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ABSTRACT 
Thrombospondin (TSP) is an extracellular matrix molecule that has been previously 

associated with neural development and neurite outgrowth in vitro. Little is known, however, 
about the expression of TSP in the adult nervous system. In this study, TSP localization was 
examined in nervous tissue from adult mouse, goldfish, newt, and adult and juvenile Xenopus. 
TSP was associated with neurons in the brains of all species examined. TSP was present in 
central nerve tracts capable of regeneration, such as the goldfish, Xenopus, and newt optic 
nerves, but was absent from tracts not capable of regeneration, such as the mouse optic nerve. 
TSP was also present in the neuropil of goldfish and newt spinal cord, but was restricted to 
motor neurons in mice and adult Xenopus. In addition, TSP was observed in sciatic nerves of 
mice, Xenopus, and newt. These results indicate a correlation between the presence of TSP and 
the potential for successful nerve regeneration across a wide range of animal classes. 
o 1994 Wiley-Liss, Inc. 
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It well known that mammalian peripheral nerves are 
capable of regeneration, but mammalian central nervous 
system (CNS) tracts do not regenerate (Ramon y Cajal, '28). 
In fish and urodele amphibia, both central and peripheral 
nerve regeneration occurs (Windle, '56; Clemente, '64). 
Anuran amphibia are capable of CNS and peripheral ner- 
vous system (PNS) regeneration as juveniles, but as adults 
only optic nerve regeneration occurs (Clemente, '64; Bohn 
et al., '82); spinal cord regeneration is unsuccessful. A 
crucial question in the field of neurobiology is the cellular 
and molecular basis of the differential regenerative poten- 
tial between central and peripheral nervous systems, and 
across species. 

Explanations for these differences include variable glial 
response (Wujek and Reier, '84; Reier and Houle, '88), the 
presence of inhibitory factors (Schwab, '911, or lack of 
supportive factors in the mammalian CNS (Liesi, '85a,b). It 
is likely that the combination of supportive conditions and 
absence of inhibitors may ultimately be required for regen- 
eration to succeed. 

Thrombospondin (TSP) is a 420 kDa trimeric glycopro- 
tein component of the extracellular matrix (ECM), origi- 
nally identified as a component of the platelet alpha granule 
released on activation (Baenziger et al., '71). TSP has since 
been shown to be involved in cell attachment (Varani et al., 
'86; Roberts et al., '871, migration (Majack et al., '86; 
O'Shea et al., '901, and neurite outgrowth (Neugebauer et 
al., '91; O'Shea et al., '91; Osterhout et al., '92). TSP may 
act in vivo by organizing the ECM via binding of other ECM 

components, including: type I collagen (Lahav et al., '82), 
type V collagen (Mumby et al., '841, laminin (Mumby et al., 
'84), fibronectin (Lahav et al., '82, '841, glycosaminoglycans 
(Dixit et al., '84; Lawler et al., '851, plasminogen (Silver- 
stein et al., '841, and tissue- and urokinase-type plasmino- 
gen activators (Silverstein et al., '86). TSP has been se- 
quenced in the human (Lawler and Hynes, '861, mouse 
(Laherty et al., '921, chicken (Lawler et al., '911, and 
Xenopus (Urry et al., '911, and the functional domains of 
TSP show a high degree of conservation across species. 
Although the distribution of TSP is developmentally regu- 
lated in the mouse nervous system (O'Shea and Dixit, '88), 
little is known about the expression pattern of TSP in adult 
nervous tissue. This study examines the pattern of TSP 
expression in the nervous systems of mice, goldfish, frogs, 
and newts. 

MATERIALS AND METHODS 
Tissue 

Species used in this study were adult CD-1 mice (Mus 
musculus), adult goldfish (Carassius auratus), adult frogs 
(Xenopus laevis), adult newts (Taricha torosa and Taricha 
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riuularis), and premetamorphic juvenile frogs (Xenopus 
laeuis) at the forelimb bud stage. Mice were anesthesized 
with methoxyfluorane (Metofane, Pitman-Moore, Washing- 
ton Crossing, NJ), while goldfish, frogs, and newts were 
anesthesized with MS-222 or submerged in ice water; then 
brain, spinal cord, optic nerve, and sciatic nerves were 
removed and rapidly frozen in Optimal Cutting Tempera- 
ture embedding compound (OCT; Miles Laboratories, Inc., 
Elkhart IN) in hexane cooled over an acetone-dry ice slurry. 
Ten micron frozen transverse and sagittal sections were 
collected on 0.1% poly-L-lysine coated slides and stored at 
4°C until processing for immunocytochemistry. For the 
survey of brain tissue, one coronal section was collected 
every 200 pm; in brains cut sagittally, one section was 
collected every 200 pm (newt, frog), 300 pm (goldfish), or 
400 pm (mouse). 
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Antibody specificity 
The specificity of the rabbit anti-human TSP antibodies 

used in these experiments was confirmed by Western 
blotting. The anti-TSP antibody has previously been shown 
to be specific for mouse TSP (O'Shea and Dixit, '88). Brain 
tissue from each species was frozen in liquid nitrogen. 
Proteins were extracted from the tissue, run on a polyacryl- 
amide gel, transferred to nitrocellulose, and detected by 
means of a standard enhanced chemoluminescence kit 
(ECL, Amersham Corp., Arlington Heights, IL). Purified 
platelet TSP was employed as a control. 

Immunocytochemistry 
Selected sections were washed in phosphate-buffered 

saline (PBS), and nonspecific antibody binding was blocked 
using normal goat serum (1:20), followed by rabbit anti- 
human TSP primary antibody (1:20) or normal rabbit 
serum. Antibody binding was visualized either by using an 
fluorescein isothiocyanate (F1TC)-conjugated goat anti- 
rabbit IgG secondary antibody (1:20, Sigma Chemicals, St. 
Louis, MO) or using a strepavigen-alkaline phosphatase- 
labeled secondary antibody (StrAviGen Super Sensitive 
Universal Immunostaining kit, BioGenex Labs., San Ramon, 
CA), with a fast red chromogen. Slides exposed to the 
FITC-labeled secondary antibody were coverslipped with 
glycerol containing 0.1% phenylenediamine and then viewed 
and photographed in a Leitz Aristoplan microscope fitted 
with an L-1 fluorescence cube. Slides stained with the 
supersensitive kit were counterstained with hematoxylin, 

coverslipped with Crystal Mount (Biomeda Corp., Foster 
City, CA), and then examined using transmitted light. 

RESULTS 
Western blotting 

The rabbit anti-human TSP antibody used in these 
studies reacts specifically with TSP in each of the species 
examined. The specificity of this antibody for mouse TSP 
has been shown previously (O'Shea and Dixit, '88). The 
results of an immunoblot of whole brain proteins of adult 
goldfish, newt, and Xenopus indicate that the rabbit anti- 
human TSP antibodies detect a protein that comigrated 
with purified human platelet TSP (Fig. lA,B). Preimmune 
serum showed no reactivity to goldfish, newt, or Xenopus 
proteins (Fig. 1C). 

Brain 
Brain regions were identified based on previously re- 

ported criteria for the mouse (Sidman et al., '711, goldfish 
(Peter and Gill, '75; Easter et al., '78), frog (Kemali and 
Braitenberg, '69; Opdam et al., '76; King and Custance, 
'82), and newt (Herrick, '48; Roth, '871, and analogous 
structures were compared (Romer and Parsons, '77; Wake, 
'79; Sarnat and Netsky, '81). The results of studies of 
comparative brain regions are summarized in Table 1, and 
sample regions are illustrated for mouse (Fig. 21, goldfish 
(Fig. 3), Xenopus (Fig. 4), and newt (Fig. 5 ) .  Cytoplasmic 
immunoreactivity was easily distinguished from cell sur- 
face staining, in which immunoreactivity formed a dense 
halo surrounding the cell. 

The olfactory bulb of all species examined consistently 
expressed high levels of TSP immunoreactivity (Figs. 2B, 
3B, 4B, 5B). The neuropil of the mouse granule cell layer 
stained less intensely than the external plexiform layer, in 
contrast to the frog, newt, and goldfish, in which the 
granule cell layer exhibited higher levels of TSP immunore- 
activity than the external plexiform layer. 

In the cerebral hemispheres in a region corresponding to 
the subpallium, TSP was present in neurons but absent 
from the white matter of the caudate putamen. Analogous 
regions in the goldfish, frog (Fig. 4 0 ,  and newt (Fig. 5C) 
exhibited TSP immunoreactivity both in the neuropil and 
associated with neurons. 

In the mouse hippocampus, the dentate molecular layer 
and neuropil was negative for TSP, the hilus of dentate 

anterior commissure 
brainstem 
cerebellum 
corpus collosum 
cerebral cortex 
caudate putamen 
dorsal root ganglion 
ependymal layer 
external plexiform layer of olfactory bulb 
fornix 
glomeruli 
granule cell layer of cerebellum 
granule cell layer of olfactory bulb 
hippocampus 
habenula 
hypothalamus 
lateral pallium 
molecular layer of cerebellum 
medial pallium 

Abbreviations 

mr 
"hY 
ob 
olt 
ot 
P 
PhY 
pn 

PVl 
P O  

scg 
sm 

SP 
th 
tl 
to 
V 
wm 

so 

mammillary region 
neural hypophysis 
olfactory bulb 
olfactory tract 
optic tract 
pons 
primary lobe of hypophysis 
peripheral nerve 
nucleus preopticus 
periventricular layer 
stratum centrale griseum 
stria medullaris 
stratum opticum 
subpallium 
thalamus 
torus longitudinalis 
optic tectum 
ventricle 
white matter of the cerebellum 
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Fig. 1. Immunoblot illustrating the specificity of the rabbit anti- 
human thrombospondin (TSP) antibody. Purified human platelet TSP 
(lane 1, from left), and whole brain protein from goldfish (lane Z ) ,  newt 
(lane 3), and frog (lane 4) were stained with Amido Black (A), and 

gyrus was slightly positive, and the granule layer was 
intensely positive (Fig. 2D). In contrast, the goldfish (Fig. 
3 0 ,  frog, and newt hippocampal neuropil was intensely 
positive. Neurons of the frog hippocampus were also TSP 
positive. 

In the diencephalon and mesencephalon of all species, 
TSP immunoreactivity was associated with neurons, with 
less staining of the white matter. Newt neurons typically 
exhibited less immunoreactivity than other species, while 
in both the frog and goldfish staining of the neuropil was 
more intense. 

The cerebellum of different species shows marked diver- 
sity in size and complexity, being small in the frog and newt, 
but very large in the goldfish. Complexity ranges from the 
simple bilayer in the newt to the multilayered structure of 
the mouse. In the goldfish, frog, and newt, TSP immunore- 
activity was present in the neuropil of the molecular layer, 
and surrounding granule neurons of the cerebellum (Figs. 
3E, 5D). In the mouse, TSP immunoreactivity was present 
in the molecular layer, and in the granule cell layer. 
Scattered neurons in the mouse molecular layer were 
slightly TSP positive, as were the cell bodies of protoplasmic 
astrocytes (Fig. 2E). 

CNS tracts exhibited considerably greater species differ- 
ences. In the mouse, the anterior commissure, corpus 
callosum, fornix, stria medullaris, and mammilothalamic 
tract contained little TSP immunoreactivity. Conversely, 
tracts in the goldfish such as the optic tract, horizontal 
commissure, and medial longitudinal fasiculus exhibited 
varying degrees of TSP immunoreactivity. There was little 
difference between the levels of TSP immunoreactivity in 
the neuropil and CNS tracts in the frog and newt. 

In  the mouse spinal cord, TSP was present in the cell 
bodies of the ventral horn (motor neurons) cells and inside 
the axons of the motor neurons (Fig. 6A,B), but no TSP 
immunoreactivity was observed in the neuropil surround- 
ing the motor neurons or associated with the glial cells of 
the cord. TSP immunoreactivity was observed at  high levels 

surrounding and within the cells of the dorsal root ganglia 
(DRG). There was some nonspecific staining of the gray 
matter accounting for the diffuse fluorescence in the gray 
matter of the cord. 

In the goldfish spinal cord, TSP immunoreactivity was 
observed at very high levels surrounding the ependymal 
cells lining the central canal and in the neuropil (Fig. 6C). 
TSP was also observed in the cell bodies of the ventral horn 
cells, in radial glia, and at  the glia limitans (Fig. 6D). 

In the adult Xenopus spinal cord, TSP was present in the 
pia mater, and in peripheral nerves leaving the spinal cord, 
but was largely absent from the cord itself (Fig. 6E). Upon 
examination at higher magnification, TSP was observed in 
some glial cell bodies (Fig. 6F) and random neurons (prob- 
ably motor neurons as identified by their nuclei). The frog 
provides an interesting model for nerve regeneration stud- 
ies as the juvenile frog is capable of spinal cord regenera- 
tion, which is lost following metamorphosis. TSP was 
present at  high levels in the spinal cord of the frog tadpole 
(Fig. 7A,B), but was virtually absent from the spinal cord of 
the adult frog (Fig. 7C,D). 

In the newt spinal cord, TSP was present in the pia mater 
surrounding the spinal cord and surrounding the cells of 
the DRG (Fig. 6G). It was associated with the cells within 
the gray matter and was diffusely present throughout the 
white matter (Fig. 6H). 

Optic nerve 
In the mouse optic nerve, TSP immunoreactivity was 

virtually absent; a very low level was associated with 
scattered glial cell bodies. There was a limited amount of 
TSP in the pia-arachnoid (Fig. 8A). In the goldfish optic 
nerve, TSP was present in higher levels than the mouse 
optic nerve, where it was found largely within the connec- 
tive tissue septae surrounding nerve fasicles, as well as in 
the pia-arachnoid layer (Fig. 8B). In adult Xenopus, TSP 
was present in glial cell bodies, diffusely throughout the 
nerve, and in the pia-arachnoid layer (Fig. 8C). In the 
juvenile Xenopus optic nerve, TSP was present at  higher 
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Fig. 2. TSP localization in the mouse nervous system using a 
strepavigen-alkaline phosphatase conjugated secondary antibody. A: 
Diagram of a sagittal section of the mouse brain (after Sidman et al., 
1971). Dashed boxes indicate regions of the corresponding photomicro- 
graphs, and arrowheads indicate levels of the coronal sections. B: In the 
olfactory bulb, intense TSP immunoreactivity was present in the 
neuropil af the external plexiform layer (epl), outlining individual 
glomeruli (g), and in a concentric pattern within the granule cell layer 

(gl). C: In the cerebral cortex there was diffuse immunoreactivity in the 
deep cortical layers, and absence of immunoreactivity in superficial 
cortex (ce) and the fiber tracts of the corpus callosum (cc). D: In the 
hippocampus, there was intense staining restricted to the granular 
layer (arrowheads). E: In the mouse cerebellum, light staining was 
present in the molecular layer (ml); there was also slight staining of the 
granule cell layer (gl), but little in the white matter (wm). Scale bars = 
100 pm. 

Sciatic nerve levels than the adult nerve, appearing in connective tissue 
septae (Fig. 8E) in a pattern similar to that observed in the 
goldfish. In the newt optic nerve, TSP was present in the 
pia-arachnoid and throughout the optic nerve (Fig. 8D). 

In the mouse sciatic nerve, TSP was observed within 
axons, in the Schwann cell endoneurium, perineurium, and 
the epineurium (Fig. 8F). There was a great deal of TSP 
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Fig. 3.  Localization of TSP in the goldfish brain. A: Diagram of a 
sagittal section of a goldfish brain (after Romer and Parsons, 1977). The 
dashed box indicates the region corresponding to photomicrograph E, 
and arrowheads indicate the level of coronal sections. B: In the 
olfactory bulb, immunostaining was present in the granule cell layer 
(gl), but not the external plexiform layer (epl). C: Intense reaction 
product was present throughout the hippocampus (h). D: In the optic 

tectum, there was intense immunoreactivity in the periventricular 
layer (pvl), and staining was also present in the stratum centrale 
griseum (scg) but not in the stratum opticum (so). E: TSP immunoreac- 
tivity was found primarily in the granule cell layer (gc) of the goldfish 
cerebellum, with little in the molecular layer (ml). The secondary 
antibody was a strepavigen-alkaline phosphatase conjugate. Scale 
bars = 100 pm. 



THROMBOSPONDIN IN NERVOUS TISSUES 131 

bs 

A 

Fig. 4. TSP localization in the Xenopus brain. A Diagram of a 
sagittal section of adult Xenopus brain (after Kemali and Braitenberg, 
1971); arrowheads indicate the level of coronal sections in the photomi- 
crographs below. B: In the olfactory lobe, immunoreaction product was 
found in the granule cell (91) and external plexiform layers (epl). C: TSP 
was present in the medial pallium (mp), and more intensely in the 

lateral pallium (lp). D: It was also present in the periventricular layer 
(pvl), but not the stratum opticum (so) of the optic tectum. E: TSP was 
densely deposited in the primary lobe of the hypophysis (phy), but not 
in the neural lobe of the hypophysis (nhy). The secondary antibody was 
conjugated to strepavigen-alkaline phosphatase. V, ventricle. Scale 
bars = 100 pm. 
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TABLE 1. Survey Results of Levels of TSP Immunoreactivity in Various Brain Regions' 

Mouse Goldfish Frog Newt 

Region Neuropil Cells Neuropil Cells Neuropil Cells Neuropil Cells 

External plexifrom layer ++ +/ -  + + + 
Mitral cell layer ++ +I- ++ + I -  ++ +/-  
Granule cell layer +/-  ++  ++ + / -  ++ +/-  
Medial palliumihippocampus -2 +++ + / -  ++ ++ ++ +/ -  
Lateral pallium NIA NIA ++ ++ + +  + / -  
Subpalliumicaudate putamen ++ ++ ++ +/-  ++ +/-  + ++ + + +  + / -  

+ ++ + + - 
+ + ++ + / -  

Thalamus ++ 
Habenula ++ ++ 
Hypothalamus ++ ++ 
Mammillary region + / -  ++ ++ N/A NIA 
Preoptic nucleus N/A ++ ++ ++ ++ ++ +/-  
Optic tectumiinferior and superior collicus + ++ ++ ++ ++ + + +/-  
Molecular layer of cerebellum + + ++ ++ + 
Granule laver of cerebellum +/-  ++ + / -  +++ + / -  ++  + / -  

+ - 
+ - 

- 

- 
N/A +++ 

I-, + I - ,  +, ++, + + + represent increasing levels ofchromagen deposition. N/A indicates regions not present or not identified 
*Results of mouse hippocampus: dentate molecular layer, - ; hilus of dentate gyrus, +; granular layer, + + +. 

within the adult Xenopus sciatic nerve, in the endoneurium 
as well as the epineurium (Fig. 8G). In the newt sciatic 
nerve, TSP was present in the epineurium and endoneu- 
rium. TSP staining was observed within the axons, but its 
appearance was coarser than in the mouse sciatic nerve 
(Fig. 8H). 

DISCUSSION 
Thrombospondin is an extracellular matrix molecule that 

has been implicated in a wide range of neuronal cell 
migrations and in neurite outgrowth during development 
(O'Shea and Dixit, '88; Boyne et al., '89, '90, in preparation; 
O'Shea et al., 'go), that supports neurite outgrowth in vitro 
(Neugebauer et al., '91; O'Shea et al., '91; Osterhout et al., 
'92), its expression correlating strongly with adult nerve 
regeneration in vivo (Hoffman et al., '90, '91, in prepara- 
tion). TSP expression dramatically decreases at end stages 
of CNS development (O'Shea and Dixit, '88). TSP immuno- 
reactivity was present in systems capable of regeneration in 
the adult: goldfish and newt spinal cords; goldfish, Xeno- 
pus, and newt optic nerves; and mouse, Xenopus, and newt 
sciatic nerves. TSP immunoreactivity was absent from the 
neuropil of the mouse and Xenopus spinal cords and from 
the mouse optic nerve. Although TSP immunoreactivity 
was associated with neurons in all species examined, the 
presence of TSP in the neuropil or extracellular matrix is 
strongly correlated with the regenerative potential of adult 
nervous systems. 

It was originally thought that the CNS lacked an ECM 
(review by Rutka et al., '88); however, a variety of ECM 
components [heparan sulfate (Klinger et al., '85) and 
chondroitin sulfate (Bertolotto et al., '90; Flaccus et al., '91; 
Bignami et al., '92b; Iwata and Carlson, '93) proteoglycans, 
hyaluronate (Asher et al., '91; Bignami et al., '92a,b), and 
neuronectin (Rettig et al., '88; Garin-Chesa et  al., '89)l are 
now known to be present within the CNS. Adhesive glyco- 
proteins associated with neuronal migration and neurite 
outgrowth such as fibronectin (Thiery et al., '82; Le- 
Dourain, '84; Boucaut et al., '84) and laminin (Rogers et al., 
'83; Liesi, '85a) appear to be restricted in the adult CNS to 
basement membranes present at the meninges and sur- 
rounding blood vessels (Liesi et al., '84; Rutka et al., '88). 
Certain molecules present in the adult CNS may inhibit 
neurite outgrowth (Carbonetto et al., '83; Manthorpe et al., 
'83; Aquino et al., '84; Snow et al., '90a,b; Steindler et al., 
'90; Schwab, '91), and the interaction of proteoglycans with 
other ECM molecules can cause molecules to become 

inhibitory to neurite outgrowth (Verna et al., '89; Snow et 
al., '90a) or to become more neurotrophic (Matthiessen et 
al., '89; Riopelle and Dow, '90; Muller et al., '91; Johnson- 
Green et al., '92). Therefore, the inability of the adult 
central nervous system to support nerve regeneration may 
result from a bias toward the inhibitory, rather than the 
supportive molecules characteristic of the developing CNS 
ECM. 

Complex interactions occur between cells and their envi- 
ronment during neural development (Werz and Schachner, 
'88; Probstmeier et al., '89; Crossin et al., '90; Herndon and 
Lander, '90). These interactions are mediated by cell adhe- 
sion molecules, ECM molecules, and cell-surface receptors 
(Sanes, '89); with maturation, the prevalence of many of 
these molecules is decreased (Liesi et al., '84). The presence 
of these components, or alternatively, lack of inhibitory 
substances, may ultimately underly the observed ability of 
grafts of embryonic CNS (Tessler et al., '88), or of adult 
PNS (David and Aguayo, '81; Schwab and Thoenen, '85) to 
support regeneration, while grafts of adult CNS such as 
optic nerve (Politis and Spencer, '86) or spinal cord (Fernan- 
dez et al., '84) do not. 

The presence of TSP in the neuropil of the mouse brain 
was somewhat unexpected, given that mammalian CNS 
neurons do not readily regenerate. However, CNS gray 
matter will support limited neurite outgrowth in vitro 
(Savio and Schwab, 'go), similar to the abortive sprouting 
observed in response to trauma in vivo (Ramon y Cajal, 
'28). Interestingly, it was recently suggested that TSP may 
play a role in neuronal degeneration and plaque formation 
in Alzheimer's disease (Buee et al., '92). Localization 
studies have indicated that TSP was present in plaques, and 
was lost from a subset of pyramidal neurons in these brains. 

There was a much greater correlation between the pres- 
ence of TSP and regenerative potential in central nerve 
tracts and spinal cords than in cortical regions. The absence 
of TSP reactivity in mouse fiber tracts, in contrast to 
goldfish fiber tracts, was predicted for a molecule involved 
in regeneration, given the much greater capacity for nerve 
repair of the goldfish. High levels of TSP in the white 
matter of the spinal cords correlates with the species ability 
to support nerve regeneration (Windle, '56; Clemente, '64). 
In particular, the presence of TSP in the ependymal layer is 
interesting, as the regenerating ependymal tube may guide 
regenerating neurites following spinal cord trauma in 
newts (Anderson et al., '83). This correlation is reinforced 
by the dramatic decrease in levels of TSP in the frog spinal 
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Fig. 5. Localization of TSP in the newt brain. A. Diagram of a 
sagittal section of a newt brain (after Herrick, 1948). Dashed boxes 
indicate corresponding photomicrographs below, and arrowheads indi- 
cate levels of coronal sections. B: In the olfactory lobe, immunoreaction 
product was densely deposited in the granule cell layer (gl), with diffuse 
staining of the external plexiform layer (epl). C: Anti-TSP reaction 
product was intense in the subpallium (sp), with less in the white 

matter (wm). D TSP was present in the optic tectum (to) and in the 
granule cell layer of the cerebellum (cb) and diffusely in the white 
matter (wm). E: In the optic tectum, immunoreactivity was prevalent 
in the periventricular layer (pvl), and was present at lower levels in the 
white matter (wm). V, ventricle. The secondary antibody was conju- 
gated to strepavigen-alkaline phosphatase. Scale bars = 100 bm. 

cord following metamorphosis, but persistence of TSP in 
the adult optic nerve, which retains the ability to regener- 
ate. 

It has long been accepted that neurite outgrowth is a 
contact-mediated process requiring an adhesive substrate 

(Letourneau, '79). TSP supports neurite outgrowth in vitro 
(Neugebauer et  al., '91; O'Shea et al., '91) and has several 
distinct domains involved in cell adhesion (Murphy-Ullrich 
and Mosher, '87; Roberts et al., '87; Lawler et al., '88; 
Prater et al., '91). Like other adhesive glycoproteins [such 
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Fig. 7. Low (A,C) and higher magnification views of the spinal cord 
ofjuvenile (A,B) and adult (C,D) Xenopus. In the juvenile spinal cord, 
thrombospondin immunoreactivity was present throughout both the 
ependymal layer (e) and in glial fibers (A,B). TSP was virtually absent 

as laminin (Kleinman et al., '85), fibronectin (Ruoslahti et 
al., '€411, and tenascin (Erickson and Bourdon, '89)], TSP 
binds a variety of other ECM components. Thus, TSP may 
serve as a substrate or may function to organize other 
adhesive matrix components required for axonal regenera- 
tion. 

In addition to the presence of a suitable substrate, 
neurite outgrowth is dependent upon controlled protease 
activity to allow passage of growth cones through the 
complex cell and matrix filled environment (Moonen et al., 
'82; Pittman et al., '89a,b; McGuire and Seeds, '90). Plas- 
minogen activator is released by growth cones (Krystosek 
and Seeds, '84) and has been implicated in neurite out- 
growth from sensory neurons (Krystosek and Seeds, '84; 
Pittman, '85; McGuire and Seeds, 'go), sympathetic neu- 

from the adult spinal cord (C) and was present only in isolated glial cell 
bodies (D), random neurons, and pia (arrowheads). The secondary 
antibody was conjugated to FITC. Scale bars = 100 pm in A and D, 60 
pm in B, 500 pm in C. 

rons (Pittman, '85; Pittman et al., '89a), PC12 cells (Pitt- 
man et  al., '89a; Saito et al., '901, and neuroblastoma cells 
(Shea et al., '91). The plasmin activity generated by these 
activators appears to be required for neurite penetration 
and growth into a three-dimensional ECM (Pittman and 
Williams, '88). TSP is unique in that binding of protease 
nexin I (Browne et al., '88), plasminogen (Silverstein et al., 
'84), and tissue- and urokinase-type plasminogen activators 
(Silverstein et al., '86, '90) stimulates plasmin synthesis as 
much as 40-fold (Silverstein and Nachman, '87). Careful 
regulation of protease activity is required for neurite exten- 
sion, as too much activity results in an inhibition of neurite 
outgrowth (Hawkins and Seeds, '86, '89). TSP may there- 
fore play a unique role in neurite outgrowth because of its 
ability to organize ECM molecules and growth factors and 

Fig. 6. Thrombospondin localization in spinal cords using fluorscein 
isothiocyanate (F1TC)-conjugated secondary antibodies. A: In a trans- 
verse section of mouse spinal cord, TSP immunoreactivity was intense 
in the dorsal root ganglion (drg) and associated peripheral nerve (pn; 
arrowhead indicates dorsal). B: Higher magnification of mouse spinal 
cord illustrating staining in cell bodies of motor neurons (arrowhead; 
dorsal is toward the top of the figure). C: In goldfish spinal cord, TSP 
was present in the ependymal layer (el, radial glia cells (arrowhead). D: 

~ ~ ~ 

Higher magnification of goldfish spinal cord illustrating staining of 
motor neurons (arrowhead). Low (E) and higher magnification (F) 
views of the frog spinal cord illustrating the presence of TSP in scattered 
neurons and glial cells. G In the newt spinal cord, TSP was present in 
dorsal root ganglia (drg), surrounding cells of the gray matter, and 
surrounding ependymal cells (e). H: Higher magnification of G illustrat- 
ing the deposition of TSP on ependymal cell surfaces. Scale bars = 200 
pm in A, 100 pm in B,C,F, and G, 60 pm in D,H, 500 pm in E. 
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Fig. 8. Thrombospondin localization in optic and sciatic nerves. A 
TSP was virtually absent from the mouse optic nerve, but was present 
in the connective tissue pia-arachnoid layer (arrowhead). I t  was present 
in glial cells, in  the pia-arachnoid layer (arrowheads), and neuropil of 
the goldfish (B), adult Xenopus (C), newt (D), and juvenile Xenopus (El 
optic nerves. TSP was present in  the epineurium, perineurium, and 
axons of the mouse (F), Xenopus (G), and newt (H) sciatic nerves. Scale 
bars = 100 Fm. 

to provide an adhesive substrate for cells and their pro- 
cesses, as well as to provide a mechanism for focusing 
localized proteolysis of that substrate. 

This work demonstrates that TSP is expressed at  higher 
levels in CNS regions capable of regeneration following 
trauma. Previous work has shown that TSP expression is 
associated with neuronal migration and neurite elongation 
during development (O’Shea and Dixit, ’88; O’Shea et al., 
’901, and that TSP supports neurite outgrowth in vitro 
(Neugebauer et al., ’91; O’Shea et  al., ’91; Osterhout et al., 
’92). Lesion studies of mouse sciatic (Hoffman et  al., ’90) 
and mouse optic and goldfish optic nerves (Hoffman et  al., 
’91) support a correlation between the presence of TSP and 
successful nerve regeneration. While it is unlikely that TSP 
alone is responsible for determining the success or failure of 
regeneration, its localization in systems capable of regenera- 
tion suggests that TSP plays an important role in nerve 
regeneration. 
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