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CHAPTER1
Introduction



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). 
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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
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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)
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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.
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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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