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The aim of this study was to determine whether postnatal 
mammalian central neurons retain the capacity for axonal 
regeneration across a lesion site in organotypic cultures of 
the auditory midbrain. Brain slices from the gerbil inferior 
colliculus (IC) were obtained from postnatal 6-6 d old animal 
and cultured for 6-15 d in vitro. IC explants containing an 
intact commissural projection exhibited robust axonal and 
dendritic morphologies as assessed with biocytin labelling. 
In transected explants, the two lobes of the inferior colliculus 
were cut at the midline and then reapposed to one another 
in vitro. There was a robust regeneration of commissural 
fibers across the lesion site in 76% of the biocytin-labeled 
explants. Massive axonal regeneration was also revealed by 
immunostaining explants for Tau (100% of sections), an 
axon-specific microtubule-associated protein. Ultrastructur- 
al analyses demonstrated that biocytin-labeled regenerating 
fibers established de nova synaptic profiles in the contra- 
lateral lobe of the inferior colliculus. Finally, the distribution 
of astrocytes and oligodendrocytes were assessed by stain- 
ing for glial fibrillary acidic protein (GFAP) and myelin-as- 
sociated glycoprotein (MAG), respectively. GFAP-positive 
astrocytes were more widely distributed than in viva, and 
oligodendrocytes remained immature, and evenly distrib- 
uted in all explants. Taken together, these data demonstrate 
that the postnatal mammalian auditory midbrain can be main- 
tained in vitro, and that central axons are capable of regen- 
erating across the site of injury without the aid of an artificial 
substrate. 
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Adult mammalian central neurons fail to regenerate axonal pro- 
cesses following injury (Ramon y Cajal, 1928; Aguayo, 1985) 
although retinotectal projections of fish and amphibia are fully 
capable of such regrowth (Matthey, 1925; Piatt, 1956). The 
failure of mammalian central neurons to regenerate axonal pro- 
jections may stem from the absence of growth-permissive sig- 
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nals or the presence of obstructions at the sight of injury, The 
importance of extracellular cues in vivo is clearly illustrated by 
the ability of peripheral nerve grafts ?o support central axonal 
regrowth (Richardson et al., 1980; David and Aguayo, 198 1; 
Aguayo et al., 1990), the growth inhibitory effect of myelin- 
related proteins (Caroni and Schwab, 1988; Schnell and Schwab, 
1990) the formation of central scar tissue (Reier et al., 1983; 
Rudge and Silver, 1990; Bovolenta et al., 1992) and the positive 
influence of neurotrophic factors (Hagg et al., 1990; Schnell et 
al., 1994). 

The capacity of central axons to regenerate is lost during the 
early stages of mammalian development (Kalil and Reh, 1982; 
Fawcett et al., 1989). Moreover, axons that are able to regenerate 
following a pyramidal tract lesion in neonatal hamsters or cats, 
are found to grow around the lesion site (Kalil and Reh, 1982; 
Bregman and Goldberger, 1983). Although regeneration is ab- 
sent in adult mammals, short distance (~500 pm) collateral 
axonal sprouting is observed in many central locations (Liu and 
Chambers, 1958; Raisman and Field, 1973). In addition, in vitro 
experiments have demonstrated that adult rat retinal ganglion 
cells are able to extend processes on a growth-promoting sub- 
strate (Ford-Holevinski et al., 1986; Bahr et al., 1988). 

In this study, the ability of central axons to grow through a 
lesion site was assessed in an explant culture system of the 
auditory midbrain. The inferior colliculus (IC) serves as an 
obligatory relay for almost all ascending and descending path- 
ways in the central auditory system (Oliver and Huerta, 1992, 
for review). An intercommissural projection between the two 
lobes of the IC (Aitkin and Philips, 1984; Coleman and Clerici, 
1987; Saldaiia and Merchan, 1992) offers several advantages for 
the study of regeneration. The commissural afferents are present 
very early in development (Ramon y Cajal, 19 11) they form a 
topographic projection (Saldaiia and Merchan, 1992) and they 
are easily explanted as an intact pathway within a transverse 
section. In the present study, the culture conditions were de- 
signed to assess the regenerative capacity of postnatal commis- 
sural axons to cross a lesion site. The regenerating axons were 
not provided with an artificial growth-promoting substrate and, 
therefore, were required to grow across the site where their axons 
had been severed. The extent of axonal regeneration was as- 
sessed at l-2 weeks postlesion, along with the distribution of 
glial cells within the explant cultures. 

Materials and Methods 
Organotypic culture. Gerbils (Meriones unguiculatus) of 6-8 d postnatal 
were used to produce static interface explant cultures (Stoppini et al., 
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199 1) of the inferior colliculus. All of the explant procedures were per- 
formed under a laminar flow hood (Baker), and the equipment was UV 
irradiated for at least 4 hr prior to the generation of cultures. The 
microdissection tools and glassware were sterilized in ethanol and flamed, 
or were presterilized disposable plastic. Gerbil pups were deeply anes- 
thetized with hypothermia (Sanes et al., 1992) the brain was rapidly 
removed, and the midbrain was vibratome sectioned at 300 pm in 
Minimum Essential Medium (MEM) at 4°C. 

Unmanipulated IC slices with an intact commissure were passed 
through 3 drops of fresh MEM, and then transferred onto 12 mm filter 
inserts (Millipore). Manipulated slices were completely transected at the 
midline with a scalpel blade, and the cut edges were then reapposed on 
a filter insert. The inserts were placed in 24 well plates containing 2350 
~1 of culture medium (25% Horse Serum, 50% Minimum Essential 
Medium. 25% Earle’s Balanced Salt Solution. 0.5 am/100 ml glucose. 
and 1% 200 mM L-glutamine; GIBCO). Each of the-media components 
were prefiltered at 0.22 Frn (Falcon). The multiwell plate was placed in 
a humidified incubator (Forma) with 5% CO, at 36.5”C, and the inserts 
were transferred to fresh media every 24 hr. To prevent excessive glial 
cell and fibroblast proliferation, the explants were exposed to a medium 
containing 10 KM 5-fluoro-2’-deoxyuridine (Sigma), 10 PM uridine (Sig- 
ma), and 10 PM cytosine B-n-arabinofuranoside (Sigma) for 24 hr at 4 
d in vitro. 

Labeling cultured neurons. To label IC neurons or their axonal pro- 
jections, small crystals of biocytin (Sigma) were applied to one lobe, 
and the tracer was allowed to transport for approximately 12 hr (Kenan- 
Vaknin ct al., 1992). The tissue was fixed for 24 hr in a solution of 4% 
paraformaldehyde in 0.1 M phosphate buffer (PBS), rinsed in PBS, and 
the endogenous peroxidase was quenched in 1% H,O,. The tissue was 
then premcubated in 0.5% Triton X-100 for I hr, and then incubated 
in avidin-biotin-horseradish neroxidase comnlex (ABC-HRP. Vector 
Labs) for 2 hr (Horikawa and Armstrong, 1988). The tissue was washed 
in 0. I M Tris buffer solution, incubated in diaminobenzidine (DAB; 50 
mg/lOO ml Tris buffer) for 15 min, and then reacted in a DAB solution 
with HZOz. 

To verify that the commissure was present prior to the age of ex- 
plantation (6-8 d postnatal), animals of 5-6 d postnatal were deeply 
anesthetized with hypothermia (Sanes et al., 1992), and one of the 
collicular lobes was injected with a 10% solution of dextran-conjugated 
biotin (Molecular Probes). The animals were gradually warmed on a 
heating pad until respiration and motor activity resumed, and were 
returned to the nest for 12 hr. The animals were then deeply anesthetized 
with sodium pentobarbital(80 mg/kg), and perfused intracardially with 
4% paraformaldehyde. Following a PBS wash, 50 pm vibratome sections 
were obtained and processed with ABC-HRP as described above. 

Immunohlstochemrstry. IC explants were fixed and processed as de- 
scribed above prior to incubation in a primary antibody overnight at 
room temperature. For immunohistochemistry on in vivo tissue, gerbils 
at postnatal days 6 and 15 were perfused with 4% paraformaldehyde, 
as described above, and the brain was then removed and stored in the 
same fixative overnight. For the GFAP immunostaining, brains were 
passed through a gradient of sucrose, and frozen sectioned on a sledge 
microtome at 40 pm. For MAG immunostaining, brains were vibratome 
sectioned at 40 pm. 

A polyclonal antibody directed against the Tau protein (provided by 
Dr. A. Fellous, CNRS, Paris) was used to visualize axonal fibers in vitro 
(Fellous et al., 1986). A monoclonal antibody directed against glial 
fibrillary acidic protein (mouse anti-GFAP; Sigma) was used to stain 
astrocytes in vivo and in vitro (Debus et al., 1984). A monoclonal an- 
tibody directed against myelin-associatedglycoprotein (mouse anti-MAG, 
provided by Dr. M. Schachner, Swiss Federal Institute of Technology, 
Zurich) was used to stain oligodendrocytes in vivo and rn vitro (Poltorak 
et al., 1987). The sections were washed in PBS, incubated in a bioti- 
nylated secondary antibody for 3 hr (goat anti-rabbit for Tau, and goat 
anti-mouse for GFAP and MAG; Sigma), washed in PBS, and incubated 
in ABC-HRP for 2 hr. The peroxidase was visualized with DAB as the 
substrate, as described above. Sections were then rinsed, allowed to air- 
dry, dehydrated, and mounted for microscopic observations. 

klectr& microscopy. Biocytin injected transected IC explants were 
fixed in a solution of 1% paraformaldehvde and 1% alutaraldehvde in 
phosphate buffer. The biocytin was visualized as described above, except 
that the Triton concentration was reduced to 0.05%. The sections were 
postfixed in 1% osmium tetroxide, dehydrated in alcohol, and embedded 
in epoxy resin. Ultrathin sections were stained with lead citrate solution 
and were observed under a JEOL microscope. 

Figure 1. Biotin-labeled commissural axons from a 5 d old animal 
injected in vivo. This transverse section shows both lobes of the inferior 
colliculus (ZC), as well as a small portion of the superior colliculus (SC). 
The commissural projection (arrow) courses between the two lobes of 
the IC. Scale bar, 300 Mm. 

Results 
Untransected IC commissure 
To determine whether the IC intercommissural projection was 
present in vivo prior to the earliest age of explantation (PND 6), 
a small volume of 10% dextran-biotin was injected into one 
lobe of the IC at postnatal day 5-6. As shown in Figure 1, the 
commissural fibers were present, and formed a well-defined 
projection that crossed the midline by postnatal day 5. 

Biocytin crystals, placed within one lobe of unmanipulated 
IC explants, were found to label axons that projected both within 
the injected side and to the contralateral lobe. The large number 
of labeled fibers projecting to the contralateral lobe formed a 
well-defined tract, and followed a direct course to their termi- 
nation, as did in vivo commissural axons (Fig. 2A). Biocytin- 
labeled neurons were found throughout the IC, and displayed 
a healthy dendritic morphology (Fig. 2B,C). Axons within the 
injected lobe were typically found to course radially, forming a 
fascicle that ran near the edge of the explant (Fig. 2A). There 
were a small number of collaterals that emanated from the com- 
missural fibers near the midline, suggesting some limited de novo 
growth. Neural processes were never seen to grow beyond the 
edge of transected or untransected IC explants. 

Transected IC commissure 

Following transection of the IC commissure, and reapposition 
of the two lobes, the wound healed within a few days. At 7-l 5 
d postlesion, a crystal of biocytin was placed in one lobe of the 
IC, and the labeled neurons displayed dendritic morphologies 
similar to those of the untransected explants. However, den- 
dritic arborizations were not quantified. 

As shown in Figure 3, there was robust axonal growth, both 
within the injected lobe, and across the lesion site. Biocytin- 
labeled regenerating axons were observed in 78% (N = 46) of 
the transected explants. The regenerating fibers crossed the le- 
sion site at all loci along the former dorsoventral axis. The major 
difference between regenerated and normal commissural fibers 
concerned the trajectories of their projections. Rather than fol- 
lowing a normal direct course, some regenerated fibers grew 
along the lesion site for a short distance before extending into 
the contralateral IC lobe (Fig. 4A,B). In addition, many axons 
grew along the edge of the tissue to enter the contralateral IC 
lobe, and some failed to invade the central lobe. The long dis- 
tance over which regenerating axons extended is illustrated by 
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Figure 2. Explant of untransected midbrain showing biocytin-filled neurons and axons. A, Both lobes of the inferior colliculus (ZC), as well as a 
small portion of the superior colliculus (SC) are present. IC commissural axons transverse the slice from the injected side on the right to the left 
(arrow). On the biocytin-injected side, a large number of fibers were found to course radially towards the edge of the tissue, and form a fascicle. 
On the contralateral side, many retrogradely labeled neuronal somata are seen. B, High power micrograph contralateral to the injected lobe illustrates 
the morphology of some retrogradely labeled neurons and anterogradely labeled axonal arborizations. C, High power micrograph of neuronal 
morphology near the injection site. The tissue was obtained from a PND 6 gerbil, and grown for 10 DIV prior to biocytin labeling. Scale bar: 250 
pm in A, 43 Frn in B, and 43 pm in C. 

reconstructions of biocytin-labeled commissural fibers from a all axonal processes. As shown in Figure 4, C and D, Tau was 
normal and a transected explant (Fig. 5). Only six arbors from found to label neuronal processes throughout the explant. In all 
unmanipulated and transected explants were drawn, so it was of the manipulated explants examined (N = 9) Tau-labeled 
not possible to determine the variability of outgrowth. regenerating fibers were found coursing across the entire lesion 

To further characterize the extent of regeneration, explants site, although there were clearly regions of high or low fiber 
were stained with an antibody directed against Tau to localize density. The pronounced Tau immunoreactivity suggests that 
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Figure 3. Regenerated axons in a transected IC explant observed in dark field. Biocytin crystals were placed in the right lobe, and filled fibers are 
seen to project into the left IC lobe. Some fibers grew along the edge of the contralateral IC nucleus before arborizing inside the center of the 
nucleus. Scale bar, 340 pm. 

our failure to observe regeneration in 28% of the biocytin-la- 
beled cultures was due to failed transport of biocytin. 

In order to determine whether regenerated axons made syn- 
aptic contacts, biocytin-filled sections were processed for elec- 
tron microscopy (N = 4). As shown in Figure 6, well-defined 
synaptic terminals were found in the contralateral IC lobe. Both 
unlabeled (Fig. 6A) and biocytin-labeled terminals (Fig. 6B) 
were present within the neuropil. The biocytin labeled terminals 
on the contralateral side represent regenerating fibers crossing 
from the injected side and innervating the contralateral side. 
However, unlabeled terminal on the contralateral side may rep- 
resent synapses within the same IC lobe or unlabeled terminal 
from the contralateral IC lobe. 

Glial distribution in vivo and in vitro 

The distribution of GFAP-expressing astrocytes in vivo and in 
vitro was determined immunohistologically with an antibody 
directed against this intermediate filament protein. At postnatal 
day 6 in vivo, GFAP immunostaining was observed at the mid- 
line, along the edge of the IC and in the subventricular region 
(Fig. 7A). The astrocyte processes were radially oriented along 
the midline (Fig. 7B). The pattern of GFAP staining changed 
little by postnatal day 15. GFAP-positive fibers remained most 
prominent at the midline, and were otherwise restricted to the 
edge of the IC (Fig. 7E.F). In marked contrast to the staining 
pattern of in vivo tissue, intense GFAP immunoreactivity was 
observed throughout all IC explants (Fig. 7C,D). GFAP im- 
munoreactivity was also located at the lesion site, and GFAP- 
positive astrocyte processes were associated with areas exhib- 
iting the greatest axonal outgrowth along the edge of the explant 
(compare Figs. 4C, 7C). 

The distribution of oligodendrocytes in vivo and in vitro was 
determined immunohistochemically with an antibody directed 
against myelin-associated glycoprotein (MAG). A very slight 
MAG immunoreactivity was observed at postnatal day 6 in 
vivo, generally around the ventral edge of the IC central nucleus 
(box in Fig. 8A). This MAG immunoreactivity was observed in 
a few oligodendrocyte cell bodies and processes (Fig. 8B). By 
postnatal day 15 in vivo, MAG immunoreactivity of oligoden- 

drocytes was extensive in the IC nuclei and along the intercom- 
missural fibers (Fig. 8C). At high power, oligodendrocyte cell 
bodies and processes as well as axonal fibers were labeled (Fig. 
80). In explants grown for 8-10 d in vitro, MAG immunoreac- 
tivity was observed largely in immature oligodendrocyte cell 
bodies and their processes (Fig. 8E,F). There were no differences 
in staining pattern between the untransected and transected ex- 
plants. 

Discussion 
The present results demonstrate that auditory midbrain tissue 
from postnatal day 8 gerbils can be maintained for at least 2 
weeks in vitro. The morphology of dendritic arbors, and the 
projections of commissural axons remained robust during this 
period. Furthermore, IC axons were able to regenerate across 
the midline following complete transection of the intercom- 
missural pathway in vitro. These findings indicate that postnatal 
mammalian central neurons retain the capacity to regrow through 
a lesion site, and do not necessarily require a growth promoting 
substrate. 

Regeneration of central axons 
The degree of axonal growth following injury decreases rapidly 
with age in mammals. Moreover, when regeneration is exam- 
ined in vivo in the postnatal rat, hamster, opossum, and cat, the 
growing axons are found to avoid the lesion site (Kalil and Reh, 
1982; Bernstein and Stelzner, 1983; Bregman and Goldberger, 
1983; Xu and Martin, 1991). In the neonatal rat spinal cord, 
the ability of newly arriving or regenerating axons to grow past 
a lesion site declined from birth to postnatal day 6, and regen- 
eration did not occur after postnatal day 12 (Bernstein and 
Stelzner, 1983). In the hamster, the regenerative capacity de- 
creased markedly from 8 to 12 d postnatal, and was virtually 
absent at 20 d (Kalil and Reh, 1982). More recently, it has been 
demonstrated that axons extend through a lesion of the opossum 
spinal cord grown in vitro during the early postnatal period 
(Treheme et al., 1992; Woodward et al., 1993). While growth 
occurs in roughly half of the preparations injured at postnatal 
days 3-6, only a small percentage exhibited growth at postnatal 
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Figure 4. Transected IC explants stained with biocytin (A), and the Tau antibody (B). A, Biocytin crystals were placed in the right lobe, and 
labeled fibers were observed to cross the lesion site to innervate the left lobe 13 d after explantation and transection of the commissure. B, At high 
magnification, labeled fibers emerge from the labeled IC and course towards the left lobe. C, Tau immunoreactivity in transected explants was 
observed throughout both IC lobes 10 d after explantation and transection of the commissure. D, High magnification photomicrograph of the 
midline lesion site shows Tau immunoreactive fibers passing through the lesion site. Scale bar: 237 pm in A, 75 pm in B, and 346 Nrn in C, and 
140 pm in D. 

days 1 l-14, correlating with the first expression of growth-in- 
hibitory factors in the spinal cord (Schwab et al., 1993; Varga 
et al., 1993). 

The data presented here demonstrate that regenerating IC 
axons were able to grow across a lesion site when given no other 
choice. A robust axonal growth through the lesioned commis- 
sure was demonstrated with both an anterograde tracer (Figs. 
3, 4A), and immunohistochemically (Fig. 4C). However, re- 
growing axons did not have direct trajectories, as did normal 
commissural afferents. Rather, the axons often became oriented 
along the edge of the lesion for a short distance before growing 
to the other lobe of the IC (Fig. 4&D). Nevertheless, the regen- 
erating axons were able to form de nova synapses (Fig. 6). Since 
our techniques for visualizing axons did not allow us to compare 
cell body position with termination zone, it was not possible to 

determine whether regenerating axons selectively arborized in 
any particular region of the IC. 

The observed de nova axonal growth could represent sprout- 
ing of uninjured interneurons, but we consider this to be less 
likely. Sprouting commonly occurs when uninjured axons grow 
a short distance (~500 pm) within a nucleus that has been 
partially denet-vated (Lund and Lund, 1973; Lynch et al., 1976; 
Cotman et al., 198 1; Robson, 198 1; Tsukahara, 198 1; Goldberg 
et al., 1993). In the present study, axons that grew across the 
lesion were found to extend a considerable distance (Fig. 5). In 
addition, the vast majority of neurons in manipulated explants 
must have had severed axons, as they normally project outside 
of the structure (i.e., ascending, descending, and commissural 
afferents). The only neurons that could have remained uninjured 
would be intemeurons projecting within the 300 pm width of 



Control 

Regenerated 

500 pm 

The Journal of Neuroscience, February 1995, 15(2) 1303 

an IC slice. Such a hypothetical intemeuronal population has 
never been described in the IC in vivo. 

It is also conceivable that some IC neurons have not yet, 
projected to the contralateral lobe at the time of explant, and 
are actually growing out for the first time. We consider this to 
be less likely because IC neurons are born between embryonic 
days 15-21 in the rat (Altman and Bayer, 1981) and would 
have to delay outgrowth along this short projection for a con- 
siderable length of time. Nevertheless, this possibility must be 
formally tested. 

It is more likely that some of the regenerating axons emanated 
from neurons that do not ordinarily innervate contralateral IC 
neurons in vivo. The commissure of the IC normally includes 
ascending fibers projecting to the contralateral medial gehiculate 
body (Rockel and Jones, 1973; Kudo and Niimi, 1978; Aitkin 
and Philips, 1984; Oliver, 1984), and these ascending commis- 
sural afferents may regenerate along their natural pathway, but 
arborize in the only available neuropil. Most of the ascending 
projections from the IC pass through the brachium of the IC 
along the lateral border, and a large number of fibers grew ra- 
dially and fasciculated along this edge of the explant. Future 
studies in which specific neuronal populations labeled prior to 
explantation will be necessary to resolve this issue. 

Several studies suggest that neurons lose the ability to traverse 

t 

Figure 5. Reconstruction of single biocytin labeled fibers from control 
(top) and regenerated (bottom) explants. In control explants, crossing 
fibers had straight trajectories toward the contralateral lobe. In regen- 
erated explants, many fibers were observed to course along the edge of 
the injected IC lobe before crossing the lesion site. 

Figure 6. Biocytin-labeled terminals of regenerated axons. A, Unlabeled terminal (arrow) with numerous synaptic vesicles. This terminal may 
represent an intrinsic synapse within the same IC lobe or an unlabeled terminal from the injected IC lobe. B, Biocytin labeled terminal (arrow) 
with numerous synaptic vesicles. This terminal arises from a fiber emerging from the biocytin-injected lobe that crossed the lesion site. Magnification, 
29,400. 
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Figure 7. GFAP immunoreactivity in vivo and in vitro. A, In vivo GFAP immunoreactivity at postnatal day 6 was localized to the midline and 
the edge of the IC. Immunoreactivity was not observed inside the IC nucleus. B, At high magnification, GFAP immunoreactive processes coursed 
radially along the midline. C, In vitro GFAP immunostaining in a transected explant was located throughout the explant. D, At high magnification, 
GFAP immunoreactivity was found to intensely label astrocytic processes. D, In vivo GFAP immunostaining at postnatal day 15 was localized to 
the midline and the Periphery of the IC (arrow). F, At high magnification, the edge of the IC exhibited labeled astrocytes. Scale bar: 365 pm in A, 
90 pm in B, 375 pm in C, 90 pm in D, 333 pm in E, 90 brn in F). 

adult extracellular environments as they mature (Aguayo, 1985). midbrain of neonatal rats, and selectively innervate some nor- 
Human neuroblasts are able to form long axon pathways when ma1 targets (Radel et al., 1990). However, when provided with 
transplanted into excitotoxin-lesioned adult rat striatum (Wic- a suitable growth-promoting substrate, adult retinal ganglion 
torin et al., 1990). In a similar manner, mouse embryonic retinal cells are able to extend axonal processes and innervate an ap- 
ganglion cells are able to grow long distances within the rostra1 propriate target in vitro (Bahr and Eschweiler, 1991). 
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Figure 8. MAG immunoreactivity in vivo and in vitro. A, MAG immunostaining was only observed at the IC nucleus boarder at postnatal day 
7 (box). B, At higher magnification, MAG staining was observed only at the ventral edge of the IC within oligodendrocyte cell bodies and their 
processes. C, At postnatal day 15, MAG immunostaining was found inside the IC nucleus contained within oligodendrocyte somata and in fibers 
appearing to run along neuronal projections. D, At high magnification, MAG-stained oligodendrocyte cell bodies and fibers were observed at the 
commissure. E, An explant at 8 d in vitro exhibited a uniform distribution of MAG-positive oligodendrocytes. F, At high magnification, MAG- 
positive oligodendrocytes exhibited short processes, typical of immature cells. Scale bar: 500 pm in A, 50 wrn in B, 430 pm in C, 27 pm in D, 410 
pm in E, 33 pm in F. 

Glial cell distribution 
GFAP+ fibers were oriented radially. In contrast, all IC explant 
cultures were uniformly stained with GFAP by 8 d in vitro. 

The growth-promoting and growth inhibiting actions of glial These results indicate that astrocytes become reactive in our 
cells have been well documented (for review, see Carbonetto, cultures, in agreement with previous studies (Fedoroff et al., 
1991), and it was important to determine the distribution of 1982; Eng et al., 1992). Although the GFAP staining of in vitro 
oligodendrocytes and astrocytes in the cultured IC. GFAP tissue was associated with areas of greatest axon outgrowth near 
staining of in vivo tissue was scarce, even at postnatal day 15. the edge of the explant, the present experiments provide no 
The most prominent staining was found at the midline, where direct evidence for a causal relationship. 
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Previous studies have shown that regenerating neurites can 
grow across reactive astrocytes in early postnatal stages (Kliot 
et al., 1990; Geisert and Stewart, 199 1; McKeon et al., 1991), 
and that neonatal astrocytes provide a good substrate for neu- 
ronal process outgrowth (Silver et al., 1982; Noble et al., 1984; 
Fallon, 1985; Smith et al., 1986; McLoon et al., 1988; Gasser 
and Hatten, 1990). We would speculate that reactive astrocytes 
play a role in the regeneration of commissural axons in the 
explant system described above. Astrocytes are also known to 
synthesize and release laminin (Liesi et al., 1983) a molecule that 
is prominent in glial scars following injury (Liesi, 1985). Lam- 
inin usually provides a growth-promoting substrate for CNS 
axons (Rogers et al., 1983). Astrocytes also produce neuronal 
outgrowth and survival factors in culture (Ferrara et al., 1988; 
Manthorpe et al., 1986). 

The oligodendrocyte marker, MAG, was virtually absent at 
postnatal day 6 in vivo, but was present throughout the com- 
missure by postnatal day 15. In contrast, MAG+ oligodendro- 
cytes remained immature in form at 8-10 d in vitro. Oligoden- 
drocytes are known to inhibit axonal growth (Berry, 1982; Savio 
and Schwab, 1989), and specific myelin-associated membrane 
proteins have been shown to inhibit neurite outgrowth in vitro 
(Caroni and Schwab, 1988). The small number of MAG+ pro- 
cesses that were present in vitro suggest that the growth inhib- 
itory effects of myelin are not a major factor during commissural 
regeneration. It is possible that our culture conditions may pre- 
vent oligodendrocyte maturation. 

In conclusion, we have shown that postnatal mammalian cen- 
tral axons can display substantial regrowth through a lesion site 
in vitro, and that these regenerating axons are able to form 
synapses in the target region. The regeneration of axonal pro- 
cesses was well correlated with an increase of reactive astrocytes, 
and an arrested oligodendrocyte maturation. 
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