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Abstract
It has been established recently that inflammation of the central nervous system
(CNS) is accompanied by an expression of chemokines within the CNS. Several
lines of evidence suggest that chemokines within the CNS initiate and orchestrate
the infiltration of the inflamed brain by blood leukocytes. In line with this assump-
tion is the finding that glial cells expressing the chemokine ligands CXCL10 and
CXCL9 accompany the presence of CXCR3 positive T-cells in the CNS in demyeli-
nating diseases. 

It is also known that endogenous cells of the CNS express functional chemokine
receptors, raising the possibility that chemokines may be involved in intercellular
signaling between brain cells during brain inflammation. Since it was shown recent-
ly that CXCL10, but also CCL21 expression is induced rapidly in damaged neurons
it seemed of interest to investigate whether CXCR3 is expressed in brain cells.
Astrocytes and microglia from neonatal mouse brain and adult human brain were
grown in culture and investigated for CXCR3 expression by the means of various
techniques. RT-PCR experiments and in situ hybridization analysis revealed that
astrocytes and microglia from both mouse and human sources express CXCR3
mRNA. Protein expression of CXCR3 in all cell types was detected by immunocy-
tochemistry. Moreover, stimulation of cultured glial cells with chemokine ligands for
CXCR3 induced intracellular calcium transients and chemotaxis, indicating the
functional expression of CXCR3. 

These results indicate that glial cells in culture functionally express the chemokine
receptor CXCR3. Since damaged neurons rapidly induce the expression of
chemokines that activate CXCR3 it is suggested that glial expression of CXCR3
might contribute to an intercellular signaling system in the CNS related to patho-
logical conditions. 
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Introduction
Chemokines are small chemotactic cytokines of approximately 10 kDa, which
orchestrate the inflammatory response by attracting leukocytes to sites of inflamma-
tion and by controlling the homing of dendritic cells, T cells and B cells (for review
see: 34,35). Chemokines and their receptors, all of which are G-protein coupled, are
subdivided into four families: CXC-, CC-, C- and CX3C-chemokines 29. Due to
mouse and human genome projects and EST databases a large number of
chemokines and chemokine receptors has been found in the last few years 35. In
humans more than 40 chemokines and 18 chemokine receptors have been identi-
fied 29. Beyond their functions in immune and inflammatory reactions, chemokines
mediate a wide variety of different processes throughout the body. It has been shown
for example that chemokines and their receptors are also involved in development,
maturation of leukocytes, angiogenesis, metastasis, wound healing and allograft
rejection 21,35,36.

Chemokines and their receptors are not only found in the periphery. It has been
shown that chemokines and their receptors are also expressed in the central nervous
system (CNS) during development and pathology (for review see: 4,5,14,19).
Several lines of evidence indicate that chemokine expression in the CNS is primari-
ly involved in the infiltration of the CNS by blood leukocytes in response to CNS
diseases 4,28,46. In addition, new findings suggest that neurons and most glial cell types
also express chemokine receptors. This has raised the suggestion that chemokines
may contribute to an intercellular signalling system related to pathological condi-
tions within the CNS 5,22. Two CXC chemokines, CXCL10 (formerly known as IP-
10, interferon-γ inducible protein 10) and CXCL9 (formerly known as MIG,
monokine induced by interferon-γ) have been found in brain areas affected by
ischemic brain damage 44,45, in experimental autoimmune encephalomyelitis (EAE)
17,31 and in multiple sclerosis 6,39,40. CXCL9- and CXCL10-positive cells within the
CNS are mainly glial cells, whereas the corresponding receptor CXCR3 27 in CNS
tissue was predominantly found in T-cells 6,39,40. 

Recent data indicate that chemokines in the CNS are not only expressed by glial
cells. Chemokine ligands for CXCR3 are rapidly expressed by neurons after
ischemic brain damage 8,44,45, raising the question on the function of neuronal
chemokines. Although in some reports expression of CXCR3 in CNS tissue has
been demonstrated, few data are available on the expression of CXCR3 in specific
brain cells. We therefore studied the expression of CXCR3 in cultured glial cells. 
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Experimental procedures

Chemicals
Dulbecco’s modified Eagle Medium and HAMF10 was purchased from Gibco BRL
Life Technologies (Breda, Netherlands); Percoll from Pharmacia Biotech (Upsalla,
Sweden); TA vector pCRII from Invitrogen (Leek, Netherlands); digoxigenin-con-
jugated UTP and alkaline phosphatase conjugated sheep-anti-digoxigenin from
Boehringer Mannheim (Mannheim, Germany); biotin-labeled anti-mouse IgG
from Sigma-Aldrich (Bornhem, Belgium); steptavidin horseradish peroxidase
(HRP) from Amersham (Leek, The Netherlands); recombinant mouse and human
chemokines Pepro Tech EC Ltd (London, United Kingdom); antibodies for mouse
GFAP from Chemicon (Temencula, USA); human GFAP from Dako (Denmark);
human CXCR3 from R&D systems, murine affinity-purified rabbit anti-murine
CXCR3 (14920, kindly provided by Dr. Julie DeMartino, Merck Research
Laboratories, Rahway, NJ, USA). Fura-2 AM and all other chemicals were obtained
from Sigma-Aldrich. 

Cell cultures

Mixed mouse astrocyte cell cultures and microglia
Mixed astrocyte cell cultures were established as described previously 7. Cultures
were maintained up to 4 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. Culture medium was changed the second day after preparation and every 6
days thereafter. These cultures contained 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. For
in situ hybridization and immunocytochemistry mixed astrocyte cultures were incu-
bated with 0.25% w/v pocine trypsin at 37°C for 10 min and seeded on poly-L-
lysine-coated glass coverslips. Floating microglia were harvested from confluent
mixed astrocyte cultures and plated on new culture dishes. Microglia cultures were
pure (> 95%) as tested by cell specific markers (F4/80). For calcium measurements
cells were seeded on glass coverslips and left in suspension for chemotaxis assay. 

Human glial cells
Human brain tissue was obtained by rapid autopsy according to standardized pro-
cedures under the management of the Netherlands Brain Bank (Amsterdam, The
Netherlands; coordinator Dr. R. Ravid). All patients or their next of kin had given
written consent for autopsy during life, and for use of their brain tissue for research
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purposes. Medical records were obtained for all patients prior to autopsy, and
pathology evaluation was performed to confirm the clinical diagnosis. Primary
human astrocyte cultures were isolated as described previously 13. 

Brain tissue samples were taken from the subcortical white matter or corpus cal-
losum from normal control patients. The brain tissue samples were collected in
Dulbecco’s modification of Eagle’s medium (DMEM) with 4500 mg/l glucose and
pyridoxine HCl (Gibco BRL Life Technologies, The Netherlands) diluted 1:1 with
Nutrient mixture F10 (HAMF10, Gibco) with L-glutamine (Gibco) and supple-
mented with 50 µg/ml gentamycin (Gibco). Tissue devoid of meninges and blood
vessels was minced into small fragments (< 2 mm3) and digested with a 0.25%
trypsin solution (porcine pancreas, Sigma, USA) containing 0.05% DNase (bovine
pancreas, Boehringer Mannheim, Germany; 10 ml of this solution was added per 1
g wet weight tissue). After digestion, the cell suspensions were gently triturated, and
washed with DMEM/HAMF10 culture medium containing 10% (v/v) fetal bovine
serum (FBS, heat inactivated, Integro, The Netherlands), 2 mM L-glutamine, 100
IU/ml penicillin and 50 µg/ml streptomycin-sulphate and transferred to 80 cm2 cul-
ture flasks (Greiner, The Netherlands) previously coated with poly-L-lysine (PLL; 15
µg/ml; Sigma, P6282). Flasks were incubated at 37°C in a humidified atmosphere
of 5% CO2 and 95% air for 48 h after which the culture medium was changed to
remove unattached cells and myelin debris. Subsequently, the culture medium was
changed once a week with fresh medium and oligoclonal astrocyte cultures were
grown to reach confluency. For passaging, the adherent cells they were rinsed with
PBS, incubated for 5-10 min with 0.25% w/v porcine trypsin at 37°C and washed
once with culture medium containing 10% v/v FCS.

To obtain primary microglial cell cultures, human postmortem brain tissue sam-
ples were treated as described previously 13. In brief, after digestion of the brain tis-
sue samples (see above) cell suspensions were resuspended in culture medium and
passed through a 100 µm nylon mesh filter (Becton & Dickinson, USA). After fil-
tering, the cell suspension was centrifuged at 275 X g for 7 min, whereafter the cell
pellet was taken up in a final volume of 40 ml of Percoll solution with a density of
1.03 g/ml. This Percoll solution is composed of 11.7 ml Percoll (Pharmacia Biotech,
Sweden), 1.3 ml 1.5 M NaCl, and 40 ml myelin-gradient buffer. The myelin-gradi-
ent buffer consists of sodium phosphatebuffer (composed of a solution of 0.78 g/l
NaH2PO4.H2O which was adjusted to pH 7.4 by adding 3.56 g/l Na2HPO4.2H2O)
containing 8.0 g/l NaCl, 0.4 g/l KCl, 2.0 g/l glucose (pH 7.4) and 0.2% (w/v; final
concentration) bovine serum albumine (BSA, Boehringer, The Netherlands). On
top of the cell suspension in the Percoll solution 6 ml of myelin-gradient buffer was
gently layered. The gradient was centrifuged at 950 X g for 30 min without brakes
(acceleration to 950 X g in 120 seconds). Subsequently, the cell debris/myelin layer
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and interphase were gently aspirated with a 10 ml pipette and the cell pellet was
washed with culture medium at 275 X g for 7 min. For lysis of contaminating ery-
throcytes, the pellet was resuspended with 5 ml of a NH4Cl (0.155 M) and KHCO3

(0.001 M) solution, containing 0.5 ml BSA and kept on ice for 15 min. After wash-
ing the cells were transferred to 80 cm2 uncoated tissue culture flasks. The flasks were
incubated in a humidified incubator at 37°C pulsed with an atmosphere of 5% CO2

and 95% air. Microglial cells adhere to the bottom of the tissue culture flask within
12 h. 

To induce proliferation of microglial cells recombinant human granulocyte-
macrophage colony stimulating factor (rhGM-CSF; stock solution 300 µg/ml;
Leucomax, Sandoz, The Netherlands) was added (final concentration 25 ng/ml) to
the adherent cell cultures every three days. The culture medium was changed once
a week, using fresh culture medium. To passage the adherent cells they were har-
vested using a rubber cell scraper (Costar, MA, USA) or by trypsinization with
0.25% w/v porcine trypsin at 37°C. 

Subcultured human astrocytes were immunoreactive (> 98%) for GFAP (Dako,
Denmark) and glutamine synthetase (Affiniti, UK), and did not stain with mono-
clonal antibodies LeuM5 (CD11c) and LeuM3 (CD14) (Becton & Dickinson,
Belgium), indicating that contamination with macrophage/microglial cells was neg-
ligible. Microglial cells had either a bipolar or an amoeboid morphology and
immunostained (> 98%) with LeuM5 (CD11c), LeuM3 (CD14), KP1 (CD68) and
FcγRI (CD64) whereas they were negative for GFAP. 

Human glial cultures were obtained from the Department of Pathology
(University of Amsterdam, Amsterdam, The Netherlands). In contrast to cultured
human astrocytes, it was not possible to transport cultured human microglia to the
Department of Medical Physiology (University of Groningen, Groningen, The
Netherlands). Since in situ hybridization and calcium measurements were per-
formed at the Department of Medical Physiology, it was not possible to use human
microglia in these experiments. 

Reverse transcription polymerase chain reaction (RT-PCR)
Cells were lysed in guanidinium isothiocyanate/mercaptoethanol buffer and total
RNA was extracted with one phenol-chloroform step, precipitated according to
Chomczynski and Sacchi (1987) 10. Subsequently RNA was treated with RNAse free
DNAse (Sigma-Aldrich, Bornhem, Belgium) for 2 h and precipitated. Reverse tran-
scription (RT): 1 µg of total RNA was transcribed into cDNA as described 7. The
quality of the cDNA was controlled using glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) primers 7 and potential contamination by genomic DNA was
checked for by running the reactions without reverse transcriptase and using

83
> C X C R 3  i n  g l i a l  c e l l s <



GAPDH primers in subsequent polymerase chain reaction (PCR) amplifications.
PCR: 2 µl of the RT reaction was used in subsequent PCR amplification as
described 7. Primer sequences for mouse CXCR3 according to Soto et al. (1998)
(accession number AF045146)41: forward primer: 5’-AACAGCACCTCTCCC-
TACGA- 3’; backward primer: 5’-AAGGCCCCTGCATAGAAGTT- 3’. Primer
sequences for human CXCR3 according to Loetscher et al. (1996) (accession num-
ber X95876)27: forward primer: 5’-TGCCAATACAACTTCCCACA- 3’; backward
primer: 5’-CGGAACTTGACCCCTACA AA-3’. Cycle numbers were 35 and
annealing temperature was 58°C for both primer pairs. Identification of all PCR
products was verified by TA cloning into pCRII (Invitrogen) and subsequent
sequencing. In brief PCR products were stored on ice after the amplification. 20 µl
of the resulting PCR product was checked by gel electrophoresis and 2 µl was used
for ligation into linearized pCRII (Invitrogen) according to the instructions of the
manufacturer. The ligation product was used to transform competent bacteria
(TOP-10F, Invitrogen) and resulting bacterial colonies were grown overnight in 5
ml LB medium. Plasmid preparation was done by standard methods and positive
plasmids were sequenced by ALF (sequencing facility; State University Groningen).

In-situ hybridization
For in situ hybridization pCRII vectors containing mouse or human CXCR3 PCR
products were linearized with BamHI or XhoI. CXCR3 sense and antisense probes
were synthesized by run off transcription and the use of digoxigenin-conjugated
UTP according to the manufacturer’s protocol (Boehringer Mannheim). Cultured
glial cells were seeded on poly-L-lysine-coated glass cover-slides and fixed in 4%
paraformaldehyde for 30 min. In situ hybridization procedure was carried out as
described earlier and alkaline phosphatase-conjugated sheep anti-digoxigenin was
used for the immunological detection of the digoxigenin-labeled RNA-RNA com-
plex 11. Positive cells were counted in randomly chosen areas with a scored eyepiece.
Control experiments included hybridization with digoxigenin-labeled sense probes
and hybridization after treatment of the sections with RNAse.

Immunocytochemistry
Immunocytochemistry in human cultured glia cells was carried out as described pre-
viously 8. All antisera were diluted in phosphate-buffered saline (PBS) containing
0.3% Triton X-100, 1% bovine serum albumin (BSA) and heparin (5 mg/ml). Cells
were seeded on poly-L-lysine-coated glass cover-slides, fixed in 4% paraformalde-
hyde (30 min) and rinsed in PBS. Cells were preincubated in 5% BSA in Tris-
buffered saline (TBS) for 30 min and incubated overnight with mouse anti-human
CXCR3 antibody (R&D Systems). Antibody-antigen reactions were detected using
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the biotin-streptavidin method (biotin-labeled anti-mouse IgG and streptavidin
HRP) and the complex was visualized with 3,3’-diaminobenzidine (DAB)/H2O2.
The slides were mounted in DEPEX and analyzed. Control experiments were per-
formed in the absence of primary antibody.

For immunocytochemistry cultured mouse microglia cells were seeded on glass
coverslips and fixed in methanol:aceton (50:50) and dried. After rehydration in PBS
for 10 min, slides were blocked with 10% normal human antibody serum for 2 h
and incubated with primary rabbit anti-murine CXCR3 antibody (kindly provided
by Merck) overnight at 4°C. Antibody-antigen reactions were detected with biotiny-
lated secondary antibody (goat anti-rabbit, Vector Laboratories, Burlingame, CA,
USA) and Neutralite Avidin-FITC (Southern Biotechnologies, Biotechnologies,
Birmingham, USA). After the final washing step slides were mounted in Vectashield
mounting media containing DAPI for nuclear counterstain. Control experiments
were performed in the absence of primary antibody.

Determination of intracellular calcium
For calcium measurements, microglia were cultured on glass coverslips. In order to
load the cells with Fura-2 AM the cells were incubated for 15 min at 37°C in load-
ing buffer containing: (in mM) NaCl 120, HEPES 5, KCL 6, CaCl2 2, MgCl2 1,
glucose 5, NaHCO3 22, Fluo-3 AM 0.005; pH 7.4. The coverslips were fixed in a
perfusion chamber (37°C) and mounted on an inverted microscope. Fluorometric
measurements were performed using a sensicam CCD camera supported by AxolabR

2.1 imaging software. Digital images of the cells were obtained at an emission wave-
length 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
µm from the cells.

Chemotaxis assay
Cell migration in response to chemokines was assessed using a 48-well chemotaxis
microchamber (NeuroProbe, Bethesda, MD, USA) as described earlier 8.
Chemokine stock solutions (10 µM) were prepared in PBS and further diluted for
use in the assay. Culture medium without chemokines served as a control. For
microglia and astrocytes 2·104 and 5·104 cells respectively per 50 µl were used in the
assay. Determinations were done in quadruplicate. The chamber was incubated at
37°C, 5% CO2 in a humidified atmosphere for 120 min in case of microglia and
240 min for astrocytes. At the end of incubation the filter was washed, fixed in
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methanol and stained with Toluidine Blue. Migrated cells were counted with a
scored eyepiece (three 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
Student’s t-test. P values ≤ 0.01 were considered significant.
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Results

Expression of CXCR3 mRNA in cultured glial cells
To investigate CXCR3 mRNA expression in cultured glial cells, RT-PCR experi-
ments were performed. Using specific primer pairs for mouse and human CXCR3
specific PCR products of the expected size from astrocytes and microglia of both
mouse and humans were amplified (fig. 3-1). The PCR products were cloned,
sequenced and found to be 100% identical with the published sequence for CXCR3
27,41 thus indicating expression of CXCR3 mRNA in cultured glial cells.

RT-PCR experiments do not allow conclusions concerning the cell type express-
ing CXCR3 mRNA, especially not in mixed murine astrocyte cultures. Therefore,
in situ hybridization experiments using specific CXCR3 probes were performed.
Astrocytes in the cultures were identified by their size and their morphology (see fig.
3-2A for the differences between astrocytes and microglia (microglia is indicated by
an arrowhead)). Only background staining was found when cells were hybridized
with the CXCR3 sense probe (fig. 3-2A). Specifc hybridization with DIG-labeled
CXCR3 antisense probes was found in approximately 50% (58 out of 126 cells were
positive) of the cultured astrocytes (fig. 3-2B). The arrows show positive cells,
dashed arrows indicate negative cells (fig. 3-2B). Due to the size of astrocytes and
the amount of cytoplasm in these cells the typical perinuclear staining for mRNA
was detected. More cells were found to be positive in pure microglial cultures where
almost all of the microglia stained with the CXCR3 antisense probe (117 out of 125
cells) (fig. 3-2D). Again, no or only background staining was found when the cul-
tured cells were hybridized with the CXCR3 sense probe (fig. 3-2C).
Microphotographs taken at higher magnification clearly show the difference in
staining for the CXCR3 sense (fig. 3-2E) and the antisense probe (fig. 3-2F). 

In situ hybridization analysis for human CXCR3 expression in cultured astrocytes
gave similar results. No signal was found in experiments where the CXCR3 sense
probe was used (fig. 3-3A). Analysis with the CXCR3 antisense probe showed
specifc staining in approximately 60% of the astrocytes (78 out of 129 cells) (fig.
3B). The arrows show positive cells, dashed arrows indicate negative cells (fig. 3B).
Microphotographs taken at higher magnifcation revealed the clear difference
between unspecifc (fig. 3-3C) and specifc staining (fig. 3-3D). Figure 3-3D more-
over shows the difference between a positive cell (arrow) and a negative cell (dashed
arrow) for CXCR3 mRNA expression.
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Figure 3-1 RT-PCR analysis of CXCR3 mRNA expression in cultured human and mouse astrocytes and

microglia.

Using specific primer pairs CXCR3 mRNA expression was found in both cultured astrocytes (as) and

microglia (mic) derived from either human and mouse brain tissue as shown in the upper pannel. The lower

panel shows the results obtained with GAPDH house-keeping gene primers in order to verify the quality

of the cDNA used in the experiment. Similar results were obtained in 3 independent experiments. Number

of cycles used in PCR was 35 for CXCR3 and 28 for GAPDH; nc: PCR negative control; MM: molecular

weight marker, the highlighted band is 500 bp.
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Figure 3-2 In situ hybridization analysis of CXCR3 mRNA expression in cultured mouse glial cells.

A) Control hybridization with the CXCR3 sense probe in cultured astrocytes only resulted in background

staining. This panel moreover shows the difference in size and morphology between astrocytes and

microglia (arrowhead). B) Hybridization with the CXCR3 antisense probe showed CXCR3 mRNA expres-

sion in approximately 50% (58 of 126 counted cells were positive) cultured mouse astrocytes. Note the typ-

ical perinuclear mRNA expression pattern in positive astrocytes (arrows), whereas no staining was

detectable in negative cells (dashed arrows). Background staining was detected with the sense probe in cul-

tured microglia (C and E). Expression of CXCR3 mRNA in cultured microglia was found by hybridization

with the antisense probe for CXCR3 (D and F). Higher magnification clearly shows the difference between

sense (E) and antisense probes (F) in microglia. Similar results were obtained in three independent exper-

iments. Scale bars = 100 µm (A, B); 50 µm (C, D); 50 µm (E, F).



Expression of CXCR3 protein
Immunocytochemistry experiments were performed to investigate the expression of
CXCR3 protein in cultured glial cells. Pure mouse microglial cultures were stained
in the absence or presence of primary anti-CXCR3 antibody. In the absence of pri-
mary anti-CXCR3 antibody only nuclear staining (blue signal) was observed indi-
cating the presence of cells in the preparation (fig. 3-4A). Specifc staining (green 
signal) was found in cultured microglia in the presence of anti-CXCR3 antibody,
indicating the expression of CXCR3 protein in these cells. Similar results were
found for cultured human microglia. In the absence of primary anti-CXCR3 anti-
body no specifc staining was observed (fig. 3-4C), whereas in the presence of anti-
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Figure 3-3 In situ hybridization of CXCR3 mRNA in cultured human astrocytes.

Control hybridization with the CXCR3 sense probe did not gave any staining (A and C). Approximately 60%

of the astrocytes (78 of 129 counted cells) did show staining for CXCR3 mRNA when hybridized with the

antisense probe for CXCR3 (B). Arrows indicate positive cells, whereas dashed arrows point to negative

cells. At a higher magnification typical perinuclear mRNA expression pattern in a positive cell (arrow) is

visible, which is absent in negative cells (dashed arrow) (D). Scale bars = 100 µm (A, B); 50 µM (C, D).

Similar results were obtained in two independent experiments.
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Figure 3-4 CXCR3 protein expression in cultured glial cells.

Control immunocytochemistry experiments in mouse microglia without primary antibody yielded no stain-

ing: DAPI nuclear staining (blue signal) reveals the presence of cells in the preparation (A).

Immunocytochemistry with specific antibody for mouse CXCR3 revealed specific staining (green signal) in

mouse microglia (B). Similar results were also found for human microglia (C and D) and astrocytes (E and

F). Control stainings without primary antibody gave only background staining (C and E). Experiments with

primary antibody for CXCR3 indicated the expression of CXCR3 in microglia (D) and in astrocytes (F). A

partial staining for CXCR3 expression was found in 64 out of 132 counted cells (dashed arrow), whereas

61 out of 132 cells showed CXCR3 expression throughout the cell (arrow). Scale bars = 50 µm (A-D and

E-F). Similar results were obtained in two independent experiments.



CXCR3 antibody specifc staining was found in these cells (fig. 3-4D). A significant
amount of the staining for CXCR3 in cultured human microglia was found intra-
cellular (fig. 3-4D). This staining pattern was not influenced by other fixation tech-
niques or by further dilution of the primary antibody (data not shown).

Similar experiments were also performed with cultured human astrocytes. In the
absence of primary anti-CXCR3 antibody no specific staining was found (fig. 3-4E),
whereas in the presence of anti-CXCR3 antibody the expression of CXCR3 protein
was indicated by specific staining (fig. 3-4F). CXCR3 protein was detected in more
than 95% of the cells, but approximately 50% of the cells (64 out of 132) only
showed partial, intracellular staining round the nuclei of the cells (fig. 3-4F) (indi-
cated by a dashed arrow). Complete staining for CXCR3 was found in 61 out of 132
cells as indicated in fig. 3-4F (indicated by an arrow). Different fixation techniques
or further dilution of the primary antibody did not influence the staining pattern
(data not shown).

Effects of stimulation of CXCR3 on calcium signaling and 
chemotaxis of cultured glial cells
Stimulation of cultured mouse microglia with 1 µM CXCL10 induced intracellular
calcium transients (fig. 3-5A) in approximately 50% of the cells investigated (51
positive cells out of 96). Smaller increases in intracellular calcium were found using
100 nM of CXCL10, whereas higher concentrations (5 µM) induced oscillatory cal-
cium responses in cultured mouse microglia data not shown). Similar experiments
performed with cultured mouse astrocytes revealed in approximately 10% of the
cells (17 positive cells out of 146) small increases in intracellular calcium when stim-
ulated with 1 µM CXCL10 (fig. 3-5A). No increases in intracellular calcium have
been observed in cultured astrocytes with lower CXCL10 concentrations (100 nM).
For technical reasons it was not possible to perform calcium experiments with cul-
tured human microglia (see Experimental procedures). 

Stimulation of CXCR3 induced chemotaxis of cultured mouse microglia. Figure
3-5B shows the CXCL10- induced concentration-dependent chemotactic effect in
cultured microglia, with a peak effect at 1 nM CXCL10. Similar results were
obtained in experiments with another CXCR3 ligand: CXCL9 (fig. 3-5B).
Furthermore, CXCL10- and CXCL9-induced chemotaxis in mouse microglia was
quantitatively comparable to chemotaxis induced by other chemokines like CCL2
and CCL3 (data not shown). We detected ≥ 20% microglia in mixed murine astro-
cytic cultures. It was therefore not possible to discriminate between astrocytes and
microglia in the chemotaxis assay, which made chemotaxis experiments with cul-
tured murine astrocytes too difficult to interpret.
Human microglia migrated in the chemotaxis chamber in response to both CXCR3
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Figure 3-5 Effects of stimulation of glial CXCR3 on intracellular calcium transients and/or chemotaxis of

cultured mouse and human glial cells.

A) Induction of intracellular calcium transients in mouse cultured microglia (solid line) and astrocytes (dot-

ted line) by 1 µM CXCL10. Arrow indicates time points of application. B) Concentration-dependent chemo-

taxis of mouse cultured microglia induced by CXCL10 (O) and CXCL9 (  ). C) Concentration-dependent

chemotaxis of human cultured microglia induced by CXCL10 (O) and CXCL9 (  ). D) Concentration-

dependent chemotaxis of human cultured astrocytes induced by CXCL10. The graphs (B-D) show the

results of a typical chemotaxis experiment performed in quadruplicate. Data are means ± SD. The asterisks

show significant difference from control (p < 0.01, Students t-test). Similar results were obtained in 3 inde-

pendent experiments for microglia chemotaxis and in two independent experiments for chemotaxis of

human astrocytes.



ligands CXCL10 and CXCL9 (fig. 3-5C). Similar concentration dependencies for
CXCL10 and CXCL9 were detected when compared to murine microglia. In par-
ticular, both chemokines induced maximum migration at 1 nM (fig. 3-5C). Due to
the purity of cultured human astrocytes it was possible to perform chemotaxis exper-
iments with these cells. Although the number of migrated astrocytes was rather low
when compared to cultured microglia, we detected significant migratory responses
when cells were stimulated with 0.1-10 nM of CXCL10 (fig. 3-5D). Maximum
migration was detected at a concentration of 1 nM CXCL10.
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Discussion

Expression of CXCR3 in glial cells 
Demyelinating autoimmune diseases of the CNS like MS or experimental allergic
encephalitis (EAE) are characterized by a migration of CXCR3 positive Th1 cells
into the CNS. Accordingly, glial cells (astrocytes and microglia) positive for the
chemokines CXCL10 and CXCL9, have been found in post-mortem CNS tissue of
MS patients and after induction of EAE 6,17,31,39,40.

It is, however, well known that endogenous CNS cells (in vitro and in vivo) also
express a variety of chemokine receptors 9,15,25. It was indicated in a recent report that
neurons express chemokine receptor CXCR3 47. Moreover, there are a few published
experiments suggesting the presence of CXCR3 in cultured microglia and glial cell
lines 8,12,44. We have investigated the expression of CXCR3 in primary cultured glial
cells from both mouse and humans. The results presented here show that microglia
and astrocytes from murine and human sources express CXCR3 mRNA and pro-
tein. Stimulation of CXCR3 induced chemotaxis and induced intracellular calcium
transients in these cells, which are typical responses after chemokine receptor stim-
ulation. It is therefore suggested that CXCR3 is, at least in vitro, a functional
chemokine receptor expressed by two different types of glial cells, astrocytes and
microglia. It is not possible to obtain a sufficient number of microglia from post-
mortem tissue without the presence of GM-CSF in the culture medium 13. Whether
the presence of GM-CSF in the culture medium might influence the expression of
CXCR3 in cultured human microglia is not known. However, the similar concen-
tration response curves and the comparable number of cells migrated in the chemo-
taxis assays in cultured microglia from mouse and humans do not indicate a signif-
icant influence of GM-CSF on microglial CXCR3 expression. The functional
responses (chemotaxis and intracellular calcium signals) observed in microglia after
stimulation of CXCR3 were quantitatively different from the rather weak and rare
responses observed in astrocytes. The difference in chemotaxis might be explained
by the different nature of astrocytes and microglia. Microglia are most likely bone
marrow-derived, monocytic cells that have a high migratory capacity. Cultured
astrocytes on the other hand are known to have a rather low migratory capacity 20,30.
The difference in chemotactic activity between astrocytes and microglia could also
be explained by a low, insufficient number of CXCR3 at the surface of the astrocytes
(see below). It has been shown for other types of chemokine receptors that intracel-
lular calcium signals are only detectable when pronounced receptor numbers are
expressed 1, different receptor numbers could therefore explain the differences in cal-
cium signals between astrocytes and microglia. Thus, the level of CXCR3 expression
in astrocytes may be insufficient to enable a robust coupling of CXCR3 to the intra-
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cellular calcium signaling system. This assumption is corroborated by the findings
that pronounced CXCR3 expression (both mRNA and protein) was observed less
frequently in astrocytes than in microglia. Moreover, most staining for CXCR3 pro-
tein was found at intracellular structures, particularly astrocytes showed this stain-
ing pattern. Intracellular expression of chemokine receptors in astrocytes and other
cell types in the developing brain in vitro and in vivo, has recently been shown for
several chemokine receptors 33,43. Nothing is yet known about the regulation of
chemokine receptor expression on the surface of glial cells. It is therefore only pos-
sible to speculate that intracellular expression of chemokine receptors in these cells
is part of the normal transport of the receptors to the surface (see here also 33,43).
Few data are published concerning the expression of CXCR3 in glial cells in vivo.
Basal CXCR3 mRNA expression level in control rat brain was detected by Wang et
al. (2000) using RT-PCR analysis 45. Moreover, an induction of CXCR3 mRNA
expression upon ischemic brain damage has been reported 45. Comparable expres-
sion of CXCR3 has been observed in ischemic mouse brain in our laboratory 8.
These results thus indicate that CXCR3 mRNA is expressed in brain. Whether glial
cells are the cellular source of CXCR3 mRNA expression in vivo still needs to be elu-
cidated. Antibody staining showed CXCR3-positive cells that had the morphology
of reactive astrocytes in multiple sclerosis lesions 39. Furthermore, glial expression of
CXCR3 has been observed during human brain development 43. Van der Meer et al.
(2001), moreover, have reported expression of CXCR3 in microglia in vivo, but in
contrast to the results presented here for cultured microglia less than 1% of
microglia in vivo showed CXCR3 expression 43. However, recent data obtained in
our group showed that microglia in freshly prepared mouse brain slices react on
CXCR3 activation with physiological responses, thus indicating microglial CXCR3
expression in in vivo like preparations 32. 

Possible function of CXCR3 and its chemokine ligands in CNS
Several lines of evidence suggest that the expressions of CNS chemokines mediate
the infiltration of the brain by leukocytes 4,28. The first indications came from a study
showing that treatment with anti-CCL3 antibodies prolonged the onset of EAE 26.
Recent publications have shown that mice deficient for CCR2 or CCL2 have
impaired monocyte recruitment in response to peripheral nervous system injury 38

and are resistant to EAE 16,23,24. The existence of CXCR3-positive T-cells in demyeli-
nating CNS diseases therefore led subsequently to the assumption that CXCL10
and CXCL9 are CNS attractors for Th1-cells 6,39,40. Recently found functions of
chemokines in development, maturation of leukocytes, angiogenesis, metastasis,
wound healing and allograft rejection indicate a broad spectrum of chemokinergic
actions far beyond a simple attraction of blood leukocytes 21,35.
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These findings and the presence of chemokine receptors in endogenous brain cells
(neurons and glial cells) imply a functional role of chemokines in an intercellular
communication system within the brain 5,22. The activation of glial cells is one of the
first events occurring after neuronal injury. Therefore, the existence of a neuronal-
glial communication has been proposed by several groups 2,3,42. Chemokines may sig-
nificantly contribute to this communication since induction of several chemokines
(CCL2, CCL3 and CXCL10) has been described in injured neurons 18,37,45,48.
Recently, it has been reported that another chemokine, CCL21 (formerly known as
SLC, exodus-2, TCA4 and 6Ckine), is expressed in neurons during brain ischemia
8. Induction of CCL21 expression occurred within 6 h after the ischemic insult and
therefore in a similar time-window as it has been reported for expression of neuronal
CXCL10 in ischemic rats 45. Moreover, cross-desensitization studies indicated that
CXCL10 and CCL21 would activate the same receptor (CXCR3) on mouse
microglia 8. It is therefore tempting to speculate that CXCR3 expressed on glial cells
might be the responsible receptor to detect CXCL10 and CCL21 under pathologi-
cal conditions. 

In summary, we have provided evidence that cultured mouse and human glial cells
(astrocytes and microglia) express functional CXCR3 receptors. Chemokine ligands
for CXCR3 (CXCL10, CXCL9 and CCL21) are highly expressed in ischemic
and/or demyelinating CNS diseases. Since the CXCR3-activating chemokine lig-
ands CXCL10 and CCL21 are also expressed in neurons under neurodegenerative
conditions our data raise the possibility that glial CXCR3 expression might con-
tribute to the communication system between damaged neurons and glial cells.
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