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During development, thalamocortical axons form arbors primarily
in layer 4 of the neocortex. This lamina-specific branch formation
was studied in cultures of rat thalamic explants grown next to
chemically fixed cortical slices. After a week in vitro, thalamic
axons formed branches specifically in the target layer of fixed
cortical slices, regardless of the orientation of the ingrowth. This
in vitro system permits a direct assessment of contributions of
membrane-associated molecules to thalamic axon branch for-
mation. To this end, the present study uses three enzymatic
perturbations: chondroitinase, phosphatidylinositol phospho-
lipase C, or the polysialic acid (PSA)-specific endoneuraminidase
(endo N). With endo N pretreatment of cortex, the number of
branch points was increased significantly, whereas branch tip

length was decreased. In addition, the localization of branch
points to the target layer was weakened considerably. These
features of branch formation were not altered by the other two
enzymatic treatments, except that branch tips were shortened by
chondroitinase treatment to the same extent as in endo N treat-
ment. These results suggest that membrane-bound components
are involved in lamina-specific branch formation of thalamocor-
tical axons, and in particular that PSA moieties contribute to
laminar specificity by inhibiting branch emergence in inappropri-
ate layers.
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One of the key issues in neurobiology is how axons form elaborate
branches within their target tissues. The thalamocortical projection
in the mammalian brain is a suitable system to address this issue
because its layer-specific projection pattern is well characterized
(Jones, 1981; Gilbert, 1983). In development, sensory thalamic
axons, after reaching the cortex, extend perpendicularly to the
cortical layers and form terminal branches predominantly in layer 4
(Lund and Mustari, 1977; Ghosh and Shatz, 1992; Agmon et al.,
1993; Kageyama and Robertson, 1993; Catalano et al., 1996).
Previous studies using organotypic culture methods have demon-
strated that even in vitro, thalamic axons form branches selectively
in layer 4 (Yamamoto et al., 1989, 1992; Molnar and Blakemore,
1991; Bolz et al., 1992). Time lapse imaging of thalamocortical
axons in this system has further revealed that the initial branches
appear in the target layer and that branching and axonal stop
behaviors do not always occur together (Yamamoto et al., 1997).
These findings raise the possibility that branch formation is regu-
lated by local cues, possibly membrane-associated molecules, which
are independent of those governing axonal termination (Yamamoto
et al., 2000).

Recent studies have suggested that particular guidance mole-
cules can regulate branch formation. In cortical circuits, ephrin-AS,
a ligand of Eph receptors, is expressed in a lamina-specific manner
(Gao et al., 1998; Donoghue and Rakic, 1999; Mackarehtschian et
al., 1999) and has been shown to induce branch buds from a subset
of cortical axons (Castellani et al., 1998). A slit protein, which was
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originally identified as a repellent molecule for axons, has also been
shown to increase the number of axonal branches from spinal
ganglion neurons (Wang et al., 1999). However, the extent to which
these molecules are responsible for branching per se is not known
because these proteins also regulate axonal growth. On the other
hand, cellular interactions mediated by adhesion molecules are also
likely to contribute to axonal branching. It has been demonstrated
that polysialic acid (PSA), the sugar moiety attached to the neural
cell adhesion molecule (NCAM), can regulate axon fasciculation in
motor pathways (Tang et al., 1994). Regulation of branching in
axon tracts has also been observed in the CNS (Yin et al., 1995;
Daston et al., 1996; Seki and Rutishauser, 1998). Nevertheless, it is
not known how PSA controls terminal branching of individual
axons.

In this study we investigated the characteristics of branch-
regulating molecules using cultures of thalamic explants juxtaposed
to chemically fixed cortical slices. Thus, membrane-bound compo-
nents in the developing cortex were retained in the absence of
diffusible factors released from cortical cells. Furthermore, the
biochemical properties of presumptive factors could be analyzed by
applying enzymes that specifically degrade individual classes of
surface molecules in the fixed cortical slices. The result suggests
that an inhibitory mechanism acting through PSA expressed by the
cortex plays a role in layer-specific branch formation.

Part of this study has been reported in a preliminary form
(Yamamoto et al., 1998).

MATERIALS AND METHODS

Preparation of fixed cortical slices and enzymatic treatments. The methods of
fixation of cortical slices and enzymatic treatments have been described
elsewhere (Yamamoto et al., 2000). In brief, the occipital cortex was
dissected from P7 rat pups (Sprague Dawley) and then cut into 250-um-
thick slices. These slices were immersed in a solution containing 3.5%
paraformaldehyde for 3 hr at 4°C. After extensive washes, these slices were
incubated in an enzyme solution of either chondroitinase ABC (5 U/ml) or
PSA-specific endoneuraminidase (endo N) (1:2000 in HBSS) for 8-9 hr,
followed by several washes before culturing with living thalamic explants.
Cortical slices were fixed before enzymatic treatment because this incuba-



9146 J. Neurosci., December 15, 2000, 20(24):9145-9151

tion duration, although necessary for adequate enzymatic removal of the
various substrates (see below), is too long for living slices to endure.
Phosphatidylinositol phospholipase C (PI-PLC; 0.5-1 U/ml) was applied
for 15 min to living cortical slices, because this enzyme failed to remove
glycosyl-phophatidylinositol (GPI)-anchored molecules after fixation. PI-
PLC-treated slices were fixed and washed as above after enzymatic treat-
ment. The efficacy of these enzyme treatments was confirmed by an
immunohistochemical method. Untreated and treated cortical slices were
cut into thin sections (1620 um) and incubated with monoclonal antibod-
ies against chondroitin sulfate (CS56; 1:50-100; Seikagakukogyo, Tokyo,
Japan), PSA (12E3, 1:1000; Seki and Arai, 1991), or TAG-1 (4D7; a gift
from Dr. M. Yamamoto, University of Tsukuba) and followed by incuba-
tion with Cy3-conjugated secondary antibodies for visualization.

Culture of living thalamic explant with the fixed cortical slice. The dorsal

thalamic region containing the lateral geniculate nucleus was dissected
from E15 rat embryos and was cultured with fixed cortical slices or with
enzyme-treated fixed slices on collagen-coated membranes in serum-free,
hormone-supplemented medium (Yamamoto et al., 1989, 1992). The tha-
lamic explant was placed at either the ventricular side or pial side of the
fixed cortical slice. In the ventricular arrangement, the white matter or
layer 6 was often removed from the fixed cortical slices to compensate for
the fact that only a small number of axons reached layer 4 in the fixed slices
(Yamamoto et al., 2000). The cultures were maintained at 37°C in an
environment of humidified 95% air and 5% CO.,.
Axonal labeling and quantitative analysis of branching. After 1 week in vitro,
the cultures were fixed with 4% paraformaldehyde in 0.1 M phosphate
buffer. To label thalamic axons, a small crystal of 1,1’-dioctadecyl-3,3,3",3'-
tetramethyl indocarbocyanine perchlorate (Dil; Molecular Probes, Eu-
gene, OR) was inserted at a few locations in the thalamic explant (Gode-
ment et al., 1987).

Several days after Dil implantation, these samples were observed by
confocal microscopy. The 20X objective lens and a filter set for rhodamine
were used to visualize Dil-labeled axons. A series of images was collected
at different depths (2.5-5 wm interval) and superimposed. Each image was
averaged 10 times to increase the signal-to-noise ratio. Transparent images
were also collected with a 4X objective lens to locate the pial surface of the
cortical slices. The collected images obtained by confocal microscopy were
stored on magneto-optical disks for the following analysis.

Individually distinguishable axons that reached or passed through layer
4 were selected and drawn using NIH Image software. Densely intermin-
gled axons were ignored because it was impossible to trace them accu-
rately. Then, the distances from the pial surface to every branch point and
lengths of branches were measured in NIH Image using specialized
macros.

After confocal microscopy, the slices were stained in a bisbenzamide
solution (0.001-0.002% in PBS) to observe laminar organization under an
epifluorescence microscope. The top and bottom halves of the cell dense
cortical plate were defined as layers 2/3 and 4, respectively.

Statistical analysis. Monte Carlo analysis was performed to test laminar
localization of branch points. In this simulation, branches were generated
at random along the length of a model axon extending perpendicular to the
cortical layers. The axonal lengths and branch numbers were matched to
those of the experimentally obtained axons. The probability of branching
as a function of distance from the pial surface was calculated in 0.1 mm
bins for 10,000 simulated arbors and compared with the observed proba-
bility in each bin.

RESULTS

Branch formation of thalamic axons on fixed
cortical slices

The laminar location where thalamocortical axons formed
branches was examined on P7 fixed cortical slices. At this stage,
cortical lamination is almost complete. In addition, branch forma-
tion is abundant, although it is first observed at P3-P4 (Kageyama
and Robertson, 1993).

First, the thalamic explant was placed at the ventricular side of
the fixed cortical slice. In this ventricular arrangement, the orien-
tation of axonal ingrowth is the same as that in vivo. After 1 week
in vitro, most thalamic axons labeled with Dil exhibited branch
formation in the fixed cortex comparable with that seen in living
slices. Figure 1 shows an example of a thalamic axon forming
branches. A striking feature was that the arbor was quite restricted
to layer 4, whereas the axonal stem in the deep layers was straight
from the ventricular surface (Fig. 14,B). Such localization of
branch formation was also observed in fixed slices in which layer 6
and the white matter had been removed. These cut slices were used
in most cases, because thalamic axons entering from the ventricular
surface barely reached the middle layer under the conditions of
fixation used in this study. A total of 51 individually distinguishable
axons were collected from 20 cultures (6 whole slices and 14 cut
slices). A fraction of them (6 of 51) had no branches, but the
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Figure 1. Branch formation of thalamic axons in a fixed cortical slice. A,
Living thalamic explant was cultured at the ventricular side of a fixed P7
cortical slice. After 7 d in vitro cultures were fixed, and thalamic axons were
labeled with Dil. B, Cortical lamination is shown by bisbenzamide staining.
In B the pial surface and the laminar boundaries between layers 1, 2/3-4, 5,
6, and the white matter are shown to the right side (white bars). The top and
bottom halves of the cell dense layer were defined as layers 2/3 and 4,
respectively. Scale bar: 4, 200 wm.

remaining axons formed branches in and around layer 4. The
number of branches and the complexity were varied among samples
(Fig. 2A4). The number of branch points and the extent of arbor size
were 3.7 = 0.5 and 144 = 11 um, respectively (Table 1).

The laminar locations of these branch points were examined
quantitatively. As shown in Figure 2B, the majority of branch
points were distributed in the range of 0.3—0.5 mm from the pial
surface (Fig. 2B, hatched columns), which approximately corre-
sponds to the average position of layer 4 as determined by the
bisbenzamide staining of the 20 cultures. It seemed possible that
the peak in the distribution may have been attributable to a
sampling bias, because only axons that passed through or reached
layer 4 were collected. To test this possibility, a Monte Carlo
analysis was performed in which branches were generated ran-
domly from experimentally obtained parent axons (see Materials
and Methods). This analysis clearly showed that the observed
distribution of branch points was significantly higher at 0.3-0.5 mm
from the pial surface (p < 0.0001 in the range of 0.3—0.4 mm and
p < 0.001 in 0.4-0.5 mm) than that resulting from the simulation
(Gaussian-like curves in Fig. 2B). This indicates that branching
occurs preferentially at the narrow range of depths corresponding
to layer 4. Moreover, this simulation showed that the frequency of
branching in layer 5 (0.6—0.7 mm from the pial surface) is lower
than the value predicted by the simulation.

Previous studies using cocultures of thalamus with living cortex
have indicated that such axonal branching is not dependent on the
distance thalamic axons may have grown to reach the cortex or on
the orientation of the ingrowth (Bolz et al., 1992; Yamamoto et al.,
1997). To further confirm this for the present conditions, the
thalamic explant was placed at the pial surface of the fixed cortical
slice, and branching locations were examined in the same way. The
observed axons also formed branches with laminar specificity,
although branching took place in slightly more superficial layers
(Fig. 34). The distribution histogram of branch points (in 44 axons
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Figure 2. Laminar distribution of branch formation for
ventricular ingrowth. 4, Individually distinguishable Dil-
labeled axons were traced from confocal images. Nine
representative examples are shown from a total of 51
axons. Arrows indicate the average borders of layer 4. The
borders were determined by bisbenzamide staining of
fixed cortical slices (n = 20). B, Distribution histogram of
branch points constructed with 0.1 mm bin (hatched col-
umns). Gaussian-like curves represent the distribution of
the probability that branches appear randomly from the
shaft of experimentally obtained axons (51 axons, 10,000
trials). Note that experimentally obtained values 0.3-0.5
mm from the pia are significantly larger (p < 0.0001 in
0.3-0.4 mm from the pia and p < 0.001 in 0.4-0.5 mm)
than those in the simulation.

Table 1. The number of branches and branch length in treated slices

Untreated Ch’ase

PI-PLC endo N

Average # of branches
Branch tip length (um)
Arbor size (um)

Total length (um)

3.7+05(n=51)
89.5 + 7.7 (n = 233)
144 = 11
1591 + 59.5

147 = 30
1541 = 83.1

45+ 0.8 (n=21)
48.5 = 5.3" (n = 113)

4.3+ 1.0 (n = 26)
61.4 = 7.2° (n = 146)
156 + 22
1602 + 88.5

6.5+ 1.2% (n = 22)
454 = 4.7° (n = 163)
142 + 19
1864 + 143

“Significant difference (p < 0.05, Mann—Whitney U test).

’Significant difference (p < 0.001, Student 7 test). Arbor size is expressed as the horizontal extent of axonal branches. Total length is expressed as the total axon length including
branches per unit length of the cortical plate perpendicular to the laminar structure. Data are presented as mean = SEM.

from 11 cultures) showed a clear peak in the range of 0.2-0.4 mm
from the pial surface, which corresponds to layer 4 and the lower
part of layer 2/3. Moreover, the Monte Carlo analysis demon-
strated that this peak was unlikely attributable to the result of
random branching along the analyzed parent axons (Fig. 3B). Thus,
thalamic axons formed branches preferentially in the target layer
even on fixed cortical tissue.

Biochemical characterization of branching factor

The above observation indicates that branching is regulated by
lamina-specific membrane-associated components because the con-
tribution of diffusible factors that living cortical cells release con-
tinuously is excluded in this culture preparation. The biochemical
characteristics of the membrane-associated branch-regulating ac-
tivity were further studied by applying enzymatic treatments to
cortical slices before culturing. This manipulation was also ex-
pected to reveal whether such molecules act to promote branch
addition in layer 4 or to inhibit branching outside layer 4. In this
study chondroitinase, PI-PLC, and endo N were used because these
enzymes cut specific molecular sites in presumptive growth- or
branch-regulating factors (Roskies and O’Leary, 1994; Tang et al.,
1994; Yin et al., 1995; Emerling and Lander, 1996; Castellani and
Bolz, 1998).

The effectiveness of these enzymes at removing their substrate
molecules from cortical slices was examined immunohistochemi-
cally. As shown in Figure 4, endo N was found to completely
remove PSA immunoreactivity, which is normally associated with
NCAMs. Likewise, chondroitinase and PI-PLC treatments were
found to reduce chondroitin sulfate and TAG-1 levels, respectively
(Yamamoto et al., 2000).

As demonstrated in Figure 5, axonal branches formed in enzy-
matically treated slices as well as untreated ones, but the number of
branches, branch length, and laminar specificity of branch points
were different among these groups. These features are further
analyzed quantitatively.

First, the average number of branch points per axon was exam-
ined (Table 1). A marked change was found after endo N treat-
ment. The number of branch points in endo N treatment (22 axons
from 11 cultures, three whole and eight cut slices) was increased
>70% compared with the untreated group (Fig. 5). The number
was also slightly increased in chondroitinase (21 axons from eight
cultures, two whole and six cut slices) and PI-PLC (26 axons from
nine cultures, two whole and seven cut slices) treatments, but the
difference was not significant (Table 1). Second, branch tip length
was measured in each group. In all treatments branch tip length
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Figure 3. Laminar specificity for pial ingrowth. 4, Individually distin-
guishable labeled axons (n = 44) were traced from confocal images. Arrows
indicate average layer 4 borders of cortical slices (n = 11) in the pial
arrangement. B, Distribution histogram of branching points in the fixed
cortical slices. Asterisks indicate significant differences ( p < 0.001 in 0.2-0.3
mm from the pia and p < 0.005 in 0.3-0.4 mm) from the value that was
predicted by the simulation of random branching.

Figure 4. Endo N treatment of fixed cortical slices. A, The distribution of
PSA on a cortical section is shown by anti-PSA immunohistochemistry.
Cy3-conjugated secondary antibodies were used for visualization. B, After
endo N treatment, PSA immunoreactivity is greatly reduced. C, Nomarski
image of the same section as shown in B. Short bars on the right side indicate
laminar boundaries between layers 1, 2/3-4, 5, 6, and the white matter.
Scale bar: 4, 200 pm.

tended to be shorter than in controls, but the decrease was remark-
able in chondroitinase and endo N treatments (Table 1, see also
Fig. 5). The average branch tip length was ~50% shorter in both
these treatments than control. On the other hand, total branch
length and arbor size did not differ greatly between untreated and
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treated groups, although the total length was slightly larger in the
case of endo N treatment (Table 1).

Finally, the laminar specificity of branch points was studied with
the Monte Carlo analysis, as described above. In all of the treat-
ments, the peaks of the branch distributions were located in layer
4 (Fig. 6). In particular, the laminar distribution of branch points in
chondroitinase treatment was quite similar to that in untreated
slices. The difference between the value predicted from the simu-
lation and the observed data were highly significant for branches
0.3-0.4 mm from the pial surface (p < 0.001; Fig. 6B, hatched
columns). In this treatment, however, branches tended to form
more often in the superficial layers and to be suppressed in the
deep layers compared with controls (Fig. 6B, hatched and dotted
columns). In PI-PLC treatment, the frequency in and around layer
4 was decreased, whereas branch formation tended to be less
inhibited in the deep layers (Fig. 6C, dotted columns), but the
experimentally observed branching probability in the target layer
was still significantly larger than that expected to occur at random
(p < 0.001 in the range of 0.3-0.4 mm; Fig. 6C, hatched columns).
In contrast, the distribution was less concentrated in layer 4 in endo
N treatment (Fig. 6D; see also Fig. 5). In the normal target layer
(0.3-0.4 mm from the pial surface) in endo N-treated cases, the
decrease in branch frequency was barely significant by the Monte
Carlo analysis (p < 0.05), and in all other layers the probability of
branching was no longer different from that of the random
simulation.

DISCUSSION

The present study demonstrated that thalamocortical axons in vitro
specifically form branches in layer 4 of fixed cortical tissue, sug-
gesting that membrane-bound components such as cell surface or
extracellular matrix molecules are responsible for lamina-specific
branch formation. In addition, the analysis of branching of thalamic
axons on cortical slices subjected to enzymatic treatments that
affect the cell surface indicated that a particular component, PSA,
may play a role in conferring laminar specificity to thalamocortical
axon branch formation by inhibiting axonal branching in inappro-
priate layers.

Laminar specificity of branch formation on fixed cortex

A remarkable finding in this study is that, even when grown on
fixed cortical slices, thalamic axons largely restricted their branch
formation to layer 4. This laminar specificity is quite similar to that
found in vivo (Kageyama and Robertson, 1993; Catalano et al.,
1996) and in cocultures of thalamic explants with living cortical
slices (Yamamoto et al., 1989, 1992, 1997; Molnar and Blakemore,
1991, 1999; Bolz et al.,, 1992), although other features of the
branches are not necessarily the same among these conditions (see
below). These findings suggest that at least some of the molecular
cues for lamina-specific branch formation are preserved in fixed
cortical slices.

Our previous time-lapse study in thalamocortical coculture prep-
arations has demonstrated that the majority of the initial branches
of thalamocortical axons emerge in layer 4 (Yamamoto et al.,
1997), which suggested the existence of a local signal for lamina-
specific branching. The present results further indicate that specific
membrane-associated molecules are responsible for this process,
because the effects of diffusible factors released from cortical cells
are excluded in the present experimental conditions. To date it has
been shown that retinal axons preferentially form branches in
appropriate layers of fixed tectal tissues (Yamagata and Sanes,
1995) or in the membrane fraction obtained from the correspond-
ing tectal region (Roskies and O’Leary, 1994). Cortical neurons
have also been shown to form branches preferentially on mem-
brane obtained from particular layers (Castellani and Bolz, 1997).
These findings are consistent with the present results for the
thalamocortical projection.
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Possible mechanisms for lamina-specific
branch formation

In principle, there can be both positive and negative regulation of
branch formation. An inhibitory mechanism has been suggested for
local cortical circuit formation by the observation that collaterals of
developing layer 2/3 neurons emerge only in layers 2/3 and 5 from
the outset but never appear in layer 4 (Katz, 1991). Likewise, it has
also been shown that layer 6 axons bypass layer 5 and arborize
specifically in layer 4 in vivo and in vitro (Callaway and Lieber,
1996; Dantzker and Callaway, 1998). The present study clearly
demonstrated the existence of inhibitory regulation of thalamocor-
tical axon branching. Endo N treatment weakened laminar speci-
ficity by increasing branch formation in layers other than layer 4,
especially in the deep layers, where the branching frequency in

10 20 30 40 O
Percent of the number of branch points

random branching. Hatched and dotted
columns represent values that are signif-
icantly larger and lower than predicted
values, respectively.

10 20 30 40

controls was much lower than the value predicted for a random
process.

This role for PSA would be easiest to explain whether PSA
expression was lowest in layer 4. However, PSA expression is nearly
uniform across cortical layers, and therefore a more complex mech-
anism must be involved. Whereas it is not as yet possible to define
this mechanism, one possibility is that a positive cue (see below)
whose activity is suppressed by PSA is distributed in all layers but
with a peak in layer 4. If the threshold of activity required for
branching is only attained in layer 4, then in effect PSA serves as a
filter that increases the signal-to-noise ratio during innervation.

The logical alternative to inhibition of branch formation would
be that PSA promotes elimination of exuberant branches. How-
ever, this is unlikely to be the case for thalamocortical axons
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because our previous time-lapse study has shown that both tran-
sient and stable branches are located preferentially in layer 4
(Yamamoto et al., 1997). Hence, PSA in the cortex is considered to
prevent thalamocortical axons from forming branches in inappro-
priate layers rather than eliminate side branches that appear in
layers other than layer 4.

In accordance with a role for PSA negative regulation of branch-
ing, retinal axons defasciculate and sprout inappropriately in their
pathway and tectal target regions when PSA is removed by endo N
application in vivo (Yin et al., 1995). Similarly, when PSA is lost
from the hippocampus through treatment with endo N, mossy fibers
from the dentate gyrus exhibit excessive branch buds in CA3 (Seki
and Rutishauser, 1998).

On the contrary, it has been shown that PSA can also enhance
defasciculation or branching in motor neuron tracts (Tang et al.,
1994). A similar effect was observed in corticopontine projections
through removal of PSA (Daston et al., 1996). These actions are
opposite to those found in the tectum and hippocampus, as well as
our present study of the cortex. An explanation for the opposite
influence is that the quantity of PSA in the local environment is
originally different between these cases (Yin et al., 1995). Thus, a
relatively large amount of PSA in the surrounding cortical cells may
suppress thalamocortical axon branching, whereas a low amount
would promote defasciculation of motor axons or corticospinal
axons. Alternatively, there may be differences in the expression of
molecules that are influenced by PSA.

In addition to the inhibitory mechanism, it is possible that a
positive regulator is expressed in the target layer (Del Rio et al.,
1997), because lamina-specific branch formation of thalamocortical
axons was not abolished completely by endo N application. Al-
though we could not find any enzymatic treatment that decreased
the number of branch points in layer 4, the fact that most thalamic
axons that grew outside the cortical slice extended long distances
with little branching (data not shown) indicates that there probably
exist some membrane-associated factors in the cortex that can
promote branch formation. Castellani and Bolz (1998) have shown
that axonal branches from layer 6 neurons are increased when
grown on the membrane fraction of their natural target layer 4 or
on membranes from ephrin-AS-expressing cells, suggesting that an
EphA system induces axonal branches in a subset of cortical neu-
rons. This supports the presence of a positive regulator of branch-
ing, at least for cortical axons, although PI-PLC treatment did not
change branch formation dramatically in the present study.

Branch growth

Quantitative analysis demonstrated that branch tip length was
decreased substantially by endo N and chondroitinase treatments,
although the number of branch points and the laminar specificity
were not changed in chondroitinase treatment. This result suggests
that PSA and chondroitin sulfate may affect branch growth by
controlling cellular adhesion (Emerling and Lander, 1996). In
particular, the fact that axonal growth was decreased slightly in the
deep layers of neuramindase-treated fixed cortical slices in the
previous study (Yamamoto et al., 2000) suggests that PSA provides
a growth-permissive environment both for branches as well as for
the primary axonal shaft, whereas this moiety operates as a nega-
tive regulator for inappropriate branch emergence.

Another observation regarding branch growth was that the arbor
sizes and the total axonal lengths did not differ significantly among
untreated and treated groups (Table 1), suggesting that the overall
growth of thalamic axons in the cortex may not be influenced
greatly by membrane-bound molecules. Under living conditions,
growth factors such as neurotrophins may be released from cortical
cells and promote growth and complexity of branches (Rennie et
al., 1994; Cohen-Cory and Fraser, 1995; Sawai et al., 1996; Castel-
lani and Bolz, 1999). In accordance with this view, the branch tip
lengths (45-90 um) and the arbor sizes (140-160 um) in fixed
cortex (Table 1), regardless of treatments, are substantially smaller
than those in the living cultured cortex (227 = 28 and 276 * 52 um,
respectively, calculated from the data of Yamamoto et al., 1997),
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although the number of branch points is in the same range (3.7 *
0.5vs 2.9 £ 0.7). Arbor sizes in the fixed cortex are also lower than
those reported in P7 somatosensory cortex in vivo (228.5 * 23 um;
Catalano et al., 1996).

Branch formation and axonal termination in the
target layer

It is worthwhile to note the relation between termination and
branch formation of thalamocortical axons in the target layer. Our
recent study, which also used fixed cortical slices, suggested that
GPI-anchored growth-inhibitory molecules are expressed in the
upper layers and contribute to lamina-specific axonal termination
(Yamamoto et al., 2000). On the contrary, the same enzymatic
treatment did not produce an obvious change of lamina-specific
branch formation. This suggests that target-dependent branching is
regulated separately from axonal termination, which is consistent
with our observations of the behaviors of thalamocortical axons
growing in living cortex in a previous time-lapse study (Yamamoto
et al., 1997). However, it is also possible that these two axonal
behaviors take place in association with each other, even though
they are regulated separately (Yamamoto et al., 1997; Szebenyi et
al., 1998). In the retinotectal projection, positional cues for topo-
graphic projections appear to coexist or highly correlate with those
inducing collateral formation (Roskies and O’Leary, 1994).

It should be noted that the present method may not reveal all
molecular features of branching and growth. The signaling of
different molecules is likely to be differentially susceptible to fixa-
tion. Moreover, molecular identification by enzymatic treatment,
except for endo N, is ambiguous, because a large class of molecules
is degraded by any single enzyme. Conversely, there is a possibility
that a very small amount of residual substrate below the threshold
for immunohistochemical detection, might still have some effects
on axonal behaviors. Another potential problem is a sampling bias
in collecting thalamic axons (see Materials and Methods), which
may dilute some effects on axonal growth. Indeed, the increase in
axonal growth after PI-PLC treatment (Yamamoto et al., 2000) was
not observed in individual axons, which is considered to be pri-
marily attributable to the sampling bias, because the gross growth
appeared to be higher in PI-PLC-treated than untreated slices.

Despite the above problems, the present study demonstrates that
membrane-associated molecules contribute to lamina-specific
branch formation of thalamocortical axons and that PSA acts as an
inhibitory regulator. Further attempts, such as searching for layer-
specific molecules, will be necessary to reveal the complete molec-
ular mechanisms underlying laminar specificity.
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