptors. Proc Natl Acad Sci U S A 97:6197-6201.

http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0165
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0165
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0170
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0170
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0170
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0170
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0175
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0175
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0175
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0175
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0180
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0180
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0180
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0180
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0180
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0185
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0185
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0185
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0185
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0190
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0190
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0190
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0190
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0195
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0195
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0195
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0195
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0200
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0200
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0200
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0200
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0200
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0205
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0205
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0210
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0210
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0210
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0215
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0215
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0215
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0220
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0220
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2230
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2230
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2230
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2230
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2230
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0225
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0225
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0225
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2235
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2235
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2235
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2235
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2235
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2235
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2240
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2240
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2245
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2245
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2245
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2245
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2250
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2250
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2250
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2250
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0230
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0230
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0230
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0235
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0235
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0235
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0235
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2255
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2255
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2255
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0240
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0240
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0240
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0245
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0245
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0245
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0245
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0250
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0250
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0250
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0250
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0255
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0255
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0255
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0255
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0260
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0260
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0260
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0260
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0260
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0265
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0265
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0265
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0265
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0270
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0270
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0270
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0270
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0275
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0275
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0275
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0275
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0275
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0280
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0280
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0280
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0280
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0285
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0285
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0285
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0285
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0285
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0290
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0290
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0290
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0290
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0295
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0295
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0295
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0300
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0300
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0300
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0300
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0305
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0305
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0310
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0310
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0310
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0310
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0310
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0310
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0315
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0315
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0315
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0315
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0315


238 Flavia Trettel et al. / Neuroscience 439 (2020) 230–240
Limatola C, Lauro C, Catalano M, Ciotti MT, Bertollini C, Di Angelantonio
S, Ragozzino D, Eusebi F. (2005) Chemokine CX3CL1 protects rat
hippocampal neurons against glutamate-mediated excitotoxicity. J
Neuroimmunol 166:19-28.

Lipton SA. (2005) The molecular basis of memantine action in Alzheimer's
disease and other neurologic disorders: low-affinity, uncompetitive
antagonism. Curr Alzheimer Res 2:155-165.

Little AR, Benkovic SA, Miller DB, O'Callaghan JP. (2002) Chemically
induced neuronal damage and gliosis: enhanced expression of the
proinflammatory chemokine, monocyte chemoattractant protein
(MCP)-1, without a corresponding increase in proinflammatory cyto-
kines. Neuroscience 115:307-320.

Liu XS, Zhang ZG, Zhang RL, Gregg SR, Wang L, Yier T, Chopp M.
(2007) Chemokine ligand 2 (CCL2) induces migration and differentia-
tion of subventricular zone cells after stroke. J Neurosci Res 85:2120-
2125.

Loddick SA, Turnbull AV, Rothwell NJ. (1998) Cerebral interleukin-6 is
neuroprotective during permanent focal cerebral ischemia in the rat.
J Cereb Blood Flow Metab 18:176-179.

Lu DY, Tang CH, YehWL, Wong KL, Lin CP, Chen YH, Lai CH, Chen YF,
Leung YM, Fu WM. (2009) SDF-1alpha up-regulates interleukin-6
through CXCR4, PI3K/Akt, ERK, and NF-kappaB-dependent pathway
in microglia. Eur J Pharmacol 613:146-154.

Lu M, Grove EA, Miller RJ. (2002) Abnormal development of the hippo-
campal dentate gyrus in mice lacking the CXCR4 chemokine recep-
tor. Proc Natl Acad Sci U S A 99:7090-7095.

Ludwig A, Mentlein R. (2008) Glial cross-talk by transmembran chemo-
kines CX3CL1 and CXCL16. J Neuroimmunol 198:92-97.

Ludwig A, Schulte A, Schnack C, Hundhausen C, Reiss K, Brodway N,
Held-Feindt J, Mentlein R. (2005) Enhanced expression and shedding
of the transmembrane chemokine CXCL16 by reactive astrocytes and
glioma cells. J Neurochem 93:1293-1303.

Lysko DE, Putt M, Golden JA. (2011) SDF1 regulates leading process
branching and speed of migrating interneurons. J Neurosci 31:1739-
1745.

Ma Q, Jones D, Borghesani PR, Segal RA, Nagasawa T, Kishimoto T,
Bronson RT, Springer TA. (1998) Impaired B-lymphopoiesis, myelo-
poiesis, and derailed cerebellar neuron migration in CXCR4- and
SDF-1-deficient mice. Proc Natl Acad Sci U S A 95:9448-9453.

Madrigal JL, Leza JC, Polak P, Kalinin S, Feinstein DL. (2009) Astrocyte
derived MCP-1 mediates neuroprotective effects of noradrenaline. J
Neurosci 29:263-267.

Maggi L, Trettel F, Scianni M, Bertollini C, Eusebi F, Fredholm BB, Lima-
tola C. (2009) LTP impairment by fractalkine/CX3CL1 in mouse hippo-
campus is mediated through the activity of adenosine receptor type 3
(A3R). J Neuroimmunol 215:36-42.

Marín-Teva JL, Dusart I, Colin C, Gervais A, van Rooijen N, Mallat M.
(2004) Microglia promote the death of developing Purkinje cells. Neu-
ron 41:535-547.

Masgrau R, Guaza C, Ransohoff RM, Galea E. (2017) Should we stop
saying 'Glia' and 'Neuroinflammation'? Trends Mol Med 23:486-500.

McCandless EE, Piccio L, Woerner BM, Schmidt RE, Rubin JB, Cross
AH, Klein RS. (2008) Pathological expression of CXCL12 at the
blood-brain barrier correlates with severity of multiple sclerosis. Am
J Pathol 172:799-808.

Mélik Parsadaniantz S, Rivat C, Rostène W, Réaux-Le Goazigo A. (2015)
Opioid and chemokine receptor crosstalk: a promising target for pain
therapy? Nat Rev Neurosci 16:69-78.

Meucci O, Fatatis A, Simen AA, Bushell TJ, Gray PW, Miller RJ. (1998)
Chemokines regulate hippocampal neuronal signaling and gp120
neurotoxicity. Proc Natl Acad Sci U S A 95:14500-14505.

Meucci O, Fatatis A, Simen AA, Miller RJ. (2000) Expression of CX3CR1
chemokine receptors on neurons and their role in neuronal survival.
Proc Natl Acad Sci U S A 97:8075-8080.

Miller JT, Bartley JH, Wimborne HJ, Walker AL, Hess DC, Hill WD, Carroll
JE. (2005) The neuroblast and angioblast chemotaxic factor SDF-1
(CXCL12) expression is briefly up regulated by reactive astrocytes in
brain following neonatal hypoxic– ischemic injury. BMC Neurosci 6:63.

Mizuno T, Kawanokuchi J, Numata K, Suzumura A. (2003) Production
and neuroprotective functions of fractalkine in the central nervous sys-
tem. Brain Res 979:65-70.
Morganti JM, Nash KR, Grimmig BA, Ranjit S, Small B, Bickford PC,
Gemma C. (2012) The soluble isoform of CX3CL1 is necessary for
neuroprotection in a mouse model of Parkinson's disease. J Neurosci
32:14592-14601.

Nicolai J, Burbassi S, Rubin J, Meucci O. (2010) CXCL12 inhibits expres-
sion of the NMDA receptor's NR2B subunit through a histone deace-
tylase-dependent pathway contributing to neuronal survival. Cell
Death Dis 1:e33.

Nimmerjahn A, Kirchhoff F, Helmchen F. (2005) Resting microglial cells
are highly dynamic surveillants of brain parenchyma in vivo. Science
308:1314-1318.

Noda M, Doi Y, Liang J, Kawanokuchi J, Sonobe Y, Takeuchi H, Mizuno
T, Suzumura A. (2011) Fractalkine attenuates excito-neurotoxicity
via microglial clearance of damaged neurons and antioxidant
enzyme heme oxygenase-1 expression. J BiolChem 286:2308-
2319.

Ohtaki H, Nakamachi T, Dohi K, Aizawa Y, Takaki A, Hodoyama K, Yofu
S, Hashimoto H, Shintani N, Baba A, Kopf M, Iwakura Y, Matsuda K,
Arimura A, Shioda S. (2006) Pituitary adenylate cyclase-activating
polypeptide (PACAP) decreases ischemic neuronal cell death in
association with IL-6 proc. Natl Acad Sci U S A 103:7488-7493.

Padovani-Claudio DA, Liu L, Ransohoff RM, Miller RH. (2006) Alterations
in the oligodendrocyte lineage, myelin, and white matter in adult mice
lacking the chemokine receptor CXCR2. Glia. 54:471-483.

Paolicelli RC, Bolasco G, Pagani F, Maggi L, Scianni M, Panzanelli P,
Giustetto M, Ferreira TA, Guiducci E, Dumas L, Ragozzino D.
(2011) Gross CT. Synaptic pruning by microglia is necessary for nor-
mal brain development Science 333:1456-1458.

Parachikova A, Cotman CW. (2007) Reduced CXCL12/CXCR4 results in
impaired learning and is downregulated in a mouse model of Alzhei-
mer's disease. Neurobiol Dis 28:143-153.

Patel JR, McCandless EE, Dorsey D, Klein RS. (2010) CXCR4 promotes
differentiation of oligodendrocyte progenitors and remyelination. Proc
Natl Acad Sci U S A 107(24):11062-11067.

Patel JR, Williams JL, Muccigrosso MM, Liu L, Sun T, Rubin JB, Klein RS.
(2012) Astrocyte TNFR2 is required for CXCL12-mediated regulation
of oligodendrocyte progenitor proliferation and differentiation within
the adult CNS. Acta Neuropathol 124:847-860.

Pitcher J, Abt A, Myers J, Han R, Snyder M, Graziano A, Festa L, Kutzler
M, Garcia F, Gao WJ, Fischer-Smith T, Rappaport J, Meucci O.
(2014) Neuronal ferritin heavy chain and drug abuse affect HIV-
associated cognitive dysfunction. J Clin Invest 124:656-669.

Pujol F, Kitabgi P, Boudin H. (2005) The chemokine SDF-1 differentially
regulates axonal elongation and branching in hippocampal neurons.
J Cell Sci 118:1071-1080.

Ragozzino D, Giovannelli A, Mileo AM, Limatola C, Santoni A, Eusebi F.
(1998) Modulation of the neurotransmitter release in rat cerebellar
neurons by GRO beta. Neuroreport. 9:3601-3606.

Ragozzino D, Renzi M, Giovannelli A, Eusebi F. (2002) Stimulation of
chemokine CXC receptor 4 induces synaptic depression of evoked
parallel fibers inputs onto Purkinje neurons in mouse cerebellum. J
Neuroimmunol 127(1–2):30-36.

Ragozzino D, Di Angelantonio S, Trettel F, Bertollini C, Maggi L, Gross C,
Charo IF, Limatola C, Eusebi F. (2006) Chemokine fractalkine/
CX3CL1 negatively modulates active glutamatergic synapses in rat
hippocampal neurons. J Neurosci 26:10488-10498.

Raman D, Milatovic SZ, Milatovic D, Splittgerber R, Fan GH, Richmond A.
(2011) Chemokines, macrophage inflammatory protein-2 and stromal
cell-derived factor-1α, suppress amyloid β-induced neurotoxicity. Tox-
icol Appl Pharmacol 256:300-313.

Ransohoff RM. (2016) How neuroinflammation contributes to neurode-
generation. Science 353:777-783.

Reaux-Le Goazigo A, Rivat C, Kitabgi P, Pohl M, Melik Parsadaniantz S.
(2012) Cellular and subcellular localization of CXCL12 and CXCR4 in
rat nociceptive structures: physiological relevance. Eur J Neurosci
36:2619-2631.

Réaux-Le Goazigo A, Van Steenwinckel J, Rostène W, MélikParsada-
niantz S. (2013) Current status of chemokines in the adult CNS. Prog
Neurobiol 104:67-92.

Ribeiro Xavier AL, Kress BT, Goldman SA, Lacerda de Menezes JR,
Nedergaard M. (2015) A Distinct Population of Microglia Supports

http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0320
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0320
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0320
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0320
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0325
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0325
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0325
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0330
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0330
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0330
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0330
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0330
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0335
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0335
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0335
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0335
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0340
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0340
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0340
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0345
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0345
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0345
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0345
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0350
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0350
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0350
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0355
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0355
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0360
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0360
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0360
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0360
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0365
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0365
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0365
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0370
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0370
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0370
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0370
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0375
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0375
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0375
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0380
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0380
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0380
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0380
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0385
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0385
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0385
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0390
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0390
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2260
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2260
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2260
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2260
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2665
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2665
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2665
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0395
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0395
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0395
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0400
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0400
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0400
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2270
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2270
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2270
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2270
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0405
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0405
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0405
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0410
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0410
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0410
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0410
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2275
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2275
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2275
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2275
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0415
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0415
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0415
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0420
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0420
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0420
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0420
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0420
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0425
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0425
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0425
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0425
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0425
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0430
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0430
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0430
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0435
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0435
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0435
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0435
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0440
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0440
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0440
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0445
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0445
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0445
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2280
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2280
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2280
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2280
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0450
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0450
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0450
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0450
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2285
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2285
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2285
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0455
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0455
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0455
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0460
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0460
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0460
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0460
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0465
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0465
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0465
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0465
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2290
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2290
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2290
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2290
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2295
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2295
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0470
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0470
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0470
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0470
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2300
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2300
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2300
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2305
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2305


Flavia Trettel et al. / Neuroscience 439 (2020) 230–240 239
Adult Neurogenesis in the Subventricular Zone. J Neurosci 35:11848-
11861.

Robin AM, Zhang ZG, Wang L, Zhang RL, Katakowski M, Zhang L, Wang
Y, Zhang C, Chopp M. (2006) Stromal cell-derived factor 1alpha med-
iates neural progenitor cell motility after focal cerebral ischemia. J
Cereb Blood Flow Metab 26:125-134.

Robinson S, Tani M, Streiter RM, Ransohoff RM, Miller RH. (1998) The
chemokine growth-related oncogene-α promotes spinal cord precur-
sor proliferation J. Neurosci. 18:10457-10463.

Roseti C, Fucile S, Lauro C, Martinello K, Bertollini C, Esposito V, Mascia
A, Catalano M, Aronica E, Limatola C, Palma E. (2013) Fractalkine/
CX3CL1 modulates GABAA currents in human temporal lobe epi-
lepsy. Epilepsia 54:1834-1844.

Rosito M, Deflorio C, Limatola C, Trettel F. (2012) CXCL16 orchestrates
adenosine A3 receptor and MCP-1/CCL2 activity to protect neurons
from excitotoxic cell death in the CNS. J Neurosci 32:3154-3163.

Rosito M, Lauro C, Chece G, Porzia A, Monaco L, Mainiero F, Catalano
M, Limatola C, Trettel F. (2014) Trasmembrane chemokines CX3CL1
and CXCL16 drive interplay between neurons, microglia and astro-
cytes to counteract pMCAO and excitotoxic neuronal death. Front Cell
Neurosci 8:193.

Rostène W, Dansereau MA, Godefroy D, Van Steenwinckel J, Reaux-Le
Goazigo A, Mélik-Parsadaniantz S, Apartis E, Hunot S, Beaudet N,
Sarret P. (2011) Neurochemokines: a ménage a trois providing new
insights on the functions of chemokines in the central nervous system.
J Neurochem 118:680-694.

RostèneW, Guyon A, Kular L, Godefroy D, Barbieri F, Bajetto A, Banisadr
G, Callewaere C, Conductier G, Rovère C, Mélik-Parsadaniantz S,
Florio T. (2011) Chemokines and chemokine receptors: new actors
in neuroendocrine regulations. Front Neuroendocrinol 32:10-24.

Schafer DP, Lehrman EK, Kautzman AG, Koyama R, Mardinly AR,
Yamasaki R, Ransohoff RM, Greenberg ME, Barres BA, Stevens B.
(2012) Microglia sculpt postnatal neural circuits in an activity and
complement-dependent manner. Neuron 74:691-705.

Schulte A, Schulz B, Andrzejewski MG, Hundhausen C, Mletzko S,
Achilles J, Reiss K, Paliga K, Weber C, John SR, Ludwig A. (2007)
Sequential processing of the transmembrane chemokines CX3CL1
and CXCL16 by alpha- and gamma-secretases. Biochem Biophys
Res Commun 358:233-240.

Scianni M, Antonilli L, Chece G, Cristalli G, Di Castro MA, Limatola C,
Maggi L. (2013) Fractalkine (CX3CL1) enhances hippocampal N-
methyl-D-aspartate receptor (NMDAR) function via D-serine and ade-
nosine receptor type A2 (A2AR) activity. J Neuroinflammation 10:108.

Shaw PJ, Forrest V, Ince PG, Richardson JP, Wastell HJ. (1995) CSF
and plasma amino acid levels in motor neuron disease: elevation of
CSF glutamate in a subset of patients. Neurodegeneration 14:209-
216.

Shin JH, Park YM, Kim DH, Moon GJ, Bang OY, Ohn T, Kim HH. (2014)
Ischemic brain extract increases SDF-1 expression in astrocytes
through the CXCR2/miR-223/miR-27b pathway. Biochim Biophys
Acta 1839:826-836.

Shiraishi K, Fukuda S, Mori T, Matsuda K, Yamaguchi T, Tanikawa C,
Ogawa M, Nakamura Y, Arakawa H. (2000) Identification of fractalk-
ine, a CX3C-type chemokine, as a direct target of p53. Cancer Res
60:3722-3726.

ShyuWC, Lin SZ, Yen PS, Su CY, Chen DC, Wang HJ, Li H. (2008) Stro-
mal cell-derived factor-1 alpha promotes neuroprotection, angiogen-
esis, and mobilization/homing of bone marrow-derived cells in stroke
rats. J Pharmacol Exp Ther 324:834-849.

Skrzydelski D, Guyon A, Daugé V, Rovère C, Apartis E, Kitabgi P, Nahon
JL, Rostène W, Parsadaniantz SM. (2007) The chemokine stromal
cell-derived factor-1/CXCL12 activates the nigrostriatal dopamine sys-
tem. J Neurochem 102:1175-1183.

Sofroniew MV, Vinters HV. (2010) Astrocytes: biology and pathology.
Acta Neuropathol 19:7-35.

Stevens SL, Vartanian KB, Stenzel-Poore MP. (2014) Reprogramming
the response to stroke by preconditioning. Stroke. 45:2527-2531.

Stumm R, Höllt V. (2007) CXC chemokine receptor 4 regulates neuronal
migration and axonal path finding in the developing nervous system:
implications for neuronal regeneration in the adult brain. J Mol Endo-
crinol 38:377-382.
Stumm RK, Rummel J, Junker V, Culmsee C, Pfeiffer M, Krieglstein J,
Höllt V, Schulz S. (2002) A dual role for the. SDF-1/CXCR4 chemo-
kine receptor system in adult brain: isoform-selective regulation of
SDF-1 expression modulates CXCR4-dependent neuronal plasticity
and cerebral leukocyte recruitment after focal ischemia J Neurosci
22(14):5865-5878.

Stumm RK, Zhou C, Ara T, Lazarini F, Dubois-Dalcq M, Nagasawa T,
Höllt V, Schulz S. (2003) CXCR4 regulates interneuron migration in
the developing neocortex. J Neurosci 23:5123-5130.

Su B, Pan S, He X, Li P, Liang Y. (2012) Sprouting of nervous fibers and
upregulation of C-X-C chemokine receptor type 4 expression in hippo-
campal formation of rats with enhanced spatial learning and memory.
Anat Rec (Hoboken) 295:121-126.

Tarozzo G, Campanella M, Ghiani M, Bulfone A, Beltramo M. (2002)
Expression of fractalkine and its receptor, CX3CR1, in response to
ischemia-reperfusion brain injury in the rat. Eur J Neurosci 15:1663-
16638.

Tran PB, Miller RJ. (2003) Chemokine receptors: signposts to brain devel-
opment and disease. Nat Rev Neurosci 4:444-455.

Tsai HH, Frost E, To V , Robinson S, Ffrench-Constant C, Geertman R,
Ransohoff RM, Miller RH. (2002) The chemokine receptor CXCR2
controls positioning of oligodendrocyte precursors in developing
spinal cord by arresting their migration. Cell 110:373-383.

Ueno M, Fujita Y, Tanaka T, Nakamura Y, Kikuta J, Ishii M, Yamashita T.
(2013) Layer V cortical neurons require microglial support for survival
during postnatal development. Nat.Neurosci. 16:543-551.

van der Meer P, Ulrich AM, Gonźalez-Scarano F, Lavi E. (2000) Immuno-
histochemical analysis of CCR2, CCR3, CCR5, and CXCR4 in the
human brain: potential mechanisms for HIV dementia. Exp Mol Pathol
69:192-201.

Varvel NH, Neher JJ, Bosch A, Wang W, Ransohoff RM, Miller RJ, Din-
gledine R. (2016) Infiltrating monocytes promote brain inflammation
and exacerbate neuronal damage after status epilepticus. Proc Natl
Acad Sci U S A 113:E5665-E5674.

Voronova A, Yuzwa SA, Wang BS, Zahr S, Syal C, Wang J, Kaplan DR,
Miller FD. (2017) Migrating interneurons secrete Fractalkine to pro-
mote oligodendrocyte formation in the developing mammalian brain.
Neuron. 94:500-516.

Wakselman S, Béchade C, Roumier A, Bernard D, Triller A, Bessis A.
(2008) Developmental neuronal death in hippocampus requires the
microglial CD11b integrin and DAP12 immunoreceptor. J Neurosci
28:8138-8143.

Wang X, Feuerstein GZ. (1995) Induced expression of adhesion mole-
cules following focal brain ischemia. The Journal of Neurotrauma
12:825-832.

Wang Y, Huang J, Li Y, Yang GY. (2012) Roles of chemokine CXCL12
and its receptors in ischemic stroke. Curr Drug Targets 13:166-172.

Weiss JM, Downie SA, LymanWD, Berman JW. (1998) Astrocyte-derived
monocyte-chemoattractant protein-1 directs the transmigration of leu-
kocytes across a model of the human blood–brain barrier. J Immunol
161:6896-6903.

White FA, Jung H, Miller RJ. (2015) (2007) Chemokines and the patho-
physiology of neuropathic pain. Proc Natl Acad Sci USA 104:1-8.

Widera D, HoltkampW, Entschladen F, Niggemann B, Zanker K, Kaltsch-
midt B, Kaltschmidt C. (2004) MCP-1 induces migration of adult neural
stem cells. Eur J Cell Biol 83 381–338.

Williams JL, Holman DW, Klein RS. (2014) Chemokines in the balance:
maintenance of homeostasis and protection at CNS barriers. Front
Cell Neurosci 8:154.

Wojkowska DW, Szpakowski P, Ksiazek-Winiarek D, Leszczynski M,
Glabinski A. (2014) Interactions between neutrophils, Th17 cells,
and chemokines during the initiation of experimental model of multiple
sclerosis. Mediators Inflamm 2014:590409.

Wu Q, Miller RH, Ransohoff RM, Robinson S, Nishayama A. (2000) Ele-
vated levels of the chemokine GRO-1 correlate with elevated oligo-
dendrocyte progenitor proliferation in the jimpy mutant. J Neurosci
20:2609-2617.

Xia MQ, Hyman BT. (1999) Chemokines/chemokine receptors in the cen-
tral nervous system and Alzheimer's disease. J Neurovirol 5:32-41.

Yan YP, Sailor KA, Lang BT, Park SW, Vemuganti R, Dempsey RJ.
(2007) Monocyte chemoattractant protein-1 plays a critical role in

http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2305
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2305
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0475
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0475
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0475
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0475
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0480
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0480
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0480
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0485
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0485
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0485
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0485
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0490
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0490
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0490
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0495
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0495
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0495
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0495
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0495
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0500
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0500
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0500
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0500
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0500
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0505
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0505
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0505
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0505
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0510
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0510
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0510
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0510
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0515
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0515
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0515
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0515
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0515
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0520
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0520
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0520
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0520
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0525
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0525
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0525
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0525
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2310
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2310
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2310
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2310
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2315
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2315
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2315
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2315
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0530
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0530
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0530
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0530
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2320
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2320
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2320
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2320
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0535
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0535
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0540
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0540
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0545
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0545
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0545
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0545
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0550
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0550
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0550
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0550
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0550
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0550
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0555
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0555
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0555
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0560
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0560
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0560
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0560
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0565
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0565
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0565
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0565
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0570
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0570
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0575
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0575
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0575
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0575
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0580
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0580
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0580
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0585
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0585
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0585
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0585
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2325
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2325
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2325
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2325
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0590
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0590
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0590
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0590
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2335
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2335
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2335
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2335
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0595
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0595
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0595
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0600
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0600
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0605
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0605
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0605
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0605
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0610
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0610
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2330
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2330
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2330
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0615
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0615
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0615
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0620
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0620
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0620
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0620
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0625
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0625
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0625
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0625
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0630
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0630
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0635
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0635


240 Flavia Trettel et al. / Neuroscience 439 (2020) 230–240
neuroblast migration after focal cerebral ischemia. J Cereb Blood Flow
Metab 27:1213-1224.

Yan YP, Lang BT, Vemuganti R, Dempsey RJ. (2009) Galectin-3 med-
iates post-ischemic tissue remodeling. Brain Res 1288:116-124.

Yao H, Peng F, Dhillon N, Callen S, Bokhari S, Stehno-Bittel L, Ahmad
SO, Wang JQ, Buch S. (2009) Involvement of TRPC channels in
CCL2-mediated neuroprotection against tat toxicity. J Neurosci
29:1657-1669.

Yoo J, Seo JJ, Eom JH, Hwang DY. (2012) Effects of stromal cell-derived
factor 1alpha delivered at different phases of transient focal ischemia
in rats. Neuroscience 209:171-186.

Zamanian JL, Xu L, Foo LC, Nouri N, Zhou L, Giffard RG, Barres BA.
(2012) Genomic analysis of reactive astrogliosis. J Neurosci
32:6391-6410.

Zauner A, Bullock R, Kuta AJ, Woodward J, Young HF. (1996) Glutamate
release and cerebral blood flow after severe human head injury. Acta
Neurochir Suppl 67:40-44.
Zhan Y, Paolicelli RC, Sforazzini F, Weinhard L, Bolasco G, Pagani F,
Vyssotski AL, Bifone A, Gozzi A, Ragozzino D, Gross CT. (2014) Defi-
cient neuron-microglia signaling results in impaired functional brain
connectivity and social behavior. Nat Neurosci 17:400-406.

Zhou Y, Tang H, Liu J, Dong J, Xiong H. (2011) Chemokine CCL2 mod-
ulation of neuronal excitability and synaptic transmission in rat hippo-
campal slices. J Neurochem 116(3):406-414.

Zhu J, Zhou Z, Liu Y, Zheng J. (2009) Fractalkine and CX3CR1 are
involved in the migration of intravenously grafted human bone marrow
stromal cells toward ischemic brain lesion in rats. Brain Res 1287:173-
183.

Zou YR, Kottmann AH, KurodaM, Taniuchi I, Littman DR. (1998) Function
of the chemokine receptor CXCR4 in haematopoiesis and in cerebel-
lar development. Nature 393:595-599.

Zujovic V, Benavides J, Vigé X, Carter C, Taupin V. (2000) Fractalkine
modulates TNF-alpha secretion and neurotoxicity induced by micro-
glial activation. Glia 29:305-315.
(Received 2 April 2019, Accepted 19 July 2019)
(Available online 31 July 2019)

http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0635
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0635
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0640
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0640
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0645
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0645
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0645
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0645
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2340
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2340
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf2340
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0650
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0650
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0650
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0655
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0655
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0655
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0660
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0660
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0660
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0660
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0665
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0665
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0665
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0670
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0670
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0670
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0670
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0675
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0675
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0675
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0680
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0680
http://refhub.elsevier.com/S0306-4522(19)30519-6/rf0680

	Chemokines: Key Molecules that Orchestrate Communication among Neurons, Microglia and Astrocytes to Preserve Brain Function
	INTRODUCTION
	Glia-neurons cross-talk sustains brain functions
	Chemokines in healthy brain
	Chemokines and neuroprotection
	CXCL12
	CX3CL1
	CXCL16
	CCL2

	CXCL12/CX3CL1/CXCL16/CCL2: a quartet of endogenous modulators that drive neuron–glia communication to counteract brain damage

	Acknowledgment
	References


