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In light of a previous report suggesting that the brains of 
tenascin-deficient animals are grossly normal, we have 
studied the somatosensory cortical barrel field and injured 
cerebral cortex in postnatal homozygous tenascin knock- 
out, heterozygote, and normal wild-type mice. Nissl stain- 
ing, cytochrome oxidase, and Dil axonal tracing of thala- 
mocortical axonal projections to the somatosensory 
cortex, all reveal the formation of normal barrels in the first 
postnatal week in homozygous knockout mice that cannot 
be distinguished from heterozygote or normal wild-type 
barrels. In addition to confirming the absence of tenascin 
in knockout animals, and reporting apparently reduced lev- 
els of the glycoprotein in barrel boundaries of heterozygote 
animals using well-characterized antibodies and immuno- 
cytochemistry, we also studied the DSD-l-PG proteogly- 
can, another developmentally regulated molecule known to 
be associated with transient glial/glycoconjugate bound- 
aries that surround developing barrels; DSD-l-PG was also 
found to be expressed in barrel boundaries in apparently 
normal time frames in tenascin knockout mice. Peanut ag- 
glutinin (PNA) binding of galactosyl-containing glycocon- 
jugates also revealed barrel boundaries in all three geno- 
types. We also examined the expression of tenascin-R, a 
paralog of tenascin-C (referred to here simply as tenascin). 
As previously reported, tenascin-R is prominently ex- 
pressed in subcortical white matter, and we found it was 
not expressed in the barrel boundaries in any of the ge- 
notypes. Thus, the absence of tenascin does not result in 
a compensatory expression of tenascin4 in the barrel 
boundaries. Finally, we studied wounds of the cerebral cor- 
tex in the late postnatal mouse. The astroglial scar formed, 
for the most part, in the same time course and spatial dis- 
tribution in the wild-type and tenascin knockout mice. How- 
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ever, there may be some differences in the extent of gliosis 
between the knockout and the wild type that warrant further 
study. Roles for boundary molecules like tenascin during 
brain pattern formation and injury are reconsidered in light 
of these findings on barrel development and cortical le- 
sions in tenascin-deficient mice. 

[Key words: tenascin-deficient mice, somatosensory ce- 
rebral cortex, cytochrome oxidase histochemistry, Dil ax- 
onal tracing, DSD-l-PG proteoglycan, tenascin-I?, lectin cy- 
tochemistry, astrocytic scar] 

Cell-cell interactions, mediated by unique recognition molecules 
(Faissner and Schachner, 1994), are believed to underlie the de- 
velopment of distinct cytoarchitectonic and connectional ar- 
rangements throughout the brain (for review, see Sanes, 1989; 
Bixby and Harris, 1991; Jacobson, 1991; Edelman, 1992; Ed- 
elman and Jones, 1992). The large extracellular matrix (ECM) 
protein tenascin (reviewed by Erickson and Bourdon, 1989) is 
one of these recognition molecules (Faissner and Schachner, 
1994), and it is prominently expressed in different areas of de- 
veloping, adult, and injured brain (Crossin et al., 1986; Laywell 
and Steindler, 1991; Bartsch et al., 1992; Laywell et al., 1992; 
Rettig et al., 1992; Brodkey et al., 1993, 1994). Tenascin is 
especially dense in some specific zones, where its concentration 
is estimated to be l-2 mg/ml, making it among the most abun- 
dant extracellular matrix proteins of the brain (Lightner et al., 
1990). One of the most spectacular and precise localizations of 
tenascin is in the vibrissae-related barrel field of the developing 
somatosensory cortex (Steindler et al., 1989a; Crossin et al., 
1990). The somatosensory cerebral cortex of rodents contains 
distinct aggregates of stellate neurons in layer IV that are aligned 
in a pattern that mirrors the arrangement of facial vibrissae (e.g., 
five rows of neuronal “barrels” that represent five rows of facial 
whiskers (Woolsey and van der Loos, 1970; Woolsey, 1990). 
The findings of glial and glycoconjugate boundaries around de- 
veloping whisker barrels in the somatosensory cortex of mice 
suggested that these elements may be involved in the formation 
and/or stabilization of these unique cytoarchitectonic units. Us- 
ing lectins that bind a variety of glycoproteins, glycolipids, and 
glycosaminoglycans, and immunocytochemistry for glial fibril- 
lary acidic protein (GFAP), it was determined that radial glia, 
young astrocytes, and unidentified glycoconjugates cordon off 
emerging barrel patterns during a plastic period in barrel pattern 
formation (Cooper and Steindler, 1986a,b, 1989; McCandlish et 
al., 1989; Crandall et al., 1990). In the developing barrel field, 
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glial/glycoconjugate boundaries evolve into cell-sparse interbar- 
rel septae in the adult. 

A number of ECM molecules have been localized to these 
transient boundaries, including tenascin (Crossin et al., 1989, 
1990; Steindler et al., 1989a,b, 1990; Steindler, 1993), a chon- 
droitin sulfate proteoglycan possibly expressed by neurons (cy- 
totactin binding protein) (Crossin et al., 1989, 1990), and another 
chondroitin sulfate proteoglycan (termed the 473 or DSD-l-PG 
proteoglycan (Faissner et al., 1988, 1994; Steindler et al., 1990). 
Just as remarkable as the spatial localization of the barrel field 
boundaries is their temporal pattern. The boundaries, as visual- 
ized by staining for proteins like tenascin, DSD-l-PG, or the 
less specific lectin stains, begin to appear between postnatal days 
2 and 7 (P2-P7) (Cooper and Steindler, 1986a, 1989; O’Brien 
et al., 1987; McCandlish et al., 1989; Steindler et al., 1989a,b, 
1990; Woolsey, 1990), correlating with the ingrowth of axons 
from the vibrissae-related barreloids of the thalamic ventrobasal 
complex (O’Leary, 1989; Jhaveri et al., 1991; Schlaggar and 
O’Leary, 1991; O’leary et al., 1992, 1994), and they disappear 
by the second to third postnatal weeks, correlating with the com- 
pletion of synaptogenesis and functional barrel organization. 

A unique opportunity to investigate the biological functions 
of tenascin was provided by the creation of mice lacking ten- 
ascin, produced by gene knockout techniques (Saga et al., 1992). 
It was truly surprising that the initial examination of these mice 
revealed no phenotypic difference in the gross organization or 
histology of the tissues of highest tenascin expression, in partic- 
ular brain, lung, and thymus. The three favored explanations for 
the absence of phenotype are (a) that the function(s) of tenascin 
are subtle rather than essential for development, (b) that the 
functions of tenascin are limited to a subset of the tissues where 
it is expressed, and it is superfluous in some of the tissues of 
highest expression, and (c) that its functions are duplicated by 
other proteins coexpressed in the same tissues. The first two 
possibilities have been discussed in detail by Erickson (Erickson, 
1993; also see Dickinson, 1988, for a warning that proteins may 
not have a functional role in every tissue where they are ex- 
pressed). The third possibility could involve any protein, but 
usually focuses on related, paralogous proteins. Tenascins are 
now known to comprise a family, including tenascin-C (referred 
to here simply as tenascin), the original family member and the 
protein investigated here, tenascin-R [possibly the mouse ho- 
molog to chicken restrictin, hence, tenascin-R (Rathjen et al., 
1991; Erickson, 1993), previously referred to as tenascin 160/ 
180, or janusin (Pesheva et al., 1989; Morganti et al., 1990)], 
and tenascin-X (reviewed in Erickson, 1993). There is, however, 
little overlap in the patterns of expression, as tenascin-X is pri- 
marily expressed in muscle (Matsumoto et al., 1992) and 
tenascin-R may be restricted primarily to white matter of the 
developing and adult central nervous system (Fuss et al., 1993). 

A potentially fruitful approach to discover functions of ten- 
ascin is to examine specific tissues in tenascin knockout mice in 
detail for defects in histology or arrangement of other proteins. 
The barrel field boundaries provide a point of study with two 
focused questions: (1) do the other ECM molecules still form 
normal boundaries in the absence of tenascin, one of the most 
prominent proteins in these boundaries, and (2) does the absence 
of tenascin affect the postulated role of these boundaries in re- 
straining dendritic processes to a single barrel. Since previous 
studies also have correlated an enhanced expression of tenascin 
with a subset of astrocytes around brain wounds in the adult 
cortices (Laywell and Steindler, 1991; McKeon et al., 1991; Lay- 

well et al., 1992; Brodkey et al., 1994), we have extended this 
study to the potentially related question of the formation of as- 
troglial scars (Clemente, 1958; Bignami and Dahl, 1976; Reier 
et al., 1983; Reier and Houle, 1988) in cortical wounds in wild 
type and tenascin knockout mice. 

Materials and Methods 

Animals. These studies were carried out on TN-/TN- homozygote, 
TN+/TN- heterozygote, and TN+/+ normal wild-type mice (total 32, 
age postnatal day 5-13, P5-13, with the day of birth designated as PO). 
Tenascin knockout mice, originally produced by replacing the tenascin 
gene with the IacZ gene using homologous recombination in mouse 
embryonic stem cells (Saga et al., 1992), were back-crossed with the 
inbred strain GRS/A for seven generations. The mice were originally 
maintained under SPF conditions in the animal facility of Tsukuba Life 
Science Center, Riken, Tsukuba, Japan. Heterozygote TN+/TN- mice 
were selected by PCR analysis of tail samples and were crossed to 
produce the homozygous knockouts TN-/TN-. Additional tenascin 
knockout mice were produced by mating these homozygotes. The ani- 
mals were anesthetized with ether or injections of sodium pentobarbital 
and perfused through the left ventricle with 4% paraformaldehyde in 
0.1 M phosphate buffered saline (pH 7.4). Following a 2-3 hr postfix- 
ation in cold perfusate, the brains were stored in cold phosphate buffer 
before sectioning on a vibratome at 40 pm in the tangential or paras- 
agittal plane. For studies of barrel cortex, hemispheres were flattened 
between two glass slides before sectioning as flattened tangential sec- 
tions (Woolsey and van der Loos, 1970; Cooper and Steindler, 1986a; 
Steindler et al., 1989a; Senft and Woolsey, 1991). Findings are also 
presented from lesion studies where a needle wound was made in the 
right cerebral cortex of P5 and PlO knockout and wild-type mice, with 
a 3 d survival. Sections from all of these brains were processed for 
cresyl violet staining, cytochemistry, immunocytochemistry, or DiI la- 
beling, as described below. In order to facilitate comparisons of the 
various markers in brains from all three genotypes, at the same time 
maintaining quality control such that each of the markers could be eval- 
uated within as well as across genotypes, brains were bisected and left 
or right hemispheres were serially sectioned and reacted for either a 
single marker, or adjacent sections from a single hemisphere were re- 
acted with up to four markers from those described below. For example, 
all sections from a single “flattened” hemisphere may be reacted for 
cytochrome oxidase, while parasagittal sections from the other hemi- 
sphere would be reacted for DSD-l-PG, peanut agglutinin, tenascin-R, 
and so on. 

Cytochrome oxiduse histochemistry. Vibratome sections were pro- 
cessed for cytochrome oxidase (CO) histochemistry (a putative neuronal 
activity marker) using the detailed protocol developed by Wong-Riley 
(Wong-Riley, 1979). In short, sections are incubated in a solution con- 
taining diaminobenzidine, cytochrome c, and sucrose in 0.05 M phos- 
phate buffer. This reaction yields a histochemical reaction product, as- 
sociated with mitochondria in neurites (Carroll and Wong-Riley, 1984), 
that has been well described in previous studies of barrel synaptic neu- 
ropil. 

DiI uxonal tracing. Axonal tracing was performed in fixed brains (as 
previously described) (Godement et al., 1987; Senft and Woolsey, 1991) 
using the lipophilic tracer 1,l ‘-dioctadecyl-3,3,3’,3’-tetramethylindocar- 
bocyanine perchlorate (Dir, as described by Honig and Hume, Molec- 
ular Probes) (Honig and Hume, 1986). Brains postfixed in paraformal- 
dehyde for 1-3 weeks were blocked at the midbrain-diencephalic 
junction, and crystals of the tracer were picked up on a needle or mi- 
cropipette and inserted in the vicinity of the ventrobasal complex. The 
brains were incubated in fixative, in the dark, at 37°C for 3 weeks. They 
were then lightly flattened and sectioned at 150 km in the tangential 
plane, mounted in Aquamount, and examined and photographed on a 
fluorescence microscope through the rhodamine filter. 

Immunocytochemistry for tenascin, the DSD-I -PC proteoglycan (an- 
other boundary molecule), and the tenascin-R glycoprotein. Sections 
from knockout, heterozygote, and wild-type mice were processed for 
immunocytochemistry using well-characterized mono- and polyclonal 
antibodies to tenascin and tenascin fusion proteins as previously de- 
scribed (Faissner et al., 1988; Steindler et al., 1989a, 1990; Faissner 
and Kruse, 1990; Bartsch et al., 1992). The data presented here on 
tenascin or the lack of tenascin expression in the knockout brain was 
obtained using a rabbit polyclonal antibody specific for mouse tenascin, 
made against a fusion protein between most of the fibronectin III repeats 
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plus half of the fibrinogen domain of mouse tenascin and glutathion-s- 
transferase, that in Western blots only binds to tenascin (U. Dorries, 
personal communication). This antibody labels barrel boundaries in the 
developing brain in a manner that is extremely similar to that obtained 
using previously described polyclonal and monoclonal antibodies to ten- 
ascin (pJl/tn, JliTN2) (Faissner et al., 1988; Steindler et al., 1989a; 
Faissner and Kruse, 1990; Lochter et al., 1991; Bartsch et al., 1992; 
Faissner and Schachner, 1994). We also used fusion protein antibodies 
that recognize different epitopes of the tenascin molecule (generated by 
H. P. Erickson, unpublished observations). 

Monoclonal antibody 473HD recognizes a membrane-associated, pu- 
tative glial-derived extracellular matrix molecule termed DSD-I-PG 
(Faissner et al., 1994). DSD-I-PG is a chondroitin sulfate proteoglycan, 
and the mAb 473HD recognizes a hybrid glycosaminoglycan epitope 
in the proteoglycan (the DSD-I sugar epitope) which consists of chon- 
droitin sulfate-C and chondroitin sulfate-B (dermatan sulfate). 
Tenascin-R was detected within monoclonal antibodies 619 and 620, 
which are described in previous reports (Morganti et al., 1990). Sections 
were reacted overnight with the primary antibodies, and following 2-3 
hr incubations in fluorescent-labeled secondary antibodies (for tenascin 
and tenascin-R, FITC-labeled anti-IgG, and for DSD-1, rhodamine-la- 
beled anti-IgM) they were examined for immunofluorescence. The sec- 
tions were examined and photographed on a Leitz fluorescence micro- 
scope. All sections processed for immunofluorescence were eventually 
counterstained with cresyl violet for Nissl analysis of cellular distribu- 
tions within the somatosensory cortex (i.e., to verify the existence of 
cellular barrels). 

Lecrin cytochemistry. Lectin cytochemistry was performed also as 
previously described (Cooper and Steindler, 1986a; Steindler and Coo- 
per, 1987; Steindler et al., 1988), using biotinylated peanut agglutinin 
(PNA, arachis hypogea, Vector Laboratories) which preferentially bind 
to galactosyl p- 1,3 linked N-acetylgalactosamine and galactose residues 
of glycoconjugates. Following overnight incubations (at 4°C) of the 
lectin in Tris-buffered saline (0.5 mg/ml), the sections were then incu- 
bated for 2-3 hr in avidin-FITC or avidin-AMCA before being exam- 
ined under the fluorescence microscope. 

Labeling of the astroglial scar. Following needle stab lesions of the 
right cerebral cortex of P5 and PI0 knockout and wild-type mice, and 
a survival time of 3 d, the fixed brains were processed for DSD-l-PG 
immunolabeling as described above, and also for glial fibrillary acidic 
nrotein (GFAP) immunocytochemistry using monoclonal or polyclonal 
antibodies (Lipshaw, Chemicon) as in-our previous studies (dooper and 
Steindler. 1986b. 1989: O’Brien et al.. 1987: Steindler and Coouer, 
1987; Stkindler et al., i990; Laywell and Steindler, 1991; Laywelj et 
al., 1992). Some sections from the P13 cases were also processed for 
double labeling using antibodies to both GFAP and GAP43. 

Results 
Nissl staining of barrels in knockout versus normal animals 
The whisker barrel field, which resides in layer IV of the rodent 
somatosensory cerebral cortex, is seen to best advantage in flat- 
tened and tangentially sectioned hemispheres (Woolsey and van 
der Loos, 1970). This approach was used in Figures 1-4. Figure 
1, A and B, shows barrels in tenascin knockout and normal wild- 
type mice using Nissl staining. All aspects of cellular barrel 
composition appear to be normal in tenascin knockout mice, 
including the emergence of distinct, individual barrels in the first 
to second postnatal weeks, resulting from an increase in the 
number of barrel neurons within “walls” or “sides,” a decrease 
in the number of cells in the barrel “hollows,” and the emana- 
tion of cell-sparse “interbarrel septae.” Figure 1, A and B, doc- 
uments Nissl-stained barrels of the smaller anterolateral whisker 
barrels from the P7 knockout and normal barrel cortex, with the 
above-listed features defining normal cytoarchitectonic barrels 
in both fields and in both phenotypes (despite some difference 
in contrast between these figures due to a slight difference in 
Nissl staining intensity). 

DiI axonal tracing and cytochrome oxidase (CO) 
histochemistry 
As in the case of Nissl-stained barrels, DiI axonal tracing and 
CO staining both reveal attributes of barrel-like organization 

similarly in all three genotypes. It is well known that thalamo- 
cortical axonal projections, along with several brainstem projec- 
tions to the somatosensory cortical barrel field, are topographi- 
cally organized in barrel-like configurations [e.g., ventrobasal 
thalamic projections (Dawson and Killackey, 1985); raphe-cor- 
tical projections (Rhoades et al., 1990)]. Previous studies using 
DiI labeling of axons and their terminal fields (Jhaveri et al., 
1991; Senft and Woolsey, 1991; Zhang and Cooper, submitted 
for publication), an axonal tracing method that exploits the trans- 
port of this lipophilic tracer along axons in fixed material, have 
shown that thalamocortical projections to the barrel cortex be- 
come refined in the first postnatal week, preceding the appear- 
ance of cellular barrels and glial/glycoconjugate boundaries 
(Cooper and Steindler, 1986a,b; Steindler et al., 1989a,b, 1990) 
(and see below). DiI axonal tracing of thalamocortical afferents 
in tenascin-deficient animals also reveals barrel patterns in the 
first postnatal week (Fig. 1C). Following the placement of DiI 
crystals that impinged upon the ventrobasal complex in knock- 
out or normal animals, the patterns of labeled thalamocortical 
projections to the somatosensory cortex seemed identical. Barrel 
hollows exhibited densely labeled axonal arbors that defined in- 
dividual barrels, and the extent of labeling between barrels (e.g., 
within interbarrel septae) seemed to diminish with postnatal age. 
As shown in Figure lC, the P5 barrel field reveals individual 
barrels as well as clear-cut rows (comparable to that seen in the 
normal P5 barrel cortex, e.g., see Senft and Woolsey, 1991), 
indicating an apparently normal maturation of thalamocortical 
innervation from the medial division of the thalamic ventrobasal 
complex in tenascin knockout animals. These findings suggest 
that afferent axons still observe the barrel plan despite the ab- 
sence of tenascin in barrel boundaries. 

CO-stained, synaptic neuropil in barrel hollows is one of the 
most distinct and reliable markers of barrels, and Figure lD-G 
shows dense labeling in clear-cut individual barrels within rows 
representing posteromedial and anterolateral fields in P7 normal 
(Fig. lD,E) and knockout (Fig. lF,G) mice. Using this method, 
barrel sides and septae are lightly or negatively stained, high- 
lighting the dense staining of barrel hollows, with no noticeable 
difference in knockout versus normal barrels (e.g., compare Fig. 
l&G). One might predict that if dendritic patterning was altered 
in the mutant, this might be reflected by less conspicuous CO 
staining of individual barrels (e.g., individual barrel staining may 
be less distinct or “muddied”), since this method has been de- 
scribed as particularly staining dendritic mitochondria compared 
to somata or axons (Carroll and Wong-Riley, 1984). The well- 
defined barrel CO staining in P7 homozygotes, heterozygotes, 
and normal wild-type mice (it should be noted that some P13 
and adult knockouts were also analyzed, and barrels appeared 
to be normal though not photodocumented here) suggests that 
dendrites may be normally confined (Woolsey, 1990) to their 
prospective barrels in the knockout somatosensory cortical bar- 
rel field as in normal animals. 

Tenascin staining in knockout versus heterozygote and normal 
barrel cortex 

In normal animals, during the first postnatal week, well-char- 
acterized monoclonal and polyclonal antibodies to tenascin and 
tenascin-fusion proteins (Kruse et al., 1985; Faissner et al., 1988; 
Steindler et al., 1989a; Faissner and Kruse, 1990) all demon- 
strate barrel boundaries that reveal barrel rows and individual 
barrels in the posteromedial and anterolateral barrel subfields 
(Fig. 2A,B) as previously described (Steindler et al., 1989a, 



Figure 1. Nissl staining, DiI axonal tracing, and cytochrome oxidase (CO) histochemistry in flattened tangential sections through the postnatal 
day 7 (P7) normal (B, D, and E) and tenascin knockout (A, C, F, and G) mouse somatosensory cortex. A and B, In the tenascin knockout mouse 
(A), Nissl-stained barrels are apparent in the smaller barrels of the anterolateral barrel subfield, and resemble normal Nissl-stained barrels again 
from the anterolateral barrel subfield of a normal P7 mouse (B). Asterisks point out representative barrel hollows, arrowheads point to barrel sides. 
C, DiI fluorescent labeling of thalamocortical axonal projections to barrel hollows (appear as white pntches) are normal in the barrel field of a P5 
knockout mouse. D and E, CO histochemistry in the normal mouse reveals both large and small barrels of the posteromedial (straight nrrow) and 
anterolateral (curved arrow) barrel subfields, with staining (that appears as black patches) that is concentrated in synaptic neuropil of individual 
barrel hollows (as shown in higher magnification in E; asterisk in the same barrel seen in D and E). Barrel sides and interbarrel septae appear as 
less-stained (almost white) areas surrounding CO-stained hollows. F and G, CO staining in the P7 knockout barrel cortex reveals barrel patterns 
that are indistinguishable from those of the normal mouse. Arrows point out the different barrel subfields as described for D. Scale bars: A-C, 150 
pm; E, 150 pm for E and G; F, 250 pm for F and D. 
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Figure 2. Tenascin immunofluorescence in the barrel field of a P7 normal (A and B), heterozygous (C), and homozygous tenascin knockout mice 
(D). A, Tenascin is distributed in boundaries around young barrels, delineating rows A-D (right to lef) of the five rows of barrels representing 
large whiskers (the posteromedial barrel subfield) of the mystacial pad. B, Higher magnification of portions of three visible barrels from the same 
animal shows tenascin is concentrated in barrel boundaries (destined to become interbarrel septae) in the normal P7 mouse barrel field. There is 
very little tenascin immunostaining in barrel hollows. C, A single barrel (asterisk marks the hollow) in the somatosensory cortical barrel field of a 
heterozygous animal shows an apparent reduction in the tenascin staining in the boundary. D, There is no tenascin immunostaining in the barrel 
field of the P7 tenascin knockout mouse. This micrograph was overexposed to reveal the slight autofluorescence of barrel hollows (asterisks in 
three), and no staining is present around barrel hollows in the so-called boundaries. Scale bars: A, 150 pm; C and D, 50 pm. 

1990). Despite low levels of the tenascin glycoprotein present, 
e.g., within developing barrel hollows, higher concentrations of 
the protein within boundaries are quite prominent (Fig. 2B). In 
heterozygote animals, the barrel field can be clearly discerned 
using tenascin immunocytochemistry, but the staining is less in- 
tense, consistent with a lesser amount of the protein (Fig. 2C). 
Finally, in homozygote knockout animals, there was a complete 
lack of tenascin expression (as previously described for these 
knockouts (Saga et al., 1992). Figure 20 documents the lack of 
tenascin in barrel boundaries in the P7 knockout barrel field. 
This photomicrograph was printed as an overexposure to show 
details of barrels (that possess somewhat autofluorescent barrel 
hollows) (Senft and Woolsey, 1991) and the lack of tenascin. 

The DSD-I-PG proteoglycan in knockout versus normal 
barrels 

Polyclonal and monoclonal antibodies to the DSD- 1 -PC proteo- 
glycan (previously referred to as the 473 proteoglycan) (Fais- 
sner, 1988) label barrel boundaries in all three genotypes. Figure 
3 shows the presence of DSD-I-PG, stained by monoclonal an- 
tibody 473HD (Faissner et al., 1994), in barrel boundaries in the 
P8 (Fig. 3A-C) and P13 (Fig. 30) barrel field of wild type (Fig. 
3A) and knockout (Fig. 3%D) animals. The time course of ap- 
pearance, and the apparent intensity of immunolabeling of DSD- 
I-PG, appear to be identical in knockout and normal mouse 
somatosensory cortical barrel boundaries. DSD- 1 -PG barrel 
boundaries are present in the second postnatal week (Fig. 3D), 
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Figure 3. DSD-l-PG proteoglycan immunostaining of barrel boundaries in normal (A) and tenascin-deficient (B-D) mice. DSD-1-PG is found in 
barrel boundaries in the P8 normal mouse (A) barrel cortex (asterisk marks the hollows of two representative barrels), and the proteoglycan is also 
in barrel boundaries in the P8 tenascin-knockout mouse (B and C). Asterisk in B marks a single barrel hollow, shown in higher magnification in 
C. D, By P13, DSD-I-PG is still present in barrel boundaries in the knockout (as well as in normal animals, not shown). Scale bars: A, C, and D, 
50 km; B, 150 km. 

as is tenascin in low levels in normal animals (Steindler et al., 
1989a,b, 1990). 

PNA cytochemical labeling of barrels 

Lectin cytochemistry of glycoconjugates is a proven method for 
studying the presence of glycosylated molecules in a variety of 
tissues (Wood and McLaughlin, 1976). Our earliest studies of 
developmental boundaries in the CNS, especially in the emerg- 
ing barrel field, used this method to stain transient glycoconju- 
gate boundaries (Cooper and Steindler, 1986a). It was possible 
that PNA could bind to tenascin, although it was our belief 
(Steindler et al., 1990) that PNA may bind to other glycoproteins 
and proteoglycans that colocalize with tenascin in brain bound- 
aries. 

If tenascin were not the major PNA lectin-binding glycopro- 
tein in the barrel boundaries, and if the arrangement of the other 
glycoproteins in the boundaries did not require tenascin, we 
would expect the staining of the barrel fields to be the same in 
the tenascin knockout and wild-type mice. This is apparently the 
case for PNA staining, as shown in Figure 4A-C. We have not 

been able to discern obvious differences in lectin binding of 
glycoconjugates in heterozygote versus normal wild-type ani- 
mals, as we have for example using tenascin immunocytochem- 
istry (e.g., Fig. 2), perhaps as a result of the binding of a variety 
of glycoconjugates by this lectin in both genotypes. 

The tenascin-R glycoprotein in normal versus tenascin 
knockout barrel cortex 

Immunocytochemistry for the tenascin-R glycoprotein in all 
three genotypes reveals a complete lack of barrel boundary la- 
beling. Figure 4, D and E, shows immunofluorescence for 
tenascin-R in the P7 normal (D) and tenascin knockout (E) bar- 
rel field. For the most part, there is little tenascin-R immuno- 
reactivity in the cortical gray matter, and barrels are only rec- 
ognizable due to the apparent autofluorescent nature of barrel 
hollows (as previously described (Senft and Woolsey, 1991) (as- 
terisk in Fig. 4L),E). There is some punctate labeling within and 
around barrels in the normal and knockout mouse, and subcor- 
tical white matter is labeled in a similar fashion in both geno- 
types (inset, Fig. 4D), but there is no tenascin-R labeling of 
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Figure 4. PNA lectin cytochemistry (fluorescence), and tenascin-R immunofluorescence in the P7 barrel field of heterozygous (A and B) and 
homozygous (C) tenascin knockout mice. A and B, In heterozygote (and wild-type, with labeling identical to the heterozygote, not shown) animals, 
PNA-bound glycoconjugates reveal barrel boundaries around individual barrels representing, in this case (A) all five rows of large whisker barrels. 
Asterisks in A and B in representative hollows. C, PNA labeling in the tenascin knockout barrel field is indistinguishable from that seen in the 
heterozygote and wild-type fields. Asterisk in a single barrel hollow. D and E, Tenascin-R immunocytochemistry reveals no labeling of barrel 
boundaries in the normal (D) or tenascin knockout (E) barrel field. Asterisk in representative barrel hollows, arrowheads point to boundaries 
(interbarrel septae). There is light, autofluorescence of barrel hollows. Inset between C and D shows positive tenascin-R immunoreactivity in the 
subcortical white matter in the tenascin knockout (which is identical to that seen in the normal animal, not shown), with the arrow pointing to the 
junction of cortical gray and white matter. Scale bars: A, 150 pm; B, 50 pm for B-E. 

boundaries to support a notion that the expression of this mol- 
ecule is upregulated in response to the deletion of the tenascin-C 
gene. 

Glial scarring in the postnatal tenascin knockout and normal 
mouse cortex 

Because tenascin is prominently expressed in response to brain 
injury (Laywell et al., 1992), we initiated a study comparing 
glial scar formation in normal and tenascin knockout mice. Since 
the formation of the astroglial scar is a hallmark of brain injury 
(Cajal, 1928; Clemente, 1958; Reier et al., 1983; Eng, 1988; 
Reier and Houle, 1988), and it is somewhat controversial as to 
whether or not any or all of the scar components are expressed 
in the very young brain following injury (Berry et al., 1983; 

Woodward et al., 1993), we will focus on the P13 lesion cases 
(PlO lesion, 3 d survival) where previous studies indicated the 
presence of astrogliosis following this type of injury in the sec- 
ond postnatal week (Balasingam et al., 1994). Figure 5 shows 
the somatosensory cortex of P13 mice 3 d after a stab wound 
at PlO. Figure 5, A and B, shows a typical GFAP astrocytosis 
in response to a stab injury of the normal cerebral cortex. Re- 
active GFAP+ astrocytes surround the site of penetration, and 
their numbers drop off away from the primary site of injury. 
Thus, GFAP staining of astrocytes is most concentrated at the 
site of injury, and a subset of these, immediately surrounding 
the wound, stain for the DSD-l-PG (Fig. SC). There were no 
prominent differences in the pattern of GFAP reactive astrocytes 
nor the DSD-I-PG staining between normal (Fig. 5A-C) and 



Figure 5. Stab wounds in the P13 normal wild type (A-C) and tenascin knockout (D-F) mouse cerebral cortex, glial fibrillary acidic protein 
(GFAP, a major intermediate filament protein of astrocytes), and DSD-I-PG proteoglycan immunocytochemistry. Asterisks mark the center of the 
lesions. A and B, In the normal mouse, GFAP labels reactive astrocytes associated with the wound site (appear as black cells), with individual 
reactive astrocytes being visible near the primary lesion site, and dropping off away from the wound. C, Immunofluorescence for the DSD-I-PG 
proteoglycan in the same case reveals astrocytes (white) in and around the primary wound site (e.g., arrows). D and E, GFAP reactive astrocytes 
associated with a stab wound in the cortex of a tenascin knockout mouse. As in the normal animal, large, swollen (e.g., arrow in E) reactive 
astrocytes surround the primary lesion site. F, As in the normal mouse, DSD-l-PG immunoreactive astrocytes (white cells, e.g., arrows) are also 
associated with the wound in tenascin knockout mice. Scale bars: A-C and F, 50 pm; D, 250 pm. 
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tenascin knockout (Fig. 5D-F) mice, with the possible exception 
that more labeled astrocytes may be associated with wounds in 
the P13 knockout (e.g., compare Fig. 5B,E, C,F). 

Discussion 

The landmark article of Saga et al. (1992) surprised scientists 
studying tenascin and the ECM by reporting no obvious defect 
in development in the absence of tenascin, in spite of the fact 
that tenascin is one of the most abundant ECM proteins in the 
developing nervous system, and is prominently expressed in a 
number of other tissues (for review, see Faissner et al., 1988; 
Erickson and Bourdon, 1989). A comparable surprise was seen 
in the more recent knockout of the neural cell adhesion molecule 
(NCAM) (Tomasiewicz et al., 1993; Cremer et al., 1994), one 
of the most abundant cell surface proteins in brain and other 
tissues. In the case of NCAM, however, although the mice ap- 
peared grossly normal, defects were noted by those investigators 
at the histological level. Most obvious was a substantially re- 
duced size of the olfactory bulb, probably due to a defect in 
migration of granule cells. More subtle changes were observed 
in one lobule of the cerebellum and some specific cellular dis- 
tributions. Subtle defects in the tenascin knockout mice may 
have been missed in the original study by Saga et al. The precise 
temporal and spatial localization of tenascin in the barrel field 
boundaries offered an opportunity to look for subtle defects at 
several levels. 

The absence of tenascin could, in principle, have both struc- 
tural and functional consequences for a barrel field. The battery 
of markers studied here strongly suggests that barrels are normal 
in tenascin knockout mice and, hence, the loss of a prominent 
barrel boundary molecule has not apparently affected the normal 
development of these unique structures. However, we have con- 
centrated on a limited time frame in barrel morphogenesis (P5- 
P13) where the most dramatic aspects of barrel development 
take place. It is possible, though unlikely, that other aspects of 
development that occur before this (including part of the critical 
period where peripheral whisker lesions result in corresponding 
changes in barrel and barrel boundary morphology (Cooper and 
Steindler, 1989; Steindler et al., 1990; Woolsey, 1990), as well 
as maturation of barrel circuitry that continues into adulthood, 
could be altered in the mutant and should be studied. Nonethe- 
less, based on all previous studies of normal and abnormal de- 
velopment of barrels, if barrel organization is somehow altered 
by genetic (e.g., in neurologically mutant mice, O’Brien et al., 
1987) or other factors, it is certainly manifested and visible in 
the first to second postnatal weeks. If tenascin were an essential 
structural component, it is also possible that other barrel-asso- 
ciated glycoconjugates would be absent or disorganized in the 
absence of tenascin. This is apparently not the case, since lectin- 
bound glycoconjugates and the DSD- 1 -PG proteoglycan appear 
to contribute to perfectly normal barrel boundaries in its ab- 
sence. If the barrel boundaries are formed by self-assembly of 
component proteins, the present study suggests that tenascin may 
not be a part of the essential framework. It may be added later, 
after the framework has been assembled. However, there are 
well-recognized limitations with studying gene knockouts, and, 
thus, all of these interpretations must be considered in light of 
the findings that many of the knockout animals generated to date 
have either no obvious phenotype, subtle malformations, or ab- 
normalities in development and behavior that could result from 
defective cell and molecular interactions that are secondary to 
the gene deletion. One knockout mouse, however, has led to 

malformations in whisker-related barrels. A mutant mouse that 
lacks functional N-methyl-D-aspartate (NMDA) receptors, the 
NMDARl knockout, has recently been shown to lack normal 
barrel-like patterning in the brainstem trigeminal nuclei (Li et 
al., 1994). The tenascin knockout mouse, thus, provides some 
insights into the possible role of this molecule during barrel 
pattern formation, but other approaches must be considered that 
not only block the actions of this molecule at different times 
during development, but that also augment the actions of this 
molecule. Recent studies on the role of nerve growth factor 
(NGF) during barrel development (Henderson et al., 1994) have 
shown that injections of antibodies to NGF or an NGF receptor 
during development do not alter barrel pattern formation despite 
reductions in the numbers of trigeminal ganglion cells, while 
injections of excess amounts of NGF rescue more ganglion cells 
and lead to abnormal whisker-related patterns. Tenascin aug- 
mentation paradigms may, likewise, divulge distinct functions of 
this molecule during pattern formation. 

Thalamocortical axons from the thalamic ventrobasal “bar- 
reloid” complex (Welt and Steindler, 1977; Dawson and Kil- 
lackey, 1985; Woolsey, 1990), and cytochrome oxidase patterns 
(Wong-Riley and Welt, 1980) seem to be organized in normal 
barrel patterns in tenascin knockout mice. One hypothesis on the 
function of the boundaries is that they serve as cordones, re- 
stricting neuronal processes to the interior of each barrel (Stein- 
dler et al., 1989b, 1990; O’Brien et al., 1992; Steindler, 1993). 
Because of its reputed anti-adhesive activity (Chiquet-Ehris- 
mann, 1991; Taylor et al., 1993; Faissner and Schachner, 1994), 
tenascin has been a prime candidate for a role in blocking the 
growth and movement of neurites. While we have not yet looked 
in detail at individual cellular processes, it is clear that the clus- 
tering of large numbers of processes (stained with CO and DiI) 
in the centers of barrels, and their relative absence from the 
boundaries, is apparently normal in the tenascin knockout mice. 
Thus, if the boundaries do serve as cordones, tenascin does not 

seem to play an essential role in inhibiting cells and processes 
from crossing them. 

The present study has determined that the DSD-I-PG proteo- 
glycan seems to be expressed, and in functional patterns, inde- 
pendent of tenascin expression. Even though the cytotactin-bind- 
ing proteoglycan, which appears to colocalize with tenascin/ 
cytotactin and, hence, also delineates developing barrels, has 
been hypothesized to be a neuronal ligand for tenascin (Hoffman 
and Edelman, 1987; Hoffman et al., 1988; Crossin et al., 1989, 
1990), studies to date on the DSD- 1 -PG indicate that it may be 
expressed by immature glial cells (Gates et al., 1993; Faissner 
et al., 1994). Tenascin is expressed primarily by astrocytes in 
the CNS (Bartsch et al., 1992; Laywell et al., 1992), and it seems 
that these cells might be able to express a variety of boundary 
molecules that may constitute “backups” when the expression 
of any one molecule is altered. This could include a variety of 
chondroitin-, keratan-, and heparin sulfate-containing proteogly- 
cans that have been identified in the developing as well as ma- 
ture brain (Aquino et al., 1984; Mansour et al., 1990; Snow et 
al., 1990; Cole and McCabe, 1991; Sheppard et al., 1991; Iwata 
and Carlson, 1993; Bicknese et al., 1994; Grumet et al., 1994), 
some of which have been localized in boundaries (Snow et al., 
1990; Geisert and Bidanset, 1993). It is possible that boundary 
molecules act synergistically, with individual molecules in- 
volved in particular morphogenetic events (e.g., dendritic pat- 
terning) and minor involvement in others (e.g., cell binding/at- 
tachment), as has been proposed in studies of these molecules 
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in in vitro bioassays (Crossin et al., 1990; Faissner and Kruse, 
1990; Lochter et al., 1991; Husmann et al., 1992; Prieto et al., 
1992; Faissner and Schachner, 1994). The notion of backup mol- 
ecules is hypothetical, and recent reviews by one of the authors 
(HPE) extensively address this issue (including the notion that 
tenascin “cannot be totally redundant . . . a protein must have 
a unique function in at least some tissue, or it would revert to a 
pseudogene . . . [even though] a gene can be fixed in a popu- 
lation if it confers only a 1% survival advantage” (Erickson, 
1993). It has also been proposed that other members of the ten- 
ascin family, tenascin-R (restrictin (Rathjen et al., 1991)) and 
tenascin-X might also assume some of the functions of 
tenascin-C in the knockout brain (Saga et al., 1992; Erickson, 
1993, 1994). Studies presented here, that looked at the poten- 
tially altered expression of tenascin-R in the barrel cortex of the 
tenascin knockout, showed that this glycoprotein was not ex- 
pressed in barrel boundaries in the knockout or normal animals; 
in fact, there was little or no tenascin-R expression in the cor- 
tices at all except for in white matter. This is in keeping with 
its predominant expression by oligodendrocytes later in postnatal 
development and in the adult (Pesheva et al., 1989; Morganti et 
al., 1990; Steindler et al., 1990; Fuss et al., 1993). Tenascin-X 
also does not appear to be upregulated in the brain, lung, or 
thymus of tenascin knockout mice (Saga et al., 1992). 

We need to consider the possibility that the boundaries are 
not the primary functional unit of the barrel, but are a secondary 
result of functional activity in the center of the barrel. Evidence 
consistent with this has been presented in previous studies. Jhav- 
eri et al. (1991) reported that thalamocortical axons form a pe- 
riphery-related pattern before such an organization is detectable 
in the distribution of ECM molecules. Furthermore, a patterned 
distribution of ECM molecules appears to result from the down- 
regulation (apparent loss of protein) of these molecules from 
barrel centers (hollows) in a vibrissae-related pattern; this seems 
to be a hollowing-out process since ECM molecules such as 
tenascin are densely expressed in a rather homogeneous fashion 
at earlier times of cortical development (e.g., E17-P3, Steindler 
et al., 1989b, 1990; Laywell and Steindler, 1991; Steindler, 
1993). In a recent study comparing protein and mRNA, Mitrovic 
et al. (1994) report no accumulation of tenascin mRNA in the 
barrel boundaries, where it would be expected if it were being 
deposited preferentially there. Rather, tenascin mRNA was uni- 
formly distributed within each layer, and was downregulated 
continuously after birth. Tenascin mRNA disappeared first from 
layer 4, being very reduced at P6, and virtually gone by P9. 
Coronal sections showed tenascin protein substantially removed 
from layer 4 from P3 to P6, and tangential sections showed the 
residual tenascin to be concentrated in barrel boundaries at P6 
(with some remaining at P9). Tenascin protein was completely 
gone by P15, as observed in previous studies (Steindler et al., 
1989a, 1990). 

Molecules such as tenascin might not be preferentially de- 
posited in the barrel boundaries, but they may be concentrated 
there because they are removed preferentially from the barrel 
centers. Removal of tenascin and other glycoproteins is likely 
due to the activity of proteases and/or metalloproteases, which, 
based on studies of other neural systems (Pittman, 1985; Patter- 
son, 1988; Pittman et al., 1989; Sheffield et al., 1994), have been 
hypothesized to be expressed in barrel hollows as axons grow 
into the field (Steindler et al., 1989b; Brodkey et al., 1993; Stein- 
dler, 1993). As ECM is removed from the center of each barrel, 
it would be left most concentrated in the boundaries. The re- 

moval of ECM from barrel hollows may allow the compaction 
of barrel neuron processes there. Eventually, as the protease ac- 
tion spreads, or following the later ingrowth of other afferent 
systems (e.g., callosal connections that appear to distribute spe- 
cifically within the boundaries later than the thalamocortical con- 
nections which distribute in the hollows, Olavarria et al., 1984; 
Zhang and Cooper, personal communication), ECM molecules 
in the boundaries could be eliminated. In this scenario the 
boundaries are not deposited or assembled as functional cordo- 
nes, but rather are the last remnants of ECM left by the wave 
of protease activity and cellular compaction initiated at the cen- 
ters of barrels. The possible role of tenascin in brain develop- 
ment, for which we still have no evidence, would, therefore, 
likely be in the earlier stages when it is uniformly distributed. 
The very striking patterning of tenascin and other glycoproteins 
in the barrel boundaries could be a secondary effect, rather than 
a functional cause, of the cellular organization that sets up a 
barrel field. 

The generation of glial scars in the young brain has been a 
topic of controversy (Smith et al., 1986; Maxwell et al., 1990), 
but recent studies suggest that there is a reactive astrogliosis in 
the neonatal mouse brain that, as in the adult, is modulated by 
particular cytokines (Balasingam et al., 1994). The glial scar as 
an impediment to neurite regeneration has been extensively stud- 
ied (e.g., see Clemente, 1958; Reier et al., 1983; Reier and Hou- 
le, 1988; Rudge and Silver, 1990). Recent studies have discussed 
the possibility that the neurite-growth inhibitory molecules 
(Schwab et al., 1993) expressed at a wound site may also facil- 
itate the wound healing process as they do in the healing of 
other wounds (e.g., skin), in addition to affecting neurite growth 
around the wound (Brodkey et al., 1993, 1994). The wound site 
both in normal and tenascin knockout mice contains GFAP-pos- 
itive reactive astrocytes, with smaller numbers of cells that just 
surround the lesion expressing the DSD- 1 -PG proteoglycan. 
This is similar to the image of reactive astrocytes that have been 
shown to upregulate tenascin at both the message and protein 
levels following penetrating injuries of the adult mouse cortex, 
where a discrete subset of reactive astrocytes just surrounding 
the primary wound site exhibit this enhanced expression (Lay- 
well et al., 1992). If anything, the preliminary studies suggest a 
higher number of astrocytes in the tenascin knockout mouse than 
in the wild type, suggesting that tenascin may play a role in 
downregulating proliferation of wound-associated astrocytes. 
This interesting possibility will require a more extensive and 
quantitative analysis, but is consistent with cell culture experi- 
ments in which tenascin was found to inhibit mitogenic activity 
of certain cell types (e.g., fibroblast cell lines, Crossin, 1991); 
however, End et al. (1992) found that tenascin is mitogenic for 
particular fibroblast and epidermal cell lines. If it is found that 
a lack of tenascin does affect proliferation and perhaps other 
responses of astrocytes to injury in the knockout brain, it will 
be important to study the consequences of such altered astrocytic 
behaviors during wound healing and regeneration. 

In conclusion, we would like to propose that the lack of ob- 
vious abnormalities in the cerebral cortical whisker barrels in 
tenascin knockout mice is somewhat counterbalanced by the 
findings of other boundary molecule depositions in these same 
sites in these mutants. It is yet to be determined whether or not 
these molecules assume the function or compensate for the ab- 
sence of tenascin during development and wound healing. It is, 
however, possible that the boundarylcordone hypothesis (Stein- 
dler et al., 1989b) needs to be reevaluated, and that the persis- 
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tence of molecules such as tenascin around forming barrels is 
merely a consequence of protease or other molecular mecha- 
nisms that degrade or downregulate ECM molecules being ex- 
pressed later in boundaries than in hollows. The boundary hy- 
pothesis for barrel development has relied on functional roles 
for each of the glial-expressed glycoconjugates during pattern 
formation and stabilization of these structures, based on obser- 
vations of conspicuous expressions of molecules such as tenas- 
tin in barrel boundaries during critical periods in their devel- 
opment. There has been a mandate to determine the significance 
of these boundaries in the cortical barrel field, based on findings 
from transplant and other studies that emphasized other elements 
such as thalamocortical afferents as being the most consequential 
in shaping barrel patterns (Jhaveri et al., 1991; Schlaggar and 
O’Leary, 1991; Senft and Woolsey, 1991; O’Leary et al., 1994). 
There is no question that the tenascin protein is conserved in all 
vertebrates (e.g., Gulcher et al., 1989; Jones et al., 1989; Spring 
et al., 1989; Bartsch et al., 1992; Erickson, 1994), as well as 
perhaps in some invertebrates (e.g., sponge, leech, and moth, 
Masuda-Nakagawa and Wiedemann, 1992; Humbert-David and 
Garrone, 1993; Krull et al., 1994), and it is so abundant in de- 
veloping and remodeling tissues in all of these species. The chal- 
lenge still remains to find the specific developmental features or 
adult perturbations, in both normal and knockout animals, that 
will add to our understanding of the functions of molecules such 
as tenascin. 
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