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1 Introduction

Historically the central nervous system (CNS) has been viewed as a relatively
immune sheltered tissue. Under physiological conditions the CNS is devoid of
leukocytes, including professional antigen presenting cells (APC), is deficient in
key immune accessory molecules such as major histocompatibility molecules
(MHC) and is protected by an effective blood brain barrier. Significantly, however,
in numerous pathological states including infectious diseases and autoimmune
disorders (e.g. multiple sclerosis) immune cells are effectively recruited to and
infiltrate in the CNS. This immune response can be a two-edged sword required on
the one hand to control infection and facilitate tissue repair and regeneration but
on the other causing tissue injury that can result in life threatening complications.
Therefore, understanding the mechanisms that control the trafficking of leukocytes
to the CNS and the subsequent interactions between these cells that contribute to
tissue injury has significant implications.

Key to our understanding of the mechanisms that govern leukocyte trafficking
has been the relatively recent discovery of a large super-family of mostly small
proteins (termed chemokines) that are leukocyte chemoattractant molecules (for
reviews see (Rot and von Andrian, 2004; Charo and Ransohoff, 2006). The chem-
okines are grouped in four subfamilies, CXC, CC, C, and CX3C, based on the
arrangement of NH2-terminal cysteine amino acids. It is now clear that chemokines
have major roles in regulating leukocyte migration to the brain in inflammatory
disease states (Engelhardt, 2006; Rebenko-Moll et al., 2006). The chemokine gene
super-family can be further divided into two broad groups based on their gene expression
properties. The first group are the constitutively expressed chemokines of which
the CXC family chemokine CXCL12 (SDF-1) and the CX3C family member
CX3CL1 (fractalkine) are the best characterized. In contrast to the constitutively
expressed chemokines, a second larger group of chemokines consisting of many
members of both the CXC and CC families, are not detectable under normal conditions
in most non-immune tissues including the brain. However, abundant CNS production
of chemokines belonging to this second group is found following a variety of insults
including trauma, ischemia, infection and inflammation. The induction of these
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chemokines following such insults can be mediated by a number of factors including
microbial products (e.g., LPS) and host defense molecules such as cytokines (e.g.,
IL-1, IFN-y and TNF). Cells intrinsic to the nervous system, including neurons, the
macroglia and microglia, all have the ability to produce different chemokines
(reviewed in Asensio and Campbell (1999) and Ubogu et al. (2006) ). Moreover,
the surfaces of these same cells are decorated with a variety of different chemokine
receptors. Thus, the CNS seemingly has its own chemokine ligand/receptor network,
which is consistent with the growing awareness that the function of chemokines
could extend well beyond the regulation of leukocyte trafficking in the brain
(Asensio and Campbell, 1999; Mennicken et al., 1999).

So it can be seen that the CNS biology of the chemokines is likely to extend well
beyond the singular function of leukocyte chemotaxis. A number of important
questions are therefore raised concerning the functions of the chemokines in the
CNS. Some key questions include: (1) Do the presence of chemokines in different
disordered states reflect their primary involvement or is an epiphenomenon? (2) Is
there a cause and effect relationship between the production of a particular
chemokine (or chemokines) and the development of specific molecular and cellular
neuropathological alterations? (3) What are the mechanisms that underlie chemokine-
mediated actions in the CNS? (4) Could manipulation of the chemokines or their
receptors be used as a rational means for therapeutic intervention? To begin to
address these questions experimental approaches are required that are non-invasive
and organism-based. Of particular significance in this regard has been the application
of genetic engineering technology that has permitted the germline transmission of
foreign genes (transgenes) in the mouse. This is accomplished via a fusion gene
construct (transgene) in which the gene of interest is placed under the transcriptional
control of a cell-specific promoter. The transgene is then introduced (most commonly
by microinjection) into the pronucleus of fertilized eggs, which are then implanted
in the oviduct of pseudopregnant recipient mice. The transgenic approach has a
number of advantages over other approaches such as intracerebral infusion or in
vitro cell culture. Transgenic modeling allows the prolonged, reproducible delivery
of a specific pure protein to specific cells in the intact CNS. The actions of the
transgene product are exerted and can be assessed in a milieu where the anatomic
and physiologic interactions of the CNS are preserved. Moreover, individual lines
of mice in which the transgene is stably integrated into the genome can be developed
and provide an unrestricted source of animals identical for the introduced genetic
and molecular alteration, hence permitting systematic multi-level analysis of patho-
logical, electrophysiological, neuroendocrinological and behavioral manifestations.
For more detailed reviews of these techniques see (Galli-Taliadoros et al., 1995;
Campbell and Gold, 1996; Campbell et al., 1998).

The application of genetically-manipulated animal models to study the CNS
biology of the chemokines and their receptors has emerged as an important experi-
mental approach. In this chapter, we will discuss findings from studies based on
the use of CNS-chemokine transgenic models. In particular, we will focus on the
contribution that these models have made to our understanding of the basic functions
and mechanisms of actions of chemokines in the CNS.
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2 Transgenic Production of Chemokines in the CNS

As mentioned in the preceding, a great many chemokines belonging in particular to
the CXC and CC families are known to be induced in the brain during a variety of
different pathologic states (Asensio and Campbell, 1999; Ransohoff, 2002;
Rebenko-Moll et al., 2006; Ubogu et al., 2006). The consequences of chemokine
expression in the unmanipulated CNS and in some cases in stimulus-evoked
disease models have been examined in transgenic mice with CNS-targeted expression
of specific chemokines. A summary of the salient features of transgenic models in
which CNS-specific promoter constructs were used to drive expression of a specific
chemokine gene is given in Table 1 and will be outlined in more detail in the
following commentary.

2.1 CXCLI(GRO-0./KC/N51)

The chemokine CXCLI1 (also known as GRO-o/KC/N51) contains an N-terminal
ELR-amino acid motif and belongs to the CXC-chemokine family. CXCL1 binds
to the CXCR2 receptor found predominantly on the surface of neutrophils. Not
surprisingly, CXCL1 is a potent neutrophil chemoattractant. That this chemokine
has a wider function in the CNS is supported by numerous studies. Cells intrinsic
to the CNS including neurons (Horuk et al., 1997), astrocytes (Danik et al., 2003; Flynn
et al., 2003), microglia (Filipovic et al., 2003; Flynn et al., 2003), oligodendrocyte
precursor cells (Nguyen and Stangel, 2001) and mature oligodendrocytes (Omari
et al., 2006) have been reported to have the CXCR?2 receptor. A role for CXCR2/
CXCLI interaction is documented in rodents in the development and maintenance
of the oligodendrocyte lineage, myelination, and white matter in the neonatal and
adult CNS (Padovani-Claudio et al., 2006).

The CNS function of this chemokine was examined in transgenic mice by plac-
ing the CXCL1 gene under the transcriptional control of the myelin basic protein
(MBP) promoter (Tani et al., 1996). In the resulting transgenic mice (termed MBP-
KC) transgene-encoded mRNA levels were coincident with the developmentally-
regulated pattern of endogenous MBP, peaking at 2—3 week of age, before declining
to low levels characteristically seen in adult brain. During the period of maximal
transgene expression, the brain of MBP-KC mice was heavily infiltrated with
neutrophils that accumulated in perivascular, meningeal and parenchymal sites. At
this time, despite loss of blood brain barrier (BBB) integrity and focal gliosis, there
was no evidence of brain tissue destruction nor did affected animals display abnormal
neurological signs. These results underscore the ability of CXCL1 to promote
neutrophil migration to and extravasation in the CNS. However, the absence of any
tissue destruction suggests that this chemokine does not activate the neutrophils.

Curiously, in one high transgene expressing line, from >40 days of age, mice
exhibited a syndrome of progressive neurological dysfunction consisting of slowing
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of the righting reflex, clumsiness, increase of rigidity of the hindlimbs and tail and
profound truncal instability. The major neuropathological findings were florid
microglial activation and BBB disruption without dysmyelination. Despite the
severity of this neurological disorder (which resulted in premature death), there was
no histological evidence of damage to neurons, myelin or axons. Although the basis
for the neurological dysfunction developing in the MBP-KC mice is unknown, Tani
et al. (1996) speculated that this might be due to the glial and BBB perturbations.
It is also possible as the authors suggested that chronic exposure of neurons to the
chemokine may directly compromise their function. In support of such a mecha-
nism, CXCL1 can enhance both stimulus-evoked and spontaneous postsynaptic
currents (Ragozzino et al., 1998), and increase neurotransmitter release and reduce
long-term depression (Giovannelli et al., 1998), in Purkinje neurons. On the other
hand, despite accumulating evidence that CXCLI influences oligodendrocyte pre-
cursor cell and differentiated oligodendrocyte function both in vitro and in vivo,
surprisingly, MBP-KC mice were reported to exhibit normal CNS myelination both
in the acute and chronic disorders (Tani et al., 1996).

2.2 CXCLIO (IP-10)

CXCLI10 (also known as IP-10) belongs to a sub-family of chemokines that include
CXCL9 (MIG) and CXCL11 (ITAC) within the CXC family. Unlike CXCL1,
the chemokines in this sub-family lack the N-terminal ELR-amino acid motif. Expression
of the CXCL9, CXCL10 and CXCL11 genes is induced by the cytokine IFN-y and
all three chemokines bind to a common receptor, CXCR3. High levels of CXCR3
can be found principally on activated CD4* Thl and CD8* T-cells and NK-cells
(Taub et al., 1993, 1996a; Hopkins and Rothwell, 1995; Liao et al., 1995; Loetscher
et al., 1996; Cole et al., 1998). In keeping with this cellular receptor distribution,
CX(C9, CXCL10 and CXCL11 all promote the trafficking of these immune cells in
vitro and are strongly implicated in the generation of type I immune responses
associated with anti-viral host defense, transplant rejection and autoimmunity
(Liu et al., 2005). Evidence from rodent studies indicate that a functional CXCR3
receptor exists on microglia (Rappert et al., 2004) and neurons (Nelson and Gruol,
2004). Descriptive studies confirm the presence of high levels of CXCL10 RNA
and protein, particularly in astrocytes and neurons, in a variety of experimental and
human neurological diseases including viral infection and autoimmune diseases
(Klein, 2004; Liu et al., 2005).

A transgenic mouse model was developed in which the GFAP promoter was
used to accomplish astrocyte-targeted production of CXCL10 (see Fig. 10.1)
(Boztug et al., 2002). Astrocyte-localized production of the GFAP-transgene
encoded CXCL10 RNA was confirmed while production of CXCL10 at the
protein level was demonstrated by immunoblotting. The levels of these trans-
gene-encoded products were shown to be similar to levels of the endogenous
CXCL10 induced following viral infection of the mouse brain confirming the
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Astrocyte J’

Fig. 10.1 Generation of transgenic mice with CXCL10 gene production targeted to astro-
cytes. A cDNA encoding murine CXCL10 was inserted downstream of the murine GFAP pro-
moter and upstream of a human growth hormone (hGH) polyadenylation signal sequence. This
transgene construct was microinjected into the germ line of mice to generate a stable transgenic
line. The presence of CXCL10 gene expression in astrocytes (lower panel) was confirmed by in
situ hybridization for CXCL10 RNA combined with immunohistochemistry for GFAP protein.
Note that some CXCL10 RNA positive astrocytes (black arrows) extend processes (blue arrows)
to a blood vessel (asterisk) that is close by (See Color Plates).

pathophysiological relevance of this model. These GFAP-CXCLI10 transgenic
mice bred normally and appeared physically unimpaired. Histological evaluation
of the brain revealed a predominantly subarachnoidal and meningeal accumulation
of mixed leukocytes with only minor parenchymal infiltration (see Fig. 10.2).
The accumulation of leukocytes in the brain of these transgenic mice was mark-
edly amplified by systemic immune challenge after immunization with complete
Freund’s adjuvant and pertussis toxin. Immunophenotypic characterization of
these infiltrates revealed surprisingly, that the majority of infiltrating leukocytes
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Fig. 10.2 Histological evaluation of the brain from GFAP-CXCLI10 transgenic mice. A. appearance
of a perivascular leukocyte infiltrate in the meninges (haematoxylin and eosin stained section;
original magnification x100). B. numerous neutrophils were observed (arrows) in the leukocyte
infiltrates, (haematoxylin & eosin stained section; original magnification x1,000) (See Color Plates).

were neutrophils and macrophages with a minority being represented by CD* T-
cells. These observations suggest that constitutive astrocyte production of
CXCL10 in the CNS does not provide an effective signal for the recruitment
of T-cells from the periphery. This conclusion is in keeping with the findings
from more recent reports that found that mice deficient for CXCL10 exhibit simi-
lar clinical and pathological outcomes as wild type controls for experimental
autoimmune encephalomyelitis (EAE-a CD4 + T-cell-mediated disease) (Klein et
al., 2004) as well as murine hepatitis virus encephalitis (Stiles et al., 2006).

The finding that neutrophils were preferentially recruited to the CNS of the
GFAP-CXCL10 transgenic mice was unexpected since these cells were not known
to have CXCR3. This point was confirmed by the studies of Boztug et al. (2002)
who used fluorescence activated cell sorting analysis to show that the neutrophil
population present in the CNS of the GFAP-CXCL10 transgenic mice were
CXCR3 negative. Moreover, the results of a survey of the cerebral expression of a
large number of other chemokines including ELR-CXC chemokines known to have
neutrophil chemoattractant properties proved unremarkable. Therefore, the basis
for the preferential accumulation of neutrophils in the brain of the transgenic mice
is unknown. In all, these findings argue for a CXCR3-independent chemoattractant
mechanism mediated by CXCL10 for the recruitment of neutrophils to the brain. It
is interesting to note that an alternative receptor for CXCL10 has been reported on
endothelial and epithelial cells (Soejima and Rollins, 2001). However, the identity
of this novel CXCLI10 binding moiety and its functional signature is currently
unknown.

Of further note in these GFAP-CXCLI10 transgenic mice was the lack of any
gliosis or degenerative features that would be expected if there existed a destructive
immunoinflammatory response in the CNS. So while constitutive, astrocyte-targeted
production of CXCL10 can promote the recruitment of leukocytes to the CNS, this
chemokine lacks the ability to further influence these cells, in particular, to drive
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a functional immune response. Moreover, although there are reports that a func-
tional CXCR3 exists on neurons (Nelson and Gruol, 2004) and microglia (Rappert
et al., 2004) in the rodent CNS, there would seem to be little effect of CXCL10 on
these cells in this transgenic model. A possible explanation for this lack of effect of
CXCLI10 is that there is desensitization to the chemokine through CXCR3
downregulation. In support of this idea, hippocampal slices from wild type but
not GFAP-CXCLI10 transgenic mice in response to acute exposure to recombinant
CXCLI10 protein were shown to exhibit altered synaptic plasticity that was CXCR3-
dependent (Vlkolinsky et al., 2004).

Interestingly, the role of CXCLI10 as an effective T-cell chemoattractant may
depend on the tissue in which the chemokine is produced. In contrast to the CNS,
transgenic production of CXCLI10 targeted to the beta cells of the islets of
Langerhans induced spontaneous infiltration of large numbers of CD4 + and CDS8
+ T-cells around the islets (Rhode et al., 2005). Moreover, islet CXCL10 production
markedly accelerated a stimulus-evoked autoimmune process by enhancing the
migration of antigen-specific T-cells to the islets resulting in the development type
I diabetes.

2.3 CCL2 (MCP-1)

The chemokine CCL2 (also known as MCP-1 and JE) was first identified as a
monocyte attracting chemokine (Rollins, 1991; Rollins et al., 1991) but also has
been shown to attract a wide variety of other leukocytes, including, activated
T-cells, dendritic cells, mast cells and basophils (Taub et al., 1996b; Gunn et al.,
1997; Siveke and Hamann, 1998). Although CCL2 binds to a number of CC recep-
tors the primary receptor for this chemokine is CCR2. Cells within the CNS including
astrocytes and microglia have been shown to be positive for CCR2 (Banisadr et al.,
2002), while the ligand is produced by astrocytes (Ransohoff et al., 1993; Glabinski
et al., 1996). CCL2 is implicated in the pathogenesis of a wide variety of experi-
mental and human neurodegenerative and immune-mediated disorders (Cartier
et al., 2005).

The first transgenic model developed to achieve CCL2 production in the CNS of
mice employed the MBP-promoter to drive expression of the CCL2 gene in
oligodendrocytes (Fuentes et al., 1995). Temporal expression of transgene-encoded
CCL2 RNA followed that of endogenous MBP peaking between the second and
third post-natal week before declining. In addition, CCL2 protein was demon-
strated to be present in the brain of the transgenic but not wild type mice during
peak transgene gene expression. In concordance with the temporal profile of trans-
gene-encoded CCL2 production, discrete monocytic cell infiltrates were observed
throughout the brain predominantly in perivascular sites in the meninges, choroid
plexus, and brain parenchymal white matter. The intensity of these infiltrates could
be increased as well as further parenchymal infiltration stimulated, following systemic
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LPS administration to the MBP-MCP1 transgenic mice. Importantly, there was no
evidence of either spontaneous or stimulus-evoked CNS injury, particularly in
white matter, in these transgenic mice. The observations in this model confirmed
the potent monocyte chemoattractant properties of CCL2 and further indicate that
while CCL2 can provide a signal for the recruitment of these cells to the CNS,
the chemokine does not directly stimulate these cells to engage in an active inflam-
matory process.

However, a more recent study using these transgenic mice revealed that a
systemic injection of pertussis toxin can induce a reversible encephalopathy with
clinical signs, including tremor, inactivity, limb clasping and weight loss (Toft-
Hansen et al., 2006). Encephalopathic signs were correlated with a more diffuse
distribution of monocytes, which were less restricted to the perivascular space sug-
gesting a role for the inflammatory process in the clinical symptoms. However the
pathological basis for the physical impairments in these mice was not determined
and it therefore remains unclear whether tissue injury was also involved. Increased
levels of metalloproteinases were found in pertussis toxin treated MBP-CCL2 trans-
genic mice, suggesting a critical need for metalloproteinases for the parenchymal
infiltration of the monocytes. Weight loss and parenchymal infiltration, but not
perivascular accumulation, were markedly resolved by the broad-spectrum metal-
loproteinase inhibitor BB-94/Batimastat. The findings suggest that a critical event
in inducing disease in this model is metalloproteinase-dependent leukocyte migration
across the astroglial basement membrane of the blood-brain barrier, which is
induced by pertussis toxin.

As noted above, astrocytes but not oligodendrocytes have been found to be a
major source of CCL2 in various CNS pathologies. The production of CCL2
under the control of the MBP-promoter follows a similar temporal pattern as the
endogenous gene and produces a spike of CCL2 activity. The delivery of maximal
transgene-derived CCL2 in this model occurs during a developmentally sensitive
period before subsiding making this model less relevant for studying the effects
of CCL2 on the adult brain. In order to address these issues, Huang and co-workers
generated transgenic mice with astrocyte-targeted expression of the CCL2 gene
driven by the human GFAP promoter (Huang et al., 2002, 2005). These GFAP-
CCL2 transgenic mice produced CCL2 in the CNS at levels similar to those pro-
duced during EAE, yet, these animals exhibited little spontaneous inflammation.
This contrasts with the MBP-CCL2 transgenic mouse model in which widespread
and marked perivascular accumulation of monocytes was seen. The explanation
for this difference between these models is not clear but it may reflect the chronic
and more generalized production of high levels of CCL2 in the case of the GFAP-
CCL2 transgenic mice. However, systemic immunization with complete Freund’s
adjuvant and injection of pertussis toxin induces a transient encephalopathy with
elevated levels of IFN-yand IL-2 in the GFAP-CCL2 transgenic mice. Interestingly,
the encephalopathy was less severe in CCL2 transgenic mice on a T-cell deficient
background, indicating the involvement of T-cells and not only monocytes in the
observed encephalopathy (Huang et al., 2002). Moreover, this phenotype was
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shown to be dependent on CCR2 indicating that under these conditions CCR2 is
the principal receptor for CCL2 in the murine CNS. Although a number of studies
have suggested that CCR2 activation in the periphery downregulates Th1-T-cell
development and can augment Th2-T-cell development (Daly and Rollins, 2003),
the findings in the GFAP-CCL2 transgenic mouse indicate that in the CNS, CCL2
may recruit Thl T-cells or direct T-cell polarization toward type 1 cytokine pro-
duction. This concept is also supported by the finding that mice deficient for the
CCL2 receptor, CCR2, are resistant to the development of the CD4* T-cell-medi-
ated autoimmune disease, EAE (Fife et al., 2000). However, in findings that are
difficult to reconcile with these conclusions, it has been reported that GFAP-CCL2
transgenic mice developed significantly milder EAE disease than littermate controls
(Elhofy et al., 2005). Antigen-specific T-cells recovered from the GFAP-CCL2
transgenic mice showed decrease proliferative response to autoantigen and
secreted less IFN-y and had lower levels of IL-12 receptor RNA. These studies
suggest that rather than augmenting Thl cells, that chronic CCL2 production in
the CNS impairs the function of these cells.

Although it has been possible to produce stimulus-evoked encephalopathy in
MBP- and GFAP-CCL2 transgenic mice by systemic innate immune challenge
these disorders are largely transient and therefore do not model the increased
levels of CNS CCL2 that have been reported to occur in chronic neurological
diseases such as human immunodeficiency virus type l-associated dementia,
amyotrophic lateral sclerosis, and multiple sclerosis. However, Huang et al.
(2005) report from a more recent study that GFAP-CCL2 transgenic mice develop
a spontaneous, delayed encephalopathy from >7 months of age. These mice pre-
sented with loss of weight, a hunched posture, slow response to tactile stimuli and
a flaccid tail. Some animals even developed a hind-limb paralysis at > 12 months
of age. The brain exhibited perivascular infiltrates made up of activated macro-
phages, microglia with morphological activation, and impaired BBB. Surprisingly,
no evidence was found for demyelination or of reduced neurons, axons, or synapses
of neural components. Microglia in the GFAP-CCL2 transgenic mice, despite the
appearance of activation and increased CD45 immunoreactivity, were found to
be defective in their response to environmental stimuli in vitro. The Authors
propose that chronic elevation of CCL2 in the CNS leads to desensitization of
CCR2 and microglial dysfunction.

Further support for the notion that chronic CCL2 leads to microglial dysfunction
comes from a study by Yamamoto et al. who generated bigenic GFAP-CCL2/tg
2576 mice that, in addition to chronic CCL2, also overproduce a mutant amyloid
precursor protein (APP) in the CNS (Yamamoto et al., 2005). These workers
found a significant increase in amyloid deposition in CCL2/APP bigenic mice
compared with APP singly transgenic mice. Despite being accompanied by an
increase in lesion-associated macrophages/microglia, evidence is provided suggesting
that these cells show reduced phagocytic function leading to accelerated amyloid
deposition. These findings underline the importance of considering the participa-
tion of chemokines and chemokine driven monocyte accumulation and function in
the pathogenesis of degenerative CNS diseases.
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2.4 CCLI19 (MIP-3B/ELC/exodus-3) and CCL21
(6Ckine/.SLC/exodus-2)

The chemokines CCL19 and CCL21 have been implicated in the migration of
lymphocytes and are produced in secondary lymphoid organs such as the lymph
nodes. Both these chemokines bind to CCR7 and CCR11. Mice lacking CCR7
have impaired migration of lymphocytes into secondary lymphoid organs
(Forster et al., 1999). CCL21 but not CCL19 has also been reported to bind to
CXCR3 (Rappert et al., 2002). CCL19 and CCL21 are localized in venules sur-
rounded by CCR7 positive inflammatory cells in the brain and spinal cord of
mice with EAE and functional studies suggest that CCL19 and CCL21 are
involved in T lymphocyte migration into the central nervous system during
EAE (Alt et al., 2002). However, recent studies in CCR7 deficient mice suggest
that CCL19 and CCL21 function may be dispensable in EAE (Pahuja et al.,
2006). This interpretation is complicated in the case of CCL21 since this chem-
okine could still play a role in EAE in CCR7 deficient mice via CXCR3 on
encephalitogenic T-cells. Moreover, CCL21 was reported to be produced by
neurons in the murine brain following ischemic insult, highlighting the exist-
ence of an intrinsic source of this chemokine in the CNS that could interact
with microglia via CXCR3 (Biber et al., 2002).

To study the biological role of the chemokine ligands CCL19 and CCL21,
transgenic mice were developed that expressed either CCL19 or CCL21 in
oligodendrocytes of the CNS using an MBP-promoter construct (Chen et al.,
2002a). As expected, transgene-encoded CCL19 and CCL20 mRNA was develop-
mentally regulated and peaked at 2-3 weeks of age. Expression of CCL19 or
CCL21 protein in the CNS of the transgenic mice was confirmed by immunohisto-
chemical staining. CCL19 producing transgenic mice did not show any clinical or
histological phenotype, which led to the conclusion that CCL19, at least from dif-
fuse cerebral expression, is not able to attract leukocytes into the brain or cause a
CNS pathology. In contrast, transgenic mice with MBP-promoter driven produc-
tion of CCL21 developed a rapid onset encephalopathy with tremor, ataxia and
weight loss. Most of the CCL21 producing animals died within 4 weeks. Studies
in vitro documented a chemotactic effect of CCL21 for thymocytes, naive T cells,
dendritic cells and B cells and not for macrophages and neutrophils (Hedrick and
Zlotnik, 1997; Nagira et al., 1997; Kellermann et al., 1999). However, cerebral
infiltrates in CCL21 producing transgenic mice consisted almost exclusively of
neutrophils and eosinophils. These infiltrates were associated with gliosis, microglial
activation and demyelination. Infiltrating lymphocytes were not observed-even in
areas in which the BBB was disrupted. The lack of lymphocyte infiltration is a
notable finding because transgenic expression of CCL21 in the pancreas induced
lymphocyte influx and led to the formation of lymph node like structures (Fan
et al., 2000; Chen et al., 2002b). It would thus appear that tissue-specific factors
that might include for example, specific adhesion molecules and other cofactors,
are required for CCL21 to induce lymphocyte recruitment.
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As pointed out by the Authors the phenotypic differences observed between
MBP-CCL21 and MBP-CCLI19 transgenic mice is very interesting given that
these chemokines are functionally related and bind to the same cell surface receptors,
CCR7 and CCR11. However, and as noted above CCL21 but not CCL19 also
binds to CXCR3, which in the case of murine microglia produces functional altera-
tions in these cells (Rappert et al., 2002). Interestingly, the same workers have
reported that neurons in the ischemic brain produce CCL21 (Biber et al., 2001).
These observations have led to the suggestion that CCL21 and CXCR3 may mediate
neuron-glia interactions during disease conditions. It is speculated that CCL21
derived from transgenic oligodendrocytes in the brain of the MBP-CCL21 mice
may have interacted with CXCR3 on microglia inducing an inflammatory response
that led to the influx of inflammatory cells into the CNS. While further studies,
such as crossing the MBP-CCL21 transgenic mice with CXCR3 deficient animals,
would help to clarify this mechanism, as noted in the preceding discussion, trans-
genic mice with astrocyte-targeted production of the primary CXCR3 ligand
CXCLI10 do not share the severe neurological phenotype of the MBP-CCL2 mice.

3 Concluding Discussion

An important constraint with the transgenic approach that needs to be considered
relates to the spatial and temporal control of transgene expression. The production
of chemokines in pathologic states such as in EAE is regulated in a temporal fashion
that precedes and then overlaps with the severity of the disease process. Moreover,
the spatial pattern of expression of chemokines such as CXCL10 is focally
restricted to the immunoinflammatory lesions. The production of chemokines
achieved in pathologic states therefore would favor the establishment of highly
localized chemoattractant gradients that then guide the trafficking of leukocytes. In
contrast, in the transgenic model the chemokine is produced more chronically and
more diffusely throughout the CNS. In addition to the potential for receptor
down-regulation and desensitization of the ligand response, it is likely that any
chemoattractant gradient in this milieu would be much weaker in strength and more
widely distributed. Technically achieving more acute and focal expression of the
chemokine to better replicate pathologic states in the adult brain using transgenic
modeling is clearly desirable but difficult to achieve at this time. Although constructs
have been engineered that permit the temporal control of transgene expression in
the CNS, more precise spatial targeting that would allow for highly localized
production of the chemokine in neural cells such as astrocytes is not yet possible.

Despite the drawbacks noted in the preceding discussion, it is clear that development
of molecular genetic methods that allow for the targeted manipulation of gene
expression in an intact organism has been important in contributing to our under-
standing of the actions of chemokines in the CNS in physiologic and pathologic
states (see Table 1). Promoter-driven expression of different biologically relevant
chemokines in the CNS of transgenic mice highlight the ability of some but not all
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of these molecules to stimulate the recruitment but commonly not the functional
activation of specific subsets of leukocytes to the CNS. With certain chemokines
such as CXCL10 and CCL21, their transgenic production in the CNS led to the
accumulation of unexpected leukocyte phenotypes that could not have been
predicted based on either in vitro chemotaxis assays or the known cellular distribu-
tion of the receptor. This to some extent reflects the complexity of the actions and
interactions between chemokines and their receptors many of which we know to be
promiscuous for the ligands they bind. Moreover, differences in the immunophenotype
of leukocytes recruited to the CNS versus peripheral tissues following organ-
specific transgene driven chemokine production indicates that tissue-specific influences
can clearly determine how a chemokine will behave in that milieu. There are still
considerable gaps in our understanding of chemokine biology and neurobiology.
However, ongoing and future studies employing approaches such as transgenic
modeling no doubt will begin to fill these gaps.
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