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Abstract. Extracellular matrix (ECM) molecules are 
involved in multiple aspects of cell-to-cell signaling 
during development and in the adult. In nervous system 
development, specific recognition processes, e.g., dur- 
ing axonal pathfinding and synaptogenesis involve 
modulation and signaling by ECM components. Much 
less is known about their presence and possible roles in 
the adult nervous system. We now report that thrombo- 
spondin-4 (TSP-4), a recently discovered member of 
the TSP gene family is expressed by neurons, promotes 
neurite outgrowth, and accumulates at the neuromus- 
cular junction and at certain synapse-rich structures in 
the adult. 

To search for muscle genes that may be involved in 
neuromuscular signaling, we isolated cDNAs induced 
in adult skeletal muscle by denervation. One of these 
cDNAs coded for the rat homologue of TSP-4. In skel- 
etal muscle, it was expressed by muscle interstitial cells. 
The transcript was further detected in heart and in the 

developing and adult nervous system, where it was ex- 
pressed by a wide range of neurons. An antiserum to 
the unique carboxyl-terminal end of the protein al- 
lowed to specifically detect TSP-4 in transfected cells in 
vitro and on cryostat sections in situ. TSP-4 associated 
with ECM structures in vitro and in vivo. In the adult, it 
accumulated at the neuromuscular junction and at syn- 
apse-rich structures in the cerebellum and retina. To 
analyze possible activities of TSP-4 towards neurons, 
we carried out coculture experiments with stably trans- 
fected COS cells and motor, sensory, or retina neurons. 
These experiments revealed that TSP-4 was a preferred 
substrate for these neurons, and promoted neurite out- 
growth. The results establish TSP-4 as a neuronal ECM 
protein associated with certain synapse-rich structures 
in the adult. Its activity towards embryonic neurons in 
vitro and its distribution in vivo suggest that it may be 
involved in local signaling in the developing and adult 
nervous system. 

C 
OMPONENTS of the (ECM) 1 play major roles in cell- 
to-cell communication during development and in 
the adult. These are mediated by direct and indi- 

rect signaling mechanisms. Binding to specific cellular in- 
tegrin receptors by ECM components directly activates in- 
tracellular signal transduction pathways. Potentiation of 
growth factor-mediated signaling through stabilization and/ 
or direct coactivation mechanisms produces local modula- 
tion of growth factor activity. Finally, synergistic interac- 
tions between integrin- and peptide growth factor-initi- 
ated signal transduction pathways are likely to greatly 
enhance the efficacy and specificity of local cell interactions 
(Hynes, 1992; Adams and Watt, 1993). 

In the nervous system, local interactions mediated by 
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ECM components are involved in neurite outgrowth, ax- 
onal pathfinding, and synapse formation (Sanes, 1989; 
Venstrom and Reichardt, 1993; Letourneau et al., 1994). 
This has been particularly well documented for the devel- 
opment and regeneration of neuromuscular connections. 
In this system, synaptic basal lamina contains information 
sufficient to direct the differentiation of the pre- and 
postsynaptic apparatus during reinnervation (Hall and 
Sanes, 1993). This is reflected by the existence of ECM 
components that either accumulate or are excluded from 
the synaptic cleft at the neuromuscular junction (Sanes, 
1989; Hall and Sanes, 1993). Of particular significance 
among the synaptic components are agrin, ARIA, and 
s-laminin (McMahan et al., 1992; Hall and Sanes, 1993). 
Agrin is an ECM molecule that induces clustering of 
postsynaptic acetylcholine receptors and is therefore 
thought to play a major role in synapse formation (McMa- 
han et al., 1992). Some of the actions of agrin may be me- 
diated by dystroglycan, a proteoglycan that interacts with 
both, certain ECM components like laminin and agrin, and 
with a specific transmembrane complex thought to provide 

© The Rockefeller University Press, 0021-9525/95/11/1083/12 $2.00 
The Journal of Cell Biology, Volume 131, Number 4, November 1995 1083-1094 1083 

 on January 4, 2016
jcb.rupress.org

D
ow

nloaded from
 

Published November 15, 1995

http://jcb.rupress.org/


a physical link between the ECM and the cortical cytoskel- 
eton (see e.g., Sealock and Froehner, 1994 for a review). 
While additional ECM-mediated interactions are likely to 
be involved, it is already clear that local interactions in- 
volving specific ECM components play a crucial role in 
synapse formation and maturation. 

Thrombospondins are a family of highly related ECM 
glycoproteins with well documented roles in cell signaling 
(Bornstein, 1992; Adams and Lawler, 1993; Lawler et al., 
1993b). Thrombospondin was originally discovered as a 
prominent secretory component of platelet a-granules in- 
volved in plasmin activation and platelet aggregation. This 
protein, which is now designated thrombospondin-1 (TSP- 
1), remains the best characterized of the five presently 
known TSPs. It consists of an heparin-binding amino-ter- 
minal domain, a linker with homology to procollagen, three 
TSP-type-1 (properdin) repeats, three TSP-type-2 (EGF) 
repeats, seven TSP-type-3 (calcium-binding) repeats, and 
a cell-binding carboxyl-terminal domain. Multiple func- 
tions have been assigned to the various domains. TSP-1 
affects a wide range of cellular activities, including cell 
migration, adhesion, spreading, and neurite outgrowth 
(Taraboletti et al., 1987; O'Shea et al., 1990, 1991; Neuge- 
bauer et al., 1991; Osterhout et al., 1992; Adams and 
Lawler, 1993; Venstrom and Reichardt, 1993). It is in- 
volved in angiogenesis and metastasis (Tolsma et al., 1993; 
Nicosia and Tuszinski, 1994). Unique to TSP, and of par- 
ticular interest to cell signaling is the fact that it binds and 
modulates extracellular proteases and TGF[3 (Lawler et 
al., 1986; Schultz-Cherry et al., 1993). TSP-1 is expressed 
by many cell and tissue types during development, and it is 
a serum-responsive gene in fibroblasts. TSP-2 is highly re- 
lated to TSP-1, but it is encoded by a separate gene, and its 
expression is not regulated by serum (Bornstein, 1992; La- 
hetty et al., 1992). TSP-3 (Vos et al., 1992; Qabar et al., 
1994), TSP-4 (Lawler et al., 1993a), and the cartilage pro- 
tein COMP (Oldberg et al., 1992) are related to TSP-1, but 
have distinct amino-terminal domains, lack the procol- 
lagen homology linker and the TSP-type-1 repeats, and 
display restricted expression patterns. Several important 
activities of TSP-1 have been assigned to the TSP-type-1 
repeats. These include its angiogenic activity, binding and 
activation of TGF[3, several interactions with ECM com- 
ponents, and a neurite promoting activity (Adams and 
Lawler, 1993; Tolsma et al., 1993; Schultz-Cherry et al., 
1994; Stewart, B. D., A. N. Qabar, M. Hartsch, V. M. 
Dixit, and K. S. O'Shea. 1994. Mol. Biol. Cell. 5:176A). In 
addition, high-affinity binding of TSP-1 and -2 to pro- 
teoglycans involves the unique NH2-terminal heparin 
binding domain. Little is presently known about the func- 
tions of the other members of the TSP gene family, but 
structural considerations clearly indicate that they cannot 
be extrapolated from those of TSP-1 and -2. 

Thrombospondin(s) have been detected immunologi- 
cally in the developing and adult nervous system (Corless 
et al., 1992; Hoffman et al., 1994). However, the high de- 
gree of relatedness among the five known members of the 
TSP gene family has been a hindrance in determining 
which members of this family are specifically associated 
with neural systems. Therefore, while the neurite-promot- 
ing activity of TSP-1 in vitro is well documented, the as- 
signment of any potential role of TSPs in neural functions 

depends on the identification and functional characteriza- 
tion of the TSPs expressed by neurons and glia. 

We have set out to identify muscle components involved 
in signaling between muscle and nerve at the neuromuscu- 
lar junction. To this end, we screened a subtracted cDNA 
library enriched in genes induced in adult skeletal muscle 
7 d after denervation. At this time, denervated muscle has 
become competent to form synapses with incoming nerves, 
and certain muscle genes expressed during synapse devel- 
opment are reinduced (Hall and Sanes, 1993). We report 
that one cDNA isolated in our screen codes for the rat ho- 
mologue of TSP-4. Its unique carboxyl-terminal sequence 
allowed us to generate a specific antiserum to map its dis- 
tribution without interference from previously known 
members of the TSP family. In denervated muscle, TSP-4 
is strongly induced in muscle interstitial cells, presumably 
fibroblasts. It is detected in the developing optic nerve and 
cerebellar cortex. In the adult nervous system, it is ex- 
pressed by certain neurons, and accumulates at the neuro- 
muscular junction and at certain synapse-rich layers. Out- 
side the nervous system, TSP-4 is expressed in skeletal 
muscle and in the heart (Lawler et al., 1993a). Experi- 
ments with stably transfected cells indicate that TSP-4 
binds to cell surfaces, can be incorporated into extracellu- 
lar matrix, and has potent adhesion and neurite promoting 
activity towards motor, sensory, cerebellar, and retina 
neurons. The distribution of TSP-4 expression and immu- 
noreactivity in the nervous system suggests that it may be 
a major neural TSP in the adult. Its neurite promoting ac- 
tivity and association with certain synapse-rich layers sug- 
gest that it may be involved in signaling in the developing 
and adult nervous system. 

Materials and Methods 

Reagents 
A partial clone coding for rat TSP-4 was isolated from a subtracted plas- 
mid cDNA library enriched in transcripts induced in adult diaphragm 
muscle 7 d after denervation. The construction of the library and the screen- 
ing procedure were as described (Arber et al ,  1994). Subsequently, sev- 
eral additional clones, including a 3.1-kb clone coding for the entire amino 
acid sequence of TSP-4 were isolated through rescreening of the same li- 
brary. A 2.2-kb cDNA clone coding for Xenopus laevis TSP-4 was a kind 
gift of J. Lawler (Brigham and Women's  Hospital, Boston, MA). The rab- 
bit antibody against the carboxyl-terminal peptide CQEFQIQTFDRLDN 
was produced by coupling the peptide to keyhole limpet hemocyanin 
(Sigma Chem. Co., St. Louis, MO) via an amino-terminal Cys. Further an- 
tibodies were from the following sources: tenascin (rat monoclonal anti- 
body; kind gift of R. Chiquet-Ehrismann, Friedrich Miescher Institute, 
Basel), fibronectin (monoclonal antibody; Sigma Chem. Co.), and chick 
GAP-43 (antiserum to carboxyl-terminal peptide [Aigner and Caroni, 
1993]). Rhodamine-c~-bungarotoxin, rhodamine-phalloidin, and biotin-, rho- 
damine-, and lucifer yellow-conjugated secondary reagents were from Mo- 
lecular Probes, Inc. (Eugene, OR). All cell lines (mouse 3T3 fibroblasts; 
mouse C2C12 myoblasts; rat L6 myoblasts; monkey kidney epithelial 
ceils COS-l) were from American Type Cell Culture Collection (Rock- 
ville, MD). 

Nucleic Acid Hybridization 
RNA isolation and Northern blot analysis with digoxigenin-labeled ribo- 
probes (reagents from Boehringer Mannheim Corp., Indianapolis, IN) 
were carried out as described in a previous study (Arber et al., 1994). For 
Northern blots, equal amounts of total RNA were loaded on a formalde- 
hyde gel, as verified by staining with methylene blue. Hybridization was 
performed at high stringency (68°C), as described by the manufacturer. In 
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situ hybridization with digoxigenin-labeled cRNA probes was carried out 
according to a published protocol (Schaeren-Wiemers and Gerfin-Moser, 
1993). Briefly, fresh tissues were quickly frozen in mounting medium, 12- 
ixm cryostat sections were collected, and then fixed with 4% paraformal- 
dehyde. High-stringency hybridization was carried out over night at 72°C. 
After extensive washing, sections were incubated with alkaline phos- 
phatase-coupled anti-digoxigenin antibody (Boehringer Mannheim), and 
the color reaction was allowed to proceed for 1 d. In control experiments 
corresponding sense probes yielded no detectable hybridization pattern. 

Tissue Culture Experiments 

3T3 and COS-1 cells were cultured in DMEM supplemented with 10% 
FCS. For transfections, a CMV promoter-based eukaryotic expression 
vector (pcDNA3; Invitrogen, San Diego, CA) containing a neomycin re- 
sistance gene for selection of stable clones was used. Transfections were 
carried out with the lipofectamine reagent (GIBCO BRL, Gaithersburg, 
MD), as recommended by the manufacturer. The COS-TSP-4 clone was 
selected for its particularly efficient expression of TSP-4, as determined by 
immunocytochemistry. Primary cultures of chick motoneurons, dorsal 
root ganglia and retina neurons, and mouse cerebellar neurons were es- 
tablished as described (Doherty et al., 1990; Neugebauer et al., 1991; 
Aigner and Caroni, 1993; Camu et al., 1993). Motoneurons were cultured 
in the presence of 2% horse serum, 2 ng/ml CNTF, and 10 ng/ml bFGF 
(Camu et al., 1993). The primary neurons were plated onto 1-d cultures of 
control or TSP-4-expressing COS cells. In the absence of serum, COS 
cells preplated at ~30% confluency onto uncoated glass or tissue culture 
plastic usually formed small aggregates, allowing for the analysis of sub- 
strate preference by the primary neurons. Confluent monolayers of COS 
or COS-TSP-4 cells were produced by preplating the cells at 80-90% con- 
fluency in the presence of serum. Cocultures were analyzed after 24 h. 
Neurite lengths were determined after labeling of the neuritic processes 
for the neural cortical cytoskeleton-associated protein GAP-43, as de- 
scribed (Aigner and Caroni, 1993). 

Immunocytochemistry 

Cells were fixed for 30 min with prewarmed (37°C) 4% paraformaldehyde 
in phosphate buffer (0.1 M sodium phosphate, pH 7, 50 mM sucrose, 0.4 
mM CaC12). For GAP-43 stainings, antibody incubations were performed 
at room temperature in PBS with 0.1% BSA, 1% FCS, 50 mM glycine, 
0.02% NAN3, and 0.2% saponin, as described (Aigner and Caroni, 
1993).The antiserum to TSP-4 was used at a dilution of 1:500. For TSP-4 
stainings, cell lines were fixed as described above, permeabilized for 5 min 
in PBS with 0.5% Triton-X100, and all further incubations were carried 
out in the absence of detergent. Fresh tissues were mounted, frozen, and 
then 12-1-~m cryostat sections were cut. These were immediately placed at 
4°C, preincubated for 30 min at 4°C in PBS with 5% BSA, and then incu- 
bated in the same medium with primary antibody for 16-18h at 4°C. Sub- 
sequent steps were performed at room temperature in PBS with 5% BSA. 
For these experiments, the TSP-4 antiserum was used at a dilution of 1:200. 
For TSP-4 immunohistochemistry, paraformaldehyde-fixed tissues yielded 
similar, but less reproducible results. In addition, overall signal intensity 
was significantly reduced, the relative intensity of neurite-associated sig- 
nal was slightly increased, and cell body-associated labeling was selec- 
tively reduced. The use of detergents led to an almost complete loss of sig- 
nal. Double-labeling immunocytochemistry was performed with biotinylated 
second antibodies, followed by lucifer yellow-conjugated streptavidin for 
the first channel, and rhodamine-coupled phaIloidin, -ct-bungarotoxin, or 
second antibodies for the second epifluorescence channel. Reagent con- 
centrations were as described (Aigner and Caroni, 1993). 

Results 

Rat TSP-4 Is Expressed in Striated Muscle and 
in the Nervous System, and Is Induced in Skeletal 
Muscle by Denervation 

To identify muscle proteins that may be involved in activ- 
ity-sensitive signaling and/or synapse formation at the neu- 
romuscular junction, we screened a subtracted cDNA li- 
brary enriched in transcripts induced in adult rat diaphragm 

muscle by denervation. One clone of interest coded for a 
member of the TSP gene family. Sequencing of full-length 
cDNA clones indicated that it was highly homologous to 
TSP-4 (Lawler et al., 1993a) (Fig. la). A similar close rela- 
tion to TSP-4 was obtained when sequences were com- 
pared at the nucleotide level. RNA blots probed with ei- 
ther rat or a 2.2-kb Xenopus laevis TSP-4 cDNA (Lawler 
et al., 1993a) yielded identical results. The size and tissue 
distribution of all RNA species that hybridized with either 
of the probes were indistinguishable (data not shown). 
Based on these criteria, we concluded that we had isolated 
the rat homologue of Xenopus and human TSP-4. 

The expression of TSP-4 is restricted to a small number 
of tissues in the adult rat (Fig. 2). In skeletal muscle, where 
it is highest, expression declines at the end of the first post- 
natal week, and is strongly induced by denervation. Signif- 
icant expression levels were further detected in heart and 
brain, and very weak signals were detected in skin. No 
TSP-4 transcripts were detected in a variety of tissues, in- 
cluding lung, liver, and placenta. Since lung has the highest 
contents of TSP-3 transcripts, and since most negative tis- 
sues express significant amounts of TSP-1 and -2, the data 
indicate that these hybridization conditions are specific for 
TSP-4. Furthermore, the indistinguishable tissue distribu- 
tion of the three hybridizing species detected on the North- 
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Figure 1. Schematic  represen ta t ion  of  structural  domain  homolo-  
gies b e t w e e n  rat (r) TSP-4, its h u m a n  (h) and Xenopus laevis (X) 
homologues ,  and the  o the r  m e m b e r s  of  the  TSP gene  family 
(mouse  sequences;  m). (a) D eg r ee  of  identi ty at the  amino  acid 
level. TSP-4 is most  homologous  to  TSP-3. W h e n  c o m p a r e d  to 
TSP-1 and -2, TSP-4, -3, and C O M P  lack the  type-I  repeats ,  have 
four  type-II  repea ts  ins tead of  three ,  and lack any homology  in 
the amino- terminal  domain .  (b) Carboxyl- te rminal  sequences  of  
TSPs.  No te  unique  sequence  of TSP-4. The  boxed  res idues  corre-  
spond  to the synthet ic  pep t ide  that  was used for an t ibody  produc-  
tion. These  sequence  data  are available f rom E M B L / G e n b a n k /  
D D B J  under  accession n u mb er  X8996. 
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Figure 2. Distribution of TSP-4 mRNA in rat tissues and in se- 
lected cell lines. (Top) TSP-4 mRNA in skeletal muscle and myo- 
genic cell lines. In gluteus muscle (rat hindlimb), transcript con- 
tents decreased around P10 and were strongly upregulated 8 d 
after denervation. A similar upregulation 8 d after denervation 
was detected in diaphragm muscle (diaphra.). A time course of 
the upregulation process is shown for the gastrocnemius muscle 
(DEN, days after denervation). Note that low levels of TSP-4 
mRNA were also detectable in adult innervated skeletal muscle. 
No transcript was detected in the myogenic cell lines L6 (rat) and 
C2 (C2C12, mouse) at the myoblast (Bl) or myotube (TU, 4 d af- 
ter induction of differentiation) stage. (Bottom) transcript con- 
tents in adult intestine (In), skin (Sk), lung (Lu), liver (Li), kid- 
ney (Ki), heart (He), blood (BI), and brain (P1, P7, P15, adult). 
Cell lines: 3T3 (mouse fibroblasts), COS (monkey kidney epithe- 
lial cells). Note that in addition to skeletal muscle, only heart and 
brain contained substantial amounts of transcript. The hybridiz- 
ing species in kidney has a smaller size and may not correspond 
to TSP-4 mRNA. Equal amounts of total RNA were loaded for 
all samples. Exposure times: top, 5 rain; bottom, 30 min. 

ern blots suggests that the two larger RNAs  are derived 
from the TSP-4 gene. They may represent processing in- 
termediates of TSP-4 mRNA.  In contrast, the weakly hy- 
bridizing species detected in kidney appeared to be smaller, 
and its identity is not  clear. As ment ioned above, the same 
hybridization pat tern was detected with a probe derived 
from Xenopus TSP-4 cDNA, indicating that the data of 
Fig. 2 do reflect the distribution of rat TSP-4 mRNA.  

Figure 3. Detection of TSP-4 with an antiserum to its unique car- 
boxyl-terminal sequence, and incorporation of the protein into 
ECM in vitro and in vivo. (a and b): Upon transfection with a 
TSP-4 expression construct (a), COS cells displayed prominent 
ER and Golgi labeling characteristic of a secretory protein. COS 
cells transfected with a control construct (b) were not labeled 
with the anti-TSP-4 antiserum (the inset in b shows the corre- 
sponding double-labeling for f-actin (rhodamine-phalloidin), to 
visualize the position of the COS cells). (c and c') When TSP-4 
was expressed in 3T3 fibroblasts it was incorporated into ECM, 
as demonstrated by its codistribution with fibronectin (c') in the 
double-labeling experiment. The inserts show corresponding 
double-labeling experiments of an insert-free plasmid transfec- 
tion; no endogenous antigen was detected by the TSP-4 antise- 
rum in this fibroblastic cell line. Note that in these cells TSP-4 lo- 
calized in a matrix- (large arrows) and cell-associated (small 
arrow) pattern. (d and d') Association of TSP-4 with ECM in 
vivo. Double-labeling of P l l  mouse hindlimb for TSP-4 (d) and 
the ECM protein tenascin (d'). The section includes the interface 
between bone and muscle, where both antigens colocalized (ar- 
row). At this early postnatal time, substantial amounts of TSP-4 
were also detected in the extracellular space around muscle fi- 
bers, where tenascin immunoreactivity was essentially absent. 
Bar: (a-c) 16 Ixm, (d) 30 ~m. 

Figure 4. In skeletal muscle, TSP-4 is expressed by interstitial cells and accumulates at the neuromuscular junction. (A) Detection of 
TSP-4 mRNA in control (CON) and denervated (DEN; 8 d) adult mouse gastrocnemius muscle, and absence of a corresponding signal 
in lumbar spinal motoneurons (SC). In situ hybridization (ISH) with digoxigenin-alkaline phosphatase method (all samples processed in 
the same way). In a control experiment, hybridization of control muscle with corresponding sense probe (SE) yielded no signal. Note oc- 
casional labeled ceils in control muscle, and large numbers of labeled ceils in denervated muscle. The second row shows TSP-4 ISH of 
denervated muscle at higher magnification (left, bright field; center, corresponding phase contrast optics). The distribution of TSP-4 ex- 
pressing cells is characteristic of interstitial cells, and no label was detected in skeletal muscle fibers. The photograph to the right (SC) 
shows TSP-4 ISH of corresponding lumbar spinal cord (cross-section; left half shown in the figure; arrows indicate the outer reach of the 
ventral horn, where spinal motoneurons are located). (B) Detection of TSP-4 on cryostat sections of adult mouse gastrocnemius muscle 
(CON), and of corresponding muscle 8 d after denervation (DEN). Note that most antigen in the control muscle accumulated in the 
connective tissue rich perimysium (arrow), whereas a strong increase in TSP-4 immunoreactivity was detected around muscle fibers af- 
ter denervation. The weak labeling between muscle fibers in the control muscle reflects low levels of TSP-4, since in parallel experi- 
ments TSP-4-devoid tissues such as lung and liver were not labeled by the anti-TSP-4 antibody (data not shown). (Bottom) Double- 
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labeling of adult innervated mouse gastrocnemius muscle for TSP-4 and et-bungarotoxin (BTX). The toxin specifically binds to nicotinic 
acetylcholine receptors on muscle fibers, thus visualizing neuromuscular junctions. The panels to the right show a higher magnification 
of the neuromuscular junction indicated by the arrow (left panel). Note accumulation of TSP-4 at the innervated neuromuscular junc- 
tion. In a control experiment, the TSP-4 signal could be abolished by preadsorption of the antiserum with excess synthetic peptide (data 
not shown). Bar: (A, top) 125 txm; (A, bottom, DEN and center) 60 Izm; (A, bottom, SC) 1,000 Ixm; (B, top) 200 Ixm; (B, bottom, left) 75 
p~m; (B, bottom, right) 25 Ixm. 
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Figure 5. TSP-4 promotes neurite adhesion and outgrowth. Chick neurons were cultured for 24 h in the presence of stably transfected 
COS cells. These carried ei ther  TSP-4 expression vector (COS-TSP-4) or insert-free vector (COS). (A) Dissociated E5.5 motoneurons  
or E6 retina neurons grown on confluent monolayers of COS (left) or COS-TSP-4 cells. Neurons were visualized with an antibody to 
GAP-43. A quantitat ive analysis of such experiments is also shown in the figure (neurites measured at least one cell diameter; neurite 
length: mean total length of neurites (only neurons with neurites were included); n -- 500). (B) E7 chick sensory neurons (top, explants; 
bottom, dissociated cells) grown in the presence of COS cell aggregates. Upper  row: When  COS cells were precultured on tissue culture 
plastic (aggregates indicated by stars), TSP-4 adhered to the substratum (right, COS-TSP-4 culture labeled with TSP-4 antiserum). Neu- 
rites leaving the explant (arrows) defasciculated to extend on the substratum in the presence of TSP-4, whereas they grew in tight bun- 
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TSP-4 Is a Secreted Protein That Can Be Incorporated 
into ECM 

As shown in Fig. 1 b, the last 14 amino acids at the car- 
boxyl-terminal end of TSP-4 show no homology with the 
corresponding residues of other known members of the 
TSP gene family. Therefore, to generate a reagent specific 
for TSP-4 we produced an antiserum to the synthetic pep- 
tide CQEFQIQTFDRLDN.  As demonstrated by the data 
shown in Fig. 3, this antiserum specifically detected TSP-4 
in immunocytochemistry experiments. Thus upon trans- 
fection with TSP-4 cDNA, monkey kidney epithelial cells 
COS-1 displayed robust labeling of the secretory pathway 
with the TSP-4 antiserum (Fig. 3 a). Preimmune serum 
gave no signal, the signal was abolished by preincubation 
of the antiserum with excess synthetic peptide (data not 
shown), and the TSP-4 antiserum detected no antigen in 
cells transfected with an unrelated construct (Fig. 3 b). 
This was expected as no TSP-4 mRNA was detected in 
COS cells (Fig. 2). Secreted TSP-4 was detected in a dif- 
fuse pattern on the surface of the transfected COS cells, 
and on tissue culture plastic (see Fig. 5). 

To determine whether TSP-4 can be incorporated into 
ECM we transfected 3T3 mouse fibroblasts, a cell line that 
efficiently produces ECM. These cells express TSP-1, but, 
like COS-1 cells, they do not express TSP-4 mRNA (Fig. 
2). As shown in Fig. 3 c, TSP-4 immunoreactivity was de- 
tected in transfected, but not in control cultures. In addi- 
tion, secreted TSP-4 colocalized with fibronectin in fibril- 
lar structures characteristic of ECM (Fig. 3 c'), indicating 
that TSP-4 can be efficiently incorporated into ECM in vitro. 
Finally, tenascin and TSP-4 colocalized at certain ECM- 
rich structures in vivo, including the myotendinous junc- 
tion (Fig. 3 d) and the sclera of the eye (see Fig. 7), indicat- 
ing that a strong interaction between TSP-4 and ECM also 
can take place in vivo. 

In Skeletal Muscle, TSP-4 Is Expressed by Interstitial 
Cells, and Accumulates at the Neuromuscular Junction 

A comparison of main tissues in adult rat yielded highest 
TSP-4 mRNA contents in skeletal muscle (Fig. 2). In situ 
hybridization analysis revealed that the transcript was 
present in muscle interstitial cells, but not in skeletal mus- 
cle fibers (Fig. 4 A). Denervation induced both a clear in- 
crease in signal intensity at single muscle interstitial cells, 
and an increase in the contents of TSP-4 expressing cells in 
the muscle (Fig. 4 A; top row, compare left and central 
panel). This is consistent with the known proliferation of 
muscle interstitial cells in denervated muscle (Murray and 
Robbins, 1982). Consistent with the pattern of prolifera- 
tion of muscle interstitial cells (Connor and McMahan, 1987; 
Gatchalian et al., 1989), analysis of serial sections pro- 
cessed either for in situ hybridization or for the presence 
of RITC-et-bungarotoxin binding sites revealed that, TSP- 
4-positive cells in denervated muscle tended to be more 

abundant in the vicinity of neuromuscular junctions (data 
not shown). That no muscle fiber-associated signal was de- 
tected in the in situ hybridization experiments is consistent 
with the observation that no TSP-4 transcript was detected 
in two distinct myogenic cell lines, irrespective of their dif- 
ferentiation status (Fig. 2). Muscle interstitial cells ex- 
pressing TSP-4 are probably fibroblasts (see also Connor 
and McMahan, 1987; Gatchalian et al., 1989). Interestingly, 
however, not all fibroblasts express this member of the 
TSP gene family in the adult (see also Northern blot data 
of Fig. 2). It therefore appears that one distinguishing 
property of muscle associated fibroblasts is the expression 
of TSP-4. 

Immunocytochemical analysis of developing and dener- 
vated muscle revealed that most TSP-4 immunoreactivity 
was distributed in an homogeneous manner in the extra- 
cellular space between skeletal muscle fibers (Fig. 4 B). 
Like that detected on transfected cells, this signal could be 
abolished when the antiserum was preadsorbed with ex- 
cess synthetic peptide (data not shown). As expected from 
the Northern blot and in situ hybridization data, TSP-4 im- 
munoreactivity was much weaker in adult innervated mus- 
cle, where the signal was most prominent in the ECM-rich 
spaces between muscle fiber groups (Fig. 4 B, upper row). 
Interestingly, in adult innervated muscle a distinct accumu- 
lation of TSP-4 was detected at the neuromuscular junc- 
tion (Fig. 4 B, bottom row). Synaptic TSP-4 immunoreac- 
tivity was abolished by preadsorption of the antiserum 
with excess synthetic peptide, and was less prominent 8 d 
after denervation, when the signal was distributed more 
homogeneously in muscle interstitial spaces (data not 
shown). The cellular origin of the TSP-4 at the neuromus- 
cular junction is not certain. However, due to the apparent 
absence of detectable TSP-4 mRNA in spinal motoneu- 
rons (Fig. 4 A, second row, right) and the presence of TSP-4 
transcript in interstitial cells in adult innervated muscle 
(Fig. 4 A, top row, left; see also Fig. 2 for Northern blots), 
it seems likely that TSP-4 secreted by muscle interstitial 
cells accumulates at the neuromuscular junction. 

TSP-4 Promotes Neurite Outgrowth In Vitro 

TSP-4 is induced in denervated muscle, is expressed in the 
developing and adult nervous system, but it lacks the type- 
I repeats that have been linked to the neurite promoting 
activity of TSP-1 (Stewart, B. D., A. N. Qabar, M. Hartsch, 
V. M. Dixit, and K. S. O'Shea. 1994. Mol. Biol. Cell. 5:176A). 
It was therefore of major interest to determine whether 
TSP-4 may promote neurite adhesion and/or growth. To 
address this question we analyzed cocultures of embryonic 
neurons and naive (COS) or TSP-4-expressing COS cells 
(TSP-4-COS). Cocultures were selected because they are 
well suited to visualize both substrate selection and neu- 
rite elongation by neurons. An advantage of using COS 
cells for this type of experiments was that nontransfected 

dles in its absence (left). (Bottom) When COS cells (aggregates indicated by stars) were precultured on glass, TSP-4 did not adhere to 
the substrate. In the presence of COS-TSP-4 cells, neurons and their neurites (visualized with an antibody to GAP-43; brown color reac- 
tion) selectively grew on the TSP-4-expressing cells (arrow). In the absence of TSP-4 (left), neurites did not discriminate between COS 
cells and the glass surface. The right panel shows a COS-TSP-4 aggregate labeled for GAP-43 to visualize sensory neurites that had ex- 
clusively grown within the aggregate. Bar: (A, top) 120 ~m; (A, bottom) 70 ~m; (B, top, right) 200 Ixm; (B, bottom, right) 170 ~zm. 
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cells did not appear to affect neurite outgrowth to any ob- 
vious extent. 

In a first experimental approach, we analyzed neurite 
outgrowth from motor, retina, cerebellar, or sensory neu- 
rons on confluent monolayers of COS or TSP-4-COS 
cells. As shown in Fig. 5 A, motor and retina neurons ex- 
tended substantially more and longer neurites on the TSP4 
expressing cells. Similar results were obtained with two ad- 
ditional TSP-4-COS clones (data not shown). The figure 
shows the data for E5.5 chick spinal cord-derived moto- 
neurons and E7 chick retina neurons, but similar findings 
were obtained for granule cells from P6 mouse cerebellum 
and dissociated E7-to-E16 chick sensory neurons. 

In the second type of experiment, COS cells were pre- 
plated on tissue culture plastic at low density and in the 
absence of serum, favoring the formation of small aggre- 
gates. On the next day, chick sensory neurons were plated 
in the form of explants. Under these conditions, significant 
amounts of secreted TSP-4 bound to the substratum (Fig. 
5 B, upper row, right panel). This was particularly obvious 
in 3-d low-density TSP-4--COS cultures, where TSP-4 
deposits highlighted COS cell migration paths (data not 
shown). In the cocultures, a marked increase in substra- 
tum-associated neurlte outgrowth was detected in the 
presence of TSP-4-COS cells (Fig. 5 B, upper row). This 
was reflected in a significant reduction of neurite fascicula- 
tion in the TSP-4 containing cultures. Therefore, under 
conditions where secreted TSP-4 adheres to the substra- 
tum, sensory neurites show preferential adhesion to the 
substratum. 

Finally, COS or TSP-4-COS cells were plated under the 
same conditions as described above, but on uncoated glass. 
Dissociated sensory neurons were added the next day. In 
this experiment, secreted TSP-4 binds to the surface of the 
COS cells, but we could detect no TSP-4 immunoreactivity 
in association with the glass surface. As shown in Fig. 5 B 
(lower row), in the presence of naive COS cells sensory 
neurons bound and extended neurites without preference 
between glass and COS cells. In contrast, in the presence 
of TSP-4-COS cells, all cell bodies and neurites were con- 
fined to TSP-4-expressing cells. Therefore, under these 
experimental conditions, sensory neurons display a marked 
preference for growing on TSP-4-expressing cells. Com- 
bined with the findings described above these results indi- 
cate that TSP-4 is an attractive substrate for sensory neu- 
rites and has neurite promoting activity for a variety of 
neurons in vitro. 

In the Adult Nervous System, TSP-4 Is 
Expressed by Neurons and Accumulates at Locations 
Rich in Synapses 

In the adult central nervous system TSP-4 expression was 
mainly detected in neurons, where it was restricted to dis- 
crete neuronal populations, mainly large long-projection 
neurons. In the following, we focus our analysis to three 
systems with particularly obvious structural organization, 
the cerebellum, the retina, and the hippocampus. 

During the formation of the cerebellar cortex, TSP-4 
was detected in a homogeneous extracellular pattern in 
the external and internal granule cell layers, and in the 
forming molecular layer (Fig. 6, a and b). In addition, ac- 

cumulation of TSP-4 immunoreactivity was detected on 
Purkinje cells. This distribution was different from that of 
tenascin (Fig. 6, a '  and b'),  a prominent ECM protein in 
the developing cerebellum that has been involved in gran- 
ule cell migration (Chuong et al., 1987; Husmann et al., 
1992). In the adult cerebellar cortex, TSP-4 accumulated 
on the cell bodies of Purkinje cells, and at the glomeruli in 
the granule cell layer (Fig. 6 c). The latter contain the syn- 
apses between granule cells, mossy fibers and Golgi cells. 
Like during development, tenascin had a distribution dis- 
tinct from that of TSP-4, and accumulated in the molecular 
layer (Fig. 6 c'). In situ hybridization analysis revealed that 
in the adult cerebellum TSP-4 is mainly expressed by gran- 
ule cells (Fig. 6 d). 

In the adult hippocampus, prominent TSP-4 immunore- 
activity was detected on granule cell neurons of the den- 
tate gyrus and on pyramidal neurons of CA1, CA2, and 
CA3 (Fig. 6 e). The corresponding in situ hybridization re -  
vealed highest transcript levels on dentate gyrus granule 
cells (Fig. 6 f). The selective association of TSP-4 immu- 
noreactivity with these neuronal cell bodies is striking, and 
a similar distribution of the label was detected on certain 
cortical pyramidal neurons (data not shown). The pattern 
of the signal associated with these neurons suggests that it 
mostly reflects intracellular TSP-4. 

During early postnatal development, high levels of TSP-4 
accumulated at the ganglion cell layer and in the optic 
nerve (Fig. 7 b). In the adult retina, TSP-4 accumulated at 
the outer limiting membrane and at the internal and exter- 
nal plexiform layers, i.e., at synapse-rich layers (Fig. 7 a). 
In addition, it accumulated at the sclera, i.e., an ECM-rich 
structure. In the adult retina tenascin immunoreactivity 
was only detectable at the sclera (data not shown). In situ 
hybridization analysis revealed TSP-4 expression in most 
neurons in the adult retina, with lowest levels in retinal 
ganglion cells (data not shown). 

Discussion 

We have characterized the expression pattern, localiza- 
tion, and some functional properties of TSP-4, a recently 
discovered member of the TSP gene family. Like TSP-3 
and COMP, this TSP has a unique NH2-terminal domain, 
and lacks the TSP-type-I (properdin) repeats that have 
been linked to some of the major known activities of TSP-1 
and -2. This raises the question of what type of activities 
can be assigned to TSP-4, TSP-3, and COMP. In further 
analogy to these latter TSPs, TSP-4 displays a very re- 
stricted and unique expression pattern, raising the possi- 
bility that it may have acquired specialized functions. 

We now show that the expression of TSP-4 in rodents is 
essentially restricted to skeletal and heart muscle, and to 
the nervous system. In skeletal muscle TSP-4 is expressed 
by muscle interstitial cells, but not by muscle fibers, and its 
expression is strongly upregulated upon denervation. In 
the postnatal and adult nervous system, it is expressed by 
certain types of neurons. TSP-4 binds to ECM in vitro and 
associates with ECM in vivo. In addition, it binds to cell 
surfaces in vitro and accumulates at the neuromuscular 
junction and at certain synapse-rich structures in vivo. Co- 
culture experiments with stably transfected COS cells es- 
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Figure 6. Expression and distribution of TSP-4 in the mouse cerebellum and hippocampus; expression by neurons and association with 
neuronal cell bodies and synapse-rich structures. (a-d) Cerebellar cortex; (e and I3 hippocampus. The localization of TSP-4 in the devel- 
oping (P5 and Pll) and adult cerebellum was compared to that of the ECM protein tenascin (TEN, double-labeling immunocytochem- 
istry; TSP-4 on the left). Both proteins accumulate in the developing molecular layer (ML and Pll), through which granule cells migrate 
from the external granule cell layer (EGL) to reach the internal granule cell layer (IGL). In the adult, TSP-4 accumulates at the cell 
bodies of Purkinje cells (P), and at the glomeruli in the IGL (arrows, in parallel experiments these synapse-rich structures displayed 
prominent labeling with an antibody to the synaptic vesicle antigen SV2 (data not shown). In the adult cerebellum tenascin accumulated 
in the ML, but not in the IGL. In situ hybridization (ISH) of adult cerebellum with a TSP-4 probe revealed prominent expression in 
granule cells in the IGL, and weaker expression by Purkinje cells (d). In the adult hippocampus TSP-4 accumulated at neuronal cell 
bodies in the dentate gyrus (DG) and the hippocampal structure, including CA1 and CA3 (e). It also associated with ECM in the ventri- 
cles (e, arrow). TSP-4 mRNA was detected in the corresponding granule cell (DG) and pyramidal neuron cell bodies in CA1, CA2, and 
CA3 Q). Bar: (a and b) 70 ixm; (c) 30 I~m; (d-13 250 ixm. 

tabl ished that  TSP-4 is an adhesive and pre fe r red  sub- 
s trate  for neurons and their  neurites,  and that  it p romotes  
neuri te  outgrowth.  The results establish TSP-4 as a promi-  
nent  nervous system TSP affecting neuronal  functions. Its 

expression pa t te rn  and localization in the  adul t  nervous 
system are unusual  for an E C M  protein,  and assign it to 
the restr ic ted group of extraceUular proteins  that  may  af- 
fect neuronal  signaling in the adult.  
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Figure 7. Distribution of TSP-4 in the developing and adult mouse retina. In the adult (a), TSP-4 accumulates in a spotted pattern at 
synapse-rich layers in the inner (IPL) and outer (OPL) plexiform layers, and at the outer limiting membrane (OLM). In addition, it is 
detected at the retinal ganglion cell layer (GCL), and at ECM-rich structures at the sclera (S) and at muscle attachment sites (top). No 
signal was detected at the level of the photoreceptors (PR). (b) At P4, prominent labeling of the GCL and of the optic nerve (ON) was 
detected. Antigen was also detected in the differentiating neural epithelium (NE). For orientation, the position of the pigment epithe- 
lium (PE) is also indicated (arrows). Bar: (a) 40 Ixm; (b) 64 txm. 

TSP-4 Is a Prominent Nervous System TSP 

Because of the high degree of homology among the TSPs, 
and the unexpected expression pattern of TSP-4 in the 
nervous system, it was particularly important to establish 
the specificity of our reagents and methods for the detec- 
tion of  TSP-4. The antiserum to the carboxyl-terminal 
peptide of TSP-4 failed to bind to any specific protein on 
immunoblots. For  that reason we had to determine its im- 
munocytochemical specificity through a series of unambig- 
uous positive and negative controls. We first demonstrated 
that it specifically bound to a secretory and ECM-binding 
protein only when cell lines devoid of any endogenous 
TSP-4 m R N A  were transfected with an expression con- 
struct coding for TSP-4. We then showed that the distribu- 

tion and regulation of the corresponding antigen(s) on 
cryostat sections was entirely consistent with the results 
from Northern blot and in situ hybridization data. Finally, 
we excluded any cross-reactivity with other known mem- 
bers of the TSP gene family by selecting a unique peptide 
sequence for antibody production, and by verifying that 
tissues devoid of TSP-4, such as lung failed to bind the 
anti-TSP-4 antibodies. Based on these criteria we con- 
clude that we specifically visualized the distribution of 
TSP-4 m R N A  and protein. 

The expression of  TSP-4 in striated muscle is consistent 
with the findings from a previous report  (Lawler et al., 
1993a). A TSP, presumably TSP-1 was detected in devel- 
oping skeletal muscle and may be expressed by skeletal 
muscle fibers (Hantai et al., 1991). In addition, TSP immu- 
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noreactivity was increased in patients with amyotrophic 
lateral sclerosis (Rao et al., 1992). Since this motoneuron 
disease is associated with extensive denervation of skeletal 
muscle fibers, it is possible that some of the signal detected 
in that study may have reflected elevated TSP-4. 

The expression of TSP-4 in neurons and the striking as- 
sociation with certain synapse-rich layers in the adult ner- 
vous system are unique for TSP-4. Although other TSPs 
have been detected in the developing nervous system by 
Northern blot analysis, these transcripts were dramatically 
downregulated during the late phases of development 
(O'Shea and Dixit, 1988; O'Shea et al., 1990; Lawler et al., 
1993a; Qabar et al., 1994). In contrast, TSP-4 mRNA con- 
tents were higher in adult than in early postnatal brain. 
Early immunocytochemistry studies revealed substantial 
contents of thrombospondin in the developing and adult 
nervous system (O'Shea and Dixit, 1988; see also Hoffman 
et al., 1994). The antibodies used in these studies had, how- 
ever been raised against platelet thrombospondin (TSP-1), 
and it must therefore be assumed that they may have 
cross-reacted with other TSPs. More recent studies have 
analyzed the distribution of TSP-1 in mouse embryos with 
a specific monoclonal antibody (Corless et al., 1992). Anti- 
gen was detected in fibrillar structures in the neuropil, and 
in the cytosol of differentiating neurons. This expression 
pattern is substantially different from that detected in this 
study, and it will be interesting to carry out a comparison 
of TSP-1 and -4 expression in the nervous system both at 
the transcript and protein level. A recent study applied an 
antiserum to a unique synthetic peptide to determine the 
distribution of TSP-3 in the embryonic mouse (Qabar et 
al., 1994). In contrast to platelet thrombospondin and 
TSP-4, this TSP apparently did not associate with major 
ECM structures. In addition, this study reported substan- 
tial levels of TSP-3 in sensory ganglia and peripheral 
nerves, and suggested that this TSP may be expressed by 
Schwann cells. In similar experiments, we found no TSP-4 
in these structures, neither during development, nor in the 
adult, nor upon lesion (data not shown). It is, however 
possible that TSP-3 and -4 may accumulate at similar loca- 
tions in other parts of the developing nervous system (Ar- 
ber, S., and P. Caroni, unpublished results). 

The specific concentration of TSP-4 immunoreactivity 
at some neuronal cell bodies, e.g., granule cell and pyrami- 
dal neurons in the hippocampus, Purkinje cells in the cere- 
bellum, and subpopulations of pyramidal neurons in the 
cerebral cortex is striking. A similar accumulation of TSP 
immunoreactivity at certain neuronal cell bodies, espe- 
cially those in the hippocampus, was reported in previous 
studies (Corless et al., 1992; Hoffman et al., 1994). In our 
study, comparison with the localization of TSP-4 mRNA 
and close examination of the immunocytochemical signal 
suggest that it mainly reflects intracellular TSP-4 synthe- 
sized by the same population of neurons. This is particu- 
larly surprising, as localization of TSP-4 immunoreactivity 
in the neuropil and at certain synapse-rich layers is de- 
tected in other nervous system structures. One possible ex- 
planation for these findings is that some nervous system 
regions, e.g., the neuropil in the hippocampus lack high- 
affinity binding sites for TSP-4. As a consequence, TSP-4 
may either fail to accumulate at these locations, or may 
dissociate from them during the staining procedure. The 

latter possibility should not be disregarded, since in our 
hands, with the exception of the antigen associated with 
prominent ECM structures, the use of fixatives precluded 
the reliable detection of TSP-4 on cryostat sections. Simi- 
lar observations were reported in previous studies for 
platelet thrombospondin and TSP-3, suggesting that this 
may be a general problem for the detection of TSPs out- 
side major ECM-containing regions (Hoffman et al., 1994; 
Qabar et al., 1994). These observations also imply that it is 
probably not possible with these antibodies to analyze the 
distribution of TSP-4 at the electron microscopy level. This 
would have allowed to define with more precision the local- 
ization of TSP-4 at cell bodies and in synapse-rich layers. 

Possible Functions of TSP-4 

Most presently known biological activities of TSP-1 have 
been assigned to the NH2-terminal linkage region and the 
type-I repeats. These include its angiogenic activity, and 
binding and activation of TGFI3. Because these domains 
are absent in TSP-3, COMP, and TSP-4, the functions of 
these TSPs cannot be extrapolated from previous studies 
with platelet TSP. In fact, very little is known about possi- 
ble functions of TSP-3, and the only functional informa- 
tion about TSP-4 is that a fusion protein containing its 
carboxyl-terminal domain promotes myoblast adhesion 
(Adams and Lawler, 1994). We now demonstrate that 
TSP-4 associates with cell surfaces, can incorporate into 
ECM, is a preferred substrate for neurons, and promotes 
neurite outgrowth. The association of TSP-4 with ECM 
and its neurite-promoting activity distinguish it from the 
related protein TSP-3. Thus TSP-3 binds heparin, but ap- 
parently does not associate to a significant extent with 
ECM in vivo (Qabar et al., 1994). In addition, it promotes 
cell attachment but not neurite outgrowth in vitro (Stew- 
art, B. D., A. N. Qabar, M. Hartsch, V. M. Dixit, and K. S. 
O'Shea. 1994. Mol. Biol. Cell. 5:176A). The activity of 
TSP-4 towards neurons and its expression and distribution 
in the nervous system suggest that it may play a role in 
neural signaling during late development and in the adult. 
It is however clear that, like for other potentially multi- 
functional ECM molecules, its actual functions in situ will 
be difficult to define and may require targeted disruption 
and ectopic expression experiments in vivo. 

It has been reported that platelet TSP has both adhesive 
and anti-adhesive properties, and that it probably plays a 
role in cell migration (see e.g., Taraboletti et al., 1987). 
Antibodies to platelet TSP inhibit cerebellar granule cell 
migration in explant cultures (O'Shea et al., 1990). Be- 
cause the same antibodies revealed the presence of sub- 
stantial TSP-immunoreactive material within the migra- 
tion path of these cells in the molecular and internal 
granule cell layer, it seems likely that a TSP plays a role in 
this process. Our data now suggest that some of that mate- 
rial may be TSP-4, raising the possibility that this TSP may 
be involved in granule cell migration. Likewise, dramati- 
cally elevated contents of TSP-4 in the interstitial spaces of 
denervated muscle may promote tissue remodeling. 

The association of TSP-4 with the neuromuscular junc- 
tion and with certain synapse-rich regions in the adult cen- 
tral nervous system is striking. At the neuromuscular junc- 
tion, synaptic accumulation of TSP-4 was not detectable 
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before the second postnatal week (data not shown). In 
adult innervated muscle some TSP-4 mRNA was detected 
in interstitial cells, whereas no corresponding signal was 
detected in spinal motoneurons. The source of TSP-4 at 
the neuromuscular junction is therefore likely to be mus- 
cle interstitial cells (Fig. 5 A). We detected no obvious cor- 
relation between the distribution of TSP-4 mRNA and the 
position of synapses in innervated muscle. A possible ex- 
planation for these observations may be that interstitial 
cell-derived TSP-4 accumulates at the adult neuromuscu- 
lar junction due to a high density of corresponding binding 
sites. A further possibility may be that at the neuromuscu- 
lar junction TSP-4 is protected against degradation. Sev- 
eral synaptic ECM components have been identified at the 
neuromuscular junction (Sanes, 1989; Hall and Sanes, 1993), 
and among them agrin is also expressed in the central ner- 
vous system (McMahan et al., 1992). In the adult nervous 
system, processes affected by TSP-4 may include the mod- 
ulation of extracellular proteolytic activities and signaling 
through its cell surface receptors. In addition, TSP-4 may 
associate and interact with further ECM components to 
control local signaling. 
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