
Abstract. Autotaxin is a secreted cell motility-stimulat-
ing exo-phosphodiesterase with lysophospholipase D ac-
tivity that generates bioactive lysophosphatidic acid. Ly-
sophosphatidic acid has been implicated in various neural 
cell functions such as neurite remodeling, demyelination, 
survival and inhibition of axon growth. Here, we report 
on the in vivo expression of autotaxin in the brain during 
development and following neurotrauma. We found that 
autotaxin is expressed in the proliferating subventricular 
and choroid plexus epithelium during embryonic develop-

ment. After birth, autotaxin is mainly found in white mat-
ter areas in the central nervous system. In the adult brain, 
autotaxin is solely expressed in leptomeningeal cells and 
oligodendrocyte precursor cells. Following neurotrauma, 
autotaxin is strongly up-regulated in reactive astrocytes 
adjacent to the lesion. The present study revealed the 
cellular distribution of autotaxin in the developing and 
lesioned brain and implies a function of autotaxin in oli-
godendrocyte precursor cells and brain injuries.
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Introduction

Lysophosphatidic acid (LPA) is a major bioactive lipid 
in serum, involved in fundamental cellular functions, in-
cluding cell proliferation and differentiation, migration, 
adhesion, cell survival and morphogenesis [1–4]. LPA 
mediates its multiple cellular effects through G protein-
coupled receptors (LPA1–5/EDG1–3), with subsequent 
activation of phospholipase C and D (PLC and PLD), 
Ca2+ liberation, and activation of monomeric GTPases 
[5–7] and can be detected in various biological fluids, 

such as serum, saliva, seminal fluid, and follicular and 
cerebrospinal fluids [8–13]. Additionally, LPA levels are 
elevated under diverse pathophysiological conditions, 
such as ovarian cancer, atherosclerotic lesion, and in the 
nervous system following damage [14–16]. In the devel-
oping brain, LPA has been implicated in the regulation 
of cortical neurogenesis and pattern formation [4]. Until 
the recent discovery of autotaxin (ATX), it was unclear 
by which mechanism and through which enzymes bio-
active LPA is produced. Purification studies, however, 
have revealed that the soluble ATX enzyme (also named 
nucleotide pyrophosphatase-phosphodiesterase 2/NPP-2, 
lysoPLD or PD-Iα) is responsible for generating extra-
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cellular LPA [17, 18]. Although it has been shown that 
postmitotic neurons can potentially produce LPA or an 
LPA-like activity in the brain, and thereby modulate cor-
tical pattern formation [5], the exact cellular distribution 
and expression kinetics of ATX during brain development 
and its possible regulation following neurotrauma remain 
largely unknown.
ATX is an extracellular enzyme of 125 kDa, which was 
originally identified as an autocrine tumor cell motility-
stimulating factor overexpressed in a variety of human 
cancers including primary brain tumors [10, 14, 19–23]. 
It belongs to the nucleotide pyrophosphatase and phos-
phodiesterase (NPP) family, which to date comprises 
seven enzymes [24–29]. However, despite their structur-
ally related catalytic domain, ATX is unique in its recep-
tor-active LPA-generating activity, whereas the other six 
NPP family members (NPP1, NPP3-NPP7) lack intrinsic 
lysoPLD activity [26–28, 30, 31]. Initially, ATX was con-
sidered a type II transmembrane protein that contains a 
very short N-terminal cytosolic domain, a single trans-
membrane domain, two cysteine-rich somatomedin B-
like domains, and a large catalytic ectodomain [3, 25]. 
However, three independent studies have recently shown 
that ATX is synthesized as a pre-pro-enzyme and is se-
creted by the classical secretory pathway by intracellular 
cleavage of an N-terminal 27 residue signal peptide se-
quence [21, 31, 32].
The vital role of ATX in development has recently been 
established since ATX deletion in mice is lethal at em-
bryonic day 9.5–10.5 [33, 34]. ATX-null mutants do not 
develop mature vessels and show massive neural tube 
defects and asymmetric headfolds, indicating a critical 
role for ATX in vascular and neuronal development [33, 
34]. ATX transcription was first detected in the floor 
plate of the neural tube [35] by means of in situ hybrid-
ization techniques. Further studies on postnatal day 7 to 
10 (P7–10) rodents revealed ATX mRNA in the ventral 
horn of the spinal cord, optic nerve, choroid plexus, and 
in the cerebellum [36, 37]. A separate study also found 
ATX in the retina [38]. Within the postnatal optic nerve, 
ATX was predominantly associated with myelin oligo-
dendorcyte glycoprotein (MOG)- and proteolipid protein 
(PLP/DM20)-positive oligodendrocytes and the choroid 
plexus epithelium [36–39]. However, despite the fact that 
secreted ATX can generate LPA and sphingosine-1-phos-
phate (S1P) from preexisting lysophosphaditylcholine 
and other lysophospholipids [18, 40, 41], its exact cellular 
and subcellular distribution and developmental, as well as 
post-trauma, regulation in the brain remain unknown.
Here, we report on in vivo ATX gene and protein expres-
sion in the developing and adult brain, with particular 
emphasis on the cortex and hippocampus. We show that 
ATX is mainly found in white matter regions, the choroid 
plexus, leptomeninges and in the subventricular zone. To 
gain further insight into the possible functional role of 

ATX in the brain, we analyzed its cellular expression in 
the brain under physiological conditions and following 
trauma. We unambiguously demonstrate that, under phys-
iological conditions, ATX is restricted to early oligoden-
drocyte lineage cells (OLCs), choroid plexus epithelial 
and leptomeningeal cells, whereas neurons and astrocytes 
are negative for ATX expression. Within these cells, ATX 
appears to be in vesicles and vesicle-like structures, sup-
porting previous results identifying ATX as a secreted 
enzyme, rather than a type II transmembrane protein [21, 
32]. However, following brain lesion, reactive astrocytes 
adjacent to the lesion site appear to express ATX. Thus, 
these data reveal the cellular distribution of ATX in the 
developing and lesioned brain, and suggest a role for 
ATX in early OLCs as well as in neural reorganization 
after acute phases of injury to the central nervous system 
(CNS).

Material and methods

Animals, neurotrauma induction, and tissue isola-
tion. Pregnant and adult male Sprague rats (200 g–250 g 
weight) obtained from our central animal facility (Tier-
experimentelle Einrichtung Charité) were kept under 
standard laboratory conditions, conforming to German 
and European guidelines for the use of laboratory ani-
mals (in accordance with 86/609/EEC). The birth of each 
litter was recorded and determined as P0. All surgical 
procedures were performed in adherence to European 
and German law on the use of laboratory animals. For 
stereotactic surgery, the rats were anesthetized with a 
mixture of 25 mg/ml Ketamin (CuraMed Pharma GmbH, 
Germany), 1.2 mg/ml Xylazin (Bayer, Germany) and 
0.35 mg/ml Acepromazin (Sanofi GmbH, Germany) in 
0.9% sterile NaCl (2.5 ml/kg body weight i.p.) and re-
ceived a unilateral entorhinal cortex lesion (ECL) using 
a stereotaxic headholder (Stoelting, Germany). In brief, 
a standard electrocoagulator was used to make bilateral 
incisions [with four single pulses (2.5 μA) for 3 s each] 
in the frontal and sagittal planes between the entorhinal 
cortex and hippocampus. The following coordinates were 
used, measuring from the lambda: frontal incision: AP 
+1.2, L 3.1 to 6.1, and V down to the inferior cranium; 
sagittal incision: AP +1.2 to +4.2, L 6.1, and V down to 
the inferior cranium [42]. The rats were allowed to sur-
vive for 1, 10, and 21 days (n=4 animals per stage) for in 
situ hybridization, and 2, 5, and 12 days (n=3 animals per 
stage) for immunocytochemistry, and were then decapi-
tated under deep ether anesthesia (Chinosol, Germany). 
Their brains and spinal cord were immediately frozen in 
liquid nitrogen and stored at –80 °C.

In situ hybridization. For the in situ hybridization exper-
iments, four brains per time point were dissected and fro-
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zen in the gaseous phase of liquid nitrogen. For improved 
hybridization and resolution quality and for technical rea-
sons, two of three meninges, the dura mater and arach-
noid mater, were removed, whereas the pia mater was 
left. Horizontal cryostat sections (15 μm) were fixed in 
4% paraformaldehyde (w/v), washed in 0.1 M phosphate-
buffered saline (PBS, pH 7.4) and dehydrated. For in situ 
hybridization, the following oligonucleotides were used: 
antisense oligonucleotides (5′-ATATTACCTGGAAT-
GACCCGAGACAGCCTTGTCTTGCCATG-3′) and (5′-
CACGTAGGCCATCGTAATTGTAGTCAAAAATC-
GGTCCAC-3′), which are complementary to rat ATX 
mRNA (GenBank accession number NM_057104) and 
its sense oligonucleotides. While both oligonucleotides 
were investigated and led to essentially the same results, 
only the latter is discussed in the present study. The speci-
ficity of the oligonucleotides was confirmed by BLAST 
GenBank search (www.ncbi.nlm.nih.gov) and showed 
no significant crossmatches with known sequences and 
ESTs. The oligonucleotides were end-labeled using termi-
nal desoxynucleotide transferase (Boehringer, Germany) 
and [α-35S]dATP (DuPont NEN, USA), and used for in 
situ hybridization. Hybridization was performed for 16 h 
at 42 °C in a humidified chamber, after which the slides 
were washed as follows: 2 × 30 min in 1× SSC at 56 °C 
and 1 × 10 min in 0.5× SSC at room temperature. Finally, 
the sections were rinsed in H2O at room temperature and 
dehydrated. The slides were then exposed to Kodak X-
OMAT AR X-ray film for autoradiography for 20 days. 
Sections hybridized with labeled sense oligonucleotides 
and sections hybridized with antisense oligonucleotides 
in the presence of unlabeled (cold) antisense oligonu-
cleotides in 40-fold surplus served as controls. These 
controls showed only background hybridization signals. 
After exposure, the slides were counterstained with tolu-
idine blue [43].

RNA isolation, quantitative RT-PCR and ATX tran-
scriptional analysis. Total RNA from whole rat brain 
lysate at various developmental stages was isolated using 
the ISOGEN kit (Nippongene, Japan). Messenger RNA 
from different cell lines, including HEK293 and COS-
7 cells, was isolated with the Qiagen mRNA kit (Ger-
many). Reverse transcription was performed, using the 
SuperScript First-Strand Synthesis System from Invitro-
gen (USA). Oligonucleotide primers for qRT-PCR were 
designed with Primer Express software (Applied Biosys-
tems, USA). For rat LPA1 and ATX cDNA detection, the 
following primers were used: LPA1 forward – GAATC-
GGACACCATGAT; LPA1 reverse – ATCCCGGAGTC-
CAGCAG; ATX forward – AATCGGGATACCATGAT-
GAGTCTT; ATX reverse – CCAGGAGTCCAGCA-
GATGATAAA; an alternative primer set was used for 
cell culture PCR: ATX forward primer: – GGATTATG-
TACCTTCAGTC; ATX reverse primer: – GTGATGAT-

GCTGTAGTAGTG. Normalization was performed with 
GAPDH as an internal standard to ensure RNA integrity 
and an equal amount of input cDNA: GAPDH forward 
– GCCAAGGTCATCCATGACAACT; GAPDH reverse 
– GAGGGGCCATCCACAGTCTT. PCR reactions were 
analyzed using an ABI Prism 7000 Sequence detection 
system (Applied Biosystems, USA). The number of tran-
scripts was quantified and each sample normalized on the 
basis of GAPDH content.
Antibody generation, specificity testing and immunob-
lotting. Generation of ATX-specific monoclonal antibod-
ies (mAbs) was performed by expressing a polypeptide 
(amino acid numbers 58–182 of the human ATX sequence) 
in E. coli as a GST-fusion protein using the pGEX-4T 
vector (Amersham Bioscience, UK) as described by 
Baumforth et al. [22]. Briefly, the protein was purified 
using GSH-Sepharose according to the manufacturer’s 
recommended protocol. The GST fusion protein was used 
to immunize rats (WKY/Izm strain) by injection into the 
hind footpads with Freund’s complete adjuvant. The en-
larged medial iliac lymph nodes from these rats were used 
for cell fusion with mouse myeloma cells (PAI). The anti-
body-secreting hybridoma cells were selected by screen-
ing with an enzyme-linked immunosorbent assay, as well 
as immunofluorescence and immunoblotting techniques. 
We established three antibody-secreting hybridoma cell 
lines. The mAb clone 4F1 was found to react with human, 
mouse, rat, and bovine ATX in immunoblotting analysis 
and was used in this study. For antibody specificity and 
comparison analysis, we transfected COS-7 cells (which 
do not endogenously express ATX) with a human ATX-
pcDNA-GFP plasmid, using an electroporation approach 
(Amaxa Biosystems, Germany). In addition, we used a 
commercially available anti-ATX antibody (Cayman, MI, 
USA), which produced essentially the same immunos-
taining and immunoblot results as the former ATX prepa-
ration. At 48 h after transfection, cells were harvested and 
lysed in ice-cold total lysis buffer as previously described 
[44]. Cleared total cell lysates were separated by 10% 
SDS-PAGE and transferred to nitrocellulose membranes. 
The membranes were probed with anti-ATX mAb or anti-
green fluorescent protein (GFP; Invitrogen, Germany). 
The immunocomplexes were detected by enhanced che-
miluminescence (Amersham, UK). For Western blot anal-
ysis, total protein extracts from adult rat control hippo-
campus tissue at 2 and 5 days after lesion were separated 
on a 12% SDS-PAGE and electroblotted onto a nitrocel-
lulose membrane. Membranes were blocked overnight 
with 10% non-fat milk/PBS and probed with anti-ATX 
mAb (clone 4F1) for 48 h at 4 °C. Immunoreactive bands 
were identified with horseradish peroxidase-conjugated 

anti-rat secondary antibodies, followed by chemilumi-
nescence (Amersham, UK). β-Actin expression was used 
as an internal control for standardization of the protein 
amount. Western blot quantification was performed with 
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a computerized videodensitometry system (Metamorph, 
Universal Imaging, USA). Analysis was performed using 
the Mann-Whitney U-test (Statview II, USA). The level 
of significance was set at p < 0.05.

Immunocytochemistry. Animals were deeply anesthe-
tized with a Ketamin mixture as described previously 
and perfused by vascular injection with 0.9% NaCl solu-
tion, followed by 4% paraformaldehyde in 0.1 M sodium 
phosphate buffer, pH 7.4 [43]. Brains were removed and 
cut on a vibratome. The immunocytochemistry proce-
dure and buffers have been described in detail previ-
ously [43]. Briefly, in horizontal brain sections (40 μm), 
the endogenous peroxidase was quenched in 0.5% hy-
drogen peroxide diluted in PBS. After washing, the 
brain sections were quenched again in 50 mM NH4Cl/
PBS for 30 min. The sections were blocked with 10% 
goat serum/0.1% saponin in PBS for 1 h at room tem-
perature and exposed to anti-ATX mAb (diluted 1 : 200 
in blocking solution) at 4 °C for 48 h. After washing in 
PBS/0.1% saponin, the sections were incubated with 
anti-rat biotinylated antisera overnight at 4 °C and then 
in avidin-biotin peroxidase complex reagent (Vectastain 
ABC Kit, USA) for 2 h at room temperature. The immu-
noreaction was visualized with 3,3′-diaminobenzidine 
as a chromogen.

Double-labeling immunofluorescence. For simultane-
ous detection of the ATX antigen with specific cell types, 
additional double-labeling immunofluorescence experi-
ments were performed using the glial marker glial fibril-
lary acidic protein (GFAP) for astrocytes, IB4 for microg-
lia, cyclic 2′3′nucleotide phosphodiesterase (CNPase) for 
oligodendrocytes, and the neuronal marker MAP-2. For 
stage-specific characterization of oligodendrocytes, the 
following markers were used: NG2 and A2B5 for early 
oligodendrocyte precursors, O4 for late oligodendrocytes 
and CC1 for mature oligodendrocytes. First, the parafor-
maldehyde-fixed sections were processed for ATX detec-
tion as described above. Next, the anti-ATX antibody was 
detected with Alexa-488-labeled goat anti-rat antibody 
(Molecular Probes, USA, diluted 1 : 500). In addition to 
the first incubation, the sections or cells were incubated 
overnight with anti-GFAP (DAKO, Denmark), anti-IB4 
(Sigma, USA), anti-CNPase mAb (Sigma, USA), anti-
CC1 mAb (Calbiochem, USA), anti-NG2 mAb (Chemi-
con, USA), anti-A2B5 mAb (Chemicon, USA), anti-O4 
mAb (Chemicon, USA), or anti-MAP-2 mAb (Sigma, 
USA). The second antibodies for co-localization were 
detected with an Alexa-594-labeled antibody (Molecular 
Probes, USA) and sections were mounted with Immu-
Mount (Shandon, USA). The sections and cultured cells 
were imaged using an upright Leica confocal microscope 
(TCS) or on a Leica DM LB microscope equipped with 
a CCD camera.

Cell culture. COS-7 cells (ATCC: CRL-1651) and HEK 
293 cells were routinely maintained at 37 °C with 5% CO2 
in Dulbecco’s modified Eagle’s medium supplemented 
with 10% fetal bovine serum, 100 U/ml penicillin, and 
100 μg/ml streptomycin as previously described [44]. 
Transfection with the human ATX-pcDNA-GFP con-
struct and peGFP-N1 (BD Clontech, Germany) construct 
was performed by Amaxa Nucleofector electroporation 
(Amaxa Biosystems, Germany) and revealed nearly 90% 
green fluorescent cells in both cell lines.

Primary leptomeningeal cell culture and subcellular 
localization. Cerebrum was prepared from P1 C56BL/6 
mouse pups and the meninges, specifically the pia mater 
and arachnoid, were carefully stripped off and washed in 
DMEM (4.5 g/l glucose, 200 mM glutamine, pyruvate), 
containing 10% fetal calf serum and 100 U/ml penicil-
lin/streptomycin to remove glial tissue. Following 15 min 
of trypsin (1.25%) incubation, digestion was stopped 
by adding the same volume of culture medium (DMEM 
containing 4.5 g/l glucose, 200 mM glutamine, pyruvate, 
10% fetal calf serum; and 100 U/ml penicillin/strepto-
mycin) to the tube. The cells were re-collected by cen-
trifugation and resuspended in low volume. Dissociation 
was carefully performed by fire-polished Pasteur pipette 
resuspension five to ten times, without air bubble aspira-
tion. The dissociated leptomeningeal cells were plated on 
collagen-G (Biochrom, Berlin, Germany)-coated glass 
slides or poly-L-lysine (5 μg/ml)-coated dishes. Once the 
cells became confluent, they were harvested with 0.25% 
(w/v) trypsin for 10 min at 37 °C, resuspended with a 
fire-polished Pasteur pipette, and replated in culture me-
dium in low density (1000 cells/cm²).
For immunocytochemical analysis, cultures were fixed in 
4% PFA, containing 3% BSA for 20 min at room tem-
perature. Cells were then washed three times in PBS 
containing 3% BSA and further processed for antibody 
incubation (overnight at 4 °C). The following antibodies 
were used: anti-ATX (rat monoclonal clone 4F1), anti-fi-
bronectin (Sigma, Germany), anti-GFAP (DAKO, USA), 
and anti-Thy1 (ICN, Germany). Alexa 488 and 594 sec-
ondary antibodies (Molecular Probes, The Netherlands) 
in 1 : 800 dilution were used. Over 90% of the cultured 
cells were immunopositive for fibronectin (a marker for 
leptomeningeal cells) and fewer than 5% of the cells were 
GFAP positive (a marker for astrocytes).
For subcellular localization of ATX, we used anti-clath-
rin to detect coated membrane vesicles (Abcam, UK) 
and anti-EEA1 mAb for early endosomes (Abcam, UK). 
Single fluorescence sections were taken with a Leica DM 
LB microscope. Digital data were processed with Meta-
Vue 4.62 software.

Preparation and purification of oligodendrocyte pre-
cursor cells. Primary mixed glial cultures were prepared 
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from the cerebral hemispheres of P0–P2 Sprague-Daw-
ley rat pups from which the meninges had been stripped. 
After 10–14 days, the oligodendrocyte precursor cells 
(OPCs) were isolated on the basis of differential adher-
ence [45, 46]. Microglia were removed by brief mechani-
cal shaking (1 h, 260 rpm, 37 °C); next, the OPCs were 
detached by continued shaking (18 h, 260 rpm, 37 °C). 
Following a short differential adhesion step in a bacterial 
dish (20 min, 37 °C), the OPCs were seeded with a den-
sity of 2 × 104–5 × 104 cells/cm2 on culture dishes coated 
with poly-D-lysine. To maintain the cells, proliferating 
growth factors PDGF-AA and FGF were added daily. To 
start the differentiation process, the OPCs were cultured 
in SATO medium + 0.5% FCS, which was changed every 
third day. Cells were kept in differentiation medium for 
9 days (CNP+ 95%, MBP+ 55–60%).

Preparation and purification of astrocytes and mi-
croglial cells. For astrocyte and microglial preparation, 
cerebrum from C56BL/6 mouse pups aged P1–P3 was 
prepared. The pia mater and arachnoid meninges were 
carefully removed and the cerebrum washed in DMEM 
(4.5 g/l glucose, 200 mM glutamine, pyruvate) con-
taining 10% fetal calf serum and 100 U/ml penicillin/
streptomycin. Following careful homogenization with 
a fire-polished Pasteur pipette, a 10-min trypsin/DN-
ase (1.25%/2 U) incubation followed, and digestion was 
stopped by adding the same volume of culture medium 
(DMEM containing 4.5 g/l glucose, 200 mM glutamine, 
pyrovate, 10% fetal calf serum, and 100 U/ml penicil-
lin/streptomycin) to the tube. Dissociated astrocytes were 
plated on poly-L-lysine (10 μg/ml)-coated dishes. Every 
third day in culture, the dishes were shaken for 10 min at 
37 °C and afterwards rinsed three times with warm PBS 
to remove microglial cells. They were then resuspended 
with a fire-polished Pasteur pipette, and replated in cul-
ture medium at low density. The suspended microglial 
cells were collected and replated in astroglial culture me-
dium containing 2% fetal calf serum.
For immunocytochemical analysis, low-density cultures 
(1000 cells/cm²) were fixed in 4% PFA containing 3% 
BSA, for 20 min at room temperature. The cells were 
then washed three times in PBS/BSA, permeabilized with 
0.1% Triton X-100 for 5 min and further processed for 
antibody incubation (for details, see Primary leptomen-
ingeal cell preparation above).

Results

Developmental regulation of ATX. As a first step, we 
investigated ATX mRNA expression in the embryonic 
and postnatal brain. At embryonic day 17 (E17), ATX 
transcripts were found in the subventricular zones of all 
ventricles (Fig. 1). Additionally, ATX mRNA expression 

was located in white matter structures such as the anterior 
commissure (Fig. 1a). After birth, ATX mRNA hybridiza-
tion signals declined in the subventricular zones, whereas 
signals remained high in white matter regions such as the 
anterior commissure, fimbria fornix and arbor vitae of 
the cerebellum (Fig. 1a). Neuronal cell layers such as in 
the cortex and hippocampus were almost devoid of any 
ATX mRNA signals. Furthermore, quantitative RT-PCR 
analysis showed increased ATX transcripts in the first 2 
postnatal weeks, which is also the time myelination takes 
place (Fig. 1b). Interestingly, ATX expression resembled 
the same transcriptional regulation as that of the LPA re-
ceptor EDG2/LPA1 (Fig. 1b). Along with the white matter 
regions, the choroid plexus showed the strongest hybrid-
ization intensity, even in the adult brain (Fig. 1a). We then 
confirmed these findings, using a biochemical approach. 
First, we proved the specificity of the anti-ATX mAb 
(4F1) by blotting total lysates from ATX-GFP-express-
ing COS-7 cells and probing the membranes with our 
anti-ATX mAb or an commercially available anti-GFP 
antibody (Fig. 1c). A clear single band was detected with 
the anti-ATX antibody used, which corresponded to the 
band detected with the anti-GFP antibody (Fig. 1c). We 
performed immunoblots from total protein extracts from 
distinct adult rat brain areas, and the results indicated that 
white matter (from the corpus callosum) and the spinal 
cord were highly rich in ATX protein, whereas neuron-
rich areas such as the cortex, hippocampus and cerebel-
lar cortex showed much weaker levels of ATX expression 
(Fig. 1c).

Cellular and subcellular distribution of ATX. Since 
the expression pattern of the ATX transcripts and pro-
tein was distributed in brain regions known as sites of 
oligodendroglial residence [47], we next tested ATX 
expression on the cellular level in adult rat brain tis-
sue. Double immunocytochemical analysis revealed that 
OLCs (CNPase-positive), which can be found in regions 
of the fimbria fornix, corpus callosum, and anterior 
commissure were immunopositive for ATX (Fig. 2a). 
Interestingly, not every CNPase-positive cell was ATX 
positive, whereas almost all ATX-positive cells showed 
CNPase staining. Testing with more stage-specific mark-
ers [48] showed that ATX was codistributed with OPC 
markers including NG2 (Fig. 2b), A2B5 (Fig. 2c) and 
O4 (data not shown). In contrast, CC1-expressing ma-
ture oligodendrocytes were negative for ATX (Fig. 2d). 
Within the OPCs, ATX expression appeared scattered in 
vesicle-like structures and was not associated with the 
plasma membrane. Similarly, ATX expression was also 
detected in cultured immature oligodendrocytes in vitro 
(Fig. 2f). These data (summarized in Fig. 2e) indicate 
that ATX expression commences prior to the onset of 
myelin protein expression and myelination in the brain 
[47, 49, 50].
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Figure 1. Developmental regulation of autotaxin (ATX) mRNA expression in the brain. (a) In situ hybridization analysis of ATX/NPP-
2/PD-1a mRNA in horizontal rat brain sections of embryonic day 17 (E17), newborn (P0), and adult. Images on the left represent the 
same hybridized brain sections counterstained with toluidine blue. At various embryonic stages, ATX mRNA is expressed in the subven-
tricular zones (boxed area), the cerebellar neuroepithelium of the 4th ventricle, the choroid plexus, and the anterior commissure. During 
postnatal development and in the adult, ATX mRNA is found in the choroid plexus, white matter such as the fornix, commissure anterior 
and arbor vitae, and in the subventricular zone. Arrows indicate choroid plexus structures in the brain. Note that for technical reasons 
the dura mater and arachnoid had been removed (see Material & Methods above). Scale bar represents 430 μm. (b) mRNA expression 
regulation of ATX and LPA1 (EDG2) in the developing brain analyzed by quantitative RT-PCR. The number of transcripts was quanti-
fied and each sample normalized on the basis of GAPDH content. All determinations were done in triplicate. Each bar represents the 
mean ± SEM of the triplicate. (c) Recombined ATX-green fluorescent protein (GFP) served as a specificity control for the ATX mAb. 
The same blot was first probed with an α-ATX mAb, stripped, and reprobed with an α-GFP antibody. ATX detection by immunoblot-
ting of total protein extracts from distinct adult rat brain areas, white matter (wm, from corpus callosum), spinal cord (sc), cortex (cx), 
hippocampus (hi), and cerebellum (ce). Further abbreviations: ca, commissure anterior; cp, choroid plexus; svz, subventricular zone; 
V, ventral; D, dorsal.
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We further found that leptomeningeal and choroid plexus 
epithelial and ependymal cells strongly express ATX 
(Fig. 3a, b). In contrast, neurons and astrocytes were neg-
ative for ATX staining (Fig. 3a). The fact that leptomen-
ingeal cells in vivo express ATX may mean they are the 
cellular source of ATX and LPA found in cerebrospinal 
fluid [51]. In accordance with previous descriptions of 
ATX as a secreted enzyme, we also found ATX located 
in intracellular vesicles but not in the plasma membrane 
(Fig. 2, 3) [21, 31, 32].
Finally, we compared the subcellular distribution of 
ATX in transfected HEK 293 and COS-7 cells. As previ-
ously described, catalytically active ATX fused to GFP 
was mainly found in intracellular vesicle-like structures 
rather than at the plasma membrane or nuclear compart-
ment (Fig. 3c) [31]. We also examined the expression of 
endogenous ATX mRNA using RT-PCR analysis, and 
found that HEK293 cells but not COS-7 cells expressed 
ATX endogenously at high levels (Fig. 3d). Therefore, 
we used these two cell types and compared the distribu-
tion of overexpressed ATX in COS-7 and HEK293 cells 
(Fig. 3c). Expressing full-length ATX C-terminally fused 
to GFP in COS-7 cells displayed essentially the same 
scattered dot-like appearance as found in ATX-GFP ex-
pressing HEK 293 cells (Fig. 3c). Here, ATX was distrib-
uted in vesicle-like structures of different sizes within 
the cytoplasm, whereas the nuclei and plasma membrane 
were almost free of GFP signals. Previously, we had 
shown that HEK 293 cells secrete ATX into the medium 
when overexpressed [31]. Therefore, we now used COS-7 
cells, which do not endogenously express ATX, and fol-
lowed its trafficking route. We were able to clearly detect 
ATX in the conditioned medium of transfected COS-7 
cells (Fig. 3).
Since it has been suggested that ATX and LPA in the ce-
rebrospinal fluid, at least in vitro, both derive from lepto-
meningeal cells [51], we then examined ATX expression 
in cultured primary leptomeningeal cells. We found that 
the fibronectin-positive leptomeningeal cells were highly 
immunopositive for ATX and that the latter is distributed 
in cytoplasmic vesicles (Fig. 3f, g). Given their distribu-
tion pattern and round shape, we hypothesized that these 
structures are of exocytotic origin: membrane vesicles or 
secretory vesicles. Double-immunofluorescence analy-
sis further confirmed that ATX did not colocalize with 
clathrin, a membrane vesicle marker for endocytosis, and 
was not surrounded by clathrin-positive membrane vesi-
cles (Fig. 3f). Furthermore, ATX did not colocalize with 
Lamp1, a marker for late endosomes/lysosomes (data not 
shown); however, some ATX-positive vesicles colocal-
ized with EEA1, a marker for early endosomes (Fig. 3g). 
To confirm these findings, we then used Western blot-
ting to detect ATX. In these experiments, ATX was found 
in total lysates of leptomeninges as well as in the condi-
tioned supernatants of these cells (Fig. 3h).

ATX is up-regulated and cell-type-specifically ex-
pressed following neurotrauma. We continued our in-
vestigation by analyzing the expression pattern of ATX 
in the brain after lesioning. In concordance with our in 

Figure 2. ATX is expressed in early and late oligodendrocyte pre-
cursor cells (OPCs). Confocal images from rat brain sections im-
munostained for ATX in regions of the fimbria fornix, corpus cal-
losum, and anterior commissure (animals, n=4). (a) In the adult 
brain, ATX-immunopositive cells (green) are colocalized with the 
oligodendroglial marker CNPase (red). Interestingly, not every 
CNPase-positive cell is ATX positive (indicated by white arrows 
in a), whereas almost all ATX-positive cells show CNPase stain-
ing. Double immunostaining for ATX (green) and NG2 (red, b) and 
A2B5 (red, c) indicates codistribution, as highlighted by the white 
arrows in b and c pointing to immunopositive ATX and NG2 or 
A2B5 cells. ATX-positive oligodendrocytes do not colocalize with 
CC1 (red, d). Arrows in d indicate CC1 positive cells that are nega-
tive for ATX staining. (e) Table summarizes the co-immunostaining 
results. ( f  ) ATX expression in cultured oligodendrocytes as shown 
by immunoblotting. Scale bar a, b, d 5 μm; c 8 μm. OLs, oligoden-
drocytes.
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Figure 3. ATX is expressed in vesicle-like structures in leptomeningeal cells in vivo. (a) Leptomeningeal cells in vivo are highly im-
munopositive for ATX (green), whereas MAP2-positive neurons (red) do not colocalize with ATX. (b) Choroid plexus epithelium and 
ependymal epithelium in vivo stained for ATX. The right-hand image represents higher magnification of the boxed area in the left 
image. (c) Enzymatically active human full-length ATX C-terminally fused to GFP was expressed in COS-7 and HEK293 cells. Visu-
alizing ATX-GFP expression on a subcellular level indicates its distribution in intracellular vesicles and endoplasmic reticulum-like 
structures, whereas the plasma membrane and nuclei remain unstained. Note the distribution of GFP in solely GFP-expressing cells 
(right) throughout all compartments, i.e. in nuclei and cytosol. ATX-GFP overexpression in HEK293 cells shows that the organization of 
ATX-containing vesicles appears in heterogeneous sizes. (d) RT-PCR analysis revealed that HEK293 cells express ATX endogenously, 
whereas COS-7 cells are negative for endogenous ATX expression. (e) Full-length ATX-myc fusion protein was expressed in COS-7 
cells. ATX expression in cell lysates and conditioned medium was analyzed by immunoblotting with an anti-myc antibody. Expressed 
ATX was found in total lysates as well as in conditioned serum-free medium. Mock transfected (empty pcDNA3.1 vector) cells served 
as a control. ( f  ) Cultured leptomeningeal cells in vitro show strong immunopositive staining for ATX, subsequent immunocytochemi-
cal analysis indicates no colocalization with the membrane vesicle marker clathrin (red). (g) Further, ATX shows localization in some 
cases with EEA1, a marker for early endosomes (red). (h) Endogenous ATX expression in cultured leptomeningeal cells found in total 
lysates and in conditioned serum-free medium detected by immunoblotting. Scale bar represents in a, 20 μm; b, 60 μm; c, 8 μm, e, 
5 μm; f, 50 μm.
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Figure 4. ATX distribution in the hippocampus following neurotrauma. Immunocytochemical analysis of ATX on adult rat brain sections 
(for details see Material and methods above, animals n=4). (a) In non-lesioned adult controls, ATX-immunopositive cells are located in 
white matter areas, such as the alveus and the fimbria. Insert represents higher magnification of the boxed area in a and shows an ATX-
immunopositive oligodendrocyte-like cell. (b) At 5 days after lesion, an increased number of ATX-immunopositive cells appeared around 
the lesion (marked with red asterisks). Insert represents higher magnification of the boxed area in b and shows an ATX-immunopositive 
cell, which resembles an astrocytic phenotype. (c) Following brain lesion, ATX-immunopositive cells around the lesion resembled the 
stellate-like morphology of astrocytes and were almost exclusively colocalized with the astrocyte marker GFAP (red). (d) Immunoblots 
from total protein extracts of adult control and lesioned hippocampus of various survival stages. β-Actin expression levels were used as 
an internal control to standardize the protein amount, ensuring equal protein loading. (e) Quantification of immunoblots of three different 
experiments. Data represent three separate protein samples in each group. Statistical difference is marked with an asterisk (mean ± SD), * 
p < 0.05; Mann-Whitney U-test. ( f  ) Cultured GFAP+ reactive astrocytes (red) show strong colocalization with ATX immunostaining. At a 
higher magnification, the typically vesicle-like structures positive for ATX are visible. Scale bar: b 60 μm; c 1.2 μm; f upper panel 10 μm, 
lower panel 1 μm. cap: capsule; alv: alveus; CA1: Cornu ammonis regio superior; CA3: Cornu ammonis regio inferior; gcl: granular cell 
layer of the dentatus gyrus; oml: dentate outer molecular layer; h: hilus; Sub: subiculum.
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situ hybridization data, ATX-immunopositive cells were 
located in white matter regions, such as the alveus, stra-
tum lacunosum-moleculare, and in cortical layer IV in 
adult non-lesioned control animals (Fig. 4a). Following 
traumatic brain injury, ATX was massively up-regulated 
at the lesion site and in the denervated area after 2 days 
(Fig. 4b–e). This lesion-induced up-regulation was re-
stricted to the site of incision and to the area of axo-
nal degeneration, whereas non-affected brain regions 
did not show any altered expression. The massive up-
regulation (∼20-fold) of ATX peaked after 2 days post 
lesion and remained high for 5 days (Fig. 4d). Further, 
double immunocytochemistry showed that many ATX-
positive cells were also GFAP positive, a marker for 
reactive astrocytes (Fig. 4c). Again, ATX appeared in 
vesicle-like structures scattered within the cytoplasm. 
Co-immunolabeling of ATX with markers for microglia 
(IB4, CD11) and for adult precursors (NG2) [52] did 
not indicate any double staining (data not shown). Thus, 
it seems that, while astrocytes do not express ATX in a 
detectable manner under physiological conditions, ATX 
expression is heavily induced in reactive astrocytes fol-
lowing traumatic injury to the brain. To confirm these 
data, we analyzed endogenous ATX expression in pri-
mary astrocytes in vitro. Recent gene-expression analy-
sis revealed that these cultured astrocytes, when isolated 
from postnatal brains, resemble the cellular and molecu-
lar properties of reactive astrocytes in vivo [53]. In our 
study, astrocytes in vitro were highly immunopositive 
for ATX and also showed a dot-like distribution of ATX 
throughout the cytoplasm, comparable to what is seen 
in vivo (Fig. 4f).

Discussion

This is to our knowledge the first systematic in vivo 
study of the cellular distribution and cell-type-specific 
regulation of the LPA-generating enzyme ATX in the 
brain. During embryonic brain development, ATX is 
mainly evident in the circumventricular and subventric-
ular zones and in white matter areas such as the corpus 
callosum, fimbria-fornix and anterior commissure. In 
postnatal stages and in the adult brain, ATX expression 
declines in the subventricular zones. In concordance 
with our findings, previous studies have shown that 
ATX transcripts are also located in other white matter 
areas such as the optic nerve and spinal cord of postnatal 
rats [36, 37].

Cellular distribution of ATX in the brain. We found 
in vivo that oligodendrocytes, choroid plexus epithelial 
cells and leptomeningeal cells express ATX in the brain 
under normal conditions, but that neurons, astrocytes, 
and microglia are immunonegative for ATX. Interest-

ingly, ATX expression commences prior to the onset of 
myelination, suggesting a role in regulating the initial 
stages of differentiation and myelin formation. This is 
further supported by the discovery that the early OPCs, 
positive for NG2 and A2B5, also express ATX, and that 
ATX-expressing cells do not colocalize with CC1, a 
marker for mature, myelinating oligodendrocytes. Con-
sistent with these observations, expression of the LPA 
receptor LPA1 in oligodendrocytes correlates temporally 
with the process of myelination [9, 54]. Additionally, the 
temporal development of ATX expression in the devel-
oping brain is quite similar to that of LPA1 (Fig. 1b). As 
has been found and characterized previously, ATX stim-
ulates the cell motility of many cell types, including tu-
mor cells [19, 55, 56]. Previous studies show that ATX-
dependent cell motility stimulation can be attributed to 
the production of LPA and potentially S1P [41, 57–59]. 
Thus, it is not surprising that both phospholipids exist 
in the brain at relatively high concentrations [60, 61]. 
However, the group of Drs. B. Fuss and W. B. Mack-
lin report that ATX also has counteradhesive effects on 
the N19 cell line and on O4+ oligodendrocytes in vitro 
[37]. The counteradhesive effects reported in vitro were 
mainly found on extracellular matrix (ECM) proteins 
fibronectin, laminin2/merosin but not on poly-L-lysine 
[37]. Moreover, at least in the case of the N19 cell line, 
ATX-dependent counteradhesive effects were blocked 
by  pertussis toxin, indicating that Gi-protein coupled re-
ceptor signaling is required in these processes. Interest-
ingly, the observed effects identified a C-terminal oligo-
dendrocyte-remodeling domain in ATX and that coun-
teradhesion did not depend on the catalytic domain of 
ATX [37, 62]. Thus, these findings suggest additional, 
LPA-independent functions of ATX, and propose ATX 
as a multifunctional protein. This might be supported 
by the rather complex phenotype found in ATX-defi-
cient mice. Homozygous ATX deletion leads to embry-
onic lethality at day 9.5–10.5 with massive neural tube 
defects and absence of mature vessels, which has not 
been found in LPA-receptor-deficient mice [35, 36]. 
The ATX–/– phenotype might, therefore, be caused by 
disruption of an as yet unidentified LPA-receptor-sig-
naling pathway or by its function, independently of the 
catalytic domain.

ATX expression in neuropathological conditions. 
Lysophospholipids in general and LPA in particular 
can affect most neural cell types, impacting axonal and 
dendritic morphology [5, 43], neuronal apoptosis [63], 
neural precursor cell survival [4], process retraction in 
OLCs [64], hypertrophy of astrocytes [65], microglial 
activation and migration [66]. Furthermore, LPA lev-
els are increased during pathological conditions in the 
brain, such as in cerebral ischemia, and following dis-
ruption of the blood-brain barrier [67–69]. Moreover, 
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LPA can induce hyperphosphorylation of the Tau pro-
tein [70] and ATX mRNA was found to be elevated in 
brains with Alzheimer’s disease [71]. Additionally, high 
concentrations of intrathecally applied LPA cause recep-
tor-dependent demyelination in dorsal root ganglia and 
PKCγ up-regulation in the spinal cord [72]. The data on 
LPA-induced demyelination in dorsal roots and altera-
tions in oligodendrocyte function are further supported 
by a study in humans suffering from multiple sclerosis 
(MS), a demyelinating disease of unknown cause. In an 
investigation using a proteomic approach, it has been re-
ported that 103 protein spots were uniquely present in 
MS samples but not in samples from patients with non-
MS-related disorders [73]. One of these unique protein 
spots appeared to be ATX [73]. In contrast, it has been 
reported that ATX mRNA slightly decreases (20% reduc-
tion) at the onset of clinical symptoms in experimental 
autoimmune encephalomyelitis in mice, an animal model 
for MS [36]. However, since ATX and LPA are also pres-
ent in cerebrospinal fluid under physiological conditions, 
as confirmed in rodents and dogs [51], further studies are 
required to more precisely define the transcriptional and 
translational regulation of ATX and its consequences in 
autoimmune diseases such as MS. We propose that LPA 
may affect neural regeneration in two ways, with conse-
quences for myelination and axon growth: (1) LPA ham-
pers and remodels neurite outgrowth and affects oligo-
dendrocyte function; and (2) LPA modulates OPC-ECM 
interaction and cell survival.
Following brain lesion, ATX is highly up-regulated in 
the affected areas. This up-regulation is restricted solely 
to astrocytes. In a recent study, Corcoran et al. [74] pro-
vided compelling evidence that ATX expression is driven 
by the transcription factor NF-κB, a transcription factor 
also activated following brain lesioning [75]. In light of 
this, our finding that reactive astrocytes up-regulate ATX 
is especially interesting. These data suggest that, follow-
ing injury to the brain, an increase in expression of ATX, 
which is intrinsically generated by reactive astrocytes, 
leads to increased LPA concentrations. Astrocytes rep-
resent a cell population that exhibits a dual nature with 
respect to regeneration. These cells are implicated in 
the chemo-attraction of cells in the immune system and 
neuronal precursors, as well as having counter-adhesive 
effects on neuroregeneration and axon growth [76]. In 
effect, two hallmarks of reactive astrogliosis (scar for-
mation by reactive astrocytes) can be induced by LPA 
itself: hypertrophy of astrocytes and stress fiber forma-
tion [65]. This may indicate an autoregulation loop of 
astrocytic activation, in which astrocytes up-regulate 
the LPA-generating enzyme ATX and become activated 
by its metabolite LPA, while increased amounts of the 
metabolite inhibit the catalytic activity of ATX [31]. In 
a previous study by Stefan and colleagues [77], it was 
shown that ATX mRNA expression is strictly growth-

related in the liver. The authors further reported that, 
following hepatectomy in rats, ATX mRNA decreases 
within 24 h, and that this effect could also be induced by 
administration of the translational inhibitor cyclohexi-
mide, suggesting that ATX levels are controlled by an 
RNA-stabilizing protein [77]. Furthermore, it has been 
shown that ATX, along with LPA1, is highly expressed in 
glioma cell lines and contributes to cell motility [23]. In 
summary, these data indicate the involvement and regu-
lation of ATX in different neuropathological conditions, 
although the molecular mechanisms of ATX transcrip-
tion and translation remain unknown.
In conclusion, our report demonstrates the presence of 
the LPA-generating enzyme ATX in the brain and its up-
regulation after neurotrauma, which may modulate the 
neuronal regeneration capacity. Since conventional gene 
disruption of ATX leads to embryonic lethality, the gen-
eration of inducible and cell-type specific, i.e. leptomen-
ingeal, reactive astrocytes and oligodendrocyte-specific 
ATX knockouts may provide further insights into the role 
of ATX in the brain. Thus, further studies that include 
interfering approaches in ATX signaling (e.g. on the level 
of LPA receptors and the pharmacological and genetic 
inhibition of ATX and LPA signaling) are needed, which 
will help to unravel the mechanisms and role of ATX in 
the brain during development and following injury to the 
brain.
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