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ABSTRACT 
We have used in situ hybridization histochemistry to examine the cellular sites of synthesis 

of two major nervous tissue proteoglycans, neurocan and phosphacan, in embryonic and 
postnatal rat brain and spinal cord. Both proteoglycans were detected only in nervous tissue. 
Neurocan mRNA was evident in neurons, including cerebellar granule cells and Purkinje cells, 
and in neurons of the hippocampal formation and cerebellar nuclei. In contrast, phosphacan 
message was detected only in astroglia, such as the Golgi epithelial cells of the cerebellum. At 
embryonic day 13-16, phosphacan mRNA is largely confined to areas of active cell proliferation 
(e.g., the ventricular zone of the ganglionic eminence and septa1 area of the brain and the 
ependymal layer surrounding the central canal of the spinal cord) as well as being present in the 
roof plate. The distribution of neurocan message is more widespread, extending to the cortex, 
hippocampal formation, caudate putamen, and basal telencephalic neuroepithelium, and 
neurocan mRNA is present in both the ependymal and mantle layers of the spinal cord but not 
in the roof plate. The presence of neurocan mRNA in areas where the proteoglycan is not 
expressed suggests that the short open reading frame in the 5'-leader of neurocan may function 
as a cis-acting regulatory signal for the modulation of neurocan expression in the developing 
central nervous system. , 1996 Wiley-Iiss, Inc. 
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Proteoglycans consist of a central core protein carrying 
one or more sulfated glycosaminoglycan side chains and 
frequently other shorter glycoprotein-type oligosacchari- 
des. The core proteins vary in size from 11,000 to > 200,000 
Da, and the number of glycosaminoglycan chains vary from 
1 to > 100. The major sulfated glycosaminoglycans in 
nervous tissue are chondroitin sulfate and heparan sulfate 
(Margolis and Margolis, 1993). We have previously de- 
scribed the biochemical properties and primary structures 
of neurocan and phosphacan, which are two major chondroi- 
tin sulfate proteoglycans of nervous tissue that are develop- 
mentally regulated with respect to their molecular size, 
concentration, carbohydrate composition, and sulfation 
(Rauch et  al., 1991; Meyer-Puttlitz et al., 1995). Neurocan, 
which was isolated from rat brain with the 1D1 monoclonal 
antibody, has a molecular size of - 300 kDa, as determined 
by gel filtration. The deduced amino acid sequence based on 
cDNA cloning (Rauch et al., 1992) revealed a 136 kDa core 
protein containing a signal peptide followed by an N-termi- 

nal immunoglobulin (1g)-like domain and tandem repeats 
that mediate binding to hyaluronic acid. This binding is 
stabilized by a 45 kDa protein called link protein, which 
contains a similar hyaluronic acid-binding region as well as 
an Ig-like domain that binds to the Ig-like domain at the 
N-terminus of the proteoglycan core protein. The C- 
terminal portion (amino acids 951-1,215) has - 60%' iden- 
tity to regions in the C-termini of other chondroitin sulfate 
proteoglycans (e.g., aggrecan, versican, and brevican; Mar- 
golis and Margolis, 1994), including two epidermal growth 
factor-like domains, a lectin-like domain, and a complement 
regulatory protein-like sequence, whereas the central 595 
amino acid portion of neurocan has no homology with other 
reported protein sequences. During brain development, 
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neurocan undergoes extensive proteolytic processing (Rauch 
et al., 1991; Meyer-Puttlitz et al., 1995), which may serve as 
a physiological mechanism for terminating a potential 
linkage between the cell surface and extracellular hyal- 
uronic acid, thereby providing a permissive environment 
for cell migration and nervous tissue differentiation. 

Cloning of phosphacan, which is an - 500 kDa chondroi- 
tin sulfate proteoglycan isolated from rat brain using the 
3F8 monoclonal antibody (Rauch et al., 1991), revealed a 
sequence of 1,616 amino acids deduced from a 4.8 kb open 
reading frame. The signal peptide is followed by an N- 
terminal domain of 255 amino acids homologous to car- 
bonic anhydrases and one fibronectin type-111-like domain. 
The amino acid sequence of the 173 kDa core protein 
deduced from the cDNA clones corresponds to the entire 
extracellular domain of a receptor-type protein tyrosine 
phosphatase CRPTP</p), and phosphacan was found to 
represent an mRNA splicing variant of the larger transmem- 
brane protein (Maurel et  al., 1994, 1995). Keratan sulfate- 
containing glycoforms of phosphacan (phosphacan-KS) are 
also present in brain. 

In this study we have examined the cellular sites of 
synthesis of neurocan and phosphacan by using in situ 
hybridization histochemistry, and, in the accompanying 
paper (Meyer-Puttlitz et  al., 1996), we describe their immu- 
nocytochemical localizations in the developing central ner- 
vous system. It  was found that neurocan is synthesized by 
neurons and that phosphacan is synthesized by astroglia, 
and these two proteoglycans show quite different time 
courses of appearance and localizations in brain and spinal 
cord. 

MATERIALS AND METHODS 
Preparation of riboprobes 

Restriction fragments of neurocan and phosphacan cDNA 
were subcloned into pGEM3 or Bluescript I1 by directional 
cloning, after which the plasmids were cut and transcribed 
into digoxigenin-labeled sense and antisense RNA with T7 
and SP6 (or, in the case of Bluescript, T3 and T7) RNA 
polymerases using the GENIUS 4 RNA labeling kit (Boeh- 
ringer Mannheim). 

Most studies of neurocan were performed using a 307- 
base probe corresponding to nt 2,624-2,930 of the compos- 
ite neurocan sequence (Rauch et al., 1992). This fragment 
represents the portion of the protein sequence just preced- 
ing the C-terminal domains homologous with aggrecan, 
versican, and brevican. Identical results were obtained 
using a 360-base probe corresponding to nt  1,641-2,000, 
which follow the N-terminal tandem repeats that are 
characteristic of the hyaluronic acid-binding proteoglycans. 

In situ hybridization studies of phosphacan generally 
were performed using a 187-base probe corresponding to nt 
556-742 in the N-terminal carbonic anhydrase domain 
(Maurel et al., 1994). This probe recognizes both the 
extracellular variant (phosphacan) as well as the two 
transmembrane forms of RPTP</p. Experiments were also 
performed using a probe corresponding to nt 5,034-5,820 
from the 3‘-untranslated sequence of phosphacan, which is 
specific for phosphacan, because its 3’-untranslated se- 
quence differs from that of the transmembrane phospha- 
tase (Maurel et al., 1995). 

The probes described above had no significant identity 
with other reported nucleotide sequences, and the corre- 
sponding sense probes showed no hybridization when they 

were used in control experiments. Additional controls in- 
cluded RNase-treated tissue sections and the use of digoxi- 
genin-labeled antisense probe diluted with unlabeled anti- 
sense probe. 

In situ hybridization histochemistry 
Rat embryos were fixed for 4-6 hours at  room tempera- 

ture in 4% paraformaldehydei0.1 M phosphate-buffered 
saline (PBS), washed twice for 5 minutes in PBS, and 
cryoprotected by gentle shaking overnight a t  4°C in 15% 
sucrosei0.l M PBS before freezing on powdered dry ice, 
whereas postnatal brain was generally frozen directly after 
dissection. Sections (15-20 pm) were cut using a Hacker- 
Bright cryostat, thaw-mounted on poly-L-lysine coated 
slides, and quickly dried under a stream of cool air. The 
tissue was fixed for 5 minutes in 3% paraformaldehyde in 
0.1 M PBS, pH 7.4, and was rinsed twice for 1 minute in 
PBS and twice for 1 minute in 2 x SSC. All solutions were 
made with diethyl pyrocarbonate-treated water. Sections 
were then treated for 3 minutes a t  37°C with proteinase K 
(1 pgiml in 0.1 M Tris-HC1, pH 8.0, containing 50 mM 
EDTA), rinsed twice with water, and acetylated for 10 
minutes with 0.25% acetic anhydride in 0.1 M triethanol- 
amine, pH 8.0. After rinsing for 1 minute each in 2 x SSC 
and 0.1 M PBS, sections were incubated for 30 minutes in 
glycineiPBS ( 2  mgiml, pH 7.0), rinsed for 1 minute in 2 x 
SSC, dehydrated through graded ethanols, and air dried. 

Sections were covered with digoxigenin-labeled ribo- 
probe, which was diluted to a concentration of 0.2-1.0 
ngiml in 30 pl of hybridization solution (40% formamide, 
10% dextran sulfate, 1 x Denhardt’s solution, 4 x SSC, 10 
mM dithiothreitol, 1 mgiml yeast RNA, 1 mgiml sheared 
salmon sperm DNA), and were denatured for 10 minutes a t  
65°C. Hybridization was carried out overnight a t  52°C in an 
atmosphere of 40% formamide, after which sections were 
washed for 5 minutes at  52°C with 50% formamidei2 x 
SSC followed by a further 20 minute wash using fresh 
solution. Slides were rinsed twice for 1 minute a t  room 
temperature with 2 x SSC, treated for 30 minutes a t  37°C 
with RNase A (20 pgiml, 2 x SSC), and rinsed twice for 1 
minute in 2 x SSC. After incubation for 5 minutes at  52°C 
in 50% formamidei2 x SSC, sections were treated for 2 
hours at room temperature with 2% blocking reagent 
(Boehringer Mannheim catalog no. 1096176) in 0.1 M 
sodium maleate buffer, pH 7.5, containing 0.15 M NaCl. 

The blocking solution was removed, and sections were 
incubated for 1 hour at  room temperature with alkaline 
phosphatase-conjugated sheep antidigoxigenin Fab frag- 
ments (Boehringer Mannheim j diluted 1:500 in 2% block- 
ing solution containing 0.3% Triton X-100. Slides were 
washed for 10 min in 0.1 M Tris-buffered saline (TBSj, pH 
7.5, followed by 30 minutes in 0.1 M Tris-HCI, pH 9.5, 
containing 0.1 M NaCl and 50 mM MgC12. Sections were 
covered with chromogen solution (338 pgiml of nitroblue 
tetrazolium, 175 pgiml of 5-bromo-4-chloro-3-indolyl phos- 
phate, and 240 pgiml of levamisole in 0.1 M Tris-HC1, pH 
9.5, containing 0.1 M NaCl and 50 mM MgC12) and were 
incubated in the dark a t  room temperature in a humidified 
chamber until color development was compiete, after which 
slides were washed twice for 5 minutes in 10 mM Tris-HC1, 
pH 8.1, containing 1 mM EDTA. The sections were then 
dehydrated through a series of graded ethanols, cleared in 
xylene, coverslipped, and sealed in Permount (Fisher Scien- 
tific Co., Pittsburgh, PA). 



Figure 1 
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Fig. 2 .  Distribution of phosphacan (A) and neurocan (B) mRNA in 
E l 3  rat brain. Phosphacan message is confined to the ventricular zone 
of the ganglionic eminence compared to the wider distribution of 
neurocan mRNA. Asterisks indicate the ventricular zone, and arrows 

RESULTS 
In situ hybridization histochemistry of embryonic day 

(E)14-15 rat embryos showed neurocan and phosphacan 
mRNA only in nervous tissue (Fig. l), in agreement with 
previous Northern analyses of RNA prepared from a num- 
ber of postnatal organs and tissues (Rauch et  al., 1992; 
Maurel et  al., 1994). In E l 3  brain, phosphacan message is 
confined to the ventricular zone, with the highest abun- 
dance in the ganglionic eminence and septal area, whereas 
the intermediate zone of the ganglionic eminence shows no 
staining. In contrast, neurocan message is present through- 
out the entire ganglionic eminence and in the ventricular 
zones of the cingulate cortex, the frontal cortex, and the 
hippocampal formation (Fig. 2). 

The more widespread localization in brain of neurocan 
compared to phosphacan mRNA is also seen at  E16, when 
phosphacan message is confined mostly to the ventricular 
zone and trigeminal ganglia, whereas the distribution of 
neurocan message extends to the cortex, hippocampus, 
caudate putamen, and basal telencephalic neuroepithelium 
(Fig. 3). It is also noteworthy that the level of phosphacan 
mRNA in the neocortical and hippocampal neuroepithe- 
lium is much lower than in the striatal, pallidal, and 
hypothalamic neuroepithelium. Similarly, in El6  spinal 
cord, both phosphacan and neurocan mRNA are seen in the 
ependymal layer of rapidly proliferating cells surrounding 
the central canal, but neurocan message is also present in 
the mantle layer, where phosphacan mRNA is not seen 

indicate the subventricular zone of the ganglionic eminence (GE). LV, 
lateral ventricle; S, septal area; CC, cingulate cortex; FC, frontal cortex; 
H, hippocampal formation; IF, interhemispheric fissure. Scale bar = 
300 Fm. 

(Fig. 4). Conversely, phosphacan message (but not neuro- 
can message) is present in the roof plate. 

In  E l 9  cerebrum, phosphacan message is largely con- 
fined once again to the ependymal layer surrounding the 
lateral ventricle (Fig. 5A), whereas neurocan message is 
also prominent in the cortical plate and subplate (but not in 
the intermediate cortical layer) as well as in thalamic 
nuclei, the hippocampal formation, the lateral geniculate 
body, and the caudate putamen neuroepithelium (Fig. 5B,C). 

In the cerebellum, phosphacan mRNA is seen in the Golgi 
epithelial cells (the cell bodies of the Bergmann glia), which 
lie immediately below the Purkinje cells (Fig. 6), whose 
identity and location were also determined in other sections 
using a probe to calbindin. In early postnatal cerebellum, 
neurocan mRNA is present in neurons in the external 
granule cell layer and, to a lesser extent, in the internal 
granule cell layer (Fig. 7A), whereas in adult cerebellum, 
neurocan mRNA is most prominent in the granule cell layer 
formed by the migration of neurons from the external 
granule cell layer during development (Fig. 7B). I t  can also 
be seen in Purkinje cells (Fig. 8A) and in neurons of the 
deep cerebellar nuclei (Fig. 8B). These in situ hybridization 
studies of cerebellum, whose conclusions are further sup- 
ported by the immunocytochemical results described in the 
accompanying paper (Meyer-Puttlitz et  al., 1996), demon- 
strate most clearly the neuronal synthesis of neurocan 
compared to the astroglial origin of phosphacan. In postna- 
tal day 5 cerebrum, neurocan message is also prominent in 
the cortex, the caudate putamen, the septal area, the 
hippocampal formation, and thalamic nuclei (Fig. 9). 

Fig. 1. In situ hybridization histochemistry of phosphacan and 
neurocan in embryonic day (El15 (A,BI and E l 4  (C,D) rat embryos. 
Staining with alkaline phosphatase-conjugated antidigoxigenin after 
hybridization of antisense rihoprobes to phosphacan (A) and neurocan 
tCl indicates that the mRNA for these proteoglycans is restricted to 
nervous tissue. No staining was seen using control sense probes (B,D). 
The asterisk indicates the ventricular zone of the ganglionic eminence. 
LV, lateral Ventricle; SC, spinal cord. Scale bars = 1 mm. 

DISCUSSION 
A major objective of this study was to determine the 

cellular sites of synthesis of neurocan and phosphacan. In 
situ hybridization histochemistry is the best method for 
obtaining this type of information for extracellular pro- 
teins, which, after secretion, may be extensively redistrib- 
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Fig. 3. Phosphacan (A) and neurocan (B) mRNA in E l 6  rat brain. 
Like that seen a t  E l 3  (Fig. 21, phosphacan mRNA continues to be 
restricted mostly to the ventricular zone, whereas neurocan mRNA is 
seen throughout the cortex and in the caudate putamen, basal telen- 
cephalon, and hypothalamus. An asterisk indicates the cortex. LV, 

lateral ventricle; 3V, third ventricle; GE, ganglionic eminence; CP, 
caudate putamen neuroepithelium; H, hippocampus (ventricular zone); 
TG, trigeminal ganglion; BT, basal telencephalic neuroepithelium; HT, 
hypothalamus and mammillary area. Scale bar = 500 pm, 

Fig. 4. Phosphacan (A) and neurocan (B) mRNA in E l 6  spinal cord. Phosphacan message is localized to 
the roof plate (asterisk) and the ependymal layer surrounding the central canal (cc) but is absent from the 
floor plate (arrow), whereas neurocan mRNA is not seen in the roof plate but does occur throughout the 
mantle layer (ML). Scale bar = 100 pm. 
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uted during cell maturation and migration. Immunocyto- 
chemical studies of tissue sections or primary cultures of 
brain cannot by themselves provide reliable data concern- 
ing the cellular origins of extracellular matrix molecules, 
which may be found associated (as a result of transport or 
binding) with cells quite different from those by which they 
are produced. Although biosynthetic labeling and immuno- 
precipitation of proteins from highly enriched neuronal and 
glial populations can give some indication concerning cellu- 
lar sites of synthesis, considerably less information is 
obtained by this approach compared to in situ hybridization 
histochemistry, and regulatory mechanisms operative in 
vivo may not be fully functional in cultured cells. 

Our results indicate that neurocan is a product of neu- 
rons, whereas phosphacan is synthesized by astrocytes, 
which can be seen most clearly by detection of their mRNAs 
in cerebellar granule and Purkinje cells and in Golgi epi- 
thelial cells, respectively. These conclusions are supported 
further by the immunocytochemical studies described in 
the accompanying paper (Meyer-Puttlitz et al., 1996). I t  is 
also instructive to compare the available information on 
biosynthesis of the other hyaluronic acid-binding chondroi- 
tin sulfate proteoglycans of nervous tissue. In chicken 
brain, both aggrecan (Domowicz et al., 1994) and the 
“cytotactin-binding proteoglycan” (Hoffman and Edelman, 
1987; Hoffman et al., 1988; Ernst et al., 1994), which is 
isolated as a complex with hyaluronic acid and link protein 
and contains a 250 kDa core protein that may be the chick 
homolog of neurocan, have been reported to be neuronal 
proteoglycans, whereas versican (Monnet-Tschudi et al., 
1993; Margolis and Margolis, 1994) and brevican (Yamada 
et  al., 1994) are synthesized by astroglia. These different 
cellular sites of biosynthesis for the individual members of 
this proteoglycan family suggest that each proteoglycan 
may serve specific functions at particular locations or stages 
of central nervous system development. 

In embryonic and postnatal brain and spinal cord, we 
found that a probe to a neurocan sequence at  the N-termi- 
nal portion of the nonhomologous central portion of neuro- 
can gave results identical to those obtained using a probe to 
a sequence at its C-terminal end (data not shown), whereas 
it can be expected that probes corresponding to sequences 
either in the N-terminal hyaluronic acid-binding region or 
in the C-terminal EGF-like, lectin-like, and complement 
regulatory protein-like domains of neurocan may also hy- 
bridize with aggrecan, versican, andlor brevican mRNA 
due to their considerable sequence identity in these regions. 

Similarly, probes to the 3’-untranslated region of phospha- 
can, which differs from that of the transmembrane phospha- 
tase, or to either of the cytoplasmic phosphatase domains 

Fig. 5. A-C: Phosphacan and neurocan mRNA in E l 9  rat cere- 
brum. Phosphacan message (A) is localized primarily to the ventricular 
zone (asterisk) compared to the wider distribution of neurocan mRNA 
(B) in the cortex, thalamus, lateral geniculate body, and caudate 
putamen. In B, the asterisk marks the third ventricle. The pineal (PI 
and medial habenula (MH) have the same intensity of staining that was 
seen with a control sense probe (not shown). C shows a higher 
magnification of the boxed area in B. Arrows indicate the cortical 
subplate, and an asterisk indicates the ependymal layer. DT, dorsome- 
dial thalamic nucleus; VT, ventromedial thalamic nucleus; DL, dorsolat- 
era1 thalamic nucleus; DG, dentate gyrus; HF, hippocampal formation; 
GB, dorsolateral geniculate body; CP, caudate putamen neuroepithe- 
lium (in B); CP, cortical plate ( in  C ) ;  ICL, intermediate cortical layer; 
LV, lateral ventricle. Scale bars = 500 Fm in A,B, 100 pm in C. 



4 0 M. ENGEL ET AL. 

all produced similar hybridization patterns in embryonic 
brain and spinal cord and in postnatal cerebellum (Maurel 
et al., 1995). Our results, therefore, indicate that these two 
mRNA splice variants (Maurel et  al., 19941, the extracellu- 
lar proteoglycan, phosphacan, and the transmembrane 
phosphatase, which also occurs in the form of a chondroitin 
sulfate proteoglycan in brain (Shitara et al., 1994; Maeda et 
al., 1994), have generally similar sites of synthesis. How- 
ever, it has been reported that, in early postnatal cerebrum, 
phosphacan biosynthesis may be preferentially associated 
with differentiated astroglia that have migrated out of the 
proliferative subventricular zone (Can011 et  al., 1994). 

Previous in situ hybridization studies of protein tyrosine 
phosphatase-</a have identified its mRNA in the Purkinje 
cell layer of cerebellum, and immunocytochemical studies 
have indicated that it was present in astroglia (Can011 et al., 
1993; Levy et al., 1993). The higher resolution in situ 
hybridization data presented here clearly localize phospha- 
can mRNA to the Golgi epithelial cells that lie immediately 
below the neurons forming the Purkinje cell layer (Fig. 61, 
and these results are also supported by our immunocyto- 
chemical data (Meyer-Puttlitz et al., 1996). In view of 
immunocytochemical and in situ hybridization studies dem- 
onstrating neurocan and its mRNA in easily identifiable 
neurons (e.g., cerebellar granule cells, Purkinje cells, and 
neurons of the deep cerebellar nuclei) together with our 
own and other studies demonstrating that phosphacan and 
its related transmembrane phosphatase (Can011 et al., 
1993) are synthesized by astrocytes, currently, we have no 
explanation for the opposite conclusions reached by Oohira 
et al. (1994). These investigators have reported that, in 
primary cultures of rat brain, neurocan (recognized by their 
1G2 monoclonal antibody) is enriched in astrocyte cultures, 
whereas the 6B4 proteoglycan, which has recently been 
shown (Maeda et al., 1994) to be identical to phosphacan 
and protein tyrosine phosphatase-<lP, is produced by neu- 
rons. 

I t  is also noteworthy that high levels of neurocan mes- 
sage are present both in the external and internal granule 
cell layers of early postnatal cerebellum and in the granule 
cell layer of adult cerebellum (Fig. 7). However, at both 
ages, immunoreactive neurocan is found only in the inter- 
nal granule cell layer (Rauch et  al., 1991; Meyer-Puttlitz et  
al., 1996), which is formed by the migration of these 
neurons from the outer surface of the cerebellum, suggest- 
ing that translation of neurocan mRNA does not take place 
before granule cell migration. Similarly, in the telencepha- 
Ion at E13-16, neurocan mRNA is seen throughout the 
cortex (Figs. 2 ,3)  in areas where neurons are apposed to the 
radial glial fibers that extend from cell bodies in the 
ventricular and subventricular zone to the pial surface 
(Levitt and Rakic, 1980). However, these neurons also do 
not express neurocan until they reach the marginal zone 
and subplate (Meyer-Puttlitz et al., 1996). 

Our immunocytochemical and in situ hybridization stud- 
ies show that, in embryonic (E13-El6) brain and spinal 
cord, the distribution of neurocan mRNA is considerably 
more extensive than that of phosphacan at the same 

Fig. 6 .  Phosphacan mRNA is seen in Golgi epithelial cells of 9 day 
postnatal (A) and adult (B,C) cerebellum. A,B: Antisense probe. C: 
Sense probe. Arrows indicate Golgi epithelial cells. IGL, internal 
granule cell layer; ML, molecular layer; EGL, external granule cell 
layer; GCL, granule cell layer; WM, white matter. Scale bars = 200 pm. 



SYNTHESISOFNEUROCANANDPHOSPHACAN 41 

Fig. 7. Neurocan mRNA in granule cells of 7 day (A) and adult (B)  cerebellum. Arrows indicate the  
external granule cell layer. IGL, internal granule cell layer; ML, molecular layer; WM, white matter; GCL, 
granule cell layer. Scale bars = 500 pm. 

developmental stages when there is strong phosphacan 
immunoreactivity but when little or no neurocan protein is 
synthesized. By E19, strong neurocan staining is seen in 
the cerebral cortex and begins to appear in the ventral 
motor neurons of the spinal cord, but it is still largely 
absent from other central nervous system areas. There are 
also other cases in which protein expression is not corre- 
lated with the presence or levels of mRNA; for example, few 
cell lines with GABA, mRNAs have functional receptors 

(Hales and Tyndale, 1994). Conversely, in embryonic brain 
and spinal cord, high levels of phosphacan mRNA are seen 
mainly in the neuroepithelium, whereas immunoreactive 
proteoglycan is widely distributed in these tissues, presum- 
ably as a consequence of transport in or along glial pro- 
cesses, local secretion, and/or redistribution as a conse- 
quence of cell migration. 

The lack of expression of neurocan in some premigratory 
neurons may be due to the presence of a translation 
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Fig. 8. In adult cerebellum, neurocan mRNA is present in Purkinje 
cells (A, arrows) and in large neurons of the dentate nucleus (B). To 
demonstrate the presence of neurocan message in Purkinje cells in 
these Vibratome sections of perfusion-fixed brain, the reaction with the 
chromogen was stopped before strong staining of the more abundant 
granule cells appeared, because these cells obscure the specific Purkinje 
cell staining (cf. Fig. 7B). PA, pia-arachnoid; ML, molecular layer; GCL, 
gmnule cell layer. Scale bar = 100 km. 

Fig. 9. Neurocan message in postnatal day 5 rat cerebrum (proceed- 
ing from rostra1 to caudal in A-C, respectively). A An asterisk indicates 
the anterior commissure, and arrows indicate the piriform cortex. B: 
An asterisk indicates the lateral ventricle, and the arrows indicate 
caudate neuroepithelium. C: An asterisk indicates the third ventricle, 
and an arrow indicates the dentate gyrus. LV, lateral ventricle; C, 
cortex; CP, caudate putamen; CN, caudate putamen neuroepithelium; 
DG, dentate gyrus; S, septa1 area; CA1 and CA3, areas of the hippocam- 
pus; T N ,  thalamic nuclei. Scale bars = 1 mm. 
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initiation codon and an  associated open reading frame in 
the 5‘-leader sequence of neurocan mRNA. In an  increasing 
number of cases, such open reading frames have been 
shown to function as cis-acting regulatory signals capable 
of modulating expression of the downstream reading frame 
(for a review, see Geballe and Morris, 1994). In its 5‘-leader, 
neurocan contains a short open reading frame (ATG TGT 
CCG CGC TAA, coding for Met-Cys-Pro-Arg-Stop; Rauch et 
al., 1992), which has been verified in two independent rat 
and two independent mouse cDNA clones, and it has been 
found that a human embryonic kidney cell line (293) is 
unable to express a C-terminally truncated neurocan from a 
construct containing the native neurocan 5‘-untranslated 
sequence and signal peptide, but it does express this 
proteoglycan after replacing these neurocan sequences with 
the corresponding cDNA from basement membrane protein 
BM-40, which does not contain an  upstream open reading 
frame t U. Rauch, personal communication). Insofar as we 
have previously shown that neurocan is a potent inhibitor 
of cell adhesion and neurite outgrowth (Friedlander et  al., 
1994), it is possible that “premature” expression of neuro- 
can in the external granule cell layer and the telencephalon 
would prevent the essential adhesion of neurons to the glial 
fibers that guide the migration of these neurons to their 
final positions in the internal granule cell layer and the 
cerebral cortex. 

The mechanisms by which the suppressive influence of 
“autonomous,” free-standing, upstream open reading 
frames that begin and end entirely within the 5‘-leader 
(such as that of neurocan) may be overcome are just now 
beginning to be understood. In some cases, regulation (e.g., 
through leaky scanning) is dependent upon the sequence of 
the putative translated peptide, although it is more likely 
that neurocan falls into the category of those proteins for 
which the regulation of translation by an  upstream open 
reading frame is independent of the amino acid sequence of 
the encoded peptide. However, the fact that upstream 
initiation codons and open reading frames are most com- 
monly found in protooncogenes and genes encoding growth 
factors and cell surface receptors (Kozak, 1987) suggests 
that modulation of translation through these elements may 
play an important role in developmental processes, and also 
provides a possible mechanism for the age- and region- 
specific differences in neurocan mRNA translation that we 
have observed. 

ACKNOWLEDGMENTS 
This work was supported by research grants NS-09348, 

NS-13876, and MH-00129 from the National Institutes of 
Health. 

LITERATURE CITED 
Canoll, P.D., G. Barnea, J .B. Levy, J .  Sap, M. Ehrlich, 0. Silvennoinen, J .  

Schlessinger, and J.M. Musacchio (1993) The expression of a novel 
receptor-type tyrosine phosphatase suggests a role in morphogenesis and 
plasticity of the nervous system. Dev. Brain Res. 75:293-298. 

Canoll, R D . ,  S. Petanceska, G. Barnea, J .  Schlessinger, and J.M. Musacchio 
( 1994) Changes in RPTP-P expression during glial cell differentiation. 
Soc. Neurosci. Abstr. 20:1070. 

Domowicz. M., D. Mangoura, H. Li, N. Sakellardis, and N.B. Schwartz 
(19941 S103L Neuronal proteoglycan in development: Assembly and 
function. Soc. Neurosci. Abstr. 20,1494. 

Ernst, H., M.K.B. Zanin, D. Everman, and S. Hoffman (1994) Receptor- 

mediated adhesive and antiadhesive functions of two distinct proteogly- 
cans from embryonic chicken brain. Mol. Biol. Cell 5308a.  

Friedlander, D., P. Milev, L. Karthikeyan, R.K. Margolis, R.U. Margolis, and 
M. Grumet ( 1994) The neuronal chondroitin sulfate proteoglycan neuro- 
can binds to the neural cell adhesion molecules Ng-CAMILIINILE and 
N-CAM and inhibits neuronal adhesion and neurite outgrowth. J. Cell 
Biol. 125:669-680. 

Geballe, A.P., and D.R. Morris (1994) Initiation codons within 5’-leaders of 
mRNAs as regulators oftranslation. Trends Biochem. Sci. 19159-164. 

Hales, T.G., and R.F. Tyndale (19941 Few cell lines with GABA,, mRNAs 
have functional receptors. J .  Neurosci. 14:5429-5436. 

Hoffman, S., and G.M. Edelman (1987) A proteoglycan with HNK-I anti- 
genic determinants is a neuron-associated ligand for cytotactin. Proc. 
Natl. Acad. Sci. USA 84:2533-2537. 

Hoffman, S., K.L. Crossin, and G.M. Edelman (1988) Molecular forms, 
binding functions, and developmental expression patterns of cytotactin 
and cytotactin-binding proteoglycan, an interactive pair of extracellular 
matrix molecules. J .  Cell Biol. 106:519-532. 

Kozak, M. f 1987) An analysis of 5’honcoding sequences from 699 vertebrate 
messenger RNAs. Nucleic Acids Res. 15t8125-8148. 

Levitt, P., and P. Rakic (1980) Immunoperoxidase localization of glial 
fibrillary acidic protein in radial glial cells and astrocytes of the develop- 
ing rhesus monkey brain. J .  Comp. Neurol. 193:815-840. 

Levy, J.B., P.D. Canoll, 0. Silvennoinen, G. Barnea, B. Morse, A.M. 
Honegger, J .-T. Haung, L.A. Cannizzaro, S:H. Park, T. Druck, K. 
Huebner, J .  Sap, M. Ehrlich, J.M. Musacchio, and J .  Schlessinger (19931 
The cloning of a receptor-type protein tyrosine phosphatase expressed in 
the central nervous system. J. Biol. Chem. 268:10573-10581. 

Maeda, N., H. Hamanaka, T. Shintani, T. Nishiwaki, and M. Noda (1994) 
Multiple receptor-like protein tyrosine phosphatases in the form of 
chondroitin sulfate proteoglycan. FEBS Lett. 354:67-70. 

Margolis, R.K., and R.U. Margolis (1993). Nervous tissue proteoglycans. 
Experientia 49:429-446. 

Margolis, R.U., and R.K. Margolis (1994) The aggrecan-versican-neurocan 
family of proteoglycans. Methods Enzymol. 242105-126. 

Maurel, P. ,  U. Rauch, M. Flad, R.K. Margolis, and R.U. Margolis (1994) 
Phosphacan, a chondroitin sulfate proteoglycan of brain that interacts 
with neurons and neural cell adhesion molecules, is an extracellular 
variant of a receptor-type protein tyrosine phosphatase. Proc. Natl. 
Acad. Sci. U. S. A. 91:2512-2516. 

Maurel, P., B. Meyer-Puttlitz, M. Flad, R.U. Margolis, and R.K. Margolis 
i 1995) Nucleotide sequence and molecular variants of rat  receptor-type 
protein tyrosine phosphatase-<Ip. DNA Sequence 5:323-328. 

Meyer-Puttlitz, B., P.  Milev, E. Junker,  I. Zimmer, R.U. Margolis, and R.K. 
Margolis (1995) Chondroitin sulfate and chondroitidkeratan sulfate 
proteoglycans of nervous tissue: Developmental changes of neurocan and 
phosphacan. J .  Neurochem. 65:2327-2337. 

Meyer-Puttlitz, B., E. Junker,  R.U. Margolis, and R.K. Margolis (1996) 
Chondroitin sulfate proteoglycans in the developing central nervous 
system. 11. Immunocytochemical localization of neurocan and phospha- 
can. J .  Comp. Neurol. 366:44-54. 

Monnet-Tschudi, F., M.G. Zurich, R. Asher, and P. Honegger f 1993) Glial 
hyaluronate-binding protein expression in aggregating brain cell cul- 
tures. Dev. Neurosci. 15:395-402. 

Oohira, A,, F. Matsui, E. Watanahe, Y. Kushima, and N. Maeda (1994) 
Developmentally regulated expression of a brain specific species of 
chondroitin sulfate proteoglycan, neurocan, identified with a monoclonal 
antibody 1G2 in the rat  cerebrum. Neuroscience 60:145-157. 

Rauch, U., P. Gao, A. Janetzko, A. Flaccus, L. Hilgenberg, H. Tekotte, R.K. 
Margolis, and R.U. Margolis f 1991) Isolation and characterization of 
developmentally-regulated chondroitin sulfate and chondroitinikeratan 
sulfate proteoglycans of brain identified with monoclonal antibodies. J. 
B i d  Chem. 266:14785-14801. 

Rauch, U., L. Karthikeyan, P. Maurel, R.U. Margolis, and R.K. Margolis 
i 1992) Cloning and primary structure of neurocan, a developmentally 
regulated, aggregating chondroitin sulfate proteoglycan of brain. J .  Biol. 
Chem. 267:19536-19547. 

Shitara, K., H. Yamada, K. Watanabe, M. Shimonaka, and Y. Yamaguchi 
(1994) Brain-specific receptor-type protein-tyrosine phosphatase RPTPp 
is a chondroitin sulfate proteoglycan in viva. J. Biol. Chem. 269:20189- 
20193. 

Yamada, H., K. Watanahe, M. Shimonaka, and Y. Yamaguchi (1994) 
Molecular cloning of brevican, a novel brain proteoglycan of the aggrecani 
versican family. J. Bid.  Chem. 269:10119-10126. 


