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Neuroimmunology and chemokines

The brain has been considered a long time an immune privileged organ. This was based

on the lack of lymphatic drainage and the unusual tolerance to transplanted tissue (23).

Furthermore, the presence of blood-brain and blood-cerebrospinal fluid barriers sup-

ported the assumption that the immune- and the nervous system are separate compart-

ments (11). It has, however, been shown that the blood-brain barrier (BBB) under cer-

tain circumstances is less restrictive to infiltration of monocytes, lymphocytes and

natural killer cells (84). Furthermore, innate immune-reactivity has been observed

throughout the brain (100). Pathogenic infection, neuronal damage and autoimmunity

may cause inflammation in brain tissue. Inflammatory processes in the central nervous

system (CNS) generally accompany neurodegenerative diseases (105, 131). Although

all cell types in the CNS participate to some extent in regulation of immune responses

in the brain, particularly astrocytes and microglia can initiate inflammatory cascades in

the brain (93).

Astrocytes 

Astrocytes represent the majority of cells in the CNS; the number of astrocytes in

humans equals approximately 10 times the number of neurons. Astrocytes are essen-

tially involved in regulation of neuronal function. Particularly important is the astrocy-

tic regulation of the glutamate concentration surrounding glutamatergic synapses. Via

glutamate transporters astrocytes actively take up glutamate released by the presynaptic

neuron (4). Astrocytic glutamate uptake prevents excitotoxicity in the post-synaptic

neuron during periods of high glutamate release and on the other hand may influence

synaptic transmission by lowering the concentration of glutamate in the synaptic cleft.

Furthermore, astrocytes mediate metabolic coupling between astrocytes and active

neurons. Thus active glutamate transport induces an increase of glycolysis in astrocytes

and is the critical step in sodium-dependent release of lactate, a vital nutrient for neur-

ons (128). Astrocytes also play an important role in the regulation of inflammation in

the brain. Two properties of astrocytes illustrate their involvement in brain immunolo-

gy. Firstly, astrocytes together with vascular endothelial cells constitute the physical

BBB that limits CNS entry by antigens. Accordingly, astrocytes support the formation of

tight junctions between endothelial cells and thus reduce the permeability of the vascu-

lar endothelial bed (96). Secondly, astrocytes produce pro- and anti-inflammatory pro-

teins (cytokines) that regulate local immune responses under neuroinflammatory cir-

cumstances. 

Microglia

Microglia are macrophage-like cells that migrate to the CNS during development (18,

57) and subsequently develop into adult microglia (24). Initially, these phagocytic brain

cells were discovered by Nissl and studied in detail by Del Rio-Hortega who described
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them as the ramified cells that now are called microglia (27, 89). In the 1980’s antibo-

dies that recognize microglia came available (95), allowing major progress in microglia

research. Nowadays, microglia are considered the true sentinels of the brain, capable of

phagocytosis, antigen presentation and production of cytokines (65). Microglia are not

necessarily harmful but also may have a neuroprotective and supportive role, particular-

ly under pathological conditions (116). On the other hand, microglia can develop into

immunocompetent defense cells, with macrophage-like properties. The immune comp-

etence of microglia is controlled by inhibitory and stimulatory immune factors. Anti-

inflammatory cytokines such as interleukin-4 (IL-4) and IL-10 and CX3CL1 (fractalki-

ne) are examples of proteins that attenuate microglia activation (52, 133, 134).

Conversely, proinflammatory cytokines like IL-1, IL-6 and tumor necrosis factor α
(TNF-α) activate microglia (39, 60, 109). Three different views on microglia function

have been suggested. According to the first view, activated microglia cause non-specific

damage (bystander lysis) through production of neurotoxic molecules (9). These fac-

tors include cytokines, complement factors and free radicals normally required for eli-

mination of pathogens. Alternatively, it has been suggested that microglia support CNS

inflammation, but that infiltrating leukocytes are the primary cells that cause CNS

damage during inflammation (97). Finally, it has been suggested that microglia limit

CNS inflammation by the production of neurotrophic and immunosuppressive factors

(81, 116). As these three views are supported by clear evidence it is likely that the acti-

vity of microglia depends on the specific conditions in their microenvironment. 

Cytokines and chemokines

In close association, astrocytes and microglia initiate neuroimmune responses by relea-

se of inflammatory cytokines. Cytokines are small peptides that are involved in intercel-

lular communication and regulate global and local immune responses in the periphery

as well as the CNS (45, 68). In brain, a close relationship exists between inflammation,

cytokine production and gliosis (12). Gliosis is the formation of scar tissue resulting

from enlargement of astrocytic processes in response to damage to neurons. Cytokines

like TNF-α, IL-1β and interferon-γ (IFN-γ) induce gliosis (8, 103, 107). Cytokines are

involved in a variety of neurodegenerative pathologies ranging from surgical injury and

head trauma to diseases such as multiple sclerosis (MS), stroke and Alzheimer’s disease. 

Chemotactic cytokines (chemokines) constitute a family of cytokines of 8-14 kDa that

play a key role in inflammation. Although chemokines have many other functions (88,

121), they primarily activate and recruit immune cells and guide cells via a chemotactic

gradient towards areas of inflammation. Currently, 50 human chemokine subtypes and

20 chemokine receptors have been described  (Table 1.1). Many names have been given

in the past to newly discovered chemokines and their responding receptors. Only

recently, a fundamental classification of chemokines and their receptors has been accep-

ted (85). Chemokines are now divided into four subfamilies based on the spatial rela-

tionship between two cysteine residues in a conserved motif in their protein structure.
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Thus, CCL, CXCL, CX3CL and XCL chemokines have been designated; their receptors

have been named accordingly. In addition to the structural differences between chemo-

kine families, members of the individual families are clustered largely at different chro-

mosomes (92). With regard to CNS immunity, increasing evidence has shown that che-

mokines are key mediators of neurodegenerative diseases (6, 13, 22, 40, 45, 46). 

Chapter 1
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Table 1.1 Chemokines and their receptors. Abbreviations: BCA-1, B-cell-attracting chemokine 1;

CTACK, cutaneous T-cell-attracting chemokine; DC-CK1, dendritic-cell-derived CC chemokine 1; ELC,

EBL-1-ligand chemokine; ENA-78, epithelial-cell-derived neutrophil attractant 78; GCP, granulocyte che-

motactic protein; GRO, growth-related oncogene; HCC, haemofiltrate CC chemokine; IL, interleukin; IP-

10, interferon-inducible protein 10; I-TAC, interferon-inducible T-cell alpha chemoattractant; LARC, liver-

and activation-regulated chemokine; LEC, liver-expressed chemokine; LCC-1, liver-specific CC chemoki-

ne-1; Lkn-1, leukotactin; MCP, monocyte chemoattractant protein; MDC, macrophage-derived chemokine;

MEC, mammary-enriched chemokine; Mig, monokine induced by interferon g; MIP, macrophage inflam-

matory protein; MPIF, myeloid progenitor inhibitory factor; NAP, neutrophil-activating peptide; PF4, pla-

telet factor 4; RANTES, ‘regulated on activation, normally T-cell-expressed and -secreted’; SCM-1a/b,

single C motif-1 a/b; SDF, stromal-cell-derived factor; SLC, secondary lymphoid tissue chemokine; TARC,

thymus- and activation-regulated chemokine; TECK, thymus-expressed chemokine.(Table derived from

29, 102 and the chemokine receptor database from the Department of Biochemistry Kumamoto University

School of Medicine, Japan) 

Systematic name Original ligand name Receptors

CXC chemokines

CXCL1 GROa CXCR2, CXCR

CXCL2 GROb CXCR2

CXCL3 GROg CXCR2

CXCL4 PF4 Unknown

CXCL5 ENA-78 CXCR2

CXCL6 GCP-2 CXCR1, CXCR2

CXCL7 NAP-2 CXCR2

CXCL8 IL-8 CXCR1, CXCR2

CXCL9 Mig CXCR3

CXCL10 IP-10 CXCR3

CXCL11 I-TAC CXCR3

CXCL12 SDF-1a/b CXCR4

CXCL13 BCA-1 CXCR5

CXCL14 BRAK Unknown

CXCL15 Unknown Unknown

CXCL16 – CXCR6

C chemokines

XCL1 Lymphotactin/SCM-1a XCR1

XCL2 SCM-1b XCR1
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Systematic name Original ligand name Receptors

CX3C chemokines

CX3CL1 Fractalkine CX3CR1

CC chemokines

CCL1 I-309 CCR8

CCL2 MCP-1 CCR2

CCL3 MIP-1a CCR1, CCR5

CCL3L1 LD78b CCR1, CCR5

CCL4 MIP-1b CCR5

CCL5 RANTES CCR1, CCR3, CCR5

CCL6 Unknown Unknown

CCL7 MCP3 CCR1, CCR2, CCR3

CCL8 MCP-2 CCR3, CCR5

CCL9/CCL10 Unknown CCR1

CCL11 Eotaxin CCR3

CCL12 Unknown CCR2

CCL13 MCP-4 CCR2, CCR3

CCL14 HCC-1 CCR1, CCR5

CCL15 HCC-2/Lkn-1/MIP-1d CCR1, CCR

CCL16 HCC-4/LEC/LCC-1 CCR1, CCR2

CCL17 TARC CCR4

CCL18 DC-CK1 Unknown

CCL19 MIP-3b/ELC CCR7

CCL20 MIP-3a/LARC CCR6

CCL21 6Ckine/SLC CCR7

CCL22 MDC CCR4

CCL23 MPIF-1/CKb8 CCR1

CCL24 Eotaxin-2 CCR3

CCL25 TECK CCR9

CCL26 Eotaxin-3 CCR3

CCL27 CTACK CCR10

CCL28 MEC CCR3/CCR10



Involvement of chemokines in multiple sclerosis

Depending on the disease pathology, a variety of chemokines recruits cells from the

local neuroimmune system. Various brain diseases, like multiple sclerosis, show addi-

tional infiltration of immune cells, which are recruited from the periphery to orchestra-

te neuroinflammation. 

Multiple Sclerosis

Multiple sclerosis is a complex neuroinflammatory disease. Hitherto unknown environ-

mental factors and susceptibility genes trigger pathological events involving recruit-

ment of microglia, recruitment of the peripheral immune system, inflammatory injury

of axons and post inflammatory gliosis resulting in the formation and development of

sclerotic plaques. Oligodendrocytes, the primary target of immune attack in multiple

sclerosis, produce and maintain the myelin sheath that surrounds axons and are neces-

sary for salutatory conduction of axonal action potentials. Consequently, demyelination

results in a reduced velocity of impulse conductance and thus explains many clinical

features of multiple sclerosis.

One mechanism possibly accounting for undesired immune reactivity in autoimmune

disease is molecular mimicry. This suggests that a peptide, presented by class II mole-

cules is immunologically indistinguishable from self-antigen. Consequently, the

appropriate response to infection generates an inappropriate inflammatory reaction

against a component of the oligodendrocyte-myelin unit. Furthermore, damage to nor-

mal tissue may possibly expose novel antigens to the immune system and induce attack

against self-antigens.

Pathological sequence of events in multiple sclerosis

The development of multiple sclerosis plaques involves several stages concerning acti-

vation of the immune system and acute inflammatory damage to oligodendrocytes,

myelin and axons. A model of the sequence of events leading to MS pathology is shown

in figure 1.1.

Healthy individuals maintain autoreactive myelin T cells that are normally kept under

control by regulatory T cells. As MS is considered a polygenetic trait (10, 21, 28), bre-

akdown of this regulation may possibly involve a large number of genes that each in

itself add little to the overall risk (45). The result of the failing regulation is prolifera-

tion, activation and entry in the circulation of autoreactive T cells. These cells express

adhesion molecules and induce changes in endothelium, allowing migration across the

blood-brain barrier. There, activated T-cells re-encounter antigen and activate microglia.

Microglia, in turn, express HLA class II molecules and present antigen to T cells and

initiate an inflammatory loop, which yields an infiltrate rich in T cells, microglia and

blood-derived macrophages (21). Toxic inflammatory mediators are released, sustaining
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Figure 1.1 Model description of the events leading to Multiple Sclerosis. A. Genetic preposition and envi-

ronmental factors may lead to (myelin-) autoimmunity in immune cells. Maturation of autoreactive T cells

in lymphoid tissue results in myelin specific T cells in the blood. Autoreactive T cells then may cross-react

with other (exogenous) components (self or foreign antigens). Migration to the CNS and breakdown of

the blood-brain-barrier then leads to CNS infiltration and subsequent tissue damage. B. T helper cell rele-

ased antibodies recognize myelin and lead to more axonal damage via infiltrating macrophages (Mφ). Key

players in regulation leukocytes infiltration are cytokines, chemokines, free radicals (such as NO) and

metalloproteinases (MMPs), released by brain resident cells and immune cells (Adapted from ref. 48). 



breakdown of the blood-brain barrier, inducing migration of more immune cells (e.g. T

cells, macrophages) and leading to axonal injury. Thus, free radicals, cytokines and che-

mokines released by reactive astrocytes and microglia support the acute inflammatory

process. 

Chemokines in MS and EAE

A large number of studies of active lesions and cerebrospinal fluids (CSF) in MS

patients suggest involvement of several chemokines, including CCL2, CCL3, CCL7,

CCL8, CXCL9 and CXCL10 in MS pathology (6, 64, 73, 74, 79, 83, 112, 122).

Infiltrating leukocytes express chemokine receptors. Thus macrophages express the

chemokine receptors CCR2 and CCR5, whereas T cells and reactive astrocytes in active

lesions express CXCR3 and CCR5 (7, 111, 113, 123). In addition, expression of CCR8

has recently been found in phagocytic macrophages and activated microglia in MS

lesions (124). Interestingly, in MS patients expression of CCR5, CXCR3 and CXCR4 in

peripheral blood borne lymphocytes is elevated (74, 77).

The animal model experimental autoimmune encephalomyelitis (EAE) displays patho-

logy closely resembling MS (25). In mice the disease is induced by immunization using

myelin-derived antigens, such as oligodendrocyte glycoprotein (MOG). Many of the

chemokines implicated in MS, including CCL2, CCL3, CCL4, CCL5 and CXCL10 are

also expressed in EAE-diseased animals (25). Specifically, the chemokine receptors

CCR1, CCR2, CCR5 and CXCR3 are expressed by infiltrating T cells and macrophages

as well as in brain glial cells (25, 33). Particularly involvement of CCL2 along with its

receptor CCR2 in EAE pathology has received much attention. 

CCL2/CCR2 in EAE

Due to its prominent monocyte attractive activity CCL2 (MCP-1) was one of the first

chemokines characterized (78, 101). Extensive research has since implicated CCL2 in a

variety of immune diseases of which EAE and MS are important examples. A number of

findings that are illustrative for the prominent role of CCL2 in EAE are summarized in

a recent review by Mahad and Ransohoff (75) and come down to the following points:

1. Prior to the onset of clinical disease, expression of CCL2 is observed (43).

2. Expression of CCL2 correlates with clinical severity and relapse events of EAE (63).

3. Expression of CCL2 in astrocytes specifically is found only after leukocyte infiltra-

tion has occurred and is associated with clinical symptoms (42, 54, 98).

4. Infiltrating leukocytes also produce CCL2 (90). Interestingly, CCL2 -/- mice showed

reduced macrophage infiltration into the CNS and no development of clinical symp-

toms of EAE was observed (53).

Thus, CCL2 is an important player in the pathology of EAE and may therefore also play

an important role in MS. The primary receptor responding to CCL2 is CCR2. The rele-

vance of CCR2 in EAE is a controversial issue, illustrated by two conflicting studies in

CCR2 knockout mice. In one study, mice lacking CCR2 developed no clinical symptoms

Chapter 1

14



of EAE (59). However, in a recent study, three different mouse strains showed unchan-

ged susceptibility for EAE after CCR2 knockout as each developed the physiological

and clinical symptoms of EAE (37). Although a role of CCL2 in EAE and MS seems

plausible, CCR2 is probably not the only receptor involved. Presumably other chemoki-

ne receptors also contribute to the role of CCL2 in EAE/MS. Indeed, there have been

clear reports of CCR2-independent effects of CCL2 in human smooth muscle cells and

astrocytes (47, 104).

Chemokine signaling and molecular basis of chemotaxis 

Chemotactic migration of mammalian immune cells towards inflamed tissue is regula-

ted by chemokines. Chemotaxis is defined as the migration of cells towards an incre-

asing gradient of a chemoattractant. The signaling cascades associated with chemotaxis

have been documented in most detail in the social amoebae Dictyostelium discoideum (5,

17, 19, 34). 

Although chemotaxis in mammalian cells is not so well documented, the main signa-

ling cascades described in Dictyostelium also apply for leukocytes (19). Since the chemo-

tactic response of leukocytes is induced by activation of chemokine receptors, it is

important to review chemokine receptor-mediated signal transduction. 

G-protein coupled chemokine receptors

Chemokine receptors belong to the superfamily of Class A (Rhodopsin-like) seven

transmembrane spanning G-protein coupled receptors (GPCRs) (61, 72, 121). Based on

shared sequence motifs, GPCRs have been divided into 4 classes: A, B, C and F/S (49).

In addition, GPCRs can be divided into chemosensory GPCRs (csGPCRs) and

“endoGPCRs”. csGPCRs are receptive for external sensory signals, such as odors and

pheromones. EndoGPCRs respond to endogenous signals, such as peptides and neuro-

transmitters. Extensive searches of the National Center for Biotechnology Information

human genome database yielded a total of 367 endoGPCRs in the human genome

(127). Furthermore, the majority of the listed endoGPCRs belong to the class A family

of GPCRs. Chemokine receptors take up approximately 7% of the number of class A

endoGPCRs. In general, chemokine receptors interact with G-proteins which are hete-

rotrimers composed of three subunits α, β and γ. G proteins are classified as Gs, Gi/Go,

Gq, G12, depending on the α subunit (αs, αi, αq and α12) present in the heterotrimer.

Activation of chemokine receptors leads to the release of GDP and binding of GTP by

the Gα subunit (15, 55). The G protein then dissociates into a GTP-bound Gα subunit

and a Gβγ subunit which both initiate biochemical signaling cascades (Figure 1.2). 
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Figure 1.2 Examples of G-protein signaling. Activation of G-protein coupled chemokine receptors

(GPCR) leads to dissociation of the inactive G-protein into active effector molecules (Gα and Gβγ). These

effectors signal through a number of pathways; the most common pathways are shown in the figure.

Calcium mobilization from intracellular stores is possible via activation of the cADPr/RyR pathway (1) or

the PLC/IP3 pathway (2). PKC is activated via DAG. A key signaling pathway is shown in (3) where acti-

vation of PI3K leads to formation of PIP3, a molecule of great importance for activation of pathways lea-

ding to chemotaxis. Depending on the type of α-subunit in the G-protein trimer GPCR activation will lead

to stimulation of adenylate cyclase (Gs) and subsequent production of cAMP that activates PKA, or it will

lead to the inhibition of this pathway.



G-protein signaling

Although chemokines activate a large number of intracellular signaling cascades, only

the pathways relevant to chemotaxis will be discussed. 

Signaling of G proteins involves both the α and the βγ subunit. A detailed description of

intracellular signaling mediated by G-protein receptor subunits is shown in Figure 1.2. 

Chemokine receptors primarily activate Gi/Go, although there are some reports that

suggest activation of Gq and Gs by CXC type receptors (2). Activation of most chemo-

kine receptors induces release of calcium from intracellular storage compartments. Two

pathways responsible for this release have been described (72). In the first pathway Gβγ
activation leads to formation of inositoltriphosphate (IP3) that releases calcium from

intracellular stores (Figure 1.2, pathway 2). Alternatively, activation of Gs leads to a

cyclic adenosine diphosphate-ribose (cADPR)-dependent calcium release via (intracel-

lular) ryanodine receptors (RyR, Figure 1.2, pathway 1). The latter calcium mobiliza-

tion pathway has been proposed to occur following activation of CXCR1/2 (58).

Whereas calcium mobilization is implicated in cell-substrate detachment (76), the func-

tional requirement for calcium in chemotaxis is still questionable. Thus, chemotaxis in

leukocytes occurs independent of calcium mobilization (32, 51, 125). Furthermore, in

astrocytes chemokine-induced calcium mobilization has been observed in absence of

chemotaxis (119). 

In contrast to calcium mobilization, activation of the phosphoinositol-3’-kinase (PI3K)

family of lipid kinases is essential for chemokine-induced chemotaxis. PI3-kinases are

subdivided into three classes according to structure and substrate specificity (114, 126).

Activation of chemokine receptors has been shown to induce activation of members of

all three classes PI3K proteins. PI3K generates various phosphoinositide lipids from

phosphatidylinositol (PI), of which phosphatidylinositol (3,4,5) triphosphate (PIP3 in

pathway 3 of Figure 1.2) is the main effector inducing cascades that have a role in che-

motaxis.

Molecular basis of chemotaxis

Cellular migration along a chemotactic gradient occurs when leukocytes enter inflamed

tissue where chemokines are released. Migrating leukocytes show two distinct proper-

ties: cell polarization and directional sensing. Polarization involves reorganization of

the internal structure which results in a change in cell morphology and as the cell pre-

pares itself for migration. During migration the cell will maintain this polarized morp-

hology. Directional sensing refers to the ability of a cell to detect an asymmetric ext-

racellular cue and generate an internal amplified response that leads to movement

towards a gradient of chemoattractant (94). Thus induction of internal reorganization

by chemoattractants (including polarization) involves a sequence of intracellular signa-

ling cascades leading to dramatic rearrangement of the cytoskeleton of immune cells

(28). This cytoskeletal reorganization results in polarization of filamentous actin (F-

actin), a structural protein of the cytoskeleton towards the side of the cell facing the
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chemokine gradient (the leading edge). Lower amounts of actin accumulate at the

opposite side of the cell (the rear end or uropod; Figure 1.3A). F-actin filaments are

cytoskeletal components (stress fibers) that are involved in cell-cell and cell-matrix

adhesion and are part of adhesion complexes (38, 119, 129). Simultaneous to F-actin

polarization, myosin II molecules arrange at the uropod (20, 26, 31). Myosin II-induced

contraction and detachment of the rear end of the cell enables migration (31, 99).  A

model for chemotactic movement of cells involves a sequence of events depicted in

Figure 1.3. First, rapid assembly of F-actin protrusions (lamellipodia) occurs at the lea-

ding edge. This way, cells attach to substrate in front of the leading edge. Subsequently,

focal adhesions to the extracellular matrix at the uropod are eliminated. Finally, con-

traction of myosin-actin filaments leads to retraction of the uropod. Synchronous repe-

tition of these steps results in net movement of the cell along the chemokine gradient. 

Several models have been proposed over the years to explain how F-actin polarization

and directional sensing result in migration (for review see 28). Essential in model

descriptions is the observation that chemokine signaling is polarized at the leading edge

during migration (108). The intracellular cascades leading to chemotactic movement

(Figure 1.2A and B) form the molecular basis of polarization and directional sensing As

discussed in the previous section, chemokine receptor activation induces dissociation of

the G-protein complex into functional subunits. These subunits activate PI3 kinases

that generate PIP3. Particularly PIP3-induced activation of the small GTPases Rho,

cdc42 and Rac is involved in cytoskeletal changes, cell attachment and contractile beha-

vior (66). Rho activates protein kinase C (PKC) that is involved in cell adhesion (44,

67). In addition, Rho activates Rho-associated coiled-coil forming protein kinase

(ROCK) that is associated with the specific localization of myosin and contraction of

the contractile ring in leukocytes (1, 3). Furthermore, Rac and cdc42 are both involved

in actin polarization and the creation of lamellipodia by directing F-actin formation (45,

80, 86, 117, 130). Migrating cells move in the direction of chemoattractant. PI3K activi-

ty is highest at the side of the cell in contact with chemokine. This leads to polarization

of the cell. Moreover, in a chemokine gradient directional movement of cells is maintai-

ned, a phenomenon that may be explained by PI3K-reciprocal activity of the lipid

phosphatase PTEN. PTEN forms PIP2 from PIP3, which effectively inhibits PI3K/PIP3

mediated signaling. In studies of Dictyostelium it has been observed that PTEN is nor-

mally bound to the membrane and PI3K is found in the cytosol. This has lead to the fol-

lowing model of directional sensing, which is reportedly conserved in leukocytes (35,

69). PTEN dissociates from fractions of membranes where chemoattractant receptors

are activated and relocates at the opposite side (36, 56). Simultaneously, PI3K translo-

cates to the active receptor membrane fractions. Activity of PI3K/PIP3 is thus restricted

to areas of chemoattractant receptor activation. Any PI3K-formed-PIP3 that diffuses

outside the active receptor membrane area will be disassembled into PIP2 by PTEN.  In

this model, the leading edge structures are thus created at the membrane areas sur-

rounded by the highest concentration of chemoattractant and the intracellular align-

ment of the actin and myosin machinery is maintained accordingly. 
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Figure 1.3 Brief overview of the molecular mechanisms underlying chemotaxis. A. Chemokine-induced

receptor activation at one side of a cell leads to polarization of F-actin at the leading edge and at the poste-

rior side of the cell.  Additionally, a contractile ring, largely consisting of myosin II is formed along the

lateral and posterior side of the cell. The driving force behind the chemotaxis mechanism is the enzyme

PI3K, that is activated after chemokine receptor activation and converts PIP2 to PIP3. Activity of PI3K is

restricted to the leading edge of the cell by re-conversion of PIP3 back to PIP2 by the enzyme PTEN that is

localized in the lateral and posterior area of the cell. B. PI3K and PTEN have thus opposite effects on PIP3

formation. PIP3 in turn activates members of the Rho family of small GTPases Rho, Rac and cdc42 that are

responsible for intracellular mechanisms underlying chemotaxis. Rho activates protein kinase C (PKC)

which leads to cell attachment to substrate. Rho also activates Rho-associated coiled-coil forming protein

kinase (ROCK) that induces myosin formation necessary for contraction. Rac and cdc42 each activate

actin-related protein (arp) 2/3 molecules that are involved in F-actin formation. They activate different

intermediate signals to achieve this; cdc42 activates the Wiskott-Aldrich Syndrome protein (WASP) and

Rac activates Wiskott-Aldrich syndrome protein-family verprolin homologous protein (WAVE).



Chemokine receptor activation

As mentioned on page 9, the chemokine system contains approximately 50 chemokines

and 20 chemokine receptors. A chemokine is generally considered to be a ligand for a

given receptor if it shows specific binding. Furthermore, a chemokine will be designa-

ted agonist or antagonist depending on cellular responses after ligand-receptor binding.

It has been shown that different chemokines activate the same receptor subtype, thus

multiple chemokine receptors are activated by a single chemokine (Table 1.1). This

would imply a high level of redundancy within chemokine receptor pharmacology.

Indeed, it has been shown that under inflammatory conditions multiple chemokines,

activating the same receptor are expressed. It has also become clear, that chemokines

can act as agonist at one chemokine receptor but as antagonist at another chemokine

receptor subtype (70). For example, CCL7 acts as an agonist at CCR1/CCR2/CCR3 but

also acts as an antagonist at CCR5. Furthermore, the chemokines CXCL9, CXCL10 and

CXCL11 are agonists at CXCR3 but have been characterized as antagonists for CCR3

(14, 71). 

Binding properties of chemokines

Chemokine receptor binding primarily depends on the affinity of the chemokine for its

receptor. In general, affinity can be adequately determined in radioligand-binding stu-

dies. Thus, the affinity of a ligand is defined as the equilibrium constant of the ligand-

receptor interaction that equals the ligand concentration at which 50% of the receptors

are occupied. In addition to specific (receptor) binding, also non-specific (background)

binding occurs which can be assessed in saturation binding experiments (Figure 1.4).

Furthermore, radioligand-displacement studies are performed to assess the affinity of a

chemokine for its receptor. Using a fixed, sub-saturating concentration of radioligand

and increasing concentrations of the non-radioactive (“cold”) ligand, the concentration

at which 50% of the receptors are occupied can be calculated. This can be derived from

the concentration cold ligand at which 50% of the radioligand is displaced (Figure 1.5).

In addition, this method enables the comparison of competitive binding of different

chemokine ligands to the same receptor. Ligand binding studies thus provide reliable

data to describe affinities of chemokines for chemokine receptors in vitro.

Chemokine functional responses: agonism and antagonism

As discussed on page 15, chemokine binding to its receptor is followed by a number of

intracellular signaling cascades. Chemokine receptors belong to the superfamily of

GPCRs. Since GPCRs activate various well-established intracellular biochemical events,

it is feasible to monitor different functional responses induced by chemokines. It is thus

possible to measure cAMP levels or mobilization of intracellular calcium in response to

varying concentrations of chemokine and to express the results in concentration-

response curves. An example of concentration-dependent CC chemokine CCL2 (MCP-1)
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induced activity is illustrated in Figure 1.6 where Mirzadegan et al. evaluated a number

of antagonists for CCR2 by monitoring CCL2-induced calcium mobilization (Figure

1.6A) and inhibition of cAMP accumulation (Figure 1.6B) in cells expressing CCR2

(82). Several chemokines act as agonists at one receptor subtype and as antagonists at

other receptor subtypes. This is illustrated in Figure 1.7B showing the effect of the che-

mokine CCL4 (MIP-1β) that is antagonized by the chemokine CCL7 (MCP-3) (14).

Another interesting example is illustrated in Figures 1.7C-E showing that CCL11

(eotaxin) inhibits the effects of CCL2 (MCP-1) (91). Furthermore, CCL11 has been
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reported to inhibit CXCL10 (IP-10)-induced calcium mobilization through its natural

receptor CXCR3 (Figure 1.7E) (132). Furthermore, Loetscher et al. found that the che-

mokines CXCL9 (Mig), CXCL10 (IP-10) and CXCL11 (I-TAC) antagonize CCL11-indu-

ced calcium mobilization in cells transfected with CCR3, the natural receptor for

CCL11 (71). These findings are summarized in the diagram in Figure 1.8 and illustrate

that chemokines can act as agonist at one and as antagonist at a different chemokine

receptor subtype. 
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Figure 1.6 Examples of monitoring intracellular signal transduction for the assessment of chemokine

recepotr function. A. Inhibition of CCL2 (MCP-1; 3 nM) stimulated calcium influx by the antagonists RS-

102895, RS-136270 and RS-504393. B. Effect of the antagonists RS-102895, RS-136270 and RS-29634 on

CCL2 induced reduction of forskolin-induced cAMP accumulation in CCR2 expressing cells. The left curve

shows the inhibition of luciferase expression (cAMP-dependent reporter) caused by CCL2. The three cur-

ves at the right show RS-102895, RS-136270 and RS-29634 as antagonists of CCL2 (5 nM) induced inhi-

bition. Both in the antagonism experiments and the CCL2 control, 2.0 µM forskolin was used to stimulate

cAMP accumulation. The data are presented as a percentage of the luciferase expression caused by 2.0 µM

forskolin (100%). The data points shown are the means of two to four triplicate experiments with stan-

dard deviations of about 10% being omitted for clarity. (Adapted from ref. 82) 



In general, the chemokine system appears to represent a specialized, fine-tuned recep-

tor system controlling inflammatory processes and the initially presumed redundancy

in chemokine function seems now less plausible. In this respect, it is of interest to dis-

cuss the two-state model of GPCR activation in relation to constitutive activity (Figure

1.9). The two-state model assumes that GPCRs exist in equilibrium between the inacti-

ve (R) and an active (R*) state, independent of agonist stimulation (Figure 1.9A) (62,
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Figure 1.7 Examples of chemokines as agonists and antagonists. A and B: The CC chemokine CCL7

(MCP-3) as antagonist of CCL4 (MIP-1β)-induced CCR5 activation. A. CCL7 competes with and decreases

[125I]CCL4 binding to CHO-K1 cells transfected with CCR5. B. CCL4 induced calcium mobilization in

CCR5-tranfected CHO-K1 cells was antagonized by pre-stimulation of the cells with CCL7 in a dose-

dependent manner. C-E: CC chemokine CCL11 (Eotaxin) as antagonist of the chemokine receptors CCR2

and CXCR3. C. High concentrations of CCL11 competed with radioactive CCL2 (MCP-1) for binding to

CCR2-transfected pre-B cells. D. Pre-stimulation of CCR2-transfected pre-B cells with 1 µM CCL11 dimi-

nished calcium mobilization after stimulation of the cells with the natural agonist of CCR2, CCL2.  E.

CXCL10 induced calcium mobilization in CXCR3-transfected RBL cells was inhibited by CCL11 in a dose

dependent manner. (A and B are adapted from ref. 14, C and D from 91, and E from 132)



120). GPCR switching from R to R* increases basal G-protein- and effector system acti-

vity and is called constitutive GPCR activity (106). Furthermore, the model extends the

pharmacological range of agonist and antagonist types (Figure 1.9B). Conformational

changes of GPCRs from the R state to R* enable GTP-GDP exhange at G proteins. Full

agonists stabilize the R* state maximally, promoting the highest GDP/GTP exchange

rate at G proteins. Partial agonists are less capable of stabilizing the R* state than full

agonists and accordingly attain a lower maximal effect. In contrast, inverse agonists sta-

bilize the R (inactive) state of the GPCR thereby reducing GDP/GTP exchange to a

minimum; partial inverse agonists reduce the GDP/GTP exchange to a lesser extent

than full inverse agonists. Finally, neutral antagonists are ligands that interact with

GPCRs but do not change the R/R* equilibrium. Whether, the two-state model of

GPCRs fully applies to chemokine receptors is not yet known. However, in a study on

the effects of point mutations in the CXCR2 chemokine receptor on oncogenic transfor-

mation of mouse fibroblasts, wild type CXCR2 showed basal constitutive transforming

activity. This basal activity could be further enhanced by mutations of the DRY amino-

acid motif that is specifically conserved among GPCRs (16). Future investigations will

have to show to what extent constitutive chemokine receptor signaling occurs. This

could eventually lead to more refined classification of chemokines into full or partial

agonists, neutral antagonists and full or partial inverse agonists. 
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Figure 1.8 Agonism versus antagonism by chemokines. In vitro experiments have shown that the natural

agonist for CCR3 (CCL11) is an antagonist for CXCR3, whereas CXCL9, CXCL10 and CXCL11, the

natural agonists for CXCR3, are natural antagonists for CCR3: Agonists have a grey arrow, antagonists are

in black. (Derived from ref. 70, 132)



Introduction

25

0

50

100

G
-p

ro
te

in
 a

nd
 e

ffe
ct

or
 s

ys
te

m
ac

tiv
ity

 (r
el

at
iv

e 
un

its
)

-10 -9 -8 -7 -6 -5
ligand (log M)

A

Bfull agonist

partial agonist

antagonist

partial inverse agonist

full inverse agonist

full inverse
agonist

partial
inverse
agonist antagonist

partial
agonist

full
agonist

R R*

Figure 1.9 Two-state model of GPCR activation. A. The two-state model assumes that GPCRs are able to

isomerize from an inactive (R) state to an active (R*) state and vice versa. Full agonists maximally stabili-
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Decoy and Orpan chemokine receptors 

During 15 years of chemokine research a large number of chemokines and chemokine

receptors have been identified and characterized. The nomenclature of novel chemokine

receptors is strictly coupled to functionality and ligand binding.

Chemokine ligand binding does not always imply induction of signaling. This has been

shown for the human Duffy antigen receptor for chemokines (DARC) and the D6

receptor, which are both expressed in multiple cell types in various tissues. Radioligand

studies show that both DARC and D6 bind their ligands with high affinity without pro-

ducing any detectable G protein-mediated signaling (50, 87). The meaning of chemoki-

ne receptors that do not induce signal transduction has been interpreted in two ways.

First, they might function as decoy receptors that neutralize and sequester chemokines.

A second hypothesis proposes that these receptors signal via G-protein independent

cascades. Evidence increases suggesting that GPCRs signal via effector systems inde-

pendent of G-proteins. 

A number of GPCR receptors show no radioligand binding in despite of ligand-induced

signal transduction. Thus, 5HT1B receptors, expressed in Chinese hamster ovary

(CHO) cells, showed functionality but failed to show agonist binding (41). Generally,

newly encountered DNA sequences are classified into appropriate protein families by

database sequence homology studies. This way a number of candidate chemokine

receptors have been identified, which are called orphan chemokine receptors. An orp-

han chemokine receptor shares structural properties and cellular expression profiles

similar to one of the four classes of chemokine receptors. The ligands for these orphans

are still unknown. In Table 1.2 the orphan chemokine receptors known to date as disco-

vered in humans, mice and rats have been listed. Considering the completion of the

human genome project and the extensive human database searches by Vassilatis et al.

(127) and many other investigators few additional human orphan chemokine receptors

may be expected to emerge. As a rule, ‘deorphanization’ of orphan chemokine receptors

takes place when ligands are identified via radioligand binding studies. 

Aim of the thesis

Neurodegenerative diseases have a considerable impact on life expectancy and well

being of patients. According to the World Health Organization millions of people

worldwide suffer from well known neurodegenerative diseases such as multiple sclero-

sis, Alzheimer’s disease, Parkinson’s disease and stroke (for reference see the World

Health Report 2002 at http://www.who.int/whr). As mentioned previously, the immu-

ne system plays a key role in neurodegenerative disorders, with profound involvement

of chemokines. To understand the role of chemokines in neurodegeneration it is of

importance to characterize chemokine signaling in the brain. To his extent, we revie-

wed the recent knowledge concerning (patho) physiological functions and localization

of chemokines and their receptors in the brain in Chapter 2.
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Furthermore, ‘deorphanization’ of orphan chemokine receptors is of importance to

obtain complete insight in the chemokine system. The orphan receptor L-CCR has been

the main subject of this thesis. In 1997 Berman and Dorff submitted an mRNA sequen-

ce (E01) encoding a putative CC chemokine receptor to the EMBL murine genome

database (115). The sequence was extracted from astrocyte cDNA. A year later,

Shimada et al. reported expression of a putative CC chemokine receptor (L-CCR) in the

murine macrophage cell line RAW264.7 (110). The sequences of L-CCR and E01 are

identical. Thus, L-CCR was reportedly described as an orphan chemokine receptor

expressed in murine astrocytes and macrophages in vitro. Interestingly, expression of

the orphan receptor in RAW264.7 cells was enhanced by the bacterial lipopolysacchari-

de LPS showing that under inflammatory conditions RAW264.7 cells upregulate mRNA

encoding a putative chemokine receptor. Given the fact that microglia are macrophage-

like cells we examined possible mRNA expression of L-CCR in primary murine microg-

lia and astrocytes. We observed a similar LPS-inducible expression of L-CCR mRNA in

primary cultured microglia and astrocytes. 

The aim of the current thesis was to ‘deorphanize’ L-CCR and to determine the role of

this CC chemokine receptor in neuroimmunological processes. 

In Chapter 3 we examine the expression profile of L-CCR in the (murine) CNS.

Introduction

27

Table 1.2 A listing of known orphan chemokine receptors in different species. Adapted from the chemo-

kine receptor database from the Department of Biochemistry, Kumamoto University School of Medicine,

Japan

Species Gene name(s)

Human Mouse Rat

- L-CCR - Lipopolysaccharide inducible CC chemokine receptor

CCRL2 Ccrl2 - chemokine (CC motif) receptor-like 2, HCR, CRAM-B, CKRX,

CRAM-A, lipopolysaccharide inducible CC chemokine

receptor related, E01

CMKLR1 Cmklr1 Gprc27 chemokine-like receptor 1, ChemR23, CMKRL3, DEZ

GPR30 - Gpr30 chemokine receptor-like 2, CMKRL2, FEG-1, GPCR-BR, DRY12,

CEPR, GPR41

GPR1 - Gpr1

GPR31 Gpr31 - Gpr31b

GPR81 - - FKSG80

RDC1 Cmkor1 (Rdc1) D2S87E, GPRN1, CMKOR1, chemokine orphan receptor 1, Rdc1

(CRL1) - - CRL1



Furthermore, we use recombinant expression systems to determine the functionality of

the receptor and to identify candidate chemokines that activate L-CCR. 

In Chapter 4 we investigate and discuss the pharmacology of L-CCR in depth using

ligand-binding studies and functional assays. 

In Chapter 5 we determine the presence and role of L-CCR in human tissue. We identi-

fy, clone and characterize a possible human homologue of L-CCR in different human

cell types, including brain cells. 

In Chapter 6 we examine the influence of the primary ligand for L-CCR, CCL2 on the

gene expression profile of human astrocytes using gene expression microarrays. The sig-

nificance of the regulation of the expression of metalloproteinases by CCL2 is discussed. 

In Chapter 7, gene expression and localization of L-CCR mRNA during EAE, an animal

model for MS is examined in the murine CNS. This clearly shows involvement of L-

CCR in EAE. 

Finally, in Chapter 8, the results have been summarized in a general discussion. 
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Summary

Chemokines in the brain have been recognized as essential elements in neuro-

degenerative diseases and related neuroinflammation. Recent studies suggest

that in addition to the orchestration of chemotaxis of immune cells chemokines

are also involved in neurodevelopment and neurophysiological signaling.



Introduction

Due to extensive research and rapid progress in the field, a variety of reviews on che-

mokines has appeared recently, addressing their functions and localization including

the central nervous system (CNS) (3, 5, 25, 40, 49). Primarily the research on chemoki-

nes in the brain has focussed on immune responses and local inflammation. Recently

new functions of chemokines like their involvement in neuronal development, nocicep-

tion and synaptic transmission have been described. In this review recent advances in

physiological and pathophysiological functions and localization of chemokines and their

receptors in the brain will be addressed.

Chemokines and their receptors: pharmacology and function

Chemokines constitute a superfamily of small proteins (8-14 kDa) that are instrumen-

tal for trafficking of leukocytes in normal immunosurveillance as well as the coordina-

tion of infiltration of inflammatory cells under pathological conditions. 

Chemokines and their receptors constitute an elaborate signaling system. Currently,

approximately 50 different human chemokines have been described. These chemokines

interact with 18 different chemokine receptors (44, 61).

Chemokines are classified by their structure based on the number and spacing of conser-

ved cysteins motifs in the NH2-terminal. Thus, four groups named the C, CC, CXC and

CX3C families have been distinguished. The classification of the chemokine receptors

parallels the four subgroups designated for chemokines. These receptor subgroups have

been designated XCR, CCR, CXCR and CX3CR. Most of these chemokine receptors

recognize more than one chemokine. Since the different types of immune cells express

multiple chemokine receptors which overlap in their ligand specificities chemokine

receptor pharmacology is very complex. Due to this promiscuity and the lack of selective

agonists and antagonists the study of chemokine receptors in native systems is difficult.

Chemokines bind to seven transmembrane spanning receptors (44) and activate hetero-

trimeric G-proteins. Generally the G-proteins activated by chemokine receptors belong

to the Gαi family and are pertussis toxin sensitive. The signal transduction of most che-

mokine receptors often involves inhibition of cAMP and transient increases in intracel-

lular calcium. Furthermore, down-stream activation of mitogen-activated protein kina-

ses (MAPK), phosphoinositide 3-kinase (PI 3-K) and small GTP-binding proteins like

RAC, RhoA and CDC42H, which presumably are involved in the cytoskeletal re-organi-

zation necessary for cell migration have been described (52, 56).

As mentioned previously, the most general response to chemokine stimulation is che-

motaxis. Complex combinations of chemokine receptors mediate the chemotaxis of dif-

ferent types of leukocytes. A clear distinction can be made between homeostatic che-

mokines, which are mainly involved in physiological traffic like immune surveillance

and inducible chemokines, that are induced during inflammation. It is now becoming

increasingly clear that distinct migration activity of lymphocytes and presumably also

monocytes and granulocytes at various stages of activation are finely tuned by complex
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combinations of homeostatic and inducible chemokines (43). In addition to chemotaxis

a number of other biological functions of chemokines such as induction of cell adhe-

sion, phagocytosis, T-cell differentiation and activation, apoptosis, angiogenesis, prolif-

eration and cytokine secretion have been observed. (37).

Chemokines and chemokine receptors in the CNS

The first findings showing prominent expression of chemokines and their receptors in

brain tissue have been published approximately 10 years ago (see for example: 1, 50).

Meanwhile, numerous detailed studies on CNS chemokines and chemokine receptors

have been published, and it is clear now, that the endogenous cells of the CNS synthe-

sis distinct chemokines and might respond to chemokine stimulation by chemokine

receptor expression (3, 5, 25, 40, 49).

Several lines of evidence indicate that all types of endogenous cells of the CNS (astrocy-

tes, oligodendrocytes, microglia and neurons) express functional chemokine receptors

(11, 16, 17, 36, 45). Several publications show that the expression of chemokine recep-

tors in CNS cells is regulated by inflammatory mediators like TGFβ1 or IFNγ (23, 30)

but most reports indicate that there is also chemokine receptor expression in unchal-

lenged cells. 

The expression of chemokines in the CNS is mostly inducible by inflammatory stimuli,

meaning that constitutive chemokine expression is hardly observed in normal brain. The

two chemokines that are constitutively found in CNS are CX3CL1 (fractalkine) and

CXCL12 (SDF-1α) which are expressed by neurons and astrocytes respectively (6, 24, 38).

Compared to the large number of chemokines described in the periphery relatively few

chemokines have been found in brain under pathological conditions. These few chemo-

kines, however, seem to play a crucial role in neurodegeneration since most neurodege-

nerative diseases known are accompanied by chemokine expression. The most promi-

nent chemokines found in the CNS are CCL5 (RANTES), CCL2 (MCP-1), CCL8 (MCP-

2), CCL3 (MIP-1α), CCL4 (MIP-1β), CXCL8 (IL-8) and CXCL10 (IP-10) (3, 5, 25, 40,

49). Recent publications suggest, that glial chemokines are crucial mediators of infiltra-

tion in CNS inflammation (19, 27, 28, 54). This suggests that inhibiting glial chemoki-

ne expression may provide new, more sophisticated therapies for neurodegenerative

diseases. Experiments performed in cultured glial cells show that the expression of glial

chemokines is regulated by different pro- and anti-inflammatory factors, like cytokines,

bacterial toxins, β-amyloid or viral proteins. Interestingly, these factors induce expres-

sion of specific chemokines, suggesting that the expression of glial chemokines is

dependent on distinct pro- and anti-inflammatory factors (26, 29, 33, 36). Thus chemo-

kine expression and immune cell infiltration in particular disease pathologies may

depend on the pro- and anti-inflammatory factors associated with the disease.

Unfortunately, little is yet known on the regulatory mechanisms of glial chemokine

expression in vivo.
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CNS chemokines are not only expressed in glial cells, it has been shown recently that

chemokines such as CCL2, CCL3, CXCL10 and CCL21 (SLC) are also inducibly expres-

sed in neurons under conditions of neuronal degeneration (10, 15, 20, 53, 58).

However, the induction of neuronal chemokines is generally fast compared to the

expression of the same chemokine in glial cells. Whereas it takes 1-3 days after neuron-

al damage before glial chemokine expression is detectable, in neurons chemokines are

expressed within 6-12 hours (10, 15, 20, 53, 58). This rather early expression time

point indicates a special function of neuronally derived chemokines. It makes it temp-

ting to speculate that neuronal chemokines might contribute to the early communica-

tion system that has been suggested between neurons and glial cells after neuronal

damage (55).

Functions of chemokines in the CNS

In the brain chemokines mediate local immune responses and also attract leukocytes

which are believed to migrate along a concentration gradient of chemokines across the

blood-brain-barrier (BBB) to their target. Astrocytes and microglia are CNS-resident

immune cells, which can produce different kinds of chemokines. Since these glia cells

are closely associated with the BBB, it has been suggested that these cells regulate leuk-

ocyte infiltration into the brain (7). In addition, chemokine-binding sites on human

brain microvessels have been described (2).

As mentioned previously, almost all neurodegenerative diseases have been associated

with expression of chemokines (see table) and attraction of local glia cells and leukocy-

tes. The type of chemoattraction may involve specifically local immune cells or predo-

minantly blood leukocytes (21). Most likely this depends on the types of chemokines

expressed upon different pathologies. The most elaborately investigated neurodegene-

rative disease characterized by leukocyte infiltration is multiple sclerosis (MS). Distinct

chemokines are involved the attraction of leukocytes. Thus using experimental autoim-

mune encephalitis (EAE), a model for MS in rodents it has been shown that CCR2

knockout mice developed no signs of MS pathology (19, 28). Furthermore, they found

no localized macrophage infiltration. Similarly, CCL2 knockout mice show a clear

reduction of EAE pathology and a strong reduction of macrophage infiltration into the

brain (27).

A prominent example of localized neuroinflammation is Alzheimer's disease (59). It is

suggested that chemokines expressed in the vicinity of amyloid plaques initially attract

and/or activate local glia cells, whereas at a late stage infiltration of leukocytes has been

observed. The local inflammatory response of chemoattracted microglia seemingly

remains restricted to a small area around β-amyloid plaques. 

In addition an involvement of chemokines in host defense against bacterial and viral

infections of the CNS has been suggested (4, 31). The most prominent example is HIV,

which uses the chemokine receptors CXCR4 or CCR5 as co-receptors to infect cells.

The expression of these receptors most likely enables HIV to infect brain microglia,

which are the brain endogenous virus reservoirs (see for review: 42). 
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Table 2.1 Chemokines and receptors implicated in human CNS disease 

CNS pathology Chemokine Chemokine Receptors

Alzheimer’s disease MCP-1/CCL2 CCR3 

IP-10/CXCL10 CCR5

MIP-1β/CCL4 CXCR2

CXCR3

Multiple scleroris MCP-1/CCL2 CCR2

MCP-2/CCL8 CCR3

MCP-3/CCL7 CCR5

RANTES/CCL5 CXCR3

MIP-1α/ CCL3

MIP-1β/ CCL4

IP-10/ CXCL10

MIG

HIV-1 associated dementia MCP-1/CCL2 CCR5

CXCR4

HIV encephalitis MCP-1/CCL2 CCR2

MIP-1α/CCL3 CCR5

MIP-1β/ CCL4 CXCR4

Meningitis MCP-1/CCL2

MIP-1α/ CCL3

MIP-1β/ CCL4

Gro-α
IL-8/ CXCL8

IP-10/ CXCL10

Brain trauma MCP-1/CCL2

Il-8/ CXCL8

Behcet’s disease MIP-1α/CCL3

Myelopathy MIP-1α/ CCL3

Spinal cord contusion injury MCP-1/CCL2

MIP-1α/ CCL3

Gro-α

Table references: 21, 22, 36, 59, 60



gp120-induced neurotoxicity

New results moreover indicate that chemokine receptors are not only responsible for a

HIV infection of target cells but might also play an important role in the development

of AIDS-related dementia (42). It is clear today that the glycoprotein gp120 from the

envelope of HIV-1 has direct neurotoxic effects (12, 14, 41, 42). Since gp120 directly

binds to chemokine receptors it has been suggested that they are also mediating the

neurotoxic effects of gp120 (42). This assumption is corroborated by the findings that

hippocampal neurons from patients with HIV encephalitis had higher expression levels

of chemokine receptors than hippocampal neurons from HIV patients without encepha-

litis or controls (47). 

Neuroprotective effects of chemokines

Co-stimulation with chemokines (CX3CL1, CXCL12, CCL3 and CCL5) prevents gp120-

induced apoptosis in neurons (12, 14, 41). Recent data moreover indicate that chemo-

kines like CXCL8, CXCL12, CCL5 and CCL2 protect neurons also from other forms of

damage, for example NMDA or β-amyloid induced neuronal death (13). Although there

are conflicting reports on the involved neuronal chemokine receptor subtype (CX3CR

versus CXCR4 and CCR5: see for example 41 and 14), these results strongly indicate

that glial derived chemokines may have significant impact on the survival of neurons

and underlines the function of chemokines in the communication between glial cells

and neurons. In line with this assumption are the fascinating results, most recently

published by Bezzi and colleagues (8). They could show that signaling based on

CXCL12, CXCR4, TNFα and glutamate between neurons, astrocytes and microglia had

direct influence on the viability of the neurons in the system. (8). 

Chemokines and neurodevelopment

It has been suggested that chemokine receptor expression on neurons play a role in

developmental organization of the brain by regulating the migration of neuronal proge-

nitors. In rodents developmental expression of chemokines has been demonstrated

(34). Accordingly activation of the chemokine receptor CXCR4 by CXCL12 seems to be

crucial in CNS development, as knock-out mice die soon after birth and show abnorma-

lities in brain morphology (35). In humans, developmental expression of neuronal

CCL2 (39) and astrocytic CXCR3 (57) was demonstrated in fetal nervous tissue. The

role of these proteins in neurodevelopment however remains to be established.

Effects of chemokines on neurotransmission

Since astrocytes and synapses are intimately associated a functional role of astrocytes in 

modulating synaptic transmission has recently been extensively studied. It was thus

reported that glutamate released from astrocytes controls the efficacy of synaptic trans-
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Figure 2.1 A working hypothesis of chemokines as mediators of several functions in the brain.

Experimental evidence now indicates that chemokines might have a variety of different functions in the

physiology and also in the pathology of the CNS. It is likely that at least three different endogenous brain

cell types participate in chemokine signalling; neurones (N), astrocytes (A) and microglia (MG). (a)

Several lines of evidence, including chemokine and chemokine receptor knockout models, suggest that

chemokines like CCL2, CCL3, CCL5 and CXCL10 (thought to be derived from glial cells) might be cru-

cial molecules for the attraction of blood leukocytes into the CNS. (b) Recent evidence has shown fast

expression of neuronal chemokines like CCL2, CCL21 and CXCL10 in response to neuronal damage. It

has been suggested that these chemokines are involved in the communication between damaged neuro-

nes and surrounding glial cells. (c) In vitro evidence shows that several chemokines (CCL2, CCL5,

CXCL8 and CXCL10) have direct neuroprotective properties and it is tempting to speculate that these

chemokines released from glial cells may have similar effects in vivo. (d) It has been shown that CXCL12

influences neurotransmission via direct and indirect effects in vitro. If CXCL12 is released from astrocytes

and has similar effects in vivo, this modulation of neurotransmission may be another facet to chemokine

activity in the brain. (e) Chemokine receptors like CXCR4 and CCR5, which are expressed in microglia

and neurones, seem to be directly involved in the infection of microglia with HIV and in gp120 induced

neurotoxicity.



mission (9). Recent findings suggest that chemokines regulate the glutamate release

from astrocytes. It was shown that CXCL12 not only stimulated calcium transients in

cultured granule cells but also modulated spontaneous synaptic activity in purkinje cells

in cerebellar slices (32). This modulation of synaptic activity was due to glutamate rele-

ased from astrocytes after stimulation with CXCL12 (8, 32). Presumably, chemokiner-

gic modulation of neuronal activity via astrocytic glutamate release not be the only way,

since a direct influence of chemokines on the electrophysiology of neurons, has been

published by Puma and colleagues (48) and by Oh et al (46).

Conclusions

It is well established now that complex combinations of chemokines are involved speci-

fic recruitment of immune cells in the brain. Although the involvement of a large num-

ber of chemokines with overlapping biological activity suggests redundancy of this sig-

naling system, specific knock out of chemokine genes has been shown to prevent

pathological processes in disease models in experimental animals. In addition novel

functions concerning intercellular signaling may be involved in maintaining CNS home-

ostasis, neurodevelopment, synaptic transmission, aging (18) and the development of

tumors (51). Given the broad spectrum of chemokine functions in the periphery addi-

tional novel effects of chemokines in the brain may be expected. 
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Summary

There is increasing evidence that chemokines, specialized regulators of the

peripheral immune system, are also involved in the physiology and pathology of

the CNS. It is known that glial cells (astrocytes and microglia) express various

chemokine receptors like CCR1, 3, 5 and CXCR4. We have investigated the

possible expression of the known CC chemokine receptors (CCR1-8 and D6) in

murine glial cells. In addition, we examined possible glial expression of the orp-

han CC chemokine receptor L-CCR that has been identified previously in muri-

ne macrophages. We report here expression of L-CCR mRNA in murine astro-

cytes and microglia. Furthermore, L-CCR mRNA expression was strongly indu-

ced after application of bacterial lipopolysaccharide (LPS), both in vitro and in

vivo. Functional studies and binding experiments using biotinylated monocyte

chemoattractant protein (MCP) -1 (CCL2) indicate that CCL2 could be a candi-

date chemokine ligand for glial L-CCR. Based on the data presented it is sugge-

sted that L-CCR is a functional glial chemokine receptor that is important in

neuroimmunology.



Introduction

Chemokines are small chemotactic cytokines of approximately 10kDa, which orchestra-

te the inflammatory response by attracting leukocytes to sites of inflammation and by

controlling the homing of lymphocytes (for review see 4, 25, 28). Chemokines and their

receptors, all of which are G-protein coupled, are subdivided into four families: CXC-,

CC-, C- and CX3C-chemokines (25). Chemokine signaling often is non-specific, most

chemokines activate more than one chemokine receptor and vice versa (11, 21). In

humans more than 25 CC chemokines and 10 CC chemokine receptors (CCR) have

been cloned (25).

Chemokines and their receptors are not only present in the peripheral immune system.

It has recently become clear that chemokines are also expressed in brain during deve-

lopment and pathology (for reviews see 2, 3, 6, 13, 26). The cellular location of chemo-

kine receptors in the central nervous system is still a subject of investigation, but it is

yet clear that all types of endogenous brain cells express chemokine receptors.

Concerning the CC chemokine receptor family in glial cells, specific expression of the

CC chemokine receptors CCR1, CCR3, CCR5 has been reported in microglia (7, 19, 31,

33). In addition, a number of reports have described CC chemokine receptor expression

in astrocytes. Specifically, CCR1 and CCR5 expression was shown in astrocytes (1, 12,

23). The appearance of contradictory reports makes the expression of CCR2 in glial

cells a controversial subject (see for example 1, 17). We therefore investigated the

mRNA expression profile of CCR1-8 and D6 in cultured mouse astrocytes and microg-

lia using RT-PCR. In addition to expression profiling of established chemokine recep-

tors, various orphan chemokine receptors may be present in glial cells. The presence of

3 orphan chemokine receptors has already been described in astrocytes (12, 17, 29).

Currently little is known about the expression of orphan chemokine receptors in micro-

glia. The orphan chemokine receptor lipopolysaccharide (LPS) -inducible CC chemoki-

ne receptor (L-CCR) was first characterized in the mouse macrophage cell line

RAW264.7 by Shimada and coworkers (30). Since brain microglia most likely are bone

marrow derived cells that show many macrophage like properties, we investigated pos-

sible expression of L-CCR in microglia. RT-PCR and in situ hybridization studies indeed

revealed L-CCR mRNA expression in cultured microglia. Surprisingly, L-CCR mRNA

was also detected in mouse astrocytes. Furthermore, similar to the previously described

results that Shimada (30) obtained with the RAW264.7 cell line, the expression of L-

CCR mRNA in both glial cell types is strongly enhanced by in vitro and in vivo stimula-

tion with LPS. Binding studies and functional assays indicate that glial L-CCR might be

activated by CCL2 (formerly known as monocyte chemoattractant protein (MCP)-1).

Thus, we present here a novel CC chemokine receptor expressed in astrocytes and mic-

roglia, its expression is greatly enhanced under proinflammatory conditions. We propo-

se that this receptor may play a role in neuroinflammatory processes. 
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Material and methods

Chemicals

Isoflurane (ForeneTM) from Abbott (Baar, Switzerland);  Dulbeccos modified Eagle

Medium (DMEM) from GibcoBRL Life Technologies (Breda, Netherlands); Taq-poly-

merase from InViTek (Berlin, Germany); TA vectors pCR2.1 and pCRII from Invitrogen

(Leek, Netherlands); digoxigenin-conjugated UTP and alkaline phosphatase conjugated

sheep-anti-digoxigenin from Boehringer Mannheim (Mannheim, Germany); recombi-

nant mouse chemokines from Pepro Tech EC Ltd (London, United Kingdom); biotin

rmJE (CCL2) Fluorokine Kit from R&D systems (Minneapolis, USA); antibodies for

GFAP, ED-1 and MAC-1 from Chemicon (Temencula, USA); Fura-2 AM and all other

chemicals from Sigma-Aldrich (Bornhem, Belgium).

Injection of LPS

For treatment with endotoxin, 5 week old CD-1 mice were injected intraperitoneally

with LPS (50ug/25g weight) dissolved in sterile saline solution. Control animals recei-

ved injections with 0.9% NaCl. At different time points after the injection, animals

were decapitated under isoflurane anesthesia (5 animals per time point, 3 for RNA pre-

paration and 2 for in situ hybridization) and brains were removed. Brains were lysed in

GTC solution for RNA preparation and fixated with Zamboni`s fixative by perfusion

fixation for in situ hybridization experiments.

Cell cultures

MIXED ASTROCYTE CELL CULTURES AND CULTURED MICROGLIA

Mixed astrocyte cell cultures were established as described previously (5). In brief,

mouse cortex was dissected from newborn mouse pups (< 1d). Brain tissue was gently

dissociated by trituration in phosphate buffered saline and filtered through a cell strai-

ner (70µm Ø, Falcon) in DMEM. After two washing steps (200 x g for 10 min), cells

were seeded in culture dishes (Nunc, 10cm Ø; 8x106 cells/dish). Cultures were main-

tained 6 weeks in DMEM containing 10% fetal calf serum with 0,01% penicillin and

0,01% streptomycin in a humidified atmosphere (5% CO2) at 37°C. These cultures con-

tained 70-75% astrocytes (GFAP positive cells) and 20-30% microglia (F4/80 positive

cells); 1-5% of the cells did not stain for either GFAP or F4/80 and were most likely

endothelial cells and/or fibroblasts. Culture medium was changed the second day after

preparation and every six days thereafter. Microglia cultures were established as descri-

bed previously (5). In brief, floating microglia were harvested from confluent mixed

glial cultures and plated on new culture dishes. Microglia cultures were pure (> 95%)

as tested by cell specific markers (ED-1, MAC-1 and F4/80). For chemotaxis assays cul-

tured microglia were left in suspension. 
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Reverse transcripts polymerase chain reaction (RT-PCR)

Cells and brain tissue were lysed in guanidinium isothiocyanate/mercaptoethanol

(GTC) buffer and total RNA was extracted with slight modifications according to

Chomczynski and Sacchi (8).

a) Reverse transcription: 1µg of total RNA was transcribed into cDNA as described (5).

For potential contamination by genomic DNA was checked by running the reactions

(35 cycles) without reverse transcriptase and using GAPDH primers in subsequent PCR

amplifications. Only RNA samples, which showed no bands after that procedure, were

used for further investigation.

b) Polymerase chain reaction: 2µl of the RT-reaction was used in subsequent PCR

amplification as described (5). See table 3.1 for primer sequences, cycle numbers and

annealing temperature. Cloning into PCR2.1 (Invitrogen) and subsequent sequencing

checked identity of all PCR products.
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Table 3.1 Primer sequences for mouse CCR`s

Gene Primer sequences (5`-3`) PCR product (bp)

CCR1 GTGGTGGGCAATGTCCTAGT 658

TCAGATTGTAGGGGGTCCAG

CCR2 GTATCCAAGAGCTTGATGAAGGG 532

GTGTAATGGTGATCATCTTGTTTGGA

CCR3 GCACCACCCTGTGAAAAAGT 521

CGAGGACTGCAGGAAAACTC

CCR4 AGGCAAGGACCCTGACCTAT 644

GGACTGCGTGTAAGAGGAGC

CCR5 ATTCTCCACACCCTGTTTCG 3 5 0  

TCAGGCTTGTCTTGCTGGAA

CCR6 GTGGTGATGACCTTTGCCTT 656

AGGAGGACCATGTTGTGAGG

CCR7 AACGGGCTGGTGATACTGAC 596

ATGAAGACTACCACCACGGC

CCR8 TTCCTGCCTCGATGGATTAC 591

GCTTCCACCTCAAAGACTGC

D6 TCTTCATCACCTGCATGAGC 400

TATGGGAACCACAGCATGAA

L-CCR CTGGCGGTGTTTATCTTGGT 489

AACCAGCAGAGGAAAAGCAA

GAPDH CATCCTGCACCACCAACTGCTTAG 346

GCCTGCTTCACCACCTTCTTGATG



Immunohistochemistry and in situ hybridization

Immunohistochemistry and in situ hybridization was carried out as described (9). In

brief, prior to immunohistochemical processing and between the incubation steps, the

sections were washed in 0.9% saline dissolved in 0.05 M Tris, pH 7.4 (TBS). All antise-

ra were diluted in TBS containing 0.3% Triton X-100, 1% bovine serum albumin (BSA)

and heparin (5mg/ml). Sections were pre incubated in 5% BSA in TBS for 30 min and

incubated overnight with GFAP and ED-1. Antibody-antigen reactions were detected

using the biotin-streptavidin method and the complex was visualized with diaminoben-

zidine (DAB)/H2O2. In case of fluorescence detection FITC conjugated streptavidin was

used to visualize the antibody-antigen complex. For in situ hybridization L-CCR PCR

product was cloned into the dual promoter PCR II vector and linearized. L-CCR sense

and antisense probes were synthesized by run-off transcription and the use of digoxige-

nin-conjugated UTP according to the manufactures protocol (Boehringer Mannheim).

Slides were rinsed in PBS and digested with 10 mg/ml proteinase K for 0.5 h at 37 oC.

Subsequently, sections were rinsed in 2x SSC (1 x SSC: 150 mM NaCl. 15 mM Na citra-

te), dehydrated in an ethanol series and dried.

Sections were hybridized overnight at 60 oC in a solution containing 50% formamide,

0.3 M NaCl, 10 mM Tris (pH 8.0), 1 mM EDTA, 0.05% tRNA, 1 x Denhardt’s solution

and 10% dextran sulfate.

Final probe concentrations in hybridization buffer were 1-5 ng/µl. After hybridization,

the sections were treated with 10 mg/ml of ribonuclease A for 0.5 h at 37 oC and was-

hed in 0.1x SSC at 65°C.

The immunological detection of the digoxigenin labeled RNA-RNA complex was prece-

ded by a 0.5 h pre-incubation at room temperature in 0.1 M Tris, 0.15 M NaCl, pH 7.5

(buffer 1), containing 5% BSA. Slides were incubated for 2h at room temperature with

the alkaline phosphatase conjugated sheep-anti-digoxigenin, diluted 1:500 in buffer 1,

containing 2% BSA. After thorough rinsing in buffer 1 and a 10 min pre-incubation in

an alkaline buffer solution (ABS: 0.1 M Tris, 0.1 M NaCl. O.05 M MgCl2.6H2O, pH

9.5), the alkaline phosphatase was revealed with a freshly prepared solution of 0.34

mg/ml nitroblue tetrazoleum and 0.17 mg/ml 5-bromo-4-chloro-3 indolyl phosphate in

ABS. Endogenous non-intestinal phosphatase activity was inhibited by the addition of

levamisole (0.24 mg/ml) to the staining solution. The color development was done

overnight and terminated by placing the slides in a buffer solution, consisting of 0.01 M

Tris, 1 mM EDTA, pH 8.5. The dark purple precipitate indicating the presence of hybri-

dized mRNA was revealed with bright-field microscopy. Control experiments included

hybridization with digoxigenin-labeled sense probes and hybridization after treatment

of the sections with RNAse.

Chemotaxis assays

Cell migration in response to chemokines was assessed using a 48-well chemotaxis

microchamber (NeuroProbeR). Chemokine stock solutions were prepared in PBS and
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further diluted in medium for use in the assay. In some cases microglia were incubated

for 16h with LPS (100ng/ml) at 37°C/5% CO2 and harvested for the assay as described.

Culture medium without chemokines served as a control in the assay. 27ul of the che-

moattractant solution or control medium was added to the lower wells, lower and

upper well were separated by a polyvinylpyrrolidone-free polycarbonate filter (8 um

pore size) and 50000 cells per 50ul were used in the assay. Determinations were done

in hexaplicate. The chamber was incubated at 37°C/5% CO2 in a humidified atmosphe-

re for 120 min. At the end of incubation the filter was washed, fixed in methanol and

stained with toluidine blue. Migrated cells were counted with a scored eyepiece (3

fields (1 mm2) per well) and migrated cells per chamber were calculated. The data are

presented as mean values ± S.D. and were analyzed by Students t-test. P values ≤ 0.01

were considered significant.

Determination of intracellular calcium

For calcium measurements, microglia were cultured on glass coverslips and calcium

measurements were performed as described earlier (6). Fluorometric measurements

were performed using a sensicam CCD camera supported by AxolabR 2.1 imaging soft-

ware. Digital images of the cells were obtained at an emission wavelength of 510 nm

following paired exposures to 340 and 380 nm excitation wavelengths sampled at a fre-

quency of 1 Hz. Fluorescence values representing spatial averages from a defined pixel

area were recorded on-line. Increases in intracellular calcium concentrations were

expressed as the 340/380 ratio of the emission wavelengths. Compounds were admi-

nistered using a pipette positioned at a distance of 100-300 mm from the cells. Number

of the cells measured: microglia (n=86).

Binding of biotinylated CCL2

Determination of binding of biotinylated CCL2 to cultured glial cells was determined

according the manufacturers instructions. In brief, glial cells (5.000/well) were seeded

in 6mm wells on Teflon coated object glasses (Cel-Line Associates; Nutacon;

Leimuiden; The Netherlands) and cultivated overnight (12-16h) in the presence or

absence of LPS (100ng/ml). After two washing steps, cells were incubated for 60 min at

4°C in a humidified atmosphere in a total volume of 30ul with 20 nM biotinylated-

recombinant mouse CCL2 (biot.-rmCCL2). This was followed by a 30 min incubation

with fluorescein-conjugated avidin in order to detect the bound biot.-rmCCL2. All

samples were viewed on a Zeiss Axioskop 2 with a Plan-NEOFLUAR 40x objective.

Fluorescence intensity was quantified using Zeiss KS 300 software. Background fluores-

cence was measured with biotinylated soybean trypsin (negative control, supplied by

the manufacturer). During the measurements conditions of aperture, pinhole, bright-

ness, contrast and exposure time were maintained constant. Experiments were perfor-

med in triplicate; approx. 50 cells per well were measured.
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Results

Expression of CCR mRNA in cultured mouse astrocytes and microglia

Using RT-PCR analysis (35 cycles) expression of chemokine receptor mRNA`s (CCR1-

8 and D6) was analyzed in cultured mouse glial cells. Genomic mouse DNA served as a

positive control for the primers (CCR1-8 and D6) used. 

In cultured mouse microglia mRNA for CCR1, 3 and 5 was detected (Figure 3.1A). No

mRNA for CCR`s 2, 4, 6, 7, 8 and D6 was found in these cells under control or LPS sti-

mulated conditions (35 cycles RT-PCR, data not shown). Under control conditions mic-

roglia did show basal expression levels for L-CCR mRNA. This expression was upregu-

lated 2h after stimulation with 100ng/ml LPS (Figure 3.1B). Similar but less pronoun-

ced effects were found 2h after stimulation with 1 and 10 ng/ml LPS (data not shown).

LPS induction of L-CCR mRNA expression in cultured microglia peaked at 2h and

declined to baseline expression after 8h (data not shown).
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Figure 3.1 RT-PCR analysis of chemokine receptor mRNA expression in cultured microglia (A and B)

and cultured astrocytes (C and D). Experiments were carried out as described in materials and methods.

A) CCR1, 3 and 5 mRNA was found in cultured microglia. B) Unstimulated microglia (C) did show basal

L-CCR mRNA expression, which was upregulated by 2h stimulation with 100ng/ml LPS. C) In cultured

astrocytes mRNA expression for CCR1 and 5 was found. D) Control astrocytes (C) did show basal expres-

sion of L-CCR mRNA that was upregulated by 2h stimulation with 100ng/ml LPS. Number of cycles for

GAPDH and L-CCR were 28 and 32 respectively. MM, molecular weight marker, highlighted band is

500bp. For B and D were both PCR products run in the same gel. Similar results were found in 3 indepen-

dent experiments. 



Using RT-PCR, mRNA expression of CCR1 and 5 was detected in cultured astrocytes

(Figure 3.1C). No other CCR mRNA (2, 3, 4, 6, 7, 8 and D6) were found in these cells

under control or LPS stimulated conditions (35 cycles RT-PCR, data not shown).

Similar to microglia, untreated cultured astrocytes showed basal mRNA expression for

L-CCR, which also was upregulated 2h after stimulation with LPS (100ng/ml) (Figure

3.1D). Treatment with 1 and 10 ng/ml LPS had a similar but less pronounced effect

with a comparable time-course as observed in microglia (data not shown). No L-CCR

mRNA expression was detected in cDNA derived from cultured cortical neurons (data

not shown).

In order to verify the results obtained with RT-PCR and to obtain more information on

the cell type expressing L-CCR mRNA, in situ hybridization experiments were combi-

ned with immuno cytochemistry staining. Mixed glial cultures were stimulated 2h with

LPS (100 ng/ml) and stained with ED-1 and GFAP to detect microglia and astrocytes

respectively. ED-1 and GFAP staining yielded a brown reaction product, whereas the

positive in situ hybridization signal gave a dark purple reaction product. Both ED-1 posi-

tive microglia (mg) (Figure 3.2A, arrow) as well as GFAP positive astrocytes (Figure

3.2B, arrows) showed hybridization with the L-CCR antisense probe. The in situ positi-

ve but GFAP negative cells (arrowheads) in Figure 3.2B are most likely microglia cells.

Using the sense probe for L-CCR mRNA no hybridization signal could be detected

(Figure 3.2C and D).

Expression of L-CCR mRNA in brain tissue

Mice were injected intraperitoneally with LPS (50ug/25g weight) or with 0.9% NaCl for

controls. Brains were removed after 2, 4, 8, 12 and 24h for RT-PCR analysis or in situ

hybridization experiments. LPS induced the expression of L-CCR mRNA 2, 4 and 8h

after injection. 12h after injection of LPS L-CCR mRNA expression returned to baseline

levels (Figure 3.3). In contrast control injections with NaCl solution did not affect

expression of L-CCR mRNA in brain tissue (data not shown). These results were furt-

her verified by in situ hybridization experiments. In untreated control brains no L-CCR

mRNA positive cells were found (Figure 3.4A). 2h after injection of LPS, many L-CCR

positive cells were observed in the cortex of the LPS treated mice (Figure 3.4B). The

insert in Figure 3.4B shows a clear negative sense staining at the same time point, indi-

cating the specificity of the antisense signal. 24h after injection of LPS L-CCR the in situ

hybridization signal returned to control levels (Figure 3.4C). Combinations of in situ

hybridization (Figure 3.4D, purple reaction product) and immuno-histochemistry

(Figure 3.4E, GFAP fluorescence) showed that GFAP positive astrocytes express L-CCR

mRNA in mouse cortex (see Figure 3.4F for overlay of 3.4D and E). For technical reas-

ons it was not possible to co-localize L-CCR mRNA with microglial markers in brain

tissue. Since L-CCR mRNA positive and GFAP negative cells were found in brain

(arrowheads in Figure 3.4D-4F) it is suggested that there are cell types different from

astrocytes expressing L-CCR mRNA, which could be microglia as observed in cell culture

studies.
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Effect of CCL2 stimulation on cultured microglia

In several publications physiological responses of glial cells upon CCL2 stimulation

have been shown. Induction of chemotaxis of cultured mouse astrocytes by CCL2 were

observed by Heesen et al., (17. -1996). Effects of CCL2 on cultured microglia have also

been shown in rat microglia (7) and fetal human microglia (27). Similar experiments

have not been performed yet in mouse microglia. We therefore determined the effects
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Figure 3.2 In situ hybridization in combination with immunocytochemistry shows L-CCR mRNA expres-

sion in LPS stimulated cultured microglia and astrocytes. Cultured glial cells were stimulated for 2h with

LPS (100ng/ml) and fixed as described in material and methods. A) Cells were incubated with ED-1 anti-

body to stain microglia (mg; brown reaction product). The combination with in situ hybridization (dark

purple reaction product) revealed that ED-1 positive microglia also express L-CCR mRNA (arrow). The

ED-1 negative cell but L-CCR positive (arrowhead) cell is most likely an astrocyte (ac). B) Cells were incu-

bated with GFAP antibody to stain astrocytes (ac; brown reaction product). The combination with in situ

hybridization (dark purple reaction product) clearly showed that GFAP positive cells also express L-CCR

mRNA (arrows). The GFAP negative but L-CCR mRNA positive cells are most likely microglia (mg;

arrowhead). C and D show cultured microglia (mg) and astrocytes (ac) positive for ED-1 and GFAP (both

a brown reaction product), respectively. Hybridization with the sense probe for L-CCR showed no dark

purple staining. The bar in A and C represents 10mm, the bar in B and D represents 50mm.
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Figure 3.4 L-CCR mRNA in situ hybridization in the cortex of LPS injected mice and identification of ast-

rocytes as L-CCR mRNA expressing cells. A) Lack of L-CCR mRNA expression in  control brain, only

nonspecific staining is visible. B) 2h after the injection of LPS L-CCR mRNA expression is induced in

many cells. The insert shows tissue from the same animal hybridized with the sense probe for L-CCR

mRNA. C) L-CCR mRNA returned to control levels 24h after the injection of LPS. D) L-CCR mRNA posi-

tive cells in higher magnification in mouse brain 2h after LPS injection. E) Fluorescence micrograph of the

same region as in D stained with anti-GFAP to detect GFAP-positive astrocytes. F) Electronic overlay of D

and E to verify that some L-CCR positive cells also stain for GFAP indicating that astrocytes are a cellular

source of L-CCR mRNA. Note that there are also L-CCR mRNA positive cells that are negative for GFAP

(arrowheads in figures D through F) indicating that at least one other cell type different from astrocytes

expressed L-CCR mRNA. Bar in A-C 50mm; in D-F 10mm.

Figure 3.3 Effect of LPS injection on L-CCR mRNA expression in mouse brain. RT-PCR experiments

revealed that L-CCR mRNA expression in mouse brain was induced 2, 4 and 8h after the injection of LPS

(50ug/25g weight). 12h after the injection L-CCR mRNA expression returned to control levels. Number

of cycles for GAPDH and L-CCR were 28 and 32 respectively. MM, molecular weight marker, highlighted

band is 500bp. Both L-CCR and GAPDH PCR products were run in the same gel lane per sample. Similar

results were found in 3 independent experiments. 



of CCL2 on intracellular calcium transients and chemotaxis of cultured mouse microg-

lia. Similar to microglia from other species, CCL2 induced chemotaxis in cultured

mouse microglia. Chemotaxis of unchallenged microglia was observed at 100 nM CCL2

(Figure 3.5A). Pre-incubation of the cells with 100 nM LPS for 16h, however, increased

the chemotactic response of cultured microglia. Significant more cells migrated in the

chemotaxis assay compared to unchallenged microglia and microglial chemotaxis was

already found with 10nM CCL2 (Figure 3.5A). In addition to the observed chemotactic

response, weak intracellular calcium transients in cultured microglia were observed

upon stimulation with 100nM CCL2 in approx. 20% of the investigated cells (19 out of

86 cells) (Figure 3.5B).

Binding of biot.-rmCCL2 to cultured glial cells

In order to visualize binding CCL2 sites in cultured glial cells, experiments using biot.-

rmCCL2 to cultured microglia (Figure 3.6A) have been performed. The intensity of

biot.-rmCCL2 binding to unstimulated glia cells was slightly higher than the intensity

of nonspecific binding (Figure 3.6C). Almost no fluorescent signal was observed when

biot.-rmCCL2 was blocked by an anti-CCL2 antibody prior to the experiment (Figure

3.6D). Stimulation of microglia cultures with LPS did not influence the intensity of the
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Figure 3.5 A) Effect of LPS treatment on CCL2 induced chemotaxis of cultured murine microglia.

Chemotaxis of untreated cultured microglia (light grey bars) was observed with 100nM CCL2, lower con-

centrations did not induce microglial chemotaxis. Pre-treatment with LPS (100ng/ml, 16h) significantly

increased the chemotactic activity of cultured microglia compared to the untreated cells (dark grey bars).

Number of migrated microglia (untreated): control, 184±32; 100nM CCL2, 320±84. Number of migrated

microglia (LPS pre-treated): control, 160±32; 100nM CCL2, 520±32. Numbers are given as Mean±SEM,

N=4. *, Significant different compared to untreated cells (p< 0.05; Students-t test). The figure shows the

results of a typical experiment, similar results were observed in 3 independent experiments. B) Induction

of intracellular calcium transients in mouse cultured microglia by 100 nM CCL2. Arrow indicates the time

point of application. The figure shows a typical calcium response as it was observed in 19 out of 86.
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Figure 3.6 LPS increased the binding of biot.-rmCCL2 to cultured glial cells. Cultured glial cells were

incubated with biot.-rmCCL2 as described in material and methods. A) The intensity of biot-.rmCCL2

binding to control microglia was slightly higher than the intensity of the nonspecific signal shown in C

B) Stimulation with LPS (100 ng/ml for 16h) strongly upregulated the intensity of bound biot.-rmCCL2

to cultured microglia. D) Incubation of biot.-rmCCL2 with a CCL2 antibody completely inhibited the

binding of the biotinylated ligand to cultured microglia. Similar results were obtained with cultured ast-

rocytes. E) The binding intensity of biot.-rmCCL2 to unstimulated astrocytes was slightly higher than

the signal of the nonspecific binding (not shown). F) Stimulation with LPS (100ng/ml for 16h) strongly

increased the binding intensity of biot.-rmCCL2 to cultured astrocytes. Bar represents in A-D 20mm

and in E and F 50mm.



nonspecific signal but strongly increased the specific binding of biot.-rmCCL2 (Figure

3.6B, Figure 3.7). Note that LPS stimulation changed the shape of microglia, from a

bipolar, elongated cell into a rounded macrophage like cells (Figure 3.6A and B). 

Similar results were observed in cultured astrocytes. Unstimulated astrocytes showed

specific binding of biot.-rmCCL2 (Figure 3.6E), which was slightly higher than the non-

specific signal. Stimulation with LPS, however, increased the specific signal obtained

with biot.-rmCCL2 (Figure 3.6F, Figure 3.7). Both LPS stimulated microglia and astro-

cytes showed biot.-rmCCL2 binding in the membrane, indicating that biot.-rmCCL2

recognized a transmembrane receptor. 

Discussion

Brain cells (neurons and glial cells) express various receptors for chemokines such as

CCR1 and 5, CXCR2 and 4, and CX3CR (for review see 13). The expression of chemo-

kine receptors in both glial cells suggests that chemokines may contribute to an endo-

genous inflammatory cascade in the central nervous system, which is related to patho-

logical conditions (18, 6). Effects of chemokines such as neuroprotection of hippocam-

pal neurons (24), inhibition of microglial activation (34) and secretion of metalloprotei-

nases by microglia (10) are in line with that assumption.

The mRNA expression of the CC chemokine receptors CCR1-5 in cultured glial cells

has been investigated by several groups and most studies have been performed in rat or
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Figure 3.7 Quantification of the intensity of bound biot.-rmCCL2 to cultured glial cells in the absence

and presence of LPS. Binding of biot.-rmCCL2 was determined as described in material and methods. Data

shown are mean ± SD from approx. 50 cells. *, Significant different compared to untreated cells (p< 0.01;

Students-t test). Similar results were found in 2 independent experiments.



human glial cells (Table 3.4). Whereas, in cultured rat and human astrocytes CCR

mRNA expression has not been determined yet, expression of CCR1 and CCR5 mRNA

was found in mouse astrocytes (12, 14, 32). In rat and human microglia mRNA expres-

sion of CCR1 (7, 22, 32) and CCR5 (7, 16, 20, 22, 31) has also been reported.

Conflicting reports concerning the expression of CCR2 and CCR3 mRNA in cultured

microglia cells have been published. CCR2 mRNA expression was found in cultured

microglia by Boddeke et al. (7), McManus et al. (22) and Dorf et al. (12), whereas others

found no expression of CCR2 mRNA in cultured microglia (17, 20). CCR3 mRNA

expression in cultured microglia was found by He et al. (16) and McManus et al. (22),

but not by Jiang et al. (20) and Boddeke et al. (7). The three reports investigating possi-

ble expression of CCR4 mRNA in glial cells failed to detect CCR4 mRNA expression

(7, 22, 32). The reasons for the opposite findings concerning expression of CCR2 and 3

mRNA are currently not clear, but could be due to species differences, different culture

conditions and/or different detection techniques used (see Table 3.2).

In order to establish CC chemokine receptor expression profiles in mouse glial cells, we

investigated CC chemokine receptor mRNA expression in cultured mouse microglia and

astrocytes. Along with the known receptors CCR1 to 8 and D6, we examined possible

expression of the orphan chemokine receptor L-CCR in murine glial cells using RT-PCR.

All primers used in RT-PCR experiments were positively verified using genomic mouse

DNA as a template and subsequent cloning and sequencing of the PCR product. We

observed mRNA expression for CCR1,3,5  and CCR1,5 in cultured microglia and astro-

cytes, respectively, which is in good accordance with the recent literature. No other

mRNA for known CCR were found. In addition, we observed that both cultured astrocy-

tes and microglia express L-CCR mRNA. Subsequent RT-PCR and in situ hybridization

experiments showed that L-CCR expression in both cell types was strongly increased by

stimulation of the cells with LPS. Similarly, L-CCR mRNA expression in mouse cortical

glial cells was strongly induced after intraperitoneal injection of LPS. These results clear-

ly indicate that mouse glial cells (in vitro and in vivo) express an additional LPS regulated

chemokine receptor mRNA that has not been described in glial cells before.

Glial chemokine receptors are functional, as it has been shown for a variety of different

chemokine receptors (for review see: 12). Since mouse astrocytes respond to the CC

chemokine CCL2 with chemotaxis in absence of the corresponding receptor CCR2, the

existence of an additional, so far undiscovered chemokine receptor in these cells has

been suggested (15, 17). Indeed in the present experiments mouse microglia responded

to CCL2 stimulation with chemotaxis and calcium in the absence of detectable CCR2

mRNA expression, leading to a similar conclusion. Since L-CCR  was expressed in both

microglia and astrocytes it was investigated if L-CCR expression might explain the glial

responses to CCL2 in the absence of CCR2. The expression of L-CCR mRNA in mouse

glial cells was strongly enhanced by LPS treatment. We therefore investigated possible

effects of LPS treatment on CCL2 induced effects in glial cells. In parallel to the L-CCR

mRNA expression LPS treatment had a pronounced effect on the binding of biot.-

rmCCL2 to the membranes of cultured microglia and astrocytes. Moreover, the migra-
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tory capacity of microglia in response to CCL2 was strongly enhanced by LPS treat-

ment. It is therefore tempting to speculate that glial L-CCR is a functional chemokine

receptor which might explain the known effects of CCL2 in glial cells. 

In summary, we provide evidence for the expression of L-CCR in glial cells in vitro and

in vivo. LPS treatment not only strongly upregulated L-CCR mRNA expression of glial

cells in culture and in the adult mouse cortex, but it also increased a cell membrane

located biotinylated CCL2 binding signal in cultured glial cells and the chemotactic

response of microglia to CCL2. It is therefore tempting to speculate that L-CCR may

play a role in the chemokine/cytokine-signaling cascade during brain inflammation.

L-CCR in murine glial cells
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Table 3.2 Expression profile of CCR mRNA in cultured glial cells from 

astrocytes Microglia Publication

H M R H M R

CCR1 + 32

+ 7

- + 22

+ 14

CCR2 - 17

- 20

+ 7

- - + 22

+ 12

CCR3 - - 16

- 20

+ 7

- + 22

CCR4 - 32

- 7

- - 22

CCR5 - + 16

+ 20

+ 7

- + 22

+ 12
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Summary

TIt has become clear in the last years that chemokines and chemokine receptors

are pivotal regulators of cellular communication and trafficking. In addition to

the approximately 20 chemokine receptors that have been cloned and described

various orphan receptors with a chemokine receptor-like structure are known.

We have investigated the orphan mouse chemokine receptor (L-CCR) in

HEK293 cells, a receptor that was originally described in a mouse macrophage

cell line. Cells expressing this receptor show PTX sensitive chemotaxis and

small intracellular calcium transients in response to the chemokines CCL2,

CCL7, CCL8 and CCL5. Biotinylated CCL2 binds to L-CCR expressing cells and

transfection experiments with an L-CCR-GFP fusion protein showed L-CCR

expression in the membranes of recombinant HEK293 cells. Although radio-

ligand binding was not detected it is suggested that L-CCR is a functional che-

mokine receptor.



Introduction

Chemokines are small chemotactic cytokines of approximately 10kDa, which orchestra-

te the inflammatory response by attracting leukocytes to sites of inflammation and by

controlling the homing of dendritic cells, T cells and B cells (for review see: 5, 19, 26).

Recent studies indicate that chemokines not only facilitate leukocyte migration and

positioning but are also involved in other processes like, leukocyte degranulation,

angiogenesis, T cell differentiation and functioning (for review see: 16). Due to their

various functions, the involvement of chemokines in diseases has been studied extensi-

vely (for review see: 11). Depending on conserved cysteine residues chemokines and

their receptors, which are all G-protein coupled, are subdivided into four families: CXC-

, CC-, C- and CX3C-chemokines (16, 19, 24). In humans, more than 40 chemokines

and 20 chemokine receptors have been cloned (16, 19, 24, 30). The large number of

chemokines compared to the number of chemokine receptors indicates that chemokine

receptors respond to various chemokines. Indeed chemokine signaling can be promis-

cuous and a variety of chemokines activate more than one chemokine receptor (10, 18,

30). Furthermore, it is likely that some of the currently known orphan chemokine-like

receptors will further contribute to the complexity of chemokine signaling (10). 

Expression of the orphan chemokine receptor L-CCR has been originally described in

LPS-stimulated RAW cells (29). Recently L-CCR expression was also detected in

mouse glial cells where it was only found under pro-inflammatory conditions (31). In

order to investigate if L-CCR is a functional chemokine receptor we cloned and expres-

sed L-CCR in HEK 293 cells. 

Material and methods

Chemicals

Dulbecco’s modified Eagle Medium from GibcoBRL Life Technologies (Breda,

Netherlands); TA vectors pCR2.1 and pCRII from Invitrogen (Leek, Netherlands); Taq-

polymerase from InViTek (Berlin Germany); Fugene from Roche (Mannheim,

Germany); recombinant mouse chemokines from Pepro Tech EC Ltd (London, United

Kingdom; G418 from Calbiochem (Darmstadt, Germany); biotin rmJE (MCP-1)

Fluorokine kit from R&D systems (Minneapolis, USA); Fura-2 AM and all other chemi-

cals from Sigma-Aldrich (Bornhem, Belgium). CCR2 blocking antibodies (DOC 3 and

MC-21) were kindly provided by Dr. M. Mack, (Med. Poliklinik, Munich, Germany).

Cell cultures

HEK 293, CHO and RAW 264.7cells

All cell lines were maintained in DMEM containing 10% fetal calf serum with 0,01%

penicillin and 0,01% streptomycin in a humidified atmosphere (5% CO2) at 37° C. 
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Reverse transcription polymerase chain reaction (RT-PCR)

Cells or brain tissue were lysed in guanidinium isothiocyanate/mercaptoethanol (GTC)

buffer and total RNA was extracted with slight modifications according to Chomczynski

and Sacchi (8).

a) Reverse transcription: 1 µg of total RNA was transcribed into cDNA as described (7).

For potential contamination by genomic DNA was checked by running the reactions

(35 cycles) without reverse transcriptase and using GAPDH primers in subsequent PCR

amplifications. Only RNA samples, which showed no bands after that procedure, were

used for further investigation.

b) Polymerase chain reaction: 2 µl of the RT-reaction were used in subsequent PCR ampli-

fication as described (7). The following primers were used in PCR for L-CCR: 5`- CTG-

GCGGTGTTTATCTTGGT and 5`- AACCAGCAGAGGAAAAGCAA resulting in a 489bp

PCR product. Primers for GAPDH PCR were: 5`- CATCCTGCACCACCAACTGCTTAG

and 5`-GCCTGCTTCACCACCTTCTTGATG, resulting in a 346bp PCR product. 

Cloning and expression of L-CCR

Primers to amplify the full-length sequence for L-CCR have been chosen according the

sequence for L-CCR (Accession number: AB009384). The full-length L-CCR coding

sequence was amplified from cDNA derived from LPS stimulated microglia with the fol-

lowing primers: forward, 5`-TATCAAGCAACCTGCCTCAA; reverse 5`-TGGCA-

TAAAACAATGTGAAGAGA. 

The resulting PCR product was cloned in pCR2.1 (Invitrogen) for sequencing and sub-

cloned into the BamHI - Not I sites of pcDNA 3.1 (Invitrogen) for transfection. 1ug of

the plasmid was transfected with 6ul FugeneR (Roche Molecular Biochemicals) in HEK

293 cells according to the manufacturer’s instructions. Stable transfected cells were

selected with G418 500 µg/ml for approx. 2 weeks and the resulting cell clones were

checked by RT-PCR for L-CCR mRNA expression. Mock transfections were performed

with either empty or green fluorescence protein (GFP) containing pcDNA 3.1.

Construction of the L-CCR-EGFP fusion protein

L-CCR was coupled to enhanced green fluorescent protein (EGFP) by cloning into pEGFP-

N2 (Clontech). Full length L-CCR was amplified using cDNA from L-CCR transfected

HEK 293 cells with the following primers: forward, 5’ ATA CTC GAG ATG GAT AAC

TAC ACA GTG GCC; reverse, 5’ATA GGA TCC A TAT TAT ATC CTG CCT TTG ATG

CAA ATT. These primers introduced a XhoI restriction site at the 5’ end and a BamHI

restriction site at the 3’end of L-CCR and omitted the stop codon in the receptor

sequence. The resulting PCR product was cloned into pCRII (Clontech) by TA cloning.

5ug of the resulting vector were restricted with BamHI (Promega) and XhoI (Promega),

the excised band was purified using gel electrophoresis and gel purification

(MinEluteTM Gel Extraction Kit, Qiagen) and subsequently cloned into the BamHI/-
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XhoI sites of pEGFP-N2 (Clontech). Sequence and the orientation of the insert were

verified by sequencing. Transfection of HEK 293 cells was performed as described

above. Mock transfections were performed with either empty or green fluorescence pro-

tein (GFP) containing pcDNA 3.1. A Zeiss confocal laser microscope was used to analy-

ze the expression of the L-CCR-EGFP construct in transfected HEK 293 cells. 

Chemotaxis assay

Cell migration in response to chemokines was assessed using a 48-well chemotaxis

microchamber (NeuroProbe). Chemokine stock solutions were prepared in PBS and

further diluted in medium for use in the assay. Culture medium without chemokines

served as a control in the assay. 27 µl of the chemoattractant solution or control medi-

um were added to the lower wells, lower and upper well were separated by a polyvinyl-

pyrrolidone-free polycarbonate filter (8 um pore size) and 30000 cells per 50 µl were

used in the assay. Chemotaxis was distinguished from chemokinesis by adding the

same chemokine concentration to the upper wells, or to both the lower and the upper

wells. Determinations were done in hexaplicate. The chamber was incubated at 37°C,

5% CO2 in a humidified atmosphere for 120 min. At the end of incubation the filter

was washed, fixed in methanol and stained with toluidine blue. Migrated cells were

counted with a scored eyepiece (3 fields (1 mm2) per well) and migrated cells per well

were calculated. The data are presented as mean values ± S.D. and were analyzed by

Students t-test. P values ≤ 0.01 were considered significant. In order to prevent bias,

chemotaxis filters were occasionally counted after double-blinded experiments. 

Determination of intracellular calcium

For calcium measurements, cells were cultured on poly-L-lysine coated glass coverslips.

In order to load the cells with Fura-2 AM the cells were incubated for 30 min at 37°C in

loading buffer containing: (in mM) NaCl 120, HEPES 5, KCl 6, CaCl2 2, MgCl2 1, glu-

cose 5, NaHCO3 22, Fura-2 AM 0.005; pH 7.4. The coverslips were fixed in a perfusion

chamber (37°C) and mounted on an inverted microscope. Fluorimetric measurements

were done using a sensicam CCD camera supported by AxolabR 2.1 imaging software.

Digital images of the cells were obtained at an emission wavelength of 510 nm using

paired exposures to 340 and 380 nm excitation wavelength sampled at a frequency of 1

Hz. Fluorescence values representing spatial averages from a defined pixel area were

recorded on-line. Increases in intracellular calcium concentrations were expressed as

the 340/380 ratio of the emission wavelengths. Compounds were administered using a

pipette positioned at a distance of 100-300 mm from the cells.

F-Actine staining

L-CCR expressing HEK 293 cells were cultured on glass coverslips in 6-well chambers.

Prior to the experiment the medium was refreshed and cells were stimulated with
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10nM CCL2. After various time-points (1, 5, 10 and 60min) the medium was swiftly

removed and the cells were fixed in 4% PFA for 10 minutes. Subsequently, the cell-con-

taining glass coverslips were washed twice for 10 minutes in PBS, followed by a 10

minute wash step in PBS + 0.1% Triton and two final washing steps for 10 minutes in

PBS after which they were incubated for 30 minutes in PBS containing 0.1 M TRITC-

phalloidin (Sigma). The coverslips were then washed for 10 minutes in PBS and moun-

ted for confocal fluorescence microscopy analysis.

Binding of biotinylated CCL2

Binding of biotinylated CCL2 to cultured cells was determined according the manufactu-

rers instructions. In brief, cells were harvested with a cell scraper and washed two times

with PBS. Then cells were seeded (50.000/well) in 6mm wells on Teflon coated object

glasses (Cel-Line Associates; Nutacon; Leimuiden; The Netherlands). In some cases

RAW 264.7 cells have been stimulated overnight (12-16h) with LPS (100 ng/ml) prior to

the binding experiment. Cells were incubated for 60 min at 4°C in a humidified atmosp-

here in a total volume of 30 µl with 20 nM biotinylated-recombinant mouse CCL2 (biot.-

rmCCL2). This was followed by a 30 min incubation with fluorescein-conjugated avidin

in order to detect the bound biot.-rmCCL2. All samples were viewed using a Zeiss

Axioskop 2 with a Plan-NEOFLUAR 40x or 60x objective for observation or quantifica-

tion, respectively. Fluorescence intensity was quantified using Zeiss KS 300 software and

calculated as pixel intensity per cell. Background fluorescence was measured with bioti-

nylated soybean trypsin (negative control, supplied by the manufacturer). During the

measurements conditions of aperture, pinhole, brightness, contrast and exposure time

were maintained constant. Approximately 50 cells per well were measured.

Results

Effect of various chemokines on chemotaxis and intracellular calcium signaling of trans-

ient L-CCR transfected HEK 293 cells

L-CCR was cloned from cDNA derived from LPS treated mouse microglia (31) and sub-

sequently the receptor was expressed in various cell lines. Sequencing of the glial L-

CCR revealed 99.6 % identity with the sequence previously published for the orphan

receptor (29). In order to exclude that the observed sequence differences where due to

PCR errors, five different clones have been sequenced with all showing identical diffe-

rences. L-CCR cloned from cultured microglia showed two differences (in position 39

an arginine in place of glutamine, and in position 292 an alanine in place of valine was

found in microglial L-CCR) in its amino acid sequence compared to the published

sequence of L-CCR (Accession number: AB009384). 

Transfection of CHO cells with L-CCR resulted in concentration-dependent migration

in response to CCL2 (Figure 4.1A) or CCL5 (data not shown). However, since mock-

transfected CHO did also show small responses we did not proceed with CHO cells for
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Figure 4.1 Effect of CCL2 on chemotaxis and intracellular calcium transients in cells transiently transfec-

ted with L-CCR. A) Stimulation with CCL2 induced pronounced chemotaxis of L-CCR transfected CHO

cells but had also small responses in mock-transfected CHO cells. B) Chemotaxis of MOCK-transfected

HEK 293 cells was not affected by CCL2, whereas L-CCR transfected HEK 293 cells migrated in a concen-

tration-dependent manner when stimulated with CCL2. No effect was detected in response to CCL3. C)

Example of a CCL2 (100 nM) induced intracellular calcium transient in L-CCR transfected HEK 293 cells.

The graphs in A and B depict the results of a typical chemotaxis experiment performed in hexaplicate for

each concentration of CCL2. Data are means ± SEM; similar results were obtained in 3 independent expe-

riments. 



further analysis. Similar experiments were performed in HEK 293 cells. In chemotaxis

assays, mock-transfected HEK 293 cells did not migrate towards a chemotactic gradient

of CCL2, whereas HEK 293 cells transiently transfected with L-CCR migrated in

response to CCL2 in a concentration dependent manner but not to CCL3 (Figure 4.1B).

Control experiments indicated chemotaxis rather than chemokinesis in our chemotaxis

assay. The number of cells per well did not differ from control migration without CCL2

(88±15 cells/mm2 = 100±14%) when CCL2 (1nM) was added to the upper wells

alone (105±22%) or in both the upper and the lower wells (89±19%). Moreover,

CCL2 induced intracellular calcium transients in transiently transfected HEK 293 cells

(Figure 4.1C). The response of intracellular calcium transients to chemokines was rat-

her weak and detectable in approximately 10% (12 out of 117) of the HEK cells investi-

gated. Again CCL3 did not induce intracellular calcium transients in transiently trans-

fected HEK 293 cells (data not shown). 

In order to further investigate the pharmacology of L-CCR monoclonal HEK 293 cells

stably-expressing L-CCR (HEKL-CCRmc5) were used. Of the used chemokines CCL2,

CCL3, CCL4, CCL5, CCL6, CCL7, CCL8, CCL11, CCL12, CCL17, CCL19, CCL21,

CCL22, CCL25, CXCL9, CXCL10, CXCL12 and CX3CL1 (previously known as MCP-1,

MIP-1α, MIP-1β, RANTES, C10, MCP-3, MCP-2, Eotaxin, MCP-5, TARC, ELC, SLC,

MDC, TECK, MIG, IP-10, SDF-1α and fractalkine, respectively) only CCL2, CCL5,

CCL7 and CCL8 were found to induce chemotaxis of HEKL-CCRmc5 (Table 4.1). In
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Table 4.1 Effect of various chemokines on chemotaxis of L-CCR transfected HEK 293 cells.

Chemokine (1nM) Chemotactic effect on L-CCR 
transfected HEK 293cells

CCL2 +
CCL5 +
CCL7 +
CCL8 +
CCL3 -
CCL4 -
CCL6 -
CCL11 -
CCL12 -
CCL17 -
CCL20 -
CCL21 -
CCL22 -
CCL25 -
CXCL9 -
CXCL12 -
CXCL10 -
CX3CL1 -



Figure 4.2, the concentration response curves of these four chemokines determined in

HEKL-CCRmc5 are compared. The EC50-values for the 4 chemotactic chemokines in

HEKL-CCRmc5 were comparable. The most striking difference between the chemokines

of the MCP-family (CCL2, CCL7 and CCL8) and CCL5, was that the chemotactic

response to CCL5 did not decrease at higher concentrations (Figure 4.2A). CCL2-indu-

ced chemotaxis of HEKL-CCRmc5 was completely inhibited by pretreatment of the cells

with pertussis toxin (PTX) (100ng/ml; 16h) (Figure 4.2B), indicating that L-CCR, like

other chemokine receptors, is coupled to Gi-proteins. This was further corroborated by

the findings that CCL2 stimulation inhibited forskoline-induced cAMP synthesis by

approximately 50% in HEKL-CCRmc5 (data not shown). The primary receptor for

CCL2, CCL7 and CCL8 is CCR2. In order to exclude endogenous expression of CCR2
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Figure 4.2 A) Effects of various chemokines on the chemotaxis of HEKL-CCRmc5. CCL5, CCL2 , CCL7

and CCL8 induced chemotaxis of HEKL-CCRmc5. B) Treatment of HEKL-CCRmc5 with PTX (100ng/ml for

16h) completely blocked CCL2 induced chemotaxis. Graphs show the results from a typical experiment

for each chemokine, performed in hexaplicate for each chemokine concentration, data given are mean ±

SD (n=6) as percent of control. Similar results were obtained in 3 independent experiments. *, represent

significantly different from PTX treated cells; p< 0.01 determined by Students t-test.



in stable transfected HEK 293 cells; we checked several clones of stable transfected cells

for CCR2 mRNA expression. The primers for human CCR2 have been verified with

cDNA derived from human microglia. Whereas in human microglia CCR2 mRNA

expression was detected in stable transfected L-CCRHEK no CCR2 mRNA expression

was observed (data not shown). Moreover, the presence of CCR2-blocking antibodies

did not influence the chemotaxis-inducing effects of CCL2 and CCL5 in L-CCR-trans-

fected HEK 293 cells (data not shown). 

L-CCR is expressed in membranes of transfected HEK 293 cells and induces polymeriza-

tion of actin-filaments

Functionality of chemokine receptors requires their localization at the membrane. The

translation and protein expression of L-CCR in HEK293 cells was monitored by fusing

an EGFP tag to the COOH terminus of L-CCR. Globally distributed EGFP-fluorescence

was detected when HEK293 cells were transfected with EGFP containing vector wit-

hout L-CCR (Figure 4.3A). When cells were transfected with L-CCR-EGFP vector a dif-

ferent fluorescent staining was detected, the EGFP-signal was strictly located to the

membrane of the transfected cells (Figure 4.3B). Further investigation of L-CCR-EGFP

transfected HEK 293 cells using confocal laser fluorescence microscopy at higher mag-

nification, indicated that the majority of the EFGP signal was expressed in tiny cellular

processes, as indicated by the arrowheads (Figure 4.3B). Stimulation of HEK 293 cells

expressing chemokine receptors leads to the rapid formation of lamellipodia based on a

polymerization of actin-filaments that can be visualized by phalloidin staining (23). We

therefore investigated whether stimulation CCL2 induced the polymerization of actin-

filaments in L-CCR-EGFP transfected HEK 293 cells. Almost no (arrow) or only weak

actin-filaments (arrowheads) were observed in unstimulated L-CCR-EGFP transfected

HEK 293 cells (Figure 4.3C), whereas stimulation for 10min with 10nM CCL2 induced

the formation long actin-filaments (arrowheads) in these cells (Figure 4.3D). Similar

formation of actin-filaments was already observed after 5 min and still detectable after

one hour of stimulation with 10nM CCL2 (data not shown).

Binding of biot.-rmCCL2 to L-CCR expressing cells

Binding of radiolabeled chemokine ligands to various chemokine receptors has been

shown in many publications and ligand binding, next to signaling, is one of the criteria

for a chemokine receptor to obtain an official name (19). We therefore performed bin-

ding experiments using iodine-labeled mCCL2 and mCCL5 (obtained from Perkin

Elmer Life Science, Zavebtem Belgium). Binding experiments were performed using

several L-CCR expressing HEK 293 or L929 cell lines (polyclonal or monoclonal) and

LPS-treated primary cultured mouse glial cells that show L-CCR mRNA expression

(31). Different experimental approaches were tried. Whole cell radio-ligand binding

was performed at 37°C, room temperature and 4°C with different binding buffers.

Moreover, we tested the scintillation proximity assay (SPA) (Wheatgerm agglutinin
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SPA beads, Amersham Pharmacia Biotech.) at 37°C according to the supplier’s instruc-

tions. Additional lysed cells or membrane enriched cell fractions were used again with

different binding buffers at 37°C. In all these experiments mCCR2b or mCCR5 expres-

sing CHO cells were used as positive controls that showed binding of iodine-labeled

CCL2 or CCL5 respectively. Although we attempted several experimental approaches

using different protocols and different L-CCR expressing recombinant cells, binding

experiments with iodine-labeled chemokines did not provide clear, reliable results.

Either there was no difference in binding of iodine-labeled mCCL2 or CCL5 between L-

CCR expressing cells and controls, or the binding to L-CCR expressing cells was not

replaced by unlabeled ligands. 
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Figure 4.3 Expression of L-CCR-EGFP fusion protein in HEK 293 cells. A) Control transfections with

EGFP containing vector resulted in globally cytoplasmic expression of EGFP. B) Transfection of HEK 293

cells with L-CCR-EGFP fusion protein gave EGFP fluorescence in the membranes of the cells, indicating a

membrane location of L-CCR. Analysis with confocal laser scan microscopy at higher magnification reve-

aled prominent L-CCR expression in tiny processes of the membrane (arrowheads). C) Almost no (arrow)

or only weak formation of actin-filaments (arrowheads) were observed in unstimulated L-CCR-EGFP

transfected HEK 293 cells. D) Stimulation with 10nM CCL2 induced  a pronounced polymerization of

actin-filaments (arrowheads) in L-CCR-EGFP transfected HEK 293 cells.



As an alternative we used biotin labeled CCL2 (biot.-rmCCL2) (3, 4) in order to detect

chemokine ligand binding to L-CCR expressing cells. Incubation of HEKL-CCRmc5 with

20nM biot.-rmCCL2 revealed an intense fluorescence signal of the membranes of the

cells (Figure 4.4A). This signal was completely absent in mock-transfected HEK 293

cells (Figure 4.4B). The intensity of the signal obtained with biotinylated soybean tryp-

sin inhibitor (negative control) in HEKL-CCRmc5 was similar to the signal obtained

from mock-transfected cells (data not shown). Similar results have been obtained with

transiently transfected CHO cells. The intensity of the signal obtained with 20nM biot.-

rmCCL2 in MOCK transfected CHO was weak (Figure 4.4C), but present in L-CCR

transfected CHO cells (Figure 4.4D). 

Since it was published earlier that L-CCR mRNA expression was enhanced in RAW

cells by LPS treatment (29), we investigated whether treatment with LPS would influ-

ence the binding of biot.-rmCCL2 in RAW cells. Weak binding of biot.-rmMCP-1 was

found using unstimulated RAW cells (Figure 4.4E). From Figure 4.4 E-F it is clear that

under control conditions not all cells were labeled with biot.-rmCCL2. Stimulation of

RAW cells with LPS (100ng/ml for 12-16h) increased the intensity of biot.-rmCCL2

binding (Figure 4.4G) with almost 100% of the cells showing this signal after LPS sti-

mulation (Figure 4.4H). Similar results have been found in cultured mouse glial cells

(31).

The detection of binding with the used Fluorokine Kit is based on a non-linear amplifi-

cation that occurs between the Avidin-fluorescein molecules and the excess biotinyla-

ted chemokine present in the reaction. Therefore, this kit is not suitable to determine

Kd and Bmax values (F. Mortari, R&D Systems, personal communication). However, in

order to obtain more knowledge on the specificity of the binding signal competition

experiments with unlabelled chemokines were performed. Competition studies were

carried out with 20 nM biot.-rmCCL2 and multi-fold concentrations of unlabelled

CCL2, CCL5, CCL3 or CCL21 (5-, 10-, 50- and 100-fold). Unlabelled CCL2 competed

with biot.-rmCCL2 for binding to HEKL-CCRmc5 (Figure 4.5A-C, left side). 5-fold

excess of unlabelled CCL2 decreased the intensity of the binding signal (Figure 4.5B,

Figure 4.6), whereas the higher concentration of unlabelled CCL2 (10-100-fold) com-

pletely inhibited the specific binding of biot.-rmCCL2 (Figure 4.5C, Figure 4.6). In the

presence of a 10-100-fold excess of unlabelled CCL2 only non-specific binding was

detectable (Figure 4.6). Similar results were also found for an excess of unlabelled

CCL5 (Figure 4.6). In striking contrast, the presence of unlabelled CCL3 did not influ-

ence the binding of biot.-rmCCL2 to HEKL-CCRmc5 at any concentration (Figure 4.5D-

F; Figure 4.6). Other chemokines, like CCL21, that did not have any effect on chemo-

taxis of HEKL-CCRmc5 did not influence the binding of biot.-rmCCL2 (data not

shown).
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Figure 4.4 Binding of biot.-rmCCL2 to L-CCR expressing cells that were incubated with biot.-rmCCL2

(20nM) or biotinylated soybean trypsin inhibitor (negative control) as indicated in material and methods.

Incubation of HEKL-CCRmc5 resulted in a fluorescent signal at the cell membrane (A), this was complete-

ly absent in mock transfected HEK 293 cells (B). The intensity of the signal obtained with biot.-rmCCL2

in mock transfected CHO was weak (C), but increased in CHO cells transiently transfected with L-CCR

(D). The intensity of biot.-rmCCL2 binding fluorescence to unstimulated RAW cells was weak (E) and not

all cells did show binding of biot.-rmCCL2 (compare E with the bright field picture of the same area F).

Treatment of RAW cells with LPS (100 ng/ml for 16h) increased the intensity of biot.-rmCCL2 binding to

the membrane of the cells (G). Comparison of the bright field picture of the same area (H) with the fluo-

rescent picture shows that all cells showed biot.-rmCCL2 binding after LPS treatment. Space bar repre-

sents in A-B and F-H 100mm, in D and E 20mm. 
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Figure 4.5 Effect of an excess of unlabeled CCL2 and CCL3 on biot.-rmCCL2 binding to HEKL-CCRmc5.

A-C, competition of biot.-rmCCL2 binding by unlabeled CCL2. A) Control binding of 20 nM biot.-

rmCCL2. B) Decreased binding intensity of biot.-rmCCL2 (20 nM) after incubation with a 5-fold excess of

unlabeled CCL2 (100 nM). C) The binding of 20 nM biot.-rmCCL2 to HEKL-CCRmc5 is blocked in presen-

ce 50-fold excess of unlabeled CCL2 (1mM). D-F, lack of competition of biot.-rmCCL2 binding to HEKL-

CCRmc5 by unlabeled CCL3. The binding intensity of 20 nM biot.-rmCCL2 to HEKL-CCRmc5 cells (D) was

not influenced by either an 5-fold excess (E) or a 50-fold excess (F) of unlabeled CCL3. Space bar repre-

sents 50 mm.



Expression of L-CCR mRNA in various tissues of the mouse

In order to investigate the expression of L-CCR mRNA, RT-PCR experiments have

been performed with cDNA`s derived from a set of different mouse tissues. Expression

of L-CCR mRNA was found in liver, spleen, heart, lung, kidney and skeletal muscle

(Figure 4.7). No L-CCR mRNA expression was detectable in lymphnodes, thymus and

whole blood (Figure 4.7). Expression of L-CCR mRNA in blood cells, however, was

inducible by peritoneal LPS injection (Figure 4.7). 

Discussion

We have recently described the expression of the orphan chemokine receptor L-CCR in

mouse glial cells (31), an orphan chemokine receptor that has been originally identified

in a murine macrophage-monocyte cell line RAW 264.7 (29). In order to identify poten-

tial ligands L-CCR was cloned and expressed in various cell lines. The following results

suggest that L-CCR is a functional chemokine receptor.

A) Concentration-dependent chemotaxis and intracellular calcium signals in cells 

expressing L-CCR was induced by various chemokines.

B) This chemotactic response was sensitive to PTX treatment.
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Figure 4.6 Quantification of the effects of an excess of unlabeled CCL2, CCL5 and CCL3 on biot.-

rmCCL2 (20 nM) binding on HEKL-CCRmc5. The binding intensity of biot.-rmCCL2 was decreased signifi-

cantly by a 5-fold excess of unlabeled CCL2 and completely inhibited by higher concentrations of unlabe-

led CCL2. Similar results were obtained for an excess of unlabeled CCL5. On the other hand an excess of

unlabeled CCL3 up to 100-fold did not influence the binding intensity of 10 nM biot.-rmCCL2 to HEKL-

CCRmc5. Data given are means ± SD from approx. 50 cells per chemokine concentration. Bold line and the

dashed lines represent the mean and the margins of the SD of the intensity of the signal obtained with

biotinylated soybean trypsin inhibitor, respectively. *, ** represent significantly different from control p<

0.05 and 0.01 respectively determined by Students t-test.



C) Expression of L-CCR was localized in membranes of L-CCR-EGFP transfected HEK 

293 cells and stimulation of L-CCR in these cells led to a rapid polymerization of 

actin-filaments.

D) Binding of biot.-rmCCL2 was found in L-CCR transfected cells but not in MOCK 

transfected cells.

E) The intensity of biot.-rmCCL2 binding in RAW 264.7 cells correlated to the mRNA 

expression level of L-CCR. F) Binding of biot.-rmCCL2 to HEKL-CCRmc5 was inhibited

by an excess of unlabelled CCL2 and CCL5 but not by an excess of CCL3 of CCL21.

G) Among several chemokines only CCL2, CCL5, CCL7 and CCL8 were identified as 

ligands for L-CCR. The members of the MCP family (CCL2, CCL7 and CCL8) are 

known to activate CCR2, but CCL5, however, is not a chemokine ligand for CCR2, 

indicating that the pharmacological profile observed for L-CCR is new and unrelated

to the ”ligand” profiles of other chemokine receptors. 

Sequence similarity studies showed homologies from 48-56% between L-CCR and

other mouse CC-chemokine receptors. A higher homology was found between L-CCR

and the human orphan chemokine receptor HCR. Cloning and expression of HCR in

HEK 293 cells gave similar results, indicating that HCR is the human homologue to L-

CCR (Zuurman et al., manuscript submitted). RT-PCR analysis of mouse tissues reve-

aled L-CCR mRNA expression in heart, muscle, lung, kidney, spleen or liver. No L-CCR

expression was detected in lymphnodes and thymus. L-CCR expression was also detec-

ted in cultured glial cells and in inflamed brain, suggesting a role of L-CCR in neuroinf-

lammation (31). 

According to the rules of the chemokine receptor nomenclature committee only orphan

receptors that show both signaling and high affinity radio-ligand binding will obtain an

official name (19). Since L-CCR does not fulfil these conditions a designation of L-CCR
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Figure 4.7 RT-PCR experiments showing the expression of L-CCR mRNA in various mouse tissues.

Number of cycles for GAPDH and L-CCR were 28 and 32 respectively. MM, molecular weight marker,

highlighted band is 500bp. Both PCR products were run in the same gel. Similar results were found in 3

independent experiments.



as an official chemokine receptor cannot yet be claimed. The observed binding of biot.-

rmCCL2 does not allow an exact quantification, which would be needed, for a calcula-

tion of Kd- or Bmax-values. Why radio-ligand binding could not be detected in this

study is not clear yet. A conserved amino acid sequence (DRYLAIVHAVF) which seems

to be characteristic for CC chemokine receptors is not present in L-CCR. Especially the

first three amino acids of this motive (DRY) is highly conserved in class A G-protein

coupled receptors (GPCR) and very important in ligand-binding and signal transduction

(2, 6, 25). A few functional class A GPCR`s with modifications of the DRY motive are

known (i.e. QRY in human P2Y6 or PAR2 receptors), but the QGY found in L-CCR is a

unique motive among all different class A GPCR`s listed in the GPCR database

(www.GPCR.org). Functional responses in the absence of high affinity radio-ligand bin-

ding have already been published for other GPCR`s like 5-HT1B receptors (12). As a

potential explanation it was assumed here that these data are due to a very efficient

receptor-effector coupling at low densities of receptors present in the system (12).

Another explanation might be that imbalance between the functional receptor states, R

(inactive receptor) and R* (active receptor) occurs. Radiolabeled high affinity agonist-

binding requires a certain number of R* receptors (9). Constitutive receptor activity

results in such an imbalance, with more receptors in the R than in the R* state (9, 15).

Accordingly, low histamine binding (Ki: 369 µM) but high efficacy of histamine-induced

cAMP production (EC50: 180 nM) was detected for the human H2 histamine receptor

expressed in CHO cells, a receptor that showed high constitutive activity (1, 2). If this

may account for the observed lack of radio-ligand binding needs further investigations.

Although we have made several, thoroughly controlled attempts we can not exclude tech-

nical problems in our binding assays. It would for example be possible that the number of

receptors expressed in our cells is too low to find radio-ligand binding and that the signal

we detected with biot.-rmCCL2 is due to the amplification of the signal in the reaction.

Several publications suggest the possible existence of an additional CCL2 receptor, dif-

ferent from CCR2. For example, responses to CCL2 have been observed in cells that do

not express detectable CCR2 mRNA (14, 31). Moreover, different TH2 responses in

CCR2-deficient and CCL2 deficient mice have been described (11). Furthermore it was

recently indicated that a CCL2 receptor different from CCR2 is involved in the develop-

ment of airway hyperresponsiveness (17). Accordingly, the identification of a second

CCL2 receptor has been an issue in the chemokine field for quite some time. Two pre-

vious publications already indicate the existence of another CCL2 receptor (22, 27).

The mouse chemokine receptor D6 has been described as a chemokine receptor with

CCL2 binding and signaling properties (17). However, CCL2 signaling for D6 could not

be reproduced (21). Therefore, this receptor has not been classified as a CCR by the

nomenclature committee and currently keeps its orphan name D6 (19). Another CCL2

chemokine receptor has been described by Schweickart et al. (27), which they designa-

ted CCR11. Simultaneously, a chemokine receptor with the same sequence was descri-

bed by Gosling et al. (13) but with different ligands as found by Schweickart and colle-

agues. Further investigations of the used cell line by Schweickart and colleagues

showed that the CCL2 effects described were due to endogenous expression of CCR2 in
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their transfection system (28). Using different transfection systems (HEK 293 and L1.2

cells) Schweickart and colleagues (28) found the same ligand set as it was already

published by Gosling et al. (13). The CCR11 designation for this receptor has recently

been disqualified by the chemokine receptor nomenclature committee (20).

In summary, the orphan chemokine receptor L-CCR has been expressed in HEK 293

cells in order to identify possible chemokine ligands that define its pharmacological sig-

nature. Although L-CCR stimulation induces cellular chemotaxis and other responses,

radio-ligand binding could not be observed. L-CCR deficient mice would be therefore

very important tools in order to investigate whether or not L-CCR is a physiological

receptor in vivo.
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Summary

We have recently characterized the murine orphan chemokine receptor L-CCR

in mouse glial cells.  In the current study we have examined the mRNA and

protein expression of a human orphan chemokine receptor HCR in cultured ast-

rocytes. Furthermore, functional studies in the human embryo kidney

(HEK293) celline transfected with HCR indicated candidate ligands for HCR.

Chemotaxis assays, intracellular calcium measurements and filamentous actin

staining showed significant responses of HCR transfected HEK293 cells to the

CC chemokines CCL2, CCL5, CCL7 and CCL8. Based on the similarities

between the DNA sequence, protein sequence, and functional properties of L-

CCR and HCR, it is proposed that HCR is the human homologue of the mouse

orphan chemokine-like receptor L-CCR. 



Introduction

The activation and homing of immune cells during an inflammatory response is orche-

strated largely by chemotactic cytokines (chemokines). The chemokine family consists

of small (approximately 10kDa) proteins that bind to G-protein coupled chemokine

receptors. Based on the localization of conserved cysteine residues in their molecular

structure, chemokines are divided into 4 subfamilies: C, CC, CXC and CX3C.

Currently, more than 25 CC human chemokines and 10 CC human chemokine recep-

tors (CCR) have been cloned (25). Most chemokines can act on more than one chemo-

kine receptor and most chemokine receptors can be activated by different chemokines.

Although chemokines were originally detected in the peripheral immune system, recent

years have shown expression of chemokines and receptors in the central nervous sys-

tem (CNS). Thus, there is evidence of chemokine and chemokine receptor involvement

in brain pathology (for reviews see 3-4, 9, 16, 26). The cellular localization of chemoki-

nes and their receptors in the CNS is a subject of investigation. A number of reports

have described CC chemokine receptor expression in astrocytes. Specifically, CCR1 and

CCR5 expression was shown in astrocytes (1, 14, 23). The appearance of contradictory

reports makes the expression of CCR2 in astrocytes a controversial subject (see for exa-

mple 2, 19, 35). In addition, at least 4 orphan chemokine receptors have been found

expressed in astrocytes (14, 18, 27, 35). We have recently shown expression of the orp-

han receptor lipopolysaccharide (LPS) -inducible CC chemokine receptor (L-CCR) in

murine astrocytes in vitro and in vivo (35). In addition, L-CCR expression was regulated

under pro-inflammatory conditions. Furthermore, we have reported a number of endo-

genously expressed candidate ligands for L-CCR (10). In the current study, we have

identified the human orphan chemokine receptor HCR as a possible human homologue

of L-CCR.

Materials and Methods

Materials

We used Hank's balanced salt solution, HAMF10 and Dulbecco's Modified Eagle's

Medium from Gibco (Life Technologies), porcine trypsin, poly-L-lysine and TRITC-

Phalloidin from Sigma, oligonucleotides for polymerase chain reactions from Genset

Oligos, pCR2.1 and pcDNA3.1 (-) vectors from Invitrogen, Fugene® 6 Transfection

Reagent from Roche, G418 selection antibiotic from Calbiochem, the leakage resistant

calcium indicator Fura-PE3(AM) from Teflabs, Vectashield® protective mounting fluid

from Vectalabs,  and all recombinant human chemokines and the HCR antibody from

R&D Systems®. Standard chemicals were obtained through Merck, Sigma and Gibco.

Equipment that was used: chemotaxis microchamber from Neuroprobe, Photometrix

SensiCam CCD camera, Leica TCS S2 / TM RXE Confocal Laser Microscope set.
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Cell cultures

Human astrocyte cell cultures were established as described previously (13). In brief,

tissue samples from post mortem adult subcortical white matter or cortex were collec-

ted and meninges and visible blood vessels were removed after which the tissue was

minced into cubes of ≤ 2 mm3. The tissue fragments were then incubated at 37°C for 20

minutes in a Hank’s balanced salt solution containing 0.25% w/v porcine trypsin

(Sigma, St. Louis, MO), 0.2 mg/ml EDTA, 1 mg/ml glucose and 0.1 mg/ml bovine pan-

creatic DNase I. After digestion cell suspensions were gently triturated, washed and

taken into culture in Dulbecco’s Modified Eagle’s Medium (high glucose; Life

Technologies, Breda, The Netherlands) mixed 1 : 1 with L-glutamine containing HAM-

F10 (Life Technologies, Breda, The Netherlands) and supplemented with 10% fetal calf

serum and 0,01% penicillin/0.01 streptomycin in a humidified atmosphere (5% CO2) at

37°C. To remove possible contamination of astrocyte cultures with meningeal and

blood monocyte derived macrophages, cell suspensions were grown overnight in

uncoated tissue flasks allowing monocytes/macrophages to adhere. The supernatant

was then transferred to poly-L-lysine (15 mg/ml, Sigma)-coated 80 cm2 flasks and after

48h the medium was changed to remove unattached cells and myelin debris. These cul-

tures contained 100% astrocytes (GFAP positive cells). Culture medium was refreshed

every six days. Cells were passaged by rinsing the cells with PBS, incubation for 5-10

minutes with 0.2% trypsin at 37°C, washing with culture medium and replating the

cells in 25 cm2 flasks. Cells were used at early passage and not after passage 8. 

Human microglial cell cultures were obtained as described previously (12) Proliferation

of microglia was induced by addition of recombinant granulocyte-macrophage colony

stimulating factor (recombinant human GM-CSF, Leucomax, Novartis, The Nether-

lands) to the adherent cell cultures every 3 days in a final concentration of 25 ng/ml.

The culture medium was refreshed once a week. Adherent cells were passaged by har-

vesting the cells using a rubber cell scraper (Costar, MA, USA) or by trypsinization

with 0.25% w/v porcine trypsin at 37°C. Human monocytes were kindly provided by

the Department of Haematology of the Academic Hospital of Groningen (AZG), The

Netherlands. Finally, HEK293 cells were maintained in DMEM containing 10% fetal

calf serum with 0,01% penicillin and 0,01% streptomycin in a humidified atmosphere

(5% CO2) at 37°C. 

Reverse transcripts polymerase chain reaction (RT-PCR)

Cells were lysed in guanidinium isothiocyanate/mercaptoethanol buffer and total RNA

was extracted with slight modifications according to Chomczynski and Sacchi (11).

A) Reverse transcription: 1µg of total RNA was transcribed into cDNA as described (8).

For potential contamination by genomic DNA was checked by running the reactions 

(35 cycles) without reverse transcriptase and using GAPDH primers in subsequent 

PCR amplifications. Only RNA samples, which showed no bands after that procedure,

were used for further investigation.

HCR in human astrocytes

87



B) Polymerase chain reaction: 2 µl of the RT-reaction was used in subsequent PCR 

amplification as described (8). Primers for 361 basepair (bp) fragments of HCR 

were : 5’-GAGGCAGAGCAATGTGACAA-3’ (forward primer) and 5’- TCCTCCTG

GCTGAGAAAAAG-3’ (backward primer) at 56 ˚C and with 32 cycles. Primers for 

351 bp fragments of human CCR2 were 5’- TGGCTGTGTTTGCTTCTGTC-3’ 

(forward primer) and 5’-CCAGTTGACTGGTGCTTTCA-3’. The housekeeping gene

glycer-aldehyde-3-phosphate dehydrogenase (GAPDH) was primed for a 342 bp

fragment with 5’- CATCCTGCACCACCAACTGCTTAG-3’ (forward primer) and 5’-

GCCTGCTTCACCACCTTCTTGATG-3’ (backward primer) at 60°C and with 28 

cycles.

All oligos were obtained from GenSet Oligos. Cloning into PCR2.1 (Invitrogen) and

subsequent sequencing confirmed the correct identity of all PCR products.

Cloning and expression of HCR in HEK293

Primers to amplify the full-length sequence for HCR have been chosen according the

intronless sequence for HCR (GenBank/EMBL Accession number: U97123). The full-

length HCR coding sequence was amplified from human gDNA with the following pri-

mers: forward, 5`-AGTCTGAAGATGGCCAATTA-3’; backward 5`-CTTGCATTTGGTG-

GATGCTA-3’. The resulting PCR product was cloned in pCR2.1 (Invitrogen) for

sequencing and subcloned into the BamHI - Not I sites of pcDNA 3.1 (Invitrogen) for

transfection. 1ug of the plasmid was transfected with 6 ml Fugene® (Roche Molecular

Biochemicals) in HEK293 cells according to the manufacturer’s instructions. Stable

transfected cells were selected with G418 500ug/ml for approx. 2 weeks and the resul-

ting cell clones were checked by RT-PCR for HCR mRNA expression. MOCK transfec-

tions were performed with either empty or enhanced green fluorescence protein

(EGFP) containing pcDNA 3.1 expression vectors.

Determination of intracellular calcium

For calcium measurements, HCR-transfected HEK293 cells were cultured on glass

coverslips and calcium measurements were performed as described earlier (7). Cells

were loaded with Fura-PE3 (AM) for 1 hour. Fluorometric measurements were perfor-

med using a Photometrix SensiCam CCD camera supported by AxolabR 2.1 imaging

software. Digital images of the cells were obtained at an emission wavelength of 510

nm following paired exposures to 340 and 380 nm excitation wavelengths sampled at a

frequency of 1 Hz. Fluorescence values representing spatial averages from a defined

pixel area were recorded on-line. Increases in intracellular calcium concentrations were

expressed as the 340/380 ratio of the emission wavelengths. Compounds were admi-

nistered using a pipette positioned at a distance of 100-300 mm from the cells. All

measurements were performed in absence of extracellular calcium. 
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Chemotaxis assays

Cell migration in response to chemokines was assessed using a 48-well chemotaxis

microchamber (NeuroProbeR). Chemokine stock solutions were prepared in PBS and

further diluted in medium for use in the assay. Culture medium without chemokines

served as a control in the assay. 27 µl of the chemoattractant solution or control medi-

um was added to the lower wells, lower and upper well were separated by a polyvinyl-

pyrrolidone-free polycarbonate filter (8 µm pore size) and 30000 cells per 50 µl were

used in the assay. Determinations were done in hexaplicate. The chamber was incuba-

ted at 37°C/5% CO2 in a humidified atmosphere for 120 min. At the end of incubation

the cells in the upper chamber were removed and residual cells on the filter were scra-

ped off gently using a wet cottontip. The filter was then washed, fixed in methanol and

stained with toluidine blue. Migrated cells were counted with a scored eyepiece (3

fields (1 mm2) per well) and migrated cells per chamber were calculated. The data are

presented as mean values ± S.D. and were analyzed by Students t-test. P values ≤ 0.01

were considered significant.

F-Actin staining

Recombinant HEK293 cells, transfected with MOCK or HCR expression vector, and

human astrocytes were cultured on glass coverslips in 6-well chambers. Prior to the

experiment the medium was refreshed. CCL2 (R&D Systems) diluted in PBS was added

to the cell cultures to an end concentration of 1 x 10-8 M. After set time intervals of 0 s,

30 s, 1 min, and 5 minutes the medium was swiftly removed and the cells were fixed in

4% PFA for 10 minutes. Subsequently, the cell-containing glass coverslips were washed

twice for 10 minutes in PBS, followed by a 10 minute wash step in PBS + 0.1% Triton.

Again, the glass coverslips were washed twice for 10 minutes in PBS after which they

were incubated for 30 minutes in PBS containing 0.1 M TRITC-phalloidin (Sigma). The

coverslips were then washed in PBS and mounted onto glass slides using Vectashield

(VectorLabs, UK) for confocal fluorescence microscopy analysis. 

Results

Identification of a possible human homologue of L-CCR

Previously, the human orphan chemokine receptor CKRX was proposed as a possible

human homologue for L-CCR (29). The protein sequence of CKRX was for 51% identi-

cal to the murine L-CCR, whereas the murine chemokine receptor that showed highest

homology to L-CCR was CCR3 with 36% identical aminoacids. In our search for the

human counterpart of L-CCR we found 4 DNA sequences encoding the same human

orphan chemokine receptor. These sequences are enlisted in the GenBank as HCR,

CRAMA/B and CKRX. The DNA sequences of HCR, CRAM-B and CKRX are identical,

whereas the sequence of CRAM-A contains 47 additional nucleotides at the 5’ side.
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Overall, the DNA sequences are 68% homologous to the L-CCR DNA sequence. Other

genes listed in GenBank showed less than 57% homology in DNA sequence to L-CCR.

Allignment of the protein sequences of HCR and L-CCR reproduced the 51% aminoacid

homology Shimada and coworkers observed (Figure 5.1). Thus, HCR was investigated

as a possible candidate human L-CCR-homologue. 
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Figure 5.1 ClustalW Protein sequence alignment of human HCR with the protein sequence of murine L-

CCR showing that 47% of the proteinsequence of HCR (GenBank/EMBL Accession number: U97123) is

identical to L-CCR (GenBank/EMBL Accession number: AB009384) as indicated by asterixes. The follo-

wing symbols denote the degree of conservation observed in each column: "*" means that the residues in

that column are identical in all sequences in the alignment. ":" means that conserved substitutions have

been observed. "." means that semi-conserved substitutions are observed.
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HCR and CCR2 mRNA expression in human microglia and astrocytes

As L-CCR mRNA was originally detected in macrophages (29) and since our previous

research showed expression of L-CCR mRNA in mouse microglia and astrocytes (35)

we investigated expression of HCR mRNA in cultured human microglia and astrocytes

using RT-PCR analysis. In addition, we examined human CCR2 expression in both cell

types. HCR mRNA expression was detected in both cultured human microglia (Figure

5.2A) and astrocytes (Figure 5.2B), whereas CCR2 was only detected in human microg-

lia (Figure 5.2A). Stimulation with lipopolysaccharide (LPS) upregulated HCR mRNA

in human microglia, but not in human astrocytes (data not shown). Expression of HCR

mRNA was upregulated, however, in human astrocytes by stimulation with a nitric

oxide (NO) donor (Figure 5.2). The strongest expression of HCR mRNA was observed

in astrocytes stimulated with 10-4 M of the NO-donor detanonoate. We found no

mRNA expression of CCR2 in human astrocytes under control, LPS or NO-stimulated

conditions (data not shown). 
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Figure 5.2 RT-PCR analysis of HCR mRNA expression isolated from human microglia and astrocytes. A.

Microglia showed constitutative expression of CCR2 and HCR. B. Astrocytes showed constitutative

expression of HCR. In addition, astrocytes were stimulated with lipopolysaccharide (100 ng/ml) or

detanonoate (0.01, 0.1 and 1 mM). HCR mRNA expression was increased in 0.1 M detanonoate stimula-

ted astrocytes compared to stimulation with other concentrations of detanonoate or unstimulated astrocy-

tes. LPS did not alter HCR mRNA expression in astrocytes. Number of cycles for GAPDH and HCR were

28 and 32 respectively. MM, molecular weight marker, highlighted band is 500bp. 



HCR Protein expression

In collaboration with R&D systems® an antibody directed to HCR was obtained that

was used in immunocytochemistry assays. Standard lightmicroscopical immunohistolo-

gical images of HEK293 cells transiently transfected with HCR showed protein expres-

sion of HCR (Figure 5.3). The cells were spotted on glass coverslips using a cytospin

assay. Control stainings without the primary antibody against HCR, showed only

unspecific background staining (Figure 5.3A). In comparison, protein staining was

strong in the presence of the primary antibody, with strong staining in the membrane

area of the cell (DAB-staining in Figure 5.3B and fluorescent Cy3 staining in Figure

5.3C). Immunocytochemistry in cultured human astrocytes showed HCR protein

expression (Figure 5.4B) that was upregulated after pre-stimulation of the astrocytes

with 10–4 M NO for 24h (Figure 5.4C). Unspecific background staining in astrocytes

was observed in absence of the primary antibody (Figure 5.4A). 

HCR expression has previously been reported in cells of the monocytic lineage and this

expression could be upregulated after LPS stimulation (24). We therefore tested the

HCR antibody on human monocytes (Figure 5.5). When monocytes were stimulated

with LPS (1 µg/ml) for 24h a strong increase in immunofluoresence was detected and

this increase was highest in the membrane area of the cells (Figure 5.5B). Control

monocytes showed low levels of immunofluoresence (Figure 5.5A). The clustered stai-

ning of HCR near the cellular membrane in monocytes is similar to the staining of

other known chemokine receptors, for example CXCR4 (Rey et al., 2002). 

Chapter 5

92

Figure 5.3 Light microscopic images of HCR immunocytochemistry with cytospins of transiently HCR-

transfected human embryo kidney cells, HEK293 (HCR) A.control (MOCK-transfected) HEK293 cells,

DAB staining; B. HEK293(HCR) cells, DAB staining; C. HEK293(HCR), Cy3 staining. The arrows indicate

examples of HCR positive cells. Space bars represent 100 µm.  



Chemotactic responses to chemokines of HCR-transfected HEK293 cells

One key property of chemokine receptors is their ability to activate migration of cells in

the direction of a chemokine concentration. We investigated migratory behaviour of

HEK293 cells transiently transfected with or stably expressing HCR in response to a

number of chemokines. We observed migration of HCR transfected HEK293 cells

towards different concentrations of CCL2, CCL5, CCL7, CCL8, but not to CCL4,

XC3CL1, XCL1, CXCL8, CXCL9 and CXCL12 (Table 5.1). In all chemotaxis experi-

ments significance of migration was calculated using a one-tailed Student’s t-test on the

data. MOCK-transfected HEK293 cells showed only background migration in response

to each chemokine tested (data not shown). 
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Figure 5.4 Confocal images of immunocytochemistry in cultured human astrocytes with an antibody

against HCR, visualized with TRITC. A. the TRITC secondary antibody signal without the primary anti-

HCR in control cells. B. TRITC-HCR signal in control astrocytes. C. TRITC-HCR signal in astrocytes sti-

mulated with 10-4 detanonoate.  Arrows indicate the HCR signal. Space bars represent 30 µm. 

Figure 5.5 Confocal images of HCR-GFP immunohistochemistry with human monocytes incubated with

(B) or without (A) LPS (1 µg/ml) for 24 h. Arrows indicate examples of the HCR protein signal. Note the

much stronger HCR signal in LPS stimulated monocytes and the higher signal in the membrane of the

cells. Space bars represent 50 µm. 



Intracellular calcium increases in response to chemokines CCL5 and CCL2

It is known that chemokine receptors transfected in HEK293 cells induce rapid increa-

ses in intracellular calcium upon activation by chemokines (31). We therefore perfor-

med recordings of intracellular calcium transients in HEK293 cells transfected with

HCR. Maximum detectable increases in intracellular calcium were observed after stimu-

lation of the cells with 100 nM CCL5 (0.2 rise in 340/380 nm ratio on average, Figure

6A) and 100 nM CCL2 (0.06 rise in 340/380 nm ratio on average, Figure 5.6B). Lower

concentrations of the chemokines only showed effects in few cells. Up to 1 µM of other

chemokines tested (CCL3, CCL4, CXCL9, CXCL10) did not induce intracellular calci-

um signals in HCR transfected HEK293 cells (Figure 5.6C). 100 µM carbachol (D) was

used in each experiment as a positive control (0.15 rise in 340/380 nm ratio on avera-

ge, Figure 5.6D). 50 percent of the transiently transfected cells showed a strong respon-

se to CCL5 (12±2 out of 20 cells per experiment, n=4) and 30 percent of the cells

responded to CCL2 (7±1 out of 20 cells per experiment, n=4). Interestingly, HEK293

cells transfected with HCR responded more strongly to CCL5 than to CCL2. None of

the chemokines used induced intracellular calcium signals in MOCK-transfected

HEK293 cells (0 cells out of 20 cells per experiment). 
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Table 5.1 Chemotaxis assays with HEK293 cells transiently transfected with HCR. Cells were stimulated

in separate experiments with 10 different chemokines, in each experiment in a 10 nM concentration. The

number of cells that migrated are expressed as a percentage of the background migration of unstimulated

cells, with the corresponding SEM values. Asterixes indicate significant migration, when compared to

background migration after a one-tailed Student’s t-test with n=6.

Chemokine Migration (% of control±SEM) 

CCL2 177±11*

CCL5 180±10*

CCL7 147±18*

CCL8 161±15*

CCL4 112±13

XC3CL1 98±6

XCL1 110±5

CXCL8 78±15

CXCL9 102±10

CXCL12 132±8



F-actin distribution

One of the known properties of cells preparing for migration or responding to chemoat-

tractants is the redistribution of filamentous actin (F-actin) in the cell (15, 30). Thus,

F-actin shows a swift localization of the molecule at filopodia-like and lamellipodia-like

structures at the cellular membrane, leading to polarization of F-actin. We used

HEK293 cells transfected with either HCR or MOCK and stimulated the cells briefly (0 s,

30 s, 1 min and 5 min) with 10-8 M CCL2. We then stained the cells for F-actin.

Fluorescent confocal microscopy revealed rapid redistribution and strong clustering of

F-actin in HCR recombinant HEK293 cells after 30 seconds of stimulation (Figure

5.7C) and extending to later time points examined (data not shown). Unstimulated

HCR transfected cells or MOCK transfected cells did not show this strong localization

of F-actin after 30s (Figures 5.7A and B respectively) or any other timepoint examined.
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Figure 5.6 Intracellular calcium measurements in human embryo kidney cells (HEK293) stably transfec-

ted with HCR. The cells were stimulated with A. 100nM recombinant human (rh) CCL5, B. 100 nM

CCL2, C. 1 uM rhCCL4. Carbachol was used as a positive control (an average increase in 340/380 ratio

with 0.15, D). The arrows indicate the moment of stimulus. Increases in intracellular calcium were seen in

approximately 50 percent of the cells after stimulation with human CCL5 (an average increase in 340/380

ratio with 0.2),  with a smaller increase in approximately 30 percent of the cells after CCL2 stimulation

(an average increase in 340/380 ratio with 0.06). Cells did not respond to CCL4. The experiments were

repeated 4 times. 
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Figure 5.7 Confocal images of F-actin distribution in HEK293 cells by phalloidin-TRITC staining. Cells

were transfected with either MOCK (A) or HCR (B and C). Cells in A and C were incubated for 30

seconds with CCL2. The arrows in C indicate examples of the strong polarization in F-actin distribution in

cells transfected with HCR and incubated with CCL2, that is not present in non-stimulated HCR transfec-

ted cells or in cells incubated With CCL2 but transfected with MOCK. Space bars represents 50 µm.



Similar experiments were also performed in cultured human astrocytes. Human astro-

cytes were treated with 10± M CCL2 for 0 s, 30 s, 1 minute and 5 minutes. Untreated

cells (0s) showed a high level of actin organization in elongated parallel fibers, overlap-

ping multiple astrocytes (Figure 5.8A). 30 seconds after incubation with CCL2 the

parallel fiber organization was impaired (Figure 5.8B). After 1 minute of incubation

with CCL2 the parallel fiber organization was absent in >40% of the astrocytes and in

>60% after 5 minutes. Instead, astrocytes showed less confluency and attachment to

neighboring astrocytes (Figure 5.8C and 5.8D). In addition, they showed cortical rims

of F-actin, identical to those seen in freshly plated astrocytes (17). The rearrangement

of F-actin may also end in polarization of actin in the cell (Figure 5.8D). Together,

these results showed rapid and dramatic actin reorganization in HCR-transfected

HEK293 cells and human astrocytes in response to CCL2. 
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Figure 5.8 Confocal images of F-actin distribution in human astrocytes by phalloidin-TRITC staining.

Cells were treated with 1x10-8 M CCL2 for 0 seconds (untreated, A), 30 seconds (B), 1 minute (C) and 5

minutes (D). After 30 seconds, the number of cells that show long parallel actin fibers decrease to an

extend when compared to the untreated cells. However, after 1 minute, the astrocytes rearrange their F-

actin distribution and start to show a coronal rim of F-actin, as well as deassociation with other astroytes.

After 5 minutes, this phenomenon is present in more than 50% of the cells. The arrows indicate examples

of the strong coronal F-actin distribution in cells. Space bars represents 50 µm. 



Discussion

We have previously characterized the orphan chemokine receptor, L-CCR, in murine

glial cells in vitro and in vivo (35). Accordingly, the possible existence of a human homo-

logue of L-CCR in glial cells was investigated. Shimada and colleagues (29) identified

the human orphan chemokine receptor CKRX as a possible candidate L-CCR homolo-

gue and our subsequent sequence homology searches revealed that the sequence for

CKRX is also listed in the GenBank database as CRAM and HCR. In the present study,

we have investigated HCR localization and regulation in cultured post mortem adult

human astrocytes and microglia.  Although the microglia expressed HCR mRNA, we

discarded microglia for further functional CCL2 studies as we also observed human

CCR2 expression in these cells. HCR mRNA expression was found in human astrocytes

that was upregulated by pre-stimulation of the astrocytes with nitric oxide (NO), but

not with lipopolysaccharide (LPS). Staining with a monoclonal antibody for HCR

showed that HCR immunoreactivity was strongly localized in the astrocyte membranes.

In addition, HEK293 cells that were transfected with the HCR gene and LPS-stimulated

human monocytes also showed strong HCR protein expression in their cellular mem-

branes. Thus, we assume that the HCR gene encodes for a membrane bound chemoki-

ne receptor. Functional studies in the HCR transfected HEK293 cells showed cellular

migration and increases in intracellular calcium after stimulation of the cells with

CCL2, CCL5, CCL7 and CCL8, but not with other chemokines tested. Finally, CCL2

stimulated HCR-transfected HEK293 cells showed a rapid and strong redistribution of

filamentous actin to a polar distribution, thus showing a property of migrating cells

(30). Evidently, this suggests that HCR is a functional chemokine receptor. Activation

of chemokine receptors has been shown to induce a variety of signaling cascades inclu-

ding increases in intracellular calcium (see for instance 31). HCR transfected HEK293

cells did only respond with a detectable increase in calcium to a relatively high dose of

chemokine, but showed migration to lower doses of the same chemokine. Our failure

to detect an increase in intracellular calcium in response to chemokines in human ast-

rocytes (data not shown) might be explained by the much lower expression of HCR in

human astrocytes compared to HCR over-expressing HEK293 cells. The properties of

the HCR receptor show strong resemblance to the properties of L-CCR. L-CCR and

HCR protein sequences are highly homologous; L-CCR and HCR are expressed in

mouse and human astrocytes, respectively. L-CCR and HCR expression in astrocytes is

increased by treatment with proinflammatory stimuli and HEK293 cells transfected

with L-CCR or HCR respond to similar chemokines with migration and intracellular

calcium increases. Based on the current results we suggest that HCR is the human

homologue of L-CCR.  
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The only observed difference between HCR and L-CCR was the failure of LPS to induce

HCR expression in astrocytes. However, LPS induced effects on gene expression in

human astrocytes is a matter of controversy (5, 21, 22, 33). Moreover, in our study HCR

mRNA expression increased in human astrocytes after stimulation with NO. Thus, HCR

is still a chemokine receptor that is induced under proinflammatory conditions.

Chemokine receptor activation has dramatic effects on the actin cytoskeleton arrange-

ment. In resting astrocytes in culture, long parallel F-actin stress fibers are visible that

may extend to multiple astrocytes (34). In contrast, freshly plated astrocytes show a

typical rimlike organization of F-actin along their membranes (17). In time, these astro-

cytes will develop spreading and elaboration of actin cytoskeletal processes, with pro-

nounced presence of parallel stress fibers after 24h (28). When we stimulated resting

astrocytes with CCL2 the F-actin stress fiber arrangement was dramatically altered. The

astrocytes showed rapid actin reorganization to a rimlike F-actin structure in response to

CCL2. Although most chemokine receptors can be activated by multiple chemokines and

one chemokine can activate a number of chemokine receptor subtypes no other chemo-

kine receptors apart from CCR2 are known to be activated by CCL2. Furthermore,

human astrocytes have previously been reported to respond to CCL2 (19), produce and

release CCL2 (32), but CCR2 expression on human astrocytes is controversial (2, 14,

19). We did not detect CCR2 expression in post-mortem adult human astrocytes. Thus,

our observation of dramatic F-actin rearrangment in astrocytes stimulated with CCL2

are indicative for the existence of another functional chemokine receptor. We suggest

HCR is an alternative CCL2 chemokine receptor in human astrocytes.

That glial chemokine receptors are functional has been shown for a variety of different

chemokine receptors (15). Their glial expression suggests that chemokines may contri-

bute to an endogenous inflammatory cascade in the central nervous system, which is

related to pathological conditions (9, 20). Since astrocytes are closely related to the

blood brain barrier, it has been suggested that astrocytes have a role in leukocyte infilt-

ration during brain inflammation (6). Expression and activation of chemokine receptors

on astrocytes may be of great influence on the infiltration mechanism. Furthermore, the

profile of chemokine expression and chemokine receptor expression in brain cells such

as astrocytes depend on local circumstances. Characterization of chemokine receptors

in astrocytes is therefore of great importance for our understanding of the role of che-

mokines in the central nervous system. For the first time, we show that the orphan che-

mokine receptor HCR is expressed in cultured human astrocytes and microglia, and

might be a functional receptor for CCL2, indicating a role for HCR in the inflammatory

response of the brain. 
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CHAPTER6
Effects of CCL2 on astrocytic

mRNA expression: microarray analysis

M.W.Zuurman, K.Biber, P. Bakker, C. De Groot and H.W.G.M. Boddeke

Summary

Chemokines are involved in neuroinflammation and activate cells of the central

nervous system (CNS) as well as leukocytes. Astrocytes are a primary source of

chemokines in the brain. In addition, astrocytes also express chemokine recep-

tors. Although, it is known that CCL2 induces several effects in astrocytes, the

expression of its’ primary receptor CCR2 is controversial. Recent evidence

strongly suggests that CCL2 activates an alternative receptor called HCR in

human astrocytes. The aim of the present study was to investigate the effect of

CCL2-induced activation of HCR on the regulation of gene expression in

human adult astrocytes using microarray assays. Surprisingly, we observed a

reduction in expression of genes that belong to the family of metalloproteinases

(MMPs). Subsequent RT-PCR and preliminary Q-PCR studies confirmed the

microarray data and showed down regulation of MMP2, MMP14, MMP16 and

the regulators of MMPs, TIMP1 and TIMP2 after prolonged stimulation with

CCL2 in astrocytes. Since MMPs are important mediators in neuroinflammation

and are involved in the mechanism underlying infiltration of leukocytes in the

CNS, we suggest that CCL2 induces anti-inflammatory activity in astrocytes. 



Introduction

Chemokines are small peptides (8-14 kD) involved in orchestration of the immune sys-

tem. They regulate events such as activation of cellular immune responses and homing

of leukocytes. Chemokines are divided into four subfamilies based on the spatial rela-

tionship of two conserved cysteine residues in their molecular structure (27).

Chemokine signaling is mediated by chemokine receptors that belong to the G-protein

coupled receptor (GPCR) family. Chemokines are clearly involved in the pathology of

neurodegenerative disorders (3). For example, chemokines have been observed to parti-

cipate in multiple sclerosis (MS) (23, 34), Alzheimer’s Disease (11, 32) and stroke (14,

19). Microglia and astrocytes as well as infiltrating leukocytes (T cells and macropha-

ges) produce chemokines and express chemokine receptors under neuroinflammatory

conditions (5, 9, 7, 24). It has been suggested that the CC chemokine CCL2 and its

receptor CCR2 play a role in MS pathology. For example, in tissue affected by MS or

experimental autoimmune encephalomyelitis (EAE) elevated levels of CCL2 are produ-

ced by astrocytes (25, 34). Myelin oligodendrocyte glycoprotein (MOG)- induced EAE

serves as the best model for MS-like pathology to date (7). Interestingly, MOG-immuni-

zed CCL2 -/- and CCR2 -/- mice showed significant reduction in leukocyte infiltrates in

the CNS and no clinical symptoms related to EAE (18, 20). However, although the role

of CCL2 in EAE pathology is evident, the participation of CCR2 in the course of the

disease is of a controversial nature. Recently Gaup and collegues (12) observed no

reduction in physiological and clinical symptoms of EAE in CCR2 -/- mice. In addition,

there have been clear reports of CCR2 independent effects of CCL2 in human smooth

muscle cells and astrocytes (17, 30, 35). Although expression of CCR2 has been shown

in fetal astrocytes (1, 28), we and others did not find CCR2 expression in adult astrocy-

tes (17, 31, 36). We recently provided evidence for a possible alternative CCL2 chemo-

kine receptor in mouse and human astrocytes called L-CCR and HCR, respectively (35,

36). This receptor showed functional CCL2 responses like calcium transients (4, 36)

and changes in F-actin organization (35). In the current study, we examined the possi-

ble effects of HCR on gene expression in adult human astrocytes in response to CCL2.

To this end, we investigated the differential gene expression profile in astrocytes after

prolonged exposure to CCL2 using cDNA microarray technology. Expression of multip-

le genes was altered in astrocytes after stimulation with CCL2. Surprisingly, we obser-

ved a marked reduction in the expression of genes encoding for proteins that belong to

the family of matrix metalloproteinases (MMPs). Based on this finding we suggest that

prolonged stimulation of HCR could reduce expression of MMPs in the brain and there-

fore could regulate the integrity of the blood-brain-barrier.
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Materials and Methods

Cell cultures 

Human astrocyte cell cultures were established as described previously (8). In brief, tis-

sue samples from subcortical white matter or cortex were collected and meninges and

visible blood vessels were removed, after which the tissue was minced into cubes of ≤
2 mm3. The tissue fragments were then incubated at 37°C for 20 minutes in a Hank’s

balanced salt solution containing 0.25% w/v porcine trypsin (Sigma, St. Louis, MO),

0.2 mg/ml EDTA., 1 mg/ml glucose and 0.1 mg/ml bovine pancreatic DNase I. After

digestion cell suspensions were gently triturated, washed and taken into culture in

Dulbecco’s Modified Eagle’s Medium (high glucose; Life Technologies, Breda, The

Netherlands) mixed 1 : 1 with L-glutamine containing HAMF10 (Life Technologies,

Breda, The Netherlands) and supplemented with 10% fetal calf serum and 0,01 % peni-

cillin/0.01 streptomycin in a humidified atmosphere (5% CO2) at 37° C. In order to

avoid contamination of astrocyte cultures with meningeal and blood monocyte derived

macrophages, cell suspensions were grown overnight in uncoated tissue flasks allowing

monocytes/macrophages to adhere. The supernatant was then transferred to poly-L-

lysine (15 mg/ml, Sigma)-coated 80 cm2 flasks and after 48h the medium was changed

to remove unattached cells and myelin debris. These cultures now contained 100% ast-

rocytes (GFAP positive cells). Culture medium was refreshed every six days. Cells were

passaged by rinsing the cells with PBS, followed by incubation for 5-10 minutes with

0.2% trypsin at 37°C, washing with culture medium and replating the cells in 25 cm2

flasks. Cells were used only at early passage and not after passage 8. 

cDNA microarray hybridization

CCL2 induced mRNA expression of 1180 genes was assesed using the Atlas (R)

Human Broad 1 cDNA hybridization filter technique provided by Clontech(R). In brief,

in each experiment RNA was isolated from confluently cultured human astrocytes eit-

her treated for 8 hours with recombinant human (rh) CCL2 (1x10-8 M) or from untre-

ated astrocytes, according to Chomczynski and Sacchi (26). The RNA samples were

then treated with DNase I to remove any DNA contamination after the RNA isolation

process and was checked thereafter for potential DNA contamination and integrity by

PCR and gel electrophoresis. Subsequently, 3 microgram of each RNA sample (rhCCL2

treated and untreated) was converted into a 32P-labelled cDNA-probe by reverse trans-

cription (RT) using 32P-ATP. The probes were hybridized overnight on Atlas (R)

Human Broad nylon cDNA filters accoring to the manufacturer’s instructions.

Hybridized filters were then washed and transferred to a Kodak film cassette containing

a phosphoscreen. After two to three days the phosphoscreen was scanned using a

STORM860 phosphoimager from Molecular Dynamics (MD) attached to a personal

computer running MD ImageQuaNT and scanning software. The scans were analyzed

using Clontech Atlas Image (R) software to obtain intensities of all genes present on

each filter. 
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Statistical analysis of cDNA microarray data

Data of independent experiments was normalized using the globalised 10% Trimmed

mean method as recommended for Atlas Human Broad 1.2 gene arrays (22). First,

phosphoimage derived intensities of all genes of individual experiments were ranked in

an ascending manner. Then, the 10% trimmed mean was calculated of intensities of all

genes present on the filter. A simplified formula of the 10% Trimmed Mean is : (1/R)*

[ X(k+1) + X(k+2) +  ...    X(n-k) ], where X is the phospho image intensity of a single

gene, k is n*0.1 and R is the number of remaining observations (total-2k). Thus, in the

10% trimmed mean, the upper and lower 10% extreme values in an ascending range of

values are omitted in the calculation of the mean. The resulting 10% trimmed mean

was then used as scaling factor to normalize intensity values between two filters of the

same experiment. Difference in intensity of a single gene between two filters (in effect a

difference in mRNA expression of a single gene between rhCCL2 treated and non-tre-

ated human astrocytes) was assessed by calculation of the arithmetic difference in nor-

malized phosphoimage gene intensities between treated and untreated astrocytes, and

if possible, as the ratio of the normalized phosphoimage gene intensities (treated/unt-

reated). This normalization method was used to analyse multiple experiments (n=4).  

Reverse transcription and semi-quantative polymerase chain reaction (RT-PCR)

Cells were lysed in guanidinium isothiocyanate/mercaptoethanol buffer and total RNA

was extracted with slight modifications according to Chomczynski and Sacchi (6).

A) Reverse transcription: 1µg of total RNA was transcribed into cDNA as described (2).

For potential contamination by genomic DNA was checked by running the reactions 

(35 cycles) without reverse transcriptase and using GAPDH primers in subsequent 

PCR amplifications. Only RNA samples, which showed no bands after that proce-

dure, were used for further investigation.

B) Polymerase chain reaction: 2µl of the RT-reaction was used in subsequent PCR 

amplification as described (2). Primers for metalloproteinases are listed in Table 6.1.

All sequences were primed at 58°C and with 32 cycles. The housekeeping gene gly-

ceraldehyde-3-phosphate dehydrogenase (GAPDH) was primed for a 342 bp frag-

ment with 5’- CATCCTGCACCACCAACTGCTTAG-3’ (forward primer) and 5’-

GCCTGCTTCACCACCTTCTTGATG-3’ (backward primer) at 60°C and with 28 

cycles. All oligos were obtained from GenSet Oligos. Cloning into PCR2.1 

(Invitrogen) and subsequent sequencing checked identity of all PCR products.

C) Semi-quantification of PCR results : 20 ml of each PCR-reaction was brought onto a 

2% agarose gel containing ethidium bromide and run for 2 hours. Ultraviolet light 

marked the PCR products on the gel and the visual image was recorded for computer

analysis. Band intensities were calculated using OneDScan software and normalized 

on GAPDH expression. 
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Quantitative PCR (Q-PCR)

All metalloproteinase primers for Q-PCR were designed with Primer Express®

Software v2.0 (Applied Biosystems) using default parameters (sequences are listed in

Table 6.2). PCR reactions were performed using an ABI Prism 7900HT Sequence

Detection System. Amplification mixtures (25 ml divided over 3 wells, 7 ml per well)

for all genes contained 2 ng cDNA from polyA+RNA template, 1 x SYBR Green PCR

buffer, 3 mM MgCl2, 0.2 mM dATP, 0.2 mM dCTP, 0.2 mM dGTP 0.4 mM dUTP,

0.025U/ml Amplitaq Gold, 0.01 U/ml AmpErase UNG and 300 nM of each primer. The

cycling conditions comprised 2 minutes AmpErase UNG activity, 10 minutes Amplitaq

Gold activation, 40 cycles at 95°C for 15 seconds and 60°C for 1 minute, and a dissocia-

tion stage: 15 seconds 95°C, 15 seconds 60°C, 15 seconds 95°C ramp rate 2%. A no

template control was included in all experiments.

Real time detection was performed using an ABI PRISM 7900HT Sequence Detection

System and SYBR Green PCR Core Reagents. The mRNA’s of the different genes were

relatively quantified with the Comparative CT Method. The amount of target was nor-

malized to an endogenous reference (RPS29). The threshold was set between 0.4 and

0.6 with a baseline range from 1 to 7. 

CCL-2 and astrocyte gene expression

107

Table 6.1 Primer sequences for RT-PCR

Genename +
productsize Forward primer Backward primer

MMP1 (333bp) GATGGGAGGCAAGTTGAAAA TGCTTGACCCTCAGAGACCT

MMP2 (376bp) TTCCCCTTCTTGTTCAATGG ATTTGTTGCCCAGGAAAGTG

MMP14 (356bp) AGACAAGTTTGGGGCTGAGA AGTGGGTGTCTCCTCCAATG

MMP16 (387bp) CGACGGGAATTTTGTGTTCT TCCTTGAGGATGGATCTTGG

TIMP1 (305bp) CTGTTGTTGCTGTGGCTGAT TGCAGTTTTCCAGCAATGAG

TIMP2 (345bp) CTGGACGTTGGAGGAAAGAA GTCGAGAAACTCCTGCTTGG

Table 6.2 Primer sequences for Quantitative PCR 

Genename Forward primer Backward primer

MMP1 AACTGCCAAATGGGCTTGAA CCCTTTGAAAAACCGGACTTC

MMP2 GGCCCCACAGGAGGAGAA GGTGCTGGCTGAGTAGATCCA

MMP14 GCCTGCGTCCATCAACACT CAATGCTTGTCTCCTTTGAAGAAG

MMP16 TGGTTTTGGCGAGTGAGAAAC GCCCCGCCAGAAGTAAGTAAT

TIMP1 TCGTGGCTCCCTGGAACA CCAACAGTGTAGGTCTTGGTGAAG

TIMP2 CACCCAGAAGAAGAGCCTGAA GGCAGCGCGTGATCTTG

GAPDH AACCTGCCAAATATGATGACATCA AGCCCAGGATGCCTTTGAG



Results

Analysis of cDNA microarray data

The 10% Trimmed mean normalization method was powerful in scaling individual gene

expression intensities on two Atlas Human Broad 1.2 filters used in each cDNA micro-

array experiment. Rank-Intensity plots (RIP) showed that compatibility of gene values

on two separate filters was strongly increased after scaling of values to the 10%

Trimmed means of the filters (illustrated for a single experiment in Figure 6.1). The

figure shows that distance between the two plotted curves, which can be regarded as

the artifactual difference between the filters, has been diminished strongly. Indeed, the

10% Trimmed means of total gene intensity of two filters used in each experiment were

significantly equal (data not shown). 

cDNA microarray results

Overall, out of 1180 genes examined 34 genes showed marked upregulation or induc-

tion (table 6.3), whereas 46 genes showed downregulation or inhibition in human ast-

rocytes treated with rhCCL2 for 8 hours, of which the most pronounced have been

shown (Table 6.4). The majority of the genes that were upregulated were intracellular

messengers or transcription factors. Surprisingly, of the genes that were notably down-
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Figure 6.1 Rank-intensity plots (RIPs) of the phosphoimage intensities of the genes spotted on two

Atlas Human Broad filters after hybridization with labeled cDNA obtained from CCL2 treated and untre-

ated human astrocytes. A. RIPs of not normalized-gene expression in treated and untreated astrocytes.

The plotted curves show a different global average. This can be observed from the position shift between

the curves. B. RIPs of 10% Trimmed mean normalized-gene expression in gene (and untreated astrocytes.

The plotted curves show a similar shape and position. The global averages of the total normalized gene

intensities are now significantly the same. In each experiment expression of 1180 genes were examined.

Data are taken from a single experiment. 



regulated, 9 genes belong to or are associated with the matrix metalloproteinase system

(Table 6.4). As we regarded the clustered downregulation of metalloproteinases an int-

ruiging finding we examined their expression further in subsequent experiments. 
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Table 6.3 List of genes with higher expression levels in human astrocytes treated with CCL2 (1x10-8 M)

for 8 hours when compared to control astrocytes after 4 independent microarray experiments. 

Gene

14-3-3 protein beta/alpha
AP4 basic helix-loop-helix DNA-binding protein
apoptosis regulator bcl-x
BAD protein
cAMP-dependent protein kinase type I beta regulatory subunit (PRKAR1B)
caspase-3 (CASP3)
cell surface adhesion glycoproteins LFA-1/CR3/p150
colon carcinoma kinase 4 precursor (CCK4) 
cyclin H (CCNH); MO15-associated protein
delta lactoferrin
dihydropyridine-sensitive L-type calcium channel beta-3 subunit (CAB3A/CAB3B)
E16 amino acid transporter 
erythrocyte urea transporter (UTE; UT1
G2/mitotic-specific cyclin G1 (CCNG1; CYCG1)
heme oxygenase 2 (HO2)
homeobox protein hLim1; LHX1
homeobox protein HOX-11
homeobox protein HOX-A5
LIM domain kinase 1 (LIMK-1)
lnk adaptor protein
MPV17 protein
neural cell adhesion molecule phosphatidylinositol-linked isoform precursor (NCAM120)
N-type calcium channel alpha-1B subunit 
nuclear factor I (NFI); NFI-X
nuclear factor NF45
orphan hormone nuclear receptor
phospholipase C-delta-1 (PLC-delta-1; PLCD1)
protein kinase C eta type (NPKC-eta)
serum- & glucocorticoid-regulated serine/threonine protein kinase  (SGK)
transcription factor 11 (TCF11)
transcription factor HTF4
V(D)J recombination activating protein 1 (RAG1)
voltage-gated potassium channel protein KV14
xeroderma pigmentosum group B complementing protein (XPB)



RT-PCR

We examined the mRNA expression of 6 genes of the metalloproteinase family in

human astrocytes stimulated with 1 x 10-8 M CCL2  for 8h. Semi-quantitative PCR

showed that mRNA expression of all 6 genes (MMP1, MMP2, MMP14, MMP16, TIMP1

and TIMP2) were downregulated 8 hours after stimulation (Figure 6.2A). 

Q-PCR

In order to validate the microarray data and the subsequent results from semi-quantitati-

ve RT-PCR assays, we performed quantitative mRNA expression analysis using Q-PCR.

Suppression of the mRNA expression of MMP2, MMP14, MMP16, TIMP1 and TIMP2

was confirmed in astrocytes stimulated for 8 hours with 1 x 10-8 M CCL2. However, Q-

PCR experiments did not confirm the downregulation of MMP1 mRNA expression. 
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Table 6.4 List of genes showing decreased expression in human astrocytes treated with CCL2 (1x10-8 M)

for 8 hours when compared to controls after 4 independent microarray experiments.

Gene

alpha1 catenin (CTNNA1)
beta-2 adrenergic receptor (ADRB2; ADRB2R; B2AR)
Bruton's tyrosine kinase (BTK)
DNA polymerase gamma (POLG)
global transcription activator SNF2L1
growth arrest & DNA-damage-inducible protein 45 gamma (GADD45 gamma)
HLA class I histocompatibility antigen C-4 alpha subunit (HLAC)
inducible nitric oxide synthase (INOS)
interleukin-17 precursor (IL-17)
matrix metalloproteinase 1 (MMP1)
matrix metalloproteinase 12 (MMP12)
matrix metalloproteinase 14 precursor (MMP14)
matrix metalloproteinase 16 precursor (MMP16)
matrix metalloproteinase 8 (MMP8)
metalloproteinase inhibitor 1 precursor (TIMP1)
methionine aminopeptidase 2 (METAP2); 
paired box homeotic protein (PAX8) isoforms 8A/8B + isoforms 8C/8D
plasminogen activator inhibitor 3 (PLANH3; PAI3)
plasminogen precursor (PLG)
proteasome component C3
proteasome component C8
ras family member (ras-like protein KIR)
tissue inhibitor of metalloproteinases 2 (TIMP2)
transcription factor ZFM1
ZFM1 protein alternatively spliced product



Discussion

We have examined the gene expression profile of adult human astrocytes stimulated

with 1 x 10-8 M CCL2 for 8 hours. cDNA microarray studies revealed that prolonged

treatment of adult humans astrocytes with CCL2 induced altered gene expression for a

large number of genes. Thus, clearly adult human astrocytes express a CCL2 receptor

that influences astrocytic gene expression. Since astrocytes do not express the known

receptor, CCR2, it is likely that astrocytes respond to CCL2 via another receptor. The

effect of CCL2 on gene expression further confirms our results from a previous study

suggesting that the human orphan chemokine receptor HCR is a functional CCL2 che-

mokine receptor in astrocytes (35). 
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Figure 6.2 mRNA expression of metalloproteinases in adult human astrocytes. A. Semi-quantitative PCR

values of MMP1, MMP2, MMP14, MMP16, TIMP1 and TIMP2 in astrocytes stimulated with 1 x 10-8 M

CCL2 for 8 hours. Data are shown as percentage of control expression levels (baseline at 1). The results

show that expression of all examined genes is downregulated in CCL2 treated astrocytes after 8 hours.

Data are representative for 3 independent experiments. B. Preliminary results of quantitative PCR experi-

ments. Shown are expression values of MMP1, MMP2, MMP14, MMP16, TIMP1 and TIMP2 in astrocytes

stimulated with 1 x 10-8 M CCL2 for 8 hours. Data are shown as percentage of control levels. All genes

except MMP1 show less expression after treatment with CCL2 when compared to control (baseline at 1).

Data are taken from two independent experiments. 



The majority of the genes that were induced after CCL2 treatment were transcription

factors indicating that prolonged treatment with changes transcriptional activity in ast-

rocytes. Which genes are induced by these transcription factors is not known yet and

should be further investigated. Surprisingly, we observed that expression of a large

number of proteins that belong to the metalloproteinase family showed a decrease in

mRNA expression after treatment with CCL2. In subsequent experiments those MMPs

and related proteins that showed the strongest reduction in mRNA expression in cDNA

microarray assays were chosen for further analysis. Semi-quantitative RT-PCR and pre-

liminary Q-PCR data confirmed the microarray study and showed that mRNA expres-

sion of the metalloproteinases MMP2, MMP14, MMP16 and the regulators of  MMPs

TIMP1 and TIMP2 was below control levels after 8 hours of stimulation with CCL2. A

decrease in MMP1 mRNA expression was observed in semi-quantitative RT-PCR expe-

riments, but not in Q-PCR experiments. The reason for this discrepancy is not known

yet and should be further investigated by protein analysis like western blotting or

ELISA.

MMPs are members of a family of at least 15 Zn-dependent endopeptidases. MMPs

regulate normal and pathological tissue remodelling, and activate various proteins (10,

13, 16). Furthermore, MMPs attack the macromolecules of the blood vessel basal lami-

na (29). This reduces the structural integrity of the BBB enabling leukocyte entry that

takes place during neurodegenerative disorders (15). The BBB limits CNS entry of leuk-

ocytes under normal circumstances. Particularly, MMP1 and MMP2 are involved in

leukocyte infiltration of the CNS in neuroinflammatory diseases, such as MS (21). In

addition, MMP1 and MMP2 cleave the chemokines CCL2 and CCL7 respectively to pro-

duce chemokine receptor antagonists. Both chemokines play a role in the pathology of

EAE and MS (26, 31). Our study suggests that astrocytes respond to prolonged expos-

ure to CCL2 initiating an anti-inflammatory cascade that downregulates MMP produc-

tion. With regards to MS/EAE, CCL2 released at inflammatory sites may limit further

break-down of the BBB by limiting MMP release. In this respect, CCL2 may have an

anti-inflammatory role in MS disease progress. Indeed, the levels of CCL2 in CSF

during MS relapse are reduced and a positive correlation between CCL2 levels in the

CSF and reduction in disease severity has been reported (23, 33). At present our data

concern mRNA expression. The extent to which CCL2 stimulation of astrocytes leads

to less MMP protein release has to be elucidated in future experiments. 

In conclusion, prolonged exposure of cultured human astrocytes to CCL2 induced diffe-

rential expression of a large number of genes. Moreover, the observed change in expres-

sion levels occurred in astrocytes that did not express CCR2, the known receptor for

CCL2, suggesting existence of another active CCL2 receptor in human adult astrocytes.

The orphan chemokine receptor HCR is the strongest candidate CCL2 receptor in the

astrocytes. Surprisingly, downregulation of mRNA expression of the metalloproteinases

MMP1 and MMP2, the matrix metalloproteinases MMP14 and MMP16, and the regula-

tors of metalloproteinases TIMP1 and TIMP2 was observed in astrocytes after prolon-
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ged CCL2 exposure. This finding might have implications for MS and other neurodege-

nerative diseases where CCL2 and MMPs are involved. As little is known of chemokine

induced effects of MMP expression in astrocytes, further research is needed to reveal

the underlying mechanism of CCL2 induced downregulation of MMPs in astrocytes.

References

CCL-2 and astrocyte gene expression

113

1. Andjelkovic AV, Kerkovich D, Shanley J, Pulliam L, Pachter JS. Expression of binding sites for beta 

chemokines on human astrocytes. Glia. 1999. 28(3):225-35.  

2. Biber K, Klotz KN, Berger M, Gebicke-Harter PJ and van Calker D. Adenosine A1 receptor-mediated 

activation of phospholipase C in cultured astrocytes depends on the level of receptor expression. J 

Neurosci. 1997. 17:4956-4964.

3. Biber K, Zuurman MW, Dijkstra IM, Boddeke HW. Chemokines in the brain: neuroimmunology and

beyond. Curr Opin Pharmacol. 2002. 2(1):63-8. 

4. Biber K, Zuurman MW, Mack M, Homan H, Boddeke HWGM. Expression of L-CCR in HEK 293 

cells reveals functional chemokine responses in the absence of high affinity binding. 2003. Journal of

Leukocyte Biology, in press.

5. Cardona AE, Gonzalez PA, Teale JM. CC Chemokines Mediate Leukocyte Trafficking into the 

Central Nervous System during Murine Neurocysticercosis: Role of gamma delta T cells in amplifica-

tion of the host immune response. Infect Immun. 2003. 71(5):2634-42

6. Chomczynski P and Sacchi N. Single-step method of RNA isolation by acid guanidinium thiocyanate-

phenol-chloroform extraction. Anal Biochem 1987. 162:156-159

7. D'Ambrosio D, Panina-Bordignon P, Sinigaglia F. Chemokine receptors in inflammation: an overview. J

Immunol Methods. 2003. 273(1-2):3-13. 

8. De Groot CJ, Langeveld CH, Jongenelen CA, Montagne L, Van Der Valk P, Dijkstra CD. 

Establishment of human adult astrocyte cultures derived from postmortem multiple sclerosis and 

control brain and spinal cord regions: immunophenotypical and functional characterization. J 

Neurosci Res. 1997. 49(3):342-354.

9. Flynn G, Maru S, Loughlin J, Romero IA, Male D. Regulation of chemokine receptor expression in 

human microglia and astrocytes. J Neuroimmunol. 2003. 136(1-2):84-93.

10. Fowlkes JL, Thrailkill KM, Serra DM, Suzuki K, Nagase H.  Matrix metalloproteinases as insulin-like

growth factor binding protein-degrading proteinases. Prog Growth Factor Res. 1995. 6(2-4):255-63. 

11. Galimberti D, Schoonenboom N, Scarpini E, Scheltens P. Chemokines in serum and cerebrospinal 

fluid of Alzheimer's disease patients. Ann Neurol. 2003. 53(4):547-8. No abstract available. 

12. Gaupp S, Pitt D, Kuziel WA, Cannella B, Raine CS. Experimental autoimmune encephalomyelitis 

(EAE) in CCR2(-/-) mice: susceptibility in multiple strains. Am J Pathol. 2003. 162(1):139-50.

13. Gearing AJ, Beckett P, Christodoulou M, Churchill M, Clements JM, Crimmin M, Davidson AH, 

Drummond AH, Galloway WA, Gilbert R, et al. Matrix metalloproteinases and processing of pro-

TNF-alpha. J Leukoc Biol. 1995. 57(5):774-7. 

14. Grau AJ, Reis A, Buggle F, Al-Khalaf A, Werle E, Valois N, Bertram M, Becher H, Grond-Ginsbach 

C. Monocyte function and plasma levels of interleukin-8 in acute ischemic stroke. J Neurol Sci. 2001.

192(1-2):41-7.

15. Greenwood J, Etienne-Manneville S, Adamson P, Couraud PO. Lymphocyte migration into the centr

al nervous system: implication of ICAM-1 signalling at the blood-brain barrier. Vascul Pharmacol. 

2002.38(6):315-22. 



Chapter 6

114

16. Hashimoto G, Inoki I, Fujii Y, Aoki T, Ikeda E, Okada Y. Matrix metalloproteinases cleave connective

tissue growth factor and reactivate angiogenic activity of vascular endothelial growth factor 165. J 

Biol Chem. 2002. 277(39):36288-95.

17. Heesen M, Tanabe S, Berman MA, Yoshizawa I, Luo Y, Kim RJ, Post TW, Gerard C, Dorf ME. Mouse

astrocytes respond to the chemokines MCP-1 and KC, but reverse transcriptase-polymerase chain 

reaction does not detect mRNA for the KC or new MCP-1 receptor. J Neurosci Res. 1996.  

45(4):382-91.

18. Huang DR, Wang J, Kivisakk P, Rollins BJ, Ransohoff RM. Absence of monocyte chemoattractant 

protein 1 in mice leads to decreased local macrophage recruitment and antigen-specific T helper cell 

type 1 immune response in experimental autoimmune encephalomyelitis. J Exp Med. 2001. 

193(6):713-26.

19. Hughes PM, Allegrini PR, Rudin M, Perry VH, Mir AK, Wiessner C. Monocyte chemoattractant

protein-1 deficiency is protective in a murine stroke model. J Cereb Blood Flow Metab. 2002. 

22(3):308-17.

20. Izikson L, Klein RS, Charo IF, Weiner HL, Luster AD. Resistance to experimental autoimmune 

encephalomyelitis in mice lacking the CC chemokine receptor (CCR)2. J Exp Med. 2000. 

192(7):1075-80.

21. Kouwenhoven M, Ozenci V, Tjernlund A, Pashenkov M, Homman M, Press R, Link H. Monocyte-

derived dendritic cells express and secrete matrix-degrading metalloproteinases and their inhibitors 

and are imbalanced in multiple sclerosis. J Neuroimmunol. 2002. 126(1-2):161-71.

22. Kroll TC, Wolfl S. Ranking: a closer look on globalisation methods for normalisation of gene expres-

sion arrays. Nucleic Acids Res. 2002. 30(11):e50.

23. Mahad DJ, Ransohoff RM. The role of MCP-1 (CCL2) and CCR2 in multiple sclerosis and experi-

mental autoimmune encephalomyelitis (EAE). Semin Immunol. 2003. 15(1):23-32.

24. Mariani M, Panina-Bordignon P. Analysis of homing receptor expression on infiltrating leukocytes in

disease states. J Immunol Methods. 2003. 273(1-2):103-14. 

25. McManus C, Berman JW, Brett FM, Staunton H, Farrell M, Brosnan CF.  MCP-1, MCP-2 and MCP-3 

expression in multiple sclerosis lesions: an immunohistochemical and in situ hybridization study. J 

Neuroimmunol. 1998. 86(1):20-9.

26. McQuibban GA, Gong JH, Wong JP, Wallace JL, Clark-Lewis I, Overall CM. Matrix metalloproteinase

processing of monocyte chemoattractant proteins generates CC chemokine receptor antagonists 

with anti-inflammatory properties in vivo. Blood. 2002. 100(4):1160-7.

27. Murphy PM, Baggiolini M, Charo IF, Hebert CA, Horuk R, Matsushima K, Miller LH, Oppenheim JJ, 

Power CA. International union of pharmacology. XXII. Nomenclature for chemokine receptors. 

Pharmacol Rev. 2000. 52(1):145-76.

28. Rezaie P, Trillo-Pazos G, Everall IP, Male DK. Expression of beta-chemokines and chemokine recep-

tors in human fetal astrocyte and microglial co-cultures: potential role of chemokines in the

developing CNS. Glia. 2002. 37(1):64-75.

29. Rosenberg GA. Matrix metalloproteinases in neuroinflammation. Glia. 2002. 39(3):279-91. 

30. Schecter AD, Rollins BJ, Zhang YJ, Charo IF, Fallon JT, Rossikhina M, Giesen PL, Nemerson Y, 

Taubman MB. Tissue factor is induced by monocyte chemoattractant protein-1 in human aortic 

smooth muscle and THP-1 cells. J Biol Chem. 1997. 272(45):28568-73.

31. Simpson J, Rezaie P, Newcombe J, Cuzner ML, Male D, Woodroofe MN.  Expression of the beta-

chemokine receptors CCR2, CCR3 and CCR5 in multiple sclerosis central nervous system tissue. J 

Neuroimmunol. 2000. 108(1-2):192-200.



CCL-2 and astrocyte gene expression

115

32. Smits HA, Rijsmus A, van Loon JH, Wat JW, Verhoef J, Boven LA, Nottet HS. Amyloid-beta-induced 

chemokine production in primary human macrophages and astrocytes. J Neuroimmunol. 2002. 

127(1-2):160-8.

33. Sorensen TL, Sellebjerg F, Jensen CV, Strieter RM, Ransohoff RM. Chemokines CXCL10 and CCL2: 

differential involvement in intrathecal inflammation in multiple sclerosis. Eur J Neurol. 2001. 

8(6):665-72

34. Van Der Voorn P, Tekstra J, Beelen RH, Tensen CP, Van Der Valk P, De Groot CJ. Expression of 

MCP-1 by reactive astrocytes in demyelinating multiple sclerosis lesions. Am J Pathol. 1999. 

154(1):45-51.

35. Zuurman MW, Biber K, De Groot C, Brouwer N and Boddeke HWGM. Identification of orphan

chemokine receptor HCR as the human homologue of L-CCR in human astrocytes: functional simi-

larities. (Submitted)

36. Zuurman MW, Heeroma JH, Brouwer N, Biber K, Boddeke HWGM. LPS induced expression of a novel

chemokine receptor (L-CCR) in mouse glial cells in vitro and in vivo. Glia. 2003. 41(4):327-336.



Chapter 6

116



117

CHAPTER7
Induction of glial L-CCR mRNA expression

in spinal cord and brain in experimental

autoimmune encephalomyelitis

Brouwer N, Zuurman MW, Wei T, Ransohoff RM, Boddeke HWGM and Biber K

Submitted

Summary

Chemokines and chemokine receptors are important regulators of leukocyte

trafficking and immune response. It is well established that chemokines and

their receptors are also expressed in the central nervous system (CNS), where

their expression has been observed in various neuroinflammatory diseases, like

multiple sclerosis (MS). One of the most important chemokines in MS is CCL2

(previously known as MCP-1), which is expressed in glial cells. CCL2 is a

potent attractor for blood monocytes activating the chemokine receptor CCR2.

Inhibition of CCL2 signalling suppresses the development of experimental

autoimmune encephalomyelitis (EAE) in mice. There is, however, evidence that

CCL2 has also local effects on CNS cells including neuroprotection, induction

and modulation of cytokine release and synthesis of matrix metalloproteinases,

that might contribute to CNS pathology. These effects are most likely indepen-

dent of CCR2, since CCR2 expression in glial cells is rarely observed. We have

recently provided evidence for an alternative CCL2 receptor in glial cells called

L-CCR. Here we provide evidence that L-CCR mRNA expression in glial cells is

induced in EAE in early time-points throughout the brain and spinal cord sup-

porting the hypothesis that L-CCR expression in glial cells is related to CNS

inflammation. 



Introduction

Chemokines and their receptors constitute an elaborate signalling system.

Approximately 50 different human chemokines have been described. These chemokines

interact with 18 different chemokine receptors (28, 36).

Chemokines are classified by their structure based on the number and spacing of con-

served cystein motifs near the NH2-terminus. Thus, four groups named the C, CC, CXC

and CX3C families have been distinguished. The classification of chemokine receptors

parallels the four subgroups designated for chemokines. These receptor subgroups have

been designated XCR, CCR, CXCR and CX3CR (24). Most of these chemokine recep-

tors recognise more than one chemokine. Since the different types of immune cells

express multiple chemokine receptors that overlap in their ligand specificity, chemoki-

ne receptor pharmacology is complex. Several orphan receptors with chemokine-like

structures can be found in databases (i.e. www.GPCR.org) suggesting that not all che-

mokine receptors have been described yet.

There is strong evidence that chemokines and their receptors are not only important in

the peripheral immune system but also have numerous functions in the physiology and

pathology of the CNS. A large number of detailed studies on CNS chemokines and che-

mokine receptors have been published, and it is clear now, that most types of endoge-

nous cells within the CNS synthesise distinct chemokines and can respond to chemoki-

ne stimulation (for review see: 2-4, 19, 26, 29). 

The expression of chemokines in the CNS is generally induced by inflammatory and

neurodegenerative events. Recent publications suggest, that chemokines are crucial

mediators of leukocyte infiltration during CNS inflammation (14, 20, 21, 32). 

CCL2 is one of the most prominent chemokines in brain pathology and is pronouncedly

expressed in MS and EAE (33-34). The importance of CCL2 for EAE has been proven

recently in mice deficient for CCL2 that developed a mild and slower form of EAE (20).

Infiltration of the brain by blood leukocytes is only one component of the pathology of

MS or EAE. Early activation of astrocytes and microglia (gliosis) plays an important role

in the pathology of EAE and MS (for review see: 5). It is known that glial cells respond

to chemokines like CCL2 with synthesis of matrix metalloproteinases and modulation

of cytokine release, processes that are involved in EAE and MS (9, 12-13). The expres-

sion of CCR2 in astrocytes or microglia is, however, questionable. This has led a few

years ago to the hypothesis that an additional chemokine receptor for CCL2, different

from CCR2, exists in glial cells (18). We have recently provided evidence for the

expression of such a receptor in mouse glial cells, the orphan chemokine receptor L-

CCR (8, 37). Since L-CCR expression is induced under pro-inflammatory conditions we

have investigated the expression of L-CCR in brain tissue from EAE animals.
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Materials and methods

Animals and EAE induction

All animal experiments have been approved by the animal experimental committee

(DEC) and animals were handled and housed according to the guideline of the central

laboratory animal facility Groningen. Female C57BL/6 mice (8 weeks old) were immu-

nised with an emulsion consisting of 200 mg MOG peptide (35-55), emulsified in

Incomplete Freunds’ adjuvans (IFA; Difco) and supplemented with 60 mg killed myco-

bacteria (Difco) as described (1). On day 0 and day 7 post-immunisation, they were

injected subcutaneously (s.c.) with 0.1 ml of this emulsion at two sites of the back

(dorsal flank). Control mice received injections of the emulsion without the MOG pep-

tide. Immediately and 24 h after immunisation, all animals were injected (i.p.) with 200

ng pertussis toxin (Sigma) in PBS.

Immunised animals were scored daily for clinical signs of EAE. The clinical stages were

assessed as follows: 0 = normal; 1 = limp tail; 2 = impaired righting reflex; 3 = partial

hind-limb paralysis; 4 = total hind-limb paralysis. Animals exhibiting signs of a lesser

severity than typically observed were scored as 0.5 less than the indicated grade.

At different time points and various clinical scores, animals were decapitated under

isoflurane anesthesia. Brains and spinal cords were removed and snap-frozen in liquid

nitrogen. Sections of 20 mm thick, cut using a cryostat, were lysed in guanidinium isot-

hiocyanate/mercaptoethanol (GTC) buffer and used for RNA preparation. Sections of

10µm were collected on APES-coated slides and used for immunohistochemistry and/or

in situ hybridisation.

Reverse Transcription – Polymerase Chain reaction (RT-PCR)

Total RNA was extracted with slight modifications according to Chomczynski and

Sacchi (11). For RT, 1 µg of total RNA was transcribed into cDNA as described (6).

Potential contamination by genomic DNA was checked by running the reactions wit-

hout reverse transcriptase and using GAPDH primers in subsequent PCR amplifica-

tions. Only RNA samples that showed no bands after that procedure were used for furt-

her investigations. 

Polymerase chain reaction (PCR): 2 µl of the RT-reaction were used in subsequent PCR

amplification as described (6). The following primers were used in PCR for L-CCR: 5`-

CTGGCGGTGTTTATCTTGGT and 5`- AACCAGCAGAGGAAAAGCAA resulting in a

489bp PCR product. Primers for GAPDH were: 5`- CATCCTGCACCACCAACTGCT-

TAG and 5`-GCCTGCTTCACCACCTTCTTGATG, resulting in a 346bp PCR product.

Identity of all PCR products was checked by cloning into pCR2.1 (Invitrogen) and sub-

sequent sequencing.
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Quantitative real-time-PCR

Generation of standard curves: The L-CCR plasmid DNA was quantified by spectropho-

tometry. Five serial ten-fold dilutions of plasmid DNA (from 2000 fg to 0.2 fg /reac-

tion) were prepared, amplified by PCR using L-CCR specific primers and labeled with

SYBR Green ( Roche, Indianappolis, IN), which yields a bright fluorescence on binding

of double-stranded nuclei acids; this fluorescence abruptly diminishes upon denatura-

tion of DNA strands during the melting-curve analysis. PCR and analysis to generate

standard curves were performed on 20 µl reactions in glass capillaries, using a Light-

Cycler (Roche) and LightCycler 3 software. For each reaction, melting-curve analysis

was used to detect the synthesis of non-specific products. Negative controls (omitting

input cDNA) were also used in each PCR run, to confirm the specificity of PCR pro-

ducts. PCR standard curves were linear across serial 10-fold dilutions and the melting

curve analysis indicated synthesis of a single homogeneous product of expected melting

temperature.

PCR and real-time analysis: Standard curves were generated with each set of samples.

The reactions were done in 20 µl containing 2.5 mM Mg2+, 0.2 µM each forward and

backward primer ( identical with those used to generate the plasmid DNA template for

standard curve), 1X DNA Master SYBR Green (LightCycler-DNA Master SYBR Green I

kit, Roche) and 2 ul cDNA. Reaction conditions for PCR were: denature at 95°C for 1

min; 40 cycles of amplification by denaturing at 95°C for 15 s, annealing at 56°C for 5 s,

and extending at 72°C for 20 s.  The accumulation of products was monitored by SYBR

Green fluorescence at the completion of each cycle.  Analysis was performed on the

LightCycler 3 software and results are expressed as the crossing point at which accumu-

lation of PCR products became exponential.  Using the standard curves, this value was

converted to fg. Reaction conditions for melting curve analysis were: denaturation to

95°C at 20°C/s without plateau phase, annealing at 65°C for 15 s, denaturation to 95°C

at 0.1°C/s, with continuous monitoring of SYBR Green fluorescence.

In situ hybridisation

For in situ hybridisation (ISH), the L-CCR PCR product was cloned into the dual pro-

motor PCR II vector and linearized. L-CCR sense and antisense probes were synthesi-

sed by run-off transcription in the presence of the appropriate RNA polymerase and

digoxigenin (DIG)-conjugated UTP according to the manufactures protocol (Roche). 

Transverse sections (10 µm) of spinal cord and brain were collected on APES-coated

slides and directly fixed in 4% paraformaldehyde (pH 9.5) for 30 min. After rinsing

with KPBS (4 x 7 min), sections were permeabelised with 0.5% Triton X-100 in KPBS

for 30 min, rinsed in 2 X SSC for 5 minutes, dehydrated in an ethanol series, and air-

dried. 

Sections were hybridised overnight at 60°C in a freshly prepared hybridisation mixture,

containing 50% formamide, 0.3M NaCl, 10 mM Tris (pH 8.0), 1 mM EDTA, 1 X
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Denhardt’s solution, and 10% dextran sulfate. Final probe concentration was 1 ng/ml

hybridization mixture. Negative controls for ISH consisted of hybridisation solution

with DIG-labelled L-CCR sense probe. After hybridisation, the sections were treated

with RNase (10 mg/ml) for 30 min at 37 µC and washed in 0.1X SSC at 65 µC. 

Immunodetection of the digoxigenin labelled RNA-RNA complex was preceded by

preincubating the sections for 30 min in buffer 1 (0.1 M TrisHCl, pH 7.5, 0.15M NaCl),

containing 5% blocking reagent (Roche). Subsequently, sections were incubated for 2 h

at RT with anti-DIG-AP (Roche; diluted 1:500) in buffer 1, containing 1% blocking

reagent. After thorough rinsing in buffer 1 and equilibration in an alkaline buffer solu-

tion (ABS: 0.1 M Tris, 0.1 M NaCl, 0.05M MgCl2.6H2O, pH 9.5), the alkaline phospha-

tase conjugate was revealed with a freshly prepared solution of 0.34 mg/ml nitroblue

tetrazoleum (Roche) and 0.17 mg/ml 5-bromo-4-chloro-3-indolyl phosphatase (Roche)

in ABS. Endogenous nonintestinal phosphatase activity was inhibited by the addition of

levamisole (Sigma) (0.24 mg/ml) to the staining solution. The colour reaction was

stopped by placing the slides in a buffer solution, consisting of 10 mM Tris HCL, 1mM

EDTA, pH 8.5. Finally, sections were mounted using glycerol jelly or used for subse-

quent immunohistochemistry.

Immunohistochemistry

To identify the cells expressing L-CCR mRNA during EAE, the following antibodies

were used: anti-CD3 polyclonal antibody (Serotec) specific for T cell identification, anti

CD11b polyclonal antibody (Leinco Tech) to identify monocytes/macrophages and acti-

vated microglia, anti-glial fibrillary acidic protein (GFAP) polyclonal antibody (DAKO)

specific for astrocytes, or anti-MAP2 antibody (Chemicon) reactive with neurons.

Sections were incubated overnight with primary antibody at 4°C, and after several rin-

ses, incubated with the appropriate biotinylated secondary antibodies (Vector, dilution

1:400). Sections were washes again, treated with an avidin-biotin-peroxidase complex

(Vectastain ABC kit) according to the manufacturer’s instructions and followed by

0.04% DAB (Sigma) in 0.1 M Tris HCl with 0.01% H2O2.

Results

Development of clinical EAE

Immunisation of 8 week old C57BL/6 mice with MOG peptide resulted in the develop-

ment of clinical signs of EAE (Figure 7.1). First signs were detectable around 11 days

after the first immunisation with a progressive development reaching clinical score 2-3

after approx. 20 days (Figure 7.1). 12 out of 14 mice (85%) displayed clinical signs

during the observation period, whereas none of the 6 controls that received injections

of the emulsion without MOG peptide developed clinical signs of EAE (Figure 7.1)

L-CCR in murine EAE

121



Induction of L-CCR mRNA expression

In order to investigate the expression of L-CCR mRNA, RT-PCR analysis was perfor-

med. No L-CCR mRNA was detected in spinal cord of control animals or animals wit-

hout any clinical signs (Figure 7.2A). L-CCR mRNA expression levels was detected in

spinal cord from animals that showed clinical signs of EAE (Figure 7.2A). Interestingly,

spinal cord L-CCR mRNA expression levels were already high at the onset of  EAE

(score1) and did not further increase with disease progression (Figure 7.2A). Similar

results were obtained in brain. Very low L-CCR mRNA expression was detected in con-

trol animals or in animals without any clinical signs (Figure 7.2A). Induction of L-CCR

mRNA expression in brain was observed with the onset of clinical signs (Figure 7.2A).

Further Q-PCR analysis corroborated these data. Compared to control animals approxi-

mately 14 and 18 times more L-CCR mRNA was detected in the spinal cord of animals

showing clinical signs up to 1.5 or 3.5, respectively (Figure 7.2B). The L-CCR mRNA

expression in spinal cord from MOG injected animals without clinical scores (mean:

0.065 fg) did not differ from the L-CCR mRNA expression level in control animals

(mean: 0.072 fg). 

L-CCR mRNA is induced throughout spinal cord and brain

In situ hybridisation studies also showed induction of L-CCR mRNA in spinal cord and

brain of animals displaying clinical signs of EAE. Control hybridisation in spinal cord

tissue using the sense probe yielded unspecific staining (Figure 7.3A) and was indistin-

guishable from the signal obtained with the anti-sense probe in control animals (Figure

7.3B). Numerous L-CCR positive cells were found in spinal cord of EAE animals at
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Figure 7.1 Development of MOG-induced EAE in C57BL/6 mice. In MOG-injected mice first signs were

detectable around 11 days after the first immunisation with a progressive development reaching clinical

score 2-3 after approx. 20 days. None of the control mice) developed clinical signs of EAE.



score 1 (Figure 7.3C) or higher (data not shown). These positive cells were almost

equally distributed throughout the spinal cord. Higher magnification showed typically

cytoplasmic localisation of the L-CCR in situ signal (exemplified by arrowheads) (Figure

7.3D). 

Similar results were obtained in brain tissue. The signal obtained from control hybridi-

sation with the sense probe (data not shown) was indistinguishable from the in situ

hybridisation signal in control animals that only revealed unspecific staining (Figure

7.3E). The development of clinical EAE signs was accompanied by the presence of

numerous L-CCR mRNA positive cells in most areas of the brain, exemplified for the

cortex from an animal with clinical score 1 (Figure 7.3F). Similar expression was also

detected in animals with higher clinical scores and/or other areas of the forebrain like
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Figure 7.2 Effect of EAE on L-CCR mRNA expression in mouse spinal cord and brain. A) RT-PCR expe-

riments revealed that L-CCR mRNA expression in mouse spinal cord (upper panel) and brain (lower

panel) was accompanied by the development of clinical signs of EAE. L-CCR mRNA expression was not

detected in tissue from control mice but was found in both spinal cord and brain of animals with signs of

EAE. The number of cycles for GAPDH and L-CCR were 28 and 31 in spinal cord and 28 and 35 in brain

tissue, respectively. MM, molecular weight marker, highlighted band is 500bp. Both PCR products were

run in the same gel. Negative control: PCR control without template. B) Q-PCR experiments showed 14-

18 times more L-CCR mRNA in spinal cord samples from animals with clinical signs of EAE compared to

control animals. *, significant different from control value, p ≤ 0.05, Students t-test. 
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Figure 7.3 L-CCR mRNA in situ hybridisation in spinal cord and brain of mice with and without clinical

signs of EAE. A) in situ hybridisation using L-CCR sense probe did not reveal any staining indicating the

specificity of the observed signal. B) No in situ hybridisation signal was observed in spinal cord sections of

control mice. C) Numerous L-CCR positive cells were found throughout the spinal cord of mice with clini-

cal score 1. D) Higher magnification revealed the typically cytoplasmic pattern of the in situ hybridisation

signal (arrowheads). E) Lack of L-CCR mRNA expression in cortex of control mice. F) Numerous L-CCR

mRNA positive cells in the cortex of mice with clinical score 1. Higher magnification revealed the cyto-

plasmic expression of the L-CCR in situ hybridisation signal in score1 animals (H) in clear contrast to the

absence of any specific signal in control mice (G). Magnification: A-C, 25 x; D-F, 200 x; G and H, 400 x.



striatum or hippocampus (data not shown). Higher magnification showed the cytoplas-

mic expression of L-CCR mRNA (exemplified by arrowheads)(Figure 7.3H) and corro-

borated the induction of L-CCR mRNA compared to control animals (Figure 7.3G).

L-CCR mRNA is predominantly expressed in astrocytes

In order to identify L-CCR expressing cells in spinal cord and brain, in situ hybridisation

was combined with immunohistochemistry. Combinations of in situ hybridisation

(purple reaction product) (Figure 7.4) and immuno-histochemistry (brown reaction

product) (Figure 7.4) showed that numerous GFAP positive astrocytes express L-CCR

mRNA in mouse cortex (see arrowheads in Figure 7.4A). Combinations of immuno-

histochemistry and in situ hybridisation using the sense probe revealed the specificity of

the in situ signal in these double-labelling experiments. This has been depicted in FI.
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Figure 7.4 L-CCR mRNA in situ hybridisation in the cortex of score 1 animals and identification of astro-

cytes as L-CCR mRNA expressing cells. A) L-CCR mRNA positive cells (purple reaction product) were

identified as astrocytes by GFAP staining (brown reaction product, exemplified by arrowhead). B) Control

hybridisation using the sense probe revealed the specificity of the in situ signal, here only the GFAP-stai-

ning was found. C) MAP2 positive neurons (brown reaction product, exemplified by arrowheads) did not

co-localise with staining for L-CCR mRNA (purple reaction product, exemplified by arrows). However, L-

CCR positive cells were often detected in intimate spatial relationship with MAP2 positive neurons (das-

hed arrows). D) Control hybridisation using the sense probe revealed the specificity of the in situ signal,

here only the MAP2-staining was found. Magnification: 400 x.



4B, where only GFAP antibody staining is visible (brown reaction product). However,

cells expressing L-CCR mRNA without GFAP staining were also detected (see arrows

Figure 7.4A). These cells might be astrocytes that express low amounts of GFAP or

could be other cells that express L-CCR mRNA. Accordingly, more markers were used

in double-labelling experiments. Using neuronal markers it was found that the L-CCR

in situ hybridisation signal (purple reaction product) (see arrows) did not co-localise

with MAP2 positive neurons (brown reaction product) (arrowheads) (Figure 7.4C).

When using the L-CCR sense probe Only MAP2 positive cells were found, showing the

specificity of the ISH signal (Figure 7.4D). Thus, experiments with the neuronal marker

MAP2 clearly showed that L-CCR mRNA is not neuronally expressed. Interestingly, L-

CCR mRNA positive cells were often found in intimate contact with MAP2 positive

neurons (dashed arrows) (Figure 7.4C). For technical reasons it was not possible to

perform double-labelling experiments combining microglial markers like CD11b with

L-CCR in situ hybridisation.

L-CCR mRNA expression was not detected in blood leukocytes nor localised in cells infil-

trating the brain parenchyma. Peripheral leukocytes in the parenchyma of spinal cord

were only detectable in animals with clinical scores above 3. Here small infiltrates were

observed by cresyl violet staining (arrows) (Figure 7.5B). In animals with score 1 very

few leukocytes were detected in the meninges (arrow) (Figure 7.5A) and leukocytes were
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Figure 7.5 Cresyl violet staining revealed beginning leukocyte accumulation (A) and infiltration (B) in

spinal cord of score 1 animals and score 3 animals, respectively. The majorities of these cells have been

identified as T cells by CD3 staining (arrows) in score 1 (C) and score 3 (D) animals. Similar results

have been obtained in brain. Beginning accumulation of CD3 positive T cells were found in score 1 ani-

mals (E) and numerous CD3 positive T cells were observed in the parenchyma in animals with clinical

score 3 (F). Magnification: A and B, 12.5 x; C-F, 200 x. 



absent in spinal cord from control animals (data not shown). Antibody staining revealed

that the majority of the leukocytes in spinal cord were T cells. CD3 positive cells (arrows)

were found in the meninges and parenchyma of score 1 animals (Figure 7.5C) and score

3 animals (Figure 7.5D), respectively. Only very few macrophages were observed in these

animals (data not shown). Similar results were obtained in brain tissue. No peripheral

leukocytes were found in the brains of control animals (data not shown). Initial signs of

accumulation and infiltration of leukocytes were detected in animals with clinical score 1

(Figure 5E) and above 3 (Figure 5F), respectively. Again antibody stainings identified the

majority of the infiltrating cells as T cells and showed a virtual absence of macrophages in

brain tissue of animals with clinical scores of 3 and higher.

Discussion

The orchestration of leukocyte homing and the control tissue infiltration during inflam-

mation is the major function of the chemokinergic system (16, 24, 36). Since infiltra-

ting leukocytes are of particular importance in the pathology of MS and EAE the role of

chemokines in these diseases has been investigated (10, 17, 31, 33-35). Several

attempts to inhibit leukocyte infiltration by blocking chemokine-chemokine receptor

interactions have been made. The development of EAE is attenuated or blocked in che-

mokine deficient mice or animals after injection of chemokine blocking antibodies, sug-

gesting that chemokines are crucial mediators of infiltration in CNS inflammation (14,

20-22, 32). Accordingly, the potential of suppressing the CNS chemokine system as a

therapy for MS has been discussed recently (23, 30). 

CCL2 is one of the most prominent chemokines in brain pathology and is strongly

expressed in tissue affected by MS and EAE pathology. The importance of CCL2 for

EAE has been demonstrated recently, thus mice deficient for CCL2 developed clinical

signs of EAE slower and were much milder than wildtype controls (20). The chemokine

receptor for CCL2 is CCR2, which is prominently expressed in monocytes/macropha-

ges. Macrophage infiltration is crucial for the onset of EAE thus mice deficient for

CCR2 do not develop clinical signs of EAE emphasising the importance of CCL2-CCR2

signalling for the onset of EAE (21, 14). However, several lines of evidence suggest the

existence of a second CCL2 receptor (16, 18, 25, 27) and the importance of CCR2 in

EAE has recently been challenged in a study showing that various CCR2 deficient

mouse-strains still develop EAE (15).  

We have provided evidence for the expression of the orphan chemokine receptor L-CCR

in glial cells and have shown that CCL2 is (among others) a potential chemokine ligand

for this receptor (8, 37). Since glial L-CCR expression in vitro and in vivo is induced by

pro-inflammatory conditions we have investigated its expression in EAE. Expression of

L-CCR mRNA in unaffected spinal cord or brain is low but prominently induced by the

development of clinical symptoms of EAE. Interestingly, a rapid induction of L-CCR

mRNA expression was found, that accompanied early clinical signs. Thus, in mice with

mild clinical scores (around 1) L-CCR mRNA expression levels were found at a degree
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similar to mice that had higher clinical scores of EAE. The onset of clinical disease but

not the severity of signs correlated with L-CCR mRNA expression. L-CCR mRNA

expression was predominantly found in astrocytes throughout spinal cord and brain tis-

sue. No L-CCR mRNA expression was detected in neurons. It was not possible to per-

form combinations with L-CCR in situ hybridisation and microglial markers. However,

since L-CCR is expressed in cultured microglia and we regularly observed L-CCR

mRNA positive cells that were smaller than the typically astrocyte it is possible that at

least some of the L-CCR mRNA positive but GFAP negative cells are microglia (37). 

The rapid onset of L-CCR mRNA expression and its equal distribution throughout

brain and spinal cord did not correlate with the presence of infiltrating leukocytes. This

suggests the presence of a brain intrinsic, inflammatory signal that triggers the expres-

sion of L-CCR in glial cells in EAE even before the CNS is significantly infiltrated by

leukocytes. The function of L-CCR expression in glial cells in currently unknown. It is

known, however, that glial cells express various chemokine receptors and that glial cells

significantly contribute to the pathology of neurodegenerative diseases (5, 13).

Therefore, it has been proposed that glial chemokines and chemokine receptors are cru-

cial elements for endogenous immune response in the CNS (4, 7, 19). The early induc-

tion of L-CCR mRNA expression in EAE and our previous findings that L-CCR expres-

sion in brain is induced with LPS (37) suggest that L-CCR is physiologically relevant

for CNS inflammation. This assumption, however, should be further investigated in L-

CCR deficient mice. 

In summary, we have provided evidence for a rapid and pronounced induction of L-CCR

mRNA expression in CNS glial cells in EAE. The early overall expression of this chemo-

kine receptor was not correlated to disease severity or places of leukocyte infiltration,

indicating a local function of L-CCR in the endogenous immune response of the brain.
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Chemokines in neuroimmunology and beyond

Neuroinflammation and chemokine signaling are involved in most if not all neurodege-

nerative diseases. The contribution of chemokine receptor expression in glial cells to

the endogenous immune response of the brain is an issue of current investigation. In

this thesis we have investigated the function and expression of the orphan chemokine

receptors L-CCR/HCR in mouse and human glial cells.

In Chapter 1 concepts relating to the involvement of chemokines in neurodegenerative

diseases have been discussed. First, important aspects concerning the immune system

of the brain have been discussed, such as the cellular components, the function and

constitution of the BBB and the role of chemokines in neuroimmunity. Thus, glial cells

show an immuno-regulatory role in the CNS (5). Furthermore, the molecular mecha-

nism of chemotaxis has been addressed. In this light, events such as G protein activa-

tion and downstream effector signaling via activation of chemokine receptors formed

the basis of the discussion of chemokine receptor function. In addition, pharmacologi-

cal properties of G protein-coupled receptors have been examined to address the prin-

ciples of chemokine receptor pharmacology. Finally, the importance of identification of

ligands for orphan chemokine receptors in neuroinflammation has been stressed.  

In Chapter 2 the current knowledge concerning chemokines in neuroimmunology has

been reviewed. All endogenous cells of the CNS: astrocytes, oligodendrocytes, neurons

and microglia express functional chemokine receptors (8, 12, 13, 28, 33). In the healthy

brain, however, constitutive expression of chemokines is hardly observed. Expression

of chemokines is rather induced by inflammatory stimuli. The chemokines CX3CL1

(fractalkine) and CXCL12 (SDF-1alpha) are exceptions and are constitutively expressed

by neurons and astrocytes, respectively (3, 18, 27). Although 50 chemokines are invol-

ved in the peripheral immune system, in brain pathology only few of those chemokines

play a role. In nervous tissue, chemokine expression is inducible in glial cells, but also

neurons express chemokines under neurodegenerative conditions (7, 10, 15, 39).

Functions of chemokines in the CNS

Functions of chemokines in the CNS involve mediation of local immune responses,

attraction of leukocytes and orchestration of disease pathology related to neurodegene-

rative diseases, including meningitis, Alzheimer’s disease, multiple sclerosis and HIV-

related dementia (Figure 2.1 and Table 2.1). Although chemokines have been associa-

ted with neuronal damage, neuroprotective effects of chemokines have also been obser-

ved. For example, chemokines offer protection from neuronal death by neurotoxins like

NMDA or β-amyloid (9). In addition, chemokines are (30, 44). Finally, modulation of

neurotransmission by chemokines has been suggested (6, 25). Thus, chemokines are

involved in CNS functions beyond neuroimmunology. 

In order to examine chemokine functionality in the central nervous system it is impor-

tant to know which chemokine receptors are expressed in the CNS and which function

these receptors serve. 
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The orphan chemokine receptor L-CCR in murine glial cells

In Chapter 3 we have examined the localization of the orphan CC chemokine receptor

L-CCR in mouse glial cells in vitro and in vivo. We first examined mRNA expression of

the established chemokine receptors CCR1-CCR9 and D6 in primary neonatal microglia

and astrocytes using RNA isolation followed by RT-PCR analysis. In cultured microglia

only CCR1, CCR3 and CCR5 mRNA was detectable, whereas in astrocytes only CCR1

and CCR5 mRNA expression was found. L-CCR mRNA was barely or not detectable in

microglia and astrocytes, respectively. However, in both cell types expression of L-CCR

mRNA was induced after challenge with LPS, in a time and concentration dependent

manner. No other chemokine receptor was upregulated in response to LPS.

Furthermore, situ hybridization experiments in brain tissue taken from adult mice that

were injected intraperitoneally with LPS showed a similar pattern of L-CCR mRNA

induction. Moreover, double staining experiments combining L-CCR in-situ hybridiza-

tion with immunohistochemistry for an astrocytic marker and a microglia marker

showed that indeed microglia (in vitro) and astrocytes (in vitro and in vivo) were positive

for L-CCR mRNA. Due to experimental constraints we could not show double staining

for L-CCR and the microglia marker in vivo. We did however, observe GFAP-negative

cells that were positive for L-CCR mRNA and showed microglial morphology. Thus, we

have shown that L-CCR mRNA is expressed in vitro and in vivo in mouse astrocytes and

microglia; particularly under inflammatory conditions expression of L-CCR is strongly

induced in astrocytes and microglia. 

Murine microglia respond to CCL2 in absence of CCR2

It has been reported that microglia respond to the chemokine CCL2 with chemotaxis

(19) and mobilization of intracellular calcium (8). In our study microglia did not

express CCR2, the established receptor for CCL2, but surprisingly responded to CCL2

with chemotaxis and transient calcium responses. In addition, chemotaxis was enhan-

ced by pretreatment of microglia with LPS. Thus, presumably L-CCR is responsible for

the effects of CCL2 in microglia. This was supported by our findings showing CCL2

binding sites on microglia and astrocytes using biotinylated CCL2 (biot.rmCCL2). We

have shown that binding of biot.rmCCL2 at unstimulated microglia and astrocytes was

low. The biot.rmCCL2 signal increased dramatically in both cell types after pretreat-

ment with LPS. 

Functional characterization of L-CCR

In Chapter 4, we have performed functional studies in the mouse macrophage cell line

RAW264.7. In addition, we transfected the human embryo kidney celline HEK293 with

the full-length sequence for L-CCR to perform binding experiments and functional stu-

dies using different chemokines. As discussed earlier, Shimada and others reported

General discussion

133



expression of L-CCR mRNA in RAW264.7 cells (41). We observed no mRNA expres-

sion of the CC chemokine receptors CCR1-CCR8 and D6 in RAW264.7 neither under

normal nor under LPS stimulated conditions. In order to identify possible chemokine

ligands for L-CCR we performed chemotaxis experiments and measurement of intracel-

lular calcium mobilization in LPS-treated RAW264.7 cells.

Chemokine functionality in RAW264.7

When we tested the chemokines CCL2, CCL5 (formerly known as RANTES) and CCL3

(formerly known as MIP-1_) in chemotaxis experiments, both CCL2 and CCL5 induced

migration of LPS-treated RAW264.7 cells in a concentration dependent manner, where-

as CCL3 failed to induce migration. Furthermore, we found increases in intracellular

calcium in RAW264.7 cells stimulated with CCL2 and CCL5, but not with CCL3. The

observed calcium transients, however, were weak and occurred only in 10% of the cells

tested. Moreover, the concentrations required to induce calcium transients were

approximately 100 fold higher than those required for chemotaxis. Most likely calcium

signaling is a secondary response induced by chemokines. Thus, although calcium

mobilization is induced by activation of most chemokine receptors, migration is not

necessarily linked to these transient increases in intracellular calcium (14, 21, 43).

L-CCR functionality in HEK293: calcium and chemotaxis

Further investigation of the functionality of L-CCR was performed using the human

embryo kidney celline HEK293, transfected with the full-length sequence of L-CCR;

HEK293 (L-CCR). The HEK293 celline is widely used to examine chemokine receptor

functionality. Similar to measurements of chemokine-induced intracellular calcium

levels in RAW264.7 cells, CCL2-induced intracellular calcium mobilization was weak in

HEK293 (L-CCR) and CCL3 failed to induce any detectable level of calcium mobiliza-

tion. Interestingly, out of 18 murine chemokines tested: CCL2, CCL5, CCL7 and CCL8

induced chemotaxis. MOCK-transfected HEK293 cells showed no migration response

to these chemokines. Furthermore, a possible effect mediated by CCR2 was ruled out:

RT-PCR experiments showed no endogenous expression of human CCR2 in HEK293

(L-CCR). Furthermore, chemotaxis to CCL2 was not inhibited by pre-incubation with

an antibody against human CCR2 that normally antagonizes the receptor.  

L-CCR is a Gi-coupled GPCR

Pre-treatment of HEK293 (L-CCR) with pertussis toxin (PTX) abolished a chemotactic

response to CCL2 and CCL2 stimulation reduced forskolin-induced cAMP accumula-

tion in 50% of the HEK293 (L-CCR) cells. As PTX specifically inhibits Gi protein acti-

vation and activated Gi proteins inhibit cAMP accumulation these results strongly sug-

gest that L-CCR is a Gi-protein coupled GPCR. Furthermore, we showed that L-CCR is

a membrane bound chemokine receptor. HEK293 cells transfected with a gene con-
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struct encoding for a L-CCR-enhanced green fluorescent protein (EGFP) fusion protein

revealed a clear L-CCR-EGFP signal at the membrane.

CCL2 induces cytoskeletal changes in L-CCR expressing cells

As discussed in previously, chemotaxis requires swift and dramatic reorganization of

the actin cytoskeleton. We have investigated this effect in HEK (L-CCR-EGFP) cells

and showed that CCL2 induced rapid accumulation of F-actin filaments at cell poles as

well as large actin-based membrane protrusions at these poles. MOCK-transfected

HEK293 cells did not show reorganization of the cytoskeleton in response to CCL2. 

Based on our findings we suggest that L-CCR is a membrane-bound Gi-protein-coupled

chemokine receptor. Activation of L-CCR by CCL2 (but also CCL5, CCL7 and CCL8)

leads to induction of dramatic cytoskeletal actin polarization, chemotaxis, weak calcium

mobilization, and inhibition of the adenylate cyclase /cAMP pathway. 

Absence of CCL2 radio-ligand binding to L-CCR

In order to classify a novel chemokine receptor both receptor-induced signaling as well

as ligand binding are required (32). Surprisingly, repeated attempts using different

approaches and techniques failed to show radio-ligand binding to L-CCR. We used iodi-

ne-labeled murine CCL2 and CCL5 in stably L-CCR expressing HEK293 (L-CCR) cells

as well as RAW264.7 cells pre-treated with LPS, but did not find specific ligand binding

to the cells. As an alternative we performed biotin labeled CCL2 binding studies in L-

CCR-transfected HEK293 and Chinese hamster ovary (CHO) cells. This method has

previously been used to show CCL2 binding to murine glial cells (see Chapter 3).

HEK293 cells and CHO cells stably expressing L-CCR showed pronounced binding of

biot.rmCCL2, a signal that was absent in MOCK-transfected HEK293/CHO cells. In

addition, biot.rmCCL2 binding to RAW264.7 cells showed results similar to binding

data of biot.rmCCL2 to murine glial cells. Strong biot.rmCCL2 binding was observed in

RAW264.7 cells pretreated with LPS, whereas untreated cells showed only weak bin-

ding. Moreover, biot.rmCCL2 binding to HEK293 (L-CCR) cells competed with unlabe-

led rmCCL2, indicating specificity of the CCL2 binding to these cells. 

Overall, Chapter 4 showed that L-CCR is a functional chemokine receptor for the che-

mokines CCL2, CCL5, CCL7 and CCL8. Furthermore, CCL2 binding to L-CCR was

shown using biotin labeled murine CCL2. However, as mentioned earlier, chemokine

receptors are only officially ‘deorphanized’ and classified as a chemokine receptor when

radio-ligand binding studies show affinities for specific chemokines. L-CCR shows clear

chemokine receptor functionality but not radioligand binding. This intriguing pheno-

menon has also been reported by Giles for another GPCR, the serotonin 1B receptor (5-

HT1BR). They suggested that a very efficient receptor-effector coupling at low densities

of receptors present in the system accounts for the observation of 5-HT1BR functionali-

ty in absence of 5-HT radioligand binding (16). Another explanation might be that
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imbalance between the functional receptor states, R (inactive receptor) and R* (active

receptor) occurs. Radiolabeled high affinity agonist binding requires a certain number

of R* receptors (11). Constitutive receptor activity results in such an imbalance, with

more receptors in the R than in the R* state (11, 24). Accordingly, low histamine bin-

ding (Ki: 369uM) but high efficacy of histamine-induced cAMP production (EC50:

180nM) was detected for the human H2 histamine receptor expressed in CHO cells, a

receptor that showed high constitutive activity (1, 2). Alternatively, it could be possible

that the [125I]-label of the ligand somehow interferes with the binding. At this point it

remains unclear which of these explanations applies to our radio-ligand binding stu-

dies. However, our data strongly indicate that L-CCR is a functional chemokine recep-

tor responding to CCL2. As such, L-CCR may account for effects of CCL2 in tissues lac-

king CCR2 (20, 38, 45). More specifically, L-CCR may be the alternative receptor for

CCL2 which has been suggested several times in the literature (34, 40). 

Characterization of HCR

HCR is the human homologue of L-CCR

In Chapter 5 we investigated the possible existence of the human homologue of L-CCR

and characterized the candidate sequence in human glial cells. First, we conducted a

sequence homology search to compare the L-CCR basepair sequence with the human

genome database. In agreement with Shimada and others we identified the human orp-

han chemokine receptor HCR (also listed as CRAMA/B and CKRX) as a candidate for

the human counterpart of L-CCR, showing 51% protein sequence homology. 

HCR is expressed in human glial cells

RT-PCR experiments showed constitutive expression of HCR mRNA in both cultured

post-mortem astrocytes (shown in Chapter 5) and microglia (data not shown). No

expression of human CCR2 was observed in these cells. Interestingly, treatment of ast-

rocytes with LPS did not induce stronger expression of HCR mRNA. However, LPS-

induced activation of regulatory genes of the immune system in human astrocytes is a

controversial issue (4, 22). In contrast, we observed that nitric oxide (NO) regulates

expression of HCR mRNA in human astrocytes. Furthermore, in collaboration with

R&D Systems, we developed an antibody against HCR to examine possible protein

expression of HCR. Previously, it was reported that HCR protein expression is strongly

induced in human monocytes after stimulation with LPS (31). We repeated the experi-

ment to assess specificity of our HCR antibody. Indeed, HCR immunoreactivity at

human monocytic membranes was strongly enhanced after treatment with LPS.

Subsequent immunohistochemistry experiments showed expression of HCR in astrocy-

te membranes. In addition, pre-treatment of the astrocytes with NO, but not with LPS,

resulted in enhanced HCR protein expression. Thus, under inflammatory conditions

human astrocytes upregulate HCR mRNA as well as protein expression in vitro.
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CCL2 and other chemokines induce functional responses mediated by HCR

Transfection of the full-length sequence of HCR in HEK293 cells was performed to

assess the functionality of HCR. Protein expression of HCR in transfected cells was

confirmed by immunohistochemistry. We have observed HEK293 (HCR)-mediated che-

motaxis in response to human CCL2, CCL5, CCL7 and CCL8 out of 10 chemokines tes-

ted. In addition, CCL2 and CCL5 but not CCL4 induced calcium mobilization in

HEK293 (HCR) cells. Specifically, 50% of HEK (HCR) cells responded to CCL5 and

30% to CCL2 at the same ligand concentrations. Moreover, we examined the organiza-

tion of the F-actin cytoskeleton in HEK293 (HCR) and cultured human astrocytes befo-

re and after stimulation with CCL2. After treatment with CCL2 HEK293 (HCR)

showed rapid relocation of F-actin to specific membrane areas, particularly at large

membrane protrusions. This effect is consistent with a cell preparing for migration.

Interestingly, human astrocytes also showed extensive reallocation of F-actin. Under

standard conditions, cultured human astrocytes show long parallel F-actin stress fibers

that may extend over multiple adjacent astrocytes that form a confluent layer. In our

experiments, astrocytes retracted the stress fibers and reallocated F-actin at their mem-

branes after treatment with CCL2. Also, astrocytes separated from the confluent astro-

cyte layer and formed a new layer of individual cells that showed F-actin polarization.

Since in our hands astrocytes do not express CCR2 the response to CCL2 strongly sug-

gests that here HCR acts as the receptor for CCL2. 

HCR is the human equivalent of murine L-CCR

The similarity between L-CCR and HCR in terms of sequence homology, expression

pattern, pharmacology and functionality supports the idea that both receptors are equi-

valents conserved in human and mouse. Expression of L-CCR and HCR has been found

in microglia and astrocytes and is upregulated by inflammatory substances, such as LPS

and NO. Furthermore, CCL2 induced similar effects in HEK293 cells transfected with

either L-CCR or HCR. Thus in recombinant HEK293 (HCR) and HEK293 (L-CCR)

cells we observed redistribution of F-actin, chemotaxis and transient mobilization of

intracellular calcium in response to CCL2, CCL5, CCL7 and CCL8, but not to other

chemokines tested. 

CCL2 regulates metalloproteinase expression in human astrocytes

Astrocytes are essentially involved in the formation and regulation of the blood-brain-

barrier (17). Under inflammatory conditions astrocytes are exposed to chemokines (13,

28). CCL2 is one of the chemokines that is strongly expressed at in many neurodegene-

rative diseases (10, 39, 19, 34). In the central nervous system astrocytes are a promi-

nent source of CCL2 (28). 
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Gene expression profile in CCL2 treated astrocytes

In previous experiments we observed that CCL2 induces responses in human astrocytes

lacking CCR2 but expressing HCR. We subsequently investigated the gene expression

profile of human astrocytes in response to exposure to CCL2. Using cDNA microarray

assays we examined mRNA expression of 1180 genes in human astrocytes. cDNA

microarray analysis requires strict normalization of the results to reveal the significant

alterations in gene expression. In our experiments, we normalized the data using the

“10% Trimmed Mean Normalization method” recommended for arrays obtained from

our manufacturer (23). After normalization, the data of multiple array experiments

were highly comparable. We observed specific regulation of mRNA expression in

human astrocytes that were stimulated with CCL2. In total 36 genes were upregulated

(mostly genes encoding for intracellular messengers or transcription factors). In addi-

tion 46 genes were downregulated. Surprisingly, we observed an overall reduction in

expression of genes belonging to the family of metalloproteinases (MMPs). In particu-

lar, the mRNA expression of MMP2, MMP14 and MMP16 and MMP1 as well as the

MMP-inhibitors TIMP1 and TIMP2 were decreased mRNA. Subsequent RT-PCR experi-

ments and preliminary Q-PCR data have confirmed these findings.

Metalloproteinases and neuroinflammation: a possible anti-inflammatory role for CCL2?

MMPs are involved in the degradation of extracellular matrix proteins (37). During

neuroinflammation MMPs are responsible for the breakdown of the tight junctions

between the vascular endothelial cells, enabling infiltration of leukocytes (37).

Furthermore, MMPs have been shown to alter chemokine functionality by cleavage of

chemokines. MMP1 has been shown to cleave CCL2 resulting in a protein with antago-

nist properties when binding to CCR2 (29). Likewise, MMP2 has been shown to cleave

CCL7 (29). Both CCL2 and CCL7 have been suggested to play a role in the pathology of

MS and its corresponding animal model EAE (43). 

Chemokines are generally considered proinflammatory proteins, activating immune

responses. Indeed, CCL2-induced expression of the metalloproteinase MMP9 has been

observed in monocytes (36). In our study prolonged exposure to CCL2 resulted in a

downregulation of MMPs in astrocytes in vitro, which was an unexpected but intriguing

finding. Clearly, cultured human astrocytes respond to CCL2 with the downregulation of

mRNA expression of metalloproteinases. These enzymes are involved in the breakdown

of the BBB during neuroinflammation. The down regulation of MMPs suggests a poten-

tial, additional anti-inflammatory role for CCL2 in nervous tissue. To which extend this

effect applies to the situation in vivo is unknown. Further study is needed to reveal the

mechanisms of CCL2-dependent downregulation of MMPs in human astrocytes.
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L-CCR in EAE

EAE is an animal model showing pathology similar to MS. It has been shown that CCL2

plays an important role in both diseases (26, 35). We therefore investigated possible

expression of L-CCR in adult mice subjected to EAE. RT-PCR, Q-PCR and in situ-

hybridization experiments in brain tissue showed indeed prominent induction of L-

CCR expression in mice suffering from EAE. L-CCR mRNA expression was strongly

induced early after onset of the disease and mRNA levels remained high at more severe

stages of the disease. In addition, a combination of immunohistochemistry and in-situ

hybridization staining identified astrocytes as a primary source of L-CCR expression in

brain and spinal chord tissue affected by EAE. 

The induction of L-CCR mRNA did not correlate with the presence of infiltrating leuk-

ocytes. Thus, L-CCR was expressed well before leukocyte infiltration of the brain sug-

gesting a local neuroinflammatory effect of L-CCR.

The early induction of expression of L-CCR suggests that this receptor plays an impor-

tant role in the pathology of EAE. Additional experiments in L-CCR knock out mice

will be necessary to further validate this hypothesis.

General Conclusion

In this thesis we have investigated the expression and biological activity of the orphan

chemokine receptors L-CCR/HCR in astrocytes and microglia. Several lines of evidence

indicate that the chemokines CCL2, CCL5, CCL7 and CCL8 are agonists for these

receptors. Although a variety of biological L-CCR/HCR responses have been found,

high affinity radioligand binding with CCL2 and CCL5 was not observed. Accordingly,

an official classification of these receptors is not yet possible. 

Moreover, the results presented strongly indicate a role expression of L-CCR/HCR in

neuroinflammation. L-CCR/HCR expression might explain the effects of CCL2 in astro-

cytes lacking the classical CCL2 receptor. More information on the importance of L-

CCR/HCR in neuroinflammation and particularly their role in astrocytes should be

obtained in L-CCR deficient mice.  

Summary

It is now widely accepted that most if not all neurodegenerative diseases like

Alzheimer’s disease, multiple sclerosis and Parkinson’s disease are accompanied by inf-

lammation of nervous tissue. Besides the well-described role of the peripheral immune

system in neuroinflammation, findings of the last decade showed have also shown a

significant contribution of the local neuro-immune system. The neuro-immune system

mainly consists of astrocytes and microglia that are the predominant cellular source of a

variety of pro- and anti-inflammatory mediators. 
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Chemotactic cytokines are a recently described class of inflammatory mediators called

chemokines. These highly specific intercellular mediators orchestrate the migration of

blood leukocytes throughout the body and control large parts of the immune response

in the peripheral immune system. The expression of chemokines in glial cells during

neurodegenerative pathology and recent experiments in chemokine deficient mice sug-

gest a prominent role of chemokines in the infiltration of the central nervous system by

leukocytes; leukocyte infiltration is an important aspect of various neurodegenerative

diseases. 

The expression of functional chemokine receptors in glial cells has led to the suggestion

that chemokines may have additional functions in the endogenous immune response of

the brain. Accordingly, it has been shown that chemokines have local effects on CNS

cells that might contribute to CNS pathology. These effects include neuroprotection,

induction and modulation of cytokine release and synthesis of matrix metalloproteina-

ses,. 

One of the most prominent chemokines known in brain is CCL2. CCL2 not only

attracts blood leukocytes, but activates glial cells as well, indicating the presence of a

functional CCL2 receptor expressed in glial cells. Since the expression of the primary

CCL2 receptor CCR2 in glial cells is controversial, presence of an additional chemokine

receptor in these cells has been suggested. In the current thesis functional expression of

the orphan chemokine receptors (mouse) L-CCR and (human) HCR in mouse and

human glial cells, respectively, was investigated.  We present several lines of evidence

that suggest functional activity of L-CCR/HCR not only in primary glial cells, but also

in heterologous expression systems. In cells expressing L-CCR/HCR several chemoki-

nes induced intracellular signaling, cytoskeletal reorganization and migration. Thus, L-

CCR/HCR responded to stimulation with the chemokines CCL2, CCL5, CCL7 and

CCL8. Other chemokines tested did not produce any effect. An unusual property of L-

CCR/HCR is its lack of radioligand binding capacity. The reason for this property is

currently unknown, but several possible explanations are discussed in this thesis. 

Based on our data we suggested that expression of L-CCR/HCR may provide an expla-

nation for the generally known effects of CCL2 in glial cells. Both the presence and bio-

logical activity of L-CCR/HCR in glial cells was induced in vitro by application of proinf-

lammatory stimuli, such as the bacterial cell wall component lipopolysaccharide and the

free radical species nitric oxide. Subsequently, also in vivo models showed a rapid and

pronounced induction of L-CCR in glial cells under inflammatory conditions.

Specifically, challenge with LPS and development of EAE induced rapid and strong

expression of L-CCR in nervous tissue. Although these results strongly indicate a func-

tion of L-CCR/HCR in inflammation of the central nervous system, the exact role of

this alternative receptor for CCL2 in local neuroinflammation is not known yet.

Therefore, L-CCR deficient mice would provide an exellent tool to further unravel the

role of L-CCR in the central nervous system.
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Een proefschrift komt over het algemeen niet zomaar tot stand, en ook werken meerde-
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deelname of door middel van het geven van persoonlijke en materiële steun tijdens het

gehele promotietraject. Ook voor de completie van het huidig proefschrift zijn een groot
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Stellingen behorende bij het proefschrift

Orphan chemokine receptors in neuroimmunology:

Functional and pharmacological analysis of

L-CCR and HCR

M.W. Zuurman

1. HCR is de humane homoloog van muis L-CCR en beide zijn functionele

chemokine receptoren.

2. Het gebruik van een uniform formaat van wetenschappelijke artikelen onafhankelijk

van het tijdschrift zal de wetenschap een hoop tijd, geld en ergenis besparen.

3. Als gevolg van een Idée Fixe van het belang van neuronen was het meeste neuro-

wetenschappelijk onderzoek lange tijd gericht op neuronen in het nadeel van glia 

cellen. De huidige kennis van de functie van glia cellen logenstraft dit.  

4. Het immuun systeem houdt niet op waar het centraal zenuwstelsel begint. 

5. Een niet volledig geslaagde “deorphanization” van L-CCR heeft de verwezenlijking 

van dit proefschrift niet negatief beïnvloed. 

6. Het ontbreken van receptor radioligand agonist binding betekent niet dat het 

ligand geen functionele receptor activiteit zou kunnen induceren. 

7. L-CCR vervult een functie in EAE, een diermodel voor MS. 

8. Remming van de basale motiliteit van L-CCR exprimerende HEK cellen door het 

chemokine CXCL10 zou kunnen wijzen op invers agonisme.  

9. De snelle induceerbaarheid van L-CCR receptor expressie in muizen hersenen 

onder (perifere) ontstekingsomstandigheden suggereert een functie voor L-CCR 

als communicatiemiddel tussen het immuunsysteem en het centraal zenuwstelsel. 

10. De remming van metalloproteinase mRNA expressie door het chemokine 

CCL2 in humane HCR exprimerende astrocyten in vitro suggereert een anti-

neuroïnflammatoire functie voor HCR in vivo. 




