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Abstract

Ž .Cluster of differentiation 44 CD44 is a broadly distributed group of glycoproteins that are involved in many functions related to
Ž .cell–cell and cell–matrix interactions. In the present study, the expression of the standard form of CD44 CD44s and of CD44 variants

Ž .CD44v was explored immunohistochemically on frozen sections of various areas of the human CNS. The results demonstrate that
CD44s epitopes are expressed predominantly by white matter astrocytes, whereas different CD44 variant molecules are present in
neurons, on axonal membranes, on endothelium or on choroid plexus epithelium. Interestingly, neurons and axons differentially expressed
CD44 variant epitopes but consistently lack immunoreactivity for CD44s epitopes. Another interesting finding was that some CD44
variant epitopes expressed by neurons were localized in the cytoplasm instead of on the cell membrane. The broad distribution of variant
CD44 molecules in the human CNS suggests that CD44 may play an important role in many biological processes in the CNS.
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1. Introduction

Ž .Cluster of differentiation 44 CD44 is a broadly dis-
tributed family of cell surface glycoproteins involved in

Žcell–cell and cell–matrix adhesive interactions Jalkanen
et al., 1986; Stamenkovic et al., 1989; Miyake et al., 1990;

.Lesley et al., 1993 . Due to alternative RNA splicing
which involves at least 10 of the 19 exons, a large number

Žof CD44 isoforms are generated Screaton et al., 1992;
.Lesley et al., 1993 . In addition, variations in glycosylation

contribute to structural and functional diversity of CD44
Ž .Katoh et al., 1995; Lesley et al., 1995 . Standard CD44
Ž .CD44s lacks all 10 variable exons, while variant CD44

Ž .isoforms CD44v may contain one or more alternatively
Žspliced exons in between standard exons Lesley et al.,

.1993 . Although, the exact functions of the various CD44
molecules are as yet unclear, members of the CD44 family
have been implicated in lymphocyte homing, hemato-
poiesis and tumor progression, i.e., metastasis and invasion
ŽJalkanen et al., 1986; Gunthert et al., 1991; Koopman et¨

) Corresponding author. Tel.: q31-20-5665635; fax: q31-20-696
0389.

al., 1993; Rudy et al., 1993; Wielenga et al., 1993; Merzak
.et al., 1994; Manten-Horst et al., 1995 .

It has been reported that in the human central nervous
Ž .system CNS , CD44s epitopes are expressed predomi-

Žnantly on astrocytes of the white matter Girgrah et al.,
.1991; Asher and Bignami, 1992; Moretto et al., 1993 . The

exact distribution of the CD44 variant isoforms in the
CNS, however, is not known. To determine whether CD44
proteins play a role in the normal functioning of the human

Ž .central nervous system CNS assessment of their precise
distribution in the CNS is crucial. In the present study,

Ž .three monoclonal antibodies mAbs reacting against
CD44s epitopes, and mAbs against epitopes of different

Ž .CD44 variants: CD44 variant exon 4 CD44v4 , CD44v5,
CD44v6 and CD44v10, were used to determine the local-
ization of CD44 isoforms in the human CNS.

2. Materials and methods

2.1. Normal human central nerÕous tissue

Normal human nervous system tissue was obtained at
autopsy from 5 males and 5 females aged 59 to 87 years,
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Ž .Fig. 1. A Schematic representation of the CD44 gene. Open boxes indicate exons that are spliced out of the standard form of CD44. TM, transmembrane
Ž .region. B Schematic representation of the CD44 protein with location of the epitopes which are recognized by the mAbs: NKI-P1, Hermes-1 and

Hermes-3, VFF4, VFF7, VFF8, VFF11, VFF14 and VFF16. Dark area, standard form of CD44; Õ1–Õ10, domains encoded by the variant exons.

who had died of non-neurological disorders. Within 16
hours after death, samples were taken from the following

Žareas of the central nervous system: precentral gyrus area
. Ž .4 , area fronto polaris area 10 , primary and secondary

Ž . Ž .visual cortex area 17r18 , area temporo polaris area 38 ,
Ž .gyrus of Heschl area 42 , hippocampus, corpus striatum,

thalamus, mesencephalon, medulla oblongata, cerebellum
Ž .and spinal cord level C6 and T4 . Samples were snap-

frozen in liquid nitrogen and stored in a y808C freezer.

2.2. Immunohistochemical detection of CD44 Õariants

Frozen sections were tested for expression of CD44
splice variants by immunohistochemistry as described pre-

Ž .viously, using a panel of monoclonal antibodies mAbs
raised against a bacterially expressed fusion protein en-
coded by exons v3–10 of the human HPKII-type CD44
Ž .Heider et al., 1993; Koopman et al., 1993 . Variant exons
v3–10 are corresponding to exons 7–14 of the human

Žgenomic CD44 Heider et al., 1993; Koopman et al.,
.1993 . The structure of CD44 and the location of the

epitopes that are recognized by mAbs, NKI-P1, Hermes-1,
Hermes-3, VFF11, VFF8, VFF4, VFF7, VFF18, VFF14
and VFF16 are shown in Fig. 1.

2.3. ReÕerse transcriptase polymerase chain reaction

Spinal cord tissue was obtained at autopsy within 16
hours after death from 5 patients who had died of non-neu-
rological disorders. Total cellular RNA was extracted from
spinal cord using the lithium chloriderureum extraction

Ž . Ž .method Auffray and Rougeon, 1980 . Complementary c
DNA was generated from 2 mg RNA using an oligo-dT
primer and M-MLV reverse transcriptase from Perkin

ŽElmer Gene Amp RNA-DNA kit Perkin Elmer Cetus,
. XNorwalk . The cDNA samples were amplified using 5 and

3X primers within the constant region of the CD44 gene
Ž .and flanking the variable region Koopman et al., 1993 .

Subsequently, semi-nested PCR was performed on the
obtained PCR products with the CD44s 5X primer and a

CD44 exon v10 3X primer: 5X-TTCGTGTGTGGGTAATG-
AGAG-3X. A plasmid containing CD44v with exons v3 to
v10 was used as a positive control, and destilled water was
used as a negative control. PCR products were separated
on an ethidium-bromide 1.5% agarose gel and photo-
graphed under UV illumination.

3. Results

3.1. Cerebral cortex and white matter

The immunohistochemical expression pattern of the
CD44 variant epitopes in the human central nervous tissue
are summarized in Table 1. All three antibodies against

Ž .standard CD44 CD44s showed the same staining pattern.
CD44s was preferentially expressed on fibrillary astrocytes
of the white matter and the limiting glial membrane of the
cortex. Incidentally, glial cells of the grey matter were
CD44s positive. The leptomeninges were strongly CD44s
positive. CD44s epitopes were also present on endothelial

Table 1
CD44 splice variants expression on cells and structures of the CNS

Cellsrstructures CD44s CD44v4 CD44v5 CD44v6 CD44v10

White matter qq y y y y
astrocytes
Grey matter q y y y y
astrocytes
Glia limitans qq y y y y
Neurons y q q y q
Axons y q q y qq

aEndothelium q y y y qq
Choroid plexus q qq qq qq qq
Molecular layer y q q y y
Purkinje cells y q qq y y
Granular layer qq y y y y
Ž .astrocytes
Bergmann glia q y y y y

qqsstrongly positive; qspositive; ysnegative.
a The endothelial cells in the grey matter were positive for CD44s
epitopes whereas the endothelial cells in the white matter were negative.
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cells of medium-sized arterioles in the grey matter but not
in the white matter. Although, neurons were not reactive
with the three CD44s mAbs, the mAb against CD44 exon

Ž .v4 CD44v4 stained the cytoplasm of intermediate neu-
rons in the white matter. Moreover, CD44v4 and CD44v5
were observed in the cytoplasm of large neurons in the
grey matter. No CD44v6 expression was found using three
different mAbs against CD44v6. CD44v10 was present in
large neurons and axons. Endothelial cells in white and
grey matter were also CD44v10 positive.

3.2. Basal ganglia and brain stem

CD44s was strongly expressed on glial cells and on the
matrix of the basal ganglia. CD44s epitopes were also

present on endothelial cells of medium-sized arterioles of
the basal ganglia, but not on endothelial cells in the white
matter. Neurons or axons were negative for CD44s. In
contrast, mAb against CD44v4 stained large neurons and
axons of putamen and thalamus. CD44v5 stained large
motor neurons in the brain stem. CD44v6 was negative.
CD44v10 stained axons and endothelial cells.

3.3. Hippocampus

Fig. 2 shows a schematic representation of the CD44
variant expression of the hippocampus. Again, CD44s was
expressed predominantly on white matter astrocytes. The
choroid plexus epithelium was also CD44s positive, al-

Ž . Ž .Fig. 2. A Photograph of the hippocampus immunostained for CD44s. B Schematic representation of the hippocampus: 1swhite matter; 2sentorhinal
Ž .cortex; 3ssubiculum; 4scornu amonis; 5s fascia and gyrus dentatus; 6salveus; 7s fimbriae; 8smolecular layer. C Schematic representations of

hippocampi immunostained for, respectively, CD44s, CD44Õ4, CD44Õ5, CD44Õ6 and CD44Õ10. Darker grey represents stronger staining.
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Ž .Fig. 3. In the cerebellum, Purkinje cells did not express CD44s epitopes a , despite these cells and their dendrites showed immunoreactivity for CD44v4
Ž . Ž .b and CD44v5 epitopes c . Barss50 mm. Arrows indicate Purkinje cells.

though the plexus epithelium was more intensively stained
by all mAbs against splice variants. In the hippocampus,
no expression of CD44v6 epitopes was observed. Large
neurons were positive for CD44v4, CD44v5 and for
CD44v10 epitopes. CD44v4 and CD44v10 epitopes were
also present on axons. Endothelium was CD44v10 posi-
tive.

3.4. Cerebellum

The Bergmann glia and the astroglial matrix of the
white matter were CD44s positive. Apart from the CD44s
positive radiating processes of the Bergmann glia, the
molecular layer was negative for CD44s. The entire granu-
lar layer was intense positive for CD44s. The cerebellar
glomeruli in the granular layer were strongly positive for
CD44v4 and v10, and intermediately positive for CD44v5.
The glial matrix was negative for all CD44 splice variants.
CD44v4 and CD44v5 stained Purkinje cells and their

Ž .dendrites Fig. 3 , while CD44v5 also stained the neuropil
of the molecular layer. CD44v6 was negative on all tissue
components in the cerebellum. CD44v10 stained endothe-
lial cells and axons.

3.5. Spinal cord

The glial matrix and the lamina gelatinosa were strongly
Ž .positive for CD44s Fig. 4 . The substantia gelatinosa and

axonal membranes were weakly positive for CD44v4.
CD44v5 positivity was observed in large motor neurons
and on axonal membranes. CD44v6 was negative.
CD44v10 showed a strong axonal positivity, the axonal

Ž .membranes were intensively stained for CD44v10 Fig. 4 .

In the nerve roots besides the axonal membranes, the outer
membranes of the myelin sheaths were also CD44v10

Ž .positive Fig. 4 . In addition, endothelium was CD44v10
positive.

3.6. ReÕerse transcriptase polymerase chain reaction

To determine whether the discrepant staining patterns
obtained with mAbs against CD44s versus CD44v might
be due to cross-reaction with other proteins than CD44 in
the CNS, we performed rtPCR to detect CD44v at the
mRNA level. Using 5X and 3X primers within the constant
region of the CD44 gene, mRNA of CD44 could be readily
amplified from the spinal cord tissue. Subsequently, semi-
nested PCR on these CD44 PCR products was performed
using the CD44s 5X primer and a CD44 exon v10 specific
3X primer. From this a major PCR product of approxi-
mately 1400 basepairs was obtained. The size of this
product corresponds to a CD44 isoform containing v10
and most other variant exons.

4. Discussion

Ž .The standard form of CD44 CD44s is widely dis-
tributed in lymphoid and non-lymphoid tissues. In contrast,

Ž .the variant isoforms CD44v have a more restricted distri-
Ž .bution pattern Heider et al., 1993; Terpe et al., 1994 . In

agreement with several other reports, in our study CD44s
epitopes are expressed predominantly on the cell surface of

Žastrocytes of the white matter Girgrah et al., 1991; Asher
.and Bignami, 1992; Moretto et al., 1993 . This CD44s

expression might contribute to the migratory capacity of
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white matter astrocytes upon inflammation because the
Ž .ligand of CD44s, hyaluronic acid HA , is the major

Žcomponent of the white matter matrix Kuppner et al.,
.1992; Aruffo et al., 1990 . In addition, CD44s epitopes are

present on endothelial cells of medium-sized arterioles in
the grey matter but, not in the white matter. This suggests
that the endothelial cells in the grey matter have different
adhesive properties compared to endothelium in the white
matter, which might be of special interest for Alzheimer’s
disease where the typical amyloid deposits are localized in

Ž .grey matter amyloid angiopathy and plaques , but not in
white matter. Epitopes recognized by the mAbs against

CD44v6 appear largely absent in the central nervous sys-
Ž .tem CNS . CD44v4 and v5 epitopes appear mainly pre-

sent in the cytoplasm of large neurons, especially in Purk-
inje cells. The CD44v10 epitope is expressed on endothe-
lial cells, axonal membranes and occasionally on large
neurons.

It is remarkable that CD44 splice variants v4, v5 and
v10, are differentially expressed in neurons and on axonal
membranes, while these cells and structures show no im-
munoreactivity for CD44s epitopes. This phenomenon has

Žbeen described previously by Salmi and co-workers Salmi
.et al., 1993 . They found that CD44v6 was expressed on

Ž . Ž .Fig. 4. In the spinal cord, CD44s epitopes a were expressed on the astroglial matrix. In contrast, CD44v10 epitopes b were expressed on axonal
Ž . Ž .membranes. In the nerve roots, again CD44s epitopes c were expressed on astroglial matrix, and CD4410 epitopes d were expressed on the axonal

membranes as well as on the outer membranes of the myelin sheaths. Barss250 mm
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high endothelium of blood vessels, while these cells were
unreactive with mAbs against CD44s. Theoretically, the
discrepant staining patterns obtained with mAbs against
CD44s versus CD44v might be due to cross-reaction with
other proteins than CD44 in the CNS. However, since we
could readily detect mRNA containing CD44v10 in spinal
cord tissue by reverse transcriptase polymerase chain reac-

Ž .tion RT-PCR this is unlikely. Alternatively, novel CNS
specific isoforms of CD44 may exist, which lack parts of
the ‘constant’ region of CD44 detected by the three differ-
ent CD44s antibodies used in this study. Another possibil-
ity is that ligand binding of the CD44 variants in the CNS
might result in steric or conformational obstruction of the
epitopes that are recognized by the anti-CD44s antibodies.
Moreover, insertion of CD44 splice variant domains could
interfere with binding of the CD44s antibodies. Finally, it
has been described that the hyaluronate-binding capacity
of CD44 is dependent on the glycosylation of the CD44

Ž .molecule Katoh et al., 1995; Lesley et al., 1995 . Differ-
ential glycosylation of CD44 molecules, which is likely to

Žoccur in the CNS Sano et al., 1993; Hoffmann et al.,
.1995 , might also interfere with the immunohistochemical

detection of CD44s epitopes. Although, it is as yet unclear
how it is possible that cells and structures in the CNS are
stained with mAbs against CD44 variant epitopes but not
with mAbs against CD44s epitopes, our findings indicate
that the assumption, that antibodies against CD44s epi-
topes detect all CD44 isoforms, might be incorrect.

Another unexpected observation is that the CD44 vari-
Ž .ants are localized in the cytoplasm of neurons Fig. 3 ,

whereas these molecules are usually expressed on the cell
membrane. A related observation has been described be-
fore, CD44v6 has been found to be expressed intra-
cellularly in peripheral blood leukocytes and in epithelial

Ž .cells Salmi et al., 1993 . The cytoplasmic expression of
CD44 molecules suggests intracellular functions of CD44.
CD44 variant molecules may be expressed on membranes
of organelles or be associated with cytoskeleton proteins.

The functions of the various CD44 splice variants in the
CNS are as yet unclear, but the function is probably
dependent on the context in which the exon is expressed,
i.e., with or without other exons. The broad distribution of
the different CD44 molecules in the human CNS suggests
that CD44 plays important roles in many biological pro-
cesses in the CNS.
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