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ABSTRACT
A variety of molecular influences in the extracellular matrix (ECM) interact with devel-

oping axons to guide the formation of hippocampal axon pathways. One of these influences
may be chondroitin sulfate proteoglycans (CSPGs), which are known to inhibit axonal
extension during development and following central nervous system injury. In this study, we
examined the role of CSPGs and cell adhesion molecules in the regulation of axon tract
formation during hippocampal development. We used indirect immunofluorescence to exam-
ine the developmental pattern of CSPG expression relative to axon tracts that express the cell
adhesion molecule L1. Additionally, we used dissociated and explant cell cultures to examine
the effects of CSPGs on hippocampal axon development in vitro. In vivo, we found that the
CSPG neurocan is expressed throughout the alveus, neuropil layers, and parts of the dentate
gyrus from E16 to P2. The CSPG phosphacan is expressed primarily in the neuropil layers at
postnatal stages. After E18, intense labeling of neurocan was observed in regions of the
alveus surrounding L1-expressing axon fascicles. In vitro, axons from brain regions that
project through the alveus during development would not grow across CSPG substrata, in a
concentration-dependent manner. In addition, hippocampal axons from dissociated neuron
cultures only traveled across CSPG substrata as fasciculated axon bundles. These findings
implicate CSPG in the regulation of axon trajectory and fasciculation during hippocampal
axon tract formation. J. Comp. Neurol. 424:532–546, 2000. © 2000 Wiley-Liss, Inc.
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The highly laminated organization of the mature hip-
pocampus results from the layer-specific projection of ax-
ons to distinct targets within the primordial hippocampus
(Fig. 1) (Frotscher and Heimrich, 1995; Supèr et al., 1998;
for review, see Bayer, 1985; Gloor, 1997). Many of these
axon projections must circumnavigate inappropriate tar-
gets by traveling in the fimbria and/or alveus before in-
nervating appropriate targets. For example, afferent pro-
jections from the septum travel through the fimbria and
alveus before innervating layers of the CA1, CA2, and
dentate gyrus (Mosko et al., 1973; Milner et al., 1983;
Supèr and Soriano, 1994). Similarly, commissural affer-
ents travel through the fimbria and alveus to the con-
tralateral hippocampus before innervating the stratum
radiatum and stratum oriens layers of the CA1 and CA3
or the inner molecular layer of the dentate gyrus (Supèr
and Soriano, 1994; Frotscher and Heimrich, 1995). The

molecular cues that guide these hippocampal axon projec-
tions within the fimbria and alveus are unknown.

During hippocampal development, a variety of growth-
promoting cues, such as cell-associated (e.g., L1, NCAM,
and limbic system-associated membrane protein) and ex-
tracellular matrix (ECM) proteins (e.g., reelin and lami-
nin), have been implicated in axon guidance (Persohn and
Schachner, 1990; Zhou, 1990; Lein et al., 1992; Pimenta et
al., 1995; Cremer et al., 1997; Del Rio et al., 1997; Seki and
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Fig. 1. Schematic diagrams of the primordial and mature hip-
pocampus. The primordial rat hippocampus (E14–E17) is organized
into layers that include the ventricular zone (VZ), intermediate zone
(IZ), subplate (SP), hippocampal pyramidal (HP), inner marginal zone
(IMZ), and outer marginal zone (OMZ). At birth, these layers develop
into the highly laminated mature hippocampus as a result of layer-

specific targeting of axons from various brain regions including the
septum, entorhinal cortex, and contralateral hippocampus. Many of
these axon projections are guided through the fimbria and alveus
before reaching their targets. SO, stratum oriens; SR, stratum radia-
tum; SLM, stratum lacunosum moleculare. Images are not to scale.
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Rutishauser, 1998). One class of these growth-promoting
molecules expressed in many hippocampal axon fiber
tracts are cell adhesion molecules. The cell adhesion mol-
ecule L1 (Rathjen and Schachner, 1984; for review, see
Hortsch, 2000) promotes axon outgrowth and fasciculation
(Walsh and Doherty, 1997; Burden-Gulley et al., 1997). In
the rat hippocampus, L1 mRNA expression increases dur-
ing a critical period (P1–P15) of development (Liljelund et
al., 1994), and L1 protein has been localized to hippocam-
pal axons and growth cones (Persohn and Schachner,
1990; van den Pol and Kim, 1993). Recently, a mouse
model with a null mutation in the L1 gene demonstrated
reduced numbers of pyramidal and granule cells in the
hippocampus that may have resulted from defects in cell
proliferation, migration, survival, or synaptogenesis
(Demyanenko et al., 1999). Thus, L1 may be involved in
hippocampal development when regulation of the trajec-
tory and fasciculation of axons is required.

Comparatively, ECM proteoglycans (PGs) may be
growth inhibiting during hippocampal development. PGs
are structurally diverse (for review, see Margolis and Mar-
golis, 1993) and regulate numerous cell functions (Margo-
lis and Margolis, 1989; Gallagher, 1989; Hockfield, 1990;
Tosney and Oakley, 1990; De Curtis, 1991; Anderson et
al., 1998; Fawcett and Geller, 1998; Davies et al., 1999;
Oohira et al., 2000).

Chondroitin sulfate proteoglycans (CSPGs) regulate
axon outgrowth during development. Studies of the effects
of CSPGs in dorsal root ganglion (DRG) and retinal gan-
glion (RGC) cell cultures demonstrate inhibitory effects on
cell adhesion, axon outgrowth, and growth cone motility
(Snow, 1994; Snow et al., 1990a, 1991, 1994; Challacombe
et al., 1997; Condic et al., 1999; Hynds and Snow, 1999;
Niederoest et al., 1999; Chung et al., 2000). However,
CSPG can also be permissive to axon outgrowth (Iijima et
al., 1991), when expressed in combination with strong
growth promoters, such as L1 (Dou and Levine, 1994;
Bicknese et al., 1994) or laminin (Snow and Letourneau,
1992). In vivo, CSPG expression patterns correlate with
boundary regions that are not crossed by axons in spinal
cord, optic tectum, retina, olfactory bulb, somatosensory
cortical barrels, and thalamus (Snow et al., 1990b; Stein-
dler et al., 1990; Oakley and Tosney, 1991; Brittis et al.,
1992; Gonzalez et al., 1993; Pindzola et al., 1993). How-
ever, in thalamocortical projections, CSPG expression
overlaps with cell adhesion molecules where additional
molecular influences may out-compete CSPG’s inhibition
(Bicknese et al., 1994; Fukuda et al., 1997). These con-
trasting findings from studies in vitro and in vivo suggest
that axon guidance is likely to be governed by tightly
regulated interactions between growth-promoting and
growth-inhibiting influences.

Two major CSPGs found in hippocampus during devel-
opment are phosphacan and neurocan (Oohira et al., 1994;
Engel et al., 1996; Meyer-Puttlitz et al., 1996). Phospha-
can is a 500-kDa CSPG that contains a 173-kDa core
protein with three to five 25-kDa chondroitin-4 sulfate
chains and three to six 8.4-kDa keratan sulfate chains
(Rauch et al., 1991). Early in development, neurocan is
expressed primarily as a 300-kDa CSPG that contains a
245-kDa core protein and usually three 22-kDa chon-
droitin sulfate chains (Rauch et al., 1991). After P7, the
primary species of neurocan is a 180-kDa proteoglycan
that has a 150-kDa core protein and a single 32-kDa

chondroitin sulfate chain that is thought to be produced by
proteolytic processing of neurocan (Rauch et al., 1991;
Meyer-Puttlitz et al., 1995). Neurocan binds cell adhesion
molecules, like L1, primarily via its CS chains (Fried-
lander et al., 1994; Retzler et al., 1996), which inhibit cell
adhesion and neurite outgrowth on L1 containing sub-
strata. Interestingly, CS chains are also required for the
inhibitory effects of CSPG on axon growth in DRG neu-
rons (Snow et al., 1990a). These studies implicate CS-
containing PGs in regulating axon projections that travel
along cell adhesion pathways. The axon path during hip-
pocampal development is determined by regional differ-
ences in the level of growth-promoting molecules, such as
cell adhesion molecules, relative to growth-inhibiting mol-
ecules, like CSPG.

In this study, we examine the developmental expression
pattern of CSPGs relative to hippocampal axon tracts in
general, and to a subset of tracts that express L1. We show
that the pattern of expression of CSPGs, especially neu-
rocan, supports a role for CSPGs as inhibitory barriers
that may guide axons through the alveus during hip-
pocampal development. Additionally, the localization of
CSPGs relative to L1 demonstrates a potential interaction
between these proteins that may be important for the
regulation of axon fasciculation in the alveus. In support
of these findings in vivo, we show in vitro that CSPG is a
potent inhibitory, as well as fasciculating, influence on a
variety of axons that project through the hippocampus
during development. These findings demonstrate the po-
tential importance of CSPGs in guiding axons along
growth-promoting pathways during the development of
the hippocampus.

MATERIALS AND METHODS

Immunocytochemistry

Preparation of cryosections. Timed-pregnant Sprague-
Dawley rats (E16, E18, E20) were euthanatized by over-
dose of CO2 via inhalation (i.e., in a chamber precharged
with CO2), which meets the standards of the 1993 Report
of the AVMA Panel on Euthanasia. Rats were exposed to
CO2 until all signs of respiration and heartbeat ceased,
and then fetuses were removed. Rat pups (P2 and P5)
were decapitated according to AAALAC guidelines. Whole
brains were dissected in Ca21/Mg21-free Hanks’ Balanced
Salt Solution (CMF-HBSS), and immersion fixed in Zam-
boni’s fixative [3% paraformaldehyde and 0.23% picric
acid in phosphate-buffered saline (PBS)] for 4–12 hours
followed by overnight incubation in 15–30% sucrose solu-
tion. Brains were frozen on dry ice, and cryostat sections
(15 mm) were mounted on poly-L-lysine (PLL; P-2636,
Sigma, St. Louis, MO) coated glass slides and stored at
220°C.

Antibodies. For immunolabeling of CSPGs, cell adhe-
sion molecules, axons, and astrocytes, the following pri-
mary antibodies were used: monoclonal antibody CS56,
which recognizes the GAG portion of CSPGs (1:100;
Sigma; Avnur and Geiger, 1984); monoclonal antibodies
1D1 and 1F6 that recognize the C- and N-terminals, re-
spectively, of the core protein of neurocan [Developmental
Studies Hybridoma Bank (DSHB), Rauch et al., 1991];
monoclonal antibody 3F8 to the core protein of phospha-
can (DSHB, Rauch et al., 1991); monoclonal antibody
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ASCS4 to rat L1 (DSHB, Sweadner, 1983); monoclonal
antibody RT97 to neurofilament protein (RT97; DSHB,
Wood and Anderton, 1981); and monoclonal antibody
MAB 360 to glial fibrillary acidic protein (GFAP) for iden-
tification of astrocytes (1:500; Chemicon, Temecula, CA).

Immunolabeling. Brain sections were rinsed in PBS
for 1 hour followed by blocking in 5% normal goat or horse
serum in PBS depending on the secondary antibodies
used. Primary antibodies mixed with 5% serum and 0.3 %
Triton X-100 in PBS were applied for 1 hour with constant
agitation using an orbital shaker. After rinsing with se-
rum containing PBS, secondary antibodies, either goat
anti-mouse fluorescein isothiocyanate (FITC; 1:100; IgM;
Boehringer-Mannheim, Indianapolis, IN) or donkey anti-
mouse Cy 3 (1:200; IgG; Jackson Immunoresearch, West
Grove, PA), were mixed with 5% serum and 0.3% Triton
X-100 before application for 1 hour with constant agita-
tion. Sections were rinsed with PBS, immersed in Gel-
mount, and mounted with coverslips for observation. The
specificity of immunolabeling was verified by comparing
labeled sections with sections that received only secondary
antibody, or in the case of CS56, immunolabeled sections
were compared with sections preexposed to 0.25–1 U/ml
chondroitinase (Sigma) plus protease inhibitor cocktail
(Sigma) for 1 hour.

Immunolabeled sections were examined by epifluores-
cence microscopy (Zeiss Axiovert 100TV inverted micro-
scope) at both low and high magnifications. Images of
immunolabeled hippocampus were captured digitally
(dual-emission ICCD camera; Attofluor, Atto Instruments,
Rockville, MD) for further analysis. In some cases, double-
labeled sections were examined by using a confocal micro-
scope (Leica TCS-NTSP with three-laser system) fitted
with low- and high-magnification objective lenses. Images
of double-labeled sections were sequentially captured, and
then corresponding images were merged for comparison of
protein localization by using Adobe Photoshop v. 5.5 (San
Jose, CA).

Cell culture

Substrata. Cleaned glass coverslips (25-mm diame-
ter) were mounted over 20-mm holes drilled into the bot-
tom center of 50 3 11-mm culture dishes (Falcon Labware,
Oxnard, CA) by using aquarium sealant. Just prior to use,
the dishes were UV-irradiated in a tissue culture hood for
20 minutes. A 100 ml volume of a mixture of 20 cm2

nitrocellulose (BA85, Schleicher & Schuell, Keene, NH)
dissolved in 24 ml methanol was applied to the glass and
air dried to evaporate the methanol, leaving behind a
homogenous carpet of protein-binding nitrocellulose (La-
genauer and Lemmon, 1987). PLL (0.5 mg/ml in PBS) was
applied to the nitrocellulose. Subsequently, bovine aorta
CSPG (aggrecan; 10–1000 mg/ml;, similar in structure to
neurocan; Becton Dickinson, San Jose, CA) and rhoda-
mine (2.5%) were applied in a striped pattern by blotting
transfer (Snow et al., 1990a). This procedure yields con-
centrations of bound CSPG that are 3–5% of the concen-
tration applied (Snow et al., 1990a, Snow and Letourneau,
1992)

Explant cultures. Timed-pregnant Sprague-Dawley
rats (E18–E20) were euthanatized according to AAALAC
guidelines. Whole brains were dissected in cold CMF-
HBSS. A McIlwain tissue chopper was used to cut brain
slices (400 mm). From these slices, specific regions of the

brain (hippocampus, septum, thalamic nuclei, and ento-
rhinal cortex) were dissected and cut into small pieces for
explant cultures. These explants were added to the tissue
culture dishes described above with growth medium [Dul-
becco’s modified Eagle’s medium (DMEM)/F14 plus 10%
fetal bovine serum supplemented with 2 mM glutamine
and 0.044% NaHCO3, pH 7.3) for 5–7 days. Explant cul-
tures were maintained at 37°C in a humidified, CO2-
enriched atmosphere, and the media was changed twice a
week.

Dissociated hippocampal cell cultures. Rat (E18–
E20) hippocampi were dissected in CMF-HBSS and disso-
ciated by using 0.25% trypsin. Cells were counted on a
hemacytometer and plated at 100,000 cells/cm2 in DMEM/
F12 media (Gibco, Grand Island, NY) plus 15% fetal bo-
vine serum (Hyclone, Logan, UT) to promote cell adhesion
(Banker and Cowan, 1977). After a 4-hour plating period,
the medium was switched to neurobasal media plus B2
supplements (Gibco), which promotes hippocampal neu-
ron differentiation (Brewer and Cotman, 1993). Dissoci-
ated cultures were maintained at 37°C in humidified,
CO2-enriched atmosphere, and the media was changed
twice a week.

Microscopy. For explant and dissociated cultures, the
pattern of axon outgrowth at the border between PLL and
CSPG was monitored by using phase contrast microscopy
(Zeiss Axiovert 100 AV inverted microscope). Images were
recorded digitally by using the Attofluor Imaging System
(Atto Instruments) through a Hamamatsu video camera
(model C2400, Hamamatsu-City, Japan) interfaced with
an Atto Instruments Pentium-class computer. For disso-
ciated neuron studies, the pattern of axon growth at the
border between PLL and CSPG was analyzed by identify-
ing the percentage of single axons (diameter , 1.5 mm)
versus fasciculated axons (diameter . 3 mm) that crossed
onto or turned from the CSPG (or the PLL). Digitally
captured images of axons at the same magnification were
used for identification of single axons versus fasciculated
axons, and for quantification of axon behavior at substra-
tum borders. In these studies, statistical comparison of
axon behavior at substratum borders (i.e., count data) was
done by using Chi-square analysis (Statistica software;
StatSoft) followed by two-by-two comparisons of, or com-
putation of, residuals (Z scores) for specific counts, and use
of the Bonferroni procedure for setting familywise error
rate (Hays, 1988). Images were processed by using Adobe
Photoshop (v. 5.5).

RESULTS

During hippocampal development, axons traverse dis-
tinct trajectories into and out of the hippocampus before
arriving at their respective targets. The growth-
promoting and growth-inhibiting cues that guide this
stereotypic pattern of axon development have not been
clearly established. In this study, we examined the in
vivo pattern of expression of CSPGs relative to axon
tract formation, as well as the in vitro effects of CSPG
substrata on hippocampal axon development to identify
potential role(s) of CSPGs in guiding axon development
in the hippocampus.
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Figure 2
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CSPG expression during hippocampal
development

Sections of rat hippocampus (E16–P5) were examined
by indirect immunofluorescent labeling with antibodies to
general chondroitin sulfate residues (CS56) and to the
nervous system-specific CSPGs neurocan (1F6 and 1D1),
and phosphacan (3F8). At E16, CS56 antibody intensely
labeled the marginal zone and the subplate region (Fig.
2a). A similar pattern of expression was observed for neu-
rocan by using antibody 1F6 (Fig. 2e) and 1D1 (data not
shown). At E18, CS56 and neurocan labeling was observed
diffusely throughout the hippocampus, with more intense
labeling in the dentate gyrus and alveus (Fig. 2b,f). At E20
and P2, CS56 labeling was observed in the alveus in a
pattern that appears to surround axon fascicles, in the
neuropil layer nearest the alveus, and in the border region
between the dentate gyrus and CA1 region of the hip-
pocampus (Fig. 2c,d). This pattern of labeling was similar
to that observed with neurocan antibodies (Fig. 2g,h). The
close correlation of labeling pattern between CS56 and
neurocan indicates that neurocan may be the major CSPG
expressed during embryonic hippocampal development.

CS56 and neurocan labeling surrounding axon fascicles
in the alveus is indicative of a role for CSPGs in axon tract
formation. To identify the cellular origin of this pattern of
labeling, we examined the expression of the astrocyte la-
bel GFAP. Since GFAP expression does not occur until
postnatal time points in the hippocampus, the role of
astrocytes in CSPG expression could not be determined at
early time points during axon tract formation. However at
later time points (P2), GFAP is expressed by astrocytes
throughout the hippocampus. Many of these astrocytes
were observed in the alveus, where they had processes
that surrounded presumptive fascicles in a manner simi-
lar to CS56 and neurocan (data not shown). These data
indicate that the astrocytic expression of CSPGs such as
neurocan may have important roles in the later stages of
axon tract formation in the alveus.

Another CSPG known to be expressed in the hippocam-
pus during development is phosphacan (Engel et al., 1996,
Meyer-Puttlitz et al., 1995, 1996). Before E20, hippocam-
pal sections labeled with antibody 3F8 to phosphacan
showed no detectable staining (Fig. 3a). At E20, phospha-
can antibody labeling was slightly detectable in the neu-
ropil layers (Fig. 3b) but was much more intense at P2 and
P5 in all neuropil layers of the hippocampus. Thus, phos-
phacan expression was localized primarily to the neuropil
layers during postnatal hippocampal development.

Axon tract formation and CSPG expression
during hippocampal development

To identify the potential role that CSPGs may have
during hippocampal axon tract formation, we examined
sections of hippocampus by indirect immunofluorescent
labeling with an antibody to neurofilament protein (RT97)
to identify axon tracts, as well as antibodies to L1 (ASCS4)
and to neurocan (1F6). As expected, both L1 and neuro-
filament labeling displayed overlapping patterns of ex-
pression throughout hippocampal development (E16–P2;
Fig. 4). However, some neurofilament labeling was found
in regions where L1 protein was not expressed (Fig. 4e,h),
indicative of axons that do not express L1 protein. At E16,
L1 and neurofilament labeling were intense in the fimbria
and in subplate regions (Fig. 4a,e). However, less intense
labeling of L1 was observed in the marginal zone, where
neurofilament labeling demonstrated the presence of some
axons, and where neurocan labeling was most intense
(Fig. 4i). Possibly, the inhibitory influence of CSPGs in the
marginal zone prevents only L1-expressing axons from
innervating this region prematurely.

At E18, both L1 and neurofilament labeling were ex-
pressed in the fimbria and pre-alveus region (Fig. 4b,f),
and some labeling of neurofilaments was observed in the
marginal zone neuropil (Fig. 4f). At this time, neurocan
labeling was diffuse throughout the neuropil layers and
dentate gyrus and begins to surround fascicles in the
alveus (Fig. 4j). No labeling was observed in the axon-rich
fimbria.

At E20 and P2, antibodies to L1 and neurofilament
protein labeled a large number of fascicles in the alveus
region (Fig. 4c,d,g,h). These fascicles will ultimately be
compartmentalized into the mature alveus layer. Concur-
rently, neurocan labeling became much more intense in
the alveus region, where it appeared to surround the fas-
cicles projecting through the alveus (Fig. 4k,l). Addition-
ally, we observed intense neurocan labeling in the region
that borders the dentate gyrus (Fig. 4k,l). Both L1 and
neurofilament labeling were barely detectable in this re-
gion (Fig. 4c,d,g,h), where neurocan may act as an inhib-
itory boundary preventing inappropriate innervation of
the dentate gyrus.

To identify further the adjacent labeling of CSPGs rel-
ative to L1-expressing fascicles in the alveus, we used
confocal microscopy of double-labeled (CS56 and ASCS4)
sections from E20 hippocampus. Confocal sections of
CSPG- and L1-labeled hippocampus showed that many of
the L1-expressing fascicles in the alveus were surrounded
by CSPGs, whereas the axon-rich fimbria had little or no
labeling for CSPGs (Fig. 5a,b). Corresponding confocal
sections of CSPG- and L1-labeled hippocampus were
merged for direct comparison of these labeling patterns. In
these merged images, most CSPG labeling surrounded
large L1-expressing axon fascicles in the alveus (Fig. 5c).
Thus, CSPG expression pattern localizes to sites in the
alveus where it could act as an important fasciculating
and/or inhibitory influence on axons projecting through
the alveus during hippocampal development.

CSPG has both inhibitory and fasciculating
influences on hippocampal axons in vitro

During development, axon projections from the septum,
entorhinal cortex, thalamus, and contralateral hippocam-

Fig. 2. Indirect immunofluorescent labeling of E16–P2 rat hip-
pocampus using CS56 antibody to chondroitin sulfate residues (a–d)
and 1F6 antibody to the N-terminal of neurocan (e–h). From E16–P2,
a similar pattern of labeling for chondroitin sulfate residues and
neurocan was observed. At E16, note the intense labeling of chon-
droitin sulfate residues (a) and neurocan (e) in the marginal zone of
the primordial hippocampus. At E20 and P2, both chondroitin sulfate
(c,d) and neurocan (g,h) labeling is intense in the alveus surrounding
presumptive axon fascicles (arrows) but is barely detectable in the
fimbria. Note: The orientation in h is shifted slightly counterclockwise
from that in 2d. A, alveus; DG, dentate gyrus; F, fimbria; VZ, ventric-
ular zone; SP, subplate; MZ, marginal zone. Scale bars 5 100 mm in
a,e; 200 mm in b–d.
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pus (commissural axons) travel through the alveus (Supèr
et al., 1994). Many of these axon projections are fascicu-
lated and confined to the alveus before they innervate or
exit particular regions of the hippocampus (Bayer, 1985).
Studies that examine in vitro the influence of CSPGs on
the pattern of axon outgrowth from these regions of brain
would further support a role for CSPGs in regulating axon
tract formation during hippocampal development. We
used explant and dissociated cell cultures of specific re-
gions of brain to identify the effects of CSPG on axon
outgrowth and fasciculation. Hippocampus, septum, thal-
amus, and entorhinal cortex were dissected from E17–19
rat brain slices and grown in dishes containing a PLL
substratum overlaid with strips of CSPG (0.1–1 mg/ml;
see Materials and Methods section). The pattern of axon
outgrowth from these explants was observed as growth
cones encountered CSPG-coated stripes that were identi-
fied by rhodamine fluorescence. Current studies are exam-
ining this paradigm by using laminin, fibronectin, and
L1-adsorbed substrata.

In hippocampal and septal explant cultures, axons grew
up to the CSPG stripe and then turned and grew parallel
to the stripe on the PLL substratum (Fig. 6a,b). This
pattern of axon growth occurred at all concentrations of
CSPG tested (0.1–1 mg/ml; see Materials and Methods
section). Similar patterns of axon outgrowth were ob-
served in entorhinal and thalamic explant cultures (data
not shown). Thus, CSPG can inhibit axon outgrowth in
vitro in explant cultures from brain regions that send
axons through the fimbria and/or alveus during develop-
ment. This supports an inhibitory role for CSPGs in hip-
pocampal axon tract formation in vivo.

Next, we used dissociated hippocampal neuron cultures
to examine the behavior of axons from individual neurons,
as well as to examine the ability of hippocampal neurons
to interact with CSPG stripes. These cultures were plated
on a substratum with the same configuration as that de-
scribed above. We identified single-axon fibers as those
axons that had a diameter of less than 1.5 mm (largest
diameter of axons measured from isolated neurons) and
identified fasciculated axons as those axons with a diam-
eter greater than 3 mm. We found that the majority of
single hippocampal axons would turn or stall as they
encountered the CSPG stripe (Fig. 6c). However, single
axons could fasciculate together to cross onto the CSPG
stripes, or clusters of cells that adhered to the CSPG could
project fasciculated axons that grew on the CSPG regions
of the dish (Fig. 6c). Consistent with this result, DRG
axons also fasciculate as they grow onto a CSPG substra-
tum (Snow et al. 1990b, and manuscript in preparation).

These qualitative examinations were quantified by
counting the number of single versus fasciculated axons
that showed the following behaviors: 1) crossing from PLL
onto CSPG; 2) turning from CSPG; 3) crossing from CSPG
onto PLL; or 4) turning from PLL. For these counts, ran-
domly selected axon fibers were categorized as single or
fasciculated axons and as exhibiting one of the four pat-
terns of axon growth. These count data were then exam-
ined by Chi-square analysis. Table 1 shows the frequency
of specific patterns of axon outgrowth depending on the
axon fiber type and the concentration of CSPG. For single
axons, the pattern of outgrowth significantly changed de-
pending on the concentration (x2 5 41.47, P , 0.001). In
stripes with concentrations ranging from 0.25 to 0.05

mg/ml CSPG, the most common behavior of single axons
was to turn from the CSPG stripe. At 0.01 mg/ml CSPG,
there was a significant decline in turning from the CSPG
stripe (z 5 3.15, P , 0.01), as well as a significant increase
in crossing from the PLL to the CSPG stripe (z 5 2.60, P ,
0.05) and crossing from the CSPG stripe to the PLL (z 5
2.58, P , 0.05). Thus, CSPG may act as an inhibitory
barrier to single axons as long as the relative concentra-
tion of growth inhibitor to growth promoter is in favor of
inhibition.

On the other hand, the concentration of CSPG had no
significant (x2 5 2.16, P . 0.975) effect on the pattern of
fasciculated axon outgrowth. In comparison with single
axons, fasciculated axons turned from stripes signifi-
cantly less (x2 5 33.39, P , 0.001; x2 5 13.9, P , 0.001;
x2 5 7.58, P , 0.01, respectively) at CSPG concentra-
tions greater than 0.01 mg/ml. At 0.01 mg/ml CSPG, the
frequency of specific patterns of fasciculated axon out-
growth did not significantly change; however, the per-
centage of fasciculated axons induced by CSPG stripes
decreased from 50% of all axons for 0.05-mg/ml stripes
compared with 36% of all axons for 0.01-mg/ml stripes.
Thus, fasciculation of axons may be required for (or
induced during) extension onto a CSPG-adsorbed sub-
stratum, and lower concentrations of CSPG may de-
crease the percentage of fasciculated axons interacting
with CSPG stripes but have no effect on the pattern of
fasciculated axon outgrowth. These findings in dissoci-
ated hippocampal neuron cultures demonstrate the po-
tential for CSPG to influence axon fasciculation and
axon trajectory during hippocampal axon tract forma-
tion.

DISCUSSION

In this study the expression pattern of CSPGs relative
to axon tracts expressing L1 was examined in the de-
veloping hippocampus in vivo, and the effects of CSPG
on the pattern of axon outgrowth were examined for a
variety of hippocampal afferent and efferent projections
in vitro. We found that the CSPG neurocan was ex-
pressed during embryonic hippocampal development,
whereas the CSPG phosphacan was not expressed until
postnatal time points. Neurocan was expressed in re-
gions that surrounded L1-expressing axon fascicles in
the alveus. This pattern of expression is indicative of a
role for neurocan in influencing the fasciculation and/or
trajectory of axons that project through the alveus. In
support of this, we show in vitro that CSPG can act as a
fasciculating influence, as well as an inhibitory barrier
to axons that project through the alveus during hip-
pocampal development.

Temporal and spatial expression of CSPGs
during hippocampal development

This study identifies neurocan expression in a novel
fashion in distinct regions of the hippocampus at critical
time points, such in the alveus after E18, when septal and
commissural axons are projecting through this axon tract
(Mosko et al., 1973; Milner et al., 1983; Supèr and Soriano,
1994; Frotscher and Heimrich, 1995). The data suggest
that neurocan may be the major CSPG expressed during
hippocampal embryonic development. Previous studies
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comparing neurocan mRNA and protein expression with
other CSPGs support these findings (Rauch et al., 1991;
Oohira et al., 1994; Meyer-Puttlitz et al., 1995, 1996;
Engel et al., 1996).

We confirm that phosphacan is expressed during post-
natal hippocampal development (Meyer-Puttlitz et al.,
1995, 1996; Engel et al., 1996) and show possibly for the
first time that the pattern of phosphacan expression does
not completely overlap temporally or spatially with CSPG
labeling by using CS56. After P2, phosphacan was local-
ized primarily to the neuropil layers only, especially the
marginal zones within the hippocampus. It is not clear
what role phosphacan may play during postnatal develop-
ment of these neuropil layers. In vitro, phosphacan can
have inhibitory effects on PC12 cell proliferation (Katoh-
Semba et al., 1998) and DRG axon outgrowth (Garwood et
al., 1999), but it can also have facilitatory effects on neu-
rite extension in hippocampal and PC12 cells (Garwood et
al., 1999; Kawano et al., 1999). Thus, phosphacan may

have different roles depending on the neuron type and
conditions in vivo.

CSPG expression relative to L1-expressing
axon tracts in the hippocampus

To examine more closely the role of neurocan during
hippocampal axon tract formation, we examined the ex-
pression of CSPG relative to axon tracts in general (RT97)
and to a subset of tracts that express the cell adhesion
molecule L1. At E18, many of the axon fascicles that
ultimately form the mature alveus express L1. This pat-
tern of L1 expression is similar to that of previous studies
showing that L1 is expressed on embryonic hippocampal
axons in vitro (van den Pol and Kim, 1993) and postnatal
hippocampal axons in vivo (Persohn and Schachner,
1990). Studies of the function of L1 in other regions of the
central nervous system during development (see review by
Burden-Gulley et al., 1997) indicate that L1 may be im-
portant for stimulating axon growth and fasciculation

Fig. 3. Indirect immunofluorescent labeling of rat hippocampus at
E18 (a), E20 (b), P2 (c), and P5 (d) using 3F8 antibody to the core
protein of phosphacan. Little to no phosphacan immunoreactivity was
detected at E18 and E20 compared with the bright labeling in the

thalamus at these stages (asterisks in a,b). More intense labeling of
phosphacan was observed at P2 and P5, especially in the neuropil
layers of the hippocampus. DG, dentate gyrus; F, fimbria. Scale
bars 5 200 mm.
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Fig. 4. Indirect immunofluorescent labeling of rat hippocampus
from E16 to P2 using ASCS4 antibody to L1 protein (a–d), RT97
antibody to neurofilament proteins (e–h), and 1F6 antibody to neu-
rocan (i–l). At E16, note the intense labeling of neurocan (i) in the
marginal zone where few L1-expressing axons (a) were observed. At

E20 and P2, note the expression of L1 protein on axon fascicles
(arrows in c,d,g,h). Neurocan expression appears to surround these
fascicles (arrows in k–l; see Fig. 5). Scale bars 5 100 mm in a (also
applies to e,i; 200 mm in b–d (also applies to f–h,j–l).



Fig. 5. Confocal images of E20 rat hippocampus double labeled
with CS56 antibody to chondroitin sulfate proteoglycan (CSPG) and
ASCS4 antibody to L1. In the same confocal plane of section (a,b), the
expression of L1 protein in axon fascicles (arrows in b) is surrounded

by CSPG (arrows in a). Higher magnification view of merged immu-
nolabeled confocal sections (c) shows that CSPG does surround L1-
expressing axon fascicles in the alveus. F, fimbria. Scale bars 5 100
mm in a (also applies to b); 40 mm in c.
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Fig. 6. Phase contrast images of hippocampal (a) and septal (b)
explants, and dissociated hippocampal neurons (c). In explant cul-
tures, axons growing from hippocampal (a) and septal (b) explants
grow on the poly-L-lysine (PLL) but turn away from regions with

chondroitin sulfate proteoglycan (CSPG; 100 mg/ml). In dissociated
neuron cultures (c), numerous defasciculated (single) axons grow on
PLL (small arrows), whereas mostly fasciculated axons grow across
regions of CSPG (large arrows; see Table 1). Scale bars 5 100 mm.
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during axon tract formation in the hippocampus. Data
showing that L1 can interact with neurocan in vitro
(Friedlander et al., 1994), as well as our data showing that
neurocan expression surrounds L1-expressing axon fasci-
cles in the alveus, indicate that an interaction between
neurocan and L1 may be important for regulating axon
tract formation in the alveus. Future reports will focus on
the influence of L1 in the regulation of hippocampal axon
tract formation in our culture paradigm.

The cellular origin of neurocan surrounding L1-
expressing fascicles in the alveus could not be determined
for the early stages of hippocampal development (E16–
E20). At postnatal time points, we found that the pattern
of expression of the astrocyte marker GFAP surrounded
presumptive axon fascicles in a manner similar to the
pattern of expression of neurocan at a developmental
stage (P2) when the alveus is forming. Astrocytes that
express neurocan may be positioned in strategic locations
within the alveus, where they can regulate the fascicula-
tion and/or compartmentalization of axons that travel
through the alveus at postnatal time points. Previous
studies have shown similar patterns of astrocytic expres-
sion of CSPGs relative to axon tracts (Steindler et al.,
1990; Gonzalez et al., 1993; see review by Höke and Silver,
1996) and have shown that CSPG-expressing astrocytes
form inhibitory boundaries to neurite extension in vitro
(Powell and Geller, 1999). In each of these studies, it is
proposed that this pattern of CSPG expression may be
important for the formation of glial barriers that restrict
axons to certain regions, or prevent axons from innervat-
ing inappropriate targets.

During hippocampal development, commissural and
septal axon projections are restricted to the alveus around
E18 before they innervate their synaptic targets at later
stages of development (Mosko et al., 1973; Milner et al.,
1983; Supèr and Soriano, 1994; Frotscher and Heimrich,
1995). In addition, many hippocampal efferent axon pro-
jections are restricted to the alveus before they enter the
fimbria or subiculum at later stages of development
(Ramón y Cajal, 1911; Lorente de Nó, 1934; Supèr and
Soriano, 1994; see review by Bayer, 1985). Astrocytic pro-
cesses that express neurocan at postnatal and possibly
embryonic stages may work in concert with L1 to guide
these afferent and efferent projections through the alveus
during hippocampal development.

CSPG has inhibitory and fasciculating
effects on hippocampal axons in vitro

Data from explant and dissociated neuronal cultures
indicate that CSPGs may regulate axon tract formation in
the alveus during hippocampal development. In explant
cultures of brain regions that project through the alveus
(hippocampus, septum, thalamus, and entorhinal cortex),
the majority of axons turn away from the neurocan-like
CSPG aggrecan. This CSPG has 60% identity with the
C-terminal of neurocan, and both are in the same family of
aggregating CSPGs (Doege et al., 1991; Rauch et al.,
1992), and aggrecan is a neural CSPG (Schwartz et al.,
1996, 1999). Similar effects of CSPG have been observed
in cultures of DRG neurons, forebrain neurons, retinal
ganglion cells, and the human neuroblastoma cell line
SH-SY5Y (Snow et al., 1990a, 1991; Snow and Letour-
neau, 1992; Hynds and Snow, 1999). Although the inhib-
itory effects may appear global, numerous data indicate
that the effects of CSPG on neurite outgrowth have im-
pressive specificity with regard to concentration, cell type,
CSPG isoform, and the substratum/molecules to which
CSPG is bound (Snow et al., 1990b, 1992, 1996; Hynds and
Snow, 1999). Thus, the pattern, concentration, isoform,
and cellular interactions of CSPG will probably determine
the role of CSPGs, such as neurocan, in hippocampal
development.

In dissociated hippocampal neuron cultures, we found
that CSPG caused similar turning of single axon fibers;
however, fasciculated axons could cross CSPG stripes.
Exciting data that support the latter finding show that
DRG axons also fasciculate as they cross a CSPG substra-
tum in vitro and in vivo (Goshorn and Snow, 1999, manu-
script in preparation). Both CSPG turning and fascicula-
tion were concentration dependent, since single axon
turning from the CSPG stripe and the percentage of fas-
ciculated axons decreased when the CSPG applied to the
stripe was less than 0.05 mg/ml (Table 1), consistent with
studies showing that the concentration of growth inhibitor
relative to growth promoter determines the pattern of
axon outgrowth (Snow et al., 1990a; Snow and Letour-
neau, 1992). Thus, a high ratio of CSPG relative to PLL
causes single axons to turn from the CSPG and axon
fasciculation on the CSPG, whereas a low ratio of CSPG
relative to PLL allows single axons to cross onto CSPG
and decreases axon fasciculation. The future availability

TABLE 1. Pattern of Outgrowth (%) for Single Versus Fasciculated Axons at Chondroitin Sulfate Proteoglycan (CSPG) Borders

Single axon fibers Fasciculated axon fibers

Concentration of CSPG applied
to stripe (mg/ml)
(Bound CSPG 5 3–5% of
applied; see Materials and
Methods)

250
(n 5 42)

100
(n 5 37)

50
(n 5 34)

10
(n 5 65)

250
(n 5 40)

100
(n 5 26)

50
(n 5 34)

10
(n 5 36)

Pattern of axon outgrowth
Crossing from PLL to CSPG 7 16 24 40 52 46 41 41
Turning from CSPG region 79 76 68 28 13 19 24 22
Crossing from CSPG to PLL 14 5 6 29 35 35 35 36
Turning from PLL region 0 3 2 3 0 0 0 0

For all experiments axon development was monitored in dissociated hippocampal neuron cultures grown on substrata containing stripes of CSPG absorbed to poly-L-lysine (PLL).
The percentage of axons demonstrating each of the behaviors listed was computed from combining data from two separate experiments. Bold indicates significant differences in
the pattern of outgrowth between single versus fasciculated axons. Italics demonstrate significant change in pattern of outgrowth due to concentration of CSPG in the stripe.
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of reliable antibodies to block L1 will allow assessment of
L1 function in vitro and in vivo.

During hippocampal development, the expression of a
growth inhibitor like CSPG in regions surrounding L1-
expressing axon fascicles may produce substratum choices
for axon growth cones that promote growth along other
axons (i.e., fasciculation) and inhibit growth along regions
outside the alveus. In support of this, previous studies of
retinal ganglion axon guidance have shown that the in-
terplay between CSPGs and cell adhesion molecules is
required for unidirectional growth and fasciculation of
axons that enter the optic nerve (Brittis et al., 1995; Brit-
tis and Silver, 1995).

CONCLUSIONS

We have shown that CSPGs, such as neurocan and
phosphacan, have distinct temporal and spatial patterns
of expression during hippocampal development. Data in
vivo and in vitro showed that neurocan may have an
important role as a fasciculating and inhibiting influence
on axons that project through the alveus during hip-
pocampal development, whereas phosphacan may have
other roles important for postnatal development of the
neuropil layers. In the hippocampus and in other neural
tissues, the signaling pathways that mediate PG regula-
tion of axon development are still unclear. Some mecha-
nisms that have been implicated include CSPG interac-
tions with cell adhesion molecules (Grumet et al., 1993;
Friedlander et al., 1994; Dou and Levine, 1995; and
present data), growth factors (Wallicke, 1988; Honder-
marck et al., 1992), and ECM molecules (Snow and Le-
tourneau, 1992; Dou and Levine, 1995; Snow et al., 1996;
Zuo et al., 1998; see review by Rauch, 1997), regulation of
signal transduction pathways (Snow et al., 1994), or spe-
cific receptors (Ernst et al., 1995; Balsamo et al., 1995;
Condic et al., 1999). Each of these putative mechanisms
could lead to changes in intracellular signaling pathways,
such as those involving calcium (Snow et al., 1994; Hynds,
Nottingham, and Snow, manuscript in preparation). Most
likely, the behavior of hippocampal axons in the presence
of CSPGs is determined by the configuration of CSPG
relative to growth promoters and the intracellular path-
ways that are activated by these molecules.
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